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EXECUTIVE SUMMARY

This study examined the potential for a fire resulting from a failed launch vehicle. Within the
conditions of operation that Camden Spaceport applied for under a 14 CFR 420 launch license,
there are only two scenarios a failed launch can result in fire hazarding Cumberland Island: an
intact impact (or low altitude breakup) resulting in a fireball, or hot debris exceeding the autoignition temperature of local flora. With the representative vehicle trajectories provided by
Camden Spaceport, intact impacts are not assessed as physically possible before factoring in the
risk reduction of a command-destruct Flight Termination System, and the likelihood of an event
producing debris hot enough to survive to impact and cause auto-ignition is too low to be credible.
Our preliminary analysis demonstrated that for some vehicles powered by liquid propellant
engines it is theoretically possible for a launch failure to generate hot debris that could survive to
impact; however, after routine operational risk mitigations are applied, the overall risk of fire to
Cumberland Island from a failed rocket launch was found to be so low as to be not credible. This
report provides recommendations to mitigate any remaining risk from launch.
The ARCTOS evaluation included several components. First, we examined the primary factor
determining risk of intact impact after a launch failure, which are launch vehicle structural
characteristics that affect whether the vehicle will aerodynamically breakup while tumbling. The
small payload vehicle class that is intended to be supported from the launch site includes vehicles
that pose no threat as well as those that can produce impacts at extremely low probability before
factoring in flight termination systems. The representative vehicle utilized in Camden Spaceport’s
LSOL application is not assessed to pose an intact impact threat or mid-air fireball threat. Second,
we conducted a liquid propellant fireball analysis to determine the predicted conditions of an inflight explosion, and its potential impact on land masses. Finally, ARCTOS conducted
computational fluid dynamics (CFD) simulations of possible hot debris ejected from a failed
vehicle to compare against auto-ignition temperatures of a variety of flora native to Cumberland
Island. The debris from failed launch vehicles that would potentially represent a fire hazard is
limited to only a few vehicle parts for the vehicles examined. This approach is highly dependent
upon initial conditions which cannot be known under a spaceport operator license and cannot have
a generalized probability or risk assigned to it.
In addition to the above studies, ARCTOS also reviewed present risk mitigations for any fire on
Cumberland Island and additional mitigations proposed by the Spaceport and found that they
provide sufficient mitigation in the unlikely event of fire caused by a failed launch. We have
identified further operational and analytical efforts possible to enhance public confidence, and
increase public and responder safety associated with any launch.
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1

BACKGROUND

1.1

Contractual Premise

Camden County Board of Commissioners, in support of Spaceport Camden, contracted ARCTOS
Technology Solutions’ Risk and Safety Division to provide an independent assessment of fire risks
on Cumberland Island and the surrounding areas of the spaceport. The goal was to ensure that
from any preliminary data, any potential for fire risk to the island was fully examined and
quantified, and that existing or recommended fire mitigations were identified and assessed.
Camden County submitted numerous materials to ARCTOS for review. This included original
spaceport license application data to include technical and geographic materials required for flight
safety analysis, fire management plans for Little Cumberland Island, homeowner and FAA letters
discussing fire risk concerns, and coordinated requests to the Georgia Forestry Commission for
history of fire risk in the area.
A previous risk study had been conducted by Aerospace Corporation as part of the 14 CFR 420
requirements for a launch site application. This can be referred to as the Launch Site Location
Review (LSLR). ARCTOS agrees with the assumptions and methodologies conducted in the
study which concluded that the notional launch azimuth and trajectory at 100 degrees from
Spaceport Camden both met the public risk criteria for a commercial spaceport and did not result
in intact impacts on the island for the representative rockets and trajectories examined.
This report is an examination of the specific events capable of producing a fire on the island. The
report seeks to answer the questions,
-

What are potential causes of fire risk due to a rocket failure?
How can these risks be evaluated?
How can these risks be mitigated?
What further analysis can be undertaken to reassure the public within the scope of future
launches?

We answer these questions by examining representative mission data provided by the spaceport
for both small and medium-large launch vehicle classes, represented by the RocketLab Electron
and SpaceX Falcon 9, respectively. These vehicles are depicted visually in Figure 1-1. The report
is laid out in the following manner: an explanation on how risk is traditionally assessed, a
discussion on the fire risk inherent to Cumberland Island without the presence of a spaceport, an
evaluation of fire risks to the island once launch operations are factored in, and an examination on
how those risks can be mitigated through operational and analytical methods.
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Figure 1-1. Comparison of height of all current small-lift launchers and the Falcon 9
(Credit: Everyday Astronaut)
Additionally, the goal is to ensure that any member of the public reading this report can clearly
understand the assumptions made, the statistics produced, and the comparisons to other common
and uncommon casualty sources. Traditionally, flight safety analyses reports and methods are not
reviewed by the public but are instead prepared and reviewed by analysts and engineers already
familiar with the underlying methods and models. This report has been prepared with an emphasis
on plain language to maximize clarity and accessibility. We also seek to dispel some common
misconceptions about rocket safety.
To establish bona fides, ARCTOS’s Risk and Safety division staff expertise with modeling and
analyzing launch vehicle and rocket risks to people and property incorporates more than 50 years
serving the National Ranges, regulatory agencies, and range users.
Universities and US national and international Organizations have recognized our expertise. Our
staff have delivered training courses as part of the University of Southern California graduate
curriculum, to the professional staff of the safety offices at the National Ranges and at the Federal
Aviation Administration (FAA), and, internationally, under the auspices of the International
Association for the Advancement of Space Safety. We participate in on-going leadership in
developing standards as part of national organizations such as the Range Commanders Council
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Range Safety Group and the multi-agency Common Standards Working Group and have been the
authors of the definitive texts on flight safety analysis.
1.2

Ground Rules and Data Assumptions

Because this is a public document, the information utilized is restricted to the data provided by
Camden County Spaceport and publicly available documentation. While there are some specific
methodologies in our analysis toolsets that are proprietary, the scientific and statistical principles
that provide the basis for the analysis are provided to explain our approach and conclusions.
No rocket launches have yet occurred at Camden County Spaceport, therefore, the analyses
conducted for this report use preliminary data for representative launches of the vehicles examined.
Because these sample trajectories are not designed with specific missions, inclinations, payloads,
or mission safety rules in mind, the analyses performed do not represent final public safety risk
results for a specific launch. Instead, the initial trajectories are meant to show that the launch of a
small or medium/large rocket from the launch site is feasible and could meet the Expected Casualty
and Probability of Individual Casualty requirements. Secondary ground risk from fire has
historically not been considered as a risk driver for spaceport licensing, as that risk is
incumbent upon launch operators to mitigate and design safety controls around. Specific
payloads, components listings, operational and system safety designs are not considered. The
consideration of the aforementioned factors would be part of the expected launch licensing process
for any future commercial launch at the location. Nevertheless, it is in the public interest to provide
a reasonable pre-launch estimate for the risk of fire from a launch due to the lack of fire-response
facilities and equipment on Cumberland Island. In general, this report errs on the side of
conservatism.
1.3

Report Organization

This study only considers risk due to a fire spreading through combustible materials present on the
island through the ignition of vegetation. It does not examine any other risks associated with
launch or site licensing, as these are performed or reviewed by FAA or other authorities for each
specific launch. We have divided this report into several sections – examining the general
background of how risk is assessed in Chapter 2, examining the natural risk of wildfire on
Cumberland Island in Chapter 3, a discussion on the probability of a rocket to fail in Chapter 4,
examining potential fire risk causes and effects in sections 5 through 7, and assessing the
emergency response capability and residual risk in Section 8.
Broadly, rocket failures resulting in fire hazards can develop from one of the following scenarios
after lift-off:
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1) A vehicle’s fuel and the oxidizer tanks rupture, resulting in ignition and a fireball. This
occurs in one of two locations:
a. An intact impact of the vehicle on land.
b. A mid-air catastrophic failure or destructive flight termination event.
2) A failed vehicle breaks apart. A hot piece of debris such as a nozzle contacts combustible
material such as the local flora or structures, igniting them.
3) Automatic combustion of onboard hypergolic propellant due to a payload tank rupture.
4) A vehicle with a solid rocket motor booster explodes, creating solid rocket propellant
fragments that continue to burn during freefall.
In this report, we only address scenarios 1A, 1B, and 2, as the intended usage of Camden
spaceport is for liquid propellant rockets. Scenario 3 does not apply as the rockets are not intended
to carry hypergolic propellants1. Scenario 4 is not considered as solid rockets have not been
considered for launch at Camden.
A common misconception of rocket safety is that any rocket explosion will result in continuously
burning debris that falls all the way to the earth – this is only true of solid propellant rockets.
Liquid propellant rockets do not produce burning debris, as the only combustible material onboard
is either rapidly consumed upon explosion or vaporized due to insufficient oxidizer. Generally,
the only “hot” part of a liquid propelled rocket is the motor area, comprising approximately 10%
of the vehicle mass, as the remainder of the rocket must be kept at extremely low temperatures
required for common fuels and oxidizers. This is important because while the full debris field for
a rocket can be large due to a variety of ballistic coefficients, we are only interested in the portions
of the rocket that can pose a fire risk, which constrains the analysis to examining dispersions of
individual debris fragments.
1.4

