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EXECUTI VE SUMVARY

This report, entitled "Hazard Analysis of Commercial Space
Transportation,”" is devoted to the review and discussion of
generic hazards associated with the ground, |aunch, orbital and
re-entry phases of space operations. Since the DOT Ofice of
Commercial Space Transportation (OCST) has been charged wth
protecting the public health and safety by the Commercial Space
Act of 1984 (P.L. 98-575), it mnust pronulgate and enforce
appropriate safety criteria and regulatory requirenments for
licensing the energing commercial space launch industry. This
report was sponsored by OCST to identify and assess prospective
saf ety hazards associated with comrercial |aunch activities, the
i nvol ved equipnent, facilities, personnel, public property,
peopl e and environnent. The report presents, organizes and
evaluates the technical information available in the public
domain, pertaining to the nature, severity and control of
prospective hazards and public risk exposure levels arising from
commercial space |aunch activities. The US CGovernnent space-
oper ati onal experience and risk control practices established at
its National Ranges serve as the basis for this review and
anal ysi s.

The report consists of three self-contained, but conplenentary,
vol unes focusing on Space Transportation: . Operations; II.
Hazards; and I[1l. Ri sk Analysis. This Executive Summary is
attached to all 3 volunmes, with the text describing that vol une
hi ghl i ght ed.

Vol une |: Space Transportation Qperations provides the technica

background and term nol ogy, as well as the issues and regul atory
context, for understandi ng cormerci al space | aunch activities and
t he associ ated hazards. Chapter 1, The Context for a Hazard

Anal ysis of Commercial Space Activities,_discusses the purpose,
scope and organi zation of the report in |ight of current national

space policy and the DOI/OCST regulatory m ssion. It also
i ntroduces sone basic definitions and outlines the approach to a
generic Hazard Analysis for future commercial space operations.
Chapter 2, Range (perations, Controls and Safety, discusses the
tracking and flight control systens, as well as the m ssion
pl anning and approval process. The chapter describes the
prel aunch ground safety and launch flight safety procedures
devel oped and enforced at the National Ranges to ensure |aunch
and m ssion success, personnel safety and to protect the public
from the potential inpacts of a |aunch accident. Chapter 3,

Expendabl e Launch Vehicles (ELV) Characteristics, introduces the
basi ¢ propul sion technol ogy, configuration and capability for
operational US |aunch vehicles (Titan, Delta, Atlas/Centaur,

Scout) likely to be commercialized in the near term ELV
hi storical |aunch performance, operational reliability data and



the bearing this record has on public safety issues are also
di scussed. Chapter 4, Launch and Orbital Operations, describes
the phases of space operations, from ground preparation to
[ aunch, through orbital transfer, operation and re- entry. It
al so provides the reader wth sufficient background to understand
possible ELV and mssion failures during |aunch, orbital
maneuvers and orbit insertion and operation.

Volune Il : Space Transportation Hazards identifies and di scusses
the major and generic classes of hazards associated with each

phase of space operations. Chapter 5, Pre-launch and Launch
Hazards, identifies the types of hazards, such as expl osions,
fires, toxic vapors and debris, as a function of accident
scenario and tinme after |aunch and defines their nature and
severity indices. Further, a conparative perspective on
potential ELV space |aunch accidents is provided by analogy to
nore conmmon and soci ally accepted transportati on and industri al
accidents involving chem cals and fuels. Chapter 6 is devoted to
Obital Collision Hazards, shedding |ight on the Low Earth O bit
(LEO and CGeosynchronous Earth Orbit (GEO space environnment and
the increasing threat of on orbit collisions to spacecraft. The
sources and density of orbital debris are discussed and their
inplications for the probabilities of <collisions involving

operational satellites are quantified. Chapter 7 defines and
reviews Re-Entry Hazards and their quantification by addressing
the orbital lifetinme and decay of space objects depending on

their orbital characteristics, the behavior and survivability of
space objects wupon re-entering Earth's atnosphere and the
uncertainties associated with predicting points of entry and
ground i npacts.

Volunme 111: Space Transportation Risk Analysis introduces the
nmet hods and wuses of Risk Analysis as they apply to the

gual itative eval uati on and quantitative assessnent of public risk
exposure fromcomercial space operations. Chapter 8 introduces
the concepts of risk acceptability and relative risk and the
tool s of Risk Anal ysis Methodol ogy devel oped for a broad range of
i ndustrial and regul atory purposes. These i ncl ude: failure
anal ysis nethods (which focus on failure nodes and failure
chains); consequence analysis nethods (which focus on the
severity of possible consequences of failures); hazard anal ysis
met hods (focused on the identification and ranking of hazards);
and i ntegrated probabilistic risk anal ysis nethods, such as Faul t
Tree Anal ysis, which quantify risk as the nmat hemati cal product of
an event probability and its consequence nagnitude. Chapter 9
di scusses the Applications of Risk Analysis to Space lLaunch
(perations as used to date by the Gover nnent Agenci es ( NASA, DCD
DCE) concerned wi th assuring and mai nt ai ni ng hi gh operability and
safety standards for space |aunch operations. The chapter
reviews the objectives, concepts, tools and uses of risk anal yses




conducted at the National Ranges by sponsoring agencies, in |light
of de-facto risk/safety goals, criteria and priorities. Finally,
Chapter 10 provides an integrated CGeneric Ri sk Assessnent of
Representative Launch Scenari os background by review ng the risk
associated wth typical ELV mssions from current Range
| ocati ons. Then the benefits of established Range Safety
Controls are quantified, relative to their hypothetical absence,
enpl oyi ng the framework of a sinplified Coomunity Danmage ( COVDAM
nodel in a typical R sk Matrix eval uati on procedure.
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1. THE CONTEXT FOR A HAZARD ANALYSI S OF COMVERCI AL SPACE
ACTI VI TI ES

1.1 POLICY AND MARKET CONTEXT

A new set of realities, shaping space activities worldw de, nust be
considered in order to provide the context for the nature, scope
and thrust of comrercial space efforts in the US. An extensive set
of recent Congressional l|egislation, studies and reports(*® has
docunented the rapidly <changing climate for internationa

cooperation and conpetition in space activities and the need for
greater political and economic flexibility in providing access to
and services for space exploration and exploitation, if the USis
to maintain its |eadership in space. The arena of space
t echnol ogy, infrastructure devel opnent and new space applications
has expanded in recent years to include nore devel oped and third
worl d nations.(2® |n 1986 al one, the USSR had 91 successful space
| aunches vs. the US with 6 and 2 each for China, Japan and ESA
(Eur opean Space Agency). The US is revising and reshaping its
space policy and priorities. These changes are needed if it is to
provide the national and international |eadership and foster the
stability to ensure that, following the initial space exploration
and utilization phase, the prom se of conmerci al space devel opnent
becomes a reality.®*?” This will enable the US aerospace industry
to capitalize on its technical superiority for the benefit of
manki nd and econom ¢ pay- back.

Both Congress and the Adm nistration have proposed, enacted and
pronot ed new space comercialization initiatives, nost notably in
privatizing renote sensing satellites and pronoting the use of
commer ci al expendabl e | aunch vehicles (ELV s) and | aunch services
to place both governnent and commercial satellites into orbit. (679

In May 1983, the President issued a new policy for
commercialization of ELV's and in February 1984, by Executive O der
12465 (" Expendabl e Launch Vehicles in Space"), he designated the
Depart ment of Transportation (DOT) as the | ead agency to facilitate
and encourage commercial ELV activities and to |icense commerci al
Space operations.

The STS- Chal | enger di saster and ensui ng ELV acci dents have severely
l[imted the US access to space and indirectly provided new
opportunities and i ncentives to ELV manufacturers and to comerci al
payl oads and |aunch services providers. (™ As a result, al
government agencies involved in space activities have been
instructed to enable, foster and i npl enent the new comerci al space
policies and laws and to develop the supporting regulatory
framewor k and technol ogy i nfrastructure for greater private sector
participation in space transportati on and devel opnent efforts.
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1.2 REGULATORY CONTEXT FOR COMMERCI AL SPACE OPERATI ONS

The Commer ci al Space Launch Act of Cctober 30, 1984 (Public Law 98-
575) (the Act), assigned to the Secretary of Transportation the
responsibility for carrying out the Act.(® The purpose of this Act
is:

(1) to pronote economc growmh and entrepreneurial activity
through utilization of the space environnent for peaceful purposes;
(2) to encourage the United States private sector to provide
[ aunch vehi cl es and associ ated | aunch services by sinplifying and
expediting the issue of commercial |aunch licenses, facilitating
and encour agi ng t he use of excess Governnent - devel oped space | aunch
capabilities and transferring technology to the private sector
(3) to designate an executive departnent to oversee and coordi nate
t he conduct of commercial |aunch operations; to issue and transfer
commercial launch licenses authorizing such activities; and to
protect the public health and safety, safety of property, national
security and foreign policy interests of the United States.

In 1984, the Secretary of Transportation created the Ofice of
Commercial Space Transportation (OCST) and delegated to it the
Secretary's responsibilities. As stated in Section 8(a)(2) of the
Act, the Secretary is charged with prescribing "requirenments as are
necessary to protect the public health and safety, safety of
property, and national security and foreign policy interests of the
United States.”

To carry out this responsibility, OCST established a programto
devel op safety and regulatory requirenents for conmercial space
l aunch license applicants.(* The Transportation Systens Center
(TSC) is providing technical support to OCST to this end and has
been assisting in the devel opnent of |aunch safety requirenents
based on the Prelimnary Hazards Anal ysis enbodied in this report.

However, it nmust be made cl ear that the focus of OCST |icensing and
regul atory activities is primarily on public safety and not on
m ssi on success. (412  This uni que perspective and mandate for DOT
is and will be reflected in the OCST safety research, rule making

and licensing activities. DOT will have to regulate not just
commercial launch sites and comercial |aunches, but payl oads
| aunched aboard these vehicles. These include retrievable

materials processing, re-entry systems, non-governnent research
activities and many other, as yet unforeseen, comercial space
syst ens.

DOT/ OCST will also |icense the construction and operation of new

private launch Ranges, as well as any comercial Range Safety
services. (™ OCST will also specify the certification requirenents
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for Range Safety personnel and |aunch services providers, that
m ght i npact the public safety. Under the Act, DOT nust al so i ssue
Iicenses for any |launch vehicle or operation on foreign territory
by a US citizen or conpany.

1.3 PURPOSE AND SCOPE OF REPORT: HAZARD ANALYSIS OR RISK
ASSESSMENT

This report presents the results of a technical reviewand anal ysis
of literature and information in the public domain, conducted to
identify and eval uate t he prospective hazards to the public and the
environnment, and to assess risk exposure levels associated with
conmer ci al space activities. Included in the report is a review of
the present status of US space technol ogy and practices (Vol. 1),
as they relate to the hazards associated with commercial space
m ssions and their mtigation (Vol. 2). In this analysis, a
commerci al space mission is conprised of four phases: prelaunch,
| aunch, orbital and re-entry (Table 1-1). For each m ssion phase
the potential classes of hazards which pertain to the people

procedure, equipnment, facility and environnmental elenents are
i dentifi ed.

TABLE 1-1. PHASES OF COMMERCIAL LAUNCH OPERATIONS

POST-LAUNCH MISSION AND OPERATION
PHASEB PHASE C
PHASE A PAYLOAD ON 1. DE-ORBIT AND RE-
PHASE PRELAUNCH LAUNCH ORBIT ORBIT ENTRY
INSERTION OF OPERATION 2. OR: MANEUVERTO
PAYLOAD AND STATION- HIGH STORAGE
KEEPING ORBIT
Representative ®Damage to ELV | ®On the pad o Malfunction in | @ Collision with ®Re-entry Hazards:
Hazards or In transit, explosion any of the debris, or other Natural de-orbit and
Events storage, ® Low altitude boost stages, orbiting breakup
assembly and explosion and/or motors satellites e Rapid uncontrolled
testing o Failures of 1st, | @ Maifunction of | @ Malfunctions loss of altitude due to
® Damage to 2nd or upper apogee/ and solar activity, or failure
Launch stages perigee kick operational to maintain orbit
Facilities and ® Failure of motor failures e Damage to property or
Ground guidance casualtiesinUS. &
Support and/or destruct abroad
Equipment system
e Hazardsto
personnel
¢ Environmental
Damage
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These hazards have been identified and evaluated in |ight of
DOT/ OCST' s m ssi on, based on the review of existing literature and
practice of space related risk analyses (Vol.3).

The following definitions wll aid the reader wwth the assim |l ation
of information in this report. An extensive dossary of terns has
been provided (Appendix A) and a discussion of termnology and
procedures is given in Chapter 8 (Vol. 3).

An accident is defined as an undesirable event resulting from any
phase of commerci al ELV | aunch operations and space activities with
the potential to cause injury or death to people, or damage to

property.

Ri sk assessnent is the systematic exam nation of an actual or
proposed systemor operation, to identify and eval uate potentially
hazar dous events and their consequences. The principal purpose of
such an analysis is to assist policy nekers, regulators and
managers in deciding on risk avoidance, risk reduction or
mtigation strategies. It can lead to either confirmng the
continued acceptability of a system or operation fromthe safety
point of view, or setting new risk acceptability and regulatory
t hreshol ds for the protection of public safety (see Ch. 8, Vol. 3).
Al though the ternms Risk Assessnent and Hazard Analysis are both
used in this report in nearly synonynous fashion, the latter is
part of the former. There are other closely related terns used in
theliterature in simlar contexts: "Hazard" is often interchanged
with "Risk", and "Analysis" for "Assessnment”, thus giving four
comon usage expressions, nanely: risk assessnment, risk analysis,
hazard assessnent and hazard anal ysi s.

i) An Analysis is typically a technical procedure follow ng an
establ i shed pattern;

ii) An Assessnent is the consideration of the results of analysis
in a wder context to determ ne the significance of the anal yti cal
fi ndi ngs;

iii) AHazard is considered to be an existing property, condition,
or situation, which has the potential to cause harm For exanple,
I iquid hydrogen used as a rocket propellant is a hazard because of

its chem cal nature, and intrinsic flammbility and expl osi veness.

iv) Risk is related to both the consequences of an accident (i.e.,
hazard potential being realized and causing harm) and its

i kelihood of occurrence (Ch. 8, Vol.3). Risk is mathematically
expressed as the product of the probability of an accident and the
magni tude of 1its consequence. Thus, the risk from a liquid

hydrogen tank is the product of the probability that its
containnment will fail and the magnitude of the resulting expl osion
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and/or fire damage. Hence, people and property may be consi dered
"at risk" froma nearby hazard.

v) An Accident occurs when the hazard potential for damage is
activated by a stinulus and results in damage to a given system
conponent or operation, or ininjury to people. Oher operational
and technical definitions for ternms used throughout the report are
given in the dossary (Appendi x A).

It must be kept in mnd that a systemor operation is considered to
be "safe" when its risks are deened economcally, socially and
politically acceptabl e, based on prevailing standards. These i ssues
will be discussed and illustrated in detail in Vol. 3.

1.4 APPROACH TO HAZARD ANALYSI S FOR COMMERCI AL SPACE OPERATI ONS

For over two decades, the US Governnent has been one of the world
| eaders in the devel opnment and expl orati on of outer space. In this
rol e, the Governnent m ssi on agenci es (NASA and DOD) have devel oped
and successfully i npl enented | aunch safety requirenents in support
of a wide variety of space mi ssions (see Chs. 2 and 4 of Vol.1).
Launch safety requirenments have been established for both unmanned
and manned space systens and operations, as well as for integration
of specific payloads. As such, the standards presently in use at
Gover nment Ranges have evol ved not only out of the need to protect
the public safety and property, but also fromthe need to protect
| aunch site personnel, facilities and on board astronauts; to
ensure m ssion success; to eval uate | aunch vehicl e perfornmance; and
to provide research results that would assist in expanding the
nati onal space exploration effort.

Since the only currently avail abl e | aunch sites are Nati onal Ranges
owned and operat ed by US Gover nnent agenci es (DOD and NASA as first
parties), the basic launch and system safety regulations now in
pl ace at these facilities will probably continue to be observed in
the near future by any commercial |aunch vehicle provider or
operator that requires access to and use of Government |aunch
facilities (second party). Cost, access and tine constraints nay
influence the viability of conmercial |aunch operations on these
Ranges, while vehicle reliability and safety will remain major
concer ns. Recogni zing this situation, OCST has undertaken an
effort to exam ne ELV safety standards, |aunch hazards and risk
analysis nethods to ensure the protection of public safety and
property? (third party), as opposed to Governnent |aunch facility
(first party) and ELV or satellite manufacturers and operators
(second party) who enter User Agreenents.

As the initial effort in the devel opnent of a program to address

the safety issues, this report focuses on the identification and
eval uation of the safety hazards associated with ELV' s and their
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| aunch operations fromestablished and avail abl e Gover nment Ranges
as well as new launch sites that may be devel oped and operated in
the future by commercial entities, or in partnership with states
and federal entities.

Protecting the public health and safety as stated in the Act,
requires that safety regulations be directed at preventing the
occurrence of potentially hazardous accidents and at m ni m zi ng or
mtigating the consequences of hazardous events. This will be
acconplished by enploying system safety concepts and risk
assessnment net hodol ogy to identify and resol ve prospective safety
hazards. The first step in applying systemsafety concepts is to
define the commercial space |aunch hazards (prelimnary hazard
analysis, PHA). Wth the hazards defined, it is then possible to
identify and rank those associated with each specific comerci al
space | aunch. Only after the hazards have been identified and
satisfactorily assessed, will the goal of providing the public with
t he hi ghest degree of safety practical have been acconplished. For
the prelimnary hazard analysis (PHA) presented in this report
(Vol. 2), the operational conmercial space | aunch phases have been
defined as foll ows:

1. Prelaunch; 2. Launch; 3. Obit; 4. Re-entry

For each of these |life and operability phases of the conmmercial
space |launch process, it is possible to identify the generic
cl asses of hazards that are associated with each phase (see Table
1-1)and to define appropriate regulatory oversight. To identify
these hazards, a clear wunderstanding of the system and its
operation is necessary, as well as an analysis of the relevant
acci dent history for specific launch systens and subsystens
during each phase of |aunch operation. An analysis of previous
accidents i s necessary, but not sufficient, for theidentification
of prospective hazards, since both vehicle configurations (see Ch.
3, Vol. 1) and launch and Range Safety procedures (see Ch. 2,
Vol .1) have inproved with tinme. 1In 30 years of Governnent space
| aunch activities and ELV operations to date, both the mlitary and
civilian sectors have had an excell ent safety record and t here have
been no nmaj or accidents with reported public injuries. Therefore,
t he data base fromwhich the hazards can be identified is |imted,
and known to be inconplete, with rare identical failures (see
Ch.3). Furthernore, an exam nation of historical |aunch data can

provide only a tentative list of probable causes and Iikely
accident scenarios and may be incorrect for the purpose of
projecting future perfornmance. Speci al statistical nethods my

have to be used to account for "learning" from past failures in
order to avoid repeating them (see Ch. 9, Vol.3).(" Previous
government ELV and space mi ssions will, however, have to be used to
generate a set of representative, expected, and projected
commerci al space |launch m ssions (see Ch. 10, Vol .3). This

1-6



approach will allow us to exam ne and evaluate generic hazards
associated wth comercial space ELV mssions (see Chs. 5-7,
Vol . 2).

1.5 OVERVI EW OF THE REPORT ORGANI ZATI ON

This report is intended to i nformand educate a broad readership on
the generic sources and nature of hazards associated with space
| aunch activities. Therefore, it is intended to provide both the
necessary technical background and the specific hazard analysis
nmet hodol ogy, in order to enable a non-technical reader to
under st and and appreci ate the vari ety of technical issues involved.

Volune 1: Space Transportation Operations provides the background
on Range Operations (Ch. 2), current Expendable Launch Vehicles

(Ch. 3), and Space Launch and Orbital Mssions (Ch. 4). Chapter 2
descri bes the Range Safety Control systens in place and established
practices at the National Ranges. Chapter 3 introduces the basic
t echnol ogy, and typical proven and proposed configurations of ELV' s
likely to be used for commerci al space m ssions in the near future.

The historical reliability based on Ilaunch success/failure
statistics for the major cl asses of operational ELV s in the US are
al so presented in Chapter 3. Chapter 4 describes the space | aunch
and orbital operational phases.

Vol une 2: Space Transportation Hazards introduces the generic
cl asses of hazards associated with the use of these ELV s in space
| aunch operations. Chapter 5 discusses fires, explosions, toxic
vapor cl ouds and debris inpacts.

A relative risk context is provided in Chapter 5 to enable the
reader to judge | aunch hazards by conparison with other common

i ndustrial and transportati on hazards. Chapter 6 di scusses orbital
collision hazards to satellites in |ow and geosynchronous Earth
orbits. Chapter 7 reviews and eval uates those hazards to people
and property associated with both controlled, and uncontrolled re-
entry of space objects.

Vol une 3: Space Transportation Risk Analysis deals with the
anal ytical tools available to assess public risks (Ch.8), the

nodel i ng and application of such tools to space operations (Ch.9)
and illustrates the specific risks associated with commercial ELV
| aunches in the near future (Ch.10).

Since DOT/OCST will sponsor and perform risk assessnment/risk
managenment research to support comrercial space |aunch |icensing
reviews and awards, Chapter 8 defines and introduces the standard
nmet hods of Risk Assessnent. Chapter 9 reviews the published
t echni cal risk assessnents conducted for selected space
appl i cations, focusing specifically on when, how and why such ri sk
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st udi es were conducted and on the software tools available for this
pur pose.

Finally, in Chapter 10, an illustration of risk analysis is
provided for representative ELV |aunch/ m ssion scenarios which
indicates how the public risk exposure from comrercial space
activities my be estimated, both with and w thout Range Safety

controls in place. Al so, a conceptual risk assessnent and
acceptability matrix is provided for conparing public risk |evels
associated with each phase of space |aunch operations. The

benefits of Range Safety control systens and practices now enforced
at Governnment Ranges as the key safeguards to manage and mnim ze
the public risk exposure from future space activities to
"acceptable" levels are nmade clear in Chapter 10.
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2. RANGE OPERATI ONS, CONTROLS AND SAFETY

2.1 RANGE CHARACTERI STI CS FOR SAFE OPERATI ON
2.1.1 US Gover nnent Launch Sites

The US Governnent has traditionally operated separate civilian
and mlitary space prograns. NASA is the |ead agency for
civilian space activities, and assists as necessary, the
Departnments of Energy, Interior, Commerce, Transportation and
Agriculture which also maintain space research and utilization
progr ans.

The US Space Command (US SPACECOV) coordinates all mlitary space
activities, but the three services also have operational Space
Conmmands. DOD recently established a Consolidated Space Test
Center (CSTC) under the Space and Mssile Test O ganization
(SAMTO . A very recent DOD regul ation governing mlitary Range
activities designated the Air Force as the |ead agency for the
tri-service conceptual Space Test Range at Onizuka AFB, in
California, with a special focus on safety issues.

The Eastern Test Range (ETR) is under the direction of the USAF
Eastern Space and Mssile Center (ESMC) at Patrick Air Force
Base, Florida, and the Wstern Test Range (WR) is under the
direction of the USAF Western Space and M ssile Center (WBMC) at
Vandenberg Air Force Base, California. WIR | aunches are from
Vandenberg Air Force Base; ETR launches are from the Cape
Canaveral Air Force Station (CCAFS). NASA space m ssions are
| aunched from the Florida Kennedy Space Center (KSC), also on
Cape Canaveral and occasionally from WFF.

The United States has a mmjor launch site in Florida at Cape
Kennedy (NASA) and CCAFS (DOD) for manned, |unar and pl anetary
| aunches, and for launching satellites to geostationary orbit
(primarily for weat her and conmuni cations). It has another major
West Coast |aunch site at Vandenberg Air Force Base (VAFB),
California, for satellites (including weather, Earth resources,
navi gati on and reconnai ssance) which nust go into polar orbits.
A smaller launch site for small space payloads and for sub-
orbital research rockets is the NASA/ Goddard Space Flight Center
(GSFC) Wallops Flight Facility (WF) site at Wllops Island,
Virginia. Sub-orbital |aunches and short-range vertical testing
are acconpl i shed at Wite Sands, New Mexico, fromthe White Sands
M ssile Range (WBWR). In addition, the US Governnent has
conducted | aunches from a nunber of other CONUS and off-shore
sites.

Each of the National Ranges has unique capabilities related to
its mssion, siting and facilities, as well as specific
requi renents for the Range Users (see Vol. 3, Chs. 9, 10). The
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safety philosophy of ground and Range operations is generally
that of dealing with controlled, managed and acceptabl e risks.
Procedures have been established to handle and store al
materials (propellants, etc.) which may be a hazard, control and
nmonitor el ectromagnetic em ssions and govern transportation of
materials to and fromthe facility.® The storage of propellants
and explosives used in Expendable Launch Vehicles (ELV's) is
controlled by quantity-distance criteria, as specified.®
Fail ure nodes and effects analyses (FMEA) are prepared, when
necessary, for all potentially hazardous activities and devices
(see Ch. 8). Quantitative risk analysis has rarely been used to
establish |aunch and space operational risk because of the
conservative philosophy of vehicle design, ground and |aunch
procedures and the difficulty in developing realistic estimates
of hazardous event probabilities and accident scenarios (see
di scussion in Vol 3, Chs. 9 and 10).

Since there are currently no private comercial space |aunch
range facilities inthe US, we w |l describe the past and current

practices at US CGovernnent Range facilities. It is assuned
t hroughout this report that the |evel of operational safety at
licensed commercial space facilities wll be conparable or

equivalent to the level of safety maintained at US Governnent
Ranges.

2.1.2 Ground QOperations and Safety

One of the principal responsibilities of the |aunch Range is to
perform all of +those tasks which elimnate, or at |east
acceptably mnimze, the hazards from an expendable [|aunch
vehicle (ELV), both prior to and during the launch. (*® This is
acconpl i shed by establi shing:

(1) requirenments and procedures for storage and handling of
propel | ants, expl osives, radioactive materials and toxics;

(2) performance and reliability requirements for flight
term nation systens (FTS) on the vehicle;

(3) areal-tine tracking and control systemat the Range; and

(4) mssion abort, vehicle destruct or flight termnation
criteria which are sufficient to provide the necessary
protection to people both within (on- Range) and outside
(down- Range) the boundaries of the launch facility.

At each Range there is a hierarchy of regulations and
requirenents for Gound and Launch safety inplenentation (see
also Chs. 6, 7, Vol. 2). Cenerally, the National Ranges take
responsibility for the vehicle handling and safe operation from
receipt until the time of orbital insertion. Saf ety issues
associated with on-orbit inpacts and re-entry fromorbit are not
normal ly the responsibility of the Range (see Chs. 6, 7, Vol. 2).
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Control of public risks fromjettisoned stages and hardware pri or
to orbital insertion are a Range responsibility.

The followi ng sections provide a general introduction to the
vari ous aspects of planning, ground operations and flight
control, all wth a specific enphasis on safety. Chapter 10 in
Vol . 3 provides a nore detail ed di scussion of |aunch hazards and
their mnimzation by Range Safety controls.

2.1.3 Range Safety Control System

The NASA "Range Safety Handbook" states: "The flight safety
goals are to contain the flight of all vehicles and preclude an
i npact which m ght endanger human |ife, cause danage to property
or result in enbarrassment to NASA or the US Governnent.
Al though the risk of such an inpact can never be conpletely
elimnated, the flight should be carefully planned to m nim ze
t he risks invol ved whil e enhancing the probability for attaining
t he mi ssion objectives."

The real-tinme Range Safety (or Flight) Control System nust

accurately and reliably performthe follow ng functions:

(1) Continually nonitor the |aunch vehicle performance and
determ ne whether the vehicle is behaving normally or

failing;
(2) Track the vehicle and predict (in real-tine) where the
vehicle or pieces of the vehicle wll inpact in case of

failure and if flight term nation action is taken,;

(3) Determneif thereis aneedto delay or abort the | aunch or
destruct the vehicle, based on a conpari son of predeterm ned
criteria with the current vehicle status; and

(4) |If necessary to protect the public, send a conmand to abort
the mission either by vehicle destruct or engine shutdown
(thrust termnation). Note that the term"destruct” is used
generically in this report to denote flight termnation
actions for Range Safety purposes. Inreality, thrust (and
the flight) can be termnated on command for sone ELV s
wi t hout vehicl e destruction.

Figure 2-1 describes pictorially the activities of the various
el enents of the Range Safety Control System

Vehicle performance is determned at all Ranges by visual
observation (early in flight) and by real-tine telenetry
nmeasurenents of vehicle status as a back-up to the conputed
(wi nd-corrected) behavior of the instantaneous inpact point
(I'1'P), discussed below in nore detail. The actual |ocation of
the vehicle is less inportant than where the vehicle and its
debris will land in case of both nornmal operation, accidenta
failure, abort or destruct. Therefore, in tracking a vehicle,
vel ocity data must be obtained either directly or by
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differentiating successive neasures of position. The nost
frequently used nmethod of obtaining the velocity and position
data has been the use of radar trackers, which neasure the
vehicle position in terns of azimuth, elevation and range
relative to the tracker, expressed in a |aunch-pad centered
reference coordinate system Radars are also capable of
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FIGURE 2-1. ELEMENTS OF THE FLIGHT CONTROL SYSTEM

2-4




determining range rate, i.e., the rate at which a vehicle is
nmoving toward or away fromthe radar. A single tracker near the
| aunch pad can provide satisfactory information for two or nore
m nutes of flight depending on the rate at which the |aunch
vehicle is traveling away fromthe tracker. The quality/accuracy
of the tracking data is often affected by several factors, two of
which are: (1) nulti-path of returned signals which occurs at
low antenna elevation angles; and (2) the plunme signa
attenuation due to high tenperature ionization caused by the
solid rocket notor exhaust. Miltiple radar trackers are used to
m nimze these probl ens and to provi de redundant neasurenents, so
that failure of a single tracker will not jeopardize the m ssion.
Early in flight, when the |aunch vehicle is still close to the
ground, the radar may not be able to track the vehicle. In this
case, visual observation and telenetry may be the only means of
determ ning whether there is a malfunction and whether the
vehicle maintains the correct attitude. Position and velocity
data, along with the predicted instantaneous inpact point (1IP)
are typically displayed inreal-tine inthe Launch Control Center
(LCO).

Al t hough not yet applied at the National Ranges, it is possible
to use satellite information for determnation of vehicle
position and velocity. An el ectronics package on board the
| aunch vehicle could collect information for calculating the
range relative to several separately |located navigation
satellites and could be telenmetered to a ground station,
processed and converted into vehicle position and velocity. This
will beconme practical when the d obal Positioning System (GPS)
satellites beconme operational. Sonme Ranges have used three or
nore geographically spaced telenetry antennas and associ ated
conput er equi pment to infer the vehicle position and velocity
fromthe Doppler phase shift of the received telenetry signals.

The launch vehicle velocity and position information are
generally used to conpute an instantaneous inpact point (I1P).
The Il P is displayed on a screen or chart indicating where the
vehicle wll inpact on the surface if flight were to be aborted
at that instant. This inpact point is usually conputed, assum ng
no atnosphere, as a vacuum IIP (M IP) which allows sinpler and

nmore rapid trajectory conputation. |Inclusion of atnospheric drag
is generally not necessary to satisfy the objectives of the real -
time Range Safety. However, a drag and wind correction is

applied in sonme cases.

Early in the flight the Il P advances slowy, but as the vehicle
altitude, velocity and accel eration increase, the I I P change rate
al so increases. Very early in flight, the IIP change rate
increases from zero to several mles per second. Later, it
increases to tens of mles and then hundreds of m | es per second.
As the vehicle reaches orbital velocity, thelIPrate essentially
goes to infinity because the vehicle will no | onger conme down.
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The difference between the advance of the IIP and the present
position (sub- vehicle point) (SVP) isillustrated in Figure 2-2.
It is the advancing IIP that the Range Safety Oficer (RSO is
usual |y observing during a launch. Prior to the |launch, a map is
prepared with [ines drawn to represent the limts of excursion
whi ch, when exceeded, will dictate a command signal to term nate
flight. A typical set of "destruct lines" is shown in

Fi gure 2-3.

The destruct lines are deliberately offset fromland or popul at ed
areas to accommodate: (1) vehicle performance characteristics
and wi nd effects; (2) the correction for using a vacuum i nst ead
of a drag- corrected inpact point; (3) the scatter of vehicle
debris; (4) the inaccuracies and safety-rel ated tol erances of the
vehi cl e tracking and nonitoring system and (5) the tine del ays
between I P i npi ngenment on a destruct line and the tinme at which
flight termnation actually takes place (i.e., human decision
time lag). By proper selection of the destruct |ines, debris can
be prevented from inpacting on or near inhabited areas.The
ability of the systemto accurately predict the ELV i npact point
di m ni shes as the vehicle advances into the flight and the 1P is
nmoving nore rapidly along the ground track. Consequently, the
difficulties in performng the Range Safety Control function
increase with time, particularly if there are |land masses or
popul ati on centers that nust be protected near the ground path of
the launch trajectory. Regardless of the flight tine, the Range
Control problemis always nore difficult if the flight plan is
designed to nove close to or over a populated area. |If a flight
plan requires violation of a prudently designed abort |line, a
risk analysis is performed to determne if the risk is
acceptable. If therisk is small enough, the Range Comrander nmay
choose to permt a launch without an abort line for portions of
the flight (for further discussion see Vol. 3, Ch. 10).

2.2 LAUNCH PLANNI NG

The princi pal m ssion of Range Saf ety personnel is the protection
of life and property both off and on-site at the | aunch facility.
In keeping with that objective, the Range nust not be negligent,
nor inpose undue restrictions on |aunch conditions, that could
result in a high probability of a good vehicle being destroyed.
M nim zation of the probability of term nating a "good" flight,
and sinmultaneous mnimzation of the potential risk due to a
mal functioning ELV, is acconplished through careful m ssion
pl anni ng, preparation and approval prior to the |aunch. The
planning is in tw parts: (1) mssion definition such that |and
overflights or other risky aspects of the |launch are avoided
and/or mnimzed; and (2) devel opnent of data which support the
real -tinme decision and inplenentation of active control and
destruct activities. These two aspects are discussed in the
foll ow ng subsecti ons.
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2.2.1 M ssion Pl anni ng

Figure 2-4 contains a nmap showing the ground trace of a
hypot heti cal [aunch from Vandenberg Air Force Base (VAFB) on an
azimuth which causes overflight of islands south of the base,
flight along the coast and overflight of a portion of Chile and
Argentina (in fact, such azinuths are restricted, as discussed in
Ch. 10). The greatest risk is in the imediate vicinity of the
| aunch area and to any occupants of the nearby islands. Since
the overflight of these islands is planned, abort |ines cannot
protect their inhabitants. Abort lines can protect the coast
fromvehicle overflight and debris inpacts, in case of destruct.
However, if the intended flight path is too close to the coast
and the abort lines are too close to the planned flight path,
there is the possibility that the IIP of a good, but slightly
drifting, vehicle will cross the abort line and thus require a
commanded destruct. The overflight of the tip of South America
is not as serious a problem because the rate of advance of the
IIPis sorapid and the vehicle altitude is so high at that point
inflight that there is a nmuch smaller possibility of any hazard
to that region. A failure would have to occur within a specific
time interval (a second or two of flight) in order for any
resulting debris to inpact the region (see Ch. 10 for a nore in-
dept h di scussi on of such risks).

In addition to considering where the aborted or destroyed vehicle
will |and, one nust al so consider where the debris fromnornally
jettisoned spent stages will inpact. For exanple, the vehicle
mght fly safely over the islands, but drop an enpty rocket
casi ng on one of them M ssion planning nust consider and avoid
all of the hazards associated with nornmal |aunch operations, as
well as other potential hazards associated with potential
accidental failures for the particular |aunch plan.

A Range user may request a particular trajectory to satisfy

desired nmission requirements (i.e., orbital inclination) or
payl oad constraints. For exanple, a trajectory having a nore
easterly azimuth will enabl e the vehicle to put a heavi er payl oad
into orbit. If the launch vehicle is limted in lift capacity,

the Range user may try to get the nost favorable |aunch azinuth
(in this case, eastern) in order to increase the anount of
payl oad the vehicle can place into orbit. The Range Safety
function in the mssion planning stage is to limt the range of
al l owed | aunch azinuths to those which keep the risk to people on
the ground at acceptably low |levels. Another mssion planning
responsibility is to evaluate all other aspects of the planned
| aunch, e.g., inpact points of jettisoned stages, to assure the
acceptability of the overall risk of the m ssion.

There are situations where the conflict between safety
requi renents and m ssion objectives require special studies to
determ ne risks and define tradeoffs. |In these cases detailed
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risk analyses are performed using nodels that consider the
probability of the vehicle failing in a variety of nodes and
simulate the behavior of the mssile during and after
mal function,including the effect of activating the flight
term nation system

Such risk anal yses usually conpute the |land inpact probability
and associated casualty expectation (the average nunber of
casual ties expected per |aunch). Typically, mssions wth
casualty expectations of Iless than one in a mllion are
consi dered reasonably safe. |If the risks are higher, the m ssion
ordinarily cones under nore scrutiny (see Chs. 9, 10 for nore
det ai |l ed di scussi on).

One of the options for maintaining a lowrisk for a launch is to
nove the abort lines away fromthe popul ated areas and cl oser to
the trace of the IIP for the nom nal trajectory. VWiile this
decreases the overall launch risk, it increases the probability
of aborting a good vehicle. Considering the very high val ue of
many of the | aunch vehicl es and their payl oads, these tight abort
[ ines put additional pressure on the Range Safety Oficer (RSO
who nust deci de on an active destruct comrand.
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Another option to mnimze the risk of a normal, or failed
| aunch to the popul ati on surrounding the Range is to place much
tighter constraints on the tolerable wnd and other
nmet eorol ogi cal conditions at the tinme of the |aunch.

2.2.2 Standard Procedures to Prepare for a Launch

The National Ranges have provi ded standards and requirenments for
organi zations desiring to | aunch vehicles fromtheir facilities.
For exanple, the United States Air Force has specific safety
requi renents issued for each of the Ranges under USAF control.
These docunents describe the safety policy and procedures and
also define the data submttal and launch preparation
requi rements for the Range user.(:2? The categories covered by
these requirenments include ground safety (handling of
propel l ants, ordnance, noise, hazardous operations, toxics,
etc.), flight analysis (vehicle trajectory, mssion, etc.),
flight term nation systens (FTS), ground operations and flight
oper ati ons. Included in the flight analysis portion are
requirenents for trajectory nodeling and descriptions along with
t he dynam c characteristics of the vehicle during a mal function
turn. This information i s used by Range personnel to construct the
abort lines. Ref. 5 is an exanple of the equi pnment requirenents
to support typical mssions froma National Range.
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4, LAUNCH AND ORBI TAL OPERATI ONS ?

4.1 PHASES OF LAUNCH THROUGH ORBI TAL OPERATI ON

Launch and orbital operations can be divided into two or three
phases:

(1) theinitial |Iaunch and boost phase which term nates when t he
vehicle obtains the velocity and altitude necessary to achieve
Earth orbit;

(2) the orbital transfer phase, during which properly tined
firings of rocket notors nove the satellite into the desired
final orbit; and

(3) depending upon the mission, return fromorbit. Re-entry is
further discussed in Vol. 2, Ch. 7.

4.1.1 Launch Phase

The prinme objective during the launch phase is for the boost
vehicle to overconme Earth's gravitational pull, rise through the
at nosphere and overcone frictional heating. It nust provide a

satellite with an initial vertical and final orbital velocity
(al nost parallel to the surface of the Earth) using sustainer and
upper rocket stages which will keep it in orbit. Depending on
the latitude of the launch point, the desired orbital inclination
and altitude, the initial orbit may not be the final orbit for
the satellite. To change inclination the boost and hi gher stages
of the ELV nust rotate the attitude of the vehicle, so that it
will be nmoving in the proper direction, and then pitch over to
the orbital plane gradually as it gains velocity and altitude.

The gradual programred pitchover (called a gravity turn) is
careful |y designed so that the angle of attack (the angl e bet ween
the axis of the vehicle and the vector of the aerodynam c forces)
is kept as close to zero as possible. The gravity turn is
preceded by a small pitchover maneuver called the "kick angle.”
If this is not acconplished, the aerodynam c | oads on the vehicle
will build up and overcone the guidance and control system
t her eby producing a deviation fromthe planned flight path. |If
the angle of attack becones too large, the airloads may over-
stress the vehicle and cause its structural failure. The
aerodynam c force effects are proportional to one half of the
product of the | ocal atnospheric density and the vehicle velocity
squared (called dynam c pressure or "Q"). In sonme vehicles,
failure can begin at | ess than 10 degrees angle of attack during

! The information in this chapter was devel oped using the references listed
at the end of the chapter. This nmaterial is intended for readers with little or no
background in either orbital nechanics or rocketry. Qhers can proceed directly to
Chapter 5.
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the "high q" portion of flight. A typical trajectory profile is
shown in Figure 4-1.

When the vehicle reaches a very high altitude, the atnospheric
density becones so | ow that the dynam c pressure is essentially
zero regardless of the velocity. After this, the zero angle of
attack is no longer required and different pitch attitudes and
pi tchover rates can be used.

Control of all Jlaunch vehicles is nmaintained by ginballing
(tilting) the engine nozzles or sone equival ent way for changi ng
the direction of the engine thrust. Launch vehicles nust be
controlled continuously because they are, wthout exception

aerodynam cally unstable, i.e., a slight increase in angle of
attack will cause the aerodynam c forces to attenpt to increase
the angle of attack even further. Severe wi nd shears during the
early post-launch period of flight create difficulty for nost
vehicles, as the guidance and control systens nust act to
mnimze the pitching or yawing due to abrupt angle-of-attack
changes which they create.

Most | aunch vehi cl es contain several stages. Thrust isinitially
provi ded by the | owest (and | argest) boost stage. Wen the fuel
for this first stage is consuned, the spent fuel casing is
jettisoned to Earth, the remai nder of the vehicle separates from
it and the next stage is fired to continue the flight.

Part of the preparation for any mssion is the planning for the
impact location of the spent stages (and other jettisoned
equi pnent) in order to mninmze the risk to people and property
on the ground (see Ch. 2).

Most of the current | aunch vehicles use solid rockets fastened to
a central core vehicle which is wusually a liquid propellant
stage. These "strap-on" solid rocket notors (SRM s) augnent the
first stage thrust and are jettisoned when their propellant is
consuned.

4.1.2 Orbital Insertion and Orbital Operations

It is not possible to describe the nyriad of possible orbita
par anmet ers whi ch may be desired or designed for different m ssion

obj ecti ves. This discussion will only briefly cover the very
si npl est exanpl e. Consi der the sequence of events illustrated in
Figure 4-2. In the first illustration (a), a satellite (with a

booster stage) is placed in a low "parking" orbit around the
Earth. The rockets are fired in orbit and then shut off. The
result of this orbital correction firingis the creation of a new
elliptical "transfer” orbit which has an apogee (greatest
di stance fromthe Earth) which is at a higher altitude above the
Earth than the original orbit (Figure 4-2(b)). |If the satellite
has no further propulsion, it will continue to follow this
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elliptical orbit indefinitely, passing (ideally) through its
initial perigee point once very revolution. |If the objective is
to reach a higher circular orbit, the built-in rockets (apogee
kick notors, AKM can be fired again (for a specified period of
tinme) when the satellite reaches the apogee of the elliptica
orbit, and the new orbit will be as shown in Figure 4-2(c).

4.1.3 Orbital Decay and Re-entry

Once out of the densest portion of the atnosphere, the ELV and
its payload (satellite) has only very small drag forces acting
upon it to reduce the satellite velocity. Consequently, the
satellite wll continue to orbit until reverse thrust (retro-
propulsion) is applied for a planned re-entry or decay forces
eventual |y cause an uncontrolled re-entry. Controlled descent
froman orbit reverses the firing sequence for orbit transfer.
Rocket engines fire for a determi ned interval and angle and the
vehicle/satellite nowfollows an elliptical orbit with apogee at
the original orbital altitude and perigee at an altitude nuch
closer tothe Earth. |If the perigee is wthin denser portions of

t he atnosphere, the vehicle/satellite will start to slow down
gradual |y because of aerodynam c drag and descend to the Earth
sooner due to orbital decay (see Vol. 2, Ch. 7). Aerodynamc

heating is intense because of the very high vehicle velocity as
it is comng out of orbit and the slowinitial braking during re-
entry. Objects not designed to withstand this heat by protection
froma heat and abl ation shield generally break up and, often,
vaporize altogether. Re-entry vehicles (RV's) simlar to those
provi ded for I CBM s have been proposed for recoverabl e payl oads.

Satellites which are placed in very low Earth orbit nmay not need
any propulsion to return fromorbit. Even at an altitude of 200
mles, the very low density of air nolecules still applies a
smal |, but continuous drag force. These satellites wll very
slowy | ose both velocity and orbital altitude and the decay w ||
gradual ly increase until the object is traveling slow enough to

re-enter the Earth's atnosphere. This unplanned re-entry is
di scussed further in Ch. 7. Figure 4-3 shows approxi mate orbit al
[ifetimes for satellites incircular orbits. Obital lifetineis

a direct function of the nmass to drag ratio of the satellite.
This ratiois represented by the ballistic coefficient Bwhichis
equal to WCA; where Wis the weight, Gy is the drag coefficient
of the body, and Ais the cross-section area. The shaded area in
the figure shows the range of lifetine in orbit for objects whose
bal listic coefficients range from 10 to 300 I b/ft2  The |arger
values of ballistic coefficient correspond to the |onger
lifetimes in the shaded regi on shown in Figure 4-3.

If rocket engines are used to de-orbit, as proposed for
recover abl e payl oads that use re-entry vehicles (RV's), the
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potential hazard fromthe re-entering spacecraft is controll able.
However, the hazard from a decayed satellite re-entry is
uncontrol l ed and usually cannot be predicted with any accuracy
(see Ch. 7).

4.2 BASI C ORBI TAL CHARACTERI STI CS

A satellite stays in orbit because the centrifugal (outward)
force equals the Earth's gravitational pull (inward). The
centrifugal force is proportional to V?/R where Ris the distance
from the center of the Earth to the satellite and V is the
conponent of satellite velocity which is perpendicular to the
radius R The gravitational pull decreases with distance and is
proportional to 1/FR. For low Earth orbits (LEO, the
gravitational pull is stronger and, consequently, satellites nmust
have a higher velocity to conpensate and, thus, circunmavigate
t he gl obe nuch nore rapidly. Figure 4-4 shows the relationship
between orbital velocity and altitude above the surface of the
Earth for circular orbits. Figure 4-5 gives the period (the tine
required to conplete one circular orbit) as a function of
altitude above the surface of the Earth.

Not all orbits are circular; many are elliptical and are enpl oyed
inorbital transfer and other m ssion applications. The perigee
of an elliptical orbit is the mnimumaltitude of the orbit; the
apogee is the nmaxinmum altitude (see Figure 4-6). The
eccentricity is a neasure of the ellipticity of the orbit. The
formula for eccentricity is:

€ = r,-r

S r,+r (4-1)

p p

where r_,is the distance from the center of the Earth to the
apogee altitude and r, is the distance from the center of the
Earth to the perigee altitude. The apogee and perigee altitudes
for a circular orbit are equal, hence a circular orbit has zero
eccentricity. Elliptical orbits having the sane perigee altitude
as a circular orbit always have a | onger period, with the period
increasing with the eccentricity.