Overview of Launch Sequence from Camden Spaceport

Failures during a vehicle’s ascent tend to happen during specific critical times – near the pad at
initial liftoff, during “pitch over” as the vehicle moves down range, when transitioning to higher
speeds, during periods of high aerodynamic pressure, and when transitioning to a new stage of
flight. A notional timeline is provided below to reflect the data that was provided with the
spaceport application; however, each vehicle can greatly vary in when these events occur.
However, these events tend not to be during the timeframe when the vehicle would be passing over
the island. The discussion of the historical context of failures, as well as the range safety

1

A hypergol is any combination of propellants designed to spontaneously ignite when coming into contact with each
other instead of relying on an oxidizer and ignition source. These are common propulsion sources for payloads in
orbit where oxygen is not present.
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community’s method of assigning a probability to the event, is provided in detail in Chapter 4.
Additional discussion of the dwell time over Cumberland and risks associated with this time are
provided in Chapters 5 and 6. A timeline of events related to public safety for a representative
small vehicle, specifically a RocketLab Electron, is provided in Table 1-1, and a graphical
depiction of the vehicle position, velocity, and failure propagation (also known as instantaneous
impact points) is provided in Figure 1-2. This shows that the vehicle quickly passes over the island
in question and that failures during the critical event times do not occur in locations where they
would pose a threat to the island.
Table 1-1. Critical Event Times for Hypothetical Small Launch Vehicle.
Event Time
Launch
Pitch over
Pass east limit of Spaceport
Camden (Fairfield Point)
Supersonic

T+0
T +15
T+20

0 ft
2,000 ft
3,675 ft

0 ft/sec
278 ft/sec
391 ft/sec

Free Fall
Time
n/a
23 seconds
32 seconds

T + 32

10,000 ft

723 ft/sec

56 seconds

Pass over Marsh
Cumberland “Dwell Time”
for Intact Vehicle
Maximum Aerodynamic
Pressure
Main Engine Cutoff

T+45
T + 49-53
T + 80

21,500 ft
26,000 –
30,500 ft
75,000 ft

1138 ft/sec
1,257 –
1395 ft/sec
3,084 ft/sec

86 seconds
95 - 106
seconds
207 seconds

T + 122

231,000 ft

9,552 ft/sec

521 seconds

Staging T + 124

243,000 ft

9,681 ft/sec

529 seconds
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Velocity

Impact
Location
n/a
Near pad
Fairfield Point
Marsh east of
pad
East River
Cumberland
47 nm east of
launch pad
>500 nm east
of launch pad
>500 nm east
of launch pad
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Figure 1-2. Graphic Depiction of Failures at Critical Event Times for Small Launch Vehicle.
Table 1-2. Critical Event Times for Hypothetical Large Launch Vehicle.
Event Time
T+0
T +16
T + 35

0 ft
1,500 ft
7,700 ft

0 ft/sec
185 ft/sec
486 ft/sec

Free Fall
Time
n/a
18 seconds
43 seconds

T + 64

29,500 ft

1,027 ft/sec

92 seconds

East River

T + 69-74

1,1291,240 ft/sec
1,337 ft/sec

101-110
seconds
119 seconds

Cumberland

T + 76

34,00040,000 ft
45,000 ft

T + 142

200,000 ft

5,350 ft/sec

321 seconds

Staging T + 147

216,000 ft

5,250 ft/sec

318 seconds

Launch
Pitch over
Pass east limit of Spaceport
Camden (Fairfield Point)
Pass over Marsh /
Supersonic
Cumberland “Dwell Time”
for Intact Vehicle
Maximum Aerodynamic
Pressure
Main Engine Cutoff
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2
2.1

OVERVIEW OF LAUNCH RISK ASSESSMENT AND ACCEPTANCE
How Risk Is Defined

Public safety is the highest priority of the launch community. After over 60 years of launches of
thousands of rockets from a multitude of facilities of the United States, no member of the public
has been killed or injured by a launch accident because of the safety standards imposed by
engineers and regulators. The tolerable level of risk accepted by regulators falls well below other
common public hazards, and rocket safety technology continues to evolve to ensure that this
standard of protection remains in place to gain the confidence of the general public. The following
provides a brief background as to how the launch community approaches public safety and
tolerable risk. Generally, risk is a combination of some level of undesired outcome and its
likelihood of occurring. Risk can be understood as the intersection between a hazard source,
exposure to the hazard, and vulnerability of an asset of interest. Removal of any of these factors
eliminates the concept of risk. Figure 2-1illustrates this intersection.

Figure 2-1. Presence of risk diagram.
The hazard model is a probabilistic description of the hazard including its probability of
occurrence, its location, and severity. For instance, a certain percentage of rocket failures result
in inert debris propagating down to predictable but dispersed locations, and its impact is measured
as a unit of energy (measured in foot-pounds or joules). In general, lighter debris would impact
with less force, heavier debris would impact with more. An exposure model is the catalog of assets
such as structures, contents, and personnel subject to damage from this debris. We can define
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whether people, aircraft, ships, or even specific vegetation is exposed. The vulnerability describes
how sensitive the assets are to a hazard. Each of the assets cataloged have sensitivity to a hazard
– for an unsheltered person, a typical threshold of vulnerability to falling rocket debris is
approximately 11 ft-lbs. An easy conceptualization of this threshold is to think of holding an 11pound bowling ball over your head by one foot and dropping it. Smaller fragments can achieve
this same energy threshold by reaching terminal velocity while falling. Intuitively, no member of
the public would prefer to be exposed to any debris, but we can state that there is no risk of casualty
to a person exposed to debris hazards impacting with less than 11 ft-lbs.
We extend this thinking to fire risk. For a fire “risk” to occur on Cumberland, there must be an
intersection between a fire-producing hazard (explosion or hot debris), exposure (physical
intersection between the hazard and island), and vulnerability (hazard can cause a secondary fire).
If we demonstrate that we can eliminate the hazard, remove the possibility that the island is
exposed, or find that the exposure does not have vulnerability to secondary fire, we can state in a
qualitative manner that the risk is removed. Therefore, we aim to demonstrate that the island is
not exposed to intact impacts because the vehicle would breakup or be subject to a flight
termination prior to impact. Or we can show that the impact locations on Cumberland are not
vulnerable to the temperatures at which debris is assessed to impact (for instance, landing in the
salt marsh or beach, or showing that the debris had sufficiently cooled by the time it reached the
ground). If, however, the hazard, exposure, and vulnerability exist, then risk would exist at a
certain probability level. Thus, the vehicle manufacturer and regulators would take steps to ensure
that the overall risk is reduced to a level that is under tolerable limits.
ARCTOS has worked closely with numerous government agencies over many years to quantify
the specific types of and probabilities of hazards, levels of exposure, and vulnerability levels to
common rocket failures. By quantifying these factors in a flight safety analysis, regulators can
make decisions to ensure that the public enjoys a tolerable level of safety during launch operations.
2.2

Tolerable Risk Levels

Quantitatively, both the National Ranges and the Federal Aviation Administration’s Office of
Commercial Space Transportation have carefully examined several separate types of logic to
establish tolerable levels of risk during launch:
1) Consistency with closely related safety criteria and similar regulatory experience.
2) Comparable accident statistics and background risk levels.
3) Legal considerations.
In this section we will examine the first two types of this logic of risk.
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2.2.1 Consistency with Safety Criteria and Regulatory Experience
This logic demonstrates what rules we as a nation have historically accepted as ensuring we are
“safe enough.” Comparable accident statistics and background risk levels show the impact of
safety regulations, answering the question, “How well did these rules protect us from undesired
outcomes?”
When examining primary criteria for tolerable (or acceptable) risk during a licensed commercial
launch, two measures are utilized for the members of the public, currently established 14 CFR
450.101 (Safety Criteria). These are known as Collective and Individual Risk (for a Spaceport
license in 14 CFR 420, only collective risk is used, but individual risk can still be examined). The
criteria consider the typical direct effects from a potential mishap, to include inert or explosive
debris, distant focusing overpressure, and toxic gas clouds. Historically, secondary fire risk as
an indirect effect has not been a factor in determining expected casualties from launch, and
as such is examined on a case-by-case basis. It does not have risk thresholds associated with it.
Collective and Individual Risk are defined as follows:
1. Collective (Societal) Risk. The collective risk, measured as expected number of casualties
(EC), consists of risk posed by impacting inert and explosive debris, toxic release, and far
field blast overpressure. Public risk due to any other hazard associated with the proposed
flight of a launch vehicle will be determined by the Administrator on a case-by-case basis.
The risk to all members of the public […] must not exceed an expected number of 1 × 104 casualties. This can be expressed as 100 serious injuries in 1 million launches.
2. Individual Risk. The individual risk, measured as probability of casualty (PC), consists of
risk posed by impacting inert and explosive debris, toxic release, and far field blast
overpressure. The FAA will determine whether to approve public risk due to any other
hazard associated with the proposed flight of a launch vehicle on a case-by-case basis. The
risk to any individual member of the public […] must not exceed a probability of
casualty of 1 × 10−6 per launch.
The second clause in each of these statements is critical to the understanding of launch risk at
Camden spaceport, in that for every launch a new hazard assessment is made specific to fire risk,
in which it is incumbent on the launch operator, not the spaceport, to prove to the FAA and public
that their vehicle is safe. The risk analysis included with Launch Site Operator Licenses, as
conducted by Aerospace Corporation, and independently verified by ARCTOS, is only for
determining initial feasibility of a site and trajectory. Stated differently, the granting of a launch
site license at Camden Spaceport is not blanket permission to launch rockets or a final risk
assessment.
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Numerous US and foreign agencies have adopted tolerable risk standards similar to the regulations
of the FAA Office of Commercial Space Transportation. The following is a partial collection of
these agencies:

US Launch Agencies
•Department of Defense Explosive
Safety Board
•National Ranges
•NASA
•Space Force

US Government
Agencies
•Nuclear Regulatory Commission
•Environmental Protection Agency
•Occupational Safety and Health
Administration
•Food and Drug Administration

Foreign Partners
•Commonwealth of Australia Space
Agenciy
•European Space Agency
•British Ministry of Defense
•British Health Safety Executive
•Israeli Ministry of Defense
•NATO

Figure 2-2. Regulatory Agencies adopting common risk standards

An example of how risk this logic is examined in launch risk analysis is given in Figure 2-3 below,
which displays the risk to any individual member of the public from inert debris from the
representative trajectories provided by Camden. The desire is to compare the highest probability
of individual casualty on the island with the probability threshold provided by the FAA. The below
analysis graphic is computed without the assumption of an active flight termination system
onboard the vehicle, which would further reduce the extent of probability of casualty contours by
constraining the left and right bounds of the vehicle. Therefore, the criterion demonstrated to be
met in conservative conditions. In the figure below, these contours are labeled at the 1E-05, 1E06, and 1E-07 levels. The 1E-07 contour overlays the areas of interest on Cumberland and Little
Cumberland Island. This 1E-07 contour could be expressed as, “for a single exposed individual
to be subject to debris capable of causing a serious casualty, the same mission would have to be
repeated between 1 million and 10 million times”. Significant factors accounted for are the
probability of failure of the vehicle, trajectory and breakup locations of the vehicle, characteristics
of vehicle debris, and location of exposed individuals.

Report No.: 21-1190

ARCTOS Technology Solutions
May 2022

Figure 2-3. Probability of Individual Casualty Contours for representative Falcon 9
Trajectory
The results above are typical of a full flight safety analysis that is normally conducted prior to a
launch of any space vehicle. It is important to note that the focus of this study is looking at “launchinduced fire on the island” as the adverse outcome of concern, which requires different
methodologies from a typical Flight Safety Analysis (FSA). We intend to provide a risk figure
comparable to the above. The risk figure being discussed will be similar to a Probability of
Individual Casualty assessment – that is, we will state the probability of an event occurring given
certain assumptions are true. Because it is nearly impossible to quantify the direct effects of a fire
spread event, we do not attempt to make casualty estimations.
2.2.2 Risk Levels based on Background Risk and Accident Data.
Risk is an integral part of everyday human activity. Whether at home, at work, in transit, or
anywhere else, humans are regularly exposed to voluntary and involuntary risks. These risks range
from the well-known hazards of automobile travel to the comparatively rare hazard of a lightning
strike, to the exotic hazard of being struck by a meteorite. Workplace hazards, transportation
hazards, and sports & leisure activity hazards create risks to the public every day. These
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“background risks” are seen as being tolerated or “accepted” by the public as part of life. In the
United States, the FAA regulates and oversees launch and reentry activities and enforces robust
safety requirements designed to reduce the risks from launch and reentry activities to at or below
the level of background risk routinely accepted by the public. To date, no uninvolved (non-mission
related) member of the public has ever been a casualty as a direct result of any rocket launch or
reentry mission.
The table below provides a comparative look at individual risk posed from other activities and
sources. For comparison, the previously stated standard of individual risk for launch events (1E06) is included. It is important to note that the annual individual risk for the other activities and
sources in the table is calculated from actual casualties or fatalities that have occurred, while the
launch risk threshold is only a standard, and has not produced any actual casualties to members of
the uninvolved public.
Table 2-1. Comparable Individual Risk from Different Sources.
ACTIVITY/SOURCE2
Construction Workers
Agricultural Workers
Government Workers
Service Workers (police, firemen, etc.)
Unintentional Strike By/Against an Object
Motor Vehicle Occupant
Lawn Mower Accidents
Falls 3
Severe Weather Events (US Average)
Drowning 3
Air Transport 3
Water Transport 3
Railroad 3
Launch Operation Standard4
Lightning Strike Individual Risk in Georgia

ANNUAL INDIVIDUAL RISK
4.2E-2
3.3E−2
2.4E−2
1.8E−2
1.5E-2
1.0E-2
2.5E-4
1.6 E-5
9.6 E-6
8.4E-6
3.4E-6
2.7E-6
2.3E-6
1E-6 /Launch
2E-07

In summary, launch activities have traditionally maintained an all-source public risk standard more
protective than the risk posed by other common and uncommon sources of public casualties.

2 Data is compiled from various sources: National Electronic Injury Surveillance System, Consumer Product Safety Commission, National Center for Injury Prevention and Control,
U.S. Census Bureau, and House of Commons Library.

3 These items are individual Probabilities of Fatality; therefore, probabilities of Casualty are assumed to be higher.

4 The National Ranges have observed that it is virtually impossible for the same individual to be the maximally exposed person on more than one launch. Consequently, ensuring
the individual risk per launch meets the criterion, it manages annual risk. Repeating multiple launches throughout the year from the same location does not change this assessment.
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While there is no such thing as zero risk from launch, we can demonstrate through the
examination of applicant submitted data and key assumptions that the risk of fire on Cumberland
Island is lower than any other commonly encountered everyday risk. The following sections will
establish the background risk of fire already accepted on Cumberland Island, and then to
demonstrate that routine launch activities (~12 / year) will not increase this risk of fire.
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3
3.1

CUMBERLAND ISLAND OVERVIEW
Fire Risk Overview

Potential wildfires exist as an inherent risk on Cumberland Island (CI) and Little Cumberland
Island (LCI). Whether from natural or human caused events, we examine this inherent risk as an
essential element in establishing whether a particular adverse outcome poses a tolerable risk is the
background risk from similar events. Existing fire risk is perhaps the most comparable background
risk to consider for this study. This report consolidates some statistics on the natural risk of fire
on the island and within Georgia as a whole. ARCTOS also notes that fire management plans
already exist for both CI and LCI – the Fire Management Plan for CI exists as a construct of the
National Park Service, and the Fire Mitigation Plan for LCI exists as a notional operational plan
to further mitigate potential fire risks. We examine both of these in the context of a failed rocket
launch, not a critique on the plans as a whole.
The risk of fires on the islands from natural causes is significant. The Cumberland Island Museum
reports that “The island’s fire history shows a major burn every 25 to 30 years, but with changing
global conditions, that schedule may shrink.” This corresponds to an annual probability of between
3-4% of a major burn (8.0E-02). We examine this claim in additional detail by Between 1977 and
2013, the National Park Service recorded nearly 70 fire incidents in total, corresponding to an
annual probability of approximately 100% (1E+01)5. In the past 10 years, the Georgia Forestry
Commission recorded two wildfires on Cumberland Island from all sources – one in 2012 from
campfire, and one in 2019 from a lightning strike igniting local palmetto flora, or an annual
probability of 20% (2E-01). This is detailed in Figure 3-1 and Figure 3-2 on the following
pages. The conclusion we can draw from this data is that a fire risk is present at a relatively high
probability. We will compare our final results to these metrics.
DATA SOURCE
National Park Service6
Georgia Forestry
Commission
Cumberland Island Museum

REPORTED FIRE COUNT
70 / 36 YEARS
2 / 10 YEARS

AVERAGE ANNUAL RATE OF FIRE
1.0E+01
2.0E-01

2 / 25-30 YEARS

4.0E-02

For simplicity’s sake when discussing probability, we will not treat an event that occurs more than once per year as
having more than 100% probability.
6
The specific area of concern is Little Cumberland Island, which has only had two wildfires in 36 years. This
corresponds to a probability of 5.6%, or 5.6E-02.
5
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Figure 3-1. Georgia Historical State Wildfires, 2012-2021
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Figure 3-2. Cumberland Island Fire History Map, 1977-2013.
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ARCTOS notes from the review of the National Park Service 2015 Fire Management Plan
Spaceport Camden LCI Fire Mitigation Plan that examining the overall fire risk to Cumberland
Island as a singular entity would be disingenuous. Separate entities control the fire mitigation for
each section of the area, and natural fire breaks in the form of creeks and marshes prevent the
spread between Cumberland Island and Little Cumberland Island. Fire Management Units 1 and
2, covering Cumberland Island proper, are controlled by National Park Service and each have
distinct strategies for wildfire suppression as well as additional resources that are faster to
respond. Fire Management Unit 3, covering Little Cumberland Island, is managed by Camden
County Fire and Rescue and the Georgia Forestry Service. Figure 3-4 shows the locations of
these three units.
Examining the FMU overlay in detail, a notional flyout trajectory would pass over all three FMU’s.
FMU 2 contains seven houses along with “The Settlement” / First National Baptist Church – this
would have access to National Parks Service firefighting resources and response times not
available on Little Cumberland Island in FMU 3, to include a substantial portion of surface area
occupied by salt marsh, which acts as a natural firebreak and a significant portion of the overflight
time. FMU 2 has access to the primary island landing locations which allow for vehicles and
resources to be quickly dispatched in the unlikely event of failure, discussed in Figure 3-3.

Figure 3-3. FMU 2 Fire Management Plan.
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Figure 3-4. Fire Management on Cumberland and Little Cumberland Island.
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FMU 3 is the portion of the island that is subject to the most risk due to lack of natural firefighting
resources and difficulty in landing support vehicles in the event of failure. Camden County
submitted a Fire Mitigation Plan for this specific area in 2020, and the discussion of risk
mitigations in Chapter 8 will focus solely on FMU 3 assessment and recommendations.
In addition to the general and historical discussion of fire risk presented above, a useful comparison
would be to examine the disparity in conditions present for launch preparation as well as the
conditions present during naturally occurring fires. The risk factors demonstrated in Table 3-1 are
some significant contrasts between naturally induced fires and the potential for a launch failure
induced fire. Qualitatively, the risk is naturally reduced through preparation, ease of detection,
increased response times, and other factors.
Table 3-1 Comparison of Lightning Induced and Launch Failure Induced Fires
FACTOR

LIGHTNING INDUCED

LAUNCH FAILURE INDUCED

Presence of Fire Threat

Any time severe weather produces

Can only occur in the unlikely event of

cloud-to-ground lightning

a rocket failure; this event would have
to occur during the few seconds of
flight during which debris could reach
the island; debris would have to
maintain high enough temperature to
ignite vegetation

Readiness of fire crews

Not on standby

Fire crew and equipment on standby

Not scheduled; occur during lightning

Launch window and sequence known;

storms

overflight time knowable

Typically, not until fire is big enough to

Any rocket failure would trigger

detect from a distance

immediate response and inspection of

and equipment
Predictability
Fire Detection

affected areas
Response time

Must

detect,

notify

responders,

Prompt awareness; minimal delays

transport firefighting resources to fire,
potential lengthy delays
Historical Experience

3.2

The average lightning induced fire

The average human caused wildland

burned over 400 acres

fire burned 45 acres

Cumberland Island Flora and Structure Auto-Ignition

ARCTOS utilized vegetation maps and population maps to examine the ground level risks. The
concern of fire risk arises when the temperature of debris impacting local flora exceeds the autoignition temperature of the species. A reference that included an examination of autoignition
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temperatures of many plants was utilized which included the saw palmetto (Pickett, 2008). Both
piloted and autoignition MINIMUM temperatures were found to begin at 250o C or 482 o F. The
saw palmetto plant comprises quite a bit of the island underbrush and is quite flammable as
compared to most plants. Therefore, this plant was identified as the primary concern. The ignition
temperature for this plant has been measured7 to be 273.52±43.02°C (523±109.4F). Thus, for this
study a conservative value for the ignition temperature of the saw palmetto, 𝑇𝑖𝑔𝑛𝑖𝑡𝑖𝑜𝑛 ≈ 250°C ≈
480°F, was chosen as temperature of comparison. This was utilized as the assumed reference
temperature for all flora on Cumberland Island to ensure that plants with lower autoignition temps
on Cumberland were included, not just the saw palmetto.

Figure 3-5. Auto-ignition temperature and time to ignition for six types of wood as moisture
varies.

Figure 3-6. Auto-Ignition Temperatures of Representative Ground Vegetation.
ARCTOS notes in the vegetation map provided by the National Park Service in Figure 3-7 that the
main vegetation of Little Cumberland Island and its surroundings are salt marsh, live oak / cabbage
palmetto, southern yellow pine, Atlantic coast interdune swale, and southern hairgrass on the
beaches. With our previous data point of a minimum auto-ignition temperatures of 250°C, we are
assuming that any of this vegetation is combustible except for the salt marshes. Because the

7

Brent M. Pickett, Effects of Moisture on Combustion of Live Wildland Forest Fuels, Ph.D. dissertation, Brigham
Young University, 2008. https://www2.et.byu.edu/~tom/Papers/Pickett_Dissertation.pdf. See table 5.1.
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probability of impact of a debris cloud or specific piece of debris is a function of the surface area
vulnerable to a hazard, we can state that the greater percentage of surface area occupied by
combustible vegetation, the greater the hazard. Conversely, the greater the percentage of surface
area occupied by salt marsh and areas not prone to combustion, the less vulnerable the island is.
Additionally, ARCTOS would assert that FMU 2 does not share the same vulnerabilities as FMU
3 due to resource availability. So the total vulnerability of FMU 3 is the percentage of surface area
of FMU 3 that is vulnerable to auto-ignition against the total surface area exposed during the
approximate 5-second overflight of the island.
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Figure 3-7. Vegetation Map of Cumberland Island.
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A graphical depiction of this is provided in the below figure. With corridor boundaries drawn in
green to match historical flight termination boundaries8, we can calculate the total area EXPOSED
during an overflight, shown in blue, to be approximately 5.23 square miles. The VULNERABLE
portion of FMU 3, drawn in red, is calculated at 1.36 square miles. Thus, a simplistic metric
(assuming all vegetation is equally combustible during worst-case conditions) of determining the
probability of impact on a vulnerable area of Cumberland Island is 1.36 / 5.23 square miles = 26%
surface area vulnerability.

Figure 3-8. Depiction of Vulnerable Area of FMU 3 during overflight of Little Cumberland
Island.
With the assumptions provided above of only determining risk at locations where vegetation has
the potential to auto-ignite, and only attempting to mitigate risk within FMU 3 where resources
are limited, we have set a conservative, generalized approach that can be utilized for evaluating
further fire risks without having to evaluate individual vegetation vulnerabilities.

8

These boundaries approximate similar flight limits for small vehicles at other ranges. True probability of impact
within these limits are represented by a Gaussian distribution at each time step, discussed further in Chapter 4.
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To assess the risk to individual structures, a similar approach to assessing probability of impact to
vegetation can be utilized without having to conduct extensive flight safety analysis. Population
data provided by Camden County showed fifty-five houses contained within FMU 2 and 3, with
thirty-nine houses under a notional flight corridor. Assuming a probability of 100% of structure
auto-ignition from the falling debris, the generalized conservative probability of impact is the sum
of the reference areas of each of these structures. Top-down reference areas ranged between 30006000 ft^2. Utilizing the conservative figure of 6000 ft^2 for all structures, and assuming 100%
probability of ignition of the structures we obtain a total vulnerable reference area of 234,000 ft^2,
or .0084 square miles.

Figure 3-9. Notional impact limit lines over housing structures of Little Cumberland Island.
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4
4.1

ON THE PROBABILITY OF A ROCKET TO FAIL
Overall Failure Probability

Space flight is inherently difficult, and it is impossible to predict if and when a rocket may fail.
Trends have been established over the United States’ 60+ years of advancing rocketry technology,
and safety analysts are able to better assess what may happen if it does fail, and what the outcome
or hazard may be from a failure, but this inherent unpredictability provides a reason for the launch
safety community to assign a “probability of failure” to the rocket. That is, the community may
not know specifically when it may fail, but we can assess the overall probability and its allocation
through a few factors. It is also important to draw the distinction between failures affecting
performance, and failures affecting public risk. For instance, a rocket with multiple engines may
experience a loss of thrust of one of its multiple engines during flight, but still make it to orbit and
achieve its intended planned drop of the first stage because it had enough redundancy in thrust to
achieve objectives. Failures that affect the public would be represented by complete loss of thrust,
on trajectory explosions through tank ruptures or structural failures, “tumble” turns from stuck
gimbals or control surfaces, or guidance and navigation failures that cause the rocket to go off
course.
Historically, the most common failures tend to occur during the first two flights of a vehicle, when
new systems are evaluated. Table 4-1 provides some historical examples of the first launches of
commercial vehicles. As these vehicles gain experience and successful flights, analysts and
regulators reduce the overall assessment of a vehicle’s probability to fail. A simple example of
this experience update is provided in Figure 4-1. In this example, a vehicle has failed once but
succeeded six other times, providing an overall probability of failure of 20%. This probability
assessment update is important because while initial data from new small vehicles from providers
such as RocketLab, Astra, and Firefly in 2021 indicates higher probabilities of failure than the
10% suggestion in Part 420, the failure probabilities would be assessed to decrease to this level
after at least seven successful flights. The operating assumption for Spaceport Camden is that it
would not be used for these first flights and would only be utilized for launch services after the
operator vehicles had proven themselves at other less risky ranges.
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Table 4-1. Historical Successes and Failures during First Two Flights
Date
Country
1979-12-24
ESA
1980-05-23
ESA
1984-08-04
ESA
1984-11-10
ESA
1985-04-13 Ukraine
1985-06-21 Ukraine
1993-09-20 India
1994-10-15 India
1998-08-31 DP RK
2006-03-24
USA
2006-07-04 DP RK
2007-03-21
USA
2008-08-16
Iran
2009-02-02
Iran
2009-04-05 DP RK
2009-08-25
ROK

Vehicle
Ariane 1
Ariane 1
Ariane 3
Ariane 3
Zenit-2
Zenit-2
PSLV
PSLV
Taepodong 1
Falcon 1
Taepodong 1
Falcon 1
Safir
Safir
Unha 2
KSLV-1

Flight
Ordinal
1
2
1
2
1
2
1
2
1
1
2
2
1
2
1
1

Stage 1
Success
Terminated
Success
Success
Success
Success
Solid
Solid
Success
Terminated
Terminated
Success
Success
Success
Success
Success