The free flight path of a suborbital rocket or an expendable
[ aunch vehicle (ELV) is also elliptical. These vehicles, after
conpl etion of powered flight, followa ballistic trajectory with
an apogee above the surface of the Earth and a perigee which is
bel ow the surface of the Earth (see Figure 4-6).
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The concepts of energy and angular nonmentum are essential in
under st andi ng orbital nechanics. The total nechani cal energy has
two conponents, kinetic energy (K E ) and potential energy
(P.E.). As long as no additional force is being applied to the
satellite (e.g., aerodynam c or rocket thrust), the total energy
of the satellite remains constant, i.e.,

Total nechanical energy = KE. + P.E. = constant (4-2)

The kinetic energy is proportional to the square of the velocity
of the satellite. Potential energy results fromthe conbination
of gravitational attraction and distance to the gravitationa
source. The total energy per unit mass, E, will remain constant
t hroughout the orbit (circular or elliptical) unless a force
i mpul se, such as rocket thrust or drag, is applied to the
satellite. Thrust in the direction of the velocity vector wll
i ncrease the energy and thrust or drag in the direction opposite
to the velocity vector will decrease the energy.

Hence, an orbiting satellite has both Kinetic Energy: KE = nv?%2
and Potential (Gavitational) Energy: GMr at its orbit
altitude (r = R+th; where Ris the Earth's radius, h is altitude
above the Earth and Mis the Earth's mass). The constant p = GV
in (ft/sec)® or (msec)®is the constant product of the Universal
Gavitational constant and Earth's mass.

This sinplifies the total energy per unit mass for an orbiting
satellite to a specific mechanical energy:

E. = EEM = (KE + PE)+ m= (v?+2) - (p*r) = const. (4-3)

| f E<O, the path is parabolic; if E=0, the satellite is in a

captive orbit (elliptical, or circular). If E>0, the path is
hyperbolic and the satellite will escape Earth's gravitationa
pull. The escape velocity is obtained from

(Vesc?2 = 2)-(M = 1r)=0; Ve = 36,700 ft/sec or about 12 knf sec (4-
4)

For launch velocities below v, , the satellite wll either
return to Earth (suborbital injection velocities) and follow a
ballistic (parabolic trajectory) or orbit in a circular or
elliptical orbit with a speed (v) and period (P) determ ned as
below in equation (4-5):

K e

P=(2r) v v =
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Two body gravitational interactions and no energy di ssipation are
assuned for the present discussion. The effects of solar w nd,
at nospheric drag and |ung-solar perturbation on orbital
paraneters and decay are discussed in Ch. 7. Figure 4-7 shows
the velocity vs. range for a rocket and payl oad.

40 B Escape Velocity (Near Earth’s Surface)

T Orbital Velocities
30 fRI T

Velocity in 2
1,000 ft/sec

1CBM

Range Increase ———»

(Source: Ref. 2)
FIGURE 4-7. VELOCITY vs. RANGE OF A ROCKET

Since energy is conserved, it is now possible to visualize the
exchange between potential and kinetic energy in an elliptical
orbit. Wen the satellite is nearest to the Earth (perigee), the
potential energy is |east and the kinetic energy is at its peak.
Hence the satellite reaches its highest velocity at the perigee
and its | owest velocity at the apogee (where the potential energy
i s highest).

The kinetic energy required for different orbits can be rel ated
to a characteristic velocity. The characteristic velocity is
also the summation of all the velocity increnents attained by
propul sion to establish the desired orbit. Table 4-1 (from Ref.
1) describes the characteristic velocities for a nunber of
m ssi ons.
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TABLE 4-1. MISSION VELOCITY REQUIREMENTS

Characteristic Excess Velocity

Velocity Vcy Over Reference

MISSION ft/s Orbit Ve, ft/s
100 nmi Reference Circular Orbit 25,570 0
200 nmi Circular Orbit 25,922 352
500 nmi Circular Orbit 26,900 1,325
1000 nmi Circular Orbit 28,296 2,726
Synchronous Transfer Ellipse 33,652 8,082
Lunar Impact 36,035 10,465
Escape, Parabolic 36,164 10,594
ETR - Synchronous - 28.5° Inclination* 38,490 12,920
WTR - 24 Hour Orbit - “Polar” * 38,503 12,933
Synchronous Equatorial (28.5° Plane Change) 39,791 14,120
Venus Flyby 37,570 12,000
Mars Flyby 37,770 12,200
Mercury (Via Venus Flyby) 38,570 13,000
Jupiter Flyby 36,070 : 20,500
Saturn (Via Jupiter Flyby) 46,570 21,000
Uranus (Via Jupiter Flyby) 47,270 21,700
Neptune (Via Jupiter Flyby) 50,070 24,500
Pluto (Via Jupiter Flyby) 54,270 28,700
Lunar Landing Return 56,000 N/A

* Foran ETR orbit altitude of 19,323 nmi and a WTR orbit aititude of 19,355 nm.
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Angul ar nonentumi s al so a conserved quantity, so that w thout an
external application of torque for a period of tine, a spinning
body will neither increase nor decrease its rate of spin.
Satellite orbits have an angul ar nonentum which i s about an axis
t hrough the center of the Earth. The orbital angular nomentum
H, is given by:

H= (R x(v)x(cos 0) (4-6)

where H is the angular nmomentum R is the distance from the
satellite to the center of the Earth and 6 is the angl e between
the velocity vector and a line in the orbital plane which is
perpendicular to the position vector (see Figure 4-8). The
product "v x cos 0" can also be referred to as the tangenti al
velocity. His constant except when the satellite is accel erated
or decel erated by thrust or drag.

The equations for conservati on of energy and angul ar nonmentumare
necessary to analyze the dynamcs of satellite orbits. The
obl ateness of the Earth requires sone additional terns over those
shown in Equation 4-3 for the potential energy expression, to
obtain nore accuracy in the orbital predictions; and the
gravitational fields of the Mwon and the Sun, in particular,
shoul d al so be considered in increasing prediction accuracy.

The plane of the orbit is defined by the |ongitude of the
ascending node and its inclination. These are shown in

Figure 4-9. The ascendi ng node is the point where the projection
of the satellite path crosses the celestial equator fromsouth to
north. The inclination is the angle forned by the plane of the
orbit and the equator. It is neasured counterclockw se fromthe
eastern portion of the equator to the ascendi ng node. Thus,
satellites which orbit west to east (nornmal or prograde) have an
i nclination <90° orbits going east to west (retrograde) have an
inclination >90° An alternate nethod sonetinmes wused to
designate retrograde inclination is to neasure the angle
cl ockwi se fromthe western portion of the equator and state it as
an X° retrograde inclination (see Fig. 10-8). Athird termoften
used to describe orbits is the right ascension (é). This is the
arc of the cel estial equator neasured eastward fromthe direction
of the vernal equinox to the ascendi ng node.

The choice of orbit depends upon the m ssion of the satellite.
ow Earth orbits (LEO serve a variety of purposes and do not
necessarily operate close to the plane of the equator. In fact,
orbits wth higher inclinations (near polar) provide the
satellite the opportunity to cover a larger portion of the
Earth's surface(see Figure 4-10).

4-15



/ V cos ¢ - Tangential velocity

T

FIGURE 4-8. DEFINITION OF TANGENTIAL VELOCITY

T Orbital Path

Celestial North

’
Celestial Equator —»

\ Longitude of the

Ascending Node

Right Ascension (Q)
Direction of the Sun at
the Vernal Equinox

FIGURE 4-9. ORBITAL CHARACTERISTIC DIAGRAM

4-16




*Numbers on ground tracks indicate sequence of the orbit, 1 being before 2, etc

FIGURE 4-10. WESTWARD REGRESSION OF THE ORBITAL GROUND TRACE

Comruni cations satellites are generally placed i n geosynchronous
Earth orbits (GEO where they conplete one revolution of the
Earth in 23 hours, 56 mnutes and 4 seconds. A satellite in a
geosynchronous orbit on the -equatorial plane wll appear
stationary to observers standing on the equator. In order to
have this day-long orbital period,? a satellite nust be at an
altitude of roughly 19,300 nautical mles above the surface of
the Earth (5.6 Earth radii). The plane of the orbits of these
satellites is either the sane as the plane of the equator or at
sonme rel atively small inclination angle to the equator. Ideally,
equatorial orbits can be achieved directly, with no m d-course

2 aur "solar day" of 24 hours corresponds to the Earth's apparent spin period
but the Earth actually rotates approxi mately one and 1/365 turns in that tinme. One
rotation of the Earth takes 23 hours, 56 mnutes and 4 seconds. Time on a scale
based on exactly one rotation of the Earth is referred to as sidereal tine. One 24-
hour day of sidereal tinme is equivalent to 23 hours, 56 mnutes and 4 seconds of
solar tinme.
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corrections, only by launches from the equator. Launches from
poi nts north and south of the equator have a m nimuminclination
which is related to the launch site latitude. Thus, equatori al
orbits are normally achi eved by maneuvers whereby the satellite
is reoriented and a rocket notor is fired perpendicular to the
pl ane of the current orbit to create a neworbit orientation (see
Figure 4-11).

Initial polar
orbit 90°
inclination

Final Orbit

Point P

(7Y

AV = 2V qta1 SIN /2
Vinitiat

NOTE: {f Point P is at the equator then
an inclination change results - If
Point Pis at a Pole there is no
change in orbitinciination. Only
the nodal position is changed.

FIGURE 4-11. ORBITAL PLANE CHANGE
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Since the orientation of the orbit is relatively notionless in
space while the Earth turns inside it, the ground track of the
orbit will recess (fall behind). The rate of recession is based
on the nunber of degrees the Earth rotates while the satelliteis
conpl eting one orbit. The northern-nost and sout hern- nost range
of the ground track are equal to the inclination of the orbit.
A typical ground track is shown in Figure 4-10. The w dth of the
ground track, as seen by the satellite fromorbit, is also called
a "swath" or "footprint"” of the satellite.

There are external forces which perturb the otherw se stationary
orbital plane and cause it to change orientation. The | argest
effects are caused by the oblateness of the Earth and the
gravitational pull of both the Sun and the Moon, called |ung-
solar perturbations. Their relative inportance varies with the
altitude of the orbit. The relative effects in ternms of
acceleration (Earth gravitational units, or g's) for a satellite
200 n m. above the Earth are shown in Table 4-2. As the
altitude of the orbit increases, the relative effect of the
Earth' s obl at eness decreases and the Sun and t he Moon's i nfl uence
i ncreases.

TABLE 4-2. COMPARISON OF RELATIVE ACCELERATION (IN G's) FOR
AN EARTH SATELLITE AT 200 NM ALTITUDE (2)

Equivalent Acceleration
Source of Perturbation (ing's) on 200 n mi. Earth
satellite
Earth’s attraction 0.89
Earth’s oblateness 0.001 (approx.)
Sun’s attraction 0.0006
Moon's attraction 0.0000033
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While the attraction of bodies other than the Earth can distort
the orbit, the oblateness of the Earth will cause the plane of
the orbit to precess around an axis through the pole of the
Eart h. The additional girth of the Earth around the equator
(obl at eness) produces a torque on the orbit and the result is a
precessional notion not unlike that of a gyro or top. The
precession rate can be defined as the nunber of degrees the |line
of nodes noves in one solar day. The nodal precession rate for
circular orbits is shown in Figure 4-12. Note that the effect of
the Earth's obl ateness | essens with the altitude of the orbit and
also with the inclination of the orbit. A polar orbit wll not
precess.

The rotation of the Earth has an influence on the ability to
| aunch satellites into desired final orbits. Looking down upon
the North Pole, the Earth rotates countercl ockwi se. At the tine
of launch, the rocket already has a horizontal conponent of
velocity which equals in magnitude the product of the Earth's
rate of rotation and the distance to the axis through the poles
of the Earth. If the ELV is launched in the direction of this
velocity vector (eastward), it reaches orbital velocity easier
than if it is launched in a westerly direction, in which case
this surface velocity mnmust be first overcone. (This effect
varies with the latitude of the launch point. It is greatest at
t he equator and absent at the North or South Poles.) This factor
is one influence on selection of a site for conducting | aunches.
Therefore, in the United States, eastward | aunches of satellites
into equatorial orbits fromETR, Florida augnent the ELV thrust.
More payload can be placed into orbit than from an identica
| aunch made from for exanple, Maine. The satellite |aunches
from the Wst coast are alnost always to the south to achieve
polar (high inclination angle) orbits. Polar orbits are
perpendi cular to the velocity provided by the Earth's rotation,
thus the rotation neither helps nor hinders the polar |aunch.
However, the launch corridors used at both ETR and t he West coast
are chosen primarily for safety considerations. Launches
eastward from ETR and southward from the Wst coast fly over
wat er rather than inhabited territory and do not pose hazards to
popul ated areas due to jettisoned stages or other debris.
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10/ 2/ 95 rev
5. PRE- LAUNCH AND LAUNCH HAZARDS

5.1 | NTRODUCTI ON
5.1.1 Background and bjectives

A hazard is the existence of any property or condition which

when activated, can cause injury, death, or result in danage to
property. O interest to this study are |launch-rel ated hazards
whi ch could affect third parties, nanmely people or property not
connected with ELV operations. Thus, hazards which have effects
contained within the boundaries of the Range are not discussed
explicitly in this context.

A hazard potential exists because large quantities of liquid
and/or solid propellants are part of the ELV and they could be
unintentionally released in case of a launch accident. Thi s

hazard decreases with tine into the flight because the quantities
of on-board propellants decrease as they are consuned and the
vehi cl e noves away fromboth the | aunch site and near by popul at ed
ar eas. The exposure to |aunch accident hazards is greatest
during the first few m nutes after |aunch.

The maj or generic hazards in the event of an accident involving
propel l ants during pre-launch and | aunch operations are:

1. Expl osi ons: uncontrolled conbustion of these
propellants at a very fast rate per unit volunme such that
part of the chem cal energy is converted to nechanical
energy and part to heat. The nechanical energy is produced
in the formof a blast wave with the potential of causing
damage by crushing forces and winds (Sec. 5.2).

2. Debris: vehicle fragnents that nmay |and upon
structures or popul ated areas. Fragnents nmay include
bur ni ng propel I ants whi ch coul d expl ode or burn upon | andi ng
t hus posi ng additi onal hazards of types 1 and 3 (Sec. 5. 3).
3. Fires: uncontrolled conbustion of the propellants at
a slower rate than occurs in explosions, thus converting
their chem cal energy into heat only. The correspondi ng
hazard is thernmal radiation to people and property in the
proximty of the fire (Sec. 5.4).

4. Toxi c Vapor O ouds: some hypergolic propellants (such
as nononet hyl hydrazi ne, nitrogen tetroxi de and Aerozi ne-50)
are toxic and corrosive. If released in an accident,
unreacted vapors and aerosols my be transported by
prevailing winds in the form of clouds. Hydrazine vapors
are colorless and becone white when conbined wth
at nospheric noi sture; nitrogen tetroxi de vapors are reddi sh
brown. Such clouds may pose a health hazard to people and
are potentially harnful to ani mal s and vegetation (Sec.5.5).
Q her toxic propellants include fumng nitric acids, liquid
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fluorine, anhydrous anmoni a, nitronethane, ethylene oxide,
chlorine trifluoride, chlorine, nitrogen trifluoride,
hydr ogen peroxi de, hydrogen chl ori de and hydrogen cyani de.

Hazards associated with noise, sonic boom and small quantity
rel eases of toxic materials are not considered in the sane
severity category as the hazards |isted above and are not
addressed in this report.

In a given accident, one or nore of these hazards may occur and
prevail in inportance over the others, depending on the specific
ci rcunstances of the event such as: vehi cl e design, accident
| ocation, failure node, propellant type, anmount of propellant
rel eased, node of rel ease, environnental conditions and proximty
of people and property. Sonetinmes, the occurrence of one hazard
may preclude another because they conpete for the sane
propel l ant. For exanpl e, when nost of the propellant is consuned
inafire, avapor cloud will not form Oher tines, the hazards
may be sequential -- such as the formation of toxic vapors in a
fire or an explosion which may |ater pose a toxic vapor cloud
hazard. The possible off-range inpacts of |aunch accidents are
illustrated in Sec.5. 6.

This chapter presents a generic discussion of the major types of
hazards associated with the ground preparation and |aunch of
ELV's nanmely: explosions, debris, fires and vapor clouds. The
objective is to provide an overvi ew of the nmechani sns i nvol ved in
t hese hazards, the types of analyses used and the danmage
criteria. The hazards are considered to be of very |ow
i kelihood. Their applicability to, and magnitude i n, any | aunch
operation should be established by detailed analyses of the
specific circunstances in each case. Such analyses for typica

| aunch operations are discussed in Ch. 10, Vol. 3. A second
objective is to provide a perspective on |aunch hazards by
conmparison with industrial and transportation accidents.

5.1.2 Major Information Resources on Rocket Propellant Hazards

In order to assess public risk exposure derived from |aunch
hazards, information nust be drawn from reports of nmgjor
experimental and theoretical studies of the behavior of
accidentally rel eased propellants and fuels.®® These studies
include test progranms carried out by governnent agencies (NASA
and DOD) where realistic accident scenarios were sinulated on a
| arge scale. Two notable test progranms were projects PYRO? and
SOPHY. (® Both are summarized briefly below to illustrate the
experinmental basis for the information that follows in this
chapter:

1. Project PYROtested the explosive yield and flammbility of
[iquid propellants nanely:
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. hypergolics (Aerozine-50 & Nitrogen Tetroxide used as
fuel and oxi dizer in both the Titan and Delta vehicl es)
inmass ratio of 2.25/1, in several configurations and
with total weights of up to 200 to 1000 Ib (90 to 450
kg) ;

. Li quid Oxygen/RP-1 (used in the Atlas vehicle) in nmass
ratio of 2.25/1 and with a total weight of up to 25,000
b (11, 000kg);

. Liquid Oxygen - Liquid Hydrogen (used in the Centaur
vehicle) in mass ratio of 5/1 and in total weights of
up to 100, 000! b( 45, 000kg) ;

. Full-scale Saturn S-1V and a nodified Titan | first
st age.

Al so, three accident conditions were sinulated to produce
different types of mxing effects:

. failure of an interior bulkhead separating fuel and
oxi di zer;
. fall back of a space vehicle on the launch pad with
conpl ete tank rupture and subsequent ignition;
. hi gh velocity inpact of a space vehicle after |aunch.
2. Project SOPHY addressed the hazards associated wth
handl i ng, transporting, testing and launching of solid
propel | ants. Solid propellants were tested in various
geonetries, sizes and weights (the latter varied from a few
hundred to half a mllion pounds). Shock initiation was produced
with a TNT charge centered on the end face of the propellant.
Air blast and fire ball data were collected and analyzed
statistically to develop scaling relationships. The critica

charge dianmeter required to sustain a detonation in a typica
conposite propellant was determned to be between 60 and 72
i nches.

These two test prograns and their results were discussed
extensively in a Chenical Propul sion Information Agency (CPIA)
publication entitled "Hazards of Chemi cal Rockets and
Propel | ants". (1 The results were analyzed to identify and
quantify the resulting hazards and to devel op net hodol ogi es for
use in hazard analysis. Their findings are drawn upon
extensively wthout having reviewed in detail the original
reports of project PYRO and SOPHY.(2® Qher references of
interest to such anal yses are safety standards AFR 127-100(Y and
DOD 6055. 9- STD. (®

Agai nst this background, we will present a generic discussion of
t he expl osion, debris, fire and vapor cloud hazards associ ated
with the accidental release of propellants. Hazard anal yses of
specific launch operations will also be discussed in Vol. 3,
Chapters 9 and 10.
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5.2 EXPLCSI ON HAZARDS

Expl osi on of an ELV can occur accidentally, as with the Titan 34D
event in April, 1986, or as a result of a destruct conmand using
the flight termnation system In sone cases, flight term nation
is acconplished sinply by shutting off the fuel supply to liquid
fuel engines. In this case, an explosion may not occur unless
the intact vehicle and its remaining fuel inpact the ground
sharply.

An explosion is a very rapid expansion of matter into a vol une
greater than its original volune. The cause of the expansion
m ght be conbustion, electrical discharge (such as |Iightning) or
a purely nechani cal process such as the bursting of a cylinder of
conpressed gas. The faster the energy is released, the nore
vi ol ent the expl osion.

Rocket notors are designed to burn their fuels and rel ease their
energy in a controlled conbustion process called a defl agrati on,
or sinply, a flane. In a deflagration the reaction front is
driven by diffusion nmechani sns. At steady state, it proceeds in
the material at a rate |ower than the speed of sound.

Under sone conditions, the rate of energy rel ease can increase
significantly, leading to an explosion. The conmbustion process
is then called a detonation.

In a detonation the reaction front consists of a shock wave
followed by a flane. The reaction front is driven by a shock
conpressi on nechani sm At steady state, it proceeds in the
material at a rate faster than the speed of sound.

There is a spectrum of reaction possibilities between steady
state defl agrations and detonations, such as a fast deflagration
and a weak detonation, with the potential of a transition from
one reaction to another. The defl agration-to-detonation
transition is referred to as DDI. A shock-to- detonation
transition is also possible and is referred to as SDT. (67

For solid propellants (see Table 3-3, Vol. 1, Ch. 3), cross-
I i nked doubl e base hybrid materials (DOD Class/Division 1.1--o0ld
Class 7) were always considered in the past to represent a
detonation hazard; nost conposite propellants (Cass/D vision
1.3--old Cdass 2) were considered to represent a fire
(defl agration) hazard. However, recent trends in rocket notor
desi gn incl ude: nore energetic conposite propellants, higher
solid | oading densities, |arger grain dianeters and greater nass.
The net effect is that conposite propellants nay al so detonate
i nadvertently under the dynamc conditions of accidents.
Al t hough, they may require a larger initiation energy than
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Class/Division 1.1 propellants and their detonation may not be
sel f-sustaining, resulting in | ower yields(™:

A nunber of conditions influence the |Ilikelihood of solid
propel | ant detonation: (¢7

. propel | ant toughness;

. nmot or geonetry, core configuration, dianeter, lengthto

di aneter ratio, chanber pressure, case bonding
t echni que and propel |l ant residual strain,;

. propellant critical dianeter and geonetry;

. propel | ant granul ar bed characteristics (pyrolysis and
ignition) both thermally and nechanically induced,
leading to faster conbustion termnating in a
det onati on (DDT);

. propel | ant response to shock (SDT);

. propel | ant response to del ayed reduced shock (referred
to as XDT)

. i npact velocity and surface inpacted (water, sand or
concrete).

A question of particular interest is whether activation of the
destruct system is likely to detonate solid rocket boosters.
This subject was studied recently by the Naval Surface Wapons
Center (NSWC) for a filanment wound graphite case nmaterial.(®
They tested:

. i near shaped char ge (LSC) / propel | ant case
i nteractions;
. detonability and shock sensitivity;
. mat eri al response (breakage of propellant).
They concluded that activation of LSC would not detonate the
Solid Rocket Booster propellant. At nost, a rapid burn is
expect ed.
For liquid propellants, the |I|ikelihood of detonation is
i nfluenced by chem cal conposition and conditions such as:
. degree of fuel and oxidizer mxing and size of the
m xture prior to initiation;
. confinement of the products of conbustion;
. presence of obstructions or flow instability that
generate turbulence and result in increased reaction
ar eas.

Such conditions are encountered in accidents to vari ous degrees.
Thus, it is usually very difficult to predict with certainty
whet her or not a detonation will occur.

Still, overpressure can result if the reaction is fast enough,
even though it is not an ideal, steady state detonation. The
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main difference is inthe near-field where a detonati on generates
a much higher overpressure. This difference decreases further
away from the center of the expl osion. The far-field is of
particular inmportance to this study which focuses on potenti al
damage to the public (third parties) off-range. Over pressure
estimation nethods are presented in the next section.

5.2.1 Bl ast \Waves

Scaling laws are used to cal cul ate characteristic properties of
bl ast waves from explosions. Wth the aid of such laws, it is
possible to present characteristics of the blast wave, for any
yield, inasinple form This is presented belowfor the case of
air at constant tenperature and pressure.

Ful | -scal e tests have shown that these relationships hold over a
wi de range of explosive weights (up to and includi ng negatons).
According to the scaling laws, if d, is the distance from a
reference explosion of W Ib at which a specified hydrostatic
overpressure or dynam c pressure is found, (Dynam c pressure q =
1/ 2 pv? where pis air density and v is particle velocity), then
for any explosion of WIlb, these sane pressures will occur at a
di stance, d, given by:

d/d, = (WW)Y® (5-1)

In other words, the pressures are functions of a unique variabl e
(d/ W?3) called the scal ed-di stance or k-factor.

Cube-root scaling can also be applied to the arrival tinme of the
shock front, positive-phase duration and inpul se; the distances
concerned are also scaled according to the cube-root |aw (see
Figure 5-1 for a definition of these terns). The rel ationships
may be expressed inthe form t/t, =i/i, =d/d, = (WW)Y3 where
t represents arrival tine or positive-phase duration, i is the
i mpul se and the subscript 1 denotes the reference explosion W.

These relationships are well established and accepted in the
[iterature. They form the basis of nost explosion nodels,
i ncluding that used in Chapter 10 of this report.

It should be noted that the above relationships are for bl ast
waves in free field, wunder ideal conditions. In a real,
stratified at nosphere, shock focusing may occur produci ng hi gher
overpressures than in free field. Such effects have been taken
into account in a conputer nodel naned BLAST based on acoustic
wave propagation. The nodel was devel oped by WBMC and has been
verified experinentally.®
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Overpressure

Ambient
pressure
(Po)

A

Impulse (i.e., Area under curve)

T

(1) TOA (time-of-arrival)

(2) P(overpressure) =

Tpos

OA
‘4._ Positive phase _,'4_ Negative phase _>|

The time required for the shock
wave to transit the distance from
the center of the explosion to the
point at which the measurement
is to be made.

Peak pressure above ambient
conditions.

(3) v = Positive phase duration - the length of time
(measured from the first pressure rise) necessary for
the overpressure to return to the ambient pressure.

(4) Positive phase impulse =

ofT P(t} dt

FIGURE 5-1. DEFINITION OF SHOCK WAVE PARAMETERS (Ref. 1)

L.

Time
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5.2.2 TNT Equi val ency Anal ysis

It is conventional to express the magnitude of an expl osion of a
given material (e.g., solid or liquid propellant) in terns of an
equi valent weight of TNT (symretrical tri-nitrotoluene, a
conventional ordnance expl osive) required to produce essentially
the sanme bl ast wave paraneters. The TNT equival ent wei ght was
sel ected because of the large anmobunt of experinental data
avai | abl e on bl ast waves and danmage produced by TNT expl osi ons.
A given material wmy have several TNT equivalent weights
dependi ng on the sel ected bl ast wave paraneter, i.e., it may have
an equi val ent wei ght based on peak overpressure, another based on
positive inpulse, (see Gossary, App. A or Figure 5-1), etc.
Peak overpressure is nore conmonly used, however, to define TNT
equi val ence. TNT yield refers to the TNT equival ent weight
expressed as a percent of the weight of the propellant.

The TNT-equival ent analysis has a nunber of limtations that
shoul d be borne in mnd to obtain valid conparisons. They are:
. Not all the accidentally-rel eased material is involved

in the explosion: part of it may disperse wthout

reacting and part may react at a different tine or
| ocation fromthe expl osi on. Accordingly, measured TNT
yields of liquid propellants were found to depend on
t he degree of fuel/oxidizer mxing prior to explosion
initiation. This degree of m xing depends, in turn, on
the rate of mxing (a function of vehicle design,
failure node and accident conditions) and its duration
(a function of when ignition occurs).

. O the portion of released material that reacts in the
explosion, part of it nay detonate and part may
deflagrate, with the latter contributing little energy
to the blast. Predicting whether a detonation or
defl agrati on (or any conbi nation of them) will occur is
a very conplex subject, as discussed earlier. The
out cone depends on t he propel | ant properties and on t he
conditions of the accident. For exanple, with solid
propel l ant fragments, an i npact speed greater than 300
ft/sec is likely to have sufficient energy to initiate
t he detonation of that fragnent upon inpact.(”

. Even for the portion of the released material that
contributes directly to the blast energy, the bl ast
characteristics are different from those of a TNT
charge wth an equivalent ener gy. Measur ed
overpressure anplitudes are generally |lower and
durations are | onger because of a slower reaction rate
for propellants than for TNT. This rate depends on
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accident-specific conditions such as: strength of
initiating source, degree of confinenent and shape of

propel | ant.
Thus, the TNT yield of a material is not an absolute property
such as density or nol ecul ar weight. Instead, it depends on the
test conditions in which it is neasured. Fortunately, the
dependence of blast paranmeters on yield is |ow because of the
cube-root exponent in the scaling law (Eq. 5-1). Hence, the

prediction of a hazard distance (d) is not very sensitive to the
enpl oyed yield (W. For exanple, if the yield is off by 50
percent, the distance (at which a particular overpressure is
reached) is off by only 15 percent. Thus, the TNT nethod of
anal ysis has been used effectively over many years despite the
limtations nmentioned above.

In 1978, NASA established an Expl osi ve Equi val ency Worki ng G oup
to define potential failure scenarios which could lead to an
explosion and to estimate the maxi num credi bl e explosive TNT
equi valency for these explosions. The  nost conpl ete
docunentation of the findings of this group is reportedly in a
collection of briefing charts by WA Riehl et al.(® The work
performed by this group provided a basis for nmany subsequent
studi es, 'Y many of which have quoted verbatim TNT equival ent
values fromRef. 10. This is illustrated in Table 5-1, which is
extracted froma study on shuttle safety. ™ Avariety of failure
nodes and acci dent scenarios are identified for the external tank
and the solid rocket notors; a maxinum credible explosive
equi valent (or TNT yield) is estimated for each case. Also, the
range for these maxi num credi ble TNT yields varies from

. 5to 50%for LH/LOX
. 18 to 100 % for the solid rocket notors

The | ower bound for these yields is zero, since the propellants
may react or burn wi thout produci ng nechani cal damage.

Al t hough the STS is not being considered for conmercial space
transportation, Table 5-1 is very useful to illustrate that the
yield of a propellant system can vary depending on the failure
node.

Recommended values for TNT equivalency of Iliquid propellants
under selected worst case accident conditions are given in AFR
127-100.®  Since AFR 127- 100 addresses the circunstances in
handling and storing propellants, it may not apply to |aunch
oper ati ons.
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TABLE 5-1 ESTIMATED SHUTTLE MAXIMUM CREDIBLE EXPLOSIVES EQUIVALENCIES

External Tank

Failure Mode %TNT Yield (by weight)
Destruct (Range Safety System)
Current Designe -  Without Orbiter 0.5
- With Orbiter 1.0
Redesign (Galileo Mission) 0.25
Direct Fall Back on Pad Not Credible
High Velocity Ground Impact (Intact) (W/O Destruct) 50*
Over Pressurization - LH; Tank 0.5
- LOXTank - Flight Not Credible
- Ground 10
SSME (Boattail) Explosion 0.5
Fallover - Both SRB’s Fail to Ignite 38
Tipover - OneSRB Fails to Ignite 38
TPS Failure - ET-LH2Tank - Barrel 1
- Aft Dome 0.5
-LOX Tank 0.5
- Intertank 10
SRB - Nose Cone/ Aft Skirt 0
- Cable Tray (Destruct) 5-1
- Sep’'n Motors, Thermal Curtain,
Attach Ring 0.5
SRB - TVC Hardover (Corkscrew - Destruct) 5-1
SRB -Case Rupture - AdjacenttoET 0.5
- Elsewhere - Cartwheel 5
- Separation 0.5
Recontact on Separation - SRB/ET - Aft 0.5
- Forward (I/T) 10
- Orbiter/ET 0.5
Solid Rocket Motors
Failure Mode %TNT Yield (by weight)
Aft Segment at Impact 18
High Velocity Ground Impact (W/O RSS) 20
Fallover - (Both SRB’s Fail to Ignite) 20-50
Tipover - (One SRB Fails to Ignite) 20-100

Source: Briefing, Riehl, 1979 [Ref. 10]
*The yield is a function of impact velocity and can reach 150% for velocities in excess of about 500 feet per second.
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The val ues are presented in Table 5-2, where it should be noted
t hat :

. TNT yields for the sane propellant vary dependi ng on
the accident conditions. Wiile this variation is
consistent with the concept of TNT yield (as di scussed
above), it is inportant to sel ect the appropriate val ue
for each set of accident conditions since the yield
varies by up to a factor of seven.

. Significant equivalent TNT yields are estimated under
t he nost severe scenarios. These worst case scenari 0s
are very unlikely, however.

For illustration, the recomended TNT yi el d val ues are applied to
three classes of ELV vehicles of interest: Atlas/Centaur, Delta
and Titan. This is presented in Table 5-3, which shows the
propel l ant conposition, weight, TNT yield estimate and TNT
equi val ent wei ght for each vehicle. Note that

. for liquid propellants, the yield estimtes are based
on the recommended guidelines in AFR 127-100 which
represent worst cases. Thus, they are inherently
conservative

. For solid propellants, the yield estimtes are taken

froma conpil ation of SRMinpact detonation history.®
A range of values (varying over a factor of five) is
given to cover a nunber of accident scenari os.

TNT equivalent weights are obtained by multiplying each
propel l ant weight by its vyield. A range of TNT weights is
obt ai ned because of the uncertainties in the yields. Such
uncertainties are expected in view of the previous di scussion of
the various factors that affect TNT vyield. In reality, the
ranges vary froma | ower bound of O (i.e., no blast) to the upper
values (i.e., worst cases) in Table 5-3. To estimte a
reasonabl e value within this range requires an accident-specific
anal ysis, which is not attenpted in this generic report.

Finally, note that a hybrid propellant mx technology (liquid
oxygen/solid polybutadiene fuel) proposed by AMRCC, has been
assigned a TNT equi val ence of zero by the DOD Expl osives Safety
Boar d.
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TABLE 5-2. LIQUID PROPELLANT HIGH EXPLOSIVE (TNT) EQUIVALENT YIELDS

(Source Ref. 4, AFR 127-100, Table 5-14 )

Propellant Combination

Static Test Stands3

LO, - LH;
LO; - LHx RP-1

LO; -RP-10r LO; - NH3

Inhibited Red Fuming Nitric
Acid (IRFNA) - Aniline2

IRFNA-UDMH2
IRFNA-UDMH + JP-42
N;04-UDMH + N H,4?
N204-UDMH + N>Hz-Solid?

Pentaborane + a fuel

Pentaborane + anoxidizer

Tetranitromethane (alone
or in combination)

Nitromethane (alone or
in combination)

Substitutions

NOTES:

1

60%

Sum of 60% for LO; - LH;
plus 10% for LO; - RP-1

10%

10%
10%
10%
5%

5% plus the high explosives
equivalent of the solid
propellant

10%

60%
100%

100%

Range Launch Pads3
60%

Sum of 60% for LO; - LH,
plus 20% for LO, - RP-1

20% up to 500,000 Ibs
plus 10% over 500,000 Ibs

10%
10%
10%
10%

10% plus the high explosive
equivalent of the solid
propellant

20% up to 500,000 Ibs
plus 10% over 500,000 Ibs

60%
100%

100%

Percentages given above continue to apply where any of
the substitutions shown below are made in the basic

combination.4

Basis of the table: Developed by the Department of Defense Explosives Safety Board Work Group on Explosive
Equivalents for Liquid Propellants. Tetranitromethane and nitromethane are known to be detonable. The net
weight of all nonnuclear mass-detonating explosives involved in any configuration, including component of nuclear

items, will be added to the above equivalencies, where applicable, in determining required separations. See

paragraph 5-26a(5) in Ref. 4 concerning equivalents for hypergolic combinations.

These are hypergolic combinations. (Fuel and oxidizers that will ignite with each other.)

The percentage factors used for the explosive equivalencies of propellant mixtures at launch pads and static test
stands were based on such propellants located above ground and unconfined except for their tankage. Other
configurations will be considered on an individual basis to determine applicable equivalencies

Substitutions, alcohols or other hydrocarbons substitute for RP-1; H,0,, F, BrFs, CLF3, OF,, or O3F substituted for LO,,
Monomethylhydrazine substituted for hydrazine or UDMH, or ammonia substituted for any fuel where hypergolic

combination results.
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TABLE 5-3. ESTIMATED UPPER BOUNDS ON TNT-EQUIVALENT WEIGHTS OF ELV PROPELLANTS

System

Atlas
Centaur

Delta

Booster
Stage 1
Stage 2
Stage 3

Titan Il

Stage 0
Stage 1
Stage 2
Transtage

Propellants

Composition

RP-1/LO,
LH/LO,

Solid (Castor IV)
RP-1/LOy
Aerozine 50/N>Q4
Solid

Solid (UTP-3001 B)
Aerozine 50/N;04
Aerozine 50/N,04
Aerozine 50/N,0q4

Notes on Basis for TNT yield:
(a) Recommended values for liquid propellants in AFR 127-100 (Table 5-14 0n pg. 72). It is recognized that these

recommended values are based on worst case scenarios and are thus conservative.
(b) Based on data in CIPA Handbook (Ref. 1) for SRM Impact Detonation History (Table 2-1 on pg. 2-6)

Basis
TNT Yield for TNT Equivalent
Weight, kib % TNT Yields Weight, kib
303 10 - 20 a 30-60
30.7 60 a 18
48-78
186 14 - 100 + b 26-186 +
179 10 - 20 a 18- 36
13 5-10 a 0.7-1.3
23 14 - 100 + b 0.3-23+
45-226 +
464 14-100 + b 65-464 +
294 5- 10 a 15- 29
69 5- 10 a 35- 7
9 5- 10 a 05- 1
84- 501 +

Note that the range of TNT yields vary from a lower bound of zero (i.e., no blast) to the upper values given above
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5.2.3 Damage Criteria

Bl ast waves fromacci dental expl osi ons can cause damage t o peopl e
and property (structures) by subjecting them to transient
crushing pressures and wi nds (which cause drag pressures due to
the sheer force of the wwnd). Even though the interactions of
the waves with the objects involve very conplex phenonena,
relatively sinple concepts have been used quite effectively to
correlate blast wave properties wth danage to a variety of
targets. The concept states that damage is primarily a function
of either the peak overpressure, the inpul se or sone conbination
of these two factors.

Gui del i nes for peak overpressures required to produce failures to
structures such as shattering of glass wi ndows and col | apse of
concrete walls are presented in Table 5-4.(Y Note that a very
| ow pressure (force per unit area) is sufficient to cause damage,
mai nly due to the large area of such surfaces. Simlar criteria
are used in the hazard assessnent nodel used in Vol. 3, Ch. 10 of
this report.

Criteria for injury of personnel standing in the open are given
in Table 5-5.  They cover ear drumrupture and | ung henorrhage
caused by overpressure and personnel blowlown caused by the
inpul se inparted by the blast wave, wth the concomtant
potential of injury due to bruises, |l|acerations and bone
fractures. These data are presented in graphic formin Figure 5-
2 and Figure 5-3.(2 Note that:

. The overpressure required to cause damge decreases (as
expected) with the increase in the duration of the
positive phase of the blast wave.

. There IS a signi ficant variability I n t he
susceptibility of people to such overpressure. Such
variability can be accounted for statistically by
rai si ng overpressure threshol ds to ensure hi gher | evel s
of lethality. This should be done carefully to
mai ntain a realistic approach to anal ysis.

Finally, blast wave characteristics (Section 5.2.1) can be
conbined with the present damage criteria in order to estimate
the extent of the danmage (in feet) as a function of various
equi val ent wei ghts of TNT. Typical results are shown in Figure
5-4 for eardrum rupture, |ung danage, etc. Simlar data are
used in the next section and in Ch. 10, Vol.3 to illustrate the
assessment of both property damage and personnel injury over a
range of accident conditions.
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Structural Element

Glass windows,
large and small

Corrugated asbestos
siding

Corrugated steel or
aluminum paneling

Wood siding panels, standard

house construction

Concrete or cinder-block wall
20.30r30.5¢m (8 or 12 in) thick
(not reinforced)

Self-framing steel
panel building

Qil storage tanks
Wooden utility
tanks

Loaded rail cars

Brick wall panel, 20.3 or 30.5cm
(8 or 12in) thick (not reinforced)

Failure

Shattering usually,
occasional frame failure

Shattering
Connection failure
followed by buckling

Usually failure occurs at
main connections allowing a
whole panel to be blown in

Shattering of the wall

Collapse

Rupture

Snapping failure

Overturning

Shearing and flexure
failures
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TABLE 5-4. CONDITIONS OF FAILURE OF PEAK OVERPRESSURE-SENSITIVE ELEMENTS (Ref. 1)

Approximate
Incident Blast
Overpressure

KPA (psi)

34-59
(0.5-1)

59-13.8
(1-2)

6.9-13.8
(1-2)

6.9-13.8
(1-2)

13.8-20.7
(2-3)

20.7-27.6
(3-4)

20.7-27.6
(3-4

345
(3-4)

483
@

48.3-55.2
(7-8)




TABLE 5-5. AIR-BLAST CRITERIA FOR PERSONNEL STANDING IN THE OPEN (Ref. 1)

Criteria

1% Eardrum
Rupture

50% Eardrum
Rupture

Threshold
of Lung
Hemorrhage

1% Mortality

No Personnel
Blowdown

50% Probability
of Personnel
Blowdown

1% Probability of
Serious Injury from
being Blown down

Physical
Parameters
Dose

Remarks

Direct Overpressure Effects:

23 kPa
(3.4 psi)

110 kPa
(16.0 psi)

69 kPa
(10.0 psi)

186 kPa
(27 psi)

Not duration sensitive except possibly
for durations of less than 1 msec.
Not a serious lesion.

Some of the ear injuries would be of
asevere form.

69 kPa (10 psi) applies to blasts of
long duration, over 50 msec; 138-207
kPa (20-30 psi) required for 3-msec
duration waves; not a serious lesion.

186 kPa (27 psi) applies to blasts of
long duration, over 50 msec; 414-483
kPa (60-70 psi) required for 3-msec
duration waves. A highincidence of
severe lung injuries.

Displacement Effects:

8.62 kPa-msec
(1.25 psi-msec)

57.2 kPa-msec
(8.30 psi-msec)

372 kPa-msec
(54 psi-msec)
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At this dynamic-pressure impulse, man
would attain a peak horizontal velocity
of 0.09 m/s (0.3 fps)

At this dynamic-pressure impulse, man
would attain a peak horizontal
velocity of 0.61 m/s (2.0 fps).

At this dynamic-pressure impulse, victim
would attain a peak horizontal velocity
of 4 m/s (13 fps); serious injury (bone
facture or rupture of internal organs)
could occur from impact with the
ground; high probability of minor
injuries such as bruises and lacerations.
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FIGURE 5-2. LETHALITY CURVES PREDICTED FOR 154 LB. PERSON IN FREE-STREAM SITUATIONS
(Ref. 12)
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FIGURE 5-3. LETHALITY AND DAMAGE/INJURY CURVES PREDICTED FOR 154 LB. PERSON IN FREE-
STREAM SITUATION (Ref. 12)
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FIGURE 5-4. AIR-BLAST CRITERIA FOR PERSONNEL STANDING IN THE OPEN (Ref. 12)
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5.2.4 Variation of Explosion Hazards with Tinme from
Liftoff

As noted, launch hazards decrease with tinme into the flight.
This point is illustrated in this section for potential third
party damage due to an accidental explosion of an ELV. The
variations of other hazards with tinme are not discussed.

Data are used for a typical Delta ELV systemflight profile and
propel l ant consunption rate as a function of tinme el apsed after
[iftoff.(® However, qualitatively, the discussion applies
equally well to other ELV systens.

The out cone of an accident is usually determ ned by the specific
circunstances present at the tine and |ocation of the accident.
Usual Iy, there are a nunber of variations for these circunstances
which can lead to a nunber of outcones. In this illustration,
the analysis is sinplified to focus on the effects of "tinme into
flight."

The cal cul ati ons presented bel ow are al so based on a nunber of
assunptions sel ected to nake the anal ysis workabl e. For exanpl e,
for the sake of sinplicity, it is assuned that all of the
propellants remaining on board wll explode instantly (this
corresponds to a worst case cal cul abl e expl osion scenario). In
reality, the situation is nore conplicated:

. sonme of the propellant may explode initially, producing
fragnents that may expl ode | ater upon inpact with the
ground (secondary expl osions);

. sone of the propellant may burn in a fireball; and

. sone of the hypergolic propellant may disperse in the
environment w thout reacting, posing toxic risks or
di spersing harm essly.

Anot her exanple of a sinplifying assunption is to represent
di fferent circunstances occurring at various tinmes into flight by
sinmply changing the TNT yield. The yield is increased when the
ci rcunst ances (such as failure node, m xing rate or inpact speed)
favor a stronger explosion (as described in nore detail bel ow).

Not e t hat each scenario can be associated with a vehicle failure
node and is likely to occur with a particular probability val ue
(Section 5.6). Thus, although the discussion bel ow nakes no
explicit nmention of probabilities, the predicted results are tied
to a particular probability val ue.
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Therefore, three key changes can be identified as tinme el apses
fromliftoff: the vehicle altitude (and down-range distance),
the quantities of propellants remaining on board and the
expl osive potential of these propellants. These changes are
illustrated in Figure 5-5 and are di scussed bel ow.

120
100 & N Altitude,Nmi(A) | a—a
< & Remaining Propellant Wt. % (B) | m....m
L} Remaining Explosive Power,Ton(C) | ®----¢

0 40 80 120 160 200 240 280 320
Time after liftoff, sec.

FIGURE 5-5 POTENTIAL EXPLOSION HAZARD AS A FUNCTION OF TIME (DELTA ELV)
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irst, the vehicle altitude increases very rapidly withtineinto
l[ight -- reaching roughly 20 nm in the first 2 mnutes, as
[lustrated by curve A in Figure 5-5, which shows a typical
flight profile for a Delta mission.® Furthernore, the |location
of launch sites and the direction of |aunch are usually sel ected
so the vehicle noves away from popul ation centers. Thus, the
"separation" distance between the vehicle and the comunities
potentially vul nerable, in case of a vehicle accident, increases
with tine.

E
f
i

Second, as tine el apses fromliftoff, the quantity of propellants
remai ni ng on board decreases very rapidly due to their rapid
consunption by the rocket booster and other engines. The total
wei ght of all propellants remaining on board is illustrated by
Curve Bin Figure 5-5. Note that the total remaining propellant
wei ght decreases by about 50% within 2 mnutes fromliftoff.

Third, the explosive potential (or TNT yield) of a given quantity
of propellant may change as tine elapses from liftoff. As
di scussed earlier (Sec. 5.2.2), the TNT yield of a propellant in
an acci dental expl osion depends on its properties, as well as on
a variety of other factors, determned by the details of the
acci dent scenario. Exanple of such factors include: the sizes
of solid propellant fragnents their inpact speed, the rate and
extent of mxing of liquid propellants, the degree of
confinenment, etc. 1In fact, the significance of TNT yields, how
they are estimated and the pertinent ranges of values given in
the published literature were discussed in Section 5.2.2.

Determination of TNT yield at wvarious tinmes after liftoff
requi res an extensive analysis. First, identify the type of
failures and accident scenarios that are likely to occur and
second, estinmate the yield for each scenari o and each propel | ant
system based on historical accident data, test data, experience
and engi neering judgnent. Such an analysis was done for the
Space Shuttle system by the Expl osive Equival ency Wirking G oup
established by NASA in 1978, as discussed in Section 5.2.2.
| deal |y, the sane type of analysis for each ELV type i s needed to
establish pertinent explosive yields were the accident to occur
at various tines fromliftoff. However, for sinplicity, another
approach which is not as rigorous, but may suffice, is used to
illustrate the explosive yield dependence on tine fromliftoff.