2010-06-04

USA

Falcon 9

1

Success

2010-06-10
2010-12-08
2012-04-13
2012-12-12
2017-05-25
2018-01-21
2020-09-12
2020-12-15

ROK
USA
DP RK
DP RK
USA
USA
USA
USA

KSLV-1
Falcon 9
Unha 3
Unha 3
Electron
Electron
Astra Rocket 3
Astra Rocket 3

2
2
1
2
1
2
1
2

Terminated
Success
Terminated
Success
Success
Success
Terminated
Success

Report No.: 21-1190

Outcome
Stage 2
Success
Success
Success
Terminated
Terminated
Success
Success
Success
Terminated
Terminated
Success
Success
PLF Sep
Failure
Restart
Failure
Success
Success
Failure
Success

Stage 3
Success
Success
Success
Solid
Solid
Solid
Failure
Success

Failure
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Figure 4-1. Failure Probability Bayesian Update Calculations after Two Flights
A key assumption is that the probability of failure of a rocket during its mission may NOT be more
that 100% - that is, it may fail at some point during its flight, but it cannot fail in multiple time
points or modes. Because of this, and the unknown time in flight at which a rocket could
potentially fail, the overall probability is assigned during the flight at specific rates during ascent.
Simulations of trajectories, failures, and debris propagations are conducted at every point during
the ascent and the outcomes of these simulations are added together. This is a complex concept to
determine expected casualties, hazard areas, probabilities of individual casualty, insurance
calculations, and other vital outputs of a typical flight safety analysis. It is not the subject of this
report.
We will walk through an example. If a small, two-stage rocket is assigned a 20% probability of
failure, with 10% allocated to the first stage and 10% allocated to the second stage, the 10% first
stage probability of failure would be divided in some distribution among the time of powered
flight, typically a little over two and a half minutes – approximately 160 seconds for Stage 1. For
instance, a “uniform” distribution would evenly divide the 10% into each second of flight available
(.10/160 = 6.25E-04). This is further divided into various failure modes that can occur during each
second, such as on trajectory explosions, loss of thrust, or malfunction turns resulting in a flight
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termination event. This “uniform” distribution is the prescribed method in the FAA Part 420
spaceport licensing regulations. The consequences (if any) from failures during those timeframes
are then summed together.
Applied to Camden Spaceport, this can be applied to state that only failures that occur during
overflight of the island would have hazard calculations applied for determining total risk on the
island. If there is a 5 second overflight, risks are only computed with that allocation of the
probability of failure (5 seconds × 6.25E-04 = 3.125E-03, or a probability of 3 flights in 1000 for
some type of failure to occur over Cumberland Island). Assuming an annual schedule of 12 flights
/ year, this corresponds to one accident every 27 years. This is an extremely conservative estimate,
as it also assumes that no advancement is made in the rocket reliability during that timeframe that
would further decrease the probability of failure.
Further, this uniform distribution vastly overestimates risk during flight. Rockets tend to fail
at specific points in flight – near the pad during initial ignition, while passing through maximum
dynamic pressure, while conducting staging events, and when igniting engines of subsequent
stages. Risk from debris, explosions, and other sources then tend to be concentrated in the
locations that are affected by these timeframes. The period of overflight over Cumberland Island
does not occur near any of the high-risk historical failure times, so the probability of failure during
these timeframes would be far lower. True allocation of failure rates typically closely held
proprietary data to the manufacturer and government regulators and is not included with part 420
applications. However, if this data were used, the probability of failure over Cumberland would
be far lower.
Again, as vehicles gain maturity and complete more successful flights, the probability of failure is
assessed to be lower. For the purposes of simplicity in this report and for the sake of conservatism,
a uniform distribution will be assumed when discussing risk of overflight. The following section
will walk through an example of how actual failure probabilities are determined and allocated for
flight safety analyses.
4.2

Failure Probability Allocation to Failure Modes

The discussion of allocation of overall failure probability into different failure modes may be the
most difficult to properly convey. The reason this is done is to consider historical failures of
similar and in-family vehicles to the rocket being launched, and attempt to weight risk results based
on the locations those failures would transport hazardous debris to. For instance, a loss of thrust
on a vehicle would fall straight down and be minimally weighted by wind due to the vehicle
remaining intact. A “tumble” turn, in which a nozzle on the rocket could become stuck and send
the vehicle into a flat spin, could spin quickly or slowly but would typically end up breaking apart
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from structural forces close to the nominal trajectory. The typical most concerning failure mode
is described as a Random Attitude, or guidance and navigation failure, in which the rocket veers
off course but maintains a stable trajectory. These failures are caught by Flight Safety Systems
before they can deviate too far from the nominal, and the length of time they are allowed to veer
off before initiating destructive action is closely examined by Flight Safety Analysts and Mission
Flight Control Officers. An in-depth discussion of these allocations would not add value to this
report. In general, most failures for rockets present as on-trajectory failures, that is, any hazardous
event will happen directly on or under the intended trajectory and its normal dispersions.
Malfunction turns (MFT’s) and Random Attitudes (RAs, or guidance failures), which would cause
the rocket to go off course, happen with extremely low frequency and are quickly “caught” by inflight tracking systems.
Evaluation of the historical causes of vehicle failures is shown be helpful in the process of
assigning reasonable relative probabilities of occurrence to each failure mode. Table 4-2 outlines
failure modes that have been observed in liquid propellant vehicles. In the table, statistics for stage
2 and above are grouped together to provide a larger pool of data points. The relative frequencies
of the failure modes are used to derive the allocation fraction for each failure mode.
Each system level component failure such as those identified in Table 4-2 must be mapped to a
vehicle response mode that can be simulated by vehicle malfunction software (such as ARCTOS’
tools or other standard industry offerings), as shown in Table 4-3. The partition of stage separation
and liquid engine ignition failures between MFT and LOT is based on a review of historical flight
data. As a crude guideline, these failures may be represented by a Gaussian distribution (shown
below) at each timestep in the trajectory.

Figure 4-2. Impact Probability approximations for rockets.
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Example resulting failure rate allocation factors and allocated conditional failure rates for failure
response modes are listed in Table 4-4Table 4-4. Historically, off-trajectory failures have
accounted for less than 30% of all known failures.
Table 4-2. Liquid Stage Failure Response Modes.
Stage 1
Upper Stages
Failure Mode
No. of Allocation No. of Allocation
Failures Fraction Failures Fraction
Control failure - malfunction turn
9
0.220
4
0.108
Guidance - steering vector failure
3
0.073
6
0.162
Guidance - other
Liquid engine explosion
8
0.195
5
0.135
Liquid engine loss of thrust
14
0.341
13
0.351
Stage separation failure
1
0.024
5
0.135
Structural failure
6
0.146
0
0.000
Liquid engine ignition failure
N/A
N/A
4
0.108
Total
41
1.000
37
1.000

Table 4-3. Mapping from Failure Modes to TTK Failure Response Modes.

Table 4-4. Small Vehicle Conditional Failure Rates.
Failure
Response
Mode
COT-S
COT-E
RA
MFT
LOT
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Description
Mode ID
On-trajectory structural failure
100
On-trajectory explosion
101
Random attitude
5
Malfunction turn
7
Loss of thrust
1
Sum

Allocated
Allocation Conditional
Factor
Failure Rate
0.146
3.04E-04
0.195
4.06E-04
0.073
1.52E-04
0.230
4.79E-04
0.355
7.38E-04
1.000
0.0021
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The last step of the POF analysis is to compute the unconditional failure rate and failure probability
as a function of flight time for each failure response mode. First, compute the survival probability
function for each flight phase,
∗(𝑡−𝑡𝐵,𝑘 )

𝑅(𝑡) = 𝑅(𝑡𝐵,𝑘 )𝑒 −ℎ𝑘

for 𝑡𝐵,𝑘 ≤ 𝑡 ≤ 𝑡𝐸,𝑘

where ℎ𝑘∗ is the conditional failure rate for flight phase k. 𝑡𝐵,𝑘 and 𝑡𝐸,𝑘 are the beginning and end
times of the flight phase, respectively (Table 7-4). And 𝑅(𝑡𝐵,1 ) = 1.
The unconditional failure response mode failure rate is calculated as
𝑑𝐹𝑖
∗
= ℎ𝑖 𝑅(𝑡) = ℎ𝑖 𝑅(𝑡𝐵,𝑘 )𝑒 −ℎ𝑘(𝑡−𝑡𝐵,𝑘)
𝑑𝑡

for 𝑡𝐵,𝑘 ≤ 𝑡 ≤ 𝑡𝐸,𝑘

where ℎ𝑖 is the conditional failure rate allocated to failure response mode 𝑖 as given in Table 4-4.
The cumulative failure probability for a failure response mode can be obtained by integrating the
unconditional failure rate with respect to flight time at the initial condition of 𝐹𝑖 (𝑡𝐵,1 ) = 0. The
resulting unconditional failure rates and failure probabilities are plotted in Figure 4-4.