Table 5-2 in Section 5.2.2 lists upper limts for TNT yields for
ELV propellants reported in the literature. The | ower bound for
these yields is zero (%, since the propellants may react or burn
w t hout produci ng nechani cal damage. The range of upper val ues
for the Delta vehicle propellants are:
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. 10 to 20% for RP-1/LOX (Stage 1)

. 5 to 10% for Aerozine-50/NGO, (Stage I1)

. 14 to 100% for the solid rocket notors (Booster and
Stage I11)

Note that each point within these ranges can be associated with
a particular accident scenario which, in turn, my be associ ated
with a specific time fromliftoff. For exanple, when a vehicle
(or its fragnents) falls back on the pad soon after liftoff, the
speed at ground inpact is a key factor in determning the
i kelihood of detonating the solid propellants. 1t is known that
an inpact speed of 300 ft/sec is required to detonate solid
propel l ants and produce significant yields. In order to reach
such term nal speeds in free-fall, a vehicle would have to start
at an altitude of approximately 1400 ft (assum ng no drag). This
altitude would be reached in about 12 seconds after liftoff.
Thus, if the vehicle falls back onto the pad in the first 12
seconds (or so), a lowyield is anticipated, while if it falls
back at a later tinme, a higher yield is anticipated. Follow ng
this reasoning, the yields corresponding to these two situations
are assuned (for sinplicity) to be the upper and | ower val ues of
the ranges |isted above for the three propellant types in the
Delta vehicle. Thus, the yields would be:

. 10, 5 and 14% (respectively for the 3 types of
propellants) in the first 0 to 12 sec after |aunch;

. 20, 10 and 100% respectively, at later tinmes into
flight.

By multiplying these yields with the anobunt of propellants
remai ni ng on board, the potential explosive energy (in ternms of
equi val ent pounds of TNT) is estimated as a function of tine from
liftoff as illustrated by Curve Cin Figure 5-5. Note that the
expl osive potential starts at a |ow value (because of the |ow
yield); then increases because of the increase in yield
corresponding to higher inpact speed; finally it decreases
because of the decrease in the quantity of propellant remaining
on board.

Using the potential explosive energy deternm ned above, the
overpressure field around the explosion point was estinmted
foll owing the analysis outlined in Section5.2.1. It was assuned
that the entire vehicle will explode at altitude and as one nmass
(a nore realistic assunption is a smaller explosion in flight,
breaking up the vehicle in fragnents that wll explode upon
ground i npact). It was also assuned that any reflection or
focusi ng of the shock wave woul d have a negligi ble effect on the
overpressure field.
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For these assuned expl osi on conditions, the "hazard" distances at
which critical overpressures are reached are shown as a function
of time in Figure 5-6. Three overpressure |evels are used:

. 1.5 psi, for collapse of Iight weight structures (Curve
B)

. 0. 35 psi, for wi ndow breakage with a probability of 50%
(Curve O

. 0. 20 psi, for wi ndow breakage with a probability of 10%
(Curve D)

The vehicle altitude fromFigure 5-5 is also shown as Curve Ain
Figure 5-6 for reference.

8 Altitude,Nmi. (A) e

Distance,Nmi.(1.5 psi) (B) g---8

Distance,Nmi.(0.35si) (C) A A

6 - Distance,Nmi. (0.2 psi) (D) X=X

Time after liftoff, sec.
FIGURE 5-6 OVERPRESSURE AS A FUNCTION OF TIME (DELTA ELV)
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In Fig. 5-6, the hazard distances first increase with tine, and
then decrease -- following the behavior of the potential
explosive energy profile which is showm in Fig. 5-5
Furthernore, Fig. 5-6 can be interpreted as foll ows:

. in approximately the first 25 seconds, danmage such as
w ndow breakage is possible in a distance of
approximately 1 nm from the launch pad (or the
| ocation of vehicle inpact wth ground).

. at later tinmes, key scenarios are:

a- all the propellant explodes at the vehicle
altitude. The potential nechanical damage at ground
| evel is negligible (even if maxinumyield is assuned)
because of the high altitude of the vehicle and its the
| ar ge separation from ground.

b- the vehicle falls back to Earth as one piece and
explodes. This is a very unlikely scenario since the
vehicle wll breakup under the aerodynam c forces
produced by the fall. Even in such a worst case
scenario, Figure b5-6 suggests that the maxinmm
overpressure distance will be less than 1 nm in the
first 25 to 60 sec tine franme; nuch smaller yet at
|ater tines because of the rapid consunption of
propellants with time of flight. The |location of the
i mpact point will be governed by vehicle trajectory
during the fall, which in turn depends on a nunber of
factors as discussed in Section 5.3.

C- the vehicle breaks up at altitude, producing
fragnents, some of which may detonate as they inpact
ground. The hazard of itemb above is now di stri buted
over a broader region deternm ned by the inpact points
of the fragments. The overpressure hazard di stances
around each inpact point will be smaller than in b
above. They wi |l depend on additional factor such as
nunber and size of fragnments and their rates of
consunption during their fall. This is further
di scussed in Section 5.3.

O f-range danage in any of the above cases will depend on the
presence of popul ation centers within a radius (of the expl osion
center) equal to the above distances (see Sec. 5.6).

CGenerally, the hazard from propellant explosion decr eases
rapidly wwth tine into flight, except for the first 10 to 25
seconds. Activation of the Flight Term nation Systemis |ikely
to further reduce such expl osion hazards by di spersing the
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propellant. Typically, the FTSis not activated during the first
8-12 seconds (depending on ELV, mssion and site) in order to
avoi d damage to the pad facilities. This subject is discussed in
nore detail in Ch. 3, Vol. 1 and Ch. 10, Vol. 3.).

5.3 DEBRI S HAZARDS

A debris hazard exists even for a normal successful |aunch,
primarily fromjettisoned stages, shrouds and ot her conponents.
These can be expected to inpact wthin the inpact limt
boundaries of the flight corridor. The flight corridor 1is
speci fied by appl yi ng safety considerations to the m ssion flight
requi renents, as discussed in Ch. 2, Vol. 1. Thus, hazards which
cannot be elim nated are controlled. Since the launch facilities
are located so that the wvehicles wll fly over Ilargely
uni nhabited areas and oceans, the risks to third parties in
normal operational situations are very |ow .

A debris hazard also exists due to failure nobdes such as
mal function turns (fromgradual to tunbling turns) and prenmature
thrust termnation (from an accidental subsystem failure,
commanded thrust term nation or commanded vehicl e destruction).
Debris may be created either from breakup of the vehicle due to
excessive aerodynamc pressure or explosion (accidental or

commanded destruct). Mjor issues in assessing debris hazards
include: what is the nunber, weight and shape of fragnents?
Wiere will they land? Wat is their inpact force upon |andi ng?

What is their inpact in terms of structure penetration and
lethality?

II'lustrative exanples of debris data fromsel ected space vehicle
expl osions and test data (occurring at or near ground | evel) are
shown in Figure 5-7 and Figure 5-8. These figures showthe total
nunber and wei ght distributions of fragnents (respectively) as a
function of range (i.e., distance). These distances were
determ ned by the forces of the expl osions.

Clearly, when a vehicleis inflight at significant altitude, the

debris will land over a nmuch | arger area than in Figures 5-7 and
5-8. The distribution of debris inpacts is dependent upon the
forces acting on the fragnents. Initially, the velocity vector

of the vehicle is of primary inportance and this contribution is
affected by the velocity vectors resulting from the turns,
tunbling and/or expl osions. Thereafter, the effects of the
at nosphere on the fragnments during free fall (which depend on
wind and the fragnment size, shape and mass) becone inportant.
These issues lead to uncertainties in the fragnent i npact
di stribution which can be attributed to four basic sources:

(1) wuncertainty in the vehicle state vector at vehicle
breakup or destruct;
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(2) uncertainty in any destruct velocity inparted to the
fragment by a destruct system (or explosive failure);
(3) uncertainty in the atnospheric environnent during free

fall; and
(4) wuncertainty in the fragment size, aerodynamc lift and
dr ag.

Furthernore, inpacting |aunch vehicle fragnments can be divided
into four categories:

(1) inert pieces of vehicle structure;

(2) pieces of solid propellant (sone of which may burn up
during free fall);

(3) vehicle structures which contain propellant (solid or
liquid) that nmay continue to burn after landing (but are
non- expl osive). They pose the risk of starting secondary
fires at the inpact points; and

(4) fragnents which contain propellant and which can
expl ode upon inpact (if their inpact velocity is greater
than roughly 300 ft/s).

The casualty area of an inpacting fragnent is the area about the
fragment inpact point within which a person would becone a
casual ty. Casualties may result from a direct hit, from a
bounci ng fragment, froma collapsing structure resulting froman
impact on a building or other shelter, from the overpressure
pul se created by an explosive fragnment, from a fire or toxic
cl oud produced by the fragnent or sone conbination thereof. The
hazard area is increased if a fragment has any significant
hori zontal velocity conmponent at inpact which could result in
bounci ng or other horizontal notion near ground |evel.

Casualty area is also affected by the sheltering of people by
struct ures. Structures nmay be divided into classes (for
conmput ati onal purposes) depending on the degree of protection
t hey can afford.

Clearly, estimating a casualty expectation is a conplex
conmput ational problem Different Ranges approach the problemin
di fferent ways depending on the needs of the Range. Conmput er
nodel s may be used, but the sophistication varies greatly from
Range to Range. A conputer nodel called LARA (Ref. 9) treats
casualty areas analytically and is presented in other chapters
(Vol. 2, Ch. 4, and Vol. 3, Ch. 10).

5.4 FI RE HAZARDS

The fire hazards of accidentally released solid and liquid
propellants depend on the details of the accident scenario
i ncludi ng: the thernodynam c state of the propellant, the anmount
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of the rel ease, vehicle |location and speed (on | aunch pad versus
in flight), the presence of confining surfaces and ignition
sources, etc. The nmajor types of fires that can devel op are:

. Fireball: where burning occurs in a ball of fire that
expands and rises in the air (due to buoyancy forces)
until the propellant is consuned.

. Pool fire: where afilmof propellant is formed on the
ground and burns with a flane attached to the film
. Vapor cloud fire: whereignitionis delayed and vapors

are carried away by prevailing wnds, thus formng a
flammabl e cloud that may ignite at a later tine.
. Vari ous conbi nati ons of the above fires.

These fires are di scussed bel ow.
5.4.1 Fireballs

Fireballs are produced when the propellant is quickly vaporized
or atom zed. These conditions include flash vaporization of
pressurized liquids and releases during flight at high speed.
The vapors or fine droplets can then rise under the effects of
buoyancy as they burn in the fireball

The main damage nechanism is thermal radiation to people and
property. Another danmage nmechanismis firebrands from burning
solid propellants and hot debris which mght start secondary
fires where they and. A third damage nechani smis i npact danmage
by vessel fragnents which have been reported to travel |arge
di stances. Overpressure nay al so devel op due to the initial high
rate of energy rel ease associated with vessel failure, but it is
usual ly insignificant.

The damage potential depends on key fireball paraneters such as
dianeter, rise rate, duration and tenperature or em ssive power.
These paraneters have been quantified in several experinental and
anal ytical studies.™® In fact, the ball dianeter was found to
scale roughly with the 1/3 power of the weight of released
propel | ant.

The chem cal conposition of the products of conbustion depend on
the chem cal conposition of the propellants. The conbustion
products contain mainly water vapors and oxides of carbon and
nitrogen. Thermal radiation emtted in the formof water vapor
will be (partly) reduced by noisture absorption in the
at nosphere. The transmtted radiation can inpact people and
structures. Table 5-6 shows critical radiation fluxes required
to cause burn injury and start secondary fires (such as by
igniting fuels placed inside and outside buildings). Note that
as the exposure time increases, the required radiant flux
decr eases, as expected.

5-30



TABLE 5-6. MINIMUM CRITICAL RADIANT EXPOSURES NECESSARY TO IGNITE OR DAMAGE
VARIOUS TARGETS (Source: Ref. 1)

CRITICAL IRRADIANCE, Btu/ft2sec (cal/cm?2sec)

Exposure  Int. Building Ext. Building Open Stacks of
(seconds) Fuel Fuel propellants
10 5.89 {1.60) 4.64(1.26) 2.77 (0.75)
20 3.91(1.06) 3.87(1.05) 1.99 (0.54)
30 3.02(0.82) 3.50(0.95) 1.62 (0.44)
40 2.62(0.71) 3.28(0.89) 1.40 (0.38)
50 2.32(0.63) 3.13(0.85) 1.29 (0.35)
60 2.21(0.60) 3.02(0.82) 1.18 (0.32)
70 2.18(0.59) 2.88(0.78) 1.11 (0.30)
80 2.14(0.58) 2.80(0.76) 1.03 (0.28)
90 2.10(0.57) 2.69(0.73) 0.92 (0.25)
100 2.06 (0.56) 2.65(0.72) 0.88 (0.24)
110 2.03(0.55) 2.62(0.71) 0.85 (0.23)
120 1.99 (0.54) 2.58(0.70) 0.81 (0.22)
130 1.95(0.53) 2.54(0.69) 0.79 0.215)
140 1.92(0.52) 2.51(0.68) 0.77 (0.21)
150 1.88(0.51) 2.49(0.675) 0.756 (0.205)
160 1.84 (0.50) 2.47 (0.67) 0.74 (0.20)
170 1.84(0.50) 2.45(0.665) 0.719(0.195)
180 1.84 (0.50) 2.43(0.66) 0.712(0.193)
190 1.84(0.50) 2.41(0.655) 0.708(0.192)
200 1.84 (0.50) 2.40 (0.65) 0.70 (0.190)
300 1.84(0.50) 2.33(0.631) 0.659(0.179)
600 1.84(0.50) 2.29(0.621) 0.641(0.174)
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8.33(2.26) 479 (1.30
5.77(1.51) 2.39 (0.65)
4.39(1.19) 1.59 (0.43)
3.72(1.01) 1.40 (0.38)
3.32(0.90) 1.22 (0.33)
3.09(0.84) 1.03 (0.28)
2.91(0.79) 0.94 (0.255)
2.80(0.76) 0.856 (0.235)
2.69(0.73) 0.81 (0.22)
2.58(0.70) 0.77 (0.21)
2.47(0.67) 0.756 (0.205)
2.36(0.64) 9.74 (0.20)
2.29(0.62) 0.726 (0.197)
2.21(0.60) 0.719(0.195)
2.14(0.58) 0.704(0.191)
2.06(0.56) 0.697(0.189
1.99 (0.54) 0.693 (0.188)
1.95(0.53) 0.689(0.187)
1.92(0.52) 0.686 (0.186)
1.92(0.52) 0.682(0.185)
1.92(0.52) 0.667(0.181)
1.92(0.52) 0.645 (0.175)




5.4.2 Pool Fires

Pool fires are produced when |iquid propellants are accidentally
spilled on the ground such as:

. froma vehicle in pre-launch phase: this scenario is
out side the scope of this study since its inpact is not
likely to extend outside the Range boundari es.

. fromground operations such as propellant transport to
t he Range and storage, handling and transfer within the
Range. In this case, the inpact may occur outside the

Range boundary.

A spilled liquid will spread on the ground under the effect of
gravity, filling small-scale crevices in a ground with surface
roughness or |arge-scale depressions in an undulating terrain.
Wi | e spreadi ng, cryogenic propellants (such as |iquid hydrogen

and oxygen) will boil violently due to heat transfer from the
relatively warm ground. A propellant at anbient tenperature
(such as RP-1) wll evaporate nore slowy. Sonme flash

vapori zation of cryogenic liquids will also occur because their
vessels are wusually nmaintained at slightly above atnospheric
pressure.

Ignition produces a pool fire with a flane base which spreads
along with the liquid filmand a flane hei ght determ ned by the
rate of evaporation and the rate of m xing of fuel and oxidi zer.
The overall character of such a pool fire is essentially a
turbulent diffusion flanme which may continue to expand on fl at
ground (or remains stationary if the liquid has accunmulated in a
depression area) until it runs out of fuel.

The danger of pool fires consist of thermal radiation to people
and property (as in the case of fireballs) and direct flane
i mpi ngenent on structures near the fire.

5.4.3 Vapor Coud Fires

In the pool fire scenario described above, if:

. the liquid pool does not ignite i Mmediately after the
rel ease, because of |ack of an ignition source; and

. t he rel eased propell ant has a hi gh vapor pressure such
as |iquid hydrogen, oxygen, nitrogen, air or nethane
which boil due to heat transfer from the environnent
and not froma fire;
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then, a | arge anount of vapor will be produced and transported by
prevailing winds to forma vapor cloud. 1In this scenario, the
resulting cloud is elongated in shape and is called a "plune".
Its | eadi ng edge advances with the wind and its trailing edge is
formed at the evaporating pool (the source of the vapors). As
t he | eadi ng edge noves further doww nd, anbient air is entrained
inthe cloud, thus increasing its vol une and decreasi ng the vapor
concentration. This process is called atnospheric dispersion and
is discussed further in the next section.

|f a flanmabl e cl oud encounters an ignition source, a fire wll
spread through the cloud, engulfing in flanmes whatever is
contained in the cloud. This is referred to as a vapor cloud
fire. Under some conditions (particularly the presence of
obstructions or confinenment in the cloud) overpressure can be
produced, posing the added risk of nechani cal danage.

Al ternatively, as the cloud disperses, the vapor concentration
may drop below the flammable limt prior to encountering an
ignition source. Thus, the hazard is dissipated w thout any
adverse inpact.

5.5 TOXI C VAPOR CLOUDS

The eval uation of the toxicity of any material is a very conpl ex
subject. Toxicity data are very sparse and questi onabl e except
for the conmon toxins. When available, they are usually for
conti nuous exposures as one would find in a factory environnent
and not for the short exposures characteristic of [|aunch
oper at i ons.

Still, the issue is of great interest because toxic materials may
be rel eased during ELV | aunches as conbusti on products, or in the
event of an accident, as unconbusted propellants. The nost
notorious ones are hypergolic liquid propellants such as
nononet hyl hydrazi ne, Aerozine-50 and nitrogen tetroxide.

Their chem cal properties and toxic Threshold Limt Val ues (TLV)
are listed in Appendix B along with other characteristics of
i nterest. If such materials are released in the environnent,
they may be carried by the wind and travel w ndward as they
di sperse. This atnospheric dispersion is described bel ow.

5.5.1 At nospheric Di spersion

Over the years, the subject of atnospheric dispersion has been
studi ed extensively in connection with air pollution studies from
power plants and autonotive vehicles. These studi es addressed
the case of continuous releases from nornmal operations where
pol l utant concentrations were nonitored over |ong periods of
tinme.
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In this study, the interest is mainly in larger uncontrolled
"I nstant aneous"” rel eases (as would occur in an accident). Then,
a |l arge anount of potentially noxious vapor may be produced and
transported by prevailing winds to forma vapor cloud. There are
two main types of vapor clouds:

. a "plume”: an elongated cloud whose the | eadi ng edge
travels with the wind, while the trailing edge remains
stationary at the source of the vapors. Condi ti ons
whi ch produce a plunme are described in the preceding
section;

. a "puff": a nore or |less spherical cloud where both
| eading and trailing edges nove together downw nd.

In reality, a conbination of these two cloud geonetries may
occur, dependi ng on acci dent conditions.

As the cloud travels downw nd, anmbient air is entrained in the
cloud; this increases its volume and decreases the vapor
concentration. The process can be further conplicated by
chem cal interactions anong hypergolic vapors and between vapors
and entrained air.

Such cases of large "instantaneous” releases have also been
studi ed experinmental ly. Large scale tests involving the spillage
of large quantities of chemcals were carried out and
concentrations were neasured downw nd. The npbst notable tests,
carried out as part of national and international prograns
i ncl ude: (3V

(1) the liquefied natural gas (LNG dispersiontests at the
Naval Weapons Center, China Lake, California, for the
US Departnent of Energy;

(2) the ammonia spill tests at the above |ocation for the
Fertilizer Institute and the US Coast Cuard,

(3) the Porton Down tests in England involving the
i nst ant aneous rel ease of Freon;

(4) the heavy gas dispersion trials on behalf of the Health
and Safety Executive of the British Governnent and
ot her participants; and

(5) the LNG spill tests conducted by Shell UK Ltd. at
Mapl i n Sands, Engl and.

Based on such tests, it is recognized that cloud dispersion
depends mainly on:
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. anbi ent conditions such as wi nd, atnospheric stability
and | ocal terrain.

. t he buoyancy of the vapor cloud. It is inportant to
determ ne whether the cloud is Iighter or heavier than
air because the fornmer will disperse nuch faster than
the latter. The presence of aerosols (fine droplets
sprayed from the spilled liquid) increases the
effective density of the cloud and nodifies its
di spersion characteristics. Al so, cloud density may
vary in space and tinme so that sone portions may be
[ighter than air and others heavier.

. the size and | ocation of the release, i.e., whether it
is on ground | evel (froman accident on the [ aunch pad)
or from an elevated altitude (from an accident in
flight).

There are several nodels in the literature describing the
di spersi on behavi or of heavier-than-air gases under a w de range
of conditions. (2 b ¢ Npdels which discuss the dispersion of
vapors released passively (as from a boiling pool of |iquid)
i ncl ude Van U den, (*® Britter,(® and Col enbrander.(!” There are
al so nodels inthe air pollution literature dealing with rel ease
of neutral and positively buoyant vapors from stacks.

In general, the dispersion of vapors in the far-field (after
sufficient dilution) can be predicted with reasonabl e accuracy by
the standard Gaussian nodels of Pasquill®® and Gfford. (*
However, in the near-field, these nodels have to be nodified to
take into account the effects of initial gravitational spreading,
jet mxing or the effects of aerosol evaporation. (29

5.5.2 Rocket Exhaust Products

Most of the conmbustion products fromrocket engi nes are harmnl ess
or unlikely to exist in concentrations which would affect the
health and safety of third parties. These conbustion products
may i ncl ude:

wat er and water vapors

ni trogen

hydr ogen

car bon npnoxi de and di oxi de
hydr ogen chl ori de

al um num oxi de

O these conbustion products, carbon nonoxide and hydrogen
chloride may be considered hazardous. Al um num oxide is not
toxic, but may contribute to certain |lung diseases if exposure
persists over tine. The remaining conbustion products are not
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dangerous unless present in sufficient concentration to cause
asphyxi ation, which is not the case. Threshold Limt Values
(TLV) for major conbustion products are given in Table 5-7 for
vari ous exposure durations for both controll ed (Range personnel)
and uncontrolled (third party) popul ations.

For illustration, Figure 5-9 shows results froma nodel using the
NASA/ MSFC (buoyant-rise, mnultilayer dispersion nodel of exhaust
products) to conmpute peak instantaneous concentrations of
hydrogen chloride as a function of downw nd distances from the
| aunch pad for sea breeze neteorol ogical conditions and certain
vehi cl e configurations. Al so, Figure 5-9 shows the exposure
criterialimt (as given in Table 5-7) for 10 m nute-exposure of
uncontrol | ed popul ations (third parties). Note that this limt
is not exceeded at downw nd di stances of interest. 1In 1985, the
Conmittee on Toxicol ogy, Board on Toxicol ogy and Environnmenta
Heal t h Hazards, Comm ssion on Life Sciences, National Research
Counci | published a docunent entitled "Energency and Conti nuous
Exposure Level s for Sel ected Ai rborne Contami nants,"” Vol une V. (209
Thi s docunent updates recommendati ons for public exposure to the
hydrazines and creates a new category, Short-term Public
Emergency Quidance Levels (SPEG's) for up to 24 hours for
hydrazi ne propellants. The data in this docunent affects val ues
for the uncontrolled popul ati on exposure to hydrazine shown in
Table 5-7.

5.5.3 Rel eases During Accident Conditions

In the case of a near-pad explosion, all of the propellant is
unlikely to be conmbusted. Thus, a vapor cloud containing vapors
and aerosols of hydrazine, nitrogen tetroxide and hydrocarbon
fuels mght result. Oher chemcals such as fuel additives and
contam nants may al so be present. These nmaterials are toxic (see
TLV values listed in Appendi x B) and in high concentrations may
cause adverse health effects, particularly if neteorol ogical
conditions at the tinme of the accident do not favor rapid
di spersion to below toxic |evels.

The Titan 34 D explosion at WSMC of April 18, 1986, produced a
vapor cl oud cont ai ni ng toxic Aer ozi ne-50 (Unsynmmetric
di met hyl hydrazi ne and hydrazine blend) and nitrogen dioxide.
There was no verified exposure of third parties to toxic
concentrations exceeding established limts. However, reports
i ndi cate that doctors exam ned 74 peopl e for possi bl e exposure to
t he cl ouds and two were kept in the hospital for observation (see
al so Ch. 10).
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10.0

N\, 1
AN PUBLIC EXPOSURE CRITERIA
CONTROLLED POPULATION:
8 HOURS
\ UNCONTROLLED POPULATION:
\\ 10 MINUTES
SCOUTD \
1.0
Peak
Instantaneous \
Concentration \
of HCI (ppm)
¢ TITAN HIE/CENTAUR
0.1
0.01 1x 10K 100K
Downwind Distance from Launch Pad (meters)
NOTES
! The concentrations for for the 3, 6 & 9 Castor Deltas fall within the shaded area
2 To convert meters to statute miles, multiply by 6 2 x 104,

FIGURE 5-9. ESTIMATED PEAK HCI CONCENTRATIONS DOWNWIND OF LAUNCHES (SEA BREEZE
METEROLOGICAL CONDITIONS) Ref. 14
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Depending on their chemcal properties (see Appendix B)
accidentally released vapors may only be flammeable (e.g.,
hydrogen) or also toxic (e.g., hydrazine and nitrogen tetroxide).
The Threshold Limt Values (TLV) for exposure to various toxic
propel lants or their conbustion products, shown in Table 5-7 and
Appendix B, are on the order of 0.1-100 ppm while typical
flammability limts are on the order of 1-10% (i.e., 10,000-
100, 000 ppm. Because the mninmum vapor concentrations wth
toxic inmpacts are much bel ow those required to sustain a flane,
the potential size of atoxic cloud is nuch greater than that of
a flammabl e cloud. Accordingly, for equal amounts of rel eased
propellants, the potential for toxic inpacts is of greater
concern than for fire damage.

5.6 OFF- RANGE | MPACTS ASSOCI ATED W TH ELV OPERATI ONS

This section presents a summary di scussion of the potential off-
range inpacts associated with ELV operations (See Table 5-8).
Potential ELV hazards were discussed in this chapter with no
explicit mention of the associated probabilities. However, each
hazard is tied to a particular probability value -- that of the
occurrence of the enabling conditions. This fact should be
remenbered in assessing the significance of potential off-range
i npacts. The subject of assessing inpacts fromthe perspective
of both their nmagnitude and probability is referred to as Ri sk
Anal ysis, and it, along with the vari ous net hods used to quantify
risks, is discussed in detail in Chs. 8 and 9, Vol. 3.

Il'lustrative exanples of the application of Failure Analysis
nmet hods to space systens are given in Ch. 9, Vol 3. They are
typically focused on a specific phase of |aunch operations and
are rarely integrated, as is attenpted (qualitatively) bel ow.

Exanpl es of the results fromsuch a prelimnary hazard anal ysi s
are given in Table 5-8 for the main phases of ELV operations:
pre-launch, | aunch and pre-orbital. As usually done, the failure
types are classified in a manner conpatible with the availability
of data. For exanple, in Table 5-8, all failures leading to
vehicle break up in flight,are | unped i nto one category for which
afailure rate my be esti mated based on historical data for each
ELV.

Hazard Analysis is then used to anal yze the consequences of the
types of accidents identified in Failure Analysis. These
consequences include explosion, fire, toxic vapor clouds and
inert debris. The principles of physics and chem stry are used,
along with data from historical experience, testing and
engi neering judgnent, to describe the hazards and potenti al
i npact severity. For exanple, the strength of an expl osion or
fire may be described and associated with potential damages
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TABLE 5-8 ADVERSE OFF-RANGE ACCIDENT IMPACTS FOR VARIOUS PHASES OF SPACE LAUNCH

OPERATIONS
) Potential Off-Range Impacts*
Phase/Tque, Selected ELV Probability of
sec. after lift- . )
off Failure Types Failures Exolosi i Toxicity@ Inert
xplosion ire city Debris
Pre-launch
Storage tanks Improbable (a) (a) (b) N/A
Small Leaks Occasional (a) (a) (a) N/A
Launch
0-12 Fallback/Tipover | 0.04-0.1 () (c) (d) (b) (d)
25-70 Thrust/Guidance 0.04-0.1() (e,f) (e,f) (e,f) Ec =
Failure and 2.3XE-8
Break-upin with FTS
flight (Near
ESMC, h)
70-400 Thrust/Guidance 0.04-0.1()) (9) (9) (9) Ec =
Failure and 4.0XE-3
Break-upin without
flight FTS (near
ESMC, i)
Pre-orbital
Thrust/Guidance (g) (9) (9) Ec =
Failure and 8.0XE-7
Break-upin regardiess
flight of FTS
(Over
Africa, 1)
NOTES:

*

Risk can be described by number of casualties (or dollar loss) weighted by its probability, or by an expected casualty Ec.
The probability depends on the failure mode and accident rates and other accident circumstances.

For hypergolic propellants only

Large separation distances in Range siting and propellant storage preclude such hazards.

Possible with very large releases and adverse meteorological conditions.

Depends significantly on yield which in turn depends on accident scenario; window breakage is possible
Nolikely impacts off-range

Remaining fuel and hazard decrease rapidly astime ellapses after launch

Hazard depends on number of fragments, size and impact points.

Remaining propellant (if any)is likely to dissipate in flight.

Ec = expected casualties perlaunch Ref 22

Ec = expected casualties perlaunch (see Sec. 9.1)

Based on historical failure rates of al| ELVsasgiveninCh. 3

Ecfrom Table 9-1,Ch. 9

N/A = Not Applicable

Ta ~o a0 oo g
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(by overpressure or heat) to people and/or property. Estimtes
of the magnitude of the potential damage may be expressed in
terms of an inpact area (or footprint) surrounding the |ocation
of the accident.

To do so, a range of possible accident circunstances have to be
specified to allow a quantitative estimation. A further break
down of the hazards in various ways may be needed to nake the
anal ysis tractable. For exanple, in Table 5-8, the hazards are
di vided into those (explosion, fireball and toxic rel eases) that
may occur while the vehicle is in flight, versus those occurring
when the vehicle or its fragnents inpact the ground. The break-
down of consequences in Table 5-8 varies with tinme during the
| aunch phase. As tine elapses after liftoff, the quantities of
propellants on-board w |l decrease, thereby affecting their
potential hazards. This was discussed in detail in Section 5.2.4
for expl osion hazards.

Risk Analysis is finally used to describe (for a particular
activity) both the probabilities of accidents and the possible
damages or |osses associated wth them accounting for
uncertainties in the occurrence of the accidents and in the
ci rcunstances surrounding them For exanple, there are
uncertainties as to what accident is likely to occur at a
particul ar | ocation and how many peopl e woul d be present at that
| ocation at the tinme of the accident. A set of circunstances is
defined (scenario) and their probability is estinmated. For each
set, the results of the Failure Analysis (frequency of an
accident) and Hazard Analysis (area of danamge) are conbined to
estimate an expected danage (e.g., a nunber of people affected
with a particular frequency per year or per event). The overal
outcone of the analysis is a probability distribution function
(PDF) for the potential damages that can be associated with a
particul ar hazardous activity. An expected value for potential
damage (e.g., casualty expectation, E) is often calculated from
that probability distribution.

Such expected casualty values have been estimated in an
approxi mate manner for ELV-type vehicles, but only for a few
specific scenarios involving inert debris hazards as shown in
Tabl e 5-8, nanely:

. inert debris risks during the first 10-70 sec of
aunch, with and wthout a Flight Term nation
Syst em (22

. inert debris risks during pre-orbital operation

with and without a Flight Term nation System

5-41



In Table 5-7, note that for the scenarios involving explosion,
fire and toxic hazards, only a qualitative description of the
potential off-range inpacts is given because either their
probabilities or magnitudes have not been quantified. These
descriptions are given as footnotes in Table 5-8, to summari ze
key considerations in understanding these inpacts and of their
determ ning factors.

5.7 PERSPECTI VES ON THE MAGNI TUDE OF THE HAZARDS ASSOCI ATED
W TH ELV PROPELLANTS

In the previous sections, the major hazards associated wth ELV
propellants were discussed. There are a nunber of hazards
(expl osions, debris, fires, toxic vapor clouds) each of which
depend on a nunber of paranmeters such as propellant properties,
gquantity, node of release, etc. Cearly, these hazards are very
conplex and multi-dinmensional. In this section, a fewreference
points are provided to place these hazards in perspective
conpared to nore fam liar hazards. Only a partial perspectiveis
provi ded because:

(a) the focus here is on the magnitudes of these
hazards and not on their probabilities or
i kelihood of occurrence. This is addressed in

Chs. 9, 10, Vol. 3, where a nore conplete
di scussi on of public risk perspectives is provided.

(b) the comparison with other hazards is presented in a
very sinplified fashion, focusing only on sel ected
di mensi ons of the hazards.

In sinple ternms, concern with ELV propellant hazards can be
attributed to the follow ng factors:

(1) rocket propellants are highly energetic fuels and
nost are inherently hazardous;

(2) large quantities of propellants are involved in
space | aunch operations; and

(3) launch operations are inherently conplex and have
many potential failure nodes.

The follow ng discussion places these concerns in their proper
per specti ve.

First, propellants such as |iquid hydrogen, |iquid oxygen and RP-
1 have been used extensively in the chem cal industry. They have
been processed, transported and stored for several decades with
a remar kabl e safety record. Also, the chenical industry uses (on
a daily basis) chemi cals which are even nore hazardous than ELV
propel l ants, such as acetyl ene and et hyl ene oxide (which are
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extrenely expl osive) and hydrogen chl ori de and hydrogen cyani de
(which are extrenely toxic).

Sel ect ed key properties which affect the hazard potential of such
chem cals are listed in Appendix B and in Table 5-9. Note that
the range of propellant properties are sonetines exceeded by
ot her chem cal s. For exanple, the flammbility limts of
acetyl ene and ethyl ene oxide are wi der than those of hydrogen.
In addition, these two chem cals can react autocatalytically
wi thout the need for an oxidizer, if initiated by heat, pressure
or shock. On the other hand, hydrogen requires oxygen to react.
Cenerally, the broader the flammability range, the easier it is
to create a fire or an explosion. Thus, these two chem cals are
nore likely to ignite than hydrogen.

Second, the quantities of chemcals used in industry are often
greater than those of propellants in ELV operations. This is
illustrated in Table 5-10 which provides data for various space
vehi cl es and for the storage and transportation of fairly common
fuel s such as LNG LPG and gasoline. For each case, the table
gi ves the total weight, heat of conbustion per unit nmass, and the
total chem cal energy. It also would have been desirable to
provi de the explosive (TNT) yield for each case. However, this
woul d require the definition of a pertinent accident scenario for
each (as was done in Sec. 5.2.4) and the estimation of a
reasonabl e yi el d.

In view of the lack of such data, instead the total chem cal
energy is used as a rough indication of the magnitude of the
potential hazard which is reasonable for propellants and fuels.
In terms of total chemical energy alone, three typical |aunch
vehi cl es are approxi mately:

. equi val ent in order of nagnitude to a gasoline truck or a
rail tank car of LPG

. one order of magnitude smaller than a pressurized LPG
sphere.

. two orders of nagnitude smaller than standard cryogenic
tanks of LNG and LPG

. three orders of magnitude snaller than an LNG ship.

Third, although ELV Ilaunch operations are inherently nore
intricate and conpl ex than conventional chem cal and transport
operations, the safety precautions for ELV operations are far
greater than those for other nobre conmmopn activities. For
exanpl e, launch sites are separated significantly frompopul ati on
centers while chemcal plants and fuel tank farns are |ocated
within cities.
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TABLE 5-10. COMPARISON OF CHEMICAL ENERGY CONTENTS OF SPACE VEHICLES AND OTHER
INDUSTRIAL OPERATIONS

System

Atlas
Centaur

Delta
Booster
Stage 1
Stage 2
Stage 3

Titan 1l
Stage 0
Stage 1
Stage 2
Transtage

LNG tanker (Cryogenic)
1tank: 25,000 m3
entire ship: 5 tanks

Cryogenic Storage Tank
(100,000 bbt)

Pressurized Spheres
(1,200 m3)

Jumbo jet fully loaded
(50,000 gallons)

Rail tank car

Tank Trucks
(10,000-20,000 gal.)

*

applications
*x

Heat of Total
Weight Combustion  Chemical Energy
Propellant/fuel Kib Btu/lb* Btu

RP-1/LO; 303 5,850 1.8x 109
LH,/LO; 30.7 7,200 0.2x 109

2 x 109

Solid (Castor (iV) 186 1,950** 0.36x 109
RP-1/LO, 179 5,850 1.0x 109
Aerozine-50/N,0, 13 7,200 0.09 x 109
Solid 2.3 1,950** 0.004 x 109

1.5x 109

Solid (UTP-300 1B) 464 1,950** 0.9x 109
Aerozine-50/N,04 294 2,000 0.59 x 109
Aerozine-50/N;04 69 2,000 0.14x 109
Aerozine-50/N,04 9 2,000 0.02x109
1.7 x109

LNG 23,000 21,500 500 x 109
LNG 115,000 21,500 2,500 x 109

LPG 20,000 20,000 400 x 109

Propane 950 20,000 19x 109
JetA 390 18,600 7.3x109
Propane 139 20,000 2.8x 109

Gasoline 60-120 18,000 1.1t02.2x 109

Assumed to be same as TNT

The heat of combustion is given in Btu per Ib of fuel/oxidizer mixtures for propellants and per Ib of fuel for non-space
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An addi tional perspective on the magnitude of the hazards of ELV
propellants relative to other fuels and chem cal s can be obt ai ned
by conparing their respective past accident data. This is
present ed bel ow for expl osion accidents.

Data sunmari zed in Table 5-11 i nvol ve maj or chem cal process and
transportation activities where the explosive yield was 40, 000
pounds of TNT or greater. The table provides a brief description
of each accident, identifies the chemcal involved, the
approximate quantity released (pounds) and the TNT equival ent
wei ght (reported by the accident investigators based on the
observed damage at the l|ocation of the accident). The TNT
equi val ent wei ghts ranged from40, 000 to 125, 000 pounds, which is
roughly the sanme order of magnitude as that estimted
conservatively for worst case propellant accidents in Table 5-3.

Unfortunately, simlar historical data on space vehicle accidents
may be restricted or classified and are not readily available in
the open literature. The data found in the open literature are
shown in Tabl e 5-12 for | arge SRMexpl osi ons. No conparabl e data
were found for liquid propellants. The reported TNT equival ent
wei ghts range from9 to 42,000 pounds, a range | ower than yields
from industrial/transportation accidents and |ower than the
estimates for worst case propellant accidents in Table 5-3.

Al t hough the historical data and conpari sons presented above are
l[imted in scope and depth, they still suggest that the hazards
anticipated from ELV propellants can be considered to be
qualitatively simlar in type and magnitude to those associ at ed
wi th conparable chemcals and fuels comonly used in chemca
processi ng and transportation activities.
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TABLE 5-11. EXAMPLE OF MAJOR ACCIDENTAL EXPLOSIONS OF FUELS AND CHEMICALS AND THEIR
TNT EQUIVALENT WEIGHTS (ESTIMATED FROM ACTUAL DAMAGES) (Ref. 20)

Date

1970

12/9/70

1/20/68

6/1/74

4/17/62

9/21/74

7119/74

Location Chemical

CHEMICAL PROCESS INDUSTRY

Quantity
Released
klb

TNT
Equivalent
Weight
kib

Accident Description

N.J. Heavy Hydro-carbon

and hydrogen

Port Hudson, Propane
MO

Parnis,
Holland

Flixborough, Cycloxane
England

Doe Run,
KY

Ethylene Oxide

TRANSPORTATION

Houston, Butadiene
X
Decatur, Il Propane

Light Hydrocarbons

251

150

110-220

79

176

139

5-47

110

110

44

40

40

44-125

44-88

Failure of high pressure
reactor due to localized
overheating.

Blast was highly directional.
Peripheral damage was
used to indicate yield.

Spill from a pipeline rupture
produced cloud 460 m long,
and 3-6 m high.

Breaking of water-oil
emuision in stop oil tank
caused cloud.

Poorly installed 500 ¢cm pipe
failed. Ignition in 25-35 sec.

Tank containing ethylene
oxide became contaminated
with ammonia. Tank
ruptured, dispersed
ethylene oxide into air.
Ignition was immediate.

Accident in rail yard
punctured rail tank car.
Amount of spill in 2-3
minutes not known. Ignited
by locomotive 180 m away.
Estimate 14-21 kPa
over-pressure at 300 m from
point of rupture.

Accident created 56 cm x 65
¢m hole in end of rail car,
releasing contents.




TABLE5-12. HISTORY OF LARGE SRM EXPLOSIONS AND THEIR TNT EQUIVALENT WEIGHTS

MOTOR
TYPE

TRIDENT F/S
STS Seg.
TRIDENT S/
M2 Stage ||
M2 Stage |
TITAN 1l
Seg.

M2 Stage il
POLARIS F/S
POLARIS S/S
M2 Stage Il

MX Stage |

MX Stage Il

SIZE
LGTH. DIAM.
At ft
155 6.2

13.0
83 62
135 43
245 54
120 100
52 31
151 45
70 45
135 43

7.7

7.7

PROPELLANT HAZ.

TYPE

CXDB

TP-H1i23

CXDB

PBAA

PBAA

PBAA

DDP77

ANP2655

ANP2655

PBAA

HTPB

HTPB

CLASS

1.1

1.3

TNT

INIT. EQUIV
WT.  WT.
kib.  Kib.
42 42+
280 28
19 19+
10.5 105

458 6.4-8.2
82 6.6-
11.5
37 37+
152 26
7.3 1.81
10.5 0.105

95.1 0.06 HOT DESTRUCT,

155 0.009 HOT DESTRUCT,

Source: Ref.7
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INCIDENT

DESCRIPTION

LSC = 325 g/ft

LSC = 40 g/ft

IMPACT

SPEED

_ft/ss SURFACE
<800 WATER
<800 WATER
>600 SAND
380- SAND
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6. ORBI TAL COLLI SI ON HAZARDS

6.1 ORBITI NG SPACE OBJECTS

It is inportant to estimate the hazards of on-orbit collisions
bet ween space obj ects because the US may be |iable for any damage
to a foreign country, or satellite caused by a US spacecraft.
The | atest NASA Satellite Situation Report lists 1,702 spacecraft
in orbit and 5,130 | arge debris such as spent rocket stages and
payl oad shrouds. (¥ Expanding the count to include trackable
debris, the tally was 18, 145 cat al oged space objects as of June
30, 1987. O these, 5,763 are fromthe US and 11,603 fromthe

USSR O the total, approximately 7,000 are still in orbit (the
rest have decayed and re-entered). Radar-trackable objects in
space (i.e., larger than about 10 cm across) are nonitored and

cataloged by both the US Space Conmmand (USSPACECOM) .
Consi derably nore objects and debris too small to be trackable
are in orbit, as indicated in Figure 6-1.Y Measurenents using
t he USSPACECOM s Peri net er Acqui sition Radar At t ack
Characterization System (PARCS), which is sensitive to objects of
about 1 cmin size, yields the debris popul ati on shown i n Fi gures
6-2 and 6-3. The tracked popul ati on has i ncreased steadily since
the early 1970's, as shown by a conparison of the nunber of
cat al oged space objects between 1976 and 1986.

During this period the tracked popul ati on has i ncreased from4100
to 4700 objects, conpared with an increase of 25 percent in
| aunch activity over the sane period. This reflects the dynamc
nat ure exi sting between new and decayi ng objects in space. (see
Ch. 7)

The 1986 Satellite Catalog (SATCAT) listed 16,660 entries,
including all satellites launched in the last 30 years, their
stages and trackabl e debris. However, only about 6000 of these
objects are still in orbit, and about 44 percent of them
originated frommajor on-orbit break ups (see Sec. 6.3.2). (4 ©

Satellites are currently being | aunched into space at a rate of
approxi mately 150-200 per vyear.(® Ei ght countries presently
possess space |aunch capability and over 100 nation-states
participateininternational satellite comunication prograns. (59
The rate of new objects catal oged is higher than the nunber of
payl oads because it includes debris. There were 983, 843 and 458
new obj ects catal oged during 1985, 1986 and 1987, respectively.

More than 3,600 payl oads have been |aunched into space since
1957, but only 342 satellites were operational as of Sept., 1987,
of which US operates 133, the USSR 148 and 13 ot her countries and
i nternational organizations, 61. Nearly half of this total are
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FIGURE 6-1. GEODSS CAPABILITY TO DETECT OBJECTS AT LOWER ALTITUDES
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mlitary satellites. By aggregate satellite mass, the Soviets
account for 2/3 of the total.® %) The total nmass now in Earth
orbit exceeds 500 tons; each year about 800 additional tons are
| aunched. (2 Active payloads conprise only 5 percent of all
obj ects in space. The other 95 percent, including dead payl oads,
expendabl e | aunch stages and debris fragnents are al so nonitored
in case they pose re-entry hazards (Ch. 7). The mass/ nunber
bal ance of space objects decaying and re-entering Earth's
at nosphere vs. those in long lived "deep space"” orbits (periods
| onger than 225 m n) and the projected annual influx of decaying
space objects will also be discussed in Chapter 7.2

The orbital collision hazards are under active consideration by
several national agencies (NASA, DOD, DOCS, DOr, DOC) and
i nternational organizations.

The "Uni space 82" conference acknowl edged the growing threat to
space activities posed by accidental collisions in orbit. The
magni tude of the current and projected collision hazards for | ow
Earth orbit (LEO and geosynchronous orbits (GEO is shown in
Figures 6-2 and 6-3.(+3

Several international agreenents have been proposed, and are
bei ng considered to govern the orbital operation of satellites,
di sposal of inactive spacecraft and managenent of space debris.
These agreenents are limted primarily to the control of
commercial comunications satellites in geostationary orbits
(GEO). Such agreenents are notivated primarily by the need to
prevent radio frequency interference between neighboring
satellites, rather than to insure that «collisions between
satellites wll not occur, given their relatively |low spatia
density. Depending on their orbital altitude and other
paraneters (inclination, eccentricity), nean orbital collision
times for satellites range froma few years to as |long as 1000
years. However, since the population of space objects is
increasing rapidly in LEO and GEO orbits of interest, and since
on-orbit debris increase even nore rapidly, crisis proportions
could be reached after the year 2000 unless debris managenent
policies and procedures are adopted soon. Already, in 1979, the
Japanese satellite ECS-1 was |lost by a collision in space with
the third stage of its own |l aunch vehicle, causing a multim/llion
dol I ar | oss.

Recent neasurenents and observations of satellite debris have
i ndi cated that the untracked man-made debri s popul ati on in near-
Earth and deep space orbits (of 1cmsizes in near-Earth and up to
20 cm in deep-space and GEO orbits) far exceeds the nunber of
USSPACECOM t racked fragnments. These woul d augnent the near-Earth
anount of tracked debris by a factor of 10 and the debris
orbiting in deep space by 25-50 percent. The collision hazards
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i ncrease proportionately.(®® (see Secs 6.2 and 6.3) Although the
tracked popul ation of debris is increasing linearly (by 250-300
obj ects per year), not exponentially as previously predicted, it
al ready has exceeded the natural neteoroid background

(Fig. 6-4).({3

10
SOLAR MAX DATA
1980-84, 500-570 KM ALT
— ORBITER WINDOWS
100 1981-83, 300 KM ALT
l 95% CONFIDENCE
e« N ,
>| - — CALCULATED FOR ONE
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5 g \
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. PU)_ )
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10 |
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FIGURE 6-4. RECENT ORBITAL DEBRIS MEASUREMENTS COMPARED TO METEOROID FLUX
(Refs. 1, 3)
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Untracked smal | er debri s appear to dom nate col lision encounters.
Little data on the man-nmade debris flux are avail able on debris
|l ess than 4 centineters in size (Fig.6-1). Objects below this
si ze cannot be detected by Space Command's deep space tracking
detection systens. CGEODDS (The G ound-Based El ectro-Optical Deep
Space Surveillance System) however, is an expanding gl obal
network of tracking sensors which is continually being upgraded
to aid in nonitoring space assets. (¥®

Space hazards of interest to this analysis include:

- Low Earth Obit (LEOQ Collisions (Secs. 6.4.1 and 6.4.2):

. Col I'i si ons between two acti ve spacecraft in LEO bet ween
200 km and 4000 km (120 mles and 2400 m | es).
. Col l'i sions with both man-nmade and natural (mneteoroids)

objects inthe near-Earth orbits. The hazard fromman-
made debris increases with tine while the debris of the
natural environnment remains at a near constant | evel
(Figures 6-2, 6-4).

- Geosynchronous Earth Obit (GEO Collisions (Secs. 6.4.3 to
6.4.5):

. Collisions between active spacecraft and inactive
spacecraft remaining in a geosynchronous orbit. This
GEO "ring" is narrow in latitude and altitude bands,
but spread over 360° in |longitude (Fig.6-5).

ORBITAL

/ BOUND
2D \‘ atox

™ o.of
2
gﬁ! 1T [IH &
\(/’H-v-n.f\ g

EXPANDED VIEW

EARTH T
LATTUOE 0™

FIGURE 6-5. GEOSTATIONARY RING SHOWING SATELLITE ORBITAL BOUNDS
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The collisions may result from the accunul ation of
i nactive spacecraft in the nost desirable GEO orbits
for comruni cation satellites.

. Col l'i si ons bet ween t wo active spacecraft I n
geostationary orbit. These collisions can be prevented
i f collision avoi dance procedures are i nvoked by ground
control or by judicious orbital slot allocation.

. Col l'i si ons between active spacecraft and spent orbital
transfer stages in GIO or other debris in GIO and GEO
The probability of collision wth objects in geo-
transfer orbit (GIO is relatively small due to the
short dwell and transit tine of geo-transfer objects in
t he geosynchronous band (about 3% of their period).

When consi dering objects | arge enough to damage nost spacecraft,
artificial debris, whose sources are discussed in Sec. 6.3,
constitute the dominant threat. (% Col l'i sions involving
artificial and neteoritic debris possess these differing
characteristics:

1) Collision hazards are proportional to the debris
popul ation densities, relative orbital velocities between
colliding objects and the cross sectional area of the
orbiting spacecraft.

2) Large debris consist primarily of artificial objects,
while small debris are dom nated by natural neteoroids.

3) Meteoritic debris remain at a relatively constant
level, while the spatial density of man-nmade debris is
increasing with tine.

4) Artificial debris populate circular orbits with rather
lowrelative velocities, while neteoritic debris orbits are
elliptical with larger relative velocities at collision.
The average velocity of neteorites relative to spacecraft is
roughly twice as | arge as that of man-made objects, nanely
14 knml's vs. 7 knisec. However, conetary debris nove in
el liptical and sonetines retrograde orbits and can therefore
reach 40-70 knisec. relative inpact velocities.

6.2 SPACE LAW AND SPACE DEBRI S | SSUES

6.2.1 The Regul atory Framework for Orbit All ocation and Space
Debris

Maj or international agencies that establish and inplenent space
law, as it applies to conmunication and renpbte sensing
satellites, include:

. United Nations Committee on the Peaceful Uses of Quter
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Space ( COPUQCS)

. I nt ernational Tel econmuni cati on Union (I TU)

. I nternati onal Tel ecommuni cations Satellite Organi zation
(| NTELSAT)

. | nt er nat i onal Maritinme Satellite Organi zati on
(1 NMARSAT)

COPUCS is the forenost entity of these agencies since the mjor
space treaties in effect today have been negotiated under its

auspi ces. The 1TU is the principal agency that deals wth
regul atory matters pertaining to satellite comuni cations. It
recei ves support from several other organizations, nanely:
. The International Radio Consultative Commttee (IRCC
. The International Frequency Registration Board (FRB)
. The | nt er nat i onal Tel econmuni cat i ons Satellite
Organi zati on (| NTELSAT)
O these organizations, the IRCC is the nost likely to be
involved with the problem of satellite collisions. Specific

groups have been established within the IRCC to study special
subjects, primarily in the areas of space comunications and
interference problens. I NTELSAT is dedicated to the
construction, depl oynent and oper ation of commer ci a
t el econmuni cation satellites.

A majority of nation-states nust first endorse international
treaties and regul ations, in order for themto becone effective.
The i npl enentati on of such treaties requires all nenber states to
abi de by the dictates of the magjority. Therefore, any proposal
pertaining to on-orbit collision risk reduction and orbital
debris nmanagenent would require several years for discussion

consideration and ratification in an international forum

Presently, only conmuni cation satellites are assigned orbital and
frequency w ndows through international agreenents. Q her
comercial, research and nmilitary m ssions go through a process
of orbital paraneter optimzation prior to mssion approval to
avoid collisions during their useful life. These are sinply
registered with the UN by the | aunching state. USSPACECOM can
identify space object fragnentation events and infer their
probabl e cause: for exanple, if orbiting satellites cross in
space and tine di sappear and the crossover point becones strewn

with debris, a nutual collision can be inferred. It is difficult
to assign liability and to determne whether a collision
encounter on-orbhit was accidental or intentional. The Nati onal

Ranges, as well as NASA and the Satellite Surveillance Center
(SSC) wthin USSPACECOM usually perform COLA (COLIision
Avoi dance at | aunch) to determ ne safe | aunch wi ndows and COVBO
(COmwput ati on of M ss Between Orbits) screening runs for proposed
m ssions to check the proposed orbits agai nst catal oged orbits.
A "point of closest approach” (PCA) is conputed. |If a risk
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exists, orbital mnaneuvering capability or orbital paraneter
changes are provided. Hence, preplanning of m ssions avoids
collisions wwth known and tracked space objects. While COLA is
run routinely prior to launch, COMBO runs are conpl ex and costly,
so that orbital safety screeni ng has been done only for select US
Gover nment  m ssi ons. Smal l er debris which cannot be radar
tracked pose unpredictable hazards. "Rul es of the road" for
satellite close approaches are currently being considered to
avoi d international conflicts in space. (2530

6.2.2 O bital Debris |Issues

An assessnent of collision hazards in space requires a study of
collision probabilities between all objects in space including
those of natural origin (i.e., neteoroids) as well as man-nade
objects (satellite and space debris). Obital debris consist of:
spent spacecraft, used rocket stages, separation devices, shrouds
and fragments from accidental or deliberate explosions and
collisions.*® A mmjor concern for future space activities is
the possibility of generating a debris belt as a result of
cunul ative collisions between orbiting objects. (1% Sever al
nodel s, discussed below, have been developed to estimate
guantitative collision hazards for spacecraft in both |low earth
orbit (LEO and geostationary orbit (GEO regines.(*520 Each of
these nodels relates the collision hazard to the orbital
popul ation density and to the relative object velocity.
Estimates of collision probabilities between spacecraft and
debris in LEO and GEO show that, at present, this hazard is stil
small (1 in 1000 and 1 in 100,000 per year 1in orbit,
respectively), but increasing rapidly (Figs. 6-2, 6-3). The
threat of losing on-orbit satellites through collisions with
ot her inactive satellites or orbiting debris is not yet critical,
but is becom ng increasingly serious. The nore crowded regions
of space which are optimal for man-rated systens (like the Space
Station), larger satellites or those used for comunications,
renot e sensi ng, navigation and surveillance m ssions are of nost
concern.

Proposed space debris managenent options under consideration
i ncl ude the follow ng: (4132430

. provi de i npact hardened shielding to newsatellites, as
wel | as added orbital maneuvering capability to avoid
col i si ons;

. require that extra fuel be provided to satellites
inserted into nore crowded space orbits to enable their
transfer into either higher and | onger Iived "parking"
orbits, or into [|ower decaying "disposal" orbits at

the end of their life. International cooperation and
agreenent i s needed to define such parking and di sposal
orbits;

. undert ake "space sal vagi ng" operations to retrieve and
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renove dead payloads from nore crowded orbits. This
"celestial trash can" could be ejected fromthe Sol ar
System injected into a Sun bound orbit or fitted with
rockets for controlled re-entry to Earth. The latter
woul d allow "disposal" by atnospheric burn-up, but
woul d i ncrease re-entry hazards (Ch. 7).

6.3 ORIG N OF ORBITING DEBRIS
6.3.1 Hypervel ocity Col lisions

Hypervelocity collisions in orbit can generate a significant
nunber of debris particles which are too small to be observed,
yet sufficiently large to inflict damage to any unhardened
spacecraft. Uncertainty about the population of unobserved
debris particles is the nobst inportant factor limting an
accur at e assessnent of space col lision hazards (Fi gures 6-3, 6-4).
Ground based tests of hypervelocity inpacts indicate that a
si ngl e hi gh speed collision in space could produce between 10, 000
and 1, 000, 000 pi eces of debris. Table 6-1 provides estinates of
t he nunber of debris objects which could result fromcollisions
bet ween different size objects (7.

TABLE6-1. FRAGMENTS GENERATED IN HYPERVELOCITY COLLISIONS!

Colliding Debris Generated

Objects K G ™M
K/K 100 4000 40,000
K/G - 50 2,000
K/M - - 50
G/G - 50 4,000
G/M - - 50
M/M - - 50

K: Objects larger than 1 kilogram
G: Objects in the gram to kilogram size range
M: Objects in the milligram to gram size range
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Verification of the results of high speed collisions in space is
hanpered by the difficulty in observing the small particles.

Gven the present tracking capability, it is difficult to
differentiate between a fragnentati on caused by a hypervelocity
collision or an explosion. There have been no confirned

i nstances of satellite damage due to high speed collisions with
debris in space to date.® The subject of collision by-products
is closely tied to the generation of the so-called "debris belt"
which could result from cunulative collisions. While such a
catastrophe would cause severe problens for future space
ventures, it is not considered a |ikely consequence for many
years to cone.

6.3.2 Expl osi ons and Spacecraft Breakups

Expl osi ons and breakups of spent propul sion stages and spacecraft
on-orbit (either spontaneous or collisional) are a major source
of space debris (Figs. 6-6, 6-7 and 6-8). Mire than 90 known
break ups have occurred in orbit, as of January, 1986. (23713142122
For the 39 satellites known to have fragnented in orbit, 15% of
the events are propulsion related, 40% were deliberate and the
rest are due to unknown causes. Explosions, both i nadvertent and
intentional, represent the | argest single source of space debris
and account for approximately 60 percent of the tracked space
obj ects. These are al nost equal |y di vi ded anong non-oper ati onal
payl oads and remai ni ng m ssion rel ated expendabl e objects, such
as rocket stages, shrouds, etc. Debris originating in one
collision or explosion event will cluster in orbital paraneters
(itnclination, eccentricity) so that locally, the probability of
impacting an orbiter is much higher (Fig. 6-8).

As of July 1982, 49 percent of the catal oged popul ation had
originated froma total of 44 break ups. In Novenber 1986, an
Ariane 3'¢ stage, launched nine nonths earlier, exploded and
created a cloud of debris in polar orbit, centered at 490 m.
altitude, but spread as low as 270 m. and as high as 840 m .
Ariane 3'Y stages are known to have exploded on orbit at |east 3
times before this, as indicated by SPACECOM tracking data. On
orbit explosions al so have been associated with second and upper
stages along with casings from Proton, Ariane, Delta, Titan,
Atl as and Atl as/ Centaur spent stages. There have been ten Delta
2" stage explosions in orbit prior to 1981, but none since 1982
(see bel ow).

The increase in LEO hazard |evel caused by the explosions of
several US ELV second stages in the early 80's (see Sec. 6-2) is
| ess pronounced at elevations of 600 to 1200 kmthan in the 300
km range because the relative debris level is lower at these
altitudes. It is estimated that for an expl osi on whi ch produces
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500 fragments, the time between collisions involving one of these
fragnments woul d be about 50, 000 years.

Since 1986 steps have been taken to stop such explosions by
venting all residual fuel in jettisoned 2" and 3'? stages (i.e.,
fuel depletion burn). This residual fuel tended to expl ode upon
thermal cycling and overpressurization due to solar heating,
especially for sun-synchronous orbits. A recent change in
operating procedures requires residual liquid fuel of spent
second stages (and upper stages, if liquid fueled) to be vented
to prevent and control on-orbit explosion generated debris.
However, Ariane upper and transfer stages have expl oded on-orbit
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as recently as 1986 and 1987 si nce ESA has yet to adopt a venting
policy.

G ound sinul ated Atl as expl osions, used as calibrations tests for
fragnmentation, produced about 1300 fragnents. On Septenber 20,
1987, the Soviet satellite Cosnbs 1769 (suspected to be nucl ear
powered) was intentionally destroyed on-orbit producing a cloud
of debris at about 210 m . altitude and 65°orbital inclination.
Ref erence 25 lists past satellite breakups and the nunber of
cat al oged objects generated by the breakups. Extrapolating the
nunber of on-orbit expl osi ons and break ups, the SPACECOM cat al og
coul d expand by up to a factor of 10 in the next 20 years.

6.3.3 O biting Nucl ear Payl oads

Speci al on-orbit hazards are posed by the increasing nunber of
nucl ear power sources, both active reactors and passive fuel
cells. 29  Therefore, approval of nuclear missions is subject
to nore rigorous risk assessnents, planning and review by an
| nt eragency Nucl ear Safety Revi ew Panel (I NSRP). There are about
50 potentially hazardous satellites in orbit today, carrying over
1.3 tons of nuclear fuel, much in the formof long life toxic
i sot opes. These pose both on-orbit collision and re-entry
hazards (see Ch. 7). The 48 radio-thermal generators (RTG and
fuel cores orbiting today are in the nost crowded LEO regi on at
about 1000 km altitude. Both US and Soviet satellites have
expl oded or spawned debris in this belt. However, since 90% of
the Soviet nuclear material in RORSAT satellites has been
intentionally ejected into higher orbits at 900-1000 km at 65°
inclination, the hazards to population due to re-entry or
possi bl e ground inpact have been renoved. This procedure is
intended to increase the orbital lifetime to nore than 1,000
years to allow sufficient tinme for the radioactivity to decay.
The eventual retrieval and elimnation of these materials is
possi bl e by sending them for exanple, into escape orbits or into
the Sun. Hypervelocity collisions wth nuclear satellites and
their fragnments could endanger, contam nate and disable both
manned and unmanned spacecraft with perigees well bel ow 1000 km

6.4 ASSESSVMENT OF COLLI SION HAZARDS IN ORBI T
6.4.1 Collision Hazard in LEO

Low Earth Obits generally include the altitude range of 200 km
to 4000 km This region has the l|argest spatial density
(Nunber/ kn? -see Fig.6-1) of space objects, with a maxi num of
1.7 x 10°® objects/kn? between 800 and 850 km and 2.5 x 108
obj ect s/ kn? bet ween 950- 1000 kmaltitude. This corresponds to a
mean time between collisions of 1/1800 years for a satellite with
a cross section of 100 n¥, the size of the Soviet Mr Space
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Station (Fig. 6-3). Figure 6-9 shows the observed popul ati on of
satellites, as nodified by the debris density. This density
exhi bits two maxi ma, one near 800 km (480 mles) altitude and t he
ot her near 1400 km (840 mles). The actual debris populationis
likely to be considerably |larger than that shown in Figures 6-6,
6-8 and 6-9. Decay of space objects, i.e., re-entry to Earth,
occurs primarily from low altitude orbits and results from
at nospheric drag which increases with the level of solar
activity. Atypical orbital lifetinme at 300 kmis |ess than one
mont h; below 200 km it is just a few days. These de-orbiting
spacecraft will re-enter Earth' s at nosphere and contribute to re-
entry hazards (see Ch. 7).
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|f the worldwi de satellite popul ation continues to increase at
150-180 /year (as was the case for the past 5 years)(® and al

t hese obj ects penetrated the maxi numdensity altitude band (950-
1000 km, the LEO spatial density would still not be expected to
i ncrease by a factor of 10 until between the years 2044 and 2100.

Many Earth satellites (83% which reside in LEO decay in orbit
within a few days to several years. Solar flare and sunspot

activity cycles periodically "purge" these orbits (see Refs.
13,29 and Chs. 4,7).

| nactive satellites, jettisoned rocket notors and | aunch or break
up debris in LEO could undergo hypervelocity inpacts (at
10km second) with active satellites in circular orbits and with
others in elliptical orbits which traverse this altitude range.

Launch activity is an inportant factor contributing to space
hazards through the generation of man-nmade debris. Table 6-2
shows the nunber of space | aunches since 1980 and the projected
nunber of space | aunches anticipated i n the next decade. (%% The
current annual USSR space activity amounts to about 105 | aunches
per year. The Soviet program accounts for roughly 95 % of the
total, largely because the wuseful on-orbit Ilife of Soviet
satellites is much shorter than that of equival ent US spacecraft.

TABLE6-2. YEARLY LEO LAUNCH ACTIVITY

YEAR
80 81 82 83 84 85 8 87 88 89 90 91 92 93 94 95
us 13 17 17 23 17 3 0 21 24 15 11 12 15 13 14 15
USSR 89 98 101 95 92 108 108 108 111 114 115 114 114 114 114 114

Other 3 8 3 9 3 7 5 5 6 5 5 22 17 21 18 14
Total 105 123 121 127 112 118 123 134 141 134 131 148 146 148 146 143




Figure 6-2 shows the relative flux distribution of neteorites and
man- made objects in LEO The neteorite flux data were based on
indirect ground based neasurenents, including observation of
meteors burning up in the atnosphere. The man-nade flux data
were taken from the 1986 Satellite Catalog of tracked space
debri s.

6.4.2 Collision Probabilities in LEO

Collision probabilities are useful in assessing space hazards,
estimating collision hazards between operational spacecraft and
orbiting objects quantitatively and determ ning the |likelihood of
satellite debris collisions.

Model s devel oped for deriving probability estimtes usually use
the foll ow ng assunpti ons:

. ohjects in orbit are randomy distributed and each
object is assigned an effective cross section.

. The collision cross section is usually the geonetric
cross section of the satellite.

. Orbital planes within the debris popul ati on have random

distributions in the azi muthal coordinate.

Several nodels based on kinetic theory and cel estial nechanics
provi de esti mates of collision hazards to operational spacecraft
in LEO (1116290 The i npact probability, per orbit or per crossing
a certain orbital torus, nust be nmultiplied by the on-orbit
satellite lifetime (or the mssion duration) and the cross
section of the object to estimate its overall collision risk.

Probability derivations are sinplified if the object density is
assunmed to have only an altitude dependence and all other
dependenci es are replaced by averages. Wiile the latter renoves
t he possibility of including angul ar orbital dependencies in the
solution, it neverthel ess provides a reasonably accurate esti mate
of the collision hazard.

One procedure used to determne the altitude dependent object
distribution is to define an Earth centered spherical grid,
consi sting of surfaces of constant radi us spaced every 50 kmfrom
150 to 4000 kmin altitude, and surfaces of constant polar angle
(latitude) spaced every 5 degrees.(® The object density within
t he above defi ned space cells is conputed based on the percent age

of tinme an object spends in the 'spherical cell.' Figure 6-2 is
typical of the type of density distribution which results from
this nodel. The nmean rate of collision probability, P, is

defi ned as,

to
pP=|C(r,t)dt
!
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where C(r,t) is the collision frequency equal to,

Cr,t) = Oge-p(r,t)-v(r,t)
Wer e: p = object density
O4¢ = effective cross section
v mean speed of object relative to debris
r obj ect distance fromEarth's center
t = the elapsed tine.

-

Applying this to the exanple of the Shuttle Obiter at 300 km
altitude, with a debris distribution simlar to that shown in
Figure 6-2, gives a predicted tinme between collisions
approxi mat el y equal to 25,000 years®. These nodels estimate the
collision probability for a Shuttle Obiter at 150-300 km
altitude to be roughly 1 in 25,000 years. The chance of an
orbiter colliding wth debris in LEQ, over its lifetinme, is about
102 at present and may exceed 102 by the year 2000. The | arger
collision risk for spacecraft which operate in the 600 to 1200 km
range of maxinmum debris population, is offset by the smaller
cross sections of operational spacecraft at these altitudes.
This result assumes a typical Shuttle cross sectional area of
250 nt and a rel ative inpact velocity of 7 kmi's. Man-made debri s
of size 4 cmand smaller do not present a significant hazard to
LEO spacecraft with di mensi ons conparable to that of the Shuttle.
A future Space Station 100 m across in LEO at a 500-550 km
altitude, would have a nean l|life to collision of 170 years
wi thout debris, but of only 41 years given the present debris
strewn near-Earth environnent.

I ncl usion of the |atitude dependence in the probability estimte
yields simlar results. Table 6-3 gives the predicted tine
between collision as a function of orbital inclination wth the
sanme LEO debris popul ation used previously (see also Fig. 6-8).
G eater debris hazards are anticipated for spacecraft operating
at higher altitudes, particularly in the range from 600 to 1200
km where debris density is greatest (Fig.6-2). Table 6-4 gives
the estimated tine between collisions for a small spacecraft, of
5 nt collision cross section, with man-nmade debris assuning a
relative speed of 7 km's. There is evidence that sonme spacecraft
in LEO have already collided wth either natural or artificial
orbiting debris.
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TABLE 6-3. COLLISION TIMES FOR A SHUTTLE ORBITER WITH LEO DEBRIS'®

Shuttle Orbit Time between
Inclination Angle (deq) Collisions (years)
285 2.7x104
56 2.0x 104
82 1.6x 104
90 1.5x 104
98 1.4x 104

TABLE 6-4. TIME BETWEEN ON-ORBI!T COLLISIONS VERSUS LEO ALTITUDE(®)

Orbit Altitude (km) Collision Time (years)
648 1.8x 105
741 53x 105
833 4.8x 105
926 6.1x105
1019 7.5x 105
T"Mn 1.5x 105
1204 3.5x105
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6.4.3 Col l'i sion Hazard in Geosynchronous Orbit (GEO

Conceptual Iy, the geosynchronous orbits can be visualized as a
spherical shell several kilonmeters thick |located at an altitude

approximately 36,000 km above the Earth. Spacecraft in
geosynchronous orbit nove with the rotating Earth at arbitrary
angles of inclination with respect to the -equator. The

geostationary orbit represents a particular subclass of the
geosynchronous orbits in which objects nove synchronously wth
the rotating Earth, but with positions fixed relative to its
rotating coordinate system The geostationary ring denotes a
particular region in geosynchronous space, of approximtely
several hundred kilometers in wi dth, enconpassing these orbits.

The main characteristics of geosynchronous orbits are:

. O bital period is equal to one sidereal day (1436.2
m nutes or 24 hours).

. An infinite variety of orbits exist each with the sane
average altitude as a geostationary orbit.

. bjects in orbit cross the equator tw ce each day with
average velocity of 3075 nis.

. The equatorial crossing point of the object drifts
cyclically along the equator due to unbal anced Earth
gravity.

. bjects remain permanently in orbit (as in the

geostationary ring).
The main characteristics of geostationary orbits are:

. Al'titude above Earth is 35,787 km (19323 nauti cal
mles) + 50 km

. Obit is exactly circular over the Earth's equator
(£ 1° latitude).

. Orbital period is 1436.2 mnutes or roughly 24 hours.

. ojects in orbit have an orbital velocity of 3075 nis.

. ojects remain permanently in orbit, i.e., the decay
rate is very slow and secul ar, about 1 kil oneter per
t housand years.

. ojects in orbit are subject to weak |uni-solar and
Earth gravitational perturbations which result in slow
drift in east-west and north- south directions about
the two geo-stable points at 75.3°E and 104.7°W
| ongi t ude. This results in eventual clustering of
inactive satellites in these regions.

Sem - geosynchronous orbits (i.e., at half the GEO altitude with
12 hour periods) are also used for comunication satellites
Such highly elliptical "nolnyia" (lightning) orbits are favored
by the Soviets because the satellite spends nost of its tinme
above the Soviet Union noving slowy near apogee, but crosses
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rapi dly over anti podal regions near perigee. Such orbits degrade
nmore rapidly due to atnospheric friction near perigee.

The | argest concentration of operational spacecraft lies in the
geostationary belt and currently nunbers over a hundred

spacecraft. Extinct satellites also continue to orbit in the
crowded GEOorbits, presenting a nounting collision danmage hazard
to new communication satellites (Fig. 6-3). Some nations and

organi zati ons have begun to nove inactive satellites out of GEO
to prevent cluttering of the GEO ring. However, according to
Ref. 3 (Ch. 4), the renoval of inactive satellites from GEO
stations at the end of their useful life is not yet a genera

practi ce. The policy of wusing disposal orbits for defunct
satellites has recognized shortcom ngs which may introduce new
hazards to active payloads (e.g., the potential for msfire or
expl osi on, eventual mgration of "renoved" payl oads to GEO due to
| uni -sol ar perturbations and sol ar wi nd pressure, added cost for
st ati onkeepi ng and or bi tal maneuvering propel | ants and decreasi ng
reliability with life on- orbit.)

The peak spatial density (nunber per kn?) of satellites at CGEO
altitudes (35,750 to 35,800 km} is due to about 543 satellites,
of which only about 150 are geostationary. The others are in
ei t her geosynchronous, or sem -geosynchronous highly elliptical
"mol nyia" orbits. The corresponding spatial density value is
7.55 x 10°'° objects, still 2-3 orders of magnitude below that in
LEO

The current geosynchronous popul ati on, as tracked by USSPACECOM
consists of about 116 active communication satellites plus at
least as many uncontrolled objects drifting through the
geosynchronous corridor. The latter includes inactive satellites
and debris which drift around the Earth or oscillate about the
two geo-potential stable points. USSPACECOM can track an object
of the size of a soccer ball in GEO and of about 6 10 cm in LEO
(Figs. 6-1, 6-4). Figure 6-10 shows the relative positions of
the comercial comunication satellites in GEO. The nunber of
active GEO satellites over the past few years and the estimted
nunber of GEO | aunches in the com ng decade is shown in Fig. 6-10
and Table 6-5.(59

Thus, collisions in GEO are restricted to object encounters at a
fixed altitude of approxi mately 36,000 km actual |y an equatori al
torus of 1° in latitude and 35, 785 #50 km altitude above the
Earth's equator. Such collisions can involve both man-nmade
obj ects and natural objects (neteoroids).
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TABLE 6-5. GEO LAUNCH ACTIVITY
Year

85 86 87 88 89 90 91 92 93

94 95
us 16 14 13 15
16 14 17 14 1
g?:R 5 5 5 5 5 7 7 7 ? 2? 2;
er 6 9 7 4 3 8 3 1 6 12
Total 27 28 25 24 24 29 27 :

22 32 39 43

Estimated collision probabilities with debris in GEO are of the
order of 10°° at present, but could reach 2x10°2 over the life of
the satellite, (i.e. 1 in 500) by the year 2000. Therefore, at
current GEO popul ation |l evels, collision hazards do not appear to
be a maj or problem (491  The collision hazards in GEOtend to
be lower than in LEO for the foll owm ng reasons:

(1) the lower spatial density of GEO satellites, although
new communi cation satellites are increasingly crowdi ng GEO
orbits( Fig. 6-2);

(2) the relative velocity difference between objects
orbiting in GEOis less than for LEG

(3) nost active spacecraft in GEOrequire accurate position
control and station-keeping above their Earth subpoint,
t hereby reducing the |ikelihood of nutual collisions.

These consi derations, however, are offset by the limted orbital
slots available in GEO and the steady increase in the nunber of
CGEO satellites |launched each year (Fig.6-10). Also, neteoroids
cross the GEO belt with high relative velocities, so their
background collision hazard remains at a |evel conparable wth
that of LEO An unknown factor is the ampunt of unnonitored
debris in CGEO, because objects at such high altitude are nore
difficult to detect and nonitor with radar or optical tel escopes.
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A nunber of articles discuss the collision probabilities of
satellites in GEQ (120 | n general, the collision probability is
a conplicated function of orbital parameters, relative position

velocity, projected areas of the spacecraft and tine. The
collision probability, P, of satellite collisions assumng a
uni formdistribution of space objects is,

P = Apvt
wher e: p= obj ect density
= projected area of the satellite
V= relative velocity of the target satellite
t= time interval associated with the (peri odic)

satellite notion

Takahashi (*® and Chobotov(1® have devel oped nodels for
estimating collision probabilities for GEO satellites. Bot h
nodel s use the above relation as the basis for derivation of
collision probabilities. Takahashi assunes the target satellite
stays within fixed longitude/latitude bounds by appropriate
station keeping. The satellite notion includes a small diurnal
oscillations superinposed on a steady longitudinal drift.
Maneuver corrections are applied every 15 days to maintain the
satellite within the fixed I ongitudi nal bound.

The right hand side of Figure 6-5 illustrates the diurnal
oscillation/drift notions assunmed by Takahashi. The satellite
orbital bounds were assuned to be 0.01° 0.05° and 2 kmfor the
| ongi tude, latitude and altitude respectively.

If the orbital bounds for the diurnal notion are expressed in
terms of increnents in longitude A LON, latitude A LAT and
altitude A ALT, the collision probability in three di mensions per
orbit takes the form

P = N (2[R - L2 (ALON- ALAT- AALT) - (ALON#( 2/ - ALAT+ AALT/ R)

where Lis the satellite dianeter. The increnental bounds A LON,
A LAT and A ALT are set by the magni tude of the diurnal notions
along the longitude, l|atitude, and radial coordinates which are
assunmed to be equal to 0.01° 0.05° and 2000 neters respectively.
| f an additional factor of 1/10 is introduced to account for the
fact that collisions are only possible one out of every ten
diurnal periods due to the longitudinal drift, then with these
substitutions the above equation takes the form

P =9.51 x 10° x L2 per half day

This yields a satellite collision probability of 7 x 10°® x L? per
year. For satellites having di nensions typical for those used in
space comunications, i.e., L=2 nmeters, the probability of
collisions in the geostationary orbit is extrenely small. This
changes when | arge space structures are considered, such as
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proposed satellite "farnms,"” solar power satellites or orbiting

space platforns. For an orbiting satellite of dinensions
approaching 125 neters, the annual |ikelihood of a collisionis
about one in ten. For a hypothetical satellite "farm' of

di mrensi ons of 1000 neters, the expected frequency of collision
i ncreases to approxi mately once every 52 days.

The Chobot ov approach consi ders the collision probability between
geostationary satellites in circular orbits (in the equatoria
pl ane) and geosynchronous satellites noving in an orbital plane
with small inclination angle i and orbit eccentricity e. The
satellite density, p, is proportional to the relative dwell tine
the satellite spends within a spatial volunme defined by the
foll ow ng "bounds":

Longi tude bound = 2 [] R, Latitude bound = 2 Rsin i,
Al titude bound = 2 R e,

wher e: R is the distance of satellite fromEarth's center

For a geostationary satellite of radius R, the probability of
collision, P, with another satellite in one revolution or a 24
hour period is on the order of P = 2.83 x 10 R2 per day.

For a popul ation of over 200 satellites, assum ng one satellite
every 2° longitude, each wth radius of 50 neters, the
probability is 2.2 x 10°° per day. Hence, the probability of a
collision between a satellite in a circular geostationary orbit
wth other satellites in low inclination orbits is extrenely
smal |

This probability of a collision between a spacecraft and spent
CGEOtransfer stages i s approxi mately two orders of magnitude | ess
than that between two active CGEO spacecraft, because of to the
relatively small percent of the tinme (approximately 3% that an
object in an elliptical GEO transfer orbit spends at
geosynchronous altitudes. The sem -geosynchronous ("nolnyia")
orbits favored for Soviet comunication satellites are highly
elliptical with low perigees and high relative near-Earth
vel ocities.

To summarize, the low typical spatial densities in GEO of 2.5 -
7.5x10°'° obj ects/kn?, due to the roughly 550 objects which orbit
in the 35, 750 + 50 km bin, conbined with lower relative
velocities in GEOand wth typical station keeping capabilities,
the probability of on-orbit collisionis negligible at present (24,

6.4.4 Gravitational Drift Forces in GEO
Secul ar gravitational forces play an inportant role in altering
the orbital characteristics of geosynchronous satellites.

Dependi ng on the point of origin of these forces, their effect on
the orbit can be markedly different. These forces include the
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gravitational forces associated with the Earth's obl at eness and
the gravitational attraction of the Mon and Sun. (29

The obl ateness of the Earth (bulge in its in the equatorial
pl ane) produces longitudinal drift forces in the east-west
direction associated with the two geo-stable points | ocated near
104. 7°Wand 75. 3°E | ongi tude. Wt hout station-keeping capability,
t hese forces cause GEO satellites to nove in elliptic orbits in
the longitudinal (and radial) direction with an oscillation
period of about 820 days. Figure 6-11 shows a pictorial view of
these drift oscillations.” The anplitude of excursion about
t hese geo-stabl e points depends on the initial orbital departure
from the geo-stable points, with the anplitude being zero for
orbital paths that happen to cross the equator at the geo-stable
poi nt s.

Region|:  Orbital periods shorter than 24 hours.
Region [I: 24 hour orbits.
Region Ill: Orbital periods longer than 24 hours.

FIGURE 6-11. SATELLITE ORBITS RELATIVE TO EARTH
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A second type of gravitational force is associated wth the
gravitational attraction of the Mpon and Sun, which generate
"drift' forces along the north-south direction. The latter
forces act to alter the inclination of the geosynchronous orbit
causing an initial change in orbital inclination of about O0.86°
per year. A maxinmuminclination of 15° is achieved in about 27
years at which point the inclination proceeds to decrease to zero
i n another 27 years. Superinposed on the above cyclical notions
are small anplitude oscillations in the |ongitudinal and radi al
directions. These diurnal oscillations are characterized by a
cyclic period of one (sidereal) day and have vastly smaller
anpl i tudes (a factor of 10° and 103 respectively) conpared to the
| ongi tudi nal and radial notions described previously.

6.4.5 Collision Encounters in Geosynchronous Orbits

While slot allocation of GEO satellites generally attenpts to
maintain a mninmum separation of two degrees longitude, in
practice several satellites may share a common | ongitudi nal
| ocation. This has led to procedures devel oped by the United
States Air Force Satellite Control Facility (USAFSCF), recently
desi gnat ed t he Consol i dat ed Space Test Center (CSTC), to nonitor
all cl ose approaches between primary conmuni cati on satellites and
ot her trackabl e objects com ng within 300 kmof these satellites.
Predictions are nade for all close approaches every seven days
and appropriate user agencies are notified when the separation
di stance approaches 50 km Col I'i si on avoi dance maneuvers are
considered at 5-8 km separation and are inplenented if near
simul taneous tracking of both space objects one to two days
before encounter (closest approach) verifies the predicted
positions of the satellites as accurate.

Typi cal data on geosynchronous orbit encounters over a 6 nonth
period show that for 21 satellites examned there were 120
predi cted encounters within the 50 kmm ni nrumm ss di stance. (3517
O these, several were in the 1-5 kmrange and required col lision
avoi dance actions. The nean di stance of closest approach was 21
kmw th a standard deviation of 13 km Collision probabilities
for these satellites were found to be up to two orders of
magni t ude greater than woul d be expected based on average density
of objects in the geosynchronous corridor.

A total of six fragnentation incidents have occurred in the
geosynchronous corridor, which have been suggested by sone to be
the possible result of actual collisions. In at |east one of
these, the satellite broke up into snmaller debris conponents.

The question arises as to the potential liability of satellite
owners and users for collision damage resulting when their
spacecraft becones inactive, remains in GEQ, and collides with an
active satellite. The accunulation of significant nunbers of
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inactive satellites in GEO poses i ncreasing collision hazards for

active satellites. Takahashi estimated this collision
probability using the sanme nethod previously applied (see Sec.
6.4.3) in the case of collisions between active satellites.

| nactive satellites are assunmed to have notion perturbations
dictated by the Earth and by luni-solar gravitational/drift
forces. Diurnal oscillations caused by the Earth's gravitati onal
perturbations are superinposed on long-term (2-3 years) orbit
evol ution about one of two geo-stable points | ocated at 75°E and
105°W | ongi t ude. Figure 6-12 shows a sketch of the long-term
orbital evolution relative to Earth fixed coordinates. An
addi tional secular notion excursion occurs in the north-south
direction, causing a latitude variation of +14.7° in a 54-year
peri od.
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FIGURE 6-12. INACTIVE SATELLITE TRAJECTORY
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The collision probability is estimted by determning the
likelihood of <collision in one sidereal day of a satellite
confined within geosynchronous bounds of 0.1° |ongitude, 7.35°
|atitude and a 30 kmaltitude range. The effect of the secul ar
orbital oscillations is to reduce the collision probability by a
factor of 1/900. The estimated collision probability between an
active and 'N abandoned satellites of dinension 'L" then
becones:

P =5.185 x 10*® x N x L? per half day.

This gives a probability of 6.0 x 10° per year for a collision
between an active satellite and an assunmed total of 1000
abandoned satellites, each 4 neters di aneter.

If the active satellite is assuned to be a | arge space pl atform
of 125 nmeters across, the probability of collision with an
estimated 1000 i nactive satellites in one year increases to:

P =730 x 5.185 x 10°*® x 125% x 1000 = 0. 00591 per year
Simlarly, if a large solar power satellite with hypothetica
di mensi ons of 1000 neters will be stationed in GEO, the collision
probability in 1 year will becone a sizeable 0.38 per year.
Hence, |large GEO satellite clusters or platforns wll have a high

probability for collisions, if the nunber of abandoned
conmuni cation satellites is allowed to approach 1000.

6-31



REFERENCES TO CHAPTER 6

Kessl er, D. J. "Orbital Debri s- Techni cal | ssues",
presentation to the USAF Scientific Advisory Board on
Space Debris, Jan. 1987.

a)Johnson, N. L. "Space Background Environnent Assessnent”,
Tel edyne Brown Eng. Report for US Arny Strategic Defense
Command, Sept. 1986, CS86- USASDC- 0022.

b) " Speci al Report of the USAF Scientific Advisory Board Ad
Hoc Comm ttee on Current & Potential Technol ogy to Protect
AF Space Mssions from Current and Future Debris-Draft,
1987. (Appendix: "H story and Projections of Foreign
Satellite Mass to Earth Obit".)

Johnson, N. L. and D.S. MKnight, "Artificial Space
Debris,” (Obit Book Co., Ml abar, FL, 1987).

a) NORAD, "Satellite Catal og", Decenber 1986;

b) USSPACECOM Space Surveillance Center, "Satellite
Catal og,"” Dec. 31, 1987.

c)"What's Up in Space- Qperational Satellites on the
Anni versary of Sputnik 1", F. A S. report, Septenber, 1987.

"Space Activities of the US, Soviet Union and O her
Launchi ng Countries: 1957-1986," MS. Smth, Congressional
Research Service, Report 87-229 SPR, Feb. 1987.

"I nternational Cooperation and Conpetition in Cvilian

Space Activities," OTA-1SC- 239, July 1985, OTA/ US
Congr ess.
Fischer, NH and Reynolds, R C, "Threat of Space
Debris", 1984 |EEE Trans. on Aerospace & El. Systs., pp.
397-406.

Reynolds, R C., Fischer, N.H, and Rice, E E , "Man-Mde
Debris in Low Earth Obit-A Threat to Future Space
Operations”, Journal of Spacecraft and Rockets, Vol. 20,
No. 3, May/June 1983, pp. 279-285.

Suddeth, D.H., "Debris in the Geostationary Obit R ng -
The Endless Shooting Gallery - The Necessity for a
Di sposal Policy", Conference, 1986.

Kessler, D.J., "Orbital Debris Issues,” Advances in Space
Research, Vol. 5, No. 2, 1985.

Chobotov, V.A., "Collision Hazard in Space," Astronautics

and Aeronautics, Vol. 17, No. 9, Septenber 1980, pp. 38-
39.

6- 32



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Kessler, D.J., P.M Landry, B.G Cour-Palais and R E.
Taylor, "Collision Avoidance in Space," |EEE Spectrum
Vol . 17, No. 6, June 1980, pp. 37-41.

WB. Wrin, "The Sky is Falling: Mnagi ng Space (bjects,"
Proceedi ngs, | AF 35th Congress, Coll. on. Cooperation in
Space, Intl. Inst. on Space Law, Oct. 1984, Lausanne,
Switzerland (NY, Al AA 1984), p. 152.

J.A. Lovece, "The Inpending Crisis of Space Debris,"
Astronony, Aug. 1987, pp. 8-13.

Takahashi, K, "Collision Between Satellites in Stationary
O bits,” IEEE Transactions on Aerospace and Electronic
Systens, AES-17, No. 4, July 1981.

Chobot ov, V. A, "On the Probability of Satellite
Collisions in Earth Obit," The Aerospace Corporation,
TOR-0079(4071-07), . June 21, 1979.

a)Hechler, M and Vander Ha, J., "Probability of
Collisions in the Geostationary Ring," Journal of
Spacecraft, Vol. 18, No. 4, July/August 1981.

b) Hechler, M, "Collision Probabilities at Geosynchronous
Al titudes," Adv. Space Res. Vol. 5, pp. 47-57, 1985.

Takahashi, K., "Applications of Space Devel opnent," XXXl
I nternational Astronautical Congress, Tokyo, 1980.

Brooks, DDR, G G Gbson and T.D. Bess, "Predicting the
Probability that Earth-Orbiting Spacecraft will Collide
wi th Man- Made Objects in Space," Space Rescue & Safety,
Vol . 37, 1974, pp. 79-139 (AAS74-185).

Reynol ds, R C, Fi scher, N. H. , and Ml ler, L. A,
"Col |'i sion Hazard Presented by Man- Made Debri s Under goi ng
Correl ated Motion," Space Rescue & Safety, Vol. 58, 1982
(published in 1986, Univelt, San Diego, CA., pp. 11-30).

Howel I, 1. A, "The Chal |l enge of Space Surveillance"” in Sky
and Tel escope, June 1987, pp. 584-588.

Su, S-Y and D.J. Kessler, "Contribution of Explosion and
Future Collision Fragnents to the Orbital Debris Fragnents
tothe Orbital Debris Environnment," Adv. Space Res. 5, pp.
25- 34, 1985.

Taff, L.G, "Satellite Debris: Recent Masurenents," J.
Spacecraft, Vol. 23, pp. 342-346, 1986.

Johnson, N. L., "Nuclear Power Supplies in Obit," Space
Policy, Aug. 1987, pp. 223-233.

6- 33



25.

26.

27.

28.

29.

30.

31.

32.

Gabbard, J., "Hi story of Satellite Breakups in Space,"
Orbital Debris Wrkshop, Lyndon B. Johnson Space Center,
Houst on, Texas, pp. 30-38, July 82.

Nacozy, P., "Inclined and Eccentric Geosynchronous
Satellite Orbits," Al AA Paper 82-1412, 1982.

Blitzer, L., "Effect of Ellipticity of the Equator on 24-
Hour Nearly Circular Satellite Obits," Journal of
Geophysi cal Research, Vol. 67, January 1962.

"Space Station and the Law. Sel ected Legal |ssues,"” OTA
Background Paper, Aug. 1986.

"Policy and Legal |ssues Involved in the Conmercialization
of Space," S. Prt. 98-102 US Congress, 1983.

Hosenbal I, S.N., "The Law Applicable to the Use of Space
for Comrercial Activities," Al AA Paper 83-0253, 1983.

Schwetje , F.K (USAF Chief of Space Law), "Space Law
The Legal Aspects of Space Debris Control and Space
Sal vage QOperations"presented at I nter-American Bar Assoc.
M g, Buenos Aires, Argentina, May 1987.

"Satellite Situation Report,"” NASA/ GSFC, Vol . 27, #3, Sept.
30, 1987; #2, June 30, 1987; and Vol .26, #4, Dec.31, 1986.

6- 34



10/ 2/ 95 rev
7. RE- ENTRY HAZARDS

7.1 DEFINTION AND NATURE OF RE- ENTRY

Re-entry occurs when an orbiting spacecraft conmes back into the
Earth's atnosphere.® Any object placed in Earth orbit wll
eventually de-orbit and re-enter the atnosphere; this includes
| aunch and breakup debris of satellites and spent rocket stages.
Above 200 miles altitude, space is considered a perfect vacuum (2
Inreality, space is never a perfect vacuumand regardl ess of the
orbital altitude of an object, it creates drag which eventually
degrades the satellite's orbit. The solar wind and solar flares
i npinge on orbiting spacecraft and gravitational perturbations
(both terrestrial and luni-solar) nodify the spacecraft orbit and
shorten its lifetinme in space. The result is that spacecraft
tend to spiral slowy towards the Earth's surface. Wen objects
re-enter the atnosphere, their orbits decay rapidly and many of
them burn up prior to inpacting the Earth's surface.

There are two different sets of conditions associated with either
controlled or uncontrolled de-orbit to consider when evaluating
risk from re-entering satellites and other space debris. (1516
Controlled de-orbit wusually applies to nmnanned and reusable
spacecraft which are designed to survive re-entry and be
recovered. In this situation, retrorockets are fired at a
scheduled tine in order to place the vehicle into a transfer
orbit which intersects the surface of the Earth. |If the Earth
had no atnosphere, the intercept point would be the intended
i npact point. Wth the atnosphere, however, the vehicle
decel erates further and falls short of the predicted vacuum
i npact point. The inpact point still can be predicted reasonably
accurately under these conditions. Thus, the controlled de-orbit
can be planned so the spacecraft will inpact near a predeterm ned
recovery point, mnimzing the risk of inadvertent inpacts on
shi ps or ground and sea structures.

There are three major sources of uncertainty associated with
predi cting uncontrolled re-entry characteristics, nanely: the
at nospheric conditions at the tine an object begins to re-enter,
the tinme of actual inpact with the Earth's surface and the area
inwhichthere-entering object wll inpact. These uncertainties
associated with uncontrolled re-entry increase proportionately
with the object's orbital altitude and on orbit |ifetine.

When an obj ect has been orbiting for a period of tinme, a nunber
of changes could have taken place over its lifetine. If the
spacecraft failed in sone way before it reached final orbit, its
orbital paranmeters (inclination and eccentricity) could have
changed. It may have strayed from its planned orbital path,
failed to achieve final orbit or broken up in an expl osion
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causi ng pieces to disperse in different directions. Al of these
failure nodes have a direct inpact on the variables (surface
area, mass, shape of fragnents and orbital characteristics) used
in the prediction of re-entry hazards.

Smal | changes in orbital characteristics can drastically affect
t he manner of an object's passage through the atnosphere. The
frictional heating and drag (deceleration) experienced in the
at nosphere have large effects on the object. Small deviations
from the predicted conditions of re-entry may result in |arge
differences in re-entry hazards and the associated casualty
expectation (see Section 7.6). These differences could be due to
further break up caused by the shock of entering the atnosphere
at high velocity, the burning and ablation (vaporization)
experienced during re-entry or changes in direction or velocity
due to the weather and wnd conditions that slow re- entering
fragments differentially at |ower altitudes.