Time
0
158
158
163
163
509

R(t)
1.00
0.72
0.72
0.72
0.72
0.41

Unconditional Failure Rate by Mode (Linear)
Mode 100 Mode 101 Mode 5 Mode 7 Mode 1
(COT-S)
(COT-E)
(RA)
(MFT)
(LOT)
Note
3.04E-04
4.06E-04 1.52E-04 4.79E-04 7.38E-04
Stage 1
2.19E-04
2.92E-04 1.10E-04 3.45E-04 5.31E-04
0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
Coast
0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00
0.00E+00
1.57E-04 1.89E-04 2.24E-04 5.94E-04
Stage 2
0.00E+00
8.95E-05 1.07E-04 1.27E-04 3.38E-04

Figure 4-3. Linearized Failure Rate by Failure Mode

Report No.: 21-1190

ARCTOS Technology Solutions
May 2022

Figure 4-4. Example Linearized Failure Rates by Mode.
4.3

Failure Probability Conclusion

This section examined a broad overview of how probabilities are determined for flight safety
analyses – both an overall probability of failure and how that is allocated to different response
modes. We showed a uniform distribution of failure in Section 4.1, and a more realistic (and less
conservative) depiction of probability in Section 4.2. The uniform distribution of failure will be
referenced again in Section 5.3 and 7.2 when determining specific risks from failures capable of
producing a fire.
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5
5.1

RISK SCENARIO 1A – FIREBALL RESULTING FROM INTACT IMPACT
Hazard Discussion

In this section, we will discuss the context of an in-flight explosion creating a fireball. There is
no scenario for the vehicles being examined in which a mid-air explosion would create a
fireball large enough or last long enough to expose the residents or vegetation of Cumberland
Island to a secondary ground fire hazard on the island.
5.2

Intact Impact Background

An intact impact of a rocket creating a fireball on the ground is the highest consequence event that
both applicants and regulators want to protect against, especially in a populated or protected area.
This section will discuss the context of this event, and the plausible outcomes.
Even before taking flight-termination system effects into account, ARCTOS determined the
overall risk of intact impacts from a failed launch vehicle of both small and medium-large payload
class vehicles to not be credible given the structural limits of the two subject vehicles examined.
The level of this risk is heavily dependent upon both the overall trajectory and the structural
integrity of the launch vehicle. For a representative vehicle included with the launch application
and the assumed dynamic pressure structural limits (known as Q-alpha) provided by the Aerospace
Corporation (AC), ARCTOS concurs that intact impacts are not possible. There are certain launch
vehicles in the small vehicle class, however, that exceed the limits assumed by AC and could
expose the island to impacts only in the event of a loss of thrust failure. This potential risk is
mitigated using a destructive flight termination system, which creates a similar debris field to an
on-trajectory explosion.
While a naive approach could be to take the same trajectory and determine the minimum Q-alpha
requirements to prevent intact impacts during launch, this is NOT a valid flight safety analysis, as
each manufacturer will design trajectories specific to their vehicle, its performance limitations, and
payloads. Additionally, structural limits are regarded as proprietary information and do not have
defined standards of assessment between manufacturers. Margins of safety are included in
assessment to ensure engineering estimates are not too low, but the process of determining where
a vehicle may breakup along its trajectory is a time-consuming process and is not done in a launch
site application for this specific reason.
The reader should note the publicly available footage of the ASTRA Rocket 3 launches out of
Kodiak, Alaska in September of 2020, and August of 2021. The outcome of these launches was
that a rocket failed at approximately 33 seconds and 148 seconds in flight respectively, prior to
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separation of the first stage, and descended to an intact impact. It is critical to note that these
rockets utilized thrust termination systems which worked as intended and did not put the public at
risk, as had been predicted by the flight safety analysis. It is assumed that flights at Camden would
by necessity utilize destructive termination systems that would explicitly prevent this event from
occurring.
5.3

Factors that Influence Intact Impacts

Vehicle design and flight dynamics both influence when intact launch vehicle impacts can occur.
Perhaps the most influential factor is the aspect of the structural design of the vehicle that allows
the vehicle to resist deflection along the axial length when a distributed load is applied along the
length of the vehicle. Figure 2 illustrates an exaggerated deflection of a launch vehicle that is
exposed to aerodynamic forces along one side of the length of the vehicle.

Figure 5-1. Deflection of a Launch Vehicle Under Axial Forces that Cause Bending
Moments.

Total weight of a launch vehicle is critical in that any excess structural weight takes away from
the weight of the payload that the vehicle can deliver to orbit. For this reason, most launch
vertical-launch vehicle designers attempt to minimize the amount of structural material in
the rocket. This weakens the overall structure and reduces the ability of the rocket to resist
excessive deflection when subjected to bending moment loads. When the bending loads exceed
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the strength of the vehicle, the vehicle breaks up in midair and results in either mechanical failure
of the propellant tanks or separation of the fuel and oxidizer tanks such that they do not impact
closely enough together to mix and produce a fireball. The vehicle designer must allow enough
strength in the vehicle to survive loads that result during ascending flight that result from steering
commands and wind loads. Side loads on the vehicle are minimized when the vehicle long axis is
aligned with vehicle velocity vector. This is a “zero angle of attack” condition.
However, to “pitch-over” the launch vehicle as it ascends off the launch pad and begins to orient
towards a downrange direction, it is necessary to develop a nonzero angle of attack (labeled as
angle α in Figure 2). Vehicle manufactures and mission analysts must carefully design the flight
profile of the vehicle to control the angle of attack during flight to avoid inducing a breakup of
their vehicle. The aerodynamic load on the vehicle is determined by the dynamic pressure at
each point in flight and the surface area exposed to this pressure load. The formula for
dynamic pressure is:

Q = Pdyn = ½ rho V2
Where:
Q = Pdyn = dynamic pressure [lb/ft2]
rho = density of air [slugs/ft3]
V = vehicle velocity [ft/s]

As the launch vehicle ascends upward from the launch pad, its velocity steadily increases, which
increases the dynamic pressure experienced by the vehicle. However, as the vehicle ascends, the
atmospheric density is decreasing, which reduces the dynamic pressure. These two opposing
factors result in low dynamic pressure early in flight when the vehicle velocity is low and again
much later in flight at high altitude where the atmospheric density is low. There is a combination
of critical vehicle altitude and velocity where the dynamic pressure on the vehicle reaches a
maximum (referred to as Max-Q) where the vehicle is most susceptible to aerodynamic loads
and must keep the angle of attack limited to small values. The most typical risk mitigation
applied during this time is reducing the vehicle’s thrust and speed to ensure it does not exceed
structural loads. This time of experiencing Max-Q is different for every vehicle and mission due
to large disparities in flight profiles and performance characteristics.
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If the launch vehicle experiences a steering or guidance failure, it will begin to turn off course and
start to rotate. These failure modes typically result in increasing angle of attack as the failure
trajectory evolves. If the vehicle rotates a complete 90 degrees relative to its velocity vector it is
fully side-on to the air flowing over the body and receives the highest possible dynamic pressure
load. If the body can survive this load it will continue to rotate resulting in sinusoidal variation on
pressure loads.
To evaluate when a tumbling launch vehicle will breakup under aerodynamic loads a criterion
called a Q-alpha limit is uniquely assigned to each vehicle. The units assigned to this parameter
are [psf-deg], which is pounds per square foot times degrees. During vehicle flight the dynamic
pressure and angle of attack can be computed and multiplied to measure the current Q-alpha. If,
during a failure mode trajectory flight path the computed Q-alpha does not exceed the design
limit Q-alpha or receive a flight termination command, then the vehicle will impact the
ground intact. If the computed Q-alpha exceeds the design limit at some point in the failure
trajectory before impact, then a midair aerodynamic breakup is predicted to occur and removes the
possibility of an intact impact.
When evaluating actual launch vehicle failure trajectories as a function of time into flight, intact
impact predictions tend to result during two distinct time periods.
1. Early in flight when vehicle velocity is low. These will tend to be during the first 15
seconds of flight or so. The intact impact points will tend to cluster near the launch pad.
2. Later in flight after the vehicle has passed through Max-Q. These will tend to occur
after 70 or 80 seconds of flight. The vehicle survives large angles of attack because the
atmospheric density is extremely low and therefore the dynamic pressure is low.
In general, the time periods during which a notional small rocket’s drag-corrected impact points
are present over Cumberland Island - also known as dwell time – are exclusive of the timeframes
mentioned previously. For most trajectories, the dwell time is approximately 5 seconds during an
ascent. An easy to understand (but simplified) method of assessing the probability of impact on a
vulnerable area of Cumberland Island would be based on the following three factors:
1) Probability of failure (POF) of the vehicle9
2) Duration of Stage 1 Ascent
3) Dwell Time over Cumberland Island

9

The assigned probability of failure of any specific vehicle is an estimate designed to err on the side of conservatism.
Chapter 4 of the report explains this assumption in detail. We assume a vehicle with sufficient history to support a
10% failure rating during Stage 1.
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4) Percentage of area vulnerable to fire hazard
Assigning reasonable values to these factors as follows:
•

Stage 1 POF = 25%

•

Duration of Stage 1 Operation = 160 seconds

•

Dwell time = 5 seconds

•

Vulnerability = 26%

Assuming a uniform distribution of POF and uniform distribution of cross range impacts,
the probability of impact (PI) in a vulnerable area on Cumberland Island under the flight corridor
would then result as:
PI

= (Stage 1 POF) * (Dwell time / Stage 1 Duration) * (Vulnerable Surface Area %)
= (0.1) * (5/160) * (26%) = .0008125 (8E-04).

However, an intact impact can only occur if the vehicle fails, does not experience structural
breakup on descent, and the Flight Safety System (FSS) fails to destroy the failed vehicle. The
design reliability of the FSS would be assessed and certified at .999 at 95% confidence according
to the requirements of 14 CFR 450.145 (Highly Reliable Flight Safety System). With this
assumption, the generic probability of an intact impact accounting for the probability of failure of
the FSS would then be represented by:
PI

= (1-.999) *8.1E-04 = 8.1E-07 per launch.

This is below the per-launch individual risk threshold. Annualizing this at one launch per month,
we calculate a total probability of impact per year of 9.8E-06. Both risk estimates are several
orders of magnitude below the lowest predicted fire hazard rates on FMU 3.
Several other factors can come into play that affect possibility of intact impacts at various times
into flight. One factor is the nature of the vehicle failure mode. Failure modes that allow the
launch vehicle to continue thrusting continue to increase the vehicle velocity, which will increase
the likelihood of aerodynamic breakup. These include failures where a thrusting nozzle is stuck,
or a guidance system errantly turns the vehicle. There is a “loss of thrust” failure mode wherein
the launch vehicle engines inadvertently shut down terminating thrust. In this type of failure, the
vehicle velocity will decrease due to opposing aerodynamic drag forces. If the vehicle velocity
can be degraded sufficiently before dropping to the denser part of the atmosphere, then dynamic
pressure is reduced, and the vehicle could theoretically survive to an intact impact.
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These range of flight failure times over which intact impacts can occur is governed by the q-alpha
structural limits discussed earlier. Thus, a small payload-weight launch vehicle with a q-alpha
limit of 3,000 psf-degrees might have launch area intact impacts ceasing after 15 seconds into
flight and resuming after 90 seconds into flight. A similar vehicle with a q-alpha limit of 20,000
psf-degrees would be an unusually strong vehicle but might well exhibit launch area impacts out
to 30 or 40 seconds into flight and resume intact impacts sooner during downrange flight starting
at 75 seconds instead of 90 seconds. The stronger vehicle would also tend to have intact impacts
from loss of thrust failures through a longer period of flight failures – even though the Max-Q
regime. These assessed limits also tend to decrease with time as propellant decreases and velocity
increases. ARCTOS conducted hundreds of thousands of simulations with proprietary tools,
similar to how Aerospace Corporation had conducted them in the Launch Site Operator License
and found no intact impacts with the vehicle configuration and q-alpha conditions listed.
These generalized observations will help readers better understand the specific launch vehicle test
case with their unique intact impact patterns that are presented in the next section.
5.4

Camden Launch Site Intact Impact Evaluations Using Tumble Corridor Method

An alternative method that can be used to evaluate downrange impact probabilities is to apply a
generalized method referred to as the Tumble Corridor method. This analysis approach requires
input that defines the rate at which a hypothetical vehicle travels downrange along with estimates
of the width and length of the intact impact regions associated with failure times along the
trajectory. These impact regions are defined in terms of elliptical shapes (debris footprints) that
are oriented with one axis in the downrange direction and the other axis aligned in the crossrange
direction as illustrated in Figure 7.

Figure 7. Illustration of an intact Vehicle Impact Ellipse Oriented Downrange and Crossrange
for a Given Flight Failure Time.
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The ellipse defines an assumed statistical probability distribution for the likelihood of impacts
inside the ellipse. In the tumble corridor method, the probability distribution in both the
downrange and crossrange directions are assumed to be Gaussian, giving a bivariate normal
distribution that can be solved easily for any point inside the ellipse. Expected ellipse dimensions
are assigned as input parameters in the method. The defined impact ellipses will sweep across
Cumberland Island at the same downrange rate as the launch vehicle IIP rate. To determine impact
probabilities within the overflight corridor, it is necessary to define regions on the ground with
designated areas and positions. These could be individual houses or infrastructure items, or as was
done in this evaluation, a uniform grid of square areas laid out over Cumberland Island.
The tumble corridor method is like the FAA Part 420 general methodology. However, a
refinement that was made for this application wherein it was recognized from evaluation of the
specific launch vehicle failure modes and impact points that only loss of thrust failure modes had
any significant probability of producing intact impacts on Cumberland Island and then only for
structurally robust launch vehicles. The loss of thrust failure mode has small crossrange impact
dispersions. The vehicle stops accelerating while flying along the nominal planned trajectory and
therefore has no ongoing propulsive energy to push it off-coarse. Consequently, the vehicle will
fall toward the ground following the same flight path that the thrusting vehicle would have
followed. The crossrange impact uncertainty for loss or thrust failures is associated with the
variability in the wind effects on vehicle steering and vehicle guidance and engine performance
that cause an actual launch trajectory to deviate slightly for the prelaunch planned trajectory. The
set of perturbations on the nominal planned trajectory result in a statistical set of trajectories
referred to as dispersed normal trajectories.
ARCTOS evaluated the width of dispersed trajectory sets for small launch vehicles for the phase
of flight corresponding to Cumberland Island overflight and found that these dispersed trajectories
had a crossrange spread of 1.5 to 2 nautical miles. This equated to cross range standard deviations
of 0.25 to 0.33 nautical miles. A baseline tumble corridor run was performed using crossrange
standard deviations during the 40 to 50 second overflight time with the 0.25 nm value applied at
40 seconds and the 0.33 value applied at 50 seconds (dispersions grow slowly with increasing
downrange flight). These crossrange impact uncertainty values produce a narrow impact corridor
that cuts across the south end of Cumberland Island along the 100-degree launch azimuth. To
evaluate sensitivity of the intact impact probabilities within the gridded areas, two additional
simulations were conducted with the crossrange standard deviation doubled and then tripled.
Figure 8 illustrates a selected crossrange slice at a single downrange (longitude) point. The narrow
dispersion case is the "best guess” condition derived from evaluation of actual launch vendor
dispersed trajectory sets that have been submitted for past FAA license applications. The medium
and wide crossrange dispersions are shown to account for possible other trajectory uncertainties
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that are not normally part of a Monte Carlo dispersed trajectory analysis. Note that the impact
probabilities tail off at the higher and lower latitudes that are offset from the nominal trajectory
IIP trace. A narrow dispersion means that there is a higher probability of hitting areas directly
underneath the nominal trajectory (approximately 3x10-4 in this example for the selected longitude
slice) than is the case when the crossrange dispersions are larger. Whether the crossrange
dispersion is wider or narrower, the probability of impacting somewhere on the island remains the
same provided the wide dispersion is not so large that the tails of the distribution reach beyond the
island geographical boundary.

Figure 8. Sample Crossrange Impact Probability Distributions at a Longitude Point in the Middle
of Cumberland Island.
The tumble corridor method provides a means to evaluate impact probability at any point on the
Island. The overall probability of having an intact impact on the island from a robust vehicle that
has sufficient structural strength to survive loss of thrust failures without aerodynamically breaking
up is the computed as the loss of thrust failure rate multiplied by the dwell time of the impact
footprints as they cross the island. Although the probability of an intact impact may be small, a
well-designed flight termination system with a mission rule to prevent intact impacts could be
applied such that shortly after a loss of thrust failure is detected, a command destruct termination
system could be activated that destroys the vehicle creating inert debris but preventing an intact
vehicle impact with a potential to produce a ground explosion and fireball. The result of this very
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conservative analysis again shows the probability of this event occurring as orders of magnitude
below the lowest estimate of natural risk of fire for Little Cumberland Island.
5.5

Risk Scenario Conclusion

This section examined factors that lead to the high-risk event known as intact impacts after an inflight rocket failure and demonstrated two methods of determining risk to Cumberland Island from
this consequence. Both methods demonstrated that even with conservative assumptions applied,
the probability of impact on Little Cumberland Island is orders of magnitude below the natural
risk of fire for the island.
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6

RISK SCENARIO 1B – FIREBALL FROM MID-AIR EXPLOSION

6.1

Hazard Discussion

In this section, we will discuss the context of an in-flight explosion creating a fireball. There is
no scenario for the vehicles being examined in which a mid-air explosion would create a
fireball large enough or last long enough to expose the residents or vegetation of Cumberland
Island to a secondary ground fire hazard on the island.
6.2

Fireball Analysis Methodology

Rockets that utilize chemical propulsion systems employ a fuel component and an oxidizer
component that are mixed in a prescribed proportion in a combustion process that flows hot
exhaust gases through a nozzle.
-

-

Solid propellants are pre-formed with a mixture of fuel and oxidizer that are mixed with a
liquid binder that is then cured into a solid material casting. These solid propellants, once
ignited, sustain burning without the need for ambient air to provide the oxygen needed for
combustion. When a failure occurs, “chunks” of still-burning propellant can be ejected
and pose a high fire risk. Flight safety analyses determine the predicted temperatures and
risk for these chunks as they fall, however, solid propellant launch systems are not
planned for use at the Camden launch complex.
Liquid propellant launch vehicles utilize a liquid fuel, such as kerosene, and a liquid
oxidizer, usually liquid oxygen. The fuel and oxidizer are stored in separate tanks and
pumps, control valves and piping are used to feed fuel and oxidizer into a combustion
chamber. Hot gasses flow from the combustion chamber out through a nozzle to provide
thrust to accelerate the launch vehicle. Smaller sized liquid propellant type launch
vehicles are planned for use at the Camden launch complex.