7.2 ORBI TAL DECAY

The basi c concepts of energy and angul ar nonmentum (see Ch. 4) can
be used to answer nost questions dealing with orbital and re-
entry trajectories. They are used to predict the initial re-
entry point and probable ground inpact points. Obiting
satellites control their positions in space by using snmall rocket
thrusters, thereby changing their velocity and direction. This
process is called "station-keepi ng" and requires rocket fuel and
speci al on board conmunications and control equi pnent .
Therefore, it is possible, to sone extent, to choose the initial
at nospheric re-entry point when dealing with controlled re-
entry.® However, few satellites have the ability, capacity or
i fe expectancy to provide the station-keeping capability towards
the end of their life.

All space objects that orbit the Earth do so because of the
various forces acting on them These forces change the position
and velocity of the object relative to Earth in such a way that
their orbital characteristics beconme very predictable. The
Satellite Survei l | ance Cent er (SSCO), US Space Conmmand
(USSPACECOV), within the Cheyenne Myuntain Conplex in Col orado,
nonitors each satellite's past and present positions and predicts
its future using these various orbital characteristics and
dynam c processes. To determine a satellite's position at any
given tinme, the conputer uses an algorithm based on the | aws of
Space Mechanics. (2312 The conputer can predict the orbital path
of the object with the object's historical position and velocity
informati on. The Space Surveillance Center (SSC) of the US Space
Command processes tracking and nonitoring data obtained by the
Space Surveillance Network (SSN) to predict re-entries. Space
debris of the nore than 90 satellite collisions or spontaneous

7-2



break ups and 20 payl oad expl osions i n space have been docunent ed
to date (see al so Chapter 6).(45®

External perturbations due to the Earth's oblateness, the
gravitational tugs of the Sun and Mbon, the solar plasm storns
and at nmospheric friction cause | ong-term changes in the orbital
paraneters of satellites. These forces also affect the on orbit
l[ifetime and re-entry. Theoretically, all forces acting on near-
Earth satellites can affect a satellite's on orbit lifetinme. The
effects of solar storns on the atnosphere and the obl ateness of
the Earth have a nuch nore significant effect than the
gravitational attractions of the Sun, Mbon and the ot her pl anets.
NASA/ Mar shal | scientists have taken these factors into account in
designing an orbital lifetime prediction program This program
called LIFTIM uses a direct nunerical integration of the tine
rates of change due to atnospheric drag using a Gauss-Legendre
procedure in conjunction with the Jacchia at nosphere nodel . (®

An orbiting object |oses energy through friction with space
pl asmas above the atnosphere so that it falls into a slightly
| ower orbit and eventually spirals towards the Earth's surface.
As the object's potential energy, represented by its altitude, is
converted to kinetic energy, its orbital velocity increases. As
an object's orbital trajectory is brought closer to Earth, it
speeds up and outpaces others in higher orbits. Thus, a
satellite's orbital altitude decreases gradually while its
orbital speed increases. Once it enters the upper reaches of the
at nosphere, atnospheric drag will slowit down nore rapidly and
eventual ly cause it to fall to Earth.(*

At nospheric drag, particularly near perigee, |eads to the gradual
de-orbit and re-entry of satellites. Satellites in LEOwth |ess
than 90 m nute periods, corresponding to orbital altitudes of
100- 200 nm (or 185-370 km), re-enter within a couple of nonths.
Above about 245 nm (455 km orbital altitudes, orbital lifetines
exceed several years. Above about 500 nm (900 km altitudes
orbital lifetimes can be as long as 500 years.(® Figure 7-1(a &
b) illustrate Earth orbit [ifetimes of satellites as a function
of drag and ballistic coefficients (see Section 7-3) for circul ar
(e=0) and elliptical orbits with a range of altitudes. For
elliptical orbits, the |lower the perigee altitude, the higher is
t he apogee decay rate (P) and the shorter the on-orbit lifetine.
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The ballistic coefficient & is equal to WCA, where Wis the
spacecraft weight, C,is the drag coefficient (which varies with
shape) and A is the projected frontal area of the re-entering
object. The nore mass per unit area of the object, the greater
the ballistic coefficient and the less the object wll be
consuned during its atnospheric crossing. The ballistic
coefficient of a piece of debris is an inportant variable in the
decay process as illustrated in Figure 7-1(a & b). A fragnment
with a large area and |l ow mass (e.g., alumnumfoil) has a |low &
and wi || decay nuch faster than a fragnent with a snmall area and
a high mass (e.g., a ball bearing) and wll have a shorter
orbital life. The conbination of a variable atnosphere and
unknown ballistic coefficients of spacecraft and |aunch and
orbital debris make decay and re-entry prediction an inexact
sci ence at best. ("

An exam nation of 104 successful space | aunches of 1985 reveal ed
that the payloads fromno less than 47 had re-entered within a
year of launch. As a rule of thunb, it is suggested that about
70 percent of the annual mass put into orbit re-enters the
atnosphere within 1 year of launch. Another 5 percent of the
ori ginal annual nmass may be expected to re-enter within 5 years
from | aunch. ® For exanple, fromJuly 1 to October 1, 1987, of
the 121 objects which de-orbited, 53 were payl oads |aunched in
t hat period. (*?

USSPACECOM s SSC currently tracks about 7000 catal oged objects
and may i ssue Tracki ng and | npact Prediction (TIP) nmessages which
predict re-entry tinmes and points of inpact for about 500 re-
entries each year. For exanple, in 1979-1980, 900 new objects
were catal oged, but the total tracked popul ati on decreased by
300. The satellites were "purged" during the solar sunspot
maxi mum whi ch effectively increased the atnospheric density in
LEOQ, thus, increasing orbital decay rates. Atnospheric drag is
directly related to solar activity: Hi gh solar activity heats
t he upper atnosphere, increasing the atnospheric density by nore
than 10 tinmes the average density at nost satellite altitudes.
This exerts a greater braking force on satellites and causes an
above average nunber of objects to re-enter the atnosphere.(®
Thus, satellites decay in much greater nunbers near Sunspot
maxi mum than at a tine of low solar activity (Figure 7-2).(19
Hence, the 11 year sunspot cycle is a periodic natural "sink"
removing orbiting satellites fromthe near-Earth environnent and
t hereby increasing re-entry hazards.
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During the past 5 years there have been an annual average of 548
decays fromlower altitude orbits (i.e., about three satellites
re-entering every 2 days). Al nost 83 percent of Earth satellites
reside in LEO orbits (see Chapter 6) with periods of |ess than
225 min (about 4 hrs) and are near termre-entry candi dates (see
Figs.4-3 and 7-1). The total nunber of satellite decays per year
is shown in Figure 7-3. (1
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at nosphere, a shock wave forns ahead of the vehicle, heating the
at nosphere in this region to very high tenperatures. The high
tenperatures due to friction with at nosphere reduce the vehicle's
velocity and convert the vehicle's potential energy into heat
absorbed by the object and its wake. |If the vehicle slows down
qui ckly, the total anpbunt of heat to be absorbed by the vehicle
is reduced. This explains the blunt (high drag) shape of re-
entering spacecraft in the pre-shuttle manned space program
However, the total heat generated in the shock wave is still too
great to be absorbed by netals which heat up and nelt.
Therefore, since it takes significantly nore heat to vaporize
material than to heat or nelt it, materials used in heat shields
wer e desi gned to abl ate (vaporize) in the presence of the extrene
tenperatures. The net effect is that ablative protection allows
objects to survive re-entry.

If the total energy of the spacecraft were converted to heat, it
woul d vapori ze the vehicle. The survival of neteorites to ground
inmpact is proof that not all of the energy is converted into
heat, but enough is converted to cause surface ablation.
Actually, a large portion of the total energy is diverted away
fromthe vehicle. If the object conducted the heat away fromt he
forward surface and the total body could absorb the heat of re-
entry without breaking up, then the object would re-enter the
Earth's atnosphere and descend to Earth in a predictable way. (*?
Heat shi el ds and speci al shaping of forward surfaces are used to
mnimze frictional heating effects on the rockets and payl oads
during space launches, to protect them from heat and contro
abl ati on.

Surface heating effects depend on the vehicle' s shape,
conposition, altitude and velocity. For re-entry at small angl es
of inclination when the vehicle deceleration rate is small, the
surface heating rate is correspondingly small. For re-entry at
| ar ge angl es of inclination where the vehicle decelerates rapidly
in the atnosphere, the surface heating rate will be greater but
the tinme spent in the atnosphere will be shorter.®

Spacecraft which are not designed to survive re-entry generally
do not have ablative surfaces nor are they very stable
aerodynamcally. The usual sequence of events in the re-entry
process is as follows:

1. As the vehicle starts to re-enter, heat is generated by the
shock wave and a portion is absorbed by the surface of the
structure. As the structure heats up thermal energy is
radiated out at a significantly lower rate than it is being
absor bed.

2. The heat ed structure weakens and when t he aerodynam c forces
exceed its structural strength, it starts to conme apart.

7-9



3. The heating process continues on the renmai ning parts of the

structure, repeatedly breaking it up into still smaller
pi eces.
4. These structural pieces continue to heat up and eventually

melt and vaporize if there is sufficient tenperature and
ti me exposure. Sone structural elements can survive if they
are massi ve or were shielded fromthe heat by other parts of
the structure.

After the atnospheric re-entry point has been predicted, various
ot her conditions nust be taken into account to predict a ground
i npact point. Some of these conditions are orbital corrections
due to frictional heating, break up due to atnospheric shock,
drag and prevailing neteorol ogical conditions. Al'l of these
factors are inportant when assessing the hazards from re-
entering objects to people and property. (12

7.4 RE-ENTRY | MPACT PREDI CTI ON

The ground trace of an orbit is the path over which the satellite
orbits the Earth (see Figure 7-4). If there were a string
between the center of the Earth and a satellite, the course
mar ked by the intersection of the string with the surface of the
Earth woul d be the trace of the orbit. Depending on the orbit,
this ground trace could cover a |arge portion of the surface of
the Earth (see Figure 7-5). If a satellite is tracked on a
regul ar basis, it is possible to anticipate its approximate re-
entry tinme and nmake an approximate prediction of the inpact
poi nt. However, this does not give control over the position of
t he i npact point and inpact prediction uncertainties are usually
rather large (on the order of 10's to 100's of mles).

One of the nost critical factors in the re-entry process is the
ballistic coefficient of the object, as discussed above. The
ballistic coefficient is the ratio of gross weight to the drag

coefficient multiplied by the reference area (WCA). The
rel ati onship between the ballistic coefficient and the orbital
lifetime is also linear, as illustrated in Figure 7-1(a & b).

Smal | particles tend to have shorter lifetines at a given orbital
altitude than | arger ones. This has been observed in the case of
solid rocket notor debris where neasurenents made shortly after
nmotor firings have shown a rapid increase in debris |levels, but
relatively rapid decay of small debris.

A second indirect confirmng observation is the shape of the

debris flux curve as a function of debris size.(®
(See Chapter 6).
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As a satellite re-enters the atnosphere it decelerates. As
di scussed above, the deceleration rate is a function of many
vari ables: entry angle, lift to drag ratio (L/D), the ballistic

coefficient, the orbital paraneters, the Earth's rotation and
obl at eness, atnospheric density aberrati ons and winds. The entry
angle and ballistic coefficient affect the chance that a
satellite or debris object will survive re-entry and | anding.
The satellite may skip due to the lift caused by the object's
angl e of attack upon entering the atnosphere, each skip

7-12



associated with a change in velocity, speed and entry angle. As
di scussed in Chapter 4, every orbit has an angle of inclination,
whi ch al ong with the apogee and perigee, defines the trace of an
orbit.

During re-entry the original orbital inclination of the satellite
remains relatively constant. This holds for the inclination
angl e of pieces of the satellite that return separately as well
as pieces of a satellite which break up during re-entry. This
near consistency holds because the magnitude of the orbital
velocity in the inclination plane is very |arge. A vertical
(radial) change in velocity does not change the orbital angle of
inclination, but it changes the atnospheric entry angle (called
radiant). A change in the velocity conponent perpendicular to
the plane of the orbit nmay affect the angle of inclination, but
t he magni tude of this change is m nor conpared to the magnitude
of the velocity in the orbital plane.

7.5 | MPACT DI SPERSI ONS

Most satellites to date have been inserted into orbit withlittle
or no consideration given to their eventual re-entry. The
primary reason for this is that re-entering satellites are not
likely to result in hazardous inpacts given that 2/3 of the
Earth's surface area is covered by oceans. Mst of the objects
which re-enter are likely to fragnent and burn up in the upper
at nosphere and nake only negligible changes in its chem cal
conposition. Even if an object does survive, only one third of
the Earth is land area and only a small portion of this | and area
is densely popul ated, so the chance of hitting a popul ated | and
area upon re-entry is relatively small

There is no standard way of conputing inpact dispersions
currently. The cal cul ations are two-fold. Estimates nust be
made for the nunber of pieces which will survive re-entry and t he
area over which each piece could cause danmage, the "casualty
area." For each piece of debris that will survive re- entry, a
man- border area is added to the representative area of each
i ncom ng piece (see Volune 3, Chapter 10). The representative
area is the maxi num cross section area of the re-entering piece
of debris. The man-border allowance is usually a ten inch
addition in the radius to allow for the center of a person
st andi ng outsi de the actual inpact radius but cl ose enough to be
hurt.®® The splatter and rebound of fragnents from hard ground
i npact nust al so be considered in these cal cul ati ons.

7.6 RE- ENTRY HAZARD ANALYSI S
Most re-entering satellites and space debris are not controlled

and the uncertainties of orbital decay are such that inpact areas
cannot be determ ned. Re-entry risk estimtion generally assunes
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that the satellite can inpact anywhere on Earth between the
maxi mum northern and southern latitudes associated with the
inclination of the orbit (see Figure 7-4).(® Uncontrolled re-
entry may be due to | aunch failures when the spacecraft fails to
achieve final orbit, when the perigee/apogee kick notors
mal function and retain the satellite in a degradable transfer
orbit or from second and upper stages jettisoned in orbit after
burn out.

The probability of a re-entering spacecraft and/or its fragnents
anding within a particular latitude band depends on both the
orbital inclination and the | atitude spread of the ground track.
Satellites in orbit spend di sproportionately nore tine within the
1° wi de band near the maxi mum | atitudes. This is due to the

change in direction of the satelliteinthis area, illustrated in
the orbital ground trace of Figure 7-5, andis clearly visible in
the probability distributions shown in Figure 7-6. In thi

S
figure the sharp peaks for each angle of inclination occur in a
very small range around the |atitude extrenes. The probability
of inmpacting wthin a specified |ongitude range is assuned to be
uniform (equi-probability over 360° of | ongi t ude). A
corresponding bivariate probability density can be constructed
for the location of such randomdebris inpact. This assunes that
the satellite or debris from the satellite survive the
aerodynam c heating of re-entry. Once the probability density for
ground inpact has been established, the distribution of
popul ati on wi thin the probabl e i npact area nust be consi dered, as
showmn in Figure 7-7.(1% In this figure the population
distribution is <conbined for the northern and southern
hem spheres as a matter of conveni ence. Although the popul ation
nunber and distribution has changed in the interim the approach
used in Fig. 7-7is still valid.™ An orbiting object will spend
an equal anount of tine, within a certain band wi dth, on both the
north and south sides of the equator.

The casualty expectation is usually conputed using the fornula:
E.=P, x (Popul ation Density) x A

VWere P, is the inpact probability, the popul ation density is the
nunber of inhabitants per unit area, and A. is the casualty area
of the debris that survive to inpact. Figure 7-8 presents an
updat ed worl d-wi de (average) casualty expectation, as a function
of orbital inclination angle and debris inpact casualty area. (¥
In the exanple shown, a satellite in an orbit inclined at 26°
with debris having a casualty area of 100 sq. ft., w |l produce
"on the average" 1.2 x 10“ casualties upon re-entry. (51  This
transl ates to one chance in 8333 of a casualty resulting fromre-
entry of this satellite. This is due to the unpredictability of
the inpact area during uncontrolled re-entry as opposed to the
| ocal i zed casualty area during |aunch.
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Wth no control over the tine and | ocation of re-entry, inPact
could occur in any country between the latitudes of * 26° (1619
Up to now, there have been no reported |and inpacts, danage
and/ or casualties by re-entry debris.(?®  Roughly 100 of the
approxi mately 3,100 objects resulting from 44 | aunches between
1956- 1972 have survived re-entry and were recovered. (20
ldentified re-entry debris include such diverse itens as: tank
pi eces, nozzl e pieces, snmall spherical gas tanks, plastic shrouds
and ot her fragnents. (29

Particular re-entry hazards to the public are posed by orbiting
nucl ear payl oads. Since 1961, both the US and the Sovi et Union
have | aunched nuclear power cells into space (See Table 7-1).
Wiile there have been no commercial payloads wth nuclear
materials, it isinportant to discuss generic re-entry hazards of
this type. To date , such m ssions have required detailed risk
anal ysis and interagency review. However, the US has | aunched
passive, naturally decaying nuclear fuel cells, while the USSR
has orbited RORSAT satellites with active nuclear reactors at
relatively low altitudes in orbits which decay in a matter of
days to weeks. Twenty eight such Sovi et nuclear satellites were
| aunched between 1967 and 1985, each carrying roughly 50 kg of
WP2s. O these, 26 have been transferred successfully into higher
altitude parking orbits (over 900 km at their end of duty to
permt decay of radionuclides before re-entry. However, at |east
six have failed and wundergone uncontrolled re-entry and
at nospheri c break up, one showering debris over N. Canada in 1978
and two others over the Indian Ccean in 1983 and 1987. In
contrast, the US nuclear fuel cells are designed to survive
at nospheric re-entry and inpacts. Three radio-isotope thernal
generator (RTG power supplies accidentally re-entered as a
result of launch and/or orbital insertion failures (in 1964, 1968
and 1970); no undue public exposure to radioactivity resulted
from any of these. ('

Al though the possibility of a satellite landing in a popul ated
area is small, the hazards are real and in certain instances,
potentially very serious. Cosnpbs 954, the Soviet nuclear
satellite that scattered nucl ear debris over Canada upon re-entry
and caused over $12 mllion in damages and cl eanup costs is one
exanpl e of a potentially serious re-entry hazard. (¥ Fortunately,
several other failed or deactivated Sovi et RORSAT and US nucl ear
satellites have returned over oceans (Table 7-1). Issues rel ated
tore-entry hazards are currently under active re-exam nati on and
are undergoi ng research.
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TABLE 7-1 RE-ENTRIES OF SPACE NUCLEAR POWER SUPPLIES (REF. 15)

TYPE OF
NAME LAUNCH DATE RE-ENTRY POWER SUPPLY COMMENTS

USA Transit 5 BN3 21 April 1964 21 April 1964 Radioisotope Launch failure. SNAP SA
destroyed over Indian Ocean

Nimbus B 18 May 1968 19 May 1968 Radioisotope Launch failure. SNAP 19
recovered off California coast.

Apollo 13 11 Aprii 1970 17 Aprit 1870 Radioisotope SNAP 27, designed for deposit
on lunar surface, re-entered
over Pacific Ocean during
emergency return of Apolio
13 astronauts.

USSR - 25 January 1969 25 January 1969 Reactor Possible launch failure of
ocean surveillance satellite.

Kosmos 300 23 September 1969 27 September 1969 One or both of these payloads
Radioisotope may have been a Lunikhod,

Kosmas 305 22 October 1969 24 October 1969 designed for remote
exploration of the Moon
carrying a Po2'0 heat source.
Upper stage malfunction
prevented payloads from
leaving Earth orbit.

- 25 April 1973 25 April 1973 Reactor Possible launch failure of
ocean surveillance satellite

Kosmos 954 18 September 1977 24 january 1978 Reactor Payload malfunction caused
re-entry near Great Slave
Lake in Canada. Local
contamination detected

Kosmos 1402 30 August 1982 23 January 1983 Reactor Payload Failed to boost to
storage orbit on 28 December
1982.
7 February 1983 Fuel core Reactor re-entered at 2505,
840 E. Fuel core re-entered at
190§,220W.
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10/ 2/ 95 rev
8. Rl SK ANALYSI S METHODOLOGY

8.1 WHAT IS RI SK ANALYSI S?

Risk Analysis is the technical process and procedures for
identifying, characterizing, quantifying and eval uati ng hazards.
It is widely used in industry and by federal agencies to support
regul atory and resource allocation decisions. The analysis of
risk, also called Ri sk Assessnent (see definitions of terns in
Ch.1 and in the dossary, App. A, consists of two distinct
phases: a qualitative step of hazard identification,
characterization and ranking; and a quantitative risk eval uation
entailing estimation of the occurrence probabilities and the
consequences of hazardous events, including catastrophic ones.
Fol Il owi ng t he quantification of risk, appropriate R sk Managenent
options can be devised and considered, risk/benefit or cost
anal ysis may be undertaken and Ri sk Managenent policies my be
formul ated and inplemented. The main goals of Ri sk Managenent
are to prevent the occurrence of accidents by reducing the
probability of their occurrence (e.g., practice risk avoi dance),
to reduce the inpacts of uncontroll able accidents (e.g., prepare
and adopt energency responses) and to transfer risk (e.g., via
i nsurance cover age) . Most per sonnel safety and
operational / handl i ng precautions and requirenents at hazardous
facilities (and hardware design reviews and approval for plants
and critical equipnent) are intended to prevent, reduce the
frequency or probability of occurrence of hazardous events and to
mnimze their potential inpacts.

Bot h normal operations and unforeseen conditions can lead to
acci dents which cannot be prevented or controlled. In such
cases, the residual risk must be accepted and nanaged by
prepari ng emnergency response procedures (e.g., evacuation and
nmedi cal response plans) to |essen the consequences of such
accidents. Determnistic and worst case scenario anal yses are
of ten used to assess the scope and exposure i npacts of inprobable
hazardous events with hi gh consequences.

Several recent reports have discussed the role of technical risk
assessnent inputs to regulatory analysis and policy decision
maki ng. (+*® Since Risk Assessnment is a field where safety and
| oss prevention are the chief concerns, conservatismat various
steps in the analysis has often been adopted as a prudent
approach. Thus, conservative assunptions have been conpounded
sonetinmes in setting unnecessarily stringent regul atory standards
and requirenents. In practice, excessive conservati smand use of
"worst case" analysis has served as a basis for over-design of
critical facilities, and over-regulation of industry bg setting
unnecessarily strict license and permit requirenments. (+° Several
m ssi on Agencies (such as DOD, NASA, DCE, EPA, USBM OSHA, N H
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NRC) have devel oped their own risk analysis tools to carry out
studies either in support of regulatory standards, criteria and
policies or to enable safe operations. For the past few years,
an I nteragency Task Force for Ri sk Assessnent, |led by the NSF,
has been wor ki ng on uni formstandards, to the extent possible and
practical, for risk analysis nethods and their use by federa
Agencies charged with protecting the safety and health of the
wor kers and the public. Sonme of these tools and approaches,
whet her devel oped specifically for space applications (Ch.9) or
for licensing decisions (e.g., NRCregul ations and st udi es), (81519
are transferable to DOI/OCST for regulation and oversight of
commerci al launch activities.

Ri sk Assessnment provides the information necessary for Risk
Managenment deci sions. Risk Managenent, in a regul atory context,
requires the evaluation of the inpact and effectiveness of safety
standards and regul ations to i npose additional controls or rel ax
exi sting ones.

8.2 Rl SK PERCEPTI ON AND RI SK ACCEPTABI LI TY

Subj ective judgnment and docunented societal bias against |ow
probabi |l ity/ hi gh consequence events may influence the outcone of
arisk analysis. Perceptions of risk often differ fromobjective
measures and may di stort or politicize R sk Managenent deci sions
and their inplementation. Public polls indicate that societa

perception of risk for certain unfamliar or incorrectly
publicized activities is far out of proportion to the actua

damage or risk nmeasure (by factors of 10-100 greater thanreality
for notor, rail and aviation accidents, but by factors of >10,
000 for nuclear power and food coloring).® Risk conversion and
conpensating factors nust often be applied to determne risk
tol erance thresholds accurately to account for public bias
agai nst unfamliar (x 10), catastrophic (x 30), involuntary

(x 100), immediate vs. delayed consequence (x 30) and the
uncontrol l able (x 5-10) risk exposure. ("

Different risk standards often apply i n the workpl ace, in view of
voluntary risk exposure and i ndemification for risk to exposed
wor kers; as opposed to public risk exposure where stricter
standards apply to involuntary exposure. The general guide to
work place risk standards is that occupational risk should be
smal | conpared to natural sources of risk. Some industrial and
vol untary risks may be further decreased by strict enforcenent or
adequate inplenentation of known risk nmanagenment and risk
avoi dance neasures (e.g., wear seat belts, stop drinking al cohol
or smoking). Therefore, some of these risks are controll able by
t he individual (e.g., do not fly, take the car to work or snoke),
while others are not (e.g., severe floods, earthquakes and
t sunam s) .
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Rel ative Risk Assessnent is a common nethod of ranking risk
exposure |evels which enables decision nmakers to define
acceptable risk thresholds and the range for unacceptably high
exposure that would require Ri sk Managenent resources for
reduction and prevention. As Figure 8-1 and Table 8-1
illustrate, there are de facto levels of socially tolerated
(acceptable) levels of risk for either voluntary or involuntary
exposure to a variety of hazardous factors and activities.
Al t hough regul ators often strive to assess absolute |evels of
risk, the relative ranking of risks is an appropriate Risk
Managenment strategy for resource allocation towards regul atory
controls. Cost benefit analysis is often required to bring the
burdens of risk control strategies to socially acceptable |evels.
Figure 8-1 and Tables 8-1 and 8-2 show estimated risk |evels
associated with natural and other (occupational, transportation,
etc.) hazards that nay lead to undesirable health effects and
casualties. They showthat risk | evels vary greatly by causes of
harm (chem cal, nechanical, natural or nman nade), probability,

degree of control, duration of exposure to the consequence
(1 medi at e, del ayed, short or | ong-term, di stribution
(geographical, localized) in tine and space, benefit to society

vs. costs of risk reduction and consequence mitigation.

Tabl e 8-1 shows the relative risk exposure to individuals as a
casual ty probability fromvarious natural and regul at ed causes. (19
This table and its precursors in the literature(® illustrate
that the public voluntarily assumes risk | evels which are 100 to
1,000 times |l arger than involuntary exposures to natural hazards
and normal activities. These |l evels may be used as i ndi cators of
socially acceptable risk thresholds to conpare when new
regul atory standards are set. Note that risk exposure is
normal i zed both to the popul ati on exposed and to the duration of
t he exposure. To conpare the risk associated with each cause,
consi stent units must be used, such as fatalities or dollar |oss
per year, per 100,000 popul ation, per event, per man year of
exposure, etc.

| ssues related to acceptable risk thresholds for regulatory
purposes and for the public at large are often conplex and
controversial.(* 51719 The typical approach to establish risk
acceptance criteria for involuntary risks to the public has been
that fatality rates fromthe activity of interest should never
exceed average death rates from natural causes (about 0.07 per
100, 000 popul ation, from all natural causes) and should be
further | essened by risk control neasures to the extent feasible
and practical.(®®

The societal benefit and the cost trade-offs for risk reduction
are widely used guides to set and justify risk acceptability
[imts. By conparing the risks and benefits associated wth
certain regulated activities, fair, balanced and consi st ent
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FIGURE 8-1. RISK VS BENEFITS (REF. 9)
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TABLE 8-1.

ACTIVITY OR CAUSE

INDIVIDUAL RISK OF ACUTE FATALITY BY VARIOUS CAUSES. (REF. 19)

ANNUAL FATALITY RISK
FOR EVERY 1 MILLION
EXPOSED INDIVIDUALS

1. Smoking (all causes) 3,000
2. Motor vehicle accidents 243
3. Work (all industries) 13
4.  Alcohol 50
5. Using unvented space heater 27
6. Working with ethylene oxide 26
7. Swimming 22
8. Servicing single piece wheel rims 14
9. Aflatoxin(corn) 9
10. Football 6
11.  Saccharin 5
12. Fuel system in automobiles 5
13. Lightning 0.5
14. DESin cattle feed 0.3
15.  Uranium mill tailings (active sites) 0.02
From all causesinU.S. 8,695
From cancerin U.S. 1,833

Indicates that the risk was regulated by the Federal government in the last 10 years. For these
activities or causes, the risks in the table are estimates of risk prior to Federal regulation.

TABLE 8-2. ANNUAL RISK OF DEATH FROM SELECTED COMMON ACTIVITIES

Coal mining:

Accident
Black lung disease

Fire fighting
Motor vehicle
Truck driving

Falls

Football (averaged over
participants)

Home accidents

Bicycling (assuming one
person per bicycle)

Air travel: one trans-
continental trip/year

Number of deaths Individual
in representative year risk/year
180 1.3x10-3 or 1/770
1,135 8x10-3 or 1/125
8x 104 or 1/1,250
46,000 2.2x10-4 or 1/4,500
400 10-4 or 1/10,000
16,339 7.7x10-5 or 1/13,000
4x10-5 or 1/25,000
25,000 1.2x10-5 or 1/83,000
1,000 10-5 or 1/100,000

2x10-6 or 1/500,000

Source: Hutt, 1978, Food, Drug, Cosmetic Law Journal 33, 558-589.
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limts for risk acceptability may be set and institutional
controls on risk may be established. Figure 8-1 is based on
Ref.9: Starr's 1969 ri sk benefit anal ysis, which, although | ater
challenged inthe literature, illustrates several general trends
derived from an analysis of fatalities per person hour of
exposure to natural hazards and to hazardous human activities, in
terms of dollar-equivalent benefit to society. It appears that
voluntarily assunmed risk levels are a factor of about 1,000
hi gher than involuntary risk exposure |levels over the entire
range of benefits. Also, the acceptable risk curve appears to
vary as the cube power of the benefit, on this | og-normal scale.

Atypical regulatory risk threshold used to institute controls is
the one-in-a-nillion casualty probability.(* Situations at this
threshol d i nclude: traveling 60 mles by car or 400 mles by air,
two weeks of skiing, 1.5 weeks of factory work, 3 hours of work
in a coal mne, snoking one cigarette, 1.5 mnutes of rock
clinbing and 20 m nutes of being a man aged 60.

By analogy wth other industries, in the case of space
operations, Range personnel and commercial |aunch service firns
may be considered voluntary risk takers, while the public at
large is involuntarily exposed to |launch and overflight risks.
Wi | e Range Saf ety and on-site Range personnel are highly trained
in risk avoi dance and managenent, the public nust be exposed to
only mnimal risk fromcomercial |aunch activities.

There are clear but indirect public, econom c and ot her soci et al
benefits derived from commercial space operations, including
efficient t el ephone and video conmuni cat i ons, weat her
forecasting, renote environnmental sensing and crop data, better
drugs, advanced material fabrication, superior navigation
capability and other technology spin-offs. Based on the risk

conparability approach illustrated in Ch. 5 (Vol. 2) and the
Range Safety controls and practices (Chs. 2, Vol. 1 and 9, 10),
commercial launch activities appear to be well wthin the

socially acceptable risk limts at this tine.
8.3 EXPECTED RI SK VALUES AND RI SK PROFI LES
There are two fundanental conponents of Ri sk Anal ysis:

. Determ nation of the probability, P, (or frequency of
occurrence, f;,), of an undesirable event, E. The
probability of an event is its |Iikelihood of occurrence
or recurrence. Sonetines the probability estimtes are
generated froma detail ed anal ysis of past experience
and historical data available; sonetines they are
judgnmental estinmates on the basis of an expert's view

8-6



of the situation or sinply a best guess. Thi s
quantification of event probabilities can be useful,
but the confidence in such estinates depends on the
quality of the data base on actual failures and the
methods used to determine event probabilities.
Probabilities have |long been used in the analysis of
systemreliability for conpl ex equi pnent and facilities
and to anticipate and <control various failure
scenari os.

. Eval uation of the consequence, G, of this hazardous
event: The choice of the type of consequence of
interest may affect the acceptability threshold and t he
tol erance |l evel for risk.

The anal ytical phase of a Ri sk Analysis generally consists of
three steps:*® The triad: event (scenario), probability and
consequence is sonetines called the "Risk Triplet."

1. The qualitative step involves the sel ection of specific
hazardous reference events E (hazard identification)
or scenarios (chains of events) for quantitative
anal ysi s.

2. The quantitative analysis requires the estimation of
the probability of these events, P;.

3. The next quantification step is to estimate of the
consequences of these events, G.

The results of the anal ytical phase are used in the interpretive
phase in which the various contributors to risk are conpared,
ranked and placed in perspective. This interpretive phase
consi sts of:

4. The cal cul ati on and graphic display of a Risk Profile
based on individual failure event risks. The process
is presented in Figure 8-2.

5. The cal cul ation of a total expected risk value (R) by
sunm ng i ndividual event contributions to risk (R).

Naturally, all the calculations wundertaken involve sone
uncertainties, approximtions and assunptions. Ther ef or e,
uncertainties mnust be considered explicitly. Usi ng expected
| osses and the risk profile to evaluate the anmobunt of investnent
that is reasonable to control risks, alternative R sk Managenent
deci sions involving avoidance (i.e. probability decrease) or
consequence mtigation can be evaluated in terns that are useful
to the decision maker.
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(a) Plotting of points corresponding to individual failure events. Logarithmic scales usually
used because of wide range in values. The error brackets denote uncertainties in probability
estimates (vertical) and in anticipated consequences (horizontal) for each failure

mode/event.
—
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(b)Construction of the cumulative probability risk profile curve (as described in text)

FIGURE 8-2. CONSTRUCTION OF A RISK PROFILE
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Therefore, a sixth planning step wusually included in Risk
Anal ysis is:

6. The identification of cost effective R sk Managenent
options, to be followed by:

7. Adopt i on of a Ri sk Managenent pol i cy and
i npl enent ati on.

The anal ytical phase yields results in the general formsuggested
in Table 8-3. There are two useful ways to then interpret such
results: expected risk values, R, and risk profiles. Bot h
nmet hods are enpl oyed for quantitative risk anal ysis.

TABLE 8-3. GENERAL FORM OF OUTPUT FROM THE ANALYTIC PHASE OF RISK ANALYSIS

UNDESIRABLE RISK
EVENT PROBABILITY* + CONSEQUENCES** + LEVEL

Eq P4 C, Ry = P1C4

E> P, C; Ry = PG,

E3 P3 G Ry = P3C3

En Pn Cn Ry = PnCi

*Probability of an event is expressed as a fraction, or in percent (dimensionless). Alternatively, a frequency per year, or per
event (in units of 1/time) may be used.

**Consequence, in the case of an accidentis a measure of the accident impacts of interest to the analysis (e g. mission loss,
payload damage, damage to property, number of injuries, dollar loss, etc.)

+Usually point values estimates for P, and C; are bracketed by best case - worst case estimates, to indicate the residual
uncertainty in point estimates. Orders of magnitude in the range bracketing consequence and probability estimates are not
uncommon, as the brackets in Fig.8-2 show.

8-9




Expected values are nost useful when the consequences C are
measured in financial terns or other directly neasurable units.
The expected risk value R (or expected |oss) associated with
event E is the product of its probability P, and consequence
val ues:

R = P, xG

Thus, if the event occurs with probability 0.01 in a given year,
and if the associated loss is one mllion dollars, then the
expected | oss is:

R= 0.01 x $1, 000,000 = $10, 000

Since this is the expected annual |oss, the total expected |oss
over 20 years (assum ng constant $) would be roughly $200, 000.
This assunmes that the paraneters do not vary significantly with
time and ignores the | ow probability of nultiple | osses over the
period. To obtain the total expected |oss per year for a whole
set of possible events, sinply sum the individual expected
| osses:

Total Risk, Rr = PRCG+P,C+ . . +PC, =

This expected risk value assunmes that all events (E)
contributing to risk exposure have equal weight. Cccasionally,
for risk decisions, value factors (weighting factors) are
assigned to each event contributing torisk. The relative val ues
of the terns associated with the different hazardous events give
a useful neasure of their relative inportance and the total risk
value can be interpreted as the average or "expected" |evel of
| o0ss to be experienced over a period of tinme. One particul ar way
in which it is used is to conpare it to the cost of elimnating
or reducing risk (i.e., as part of the R sk Managenent strategy)
in the context of cost/benefit analysis. Expected values of risk
(R) are of prine inportance in both business and in regulatory
deci si on maki ng under conpl ex and uncertain situations.

Based on the definition of expected values, if event E, has ten
times the consequences of event E, but only one tenth the
i kelihood, then the products R, = P,C, and R, = P,C, are equal

That is, the events have the sane expected | evel of risk. Thus,
expected risk levels provide a balance of probabilities and
consequences. I n mathematical terns, the expected val ues may be
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simlar, but the |low probability, high consequence event may be
of greater concern. (12  For exanple, a conpany nmay be prepared

to sustain a steady level of relatively small [|osses or
accidents, but is concerned wth guarding against truly
catastrophic events. This is the notivation behind R sk

Managenent, although, in all cases a range of consequences may be
of interest. Determning the point estinmates for best and worst
case R wll produce limting values for the risk estimtes and
yield a band of uncertainty in risk |evel.

A common way to interpret the values of probabilities and
consequences of different hazardous events is by neans of a Ri sk

Profile. This displays the probability distribution for
accidents and the range of their severity as a function of
i kelihood. If sufficient accident data exist, the cunulative

probability distribution function is used as a Risk Profile to
show the probability of damages at a given level or greater.
Figure 8-3 shows an exanple of a hypothetical Ri sk Profile for
commerci al | aunch operations. A point (P,, G) on the curve can
be interpreted to nean there is a probability, P;, of an acci dent
wth a consequence at least as large as C. Gven a set of
ordered pairs (P, G) obtained during the analytic phase of a
ri sk study, the actual Ri sk Profile is conputed using the | aws of
probabilities and conmbi natorial analysis. For actual cases, the
risk profile is wusually constructed by drawing the | owest
decreasing curve so that all the points with C < G are on or
below it. The separate hazardous events with consequences C < C
are conbined into a single event with a probability equal to the
sum of their individual ©probability wvalues (i.e., their
cunmul ative probability). Then, the ordinate value P, in Figures
8-2 and 8-3 indicates the probability of an event, E, with a
consequence as large as or exceeding C (C = Q). The
acceptability ranges for risk nust be determ ned and regul atory
risk targets nust be set consistent with these acceptable risk
t hreshol ds. These goals are often set according to ALAP (as | ow
as practical), BAT (best available technology), BPT (best
practical technology) or the cost of risk reduction. The
relative risk reduction achieved by various controls is also
displayed on the Risk Profile to indicate the nerit and
ef fectiveness of potential regulatory risk reduction neasures.
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FIGURE 8-3. A SCHEMATIC RISK PROFILE FOR COMMERCIAL ELV OPERATIONS

The frequency or the probability of the undesirable event (launch accidents) is
pl otted agai nst the consequence nagnitude of interest (potential public safety
i npacts such as dollar | oss for property damage, casualty, insurance clains). The
shape of the curve could be convex, rather than concave, or even di scontinuous,
dependi ng on the scale and the data points available. Shaded area denotes de-
facto acceptable risk levels or design/operation safety goals based on
establ i shed ELV | aunch practices at CGovernment Ranges.

8.4 | DENTI FI CATION OF HAZARDS,
CONSEQUENCE MODELI NG

PROBABI LI TY ESTI MATI ON  AND

Fault tree (or event tree) anal ysis has been successfully applied
in many technical fields to identify and logically order
scenari os | eadi ng to equi pnent breakdown, financial |oss or other
systemfailures to be controlled (see section 8.7). Fault trees
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have been applied occasionally to problens associated with space
| aunches, m ssion planning and approval (Chapters 9 and 10).
This results in an extensive set of analyses of the potentia
| aunch failure events and consequences.

Consequences of observed or anticipated accidents are often
nodel ed by extrapolation from small scale tests, limted
observations, simulations and scopi ng cal cul ati ons. The goal of
guantitative risk assessnment is not only to identify and rank
hazards, but to analyze the |ow probability events of high
conseqguence. This can focus «corrective action, inprove
managenent of risk factors and optimze resource allocation
These extrene events are feared nost by both public and
regul ators. They are often used as "worst case scenarios" or
extrene "catastrophic" failures that serve as the basis for
conservative design and regul atory requirenents. (1412

However, catastrophic failures are sel dom observed. Therefore,
their probability of occurrence and consequences are uncertain
and difficult to quantify. The Three M| e Island nucl ear reactor
accident was this type of rare event. It occurred after 500
reactor years wthout a significant accident, yet was
gqualitatively anticipated and approxi mated. A severe earthquake
al ong the San Andreas Fault, with catastrophic inpacts on the San
Franci sco Bay area, is another exanple of an anticipated hazard
of low probability and high consequence that is difficult to
predict and control. Future levels of risk are usually predicted
by statistical analyses of relevant experience, although, a
conplete time series and representative sanpling of hazardous
events sel domexists. Predictions are often based on inference,
event reconstruction, interpretation and extrapolation, rather
t han on observed events. (Y Because i ndustry and regul ators | earn
to inprove safety and reduce risk based on prior experience

Bayesi an statistics are sonetinmes used to refl ect the decrease in
the probability/frequency of hazardous events when "I|earning"
i nproves the odds. (%)  Alternative conputational nethods to
infer a risk profile envel ope have been devel oped (e.g., trend
anal ysis) that include | ow probability, high consequence events,
when the high consequence results froma nunber of internediate
events and the structure of such a conposite event can be
anal yzed and quantified. (™ However, such predicted or conposite
risk profiles are often controversial, as is discussed i n Chapter
9, which reviews the application of R sk Assessnent nethods to
space | aunch and orbiter systens and m ssions.

8.5 UNCERTAI NTI ES AND RELI ABI LI TY
Risk Analysis is not an exact science. Despite this, it is
wi dely used to support regulatory and i ndustrial decision nmaking

and to allot resources. Ri sk anal yses perfornmed by different
anal ysts on the sane issue nay lead to different results. The
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reason is that there are substantial uncertainties intrinsic to
risk assessnments deriving from inconplete know edge and
identification of potential failures, from incorrect nodeling
assunptions used in the quantification of hazardous events or,
nore likely, fromthe variability in the possible type, tine,
pl ace and circunstances of an accident. D fferent (and possibly
i nconpl ete) data bases and assuned failure rates of conponents
may be used and thus lead to discrepancies inresults. D fferent
statistical analyses of the sanme data base may be justified by
stated assunptions and |l ead to further discrepancies in results.
Furthernore, the choice of a certain risk analysis nethodol ogy
may influence, and even determne, the conclusions of the

anal yses. Judgnents by experts evaluating and ranking the
hazards, i.e. the Del phi approach, are often subjective. Hence,
the risk analysis process has inherent I|imtations and

uncertai nti es which nust be taken into consideration in decision
maki ng.

Tests to establish reliability of conplex components or systens
are usual ly expensive, making a m ninum of tests desirable. On
the other hand, true probabilities are based ideally on results
fromvery |arge sanples. Wien only a fewitens are tested, the
results may not be truly representative. Tossing a normal coin
two or three times may result in heads each tinme. This nay |ead
to the erroneous assunption that the result will always be heads.
The next three tosses may all be heads again, all tails or
conmbi nati ons of heads or tails. Wth nore and nore tests the
average probability of a head (or tail) will be found to approach
0.5. The problemthen arises as to how nuch confidence can be
pl aced on past results to predict future performance. The term
confidence level is used for this purpose. Tables have been
prepared to indicate the relationships between test results,
reliability and confidence. One such table is shown below in
abbreviated form (Tabl e 8-4).

Since there are residual uncertainties associated with the
quantification of risk, confidence limts nust be placed both on
failure probabilities (usually 60% 90% brackets) to reflect this
uncertainty. A 60 percent confidence interval neans that there
is a 60 percent chance that the actual failurerate falls within
the range of given estinates. A 90 percent confidence limt
means that there is a 90 percent chance that real events wll
fall within an estimated range. Confidence |imts are based on
observations: if no failures occurredin 1,000 trials, there are
still three failures possible in the next 1,000. |If 10,000 tests
wer e successfully conpleted, that woul d statistically correspond
to a probability of three failures in 10,000 events with 95
percent confidence (i.e., areliability of .9997). |In addition,
there may be | arge uncertainties in the consequence estinmate, so
that for any "best guess" point estimate, "worst case" and "best
case" |limts are needed.
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TABLE 8-4. NUMBER OF TESTS THAT MUST BE PERFORMED WITHOUT A FAILURE TO PROVIDE A
SPECIFIC MINIMUM RELIABILITY AT ANY CONFIDENCE LEVEL. (Ref.6)

MINIMUM CONFIDENCE LEVEL
RELIABILITY (%) 90% 95% 97 1/2% 99% 99 1/2%
75 8 " 13 16 19
80 " 14 17 21 24
85 15 19 23 29 33
90 22 29 35 44 51
95 45 59 72 90 103
96 57 74 91 13 130
97 76 99 122 152 174
98 115 149 184 229 263
99 230 299 370 460 530

Most assenbl i es and systens actual |y do not have constant failure
rates, especially when the system does not have nany conponents
that are simlar or have simlar characteristics, such as |arge
mechani cal units. |Instead of being exponential, the distribution
of failures may be Gaussian, Weibull, gamma or |og normal. The
chief difference is in establishnment of failure rates. Means of
inproving reliability as indicated above remain the sane. Table
8-4 is based on the sinplest assunption of a binom al
di stribution, where the outcome of any trial can be either
failure (F) or success (S), randomy occurring with the
probability of .5 (like tossing coins for Head/ Tail outcones).

8.6 RELI ABI LI TY VERSUS SAFETY
Reliability Analysis often provides useful inputs to quantitative
safety analysis since failure rates (observed or design goals)

for safety critical conponents and subsystens permt the
eval uati on and control of adverse safety inpacts. Oten, to
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ensure safe operation, safeguards are incorporated into system
engi neering desi gn, such as: redundant features; manual overrides
for automatic conponents (valves, switches) which are safety
critical and special quality assurance, acceptability and
mai ntai nability specifications. Space |aunch vehicles and
payl oads have been traditionally provided with redundancy in the
in-flight destruct or other termnation system and the flight
control and communi cati ons subsystens (see Chapter 2, Vol.1).
This ensures that a guidance failure or a failure in boost,
sust ai ner or upper rocket stages will not lead to undesirable
off-range risk exposure and that risk to the public will be
avoi ded and controlled by the Range Safety O ficer's ability to
safely destroy the spacecraft on command.

Reliability data on conmponents and subsystens are essential to
predi cting performnce. Table 8-5 shows as an exanple the
estimated probability that a certain nunber of failures wll
occur in the next 20 tries for a hypothetical |aunch vehicle,
based on assuned operational performance reliability figures in
the range of historical values and on a skewed binom al
distribution. (See also Ch.3, Vol. 1 for published reliability
figures on comrercial space vehicles.)

TABLE 8-5. RELIABILITY USED AS PERFORMANCE PREDICTOR FOR A HYPOTHETICAL LAUNCH

VEHICLE
VEHICLE RELIABILITY (R)
0.98 0.975 0.97 0.96 0.95
EXPECTED "EVENT” (NUMBER OF
LAUNCH FAILURES IN 20 TRIES) PROBABILITY OF EVENT (P PERCENT)*
0 67 60 54 44 36
1 27 29 34 37 38
2 5 6 10 15 19
3 <1 1 2 4 6
4 0 0 0 0 >1

An illustration of the use of binomial distribution skewed to higher probability of the “event,” defined as “x failures in the
next 20 consecutive launches.” Note that the higher the assumed reliability, the higher the probability of “sucess” (i.e., fewer
failures in 20 launch attempts).
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However, it nust be noted that although reliability figures feed
safety analyses directly, a highly reliable system is not
necessarily safer. A key issue is the trade off between
reliability and safety: adding sensors and control systens to
detect malfunctions in a critical subsystem may enhance safety,
but decrease the overall reliability. A stick of dynamte is an
exanple of a highly reliable, but clearly unsafe object: when
triggered intentionally or wunintentionally, it wll explode
reliably. 1t is unsafe because of its high energy content, its
expl osive potential and its low trigger threshold. Safeguards
may enhance handl i ng safety, but decrease functional reliability.
In favor of the reliability of sinplicity, sone engi neers would
trade the sophisticated injection punps in nodern rockets for
sinple gravity fed ("big dunb") rockets.

Both human error and infrequent operational or accidental
failures, can lead to catastrophic accidents wth a |[|ow
probability of occurrence and potentially high risk exposure.
| ndeed, in the case of space | aunch systens and operations, it is
the low probability and high consequence event that would
dom nate the public risk exposure. The |ikelihood of occurrence
and the public safety inpacts of any accidental failure in such
highly reliable subsystens and systens nust be quantitatively
assessed in order to appropriately define acceptabl e and expect ed
| evel s of risk, and to regulate commercial space activities via
the licensing process (see Chapters 9 and 10).

Tabl e 8-6 shows the kind of basic conponent failure rates which
are used in probabilistic system failure conputations. These
apply to all nmechani cal and el ectrical systens across i ndustries.
Simlarly, human error nust often be factored into estinmating
probabilities of systems breakdown, since operator error or
judgnment errors in responding to mnor failures can have mmjor
consequences. Table 8-7 shows that high stress work conditions
lead to nore frequent human error than routine functions and

oper at i ons. Human failure rates are typically higher than
equi pnent failure rates and may conpound t hem because of i nproper
or inconplete operator training in recognizing critica

situations or because of panic/stress response to an accident.
Consi derabl e attenti on has been paid to hunan/ machi ne i nterfaces
and to crisis training of personnel. The sane consi derations
should apply in analyzing a |aunch "go/no go" decision, or a
command destruct decision for a space system as for a reactor
operator or a flight controller in a busy airport tower.
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TABLE 8-6. COMPONENT FAILURE RATES

Automatic Shutdown 10-2/demand
Emergency Shutdown System 10-3/demand
Defective Materials (Seals) 10-4/demand
Defective Pumps 10-3/year

Faulty Gasket 10-5/year

Brittle Fracture (pipes) 10-5/year

Pipe Failure - 3’ rupture 8 x 10-5/section year
Spontaneous Failures (tanks, etc) 10-6/year

TABLE 8-7. HUMAN FAILURE RATES (Ref. 18)

Task Probability of Error/Task
Critical Routine 10-3

Non-critical Routine: errors of omission

and commission 10-2-10-3
High Stress Operations. 10-2-10-1
Responses after major accident during:
- 1st minute 1
-to + 5 minutes 9x10-
-to + 30 minutes 10-1
-to +several hours 10-2
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8.7 Rl SK ASSESSMENT METHCDS

The adoption of an appropriate anal ytical technique is inportant
to any neani ngful qualitative or quantitative failure and/or risk
anal ysi s. Each risk quantification nmethod discussed and
illustrated below has its own special nerits, strengths,
weaknesses and an optimal domain of application (see Table 8-8).
Only if sufficient enpirical and statistical data are avail able
is the probabilistic nodeling of hazardous events justified. For
t he very infrequent catastrophic event, a determnistic analysis
of consequences (i.e., scoping calculations to estimate the type
and rmagnitude of inpacts assum ng that the accident has
occurred) may be sufficient in order to consider possible risk
managenent (prevention and energency response) and to estinmate
the associated sensitivity to assunptions. Determ nistic
consequence nodeling of an wunlikely catastrophic event is
accept abl e and even necessary whenever accident statistical and
heuristic data available do not suffice to justify quantitative
estimates for its occurrence and observation based scoping
estimates for the magnitude of its consequences.

TABLE 8-8. STRENGTHS AND WEAKNESSES OF SELECTED RISK
QUANTIFICATION TECHNIQUES (REF. 10)

STRENGTHS WEAKNESSES
Preliminary Hazard Analysis (PHA)
L] dMay Ibe applied during very early stages of project ® Difficult to show effects of mitigation or to prioritize the
evelopment causes of one undesired outcome as does not show multipte
@ Very straightforward to carry out. causes of undesired event in same place
® Provides documentation of results ® Not particularly useful at later stages of development or for
reanalysis.

Fault Tree Analysis (FTA)

® Logical presentation of event sequences of concern ® Time consuming and requires careful identification of both
® Shows relative significance of events and causes top events and causes.

® Readily demonstrates effectiveness of mitigation or redesign. ® Requires skill to handle common mode failures, dependent
® Can be used in sensitivity analyses events, and time dependencies

®Can cover human errors as well as equipment failures. ® May be difficult to justify/obtain probabilities needed for

quantification.

Event Tree Analysis (ETA)

® May be used to develop critical events and consequences by @Mayneed FTA or some other method to develop
starting with a single failure, or may start with critical event probabilities

and develo i
—one p consequences. _ @ Very time consuming if starting with individual failures.
rders events in time sequence in which they occur ® May be incomplete if all events not identified

® Displays logi i
isplays logical relationships. ® Difficult to handle partial failures or time delays.
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There are several inductive nmethods of risk anal ysis which assune
a particular failure node or failure initiating event. The
effects on the system performance are then anal yzed in order to
infer the propagation of failures (failure chains) and to assess
the sensitivity of the systemoperation to the postulated initial
failures (bottom to top). The nethods listed below focus
primarily on hazard identification and on the probabilities of
occurrence of hazardous events:

| nductive risk analyses nethods used in industry to determ ne
what failed states are possible include:

. The Prelimnary Hazards Analysis (PHA) - This is the nost
general and qualitative identification and |isting of
potentially hazardous conditions, which is used to guide
design, or the definition of procedural safeguards for
controlling these. Oten, PHA suffices to identify causal
failure chains, possible safeguards and risk prevention
opti ons.

The |ist of hazardous events to be prevented or controlled
can be devel oped i nto subevents. PHA is usually carried out
at an early stage of design and operations planning in order
to allow both design and operational controls to be
impl emented in a cost-effective manner. Table 8-9 is an
exanple of a Prelimnary Hazard Analysis [list of
failures/mal functions, used to identify safety critical
fail ures and hazardous conditi ons and consequences, used to
suggest risk control (prevention, reduction and avoi dance)
strategies. The PHA technique has been used primarily in
the chem cal and petrol eumindustries and in the design of
critical facilities.

The PHA, al though chiefly an inductive nethod, can al so be used
in deductive analysis since it is primarily a systematic and

hi er ar chi cal listing of failures, accidental events and
circunstances leading to potentially catastrophic or nmajor
undesi rabl e consequences. Such listing of failure events and

their enabling conditions sinulates closely and i s conpl enentary
to a FTA (see below) since it pernmits the definition of hazardous
chains of events and affords insight in the initiating (i.e.
causal ) factors enabling failure. The unlikely adverse end event
can al so be analyzed in terns of nore probabl e subevents, down to
the common mnor failures in the domain of daily occurrences.
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TABLE 8-9. MALFUNCTIONS AND FAILURES (REF. 6)

POSSIBLE EFFECTS

Mechanical malfunctions

Equipment will not operate
Vibration and noise
Bearing problems

Power source failure

Complete inactivation of power dependent systems
Lack of propulsion during a critical period

Guidance failure of a moving vehicle

Failure during flight airborne systems

Inability to activate other systems

Failure of life support systems

Failure of safety monitoring and warning systems
Failure of emergency or rescue systems

Electrical system Failure

Entire system inoperative

Specific equipment will not operate
Interruption of communications

Detection and warning devices inactivated
Failure of lighting systems

Release of holding devices

POSSIBLE CAUSES

Broken part

Separation of couplings

Separation of fasteners

Failure to release holding device or interlock
Binding due to heavy corrosion or contamination
Misalignment of parts

Misaligned, ioose, or broken rotating or reciprocating
eguipment or parts
Broken or worn out vibration isolators or shock absorbers

Bearings worn due to overloading
Bearings too tight or too loose
Lack of lubrication

Prime mover failure
Internal combustion unit

- Fuel exhaustion or lack

- Oxygen exhaustion or lack

- Lack or failure of ignition source for chemical reaction
- Interference with reaction

~ Mechanical malfunction

— Failure of the cooling system

- Failure of the lubricating system

Blockage of steam, gas or water used to drive turbines

Excessive wear of power equipment
Mechanical damage to power equipment
Poor adjustment of critical device

Failure of connection to electric generator
Excessive speed due to lack of control

Loss of electrolyte for battery or fuel cell

Faulty connector or connection

Failure to make connection

Conductor cut

Fuses, circuits breakers, or cutouts open
Conductor burned our

Switch or other device open or broken
Short circuit

Overloading

8-21




The Failure Mbode and Effect Analysis (FMEA) - This is a nore
detailed analytical procedure, which is used to identify
critical and non-critical failure nodes. Si ngl e point
(conponent) failures which can | ead to systembreak down are
thus identified and fixes, such as redundancies or
oper ati onal bypass, are designed into the systens to prevent
them FMEA can be quantified if failure probabilities for
conponents can be used to derive the percentage of failures
by node. Critical and non-critical effects are used for
managi ng ri sk and preparing enmergency response plans.

Failure Mbde Effect and Criticality Analysis (EMECA) - This
type of analysis is a nore detailed variant of FMEA. It is
used for system safety analysis, to enable detailed
assessnment and ranking of critical nmalfunctions and
equi pnrent failures and to devi se assurances and controls to
[imt the inpacts of such failures (i.e. risk nmanagenent
strategies). FMECA is wusually a tabular |listing of:
identified faults, their potential effects, existing or
requi red conpensati on and control procedures, and a sumrary
of findings.

Fault Hazard Analysis (FHA) - This nethod is particularly
useful for inter-organizational projects that require
i ntegration, tracking and accountability. It is typically
used for space systens when nunerous contractors design,
test and certify various subsystens which nust be i ntegrated
into a payload or a final launch system FHA fornms displ ay
in colum format: the conponent identification by
subsystem a failure probability; all possible failure
nodes; the percent failures by node; the effect of fail ures,
up to subsysteminterfaces; the identification of upstream
conponents that initiate, command or control the failure and
any secondary failure factors or environnental conditions to
whi ch the conponent is sensitive.

Event Tree Analysis (ETA) - This approach is equivalent to
the qualitative part of Fault Tree Anal ysis (FTA, see bel ow)
and is used to display the Iikely propagation of failures in
a system Figure 8-4 is an exanple of an Event Tree which
is used to isolate a failure propagation sequence and
i dentify enabling conditions which can be controlled. Event
trees are used in FMEA, FMECA and FTA and require
identification of all failureinitiating events. Figure 8-5
is an exanple of an event tree for comercial space
operational failures.
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FIGURE 8-4. SEQUENCE OF EVENTS LEADING TO RUPTURE OF A PRESSURIZED TANK (Ref. 6)
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Double Failure Matrix (DEM - This nmethod is used to
list single vs. double subsystemfailures, only after
failure categorization by effects on the system have

been conpl et ed. Nanely, Fault Categories 1-1V
correspond to the severity of inpacts on the system
|. negligible, Il. marginal, 11l. critical and IV.

catastrophic. Then, for each subsystemthe conponent
failures and the corresponding fault categories are
listed in matrix form to determ ne how many ways a
certain hazard category can occur (single and nmultiple
failure nodes).

Hazard and Operability Analysis (Haz-Qp), or
perability Hazard Analysis (OHA) - This is another
nmet hod of safety analysis w dely applied in designing
conplex <chenical facilities. (9 This procedure
involves the examnation of design, piping and
i nstrunment di agranms (P& D) and operation flowcharts in
order to ask a "what if" question at each node. What
woul d happen if a deviation fromnormal operations and
design conditions occurs at this point (Figure 8-6)7?

I ! t 1

Selgct PosFuI‘ate Assess Assess Note Finalize list of
unit deviation [ consequences likelihood | potential —®| potential
hazard hazards

I ! )
I

Reggest Evaluate
. additional information —
information

A 4

FIGURE 8-6. HAZ-OP METHODOLOGY (REF. 10)
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This nmethod is equivalent to the FVMEA analysis in the sense
that it permts identification of critical failure
initiators, single point failures, malfunction chains and
their effects on other parts of the system propagation of
failure. Design flaws that require safeguards to insure
operability (doubl e val ves, bypass redundance | ogi c, manual
overrides, etc.) can thus be uncovered. This nethod is used
both in pre-design and post-design analyses to achieve
design wverification, set acceptance criteria, meet
objectives in system operation, provi de procedural
nodi fications to ensure safe operation and enplace
nonitoring of safety critical itens. A Haz-Op variant is
LAD (Loss Anal ysis Diagran), used to conpare design options
and determine the risk acceptability levels or safety
margins in design. Simlarly, contingency analysis is used
as a conplenentary risk analysis nmethod to Haz-Op, in order
t o manage ri sks, when | oss of control or a critical accident
occurs.

In contrast to the above approaches, deductive risk analysis
nmet hods require reasoning fromthe general to the specific: A
system failure is postulated and the subsystem failure nobdes
leading to it are analyzed and broken down to the term nal or
initiating failure event level ("top to bottom or "top down"
approach). Most accident investigations are of this type and are
used to determine how a system failure can occur.® This
i ncl udes:

. The Fault Tree Analysis (FTA) Mthodology for Hazard
Assessnent - The FTA technique is a logical nethod for
di splay and analysis of the hierarchical |I|inkage and
propagation of failure events |leading to the adverse end
result, placed at the top of the "tree.” Branches in this
logic tree represent alternative failure paths leading to
the stipulated end event and display interdependencies of
failures. A staged fault tree (Figure 8-7) allows the
definition of internmediate levels of the events and
conditions that are necessary or enable failures to
propagate to the top of the tree. The internediate failure
events may, in turn, result from the aggregation of |ower
level failures from systemlevel down to subsystens and
conponent failures. The bottomlevels display the failure
initiating or tree termnal events. Critical factors and
interrupt nodes for failure chains can be identified and
quantitatively exam ned. The nodes of the fault tree
represent |logic AND or OR gates.
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E1

E2

E3 K2

E4

E5

Legend: Faults

E1-Topevent

E; ...Esintermediate fault event
R = primary failure

S,Sq = primary failure

K1,Kz = primary failure
T = primary failure K1 R

Circles denote terminal events

Rectangles denote fault events requiring further branching development and analysis into sub events.

@ - OR gate with two independent input events, either of which can lead to failure, but which cannot occur
simuitaneously {plus denotes additive probabilities)

G - AND gate specifies a causal faillure where input faults jointly cause the output fault and the dot denotes a
product of probabilities (both must occur for failure)

FIGURE 8-7. BASIC FAULT TREE SCHEMATIC (REF. 8)
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The AND gate represents the sinmultaneous occurrence of conditions
or events necessary toresult in failure propagation up the tree.
An OR gate indicates that each individual failure event entering
is capable of leading to higher Ilevel failures. Car ef ul
consideration nust be given to the independence or nutual
i nt erdependence of events entering a particular logic gate to
insure the correct use of joint and conditional probability
concept s.

In the case of ELV |aunch or orbital failures, a fault tree may
be used to highlight single point (critical) failures and "conmon
cause" (not independent) failures which nust be "desi gned out” by
redundancy or greater safety margins. Cl ever analysts use
"exclusive OR gates,"” by defining nutually exclusive sets of
failure events or aggregating lower |evel failure events into
conpl ementary groups to facilitate estimation of probability at
each node of this event fault tree. FTA can be used both for
qualitative, and for quantitative anal ysis of hazards. However,
qualitative results nmust be conbined with accurate failure rate
data in order to achieve neaningful quantitative results.

Assum ng i ndependence of failures, there are five "mninmal cut

sets,"” i.e., intersection of events, whose probabilities are
added at OR gates (provided that individual failure probabilities
are very snmall so that probability products are negligible
conpared to their sunm), and nmultiplied at the AND gate.
E, = T+ E, =
= T+ (K + E) =
= T+ K, + (SE) =
= T+ K, +S (S +E) =
= T+K +(SS) +S (K +R =
= T+ K +(SS) +S (K +95-R
The mnimal cut sets are T, K,, S-S;, S:K, and S-R (two singles
and three doubles). The largest contribution to the
probabilities will come fromthe single point failures T and
K, (critical failures), since the small probabilities of
occurrence for the individual failure events, S, S;, K, and R
t he product of their probabilities will make a very small, and

possi bly negligible, contribution to the final event
probability. Probabilities of sinmultaneous failures at AND
gates necessary for a higher level failure to occur, may be
multiplied in sonme approximations only if conditiona

probabilities for interdependent failures are subtracted and
the correct di mrensionality is preserved. Usual |y,
probabilities of independent events at OR gates are added, if
P<l1. Correct dinmensionality nust be observed for all types of
| ogi ¢ gates.®
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Each branch of a failure event tree nust be quantified in a
consistent manner using either frequency wunits (1/time
di mensi ons, rate per year, per hour or per event) or normalized
di nmensi onl ess probabilities. By using observed or
proj ect ed/ expect ed val ues for the frequency or probability of
various failure nodes and by analyzing how they occur, the
i kelihood of each hazardous event can be quantified. Ri sk is
the product of this probability (or frequency) by the
consequence magnitude of the undesirable event. The correct
probabilistic dependencies (conditional, joint, nutually
exclusive) for the occurrence of failure events of the |ower
branches permt their quantitative aggregation at gates and up
the tree. References 1, 3, 7, 8 and 10 discuss and illustrate
the application, wuse and practice of FTA and other
Probabilistic Risk Analysis (PRA) nmethods, such as FMEA, in
i ndustry and Gover nnent.

The NRC and DCE have nmade extensive use of PRA in anal yzing,
I icensing and regul ati ng t he operati on of nucl ear power pl ants;
in prioritizing generic nuclear industry, transportation and
wast e di sposal safety issues and in perform ng environnental
i npact anal yses. (**+16 DOD has al so used PRA to devel op and test
nucl ear weapon systens. PRA is a conprehensive and integrated
anal ysi s of failures capabl e of reveal i ng their
interrelationship and their Iikelihood. Thus, in spite of its
uncertainties, high cost, effort and limtations, PRA has
proven useful to regulators of technological risk both to
hi ghl i ght gaps in know edge and areas of research need and in
directing the industry and regulatory efforts towards redress
of high |leverage safety problens. PRA's have aided in
formulating safety goals, criteria and defining risk
acceptability levels and nunerical conpliance targets for
i ndustry.
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10/ 2/ 95 rev
9. APPLI CATIONS OF RISK ANALYSIS TO SPACE LAUNCH
OPERATI ONS

9.1 LAUNCH RI SK ANALYSI S OBJECTI VES

Risk Analysis is not an end in itself, but rather a neans to
acconplish other goals: the identification of hazards and the
assessnent and quantification of risk provide insight to the
overall acceptability of a program such a comrercial space
| aunch canpaign, from operational, regulatory or societal
viewpoints. If the associated risk |evel appears unacceptably
high to the public agency sponsoring or regulating the activity,
t he anal ysis can provide i nformati on needed to control and reduce
the risk. The whole Range Safety Control process ( see Ch. 2,
Vol . 1) is predicated on risk avoi dance, m nim zation of accident
i npacts and the protection of population centers (see also Ch.
10). Ri sk values related to space-launch activities may be
generally categorized in tw ways: (1) the probability of
vehicle failure, including all possible failure nodes, that could
| ead to debris inpact events and their probabilities; and (2)

consequence estimation, i.e., expected casualties or damage. The
probability of debris inpacts generally neans that at |east one
object inpacts in a specific area. The casualty estimation
generally used is one of two types: (1) the probability of

casualty, defined as the probability of one or nore persons
sustaining an injury; or (2) the expected nunber of casualties,

defined as t he nunber of persons expected to sustain an injury as
aresult of at |east one object inpact in a specific area. These
concepts have al so been discussed and illustrated in the context
of Range Safety destruct actions (Ch. 2, Vol.1 and Ch. 10 ) and
re-entry hazards (Ch. 7, Vol.?2).

The following is a list of general uses and applications of Risk
Anal ysis in the context of space m ssion planning, approval and
i mpl enent ati on:

. A risk study can serve as a tool in the total decision
maki ng process for the Range or the sponsoring organi zati on.

. Excessive risk may reveal the need for a Flight Term nation
System (FTS) or other programrestrictions (e.g., restrict
| and overflight or |aunch azi nmuths). (3%

. Results are a tool to help underwiters price comercia
space i nsurance.

. Results may indicate the requirenent that an existing or
pre-desi gned FTS or other critical ELV systembe redesigned,
if such a redesign can significantly reduce



these risk levels via greater safety margins or introducing
redundanci es. (3

Results may indicate the need for evacuation of Range
personnel , enforcenent of roadbl ocks, restricted sea | anes
or airspace, novenent of critical equi pnent, call-
up/ purchase of additional real estate or justification for
currently controlled | and. (29

Resul ts m ght showthe necessity to nodify the support plans
for other Range support elenents permtted within the
evacuated area, i.e., manned optical tracking sites.

Results can be used in the devel opnent of ELV flight safety
operational support plans to include procedures, destruct
criteria and whole vehicle versus destruct case (many
fragments) inpact decisions. (101

Resul ts can be used to al ert the Range or Sponsor nmanagenent
to excessive on-site or public risk exposure levels for
gi ven launches or total progranms. It is then the decision
of managenent on which course to proceed. (17

Results mght identify |aunch scenarios and patterns that
require mssion operational procedure changes or hardware
redesign/nodification to allow the selection of |ess
hazardous options, based on cost/benefit or operational
constraints and priorities.(1®

Results may i ndicate the need to construct newfacilities in
cases where it is not acceptable to wuse existing
facilities. (2

Results mght reveal the need and advantage of providing
positive protection for nonevacuated personnel (shelters,
barri cades, bunkers, Dblockhouses, etc.) and critica
equi pnment required in the evacuated area. (?9

Results can be used to establish and define limting
criteria which my be wused both quantitatively and
qualitatively. I npacts of single |launches or cunul ative

i npacts of space |aunch progranms can be conpared in this
manner . (1932

Ri sk studi es can provi de docunented evidence that specific

hazards wer e conside(ed i n an objective and rational manner
i n devel opi ng operation plans. (813
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. "Risks to launch" results identify the reliability of the
Range support equi pnent and personnel and can be used for
the fol |l owi ng purposes: (193

a. ldentify high risk from inadequate Range support
el ements and, therefore, assist in increasing total
reliability and reduci ng hazards i nvol ved i n | aunchi ng.

b. | ncrease Range operational safety and supportability.

C. I ncrease Range capability and attractiveness to
potential users.

A general nethod that satisfies all possible analytical problens
related to space operations does not exist, as discussed in

Ch. 8. Historically, the National Ranges have devel oped their
own conputer progranms for risk studies and analyses, as
appropriate to specific tests, launch vehicle systens or Range
operation problens. Al though no standardization exists at
present between the Ranges regarding nethodol ogy, conputer
prograns and anal ytical tools (mainly because of different siting
and denographics, but al so because of specialized uses of each
Range), the major types and el enents of space risk analysis do
recur. Mor eover , there are technology transfer and
standardi zation efforts in progress at ESMC and WBMC. A typi cal
Ri sk Analysis requires five basic categories of data:

Systens failure nodes and their probabilities.

| npact probabilities and distributions resulting from
failures or normal |aunches.

A nmeasure of lethality of inpacting debris.

Locati on and nat ure of popul ati on and structures pl aced
at risk by the m ssion.

Launch pl ans, subject to Gound Saf ety and Range Safety
constraints.

o R NE

Various elenents of these categories may be considered in
devel opnent of a Risk Analysis for a space |aunch vehicle,
m ssi on and/ or operation.

The end result of a R sk Analysis for a specific |aunch and
orbital mssion is valid only to the degree of reliability and
conpl eteness of the inputs and their applicability to a given
| aunch vehicle or site. A result valid for one Range nay be
nmeani ngl ess for another, because flight corridors, destruct
criteria and inpact |limt lines are designed to be site-specific
and are tied to the launch azimuth. Risk Analysis results nmay
have orders of magnitude uncertainties, since they generally
reflect conpounded uncertainties in both initial and boundary
conditions, i.e., in assunptions, nodeling sinplifications,
approxi mati ons and possi ble errors of om ssion in the antici pated
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failure nodes and tines. Ri sk studies, as applied to date to
space operations, have been used as aids in the decision-naking
process in conjunction wth other factors (proven Range
capability, experience, precedent, national interests and
priorities, etc.). Therefore, there are no general, uniformand
firmy established acceptable risk |levels for space operations, (¥
al t hough policy decisions and ri sk acceptability guidelines have
often been based on matrix-type risk assessnents (Ch. 10). (39

Several m ssion agencies have devel oped such matrix-type risk
cl assification, ranking and evaluation procedures, which
facilitate the objective definition of acceptable and
unaccept abl e ranges of risk. The formal DOD risk matrix for
space launches is illustrated in Ch.10.(® The DOD qualitative
hazard probability classificationranges fromLevel A (frequent),
B (probable ), C (occasional), D (renote), to E (inprobable).
Simlarly, the consequence severity categories, which account for

damage, injuries or both are: I, catastrophic; Il, critical
11, marginal; and 1V, negligible. Hazard anal yses attenpt to
r ank failures and acci dents in a t wo- di nensi onal

probabi | i ty/ consequence nmatrix and assign a hazard i ndex to each
acci dent accordingly (e.g. 1A, 2E, 4D). Then these can be judged
acceptabl e, undesirable or unacceptable according to suggested
criteria.®® The logic flow of a general risk assessnent
procedure, as it typically applies to DOD space operations, is
shown in Figure 9-1.16

NASA has, however, established explicit [launch safety criteria
and nunerical risk acceptability goals, as detailed in Sec
9.2.(M NASA uses a nmishap (or accident) severity classification
consisting of three hybrid categories: A - causes death, damage
exceedi ng $500,000 or destruction of space hardware and/or
spacecraft; B - causes permanent disability to one or nore
peopl e, damage valued at $250,000-500,000; C - causes only
occupational injuries and/or < $250,000 danmge. (™% NASA has
traditionally required Safety Assessnent Reports (SAR) for al
m ssions that may deviate from proven safety procedures and set
safety criteria and standards.

DCE has al so devel oped and used extensively risk ranking matrix
nmet hodol ogi es, that conbine and trade off the frequency and the
severity of an event. However, the severity of consequence
classes, A, B and C from worst to least, differ by loss type
fatalities, property loss, or environnmental pollution effects).
The accident frequency scale ranges from probable (1-100 years
return period), to reasonably probable (100-10, 000 years), renote
10 thousands toten mllion year) and to extrenely renote beyond
this return period for the accident or event.
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What is involved in <«

accomplishing the mission?

¥

What are the hazards associated
with the elements required for
mission accomplishment?

v v v
Mishap Severity Mishap Probability Mission Exposure
How severe are the What is the probability of What is the unit’s
hazards? a mishap occurring? exposure to a mishap?
v 2
\ 4
What is the level of risk?
Feedback
v
Is this level of risk acceptable? 4
A4 A
YES NO
v v
Requested waiver or — Eliminate or reduce risk
deviation, if required
~ Modify system

l»| Use alternate system

Lﬂ Cancel operation

FIGURE 9-1. GENERALIZED RISK ASSESSMENT PROCEDURE (Ref. 16)
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Note that the probability of an event corresponding to a 100
years return period is 102 per year. The matrix risk ranking
schene permts first order (probable and severe) risks to be
defined, down to fourth order (renmote - C, or extrenely renote -B
events). (37

9.1.1 System Fai |l ure Modes and Probabilities
Launch Vehi cl e physical data used may incl ude:

Propel | ants

Expl osi ve/fuel chem cal properties
Fragnent ati on characteristics

Mass

Shape

Ballistic coefficients

Fl i ght dynam cs

Fl i ght Term nation System (FTS)

Qui dance and control

Stage burn tinmes and separation characteristics
Lethality of debris, as represented by the Lethal Area

The failure nodes and associated probability of failure are
required if other than a nornmal launch is addressed. (°
Estimates for failure node probabilities are typically based upon
know edge of the vehicle's critical systens and expert assessnent
of their reliability conbined with historical data, when
avai l abl e. (8111718 The single point (critical) failure systens,
such as the FTS, are designed, tested and certified to very high
reliability standards: at WoBMR the FTS reliability quoted for a
non- redundant FTSrequired for a typical sub-orbital research or
soundi ng rocket system is .997 at a 95% confidence |evel.
However, higher reliabilities with failure probabilities of 10°
apply to redundant FTS systens required for large ELV s.
Typically, FTS designs are required to be "single fault tol erant™
i.e., redundant.(®

The total probability of an ELV operational failure includes
contributions fromall foreseeable failure nodes which can | ead
to either thrust termnation or nmalfunction turns. The
occurrence of failures during a critical tine interval, such as
t he boost phase or stage separation, permts the estimation of
failure rates versus tinme into flight. |Illustrative figures for
the two major failure nodes for Titan 34D as a function of tine
into flight are given in Table 9-1. These figures are based on
an anal ysis of past |launch perfornmance data for the Titan famly
of vehicles, corrected for learning, i.e., the inprovenents in
manuf acturing, assenbly and operational procedures which take
place after a failure is diagnosed, analyzed and fixed. (33
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TABLE 9-1. TITAN l1i/34D FAILURE RATES USED AT WSMC*

KEY FAILURE RATE (SEC.-1)

FLIGHT TIME (sec) MALFUNCTION TURN THRUST TERMINATION

0 1.93x10-5 1.93x10-5
60.4 1.93x10-5 1.93x 10-5
181.5 1.93x 10-5 1.915x 10-4
2585 1.93x 10-5 1.915x 104
259.5 3.14x 105 9.53x 10-5
260.5 6.27 x 10-5 1.93x 10-5
476.0 6.27 x 10-5 1.93x 105

* . Based on VAFB/WSMC and historical launch failure data, Reference 39.

9.1.2 | npact Probabilities

The regions or areas exposed to |aunch operations or accident
hazards nust be identified (see Ch. 4). These may be subdi vi ded
into small er sections, critical |ocations of people or buildings
that are specified for subsequent risk calculations. Al risk
anal yses require esti mates of t he probabilities of
debris/fragnments fromfailed vehicle inpacting w thin hazardous
di stances of personnel or structures in the region. ("2 The
probability of an inpact, P, for a public area requires
consideration of all failure chains which could endanger it and
al ways inplies an FTS failure whose probability is P;, given that
a critical vehicle failure of probability P, has occurred.

The design and engi neering associated with the devel opnment of a
systemis geared to produce a properly functioning vehicle. As
a consequence, there are generally no data defining vehicle
performance characteristics after a «critical failure has
occurred, except environnent definition and vehicle response
scenari os assunmed. These data are required for neani ngful risk
assessnent. To provide such data, several conputer nodels
di scussed below in Sec. 9.2 have been devel oped to sinulate
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vehicle responses after a given gross failure nobde has
occurred. *®  These conputer nodels are used as part of the
conput ational process for generating debris inpact probability
density functions. These nodels conbine, statistically and
dynam cally, well defined vehicle data with expert engineering
estimates to predict vehicle performance after a failure occurs
(e.g., Table 9-1). Sonetinmes failures that occurred during
design verification and system tests can be used to infer in-
flight failure behavior. Also, Mshap Reports, which are based
on failure diagnostics and accident investigations, help to
refine these conputer prograns or their external data files with
field data. (®3% Failures possible during each | aunch and fli ght
phase nust be considered separately, in order to isolate those
with the potential for public safety inpacts.

9.1.3 Debris Lethality

An inportant aspect of the vehicle data problem that nust be
addressed prior to performng risk calculations is to determ ne
what occurs after vehicle failure and fragnentation (whether on
command or spontaneous) | eading to ground inpact. The nunber of
fragnments, their sizes and shapes will ultimately define the
hazard and casualty area for a given vehicle or fragnment inpact
(Table 9, Ref. 37b). Debris are characterized by their size,
mass, area and ballistic coefficient to determine if they survive
re-entry and their termnal velocity at ground i npact. The data
itens which are often developed for this part of the problem
i ncl ude: an inpact energy distribution budget, secondary
expl osive energies available (if any) at inpact, secondary
fragnents which may result from inpact (splatter effect) and
ricochet probabilities and characteristics.(?2 Aso, the
l'i kel i hood, severity and extent of toxic vapor clouds, pool fires
and blasts are used to calculate hazard areas for the various
hazard nechani sns (see also Ch. 5, Vol. 2 and Ch. 10).

9.1.4 The Meani ng of Casualty Expectation

The quantity nost frequently enployed to evaluate the risk
associated with the testing and operation of a space |aunch
system is called casualty expectation, E. This quantity
corresponds to the expected or nean nunber of casualties or
injuries if an ELV is |aunched according to a specific mssion
pl an. The specific approach to conpute casualty expectation is
adapted by the Nati onal Ranges to fit their specific problens and
| aunch situations. ?”2® |n general, E is obtained by considering
the foll ow ng quantities:

. The area, A, in which debris inpacts can occur,
partitioned into A subsets of areas.
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. The fragnment inpact probability density (P) on A
produced by a given systemfailure.

. The hazard area, Ay, associated with an inpact on A
is the effective casualty (lethal) area for an
i npacting piece of debris.

. N, the nunber of people in A at risk from debris
i npacts.
. V, vulnerability, i.e., thelikelihood that a structure

(hardened or not) wthin A; can be penetrated by
debris or that a person can be injured as the result of
I npact . This is only explicitly factored when
estimating risk to off-shore oil platfornms and on-site
facilities. (1720

These quantities are then used in an equation of the form

v A
F = P H'Z\T
c_z iA-l i
1 1

The E, estimate, as a neasure of risk for a given test, is often
cal cul ated by sunm ng the risk over the hazard area for the test
with each element of the sum These are wei ghted according to
the probability, as a function of tine after |aunch, of the i-th
failure node which may require destruct or lead to vehicle

fragnentation (Table 9-2). It nust be noted that Ec is not the
probability of a casualty, because it can be >1 in special cases.
For illustration of the difference, in case of one accident per

1,000 with an average of 5 casualties per accident, Ec is
5/ 1,000, but the probability of a casualty is 1/1, 000.
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TABLE 9-2. OVERFLIGHT LAND IMPACT PROBABILITIES & CASUALTY EXPECTATIONS AT ESMC

( Ref 37)
Flight
Vehicle Az. (Deq) pi** Ec*
Titan 34D/Transtage (1) 93 2.2x10-5 2.1x108
97 1.7x10-5 1.2x10-8
101 1.4x10-5 0.7x10-8
105 1.1x10-5 1.1x10-8
109 0.9x10-5 1.5x 10-8
112 0.7x10-5 1.3x108
Titan 34D/IUS (2) 40 unknown 1.6x 106
44 i 0.4x106
48 “ 0.2x 106
52 " 0.7x10-6
56 " 0.3x10-6
60 " 0.1x 106
Space Shuttle (3) 39 i 3.5x107
61 “ 7.5x10-8
90 “ 1.8x10-7
Atlas Centaur (4) 80 1.5x 10-2 9.6x 106
90 0.66 x 10-2 40x 106
100 0.28 x 10-2 0.7x10-6
110 0.14x 10-2 1.3x10-6
Delta (5) 95 4x 103 3.7x10-6
108 8.1x 104 83x 107
Notes:

(4)
(5)

*Ec

1982 study. Failure rate for stage thrusting during dwell time over Africa assumed to be 2.3 x 10-5
failures/sec. Ac = 860 sq. ft.

1978 study. Failure rate for stage thrusting during dwell time over Africa = 2.3 x 105 failures/sec. A, = 400
sq. ft.

1981 study. Failure rate assumed for overflight stage 2.9 x 107 failuresisec. As part of same study, NASA
estimated catastrophic failure probability for solid rocket motor of 1x1 0-4; the Range estimated 1 x 10-2.

Study from mid 1960's with failure probability for Centaur stage = 0.33
Study from mid 1960's with failure probability for Agena stage = 0.108

Probability of land impact equal to the product of the dwell time over land with the failure probability of
the vehicle stage thrusting during the dwell period

Casualty expectation equals product of Pi. the population density and the area exposed to re-entering
fragments
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9.1.5 Popul ation/ Structures Data

The maj or purpose of a |launch risk analysis is to determ ne the
magni tude of hazards to personnel and structures posed by a
| aunch and/or total program Public risk exposure is of concern
primarily near the | aunch site and during the first mnute after
| aunch, when, if the vehicle fails, it may veer towards popul at ed
areas protected by inpact limt lines. The FTS nust also fail (a
double failure must occur) in order to violate the destruct
l[imts designed to protect the public. The probabilities of such
double failures are typically very low, on the order of 10° to

108, (37 Locations of buildings and structures and the
di stribution of popul ation throughout the area nust be known, as
wel | as other facts, including:

. Shel tering capability of occupied structures, i.e., the
ability to wthstand debris i npact and protect against
over pressures fromexpl osi ons or inpact kinetic energy
conver si on;

. Frequently, popul ation distributions may be functions
of the time of day or week and may be significant in
ri sk tradeoff studies;

. Ri sk | evel s can be directly affected and controlled to
sone extent by popul ation control, sheltering, Range
cl earance or by preventing people fromentering these
areas (e.g., road-blocks).

Based on such an analysis conbined with mssion profile
constraints, the Inpact Limt Lines (ILL) beyond which the
vehicle and its fragnments should not inpact are determ ned for
each [aunch to protect population and structures. Infringenment
of the ILL warrants a positive destruct action (see Ch.2, Vol.1).

9.1.6 Launch and M ssion Pl anning

The actual inplenentation of operational plans under |aunch
conditions ultimtely determ nes the actual risk exposure |evels
on and off-site. (11-13.18) Integral to the analysis are the
constraints posed by the foll ow ng:

. Launch area/ Range geonetry and siting
. Nomi nal flight trajectories/profiles
. Launch/rel ease points
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. Inmpact |imt Jlines, whether based on risk to
popul ation/facilities or balanced risk criteria.

. FTS and destruct criteria
. W nd/ weat her restrictions
. I nstrunentation for ground tracking and sensing on-

board the vehicle
. Essential support personnel requirenents.

The Range Safety Goup (or its equivalent) typically reviews and
approves |l aunch pl ans, inposes and inpl enents destruct |ines and
ot her safeguards, such as NOTAMs (Notice to Airnen), Air Space
Danger Area notifications and radio-frequency nonitoring (see
Ch.2, Vol 1).

The launch (normal and failure) scenarios are nodeled and
possi ble system failure nodes are superinposed against the
proposed nom nal flight plan. Hazards and risk resulting from
all known or hypothetical failures are sunmed in the overall E,
for the |l aunch. A range of values (risk envelope) rather than a
single probability or casualty expectation value is determ ned.
The hazard to third parties is dependent upon the vehicle
configuration, flight path, launch |ocation, weather and many
other factors ( see Ch.5, Vol.2). It should be possible to
tabul ate casualty expectations and inpact probabilities for a
particular range, vehicle and typical flight path, but this
information is not easily available in the public domain
presently.

9.2 LAUNCH RI SK ANALYSI S TOOLS.
9.2.1 Pre-launch Safety Requirenents.

Any contractor or |aunch vehicle manufacturer using a National
Range nust conply with extensive safety requirenents, (“® and
submt sufficient data regarding the mssion trajectory and
vehicle performance to support the mssion safety evaluation

oper ati onal pl anni ng and approval . (¢12 A Bl ast Danger Area around
the ELV on the launch pad and a Launch danger Area (a circle
centered on the pad with tangents extended along the [|aunch
trajectory) are prescribed for each ELV depending on its type,
configuration, anount of propellants and their toxicity, TNT
equi val ents, expl osive fragnment velocities anticipated in case of
an accident, typical weather conditions and plune nodels of the
| aunch area.

The list of safety docunents that a Range User nust conply with
is a conprehensive set of G ound and Range Safety requirenments
(5-7.16)  The scope of the effort involved to apply them
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to mssion analysis and approval is well illustrated in a four
vol une | ntegrated Accident Ri sk Assessnent Report (I ARAR), which
includes quality assurance and certification of critical
conponents and subsystens, el ectro-expl osi ves, hazar dous
propel l ants and chem cal information, vehicle description and
payl oad/ system safety checks.® In the case of nan-rated space
systens, like the Shuttle, the customary safety requirenents and
the lengthy lead tine required for m ssion planni ng and approval
become even nore cunbersone. (23  More typical are the m ssion
approval docunentation submtted to the Range, such as the Flight
Pl an Approval and Flight Term nation reports illustrated by Refs.
10- 13 and 15.

A Flight Safety Plan and supporting data nust be supplied by the
User to the National Range, prior to mssion approval and
oper ati onal planning. % Each |aunch is eval uated based on

y Range User dat a subm ssion requirenents fromthe hazard
anal ysi s view poi nt; (1822

. | aunch vehicle analyses to determine all significant
failure nodes and their correspondi ng probability of
occurrence (FMEA's and Reliability Anal yses); (%D

. the vehicle trajectory, under significant failure node
conditions, which is analyzed to derive the inpact
probability density functions for intact, structurally
failed and destructed options; (11-13)

. the vehicle casualty area based upon anticipated
(nodel ed) conditions at the tine of inpact; (1013

. conputed casualty expectations given the specific
| aunch and mission profile, population data near the
Range and al ong the ground track. (201 Shelters may be
provi ded, or evacuation policies adopted, in addition
to restricting the airspace along the | aunch corridor
and notifying the air and shi ppi ng conmunities (NOTAM
to avoid and/or mnimze risks;

. an Accident Risk Assessnent Report (ARAR) prepared to
identify hazards of concern, causes, controls and
verification pr ocedur es for I npl ementi ng such
controls. (®

The ESMC and WBMC Range Safety Requirenents specify the data
subm ssions expected from Range Users to enable hazard

assessnments prior to granting |launch approval, including:
. determnation of significant failure nodes and
derivation of I npact probability density

functi ons(PDF);
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. eval uation of casualty area based on vehicle break-up
anal ysi s;

. conputation of dwell times over |and; I mpact
probabilities; casualty expectations based on |and
area, geography and popul ati on densities;

. sanpl e cal cul ati ons and docunent ati on.

M ssions invol ving nucl ear power packs or payl oads nust qualify
based on very stringent safety criteria and are approved only
after review by an Interagency Nuclear Safety Review Panel
(INSRP). Detailed risk assessnents have been performed by NASA,
DOE, DOD and their contractors for the INSRP prior being all owed
to launch satellites wth nuclear power sources such as
Radi oi sot ope Thernmal Generators (RTG on-board the STS. (2528

9.2.2 Ri sk Mdels and Safety Criteria Used at National
Ranges.

The Range Safety G oup, Range Conmanders Council (RSG RCC) has
revi ewed a nunber of the conputer nodels used by five of National
Ranges (including the Wiite Sands M ssile Range - WSMR, Western
Space and Mssile Center - WoMC, the Pacific Mssile Test Center

- PMIC, US Arny Kwajalein Atoll - USAKA, and the Armanent
Devel opnent Test Center - ADTC) to assess |l aunch-related risks to
on- Range personnel and the public.® Different nodels and

conput er codes are used at the Eastern (ESMC) and Western (WSMO)
Test Ranges, and at the NASA/ GSFC Wal | ops | sl and Launch Facility
(WFF) because |aunch vehicles, mssion objectives and site
speci fics vary, (71819

The evaluation of |aunch associated hazards is based on Range
destruct criteria designed to mnimze risk exposure to on and
of f - Range popul ation and facilities. Conputer nodels are used to
simulate mssions for optimzation and approval or run in real
time for Range Safety Control Oficers to nonitor flight
per f or mance.

The DOD Ranges do not have published requirements for acceptable
| evel s of public risks, presunably because national security
interests can take precedence in testing new | aunch systens and
[ aunchi ng defense payl oads and spacecraft. Since launch risk
exposure to the public is primarily controlled in real-tine by
the Range Safety personnel rather than the Range User, the
residual and uncontrollable hazards to the public are re-entry
hazards due to failures to achi eve proper orbit and premature re-
entry of the payl oad.
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The NASA/ WFF Fl i ght Safety Plan, conpares the risks associated
with a specific mssionto "acceptable risk criteria,"” such that:

. casualty expectation <107 for planned or accidenta
i npact and re-entry of any part of the |launch vehicle
over any |l and nass, sea or airspace;

. probability of inpact with potential damage to private
property <10 * (unless an SAR is prepared and approved
or a waiver is obtained);

. probability of inpact wwth flight support aircraft (for
met eor ol ogi cal nonitoring, or tracking support of <10
(note that other aircraft are excluded by NOTAM and
ai rspace restrictions);

. probability of inpact with ships and boats within the
inpact area (inside a 50 mle radius fromthe |aunch
points) of <10°. (Sone Ranges observe a 20m.
radi us; ®® Wl lops Flight Facility surveys out to 100
m | es. (40)

From 1961 to 1983, \Wal |l ops has experienced 14 | aunch fail ures out
of over 10,000 sub-orbital |aunches of sounding rockets,
resulting in an observed | and inpact probability of 2.8 x 1073
O these, only three i npacted outside the | aunch site area (i.e.,
P =6 x 104 . Assuning an average popul ati on density of 64 per
sq m., the casualty expectation based on this observed vehicle
failure rate is 8 x 10°. Simlarly, for debris dispersal over
water, a ship traffic density of 2.6 x 10°° per sq. nm per day
was used, resulting in an expected 3.7 x 107 probability of a
sustainer inpacting a ship. For conparison, Willops threshold
shi p-i npact probability criteria are <10° corresponding to 20x
i ncreased al |l owance for ship inpact.

Range Safety Reports, Safety Analysis Reports (SAR s) and ot her
such probabilistic Hazard Analyses nust be prepared by Range
Users for M ssion Approval at nost National Ranges whenever a new
| aunch vehicle configuration (e.g., a Titan with an |1US or
Cent aur upper stage), an unusually hazardous payload (e.g., a
nucl ear powered spacecraft) or a trajectory with | and overfli ght
are involved (i.e., whenever "deviations" from approved safe
procedures, vehicles and prograns are filed). Simlar reports
are needed for US-sponsored |aunches from foreign territories.
Ei ther the User submts the data for the Range to carry out its
own hazard analyses or the User prepares such a docunent on
request . (®

Saf ety Assessnent Reports (SAR s) were typically prepared by NASA

GSFC/ Wal | ops Flight Facility (WFF) for sub-orbital |aunches from
foreign territory. Two references are representative of the
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types of | aunch hazards of concern and the NASA approach to risk
assessnent: The SAR for Project CONDOR invol ved | aunches in 1983
from Punta Lobos, Peru, using Taurus-Orion, Terrier Malenutes,
Ni ke-Orion, Black Brants and simlar sub-orbital vehicles to
 aunch retrievabl e at nospheric soundi ng research payl oads. (79

Range Safety QGuidelines mnimze post-launch risks to the public
by i nposing a nunber of restrictions: e.g., no |and over-flight
corridors are selected if it is possible to have | aunches and
flight paths over water. However, for |and-Iocked | aunch sites
such as WBMR, strict overflight criteria restrict both | and and
ai rspace corridors to on-Range and Ext ended Range areas. (? There
are no intentional off-Range |and inpacts permtted for any
normal |y jetti soned booster and sustai ner casings and sufficient
safety margins are provided within the destruct corridor to avoid
i npacts on popul ation centers by accidentally or intentionally
generated debris. For WBMR | aunches, typical observed limts on
risk to nearby population centers are | and inpact probabilities
of < 10°on-range and < 10’ off-range, resulting in casualty
expectations of < 107 to 10°.

Model s, run sequentially or in parallel, are designed to conpute
ri sks based on estimating both the probabilities and consequences
of launch failures as a function of tine into the m ssion.
| nputs and external data bases include data on m ssion profile,
| aunch vehicle specifics (e.g., solid or liquid rockets, stages,
configuration), |ocal weather conditions and the surrounding
popul ation distribution. Gven a mssion profile, orbita
insertion paraneters and desired final orbit, therisks will vary
in tinme and space (see Ch. 10). Therefore, a |launch trajectory
optim zation is perforned by the Range for each proposed | aunch,
subject to risk mnimzation and m ssion objective constraints.
The debris inpact probabilities and |ethality are then estinated
for each launch considering the geographic setting, nornma
jettisons, failure debris and denographic data to defi ne destruct
lines to confine and/or mnimze potential public risk of
casualty or property damage.

The National Ranges use either a circular or an elliptical
footprint dispersion nodel to analyze vacuum and w nd-nodified
i nstantaneous inpact points (IIP) from both normal stages
jettisoned during launch and Ilaunch debris (failure or
destruct). ™ The debris dispersal estinmtes generally assune
bi vari ate Gaussi an di spersion distributions. (2 Risk contours
are estimated as inpact probabilities or casualties expected per
unit area centered on the Il (nomnal inpact points) or on a
specific site (land, comunity or Range) of interest. Al l these
nodel s are simlar in approach, but quite site-specific in the
use of databases, which depend on Range |ocation and on the
geographi c area and associ ated popul ation distribution at risk.
The nodel s may be run either as sinulation to assist in analyzing
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and selecting launch options, or can be run in real-tine, to
monitor a |aunch operation.

The i nformation and ri sk conmputation | ogic flowdepicted in Figs.
9-2, 9-3 are used in a conputer program devel oped to cal cul ate
relative risks to population centers along the flight corridor
ground-track, nanmely the LARA - Launch Ri sk Anal ysis program and
its later upgrades.(**2)  The LARA programis in use at WBMC and
PMIC and is being introduced at ESMC. Figure 9-4 shows a sanple
real-tinme debris footprint display nonitored by Range Safety
Oficers at WBMC during each | aunch operation. It is based on
conputed and wi nd-corrected trajectory and LARA i npact patterns
noving with the tracked vehicle and their position relative to
the fixed, prescribed destruct and inpact limt lines. [If the
fail ed vehicle encroaches these |ines, a destruct decision nust
be made or wthheld according to clearly fornul ated destruct
criteria.

Impact probability density along the
road (Pr(u), normally distributed)

FIGURE 9-2. IMPACT PROBABILITY COMPUTATION FOR ROADS
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Define Failure Modes

Define Failure Rates For Each Mode
Define Dynamics of Dispersion For
Each Mode at Each Failure Time
Account For Effects of Wind,
Explosion Velocity, Lift, Ballistic
Coefficient Uncertainty, Command
Destruct Logic

v

Develop Impact Probability Density
Functions For Each Debris item For
Each Failure Mode For Each TIme

Ballistic
Coefficient State Vector
Uncertainty Uncertainty
Lift Effects - taunch Paint
/ -
: (&) -
Wind
Uncertainty,’ Resultant Bivariate
7 - Probability
t - Distribution
.- istribu
\ Contour of
Vacuum IIP Constant

Probability Density

A4

Compute Impact Probability For Each
Object On Each Population Center at
Each Time

v

Compute Casualty
Expectation For
Each Population
Center For Each
Object at Each
Time

FIGURE 9-3. RISK COMPUTATION

Sum Casualty
Expectations and
impact
Probabilities to
Determine Risk
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FIGURE 9-4. REAL TIME DEBRIS FOOTPRINT DISPLAY
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Since WBMR is a |and-based Range, safety considerations are
particularly inportant in authorizing tests that m ght endanger
the public. Conputer nodels in use at the Range support pre-
m ssion sinulations of nornmal and failed flights, as well as
real -time tracking and destruct decisions based on vacuum and
drag corrected 1 Ps. The library of risk conputation and utility
codes used by Range Safety include: SAFETY. SI TE (generates
scal ed maps of the range and tracking installations), SAFETY. DVA
(converts maps to desired coordi nate scale), SAFETY.J P (predicts
bot h vacuum and drag corrected inpact coordi nates) and several
ot her external nodules for population data and inpact point
predi ction. The WSMR Hazard Anal ysis nethod and its application
to | aunches of sub-orbital vehicles with recoverabl e payl oads was
illustrated in a 1986 study.(® Qher risk anal yses have been
performed for specific tests and |aunch vehicles based on
tailored nodels using the vehicle characteristics and |aunch
geonetry.

WBMC has an extensive array of software developed to assist in
eval uating hazards to facilities and population centers and
devi sing appropriate risk control options. (12D  These incl ude:
LARA, CONDEC ( Condi ti onal Casualty Expectation), RBAC (R sk Based
Destruct Criteria), ACE (which conbines CONDEC and RBAC to
conpute casualty expectation along arbitrary destruct I|ines),
SLCRSK and LCCRSK (which conpute probabilities and expected
magni t ude of damage to the reinforced | aunch control center and
to other VAFB facilities, such as SLC-6, for certain |aunch
azi mut hs). (2 O her special purpose nodels are: BLAST, to assess
expl osion shock wave far-field inpacts; SABER to evaluate
supersoni ¢ boomeffects; REEDM for hot toxic gas predictions and
a series of cold spill toxic prediction algorithnms for toxic
rel eases.

ESMC has its own library of codes used to support |aunches as
pre-flight sinmulations and real-time nonitoring and display.
These include: BLST, simlar to BLAST above; COLA, a collision
avoi dance programused to ensure that a proposed | aunch will not
j eopardi ze any satellite in orbit; RAID, the major real-tine
Range Saf ety programwhi ch di splays the ELV position and Il based
on tracking data; RSAC and RSTR, which provide plots in site-
centered coordinates; REED, used for launch and post |aunch
environmental analysis of exhaust cloud effects; RIPP, an
interactive inpact point and destruct line plot and RSIP (Range
Safety |Inpact Predictor), which conputes inpact position
paraneters along the trajectory with and without w nd data
O her codes are used to assess the fate of an errant ELV, such as
RSPFT (Range Safety Powered Flight and Turns) and RSTT (Range
Safety Tunble Trajectory), to predict malfunction behavior for
each vehicle type and nom nal trajectory; and RSMR, which
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conputes the maxi num pad-to-inpact range for a vehicle and its
debri s. External nodules are used to update wind corrections
(RSRK, for Range Safety Radi osonde Data) and assess risks to
ocean traffic (RSSP or Range Safety Ship Hit Probability).

For any devel opnental vehicle, safety assessnents nust precede
flight testing and |aunch approval. For exanple, the new
commercial |aunch vehicle Conestoga has been flight tested
recently; Conestoga failure nodes and rates were based on
previ ous experience wth the Aries rocket and the M nuteman |
second stage notor, which were reconfigured as the Conestoga.
Special attention was given to the possibility of inpact and
damage to off-shore oil platfornms in the Gulf Area, given the
flight path, ground track and safety corridor for Conestoga under
a range of plausible vehicle failure scenarios and weather
conditions. ®® However, because of redesign of the Conestoga,
sone of the safety assessnents are being re-evaluated for
| aunches from WFF.

The hazard nodel s used by NORAD and AFSC to estimate far-field
public risk exposure (i.e., for assessing the probability that a
fail ed vehicle, re-entering second stage or debris will inpact in
CONUS and/or foreign countries and cause damage and casual ties)
were originally devel oped by t he Aer ospace Cor porati on. (343 These
re-entry risks for second and upper stages and for |oworbit
payl oads appear, typically, to be several orders of nagnitude
| arger than |aunch and orbit insertion risks (see Ch.7, Vol.2)
because they integrate world-w de casualty expectation. | npact
probabilities and casualty expectations for a specific country
are nmuch smaller and proportional to their area and popul ati on
contribution to the integral.

Overflight risks are also a nodeling and operational planning
concern for Range Safety: sone trajectories may traverse Japan,
Australia, Africa and South Anerica (see Ch.10 also). Table 9-2
summari zes extant risk results, nanely the probabilities of |and
i mpacts and projected casualties for tyfical ELV's on all owed
azimuths for ESMC | aunches over water.(°*”  These flights nust
protect the "African Gate" during overflight(see also Ch.10).

Thi s performance gate defines the maxi mumcross-range devi ati ons
from the nomnal overflight trajectory which may be tolerated
W thout term nation action. These are well within the destruct
l[imts to better protect populated areas at risk in case of
abnormal vehicl e perfornmance.

To place the criteria and goals for public risk exposure per
space launch in perspective, it is instructive to conpare them
wi th other comon, but voluntarily assuned or socially accepted
transportation risks (see also Ch.5, Vol.2 and Ch.8). Ref. 29,
publ i shed prior to the 1986 Chal |l enger accident, estimted the
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casualty probability per flight for comrercial air carriers to be
6.6 x 10° (based on 1972-74 data) vs. 1-3 x 10° for the Space
Shuttle (to conpare respective risks froman STS failure with and
W t hout a destruct systemon-board). For conparison, the 1982-84
transportation accident statistics give fatality rates per 100
mllion passenger-mles of .02 for inter-city buses, .04 for
airlines and .07 for railroads. These values correspond to a
casualty probabilities of 2-7 x 10 per mle. This probability
must be converted to units of interest to space operations (per
| aunch event or per year) and then further normalized to the
exposed population and the area at risk. Furt her,
utility/benefit considerations nust be brought to bear for a
meani ngful conparison of public transportation wth space
transportation risks.
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10. A GENERI C Rl SK ASSESSVMENT OF REPRESENTATI VE LAUNCH
SCENARI OS

10. 1 | NTRODUCTI ON

Si nce the beginning of US space | aunch operations in the 1950's,
t here have been no | aunch operation acci dents that have produced
any general public casualties outside any of the Governnent
Launch facilities. There has been sone damage to sone Range
facilities and structures used to support the |aunches, but
little damage to public property outside the perineter of the
| aunch sites. Considering the fact that there have been
unavoi dable failures during thirty years of new rocketry and
spacecraft testing and stream ining of |aunch operations, it is
evident that the Range Safety Control process and systens in
pl ace have prevented and controlled the risk from |aunch
accidents that could have | ead to potentially significant clains
agai nst the Governnent.

This proven track record of success for the Range Safety Contr ol
systens and practices at the National Ranges may cast doubt on
the need to discuss the public risk exposure |levels and the
potential for third party liability clainms. It is worthwhile,
however, to discuss the consequences of ELV |launch failures in
t he absence of the Range Safety Control system since proposed
commercial space |aunches could originate at new |launch sites
(perhaps an island site or an ocean platforn); use novel,
untested or reconfigured tracking and control systens; and not
require an FTS of high reliability on-board ELV's. This approach
will permit an assessnent of the extent of potential damage
and/ or casualties that can be avoi ded by the established Range
Control Systens and safety practices (see also Ch.2, Vol.1, and
Ch.9). Wile nuch of the qualitative hazards anal ysis of | aunch-
rel ated accidents has been given previously in Ch.5, Vol.2, the
intent of this chapter is to provide a coherent, self-contained
di scussion of generic public risk associated with commerci al
| aunch operations for existing ELV's which weighs the
consequences of each accident by its probability of occurrence in
a Risk Matrix according to the nethods and tools illustrated in
Chs. 8 and 9.

10. 2 RI SKS DURI NG DI FFERENT PHASES OF A TYPI CAL M SSI ON
10.2.1 Pre-Launch Hazards

During the preparation of a vehicle for | aunch, the chief hazards
derive from the storage and handling of propellants and
expl osi ves. The G ound Safety procedures applied to stored
expl osi ves and propellants that can explode are simlar to those
used in the transportati on and handling of these sane naterials
off-site. The protective nmeasures include quantity-distance
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requi renents, so that parties uninvolved with the | aunch cannot
be affected by any accident. In addition, other structural
protection (e.g., hardened concrete) and energency preparedness
measures are used to contain toxic or corrosive materials within
t he boundaries of the Range in case of an accident on the pad
(see also Ch.5, Vol.2). (%12

Accidents occurring prior to launch can result in on pad
expl osions, potential destruction of the vehicle and danage to
facilities within range of the blast wave as well as dispersion
of debris in the vicinity of the pad. The types of accidents
depend upon the nature of the propellants, as discussed in Ch.5.
In the case of cryogenic propellants, liquid oxygen alone wll
cause fires and expl osive conditions; if used in association wth
liquid hydrogen, it can | ead to very expl osive conditions. Under
somewhat ideal conditions, the TNT equival ence of a hydrogen-
oxygen propel | ant expl osi on can be as nuch as 60 percent of their
wei ght, while that of an RP-1-oxygen expl osi on can be 20 percent
of the weight of the propellants (see Ch.5, Vol.2).®

An accident in handling storable hypergolic propellants could
produce a toxic cloud, liable to nove as a plune and disperse
beyond the boundaries of the facility. The risk to the public
wi || then depend upon the concentration of population in the path
of this toxic plunme and on the ability to evacuate or protect the
popul ation at risk until the cloud is dispersed. 1t is obviously
advantageous if the winds generally blow away from popul ated
ar eas. There are also specific safety requirenments and risks
associ ated with ground support equi pnment. The desi gn and use of
this equi pnent nust incorporate safety considerations.

10. 2.2 Launch Hazards

Ceneral ly, the on-board destruct systemis not activated early in
flight (during the first 10 seconds or so) until the failed
vehicle clears the Range. This protects Range personnel and
facilities froma conmmand explosion. Failures during the very
early portion of |launch and ascent to orbit can be divided into
two categories: propul sion and gui dance/control. Lighting, w nd
and ot her neteorol ogi cal hazards (e.g., tenperature inversions)
nmust be considered prior to | aunch count down.

Propul sion failures produce a | oss of thrust and the inability of
the vehicle to ascend. Depending on its altitude and speed when
t hrust ceases, the vehicle can fall back intact or break up under
aerodynam c stresses. If the wvehicle falls back, the
consequences are simlar to those of an expl osion on the ground.
The exception is when intact solid rocket notors inpact the
ground at a velocity exceeding approximately 300 fps. In that
case, the explosive yield may be significantly increased. | f
there are liquid fuel s (hydrogen-oxygen), there is al so potenti al
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for a | arge expl osi on, nuch hi gher overpressures and nore damage
to structures at the launch facility. It could also create
hi gher overpressures off the facility which could break w ndows
and possibly do mnor structural damage to residential and
commerci al buildings (see Ch.5, Vol.?2).

Solid rocket notor (SRM failures can be due to a burn-through of
the notor casing or damage or burn-through of the notor nozzle.
In a notor burn- through there is a | oss of chanber pressure and
an opening is created in the side of the case, frequently
resulting in structural breakup. The nozzle burn-through may
affect both the magnitude and the direction of thrust. There is
no way to halt the burning of a solid rocket once initiated.
Hence, an SRM failure alnost inevitably puts the entire |aunch
vehicle and mission at risk. Wen there are several strapped-on
SRM boosters, as is comonly the case, the probability of a
failure of this type is increased, since any one of these failing
can |l ead to m ssion |oss.

The purpose of the Range Safety Control systemis to destroy,
halt or neutralize the thrust of an errant vehicle before its
debris can be dispersed of f-Range and becone capabl e of causing
damage or loss of life. Wthout a flight term nation system
(FTS), the debris could land on a population center and,
dependi ng upon the type of debris (inert or burning propellant),
cause consi derabl e damage. The destruct system generally is
activated either on comand or spontaneously (ISDS - the
i nadvertent separation destruct systemis activated automatically
in case of a stage separation failure) at or soon after the tine
of failure. In flight destruction limts vehicle debris
di spersi on and enabl es di spersion of propellants, thus reducing
t he possibility of secondary expl osions upon ground inpact. The
destruct systens on vehicles having cryogenics are designed to
m nimze the m xing of the propellants, i.e., holes are opened on
the opposite ends of the fuel tanks. This contrasts wth
vehicles with | iquid storable propellants (e.g., Aerozine-50 and
N,O,) where the destruct systemis designed to pronote the m xing
and consunption of the propellant. Solid rocket destruct systens
usual Il y consi st of |inear shaped charges running al ong the | ength
of the rocket which open up the side of the casing like a clam
shell. This causes an abrupt |oss of pressure and thrust. It
may, however, produce many pieces of debris in the form of
burni ng chunks of propellant and fragnents of the notor casing
and engi nes.

The Titan 34D accident on April 18, 1986, about 8 seconds after
| aunch, is an exanple of a propulsion failure which caused
consi derabl e and costly danmage to the VAFB facility.® In this
case, the solid rocket case failed and the vehicle fragnmented and
spread burning propellant over the |launch site. Typical debris
velocities were 100 to 300 fps. This Titan 34D failure was the
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result of a burn-through of one of the rocket notor casings. The
expl osion, which occurred at an 800 ft. altitude, was not a
detonation, where there is alnost instant burning of propellant
acconpani ed by a significant air blast, but a deflagration, where
nost of the propellant was not consunmed in the explosion, but
formed a cloud of flying burning debris. Sonme of the burning
propellant still encased in a section of the rocket notor did
appear to expl ode upon i npact. The evidence was a flash of |ight
recorded by a canera, although the canera was not directed at the
point of inmpact. A series of small craters were also observed
after the accident. It is believed that some of these craters
were formed by violent burning in the soft soil (sand) rather
t han by explosions. Filnms do show rebound of propellant chunks
and shattering upon the rebound. This type of behavior was al so
observed in earlier Mnuteman failures.

In addition to conplete |l oss of control, there are three other
early flight guidance and control failures that have been
observed with launch vehicles over the life span of the space
program failure to pitch over, pitching over but flying in the
wong direction (i.e., failure to roll prior to the pitchover
maneuver) and having the wong trajectory progranmed into the
gui dance conputer. The |ikelihood of these circunstances depends
upon the type of guidance and control used during the early
portion of flight. The types are open or closed loop (i.e., no
f eedback corrections) and programer or gui dance controlled. In
t he case of vehicl es whi ch use programm ng and open-| oop gui dance
during the first portion of flight, failure toroll and pitch is
possi bl e, although relatively unlikely, based on historical
flight data. If the vehicle fails to pitchover, it rises
vertically until it is destroyed. As it gains altitude, the
destruct debris can spread over an increasingly larger area
Consequent |y, nost Ranges watch for the pitchover and if it does
not occur before a specified tinme, they destroy the vehicle
before its debris pattern can pose significant risk to structures
and peopl e outside the launch facility or the region anti ci pated
to be a hazard zone, where restrictions on airspace and ship
traffic apply. Failure to halt the vehicle within this tinme can
produce a significant risk to those not associated with | aunch
oper ati ons.

Wth open-loop Stage 1 guidance, a | aunch in the wong direction
can occur due to inproper programmng or inproper roll of the
vehicle during its vertical rise. This circunstance, although
consi dered i nprobabl e, can be very hazardous. |If the Range does
not halt the flight imediately, the vehicle could overfly
popul ated regions. Then, even if the vehicle is normal in every

other respect, it could drop jettisoned stages on popul ated
areas, creating the potential for damage, injury and |oss of
life. The detection of inproper launch azinmuth is usually

acconpl i shed vi sual | y because radar tracki ng may not be effective
very early in flight. Consequently, in making the decision to
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halt the flight, the Range nust rely on visual observers to rel ay
i nformati on about pitchover and azimuth, wth possible tine-
del ays.

Wth vehicles which are inertially guided fromliftoff, failure

in pitchover or roll is unlikely. It is possible, but extrenely
unli kely, that an inertially guided vehicle could have the wong
set of gui dance constants, i.e., the wong trajectory, stored in

its gui dance conputer. To the observer this will appear the sane
as an inproper roll (flight azinuth).

If a solid rocket |oses thrust or has a change of direction of

the thrust vector, the vehicle control system will try to
conpensate with the remaining engines. The result will be an
aberrant corkscrewing behavior wuntil the control system is

totally overwhel med, and then a tunble. Wth atnospheric forces
present, the stages should break apart by this tine.

Generally, rapid hard-over tunbles of failing vehicles do not
cause the vehicle to nove significantly cross-range off the
i ntended path of flight. It is the gradual turn that is of
greater concern to the Range Safety Oficer. If the vehicle
turns slowy, it can nove a significant distance cross-Range
This type of failure is rare and difficult to rationalize with
nost flight-tested ELV systens, but the unexpected nust be
antici pated. An exanple of the unexpected is the behavior of the
solid rockets from the Space Shuttle after the failure of the
Chal | enger.® They were supposed to tunbl e and not of fer nuch of
a dispersal hazard. Instead they turned very little and had to
be destroyed before they could becone a threat to a popul ated
ar ea.

O greatest concern to Range Safety Control during the steep
ascent phase, is the capability of the vehicle to wander off-
course imediately following a mal function. The Range Safety
Control system nust be able to respond before debris becones a
hazard. Consequently the design of the destruct |ines nust take
into consideration: (1) the delay between deci sion and destruct;
(2) the highest rate that the vehicle can nove its IIP toward a
protected area; (3) the effect of the wnds; and (4) the
contribution of any explosion to the scatter of debris.

During the early boost phase the vehicl e experiences its greatest
aerodynam c | oads and heating. As the vehicle accelerates, the
dynam c pressure (1/2 pv? increases until the decrease in
density (p) due to higher altitude overconmes the effect of
i ncreasing velocity (v). During the period of high airloads the
vehicle is nore vul nerabl e structurally and |ikely to break apart
if it has a high angle of attack or begins to turn abruptly. The
Space Shuttle, for exanple, with its conplex configuration and
[ifting surfaces, is so sensitive during this period that the
liquid propelled main engines are throttled down to keep the
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dynam c pressure within specified limts. One of the major fears
during this phase is an abrupt change in wind velocity during
ascent (a wind shear). This causes a rapid change in angle of
attack and requires rapi d and appropri ate response by the control
system

The potential for damage to ground sites from a |aunch vehicle
general ly decreases with tinme into flight since fuel is consuned
as the vehicle gains altitude (see Fig.5-6 in Ch.5, Vol.2). |If
it breaks up or is destroyed at a higher altitude, the liquid
fuels are nore likely to be dispersed and lead to | ower
concentrations on the ground. |In addition, if there are solid
propellants, they will have been partially consunmed during the
flight period prior to the failure and will continue to burn in
free fall after the breakup.

Met eor ol ogi cal conditions contribute to the potential for off-
site damage. Tenperature inversions and wi nd shears can cause
shock waves, which normally turn upward, to turn down and
possi bly focus at |locations distant fromthe launch site.® This
results in significantly higher overpressures locally, than the
overpressures from shockwaves noving in a normal adiabatic
at nosphere (an atnosphere where the tenperature decreases with
increasing altitude). Another neteorological influence is the
wi nd, which can deflect falling debris towards popul ated areas.

Very early in flight, when the vehicle is still close to the
ground, there is |less opportunity for debris to be scattered.
The debris fall within a footprint which is affected by the range
of ballistic coefficients of the pieces, the wind speed and
direction, velocity contributions due to explosion and random
l[ift (see also Ch.2, Vol.1 and Ch.7, Vol. 2). To understand the
make-up of the debris footprint, first observe the "centerline"
as shown in Figure 10-1.® This centerline represents the spread
of debris inpact and drag effects when there is no uncertainty
due to wind, lift, etc.

Debris which are very dense and have a high ballistic coefficient
(B) are not as affected by drag and will tend to land closer to
the vacuum I IP. Hgh ballistic coefficients can be associ ated
wi th punps, other conpact netal equipnent, etc. Panels or pieces
of notor and rocket skin offer a high drag relative to their mass
(a low ballistic coefficient) and consequently slow down nuch
nore rapidly in the atnosphere. After slow ng down they tend to
fall and drift with the wind. This effect is also shown in the
figure. A piece of debris with a very |ow ballistic coefficient
( B=1) is shown to stop its forward flight al nost i nmedi ately and
drift to inpact in the direction of the w nd. Pi eces having
intermedi ate value ballistic coefficients show a conbi nati on of
effects and fall along a centerline. From a lethality
standpoint, the pieces having a higher ballistic coefficient
i npact at a higher velocity and can cause nore damage (dependi ng
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FIGURE 10-1. BEHAVIOR OF DEBRIS AFTER VEHICLE BREAK UP

upon their size). The debris will not necessarily inpact along
the centerline. The velocity inpulses at breakup, the w nd and
tunbling behavior all contribute to uncertainties about the
impact point. This is illustrated in Figure 10-2.

When all of the factors affecting debris transport and di spersal
to inpact are considered at once, the effect is a pattern as
shown in Figure 10-3. The boundaries of the debris dispersion
footprint are not precise but rather represent a contour which
contains, say, 95 percent of the debris. Thus, when considering
the hazard to structures or people on the ground, one nust
consider the hazard area for debris inpacts in the terns of a
pattern which is dynamc. It grows rapidly as the vehicle gains
altitude, as illustrated in Figure 10-4 for a vehicle |aunched
from Vandenberg Air Force Base. Note the geography and the fact
that part of the debris pattern dwells over land for a
significant period of tinme. The tinme interval that the debris
i npact pattern dwells over |and depends upon the direction and
strength of the w nd.

If the wind, as in this case, is blowing very hard from the
sout hwest, the low ballistic coefficient portion of the pattern
will tend to stay over the land. If the windis blowing fromthe
northeast, the pattern will nove very rapidly out to sea. This
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denonstrates the very inportant role of wind in evaluating risks
of a launch. Dependi ng on prevailing neteorol ogical conditions,

i ncl udi ng cl ouds, visibility, at nospheric electricity,
tenperature and wi nd conditions, a | aunch may be postponed until
adverse conditions subside. The bulge in the center of the

grow ng debris patternin Figure 10-4 is due to debris which have
velocities inparted to them from an expl osi on (spontaneous or
destruct action). The upper-right-hand portion of the debris
pattern consists of debris which have a high drag to weight
ratio, slow down quickly and are carried by the wind, which, in

this case, is blowing from the west. Noti ce how the debris
pattern stretches as the vehicle increases in altitude. This
effect continues until the vehicle reaches an altitude where

aerodynam c drag no | onger has an effect on di spersion.

For all launches, the boosters, sustainers and ot her expendabl e
equi pnent are always jettisoned and fall back to the Earth,
Therefore, in planning a mssion, care nust be taken to keep
these objects from inpacting on |and, offshore oil platforns,
aircraft and shipping | anes. The inpact |ocations are normally
quite predictable, so risks can be avoided or mnim zed.

As nentioned earlier, during the entire history of the space and
m ssile prograns at VAFB and Cape Canaveral/ Cape Kennedy, no
errant |aunch vehicle has ever been allowed to wander over a
popul ated area near the launch site and deposit debris upon it.
As a consequence there have been no clains, damages or
casual ti es. This is a convincing argunent in the support of
continued safe launch and mssion planning and approval
procedures, reinforced by a reliable Range Safety Control system

10.2.3 Pre-Orbital Hazards

After jettison of the booster stage and, in sone cases, the solid
rockets, the remaining core vehicle usually contains only |iquid
propellants and is at a fairly high altitude. If a failure
occurs and no destruct action takes place, the vehicle nay fal
and remain largely intact till ground i npact. Depending upon the
initial altitude, the airloads during the fall nay becone
sufficient to contribute to the vehicle breakup. I1f this occurs,
the propellants will nost |ikely be dispersed and the only hazard
wll be frominpacting "inert" debris. In the unlikely event
that the tanks do remain intact, sone explosion may occur at
inpact. |If the propellants are hypergolic, as in the case of the
Titan, there may be consi derabl e burning and a cl oud appearing in
the inpact area. In this latter case, the danage from debris
inpact will probably be less than the hazard from the toxic
propel | ants. Wien an altitude is reached where the vehicle
stages can no longer remain intact because of airloads and
heating, the only hazard will be due to inpacting debris.
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If a destruct or thrust termnation system is used to halt
ascent, as is usually the case, the propellants will be di spersed
and should offer very little threat to people on the ground. A
product of the destruct action will be inert debris, which could
present a hazard at ground inpact (for fire, explosion and toxic
hazards, see Ch.5, Vol 2).

During the boost trajectory of al nost any space vehicle fromany
US National Range, the IIP will at sone tine pass over occupied
land. For Titan 3 | aunches due east from Cape Canaveral, the IIP

will begin to pass over Africa at t = 475 seconds, and |eave
Africa 3 seconds |ater. For sonme southerly launches from
Vandenberg Air Force Base, the IIP can pass over southern
Argentina and Chile. Activation of the destruct systemis of no
val ue at this point because it poses risks of land inpact. It is
often better to let the failing vehicle continue with the hope
that it will clear the land area and inpact in the ocean. The

threat fromeither |aunch condition is relatively snmall because
in both cases the IIP is traveling very fast over |and areas
(hundreds of mles per second). If, for exanple, the failure
rate of the Titan 3 were uniformy 0.000075 failures per second
(historical launch failure probability of .036 divided by 480
sec. of burn operation) and the tinme required for the IIP to
cross Africa is 3.2 seconds (see Figure 10-5), then the
probability of failing and causing debris to fall on Africa is
3.2 tinmes 7.5 x 10°% or 2.4 x 10* (one chance in approx. 4200).
| f the conbined cross section of debris which survive to |and
i npact is on the order of 1000 sq. ft.,and the average density of
popul ati on which can be harnmed by the debris is 50 per square
statute mle (according to Ref. 5, this figure is higher than the
average of the population densities of Zanbia, Angola and
Zi nbabwe), then the average nunber of casualties per |aunch due
to an African inpact is:

E. =(failure rate)x(dwell tinme over |and)x(debris "casualty
area") x(popul ati on density)

= 7.5 x 10°° x 3.2 x 1000 x (50/5280?) = 4 x 1077

This corresponds to less than one chance in a mllion of a
casualty per l|aunch. Wuereas Range Safety Control systens can
act very positively to restrict and prevent debris fromfalling
on popul ated areas earlier in flight, there is no effective risk
control when the flight plan calls for a direct |and overflight,
such as the one discussed above. Consequently the casualty
expectation of 8x107 is the sanme with or wthout a flight
term nation system on-board the ELV.

The potential for danmage fromthe i npact is based on the area of

falling debris (in this case estimated to be 1000 ft.?) and the
i kelihood of inpacting a structure of value. Wth a popul ation
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FIGURE 10-5. LOCUS OF IIP FOR A TYPICAL TITAN Ill LAUNCH FROM CAPE CANAVERAL (ETR)

density of less than 50 per square mle, the density of such
structures is rather low. As an exanple, assune the surviving
debri s consi st of four pieces, each having a cross-section of 250
ft.?, and the average structure is 600 ft.? with, on the average,
one person per structure. (This is an attenpt to account for
both residential and commerci al structures very conservatively.)
A structure will be hit if any edge is hit by the debris. This
is pictured in Figure 10-6.

The effective area of inpact is therefore a conbination of the
structure area and the debris cross-sectional area. In this case
the effective inpact area becomes approximately 3400 ft.2  The
probability of any inpact on a structure becones:

P, =(failure rate) x(dwel | tine)x(effective I npact
area) x(structural density)x(no. of fragments)

= 7.5 x 10° x 3.2 x 3400 x (50/5280%) x 4 = 5.5 x 10°.
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FIGURE 10-6. MODEL CALCULATION OF THE EFFECTIVE AREA OF IMPACT

Thus, in this exanple the probability of hitting and damagi ng a
structure is approximately 1 in 100,000. |If a nonetary val ue or
range thereof, were assigned to the structures at risk, then the
expected |loss could be tied to both the severity and extent of
damage (the consequence) and to the very |low probability of its
occurrence.

A simlar analysis can be perfornmed for | aunches from Vandenberg
Air Force Base (see Figure 10-7) when the IIP passes over the
sout hern portion of South Anerica.

According to Ref. 7 and to Figures 10-8 and 10-9, an ELV would
have to violate current azinmuth restrictions in order to overfly
South Anerica (although sone flights may overfly Antarctica or
Australia at nuch greater altitudes). The dwell or transit tine
over Chile and Argentina will be no nore than 1.4 seconds. |If
all other paranmeters of the casualty expectation and i npact
probability equations are assuned to be the sanme, then the E, and
the P, will be less than those over Africa by the ratio of
1.4/3. 2.
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Thus, very approxi mately, the casualty expectation for overflight
over the southern region of South Anerica will be 1.75 x 107 and
the i npact probability on a dwelling or commercial structure wll
be 2.3 x 10°°,

On-orbit collision hazards, once the satellite has been properly
inserted into final orbit, have been discussed in detail in Ch.
7. Simlarly, orbital decay and re-entry hazards for satellites
and spent rocket stages have been addressed in Ch. 8. Al though
they contribute to the overall space m ssion- related hazards,
they will not be discussed any further here.

10. 3 LAUNCH SI TE RI SK CONSTRAI NTS

The location of the launch facility has a significant inpact on
the options for |aunch m ssions. Launches to the east always
benefit from the west to weast rotation of the Earth.
Consequently, equatorial orbits (0° inclination) are best
achi eved by | aunching fromfacilities which are near the equator
and have a broad ocean area to the east of the |aunch site.
Fi gures 10-8 and 10-9 above, show the acceptable and restricted
azimuths for l|aunches from the USAF Eastern and Wstern Test
Ranges. (® It becones apparent that ETR is best suited for
| aunches into equatorial orbits and WR is best suited for
achi eving polar orbits.

Launches at ETR can al so have inclinations other than 0°. |If a
vehicle is launched at an azinmuth of 45° from true north, an
orbit wth an inclination angle of approximately 47° will result.
A satellitein an orbit inclined at 47° woul d cover a groundtrack
over the region of the Earth between x47° |atitude. Froma risk
standpoi nt, as the launch azinmth decreases, the locus of IIP
noves closer to the East coast of the US. and Canada. There is
al so considerably nore overflight of countries in the Eastern
Hem spher e, with potenti al political and international
repercussions for a space | aunch accident.

The lowest risk to popul ated areas is al nost always associ ated
Wi th m ssions where the launch azinmuth is perpendicular to the
coastline and the wind blows in the direction of the [|aunch.
This situation is experienced with many | aunches at the Eastern
Test Range (from Cape Kennedy or Cape Canaveral). Launches into
polar orbit from Vandenberg Air Force Base have a southerly
| aunch azi muth, which is perpendicular to the coast at the | aunch
site, but then noves parallel to the coast as the California
coastline becones nore aligned north to south. Prevailing w nds
in the region of the Vandenberg launch site tend to be nore
onshore and this nust be accounted for in establishing destruct
lines for Range Safety Control.
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10. 4 VARI ATION OF RI SK DUE TO M SSI ON PROFI LE, LAUNCH VEHI CLE
AND PAYLOAD

10. 4.1 Rel ati ve R sks of M ssions

M ssions can be broadly categorized in terns of their orbita
par anet ers: inclination, eccentricity, perigee and apogee
al titude. The risks associated with different final orbit
inclinations are those associated with the initial Iaunch azimuth
necessary to support the sequence of boost and transfer
operations needed to achi eve the desired final orbit inclination.
The ri sks associated with | aunch azinuth and site constraints are
di scussed in Section 10.3. Satellites will re-enter within a few
years due to orbital decay fromLow Earth Orbits (LEO, but wll

not from geosynchronous orbits (CGEO (See Ch. 8). Thus
geosynchronous orbits offer considerably less risk fromthe re-
entry hazard. The ELV launching a satellite into a

geosynchronous orbit mnmust carry nore propellant in the initial
orbiting vehicle and nore stages. The additional propellant in
t he upper stage (up to a factor of 3) may increase the hazard by
a proportionate fraction (percent) for launch accidents on or
near the ground. Moreover, insertion of a payload into GEO
i nvol ves nore orbital naneuvers, nore stages and a greater fuel
| oad, hence greater overall risk of failing hardware and m ssion
failure. For exanple, payload delivery to GEOorbit, as shown in
Figure 10-12, involves firing an apogee kick notor (AKM and a
peri gee kick notor (PKM.

APOGEE KICK MOTOR (AKM) BURN
(PLANE CHANGE = 23.7 DEG))

/’7*§\\

7 Ve N ~
7 AN
ATLAS & CENTAUR 15T 7 I/ \\ N
BURN (PLANE / TRANSFER \
CHANGE 0.07 DEN - ‘l \\
” \ — A ‘\
Y \ ) /
VU I spACECRAFT
\ Jis « T SEPARATION
PARKING ORBIT > /
(COAST TIME = 14.0 MIN.) M 4 /

\ 2NDCENTAURBURNATEQUATOR /
\\ (PLANE CHANGE = 0.8 DEG.) //

N 7
~ o _FINALORBIT ..
— —

— -

VELOCITY = 10,087 FPS
ALTITUDE = 19,324 NMI

FIGURE 10-12. SEQUENCE OF EVENTS FOR THE ATLAS/CENTAUR ON A GEOSYNCHRONOUS MISSION

10-18




However, even if the mssion fails to insert the payload into the
correct final orbit, public hazards may not increase unless a
highly elliptical transfer orbit |leads to early uncontrolled re-
entry of wupper stages and payload or an on-orbit explosion
creates col lision hazards for GEO and LEO operational satellites.

However, for accidents at high altitude when the vehicle is near
orbital, the vehicle with a geosynchronous orbit destination w ||

have less inert debris and the propellant wll probably be
consuned before ground inpact. Hence, in this case, the Low
Earth Orbit vehicle will have a | arger casualty area and offer a
somewhat greater overall risk. In general, the changes in risk
| evel due to the mission profile are relatively small, wth the
exception of mssions requiring restricted azinuths or riskier
staging and orbital rmaneuvers for achieving the mssion
obj ecti ve.

10.4.2 Hazar dous Characteristics of Typical ELV s

Two ELV' s, Atlas/Centaur and Titan I1l, are the primary subjects
of this discussion, although the Delta is al so di scussed briefly.
They offer a broad range of payload |ift capacity, they are the
| argest of the currently available vehicles and they present a
variety of propulsion types and representative associated
hazar ds. Furthernmore, a hazard analysis for two plausible
acci dent scenarios, based on a typical Delta vehicle and flight
profile as a function of time after |aunch and down-range and
altitude evolution, was presented earlier in Figs. 5-5 5-6 of
Ch.5, Vol.2.

10.4.2.1 Titan - The basic Titan Ill is illustrated in Ch. 5
Figure 5-4. Its central core vehicle consists of two liquid fuel
stages, a Transtage and a payl oad. Two solid rockets (zero
stage) are attached to the first core stage and these fire at
l[iftoff and continue until their fuel is consunmed. The first
core stage is ignited near the end of the solid rocket burn
(about 108 seconds after lift-off). After the solid rocket fuel
is depleted and the first stage ignites, the enpty solid notors
are jettisoned (approximtely 116 seconds after liftoff). The
first stage continues to burn until approximtely 273 seconds
after liftoff, when its fuel is depleted and the stage is
jettisoned. The fairing around the payload is also jettisoned at
this time to reduce the weight that will have to be accel erated
by the core second stage engine. The fairing is used to reduce
the drag and protect the payl oad during ascent in the atnosphere.
At the tinme of jettison, the vehicle is at an altitude of 400, 000
feet (130 km and is essentially out of the atnosphere. The
second core stage fires up imediately and thrusts for 216
seconds. The Transtage has a restartabl e rocket notor used for
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orbital maneuvers. Various upper stages can be added for m ssion
and payload flexibility.

During a normal mssion, the only risks offered by the Titan are
fromvehicle hardware which is jetti soned. The inpact |ocations
and t he approxi mate | ocus of I1P for | aunches from Cape Canaver al
are shown in the map in Figure 10-5. The Stage 1 engi ne covers
are not shown there, but are dropped off during the zero-stage
solid rocket notor phase of flight. This particular |aunch
trajectory is intended to have a mninmum inclination angle in
order to support transfer to a geosynchronous orbit.

The i npact | ocations and the approximate locus of IIP for a Titan
| aunch from Vandenberg Air Force Base are shown in the map in
[

Figure 10-7. The requirenments for "polar” orbits may not
actually need fly over of the poles, but rather very high
inclination angles, such as 70° In addition, |aunches wth

inclination angles |lower than 90° from VAFB can have | arger
payl oads. Consequently, |aunches from VAFB may have a range of
| aunch azimuths, as indicated in Figure 10-7, depending on the
m ni mum orbital plane inclination angle.

The Iiquid fuels which propel the core vehicle and Transtage of
the Titan are non-cryogenic and storable: Aer ozi ne-50 and
nitrogen tetroxide used in the core vehicle are highly toxic, if
rel eased by accidental venting or a spill (see Appendix B and
Ch.5, Vol.2). Pre-launch and |aunch hazards are controlled by
handling and storage regulations and by specifying optinmal
weat her conditions for |aunch which permt toxic vapors and pl une
di spersal in case of an accident. |If the vehicle is destroyed,
t hese hypergolic propellants do not react as energetically as
cryogeni c propellants. The spontaneous ignition does not allow
them to m x before igniting and, consequently, they burn, but
have no significant explosion. However, there was an excepti on:
On March 16, 1982, a Titan Il, which is basically the first two
core stages of the Titan 3, blewup in its silo at Little Rock
Air Force Base near Damascus, Arkansas. A very significant
explosion resulted which destroyed the entire facility. The
magni tude of the explosion was ascribed to the confinenent
provided by the silo, which did not permt the propellants to
scatter while burning. On the other hand, tests of the destruct
systemof the Titan have generally indicated that the unconfi ned
burni ng propellants have very little expl osive enerqgy.

The nore pressing problemwith Titan liquid propellants is their
toxicity and corrosivity. The destruction of the vehicle my
produce a white and reddi sh-brown (Aerozine-50 and N,Q) cloud
which is very toxic and also very harnful to vegetation

In addition to the liquid propellants, the Titan has strap-on
solid propellant notors (simlar to the Space Shuttle). The
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em ssions fromthese engi nes al so contain contam nants which, in
hi gh concentrations, can be detrinmental to agriculture. The main
hazard associated with the solid rockets is their expl osiveness,
the resulting overpressure and the spread of burning debris.
Unlike liquid rockets, solid rockets, once ignited, cannot be
shut down wi thout being destroyed. Destruct action wll always
produce a conflagration and dispersion of burning debris. An
inpact test of an intact Titan solid rocket booster in 1967
i ndi cated that the resulting expl osi on woul d be equi val ent to TNT
havi ng a meight of 7.5 percent of the weight of the propellant in
the rocket.(” Some individuals in the explosive safety field
believe, that under the right circunstances, this equival ent
yield could be doubled. Ohers have the opinion that, wthout
inpact at a significant velocity, the stage will have no TNT
equi val ence (see also Ch.5, Vol.2, for a discussion of yield
uncertainties).

10.4.2.2 Atlas/Centaur - The Atlas/Centaur is illustrated in
Figure 5-7. It is basically a two-stage vehicle consisting of an
Atlas first stage and a Centaur upper stage. The Atlas is a
[iquid oxygen (cryogenic) and RP-1 (hydrocarbon) powered vehicle
while the Centaur upper stage is powered by |iquid oxygen and
iquid hydrogen. Neither vehicle offers atoxic threat, but both
are vol atile, particularly the hydrogen/ oxygen Cent aur stage. The
primary hazards are blast overpressure and debris from a
potential expl osion.

At lift-off, the Atlas has thrust provided by three rocket
engi nes. After 155 seconds of flight, the two outer engines
(called the boosters) are shut down and jettisoned on rails (3

seconds |ater). The remaining sustainer engine, which is
designed to be nore efficient at higher altitudes, continues
until all of the fuel has been consuned. During sustainer

operation, equi pment which served a purpose during the operation
within the atnosphere is also jettisoned. Once the sustainer
engine is shut down, the Atlas stage is jettisoned, the Centaur
engines are ignited and the flight continues. The Centaur has
two burn periods, the first to place the Centaur and payload into
orbit and the second to put the Centaur and payload into a
transfer orbit. The Centaur is separated fromthe payl oad while
in the transfer orbit. A solid propellant rocket (Apogee Kick
Motor or AKM on the payload nmay provide the final thrust to
pl ace t he payl oad i n t he geosynchronous orbit; other payl oads may
use a liquid fueled notor for final GEO enpl acenent.

The sane two mssions which were discussed for the Titan are
consi dered, one producing a low polar orbit and the other
producing a high equatorial orbit (geosynchronous). The
Atl as/ Centaur is a snmaller vehicle than Titan and can pl ace about
40 percent of the Titan payload in a geosynchronous orbit.
Fi gures 10-10 and 10-11 showthe Il P loci for Atlas/Centaur
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m ssi ons fromESMC and WBMC duri ng the pre-orbital phase. During
a normal mssion, the only hazards associated wth the
Atl as/ Centaur |launch are fromthe jetti soned spent stages, whose
i npact | ocations are shown in the figures.

The sequence of orbital events for an Atlas/Centaur FLTSATCOM
m ssion is shown above in Figure 10-12.® This is a nission very
simlar to any other Atlas/Centaur geosynchronous m ssion,
although in this particular case, there is no initial parking
orbit. The vehicle, after becomng orbital, continues to
accelerate directly into the transfer orbit. Note from Figure
10-12 that the Apogee Kick Mtor burn also provides the plane
change necessary to achieve an equatorial geosynchronous fi nal
orbit.

The hazard potential for the Atlas/Centaur |aunch will decrease
with tinme into mssion as the vehicle and payl oad gain altitude
and propellant is consuned (see Figs. 5-5 and 5-6 in Ch.5,
illustrating the risk vs. time for a Delta vehicle). The RP-1
propellant will not be absorbed into the atnosphere, but it wll
beconme nore widely dispersed as the vehicle reaches a higher
altitude. Note that RP-1 fuel is not toxic or corrosive in the
same sense as hypergolic Iiquid propellants.

Fewer pieces of debris are expected from an Atlas/Centaur
destruct than for a Titan. This is because of its snaller size
and it uses only liquid rocket engines. However, the structure
of the Atlas is nore fragile than that of the Titan and wi |l nost
likely break into nore pieces than the Titan core vehicle. The
very thin Atlas skin pieces will probably scatter nore in the
wi nd than the Titan pieces and, consequently, the low ballistic
coefficient portion of the Atlas debris pattern will show greater
di sper si on. In this case, greater dispersion does not nean
greater risk to ground objects since Atlas debris are |ighter and
smal | er.

If a failure occurs during the Centaur sustainer burn phase of
the flight and no destruct action takes place, the vehicle may
remai n sonmewhat intact, depending upon its altitude at that tine
and on the nature of the failure. Normally, the airloads during
the fall wll cause vehicle breakup. If this occurs, the
propellants will be dispersed and the only hazard will be from
impacting "inert" debris. |If the tanks were to renmain intact,
some explosion mght occur at ground inpacts. However, it is
very unlikely that the tanks will remain intact under high
airloads given their structural vulnerability.

The princi pal hazard antici pated i s damage fromi npacti ng debri s.
| f the vehicle is destroyed by a destruct conmand, there will be
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nmore nunerous pieces of debris, but the vehicle wll not have
been all owed to wander over a possibly popul ated area.

For | aunches of geosynchronous satellites from Cape Canaveral,
the IIP will nove over Africa late in pre-orbital flight, as
described for the Titan in Section 10.2.3. The previous
di scussion of debris inpact hazards to Africa and South America
is also applicable to Atlas/Centaur, except that it will have
| ess nmassive debris and the risks may be reduced by as much as a
factor of two.

10.4.2.3 Delta - The Delta launch vehicle offers the variety of
propellants and conmponents of both the Titan and the
At l as/ Centaur vehicles. The Delta has strap-on solid propellant
boosters (Castor 4 for Stage 0), a core booster stage (Stage 1)
whi ch uses cryogenic |iquid oxygen and RP-1, an upper stage
(Stage 2) which uses |iquid storabl e propellants (Aerozi ne-50 and
N,O,) and a Stage 3 which has a solid rocket notor. The Delta has
been launched in a variety of configurations wth different
nunbers of solid rocket boosters and different upper stages. For
exanpl e, the enhanced Delta configuration, illustrated in Ch.4,
Vol .1, has the capability to place 5,500 | bs. of payload into a
Low Earth Obit and 2,800 |Ibs. of payload in a Geosynchronous
Transfer Orbit. The hazards froma typical Delta |aunch failure
have been di scussed qualitatively and illustrated quantitatively
in Ch.5, Vol.?2.

From a conparative risk standpoint, nost of the elenents of the
Delta are on a smaller scale, but there are nore of them there
is considerably | ess hypergolic propellant than on the Titan (
see Ch.4 and App. B); there are solid boosters as on the Titan,
but they are nmuch smaller and nore nunerous; there is also | ess
cryogenic propellant in the vehicle than the Atl as/ Centaur and
there is no explosive and conbustible liquid hydrogen fuel. A
strap-down i nertial guidance system provi des gui dance t hr oughout
booster and upper stage flight. The Delta was considered the
nost reliable ELV by NASA with an overall failure rate of 6.7
percent, due to 12 failures out of 181 | aunches; only four | aunch
failures required destruct action. Only six failures led to re-
entry of various stages and payl oad and only one of the six |ed
to ground i npact, but no damage was reported (see Table 3-5, Cap.
3, Vol. 1). A discussion of ELVreliability and the inplications
for public safety fromthe historical |aunch statistics were al so
di scussed in Ch.3, Vol.1l) The nost recent | aunch accident (Delta
178, on May 3, 1986, at Cape Canaveral) occurred 71 seconds after
| aunch when the main engine was prematurely shut-off by an
el ectrical short, the vehicle tunbled out of control and had to
be destroyed by Range Safety (see Ref.to M shap Report, Ch.9).
The NOAA weather satellite GOES-G payl oad was destroyed; no
damage or injury resulted from debris.
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10.4.3 Payl oad Contributions to Launch and M ssion Ri sk

The payl oad can contribute to overall launch and m ssion hazards
in several ways:

(1) The payload can initiate a malfunction in the |aunch
vehicle by causing a failure (e.g., electrical short or
surge) or an expl osion during | aunch whi ch coul d af f ect
the rest of the vehicle. Generally, the payload is
unlikely to cause a | aunch vehicle failure.

(2) The payload could contribute to the amount of the
hazardous material resulting from the accident.
Normal Iy this would be in the formof propellant, but
i f a nucl ear heat source is considered, the debris from
an accident could present a significant radioactive
hazard (see Chs. 7 and 8).

(3) The payload could re-enter and inpact on |land al ong
wi th other destruct debris, in case of alaunch failure
that requires destruct action.

Any payload-related hazards to the public wll have to be
identified, exam ned, quantified and managed to tol erable | evels
as part of the DOI/ OCST licensing safety audit (see Ch.1,
Vol . 1).

10.5 BENEFI TS OF RANGE SAFETY CONTROL
10.5.1 Range Safety Control SystemReliability

Range Safety Control systens have played a very inportant role in
t he success of the space program Conbined with an outstanding
Ri sk Prevention and Control program their success has been such
that there have been no casualties resulting from in-flight

| aunch vehicle failures. As nmentioned in Ch. 4, this is due to
bot h m ssion pl anni ng and to t he desi gn st andards and performance
reliability of the Flight Term nation Systens (FTS). The USAF
design goal for FTS hardware reliability is .999 at a 95%
confidence | evel for WBMC and ESMC, whereas the WSMR desi gn goal

for sub-orbital ELV s is .997 to the sanme confidence | evel (see
Ch.8 and Ch.9 discussions of reliability vs. safety).

Performance testing and verification of the FTS reliability
depends on the nunber of such failures, environnental stress
during testing or accident and on other accident specifics. The
reliability that has been achieved is due in part to the
redundancies built into both the ground and airborne conponents
of the systens. There are no published figures on the
operational reliability of Range Safety systens, but wth
hundr eds of vehicl es destroyed with no systemfailures, one could
conclude that the probability of systemfailureis less than 1l in
1000.
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10.5.2 Loss and Casualty Potential When Range Safety Controls
Are Not Used

The followng is intended to di scuss worst case |oss situations
for space | aunches, assum ng that vehicles are | aunched and fail
over communities and that Range Safety Controls ( chiefly a
Fl i ght Term nation Systemprovi ded on-board the ELV, as descri bed
in Ch.2, Vol.1) are not in place. A conputer nodel, Community
Danage (COVDAM, was devel oped for this special purpose. The
concept for this nodel is shown in Figure 10-13.

Breakup  _ZoIll
point S
\ | mpact
distribution Y, distribution '~
of low W/CpA | Y, of higher S
debris : \ W/CpAdebris
Launch 4 !\ A\
point AR i

Community boundary — NW'

FIGURE 10-13. COMMUNITY DAMAGE MODEL OF DEBRIS LANDING ON A COMMUNITY - COMDAM
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The nodel is determnistic, not probabilistic (see Ch. 8), i.e.,
given a catastrophic ELV failure and the absence of a destruct
system it examnes the nature and severity of possible
consequences of interest, nanely a conditional <casualty
expect ati on. In reality, inplenmentation of Range Safety
restricts | aunch azi nuths as well as decreasing the |ikelihood of
any accident that could have public inpacts (see Ch.9).

The launch vehicle is assunmed to overfly and fail above a
community located in the vicinity of the Range. This nodel m ght
apply to eval uating danage fromdebris inpacting in the vicinity
of a Range, say, to Santa Barbara or the Channel Islands near
WBMC, or to M am Beach near ESMC, or to Al buquerque near WSMR
These scenari os are obvi ously unrealistic because | aunch vehicl es
are neither allowed to overfly populated areas nor allowed to
proceed without certified Flight Term nation Systens. On the
ot her hand, COVDAM may afford insight into the potential of
unconstrai ned |aunch operations for accidental casualty and
property | oss.

For sinplicity, the hypothetical community at risk is |laid out as
a square, with several types of structures spaced evenly over the
area Wi thin the community boundaries. The ELVis assuned to fail
and break into pieces spontaneously due to aerodynam c stress.
These fragnents must be classified according to their ballistic
coefficient and expl osiveness (if solid propellant). The debris
can be dispersed by scattering (lift/drag) effects and velocity
i mpul ses which nmay be inparted to the debris at the tinme of an
explosive in-flight failure. |If a piece of debris inpacts the
ground and expl odes, the overpressure (P) and inpulse (I) are
conputed on all of the adjoining structures (see also Ch.5

Vol . 2). The expl osive danage to each structure i s conputed using
the fornula D = a(P’)(1¢, where Dis the percent danage and the
coefficients a, b and ¢ are unique for each different structure
class and were developed from data gathered from expl osive
acci dents.(®1 |f the structure is calculated to be nore than
sixty percent danaged, it is assuned that it nust be totally
repl aced and, thus, equival ent to being 100%damaged. The doll ar
| oss is obtained by nultiplying percent danmage tinmes the average
bui | di ng val ue.

For damage due to inert (non-explosive) debris, kinetic energy

thresholds are set. |If the kinetic energy of an inpact fragnent
did not exceed a pre-specified level, it is assumed not to
penetrate the structure and cause any damage. |If it did exceed

the threshold, the danage to the structure is assuned to be the
ratio of the area of the fragnent to the projected area of the
structure. Casualty expectations, E, were conputed using the
nodel devel oped in Ref. 13.
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The flow diagram for this specifically adopted analytical
procedure is shown in Figure 10-14. These algorithns and | ogic
can be programmed and used to estinate the approxi mate expected
| osses and casualties simlar to those di scussed above. One of
the reasons for developing such an wunrealistic worst-case
consequence nodel was to show several effects, such as:

1) t he change in total | osses as a function of the tinme of
[ aunch vehicle failure:

2) the effect of the distance fromthe point of |aunch on
t he popul ation center at risk; and

3) t he i nfluence of exploding debris.

The COVDAM nunbers nust be treated as approxi mte at best, and
illustrative only, since no specific comunity has been
considered and the consequences of accidents can vary
significantly even under essentially the sane conditions. The
financial (dollar |oss) consequence estimtes consider only
damage, and not business interruption costs.

It should be noted that the above npdel accounts for structural
damage produced by:

1- direct inpact of inert fragnents

2- bl asts triggered by the expl osi on of burning fragnments
upon i npact w th ground.

Danmage nmechani sns not included in the nodel are:

a- fires initiated by burning fragnments upon inpact with
ground (e.g., brush fires, gas main explosions and
fires).

b- vapor clouds produced by burnt/unburned propellants.

c- bl ast and fire ball produced in the air at the instant

of vehicl e breakup.

This COVDAM nodel does not predict what would occur
realistically, but rather what is the worst that could happen.
Wth the addition of launch azinmuth restrictions enforced to
avoi d |l and overflight, the provision of a highly reliable FTS on-
board the ELV and an effective ground- based Range Safety Control
net wor k, such public damage and casualties as a consequence of
| aunch accidents becone highly unlikely.
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10.5.3 Conparison of Ri sk Acceptability

M L- STD-882B provides only qualitative definitions of the
severity and frequency of accidents for the purpose of risk
assessment . (12 These definitions are reproduced in Tables 10-1
and 10-2, since they could be used to denonstrate the relative
acceptability of risks fromlaunch vehicles both with and w t hout
Range Safety Controls in place.

Al t hough these qualitative definitions apply to mlitary systens
i ncl udi ng space systemcertification, acceptance and failure risk
anal ysis, they can also be applied to hazard assessnent for
conmer ci al | aunches.

Tabl es 10-3 and 10-4 gi ve two exanpl es fromM L-STD-882B for ri sk
acceptability, in the formof a hazard ri sk assessnent matrix. (1?

The next step is to find the risk associated with ELV | aunches in
the hazard frequency/acceptability format exhibited in the
previ ous four tables. Wen a vehicle (e.g., Titan, Atlas/Centaur
or Delta) is not under Range Safety Control, there is potenti al
for catastrophe if the vehicle fails fairly early in flight near
or over a community. Since all prospective comercial |aunch
vehi cl es have a historical |launch failure frequency of nore than
4 percent (range from4 to 14 percent) (see Ch. 3, Vol 1), this
nmust be consi dered an "occasional event.”" Wth the Range Safety
Control Systemin place, there is potential for catastrophe only
when this systemfails to performits function. G ven the proven
reliability of nodern Range Safety Control systens, the
occurrence of a accidental failure with major public safety
i npacts nust be consi dered inprobable or renote.

As the vehicl e progresses froml aunch toward achieving orbit, the
associated risk to the public is reduced, as di scussed in Section
10.2.3. At this stage the Range Safety Systemprovides little or
no benefit, because the debris produced from high altitude
destruct action wll be simlar to that wthout destruct and
there is no way to restrict the inpact |ocation of the debris.
Consequently, both with and without a Range Safety Control
System the risk to the public is approximtely the same in the
pre-orbital and orbital stage, a marginal hazard with a renpote
probability of occurrence. In returning fromorbit (uncontrolled
re-entry), there is no possibility of Range Safety Control and
the public risk is again marginal, with a renote probability of
debri s causing any casualties.
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TABLE 10-1. HAZARD SEVERITY DEFINITIONS (MIL-STD-8828)

Description Category Mishap Definition
Catastrophic | Death or system loss.
Critical 1] Severe injury, severe occupational
illness or major system damage.
Marginal i} Minor injury, minor occupational
iliness or minor system damage.
Negligible v Less than minor injury, occupational

iliness or system damage.

TABLE 10-2. HAZARD PROBABILITY DEFINITIONS (MIL-STD-8828)

Description (1) | Level Specificindividual item Fleet or inventory (2)
Frequent A Likely to occur frequently. Continually experienced.
Probable B Will occur several times in life of Will occur frequently.
anitem.

Occasional C Likely to occur sometimein life Will occur several times.
of anitem.

Remote D Unlikely, but possible to occur in Unlikely, but can
life of anitem. reasonably be expected

to occur.

Improbable E So unlikely it can be assumed Unlikely to occur, but
occurrence may not be possible
experienced.
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TABLE 10-3. FIRST EXAMPLE, HAZARD/RISK ASSESSMENT MATRIX

(MIL-STD-882B)

Frequency of

Hazard Categories

occurrence | I 1 v
Catastrophic Critical Marginal Negligible

(A) Frequent 1A 2A 3A 4A

(B) Probable 1B 2B 3B 4B

(C) Occasional 1C 2C 3C 4c

(D) Remote 1D 2D 3D 4D

(E) Improbable 1E 2E 3E 4E

Hazard Risk Index
1A, 1B, 1C, 2A, 2B, 3A
1D, 2C, 20, 3B, 3C

1E, 2E, 3D, 3E, 4A, 4B
4C, 4D, 48

Suggested Criteria
Unacceptable.

Undesirable (Management Authority Decision Required).
Acceptable with review by management authority.
Acceptable without review.

TABLE 10-4. SECOND EXAMPLE, HAZARD/RISK ASSESSMENT MATRIX

(MIL-STD-8828B)

Frequency of

Hazard Categories

occurrence | M m v
Catastrophic Critical Marginal Negligible

(A) Frequent 1 3 7 13

(B) Probable 2 5 9 16

(C) Occasional 4 6 11 18

(D) Remote 8 10 14 19

(E) Improbable 12 15 17 20

Hazard Risk Index
1-5

6-9

10-17

18-20

Suggested Criteria
Unacceptable

Undesirable (Management Authority Decision Required).
Acceptable with review by management authority
Acceptable without review
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These concl usi ons about the rel ative public risks associated with
ELV | aunches are summarized in Table 10-5 using the definitions
of haé%rd, frequency and acceptability as specified in ML-STD
882B.

The conclusion is that a Range Safety Control Systens nust be in
pl ace so that normal, though relatively |ow probability, |aunch
failures becone tol erable and perm ssible fromthe point-of-view
of public safety.

Fi gure 10-15, reproduced fromRef 14, is a Public Launch Hazard
Event Tree based on ESMC | aunch experience, but it also applies
conceptually to the other National Ranges. It shows that a | ong
chain of failure events nust take place to expose the public to
| aunch or overflight hazards. Condi tional probabilities and
branching of events are also indicated. This type of analysis
will be applied to evaluate the safety risks associated with
specific ELV' s, launch sites and m ssions.

TABLE 10-5. RELATIVE RISKS FOR VARIQUS FLIGHT PHASES WITH AND WITHOUT RANGE SAFETY
SYSTEMS

Without Range Safety Control With Range Safety Control

Flight Phase

Hazard level

Frequency

Acceptability

Hazard Level

Frequency

Acceptability

Early Launch

Potentially
catastrophic

Occasional

Unacceptable

Potentially
catastrophic

Improbable

Acceptable

Pre-orbital

Marginal

Remote

Acceptable

No benefit

No benefit

No benefit

Return from

orbit (uncon-

trolled)

Marginal

Remote

Acceptable

No Possible
control

No Possible
control

No Possible
control
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10/ 2/ 95 rev
APPENDI X A

GLCSSARY AND DEFI NI TI ON OF TERMS

Many docunents have been referenced to obtain the definitions of
terms that are used in this docunent. In nost cases, the
definitions fromthe referenced docunents have been used
directly, while others have been nodified to nore fully apply to
the text herein, and where appropriate, sonme have been devel oped
by the aut hors.

The referenced docunents are as foll ows:

1. AFETRM 127-1, Sept. 1972

2. M L- STD-882, March 30, 1984

3. WEMCR 127-1, May 15, 1985

4.  ESMCR 127-1, July 30, 1984

5. NASA GHB 1771.1, Sept. 14, 1984

6. Federal Register, Vol. 51, No. 38, Part 401.5

7. Public Law 98-575, Cct. 30, 1984

8. UMTA System Safety G ossary, June, 1986

9. The Aerospace Age Dictionary, 1965

10. The Dictionary of Space Technol ogy, by J.A Angelo Jr.,
1982

11. CPlI A 394, Sept. 1984



ACCI DENT (M SHAP) - An unplanned and undesirabl e event
that results in injury; death (casualty) or danage to
facilities, equipnent, the [aunch vehicle or public

property.

ANALYSIS - Technical procedure, followi ng a prescribed
pattern.
ASSESSMENT - Consideration of the results of an analysis

in a broader context to determ ne and eval uate their
signi ficance.

AERQZI NE-50 ( A-50) - A liquid propellant fuel; a mxture
of 50% (by wei ght) hydrazine and 50% asynmetri cal
di met hyl hydr azi ne.

AVERAGE FAI LURE RATE - Frequency of failure averaged over
the tinme interval of operation (or the nunber of duty
cycles) for a conponent, system or subsystem

BLAST - Brief and rapid novenent of air or fluid away from
a center of outward pressure, as in an explosion; the
pressure acconpanyi ng this novenent.

CASUALTY EXPECTATION - The probability of a casualty for
a probable (or credible) accident scenario under
consi deration

CREDI BLE CONDITION - A condition that can occur and is
reasonably likely to occur.

CREDI BLE ACCI DENT - A probabl e, possible and/or plausible
acci dent scenario, or sequence of failure events which can
|l ead to the occurrence of accidents.

CREDI BLE FAILURE - A failure node which can be foreseen as
possi bl e and probabl e.

CRITICAL DIAMETER - The dianeter of a confined or
unconfi ned materi al bel ow which an expl osive reaction w ||
not propagate when subjected to i nduced shock.

CRITICAL FUNCTION - As applied to nuclear and space | aunch
systens, those functions which apply directly to, or

control, mssion success or failure (e.g., functions that
enabl e, pre-arm arm unlock, rel ease or guide).

CRYOGEN - A liquid which boils at tenperatures of |ess

t han about 114°K (- 254.4°F) at atnospheric pressure, e.g.,
hydrogen, helium nitrogen, oxygen, air or methane.

A-2



DAMAGE - A loss, negative outcone or undesirable inpact of
an accident. My refer to equipnent, property, nonetary or
production | oss.

DEFLAGRATE - Burn at a rapid rate, but bel ow the speed of
sound in the unreacted nedi um

DELPH ANALYSIS - A nethod of risk assessnment which
requi res experts' opinions and consensus-buil ding; term
derives fromthe ancient G eek Del phi oracle which could
predict the future.

DETONATION - An exotherm c reaction that propagates with
such speed that the rate of advance of the reaction zone
into the unreacted material exceeds the velocity of sound in
the unreacted material. The rate of advance of the reaction
zone is termed detonation velocity. Wen this rate of
advance attains a value that will continue w thout

di m nution through the unreacted material, it is ternmed the
stabl e detonation velocity. Wen the detonation velocity is
equal to or greater than the stable detonation velocity of
the expl osive, the reaction is terned a "high order™
detonation. Wen it is lower, the reaction is ternmed a "I ow
order" detonati on.

DEVI ATION - An alternate nethod of conpliance with the
intent of satisfying specific requirenments. A procedure
differing fromestablished nornms and practi ces.

DYNAM C PRESSURE - The air pressure which results fromthe
mass air flow (or wi nd) behind the shock front of a bl ast
wave. It is equal to the product of half the density of the

air through which the bl ast wave passed and the square of
the particle (or wind) velocity behind the shock front as it
i mpi nges on the object or structure.

EQUI VALENT WEI GHT (EW - The ampunt of a standard

expl osi ve whi ch, when detonated, will produce a bl ast effect
conparable to that which results at the sane distance from
t he detonation or explosion of a given anmount of nateri al
whose performance is being evaluated. It is usually
expressed as a percentage of the total weight of al

reactive materials contained in the itemor system It is
conventional to use TNT for conpari son.

EVENT - A specific occurrence that is defined by a tine
and | ocati on.

EXPECTED LOSS - The probable | oss or danmage/ casualty | evel
for the accident scenari o under consideration.
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EXPENDABLE LAUNCH VEHI CLE (ELV) - A launch vehicle
(configuration of rocket notors) intended to be used only
once, because the majority of its conponents are expected to
be destroyed or discarded after the |aunch, during orbit
insertion and/or re-entry.

EXPLOSION - A rapid expansion of matter into a vol une
greater than its original one, acconpanied (in air) by |oud
sounds.

EXPLOSI VE - Any chem cal conmpound or nechanical m xture
whi ch, when subjected to heat, inpact, friction, detonation
or other suitable initiation, undergoes a very rapid

chem cal change with the production of |arge vol unes of

hi ghl y heated gases which exert pressures in the surrounding
medium The termapplies to materials that either detonate
or defl agrate.

FAILURE - A condition of a conponent, subsystem or system
in which the intended design or specified operation is not
met .

FAILURE ANALYSIS - The process by which the cause, effect,
responsibility and cost of an accident is determ ned and
reported. A nmethod to identify the types of faults or

mal functions that may occur and |lead to accidents.

FAILURE MODE - A specific failure for a critica
conmponent, subsystem or system which can be foreseen or
identified .

FAI LURE MODE AND EFFECT ANALYSIS (FMEA) - An inductive
procedure in which potential nmalfunctions are identified and
then anal yzed as to their possible effects.

FAULT TREE ANALYSIS (FTA) - A deductive analysis procedure
whi ch graphically presents all possible sequences of
failures and chains of events which can result in the fina
undesi red event (accident) at the top of the tree; used to
det ernm ne possi bl e and nost probabl e causes.

FIREBALL - A nore or |ess spherical ball of flanes
produced by the instantaneous rel ease, evaporation and
ignition of propellants. Generally, the fireball expands
and rises in the atnosphere until the propellant is
consuned.

FI REBRAND - A projected burning or hot fragnment whose
thermal energy is transferred to a receptor.



FLAMMABLE LIMTS - The upper and | ower vapor
concentrations of fuel to air which will ignite and burn
(i.e., deflagrate) in the presence of external ignition
sources; often referred to as the expl osive range, although
they are not identical.

FLASH EVAPORATI ON - The changing of a liquid propell ant
into a gas when the external pressure is released during the
rupture of a vessel

FLIGHT - That period of tinme beginning with engi ne
ignition and continuing until earth inpact for suborbital or
orbital trajectories, or indefinitely for deep space
trajectories.

FLI GAT AZI MUTH - The angul ar direction of the |aunch and
flight trajectory of a |launch vehicle neasured in degrees
fromtrue north

FLI GHT CORRIDOR - Two-di nensional area on Earth's surface
(ground track) above which a | aunch vehicle can fly safely.

FLI GHT PATH - The path traversed through the atnosphere or
t hrough space by a | aunch vehicle or spacecraft.

FLI GHT PLAN - Description of the proposed |aunch and its
events, including description and definition of payl oad
orbit.

FLI GHT SAFETY - Protection of the public health and safety
and safety of property during the flight of the |aunch
vehicle and its payl oad.

FLI GHT TERM NATI ON SYSTEM (FTS) - Expl osive or ot her

di sabling equi prrent installed in the ELV stages plus
associ at ed ground equi pnent for tracking and term nating the
flight should it becone necessary in order to protect people
and property on the ground froma mal functioning ELV. Al so
called Flight Safety Control System A Thrust Term nation
Systemis a special type of FTS which shuts down the
propul si on system

GEO - CGeosynchronous or Ceostationary Earth orbit;
equatorial, high altitude Earth orbits in which a satellite
rotates with Earth's spin period, thus appearing stationary
with respect to its sub-Earth point.



GROUND TRACK - The projection of a spacecraft |aunch,
flight and orbital trajectory onto the surface of the Earth,
traced by the notion of its sub- Earth point.

HAZARD - Any existing or potential condition that can
cause injury or death, that leads to risk of damage to or

| oss of equi pment or property. Also; A source of potential
damage or harm in case of an accident.

HAZARD ANALYSIS - An analysis perforned to identify
hazardous conditions for the purpose of their elimnation or
control

HAZARD MANAGEMENT - An el enent of the system safety
managenent function that evaluates the safety effects of
potenti al hazards by considering acceptance, control or
elimnation of such hazards.

HAZARDOUS CONDI TION - A situation where, because of the
nature of the equipnment, facilities, personnel, environnent
or operation being perforned, there is a potential for an
accident. For exanple, hazardous conditions may exist:

1. During propellant transfer to or fromthe ELV, whenever
work is in progress on a rocket containing propellant and
whenever a solid propellant notor is in a propul sive state.

2. During installation, electrical connection, testing and
handl i ng of ordinance itens al so, while ordinance itens are
el ectrically connected in the m ssil e.

3. Whenever vehicle pressurization systens fail to satisfy
safety factors.

4. Whenever any toxic or flamuable nmaterials are used for
any purpose in ELV handling areas.

5. Any tinme that electrical stornms are within five mles
of the launch conpl ex.

HAZARDOUS EVENT - An accidental occurrence that endangers
peopl e or property

HAZARDOUS EVENT PROBABI LITY - The likelihood, expressed in
guantitative terns, that a hazardous event will occur. Both

units of frequency, (1/ tinme) and probability
(di mensi onl ess), can be used. See also next entry.



HAZARD PROBABI LITY - The probability that a hazard w |
occur during the planned |life or operation of the system
Hazard probability may al so be expressed in qualitative
terms using a relative ranking system such as:

Frequent
Pr obabl e
Qccasi onal
Renot e

| npr obabl e
| npossi bl e

mTmooOw>

HAZARD SEVERITY - A qualitative neasure of the potenti al
consequences that could be caused by a specific hazard in
case of an accident. An exanple of a hazard severity
ranki ng systemis:

A Cat astrophi c

B. Critical

C. Mar gi nal

D. Negl i gi bl e

HYPERGOLIC - Termapplied to the self ignition of a fuel

and an oxi di zer upon m xing with each other w thout a spark
or other external aid.

| GNI TI ON TEMPERATURE - The nean tenperature at which a
conmbustible material can be ignited and will continue to
burn when the ignition source is renoved.

The ignition tenperature for any one substance will vary
with its particle size, confinenent, noisture content and
anbi ent tenperature.

| MPACT AREA - An area surroundi ng an approved inpact point
for vehicle stages under normal operation or for destructed
vehicle debris. The extent and configuration of the area is
based upon the vehicle or stage dispersion characteristics.

| MPACT LIMT LINE - A predeternmined line defining a limt
beyond which a failed ELV or its jettisoned spent stages
will not be allowed to inpact on the ground, in order to
protect people or property.

| MPMULSE - Bl ast wave paraneter denoting the integral of
pressure over pulse duration. It may be positive or

negati ve dependi ng on whether the pressure is above or bel ow
anbi ent .



LAUNCH - Release a powered rocket/spacecraft froma
speci al ly designed | aunch pad or platform

LAUNCH ABORT - Premature and abrupt term nation of a

| aunch operation because of a potential or diagnosed failure
of the launch system or nonconpliance with the | aunch safety
requi renments.

LAUNCH ACTIVITY - The preparation, test or execution of
| aunch; the operation of a |launch site or both.

LAUNCH AZI MJUTH - The horizontal angular direction
initially taken by a [ aunch vehicle at lift-off, neasured
cl ockwi se in degrees fromtrue north (see flight azinuth).

LAUNCH COWLEX - The facility, usually fenced, which
contains the ELV launch facilities including: the |aunch
pad and servicing structures, the bl ockhouse or control
bui | di ng, propellant transfer equipnent, support buil dings
(e.g., vehicle assenbly building, VAB) required to support a
I aunch.

LAUNCH CONTROL CENTER (LCC) - The facility from which
| aunch operations are conducted and nonitored.

LAUNCH CONTRCL OFFI CER - The individual who supervises and
coordi nates activities in the launch conpl ex during

prel aunch and post-launch. Also called Range Safety O ficer
(RSO .

LAUNCH OPERATION - Site, personnel, procedures, equipnent
and vehicles, which are collectively used for |aunch
preparation or launch of a |aunch vehicle.

LAUNCH PROPERTY - Propellants, |aunch vehicles and
conponents thereof and other physical itens constructed for,
or used in, the preparation or launch of a |launch vehicle.

LAUNCH RANGE - A finite area along the path of a | aunch
vehi cl e beginning at a |l aunch site and ending at a point
where the vehicle inpacts on Earth, achieves orbit or
reaches escape velocity. Includes instrumentation

t hroughout that area used to nonitor the flight of the

| aunch vehicle for safety and ot her purposes.

LAUNCH SAFETY - Protection of personnel, safety of
property on the ground and of the public health and safety
during and after a |l aunch operation.



LAUNCH SERVICES - Activities involved in the preparation
of a launch vehicle and its payload (including assenbly,
test, integration and environnmental protection) for |aunch
and the conduct of a | aunch.

LAUNCH SITE - The geographical |ocation fromwhich a
| aunch takes place, as defined in any |icense issued or
transferred by DOT. Includes all facilities |located on a

| aunch site which are necessary to conduct a |launch. See
al so Launch Conpl ex.

LAUNCH SI TE OPERATOR - A sponsoring or contractor

organi zati on (governnent or conmercial) which has the
denonstrated capability to satisfactorily conduct a |aunch
operation safely froma particular |aunch site.

LAUNCH VEHI CLE - Any rocket propulsion or simlarly
capabl e vehicle constructed for the purpose of inserting a
payload in a ballistic or orbital trajectory.

LI CENSEE - The person or organization authorized by a
license to conduct specified conmercial |aunch activities
and who is responsible for conducting such activities in
conformance with applicable DOT regul atory requirenents.

LI QUEFI ED GASES - Substances which are gases at anbi ent
conditions of tenperature and pressure that have been
converted to liquids under controlled pressure and

t enper at ure.

LOWEARTH ORBIT (LEO - Obital altitudes up to about
1,000 km (see Ch. 6, Vol.?2).

LONER FLAMMABLE LIMT (LFL) - The |owest concentration, by
percent of volume, of a gas or vapor in the atnosphere at
normal tenperatures and pressures at which the gas or vapor
will ignite and sustain conbustion.

M SHAP - An unpl anned event or series of undesirable
events that result in death, injury, damage or |oss of
equi pnent and/or property. (See al so ACCI DENT)

M SSION - The objective to be acconplished by a proposed
| aunch and the general plan for achieving that objective,
namely | aunch azimuth, site, orbital paraneters, vehicle
configuration, design, etc.

ORBI'T I NCLI NATION - The angl e between the plane of a
particular orbit and the equator.



ORBI TAL I NJECTION - The sequence of operations, in tine
and space, whereby a vehicle achieves a conbination of
velocity and position so that its payload is placed into the
desired Earth orbit.

ORBI TAL VELOCI TY - The velocity at which the centrifugal
force created by the | aunch vehicle's notion around the
Earth equals the Earth's gravity; at this point the vehicle
will orbit the Earth until some other force is applied.

OBLATENESS - The deviation of the Earth's shape froma
perfect sphere (flattened poles, bulging equator).
OVERPRESSURE - Bl ast wave paraneter denoting the peak
pressure rise over anbient.

PASCAL - Unit of pressure. 1kPa = 1000 Pa. 1 atnosphere
= 101 kPa

POOL FIRE - A fuel filmformed on the ground and burning

in a turbulent diffusion flane | ocated above the film

PRELI M NARY HAZARD ANALYSIS (PHA) - A qualitative listing
and ranki ng of hazards of interest.

PROPELLANTS - Bal anced m xtures of fuel and oxidizer
designed to produce | arge volunes of hot gases at
controll ed, predeterm ned rates, once the burning reaction
is initiated.

PSI - Pounds per square inch, a unit of pressure. 1
at nosphere = 14.7 psi.

RESI DUAL RISK - Risk exposure |evels which cannot be
further reduced or elimnated by risk mtigation
(managenent) strategi es and nust be accepted.

RISK - The potential for an undesirabl e consequence to
ari se froman accident occurring during a hazardous
activity. Technically, Risk (R is the product of the
probability (p) or frequency (f) of occurrence and its
consequence (C) (the severity of its inpact).
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RI SK ANALYSIS - A detailed exam nation of systens and
operati ons which involves both the estimation of the
expected frequency or probability of adverse events and the
severity (magnitude) of their consequence expressed in units
of interest (property damage, casualties, down tine,
production or business |losses). Risk analysis requires;
first the identification and characterization of hazards
(qualitative analysis); then a quantification and ranking of
hazards in terns of the Iikelihood of their occurrence,
severity of their consequence or their expected risk figure.

Rl SK ASSESSMENT- Eval uation of analytical results of Risk
Anal ysis in a broader context.

RI SK SCREENI NG - The ordered ranking of hazards so that
acceptable risk threshol ds can be defined and intolerable
risk levels that require reducti on and managenent resources
can be identified.

Rl SK MANAGEMENT - The process used to form decisions that
control risk (reduce, elimnate or accept) based on system
safety analysis. The set of policy and operational control
options that nust be introduced in order to avoid, reduce
and elimnate risks. Ri sk nanagenent may focus on either
prevention and di m ni shed probability of occurrence of
hazar dous events or on controlling the inpacts of such
events by energency preparedness and response pl anni ng.

Ri sk managenent options are usually sel ected based on cost-
benefit anal yses.

SAFETY ASSESSMENT REPORT (SAR) - A conprehensive

eval uation of the safety risks being assuned prior to test
or operation of the system It identifies all safety
features of the system as well as the design and procedural
hazards present and specific controls to be adopted.

SAFETY - A reasonabl e degree of freedom fromthose
conditions that can cause injury, death to personnel, damage
or | oss of equipnent or property; freedom from danger.

SAFETY CRITICAL - A designation placed on a system
subsystem el enent, conponent, device or function denoting
that satisfactory operation of such is mandatory to ensure a
safe operation. Such a designation dictates incorporation
of special safety design considerations and features. Any
condition, event, operation, process, equiprment or system
wth a potential for major injury or damage.
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SAFETY OPERATIONS - Collectively the personnel, equipnent,
facilities, docunented plans, procedures and any ot her
resource needed for safe preparation and | aunch of a | aunch
vehicle and its payl oad.

SHOCK WVAVE - A relatively thin region of discontinuity
whi ch can propagate through fluids and solids and across
whi ch properties (pressure, velocity, density and

t enperature) change very rapidly.

SOLI D PROPELLANTS - Solid propellants act as
nonopr opel | ants. Honobgeneous propellants are true solid
nonopr opel | ants; each nol ecul e contains both fuel and oxygen
(e.g., nitrocellul ose-containing conpounds). Conposite
propel l ants are physical (not chemcal) mxtures of a finely
ground oxidizer in a matrix of plastic, resinous or

el astoneric fuel (e.g., ammonium perchlorate in a resin

bi nder) .

SYSTEM - A conposite, at any level of conplexity, of
personnel, procedures, materials, tools, equipnent,
facilities and software. The elenents of this conposite
entity are used together in the intended operational or
support environment to performa given task or achieve a
speci fic production, support or mssion requirenent.

SYSTEM SAFETY - The application of engineering and
managenent principles, criteria and techniques to optim ze
safety within the constraints of operational effectiveness,
time and cost throughout all phases of the systemlife
cycl e.

SYSTEM SAFETY MANAGEMENT - The el enent that defines the
system saf ety program requi renents and ensures the planning,
i npl enentati on and acconpli shnent of system safety tasks and
activities.

SUBORBI TAL LAUNCH - A launch during which the vehicle does
not achieve orbital velocity and, therefore, falls back to
the Earth's surface following a ballistic trajectory after

t he conpl etion of powered flight.

SUBORBI TAL TRAJECTORY - The ballistic path a | aunch
vehicle follows during a suborbital |aunch.

THERVMAL RADI ATION - Thermal energy enmitted by hot surfaces
or gases by virtue of their tenperatures.

THRESHOLD LIMT VALUE (TLV) - The | owest concentration
| evel of a toxic substance at which toxic effects may
devel op.
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TNT EQUI VALENT YIELD - Energy release in an expl osion
inferred from neasurenents of the characteristics of bl ast
waves generated by the expl osion.

TRAJECTORY - A series of points in three dinensional space
relative to tine that describes the exact position of the
vehicle at any tinme with respect to Earth's surface.

UPPER FLAMMABLE LIMT (UFL) - The hi ghest concentrati on,
by percent of volune, of a gas or vapor in the atnosphere at
normal tenperatures and pressures at which the gas or vapor

will ignite and sustain conbustion.
VOLATILE - A substance that has a high vapor pressure
(i.e., it wll readily vaporize) at a | ow tenperature.
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APPENDI X B

FUEL PROPERTI ES AND CHARACTERI STI CS

(from CPI A Publication 394, "Hazards of Chem cal Rockets and
Propel l ants", by John Hopkins University, Applied Physics
Laboratory, Laurel, NMD, Sept. 1984)



NANE:

M LI TARY HAZARD CLASSI FI CATI ON

DOT CLASSI FI CATI ON:
QUANTI TY PER VEHI CLE
APPLI CATI ON:

LH, —Liquid Hydrogen
Goup Il

Fl anmabl e Liquified gas
3,400 I b (Centaur)

Cent aur

PROPERTI ES AND CHARACTERI STI CS

COVPCOSI T ON:

APPEARANCE

STABI LI TY:

FREEZI NG PO NT:

BA LI NG PO NT

DENSI TY:

CRI TI CAL PRESSURE
CRI TI CAL TEMPERATURE
ODOR

PHYSI OLOG CAL:

99. 79% par a- hydr ogen and
0. 21% or t ho- hydr ogen.

Hi gh purity Liquid Hydrogen
is transparent and
col orl ess.

Li quid Hydrogen is

chem cal ly stable.
Physically stable only when
stored under suitable

condi tions.

-435°F

-423°F

0.59 Ib/gal. at -423°F

188 PSI A

-400°F

None

HAZARDS

Human contact with liquid
hydr ogen or uni nsul at ed

| ines can result in severe
frost bite. Hydrogen gas
acts as a sinple asphyxiant
t hat can be breathed in high
concentrations w thout
produci ng systematic
effects. However, if the
concentration is high enough
to significantly reduce the



EXPLOSI ON:

THRESHOLD LIM T VALUE

anount of oxygen in the air,
the effects of oxygen
deprivation will be

pr oduced.

Unconfi ned hydrogen-air

m xtures generally burn
rapidly w thout detonation.
However, in confined areas
or when ignition is caused
by a shock source or snal
expl osi ve charge, the

m xture can detonate

An expl osi on hazard can
exist if liquid hydrogen is
contam nated with solid
oxygen or solidified oxygen
enriched air.

None



NANE:

M LI TARY HAZARD CLASSI FI CATI ON:
M LI TARY STORAGE COWPATI BI LI TY:
DOT CLASSI FI CATI ON:

QUANTI TY PER VEH CLE:

APPLI CATI ON:

LOX- Li quid Oxygen

[

LIQA

Non- Fl ammabl e Li quid

146,300 I b (an additi onal
15, 300 | b)

First Stage Oxidizer

PROPERTI ES AND CHARACTERI STI CS

COVPOSI T ON:
APPEARANCE

STABI LI TY:

FREEZI NG PO NT:

BA LI NG PO NT:

DENSI TY:

CRI TI CAL PRESSURE:
CRI TI CAL TEMPERATURE:
ODOR

99. 5% oxygen

Li ght bl ue transparent
liquid. Boils vigorously at
anbi ent conditions.

Li quid oxygen is chemcally
stable, is not shock
sensitive and will not
deconpose.

-361°F

297°F

9.53 I b/gal. at -297.4°F
737 PSI A

-181°F

None

HAZARDS

PHYSI OLOG CAL:

Human contact with liquid
oxygen or uninsul ated |ines
can result in severe frost
bite. Oxygen gas will not
cause toxic effects.
Gaseous oxygen fromthe
liquid is absorbed by
clothing and any ignition
source may cause flare
bur ni ng.



EXPLOSI ON:

THRESHOLD LIM T VALUE

VWhen m xed with liquid
oxygen, all materials that
burn represent expl osive
hazar ds.

None



NANE:

M LI TARY HAZARD CLASSI FI CATI ON:
M LI TARY STORAGE COMPATI BI LI TY:

DOT CLASSI FI CATI ON:
QUANTI TY PER VEHI CLE
APPLI CATI ON:

TEA (Triethyl alum nunm) TEB
(Triethyl boron)

111

LIQC

Fl anmabl e Liquid

0.17 1b

TEA in first stage main
engi ne

TEA/ TEB in verni er engines

PROPERTI ES AND CHARACTERI STI CS

COVPCSI T ON:

APPEARANCE
STABI LI TY:

FREEZI NG PO NT
BA LI NG PO NT
DENSI TY:

FLASH PO NT:

ODOR

100% TEA i n mai n engi ne

15% TEA, 85% TEB i n verni er
engi nes

Colorless liquid

TEA reacts violently with
wat er and organic and

i norganic acids. TEB reacts
violently wi th oxygen.

TEA T1EB

-52°F -134°F

+381°F +203°F

52 Ib/cu. ft 43 Ib/cu. ft
at 70°F

| gnites spontaneously in air
at room t enperature.

Combusti on products have
pungent anmoni a-1i ke odor.

HAZARDS

PHYSI OLOG CAL:

TEA and TEB wi I | destroy
living tissue on contact.

Conmbustion products are
hi ghly toxic.



FLAMVABI LI TY: TEA and TEB ignites
spont aneously in air at room
t enper at ure.

THRESHOLD LIM T VALUE: Zero



NANE:

M LI TARY HAZARD CLASSI FI CATI ON

M LI TARY STORAGE COMPATI BI LI TY:

DOT CLASSI FI CATI ON:
QUANTI TY PER VEHI CLE
APPLI CATI ON:

Ni t rogen Tetroxide
I

LIQA

Poi son Liquid A
6,228 I b

Second stage oxidizer

PROPERTI ES AND CHARACTERI STI CS

COMPCSI T1 ON:
APPEARANCE

STABI LI TY:

FREEZI NG PO NT:
BA LI NG PO NT
DENSI TY:

CRI Tl CAL TEMPERATURE

CRI TI CAL PRESSURE
FLASH PO NT:
ODOR

PHYSI OLOG CAL:

99. 5% N,0,

Reddi sh-brown liquid wth
yel l owi sh to reddi sh-brown
funes.

N,O, is very stable at room
tenperature. At +302°F it
begins to dissociate into

nitric oxide and oxygen, but
upon cooling it reforms into

N,0,.

+11. 8°F

+70.1°F

12.1 Ib/cu. gal. at 68°F
1,469 psia

+316. 8°F

None

Characteristic irritating,
pungent and acid-1i ke odor.

HAZARDS

N,O, liquid is corrosive and
can cause severe burns of
the skin and eyes unless it
is imediately renoved.

I nhal ati on of N,O, vapors is



SYMPTOME OF PO SONI NG

FLAMVABI LI TY:

THRESHOLD LIM T VALUE

normal Iy the nost serious
hazar d.

Irritation of the eyes and
t hroat, cough, tightness of
t he chest, and nausea - are
slight and may not be
noticed. Then hours
afterward, severe synptons
begin; their onset may be
sudden and precipitated by
exertion. Coughing, a
feeling of constriction in
the chest, and difficult
breat hing are typical

N,O, is a corrosive agent
whose corrosiveness is
enhanced in the presence of

wat er . It is not sensitive
to shock, heat, or
det onati on. It is not

flammabl e in air but wll
support conbusti on.

3 ppm for NO,

2.5 ppmfor NO,

At no time wll personnel be
subj ected to any

concentration greater than
TLV.



NANE:

M LI TARY HAZARD CLASSI FI CATI ON

M LI TARY STORAGE COMPATI BI LI TY:

DOT CLASSI FI CATI ON:

QUANTI TY PER VEHI CLE

APPLI CATI ON:

COVPCSI T ON:
APPEARANCE

STABI LI TY:

FREEZI NG PO NT:

BA LI NG PO NT
DENSI TY:

FLASH PO NT:
ODCOR

PHYSI OLOG CAL:

EXPLOSI ON:

RP-1

I

LIQC

Fl anmabl e Liquid

67,000 I b (an additi onal
11,000 | b.)

RP-1 is a thermally stable
ker osene having a very high
energy content. It is used
for first stage fuel.

PROPERTI ES AND CHARACTERI STI CS

Hydr ocar bon

Clear liquid ranging in
color fromwater-white to a
pal e yel | ow.

A mxture of RP-1 and liquid
oxygen fornms a gel which may
expl ode upon bei ng subj ected
to inpact or shock.

-40°F Max.

350° to 525°F

49.95 to 50.82 I b/ft? at
60°F

110°F

Strong, kerosene-like

HAZARDS

B- 10

| nhal i ng vapors may cause
headache, dizzi ness or
nausea. Continuous contact
with the skin can cause
irritation.

A m xture of vapor and air
i s dangerous and shoul d be
consi dered as an expl osive



THRESHOLD LIM T VALUE:

B-11

m xt ur e.
500 PPMin air.

At no time wll personnel be
subj ected to any
concentration greater than
the threshold Iimt val ue

(TLV) .



NANE:

M LI TARY HAZARD CLASSI FI CATI ON

M LI TARY STORAGE COMPATI BI LI TY:

DOT CLASSI FI CATI ON:
QUANTI TY PER VEHI CLE
APPLI CATI ON:

Aerozi ne 50

11

LIQC

Fl anmabl e Liquid
3,892 Ib

Second- st age f uel

PROPERTI ES AND CHARACTERI STI CS

COMPCSI T1 ON:

APPEARANCE
STABI LI TY:

FREEZI NG PO NT:
BA LI NG PO NT

DENSI TY:

FLASH PO NT:
CRI TI CAL TEMPERATURE
CRI TI CAL PRESSURE
ODOR

PHYSI OLOG CAL:

M xture of 50% UDWVH and 50%
hydr azi ne

Clear, colorless liquid
A-50 is thermally stable and
is not shock or friction
sensitive.

+18. 8°F

+158. 2°F

56.1 I b/cu. ft at 77°F
+104°F

+634°F

1,696 psia

Amoni a gas

HAZARDS

B-12

The liquid can be absorbed

t hrough the skin; the vapors
can be inhal ed. Exposure
may cause irritation of the
mucous nenbranes of the
eyes, respiratory passages,

| ungs, and gastro-intestinal
tract. Direct skin contact
can cause severe burns.



EXPLOSI VE:

THRESHOLD LIM T VALUE

B- 13

MWH and UDMH are convul sant
agents, irritants to the
respiratory tract and eyes
and may irritate the skin.
They are absorbed by the
skin, oral and inhalation
routes. Hydrazine fuels
form car ci nogeni c

ni trosam ne conpounds.

Al so, ACG H has listed the
hydrazi nes as " Suspect ed
Human Car ci nogens. "

Liquid is flammabl e and
reacts violently with acids
and oxi di zi ng agents.

0.5 ppmin air.

At no time will personnel be
subj ected to any
concentration greater than

t he TLV.



NANE:

M LI TARY HAZARD CLASSI FI CATI ON

M LI TARY STORAGE COMPATI BI LI TY:

DOT CLASSI FI CATI ON:
QUANTI TY PER VEHI CLE
APPLI CATI ON:

Oonite Extrene Pressure
Addi tive

None

None

Fl anmabl e Liquid
5.96 I b

First-stage booster engine
| ubri cant.

PROPERTI ES AND CHARACTERI STI CS

COVPCOSI T ON:

APPEARANCE

STABI LI TY:

FREEZI NG PO NT:
BA LI NG PO NT
DENSI TY:

FLASH PO NT:
ODOR

PHYSI OLOG CAL

EXPLOSI ON:

THRESHOLD LIM T VALUE

Phosphorus, zinc, sulphur,
cal ci um

Transparent, |ight orange
oi

Stable at controlled storage
t enperature bel ow +100°F

+17°F

Not Avail abl e

67.8 Ib/cu. ft at 60°F
+340°F

Foul , sul phur-1ike snell

HAZARDS

B- 14

None. Inhaling vapors is
unpl easant.

A mxture of additive and

| i quid oxygen forns a gel

whi ch may expl ode upon bei ng
subj ected to inpact or
shock; however, such contact
does not normally occur. A
m xture of additive and fuel
is normal in the lubrication
system and i s not hazardous.

None
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