In the event of a failure of a liquid propellant class launch vehicle that allows the vehicle to impact
the ground intact, the propellant tanks rupture and the fuel and oxidizer are presumed to be close
enough together to result in a mixture of fuel and oxidizer that react in a fireball. The energy of
the impact, critical mixture ratio of fuel and oxidizer as well as potential hot nozzle surfaces are
sufficient to provide ignition sources that initiate the fireball reaction.
Evaluation of propellant fireballs has been a part of range safety analyses at the major Federal test
ranges (e.g., Cape Canaveral, Vandenberg AFB, Wallops Flight Facility) since the late 1980’s.
The primary application for evaluating the formation and characterization of liquid propellant
fireballs has been to evaluate transport and dispersion of toxic chemical species that may be present
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in the chemical composition of the fireball. During the 1990’s the primary concern was to develop
a capability to model liquid propellant fireballs that contained toxic hydrazine and nitrogen
tetroxide compounds from the hypergolic propellants used on the Titan II, Titan IV, and Delta II
launch vehicles. Under U.S. Air Force funding, ARCTOS developed a fireball source model that
became part of the Launch Area Toxic Risk Analysis 3-D (LATRA3D) computer model. The
fireball model assumptions presume that the chemical reactions between fuel and oxidizer
components released from rupturing tanks can follow a number of reaction pathways:
1.
2.
3.
4.
5.

Explosive mixing
Secondary fireball
Afterburning
Thermal decomposition
Vaporization

These reaction pathways were defined by Martin Marietta propulsion chemists in the mid-1990s
as part of a detailed analysis of Titan and Delta II rocket designs and failure mechanics that lead
to reactions during a launch vehicle abort. Explosive reactions were assumed to only occur where
fuel and oxidizer came into close contact and were confined by the rocket structure. This was
typically a small fraction of the total propellant load. The secondary fireball results as released
fuel and oxidizer mix in an unconfined condition and burn but do not produce an explosive
overpressure. The secondary fireball consumes the largest proportion of the propellants and
empirical formulas have been developed to predict the fireball size and duration as a function of
total propellant mass and propellant type. Rocket propulsion systems are designed to operate with
a fuel rich mixture, therefore upon propellant release, afterburning of some of the fuel with ambient
air can be expected. Afterburning releases additional heat energy, but also decreases the adiabatic
flame temperature of the propellant combustion. Thermal decomposition and vaporization are not
combustion processes and require heat input from the other fireball reactions. As the launch
vehicle breaks up upon impact, the mixing of fuel and oxidizer is not efficient (as compared against
combustion in a furnace or in the controlled combustion chamber of the rocket engine).
A set of conservative fireball mixing assumptions were applied in this study that would maximize
the size and heat content of potential kerosene + oxygen propellant fireballs:
1. Explosive reaction fraction
2. Secondary fireball fraction
3. Afterburning

=
=
=

0.0975
0.6000
0.3025

The reaction pathways of thermal decomposition and vaporization of the fuel component that
reduce the amount of heat generated due to incomplete fuel combustion were removed and the
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three cited combustion processes consume 100% of the fuel. Under these assumptions, the size
and heat content of the fireball are maximized for conservative analysis results.
In these reaction pathway analyses, LATRA3D applies the NASA Lewis Chemical Equilibrium
Combustion Model [ref] to determine the combustion products, heat of combustion, fireball flame
temperature and thermodynamic state. Mass and energy conservations applied in LATRA3D
calculate the volume and dimensions of the fireball just at the point of cessation of combustion
reactions (typically 5-10 seconds). LATRA3D initializes the liquid propellant fireball at ground
level for intact impacts. This fireball is highly buoyant due to the high gas temperatures and
will rise in the atmosphere, cooling as it entrains ambient air and expands in size. Although
LATRA3D can output a series of time snapshots of the cloud size and temperature during the cloud
rise phase, this aspect of the fireball scenario was not investigated in this study, in part because the
rising cloud quickly cools below expected autoignition temperatures of the island vegetation, but
primarily because an assumption was made that the active combustion phase of the fireball
formation would always initiate a secondary fire in the vegetation surrounding the impact point.
6.3

SpaceX Falcon 9 Fireball Characteristics

The SpaceX Falcon 9 launch vehicle represents the largest vehicle considered in previous studies
for potential launch from Camden. The Falcon 9 is a two-stage launch vehicle that uses RP-1
(refined rocket grade kerosene) and LOX (liquid oxygen). The total propellant quantities on the
vehicle at liftoff are:
1. RP1 fuel
2. LOX oxidizer

343,200 lbm
799,400 lbm

A conservative fireball analysis was performed for the Falcon 9 assuming an impact condition
with the total propellant load at the time of stage 1 ignition. Theoretical Falcon 9 impacts on Little
Cumberland Island would not start until about 69 seconds into a notional flight, at which time
approximately 116,000 pounds (34%) of the propellant would already have been consumed.
Table 4.1 Falcon 9 Intact Vehicle Impact Fireball Characteristics
Total cloud mass with air [g]
Total cloud exhaust mass [g]
Total cloud stored heat [cal]
Cloud heat per unit mass [cal/g]
NFRBL cloud temperature [K]
Adjusted cloud temperature [K]
Minimum allowable cloud radius [m]
NFRBL empirical cloud radius [m]
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Adjusted cloud radius [m]
Cloud density [g/m**3]
Cloud pressure [mb]
Ambient air temperature [K]
Fireball burn duration [sec]
Time at start of cloud rise [sec]

173.02
731.19
1028.00
289.25
7.07
7.07

Key parameters significant to potential for the propellant fireball to initiate vegetation secondary
fires are highlighted in bold red text and several other entries warrant additional explanation. The
“NFRBL cloud temperature” of 2007 Kelvin (3153 F) represents the calculated mixture flame
temperature of the propellant reactions. The minimum allowable cloud radius of 119.3 meters
(391 ft) represents the spherical volume required to just contain the products of the propellant
combustion reactions. The minimum volume is computed using the predicted flame temperature,
total cloud mass, one atmosphere pressure condition and application of the ideal gas law
relationships. It is reasonable to assume that during the active burn duration, estimated from
empirical formulas to be 7.06 seconds, some portions of the dynamic fireball will expose
vegetation to the flame temperature of about 2007 K.
An empirical equation also exists which is used to predict the “adjusted” cloud radius of 173 meters
(568 ft). When the adjusted cloud radius is applied it is assumed that the larger radius results from
entrainment of ambient air into the fireball during the fireball formation phase. This additional
ambient air is over and above the amount of air already considered in the afterburn reactions,
therefore the added air does not produce additional chemical reactions and instead dilutes the cloud
exhaust products and thereby also resulting in a lower average cloud temperature (490 K). This
reduced temperature should not be considered for evaluation of potential to ignite vegetation
because it is understood that at least some “hot spots” within the propellant fireball will occur in
the absence of significant air entrainment and will burn with a flame temperature near the predicted
2007 K.
6.4

Rocket Lab Electron Fireball Characteristics

The Rocket Lab Electron launch vehicle represents a representative small class vehicle that has an
established flight history and would be a potential candidate launch from Camden. The Electron
is approximately the same size as 3 or 4 other small class vehicles that are currently in early flight
test operations at other ranges and could be candidates for Camden launch operations. It should
be noted here that the term “small class” launch vehicle as applied to Electron and similar small
satellite launchers with payloads capacities under 100 kg is far smaller than the “small class”
vehicle defined in the FAA Part 420 site licensing regulations, which include vehicles with payload
capacity up to approximately 1500 kg. The Electron is a two-stage launch vehicle that uses RP-1
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(refined rocket grade kerosene) and LOX (liquid oxygen). The total propellant quantities on the
vehicle at liftoff are:
1. RP1 fuel
2. LOX oxidizer

8,771 lbm
19,295 lbm

A conservative fireball analysis was performed for the Electron assuming an impact condition with
the total propellant load at the time of stage 1 ignition. Theoretical Electron impacts on Little
Cumberland Island would not occur until failures at T=49 seconds into flight, at which time
approximately 8500 pounds of the propellant and oxidizer would already have been consumed. At
this point in flight, the vehicle is 26000 feet in the air and traveling 856 mph. Debris from an
explosion at this altitude and velocity would take between 150 and 630 seconds to reach the
ground, depending on the size and ballistic coefficient.
Table 4.2 Electron Intact Vehicle Impact Fireball Characteristics
Total cloud mass with air [g]
Total cloud exhaust mass [g]
Total cloud stored heat [cal]
Cloud heat per unit mass [cal/g]
NFRBL cloud temperature [K]
Adjusted cloud temperature [K]
Minimum allowable cloud radius [m]
NFRBL empirical cloud radius [m]
Adjusted cloud radius [m]
Cloud density [g/m**3]
Cloud pressure [mb]
Ambient air temperature [K]
Fireball burn duration [sec]
Time at start of cloud rise [sec]

4.63E+08
3.03E+07
1.76E+10
5.82E+02
1846.91
446.96
34.41
51.68
51.68
801.39
1028.00
289.25
3.82
3.82

Key parameters significant to potential for the Electron propellant fireball to initiate vegetation
secondary fires are highlighted in bold red text. The “NFRBL cloud temperature” for the Electron
propellant mixture ratio is 1847 Kelvin (2865 F). The minimum allowable cloud radius of 34.4
meters (113ft) represents the spherical volume required to just contain the products of the
propellant combustion reactions. The active burn duration for the Electron propellant load
is estimated from empirical formulas to be 3.8 seconds. Taken together, the small radius of
explosion in addition to the short burn duration in comparison to the potential altitudes (26,00030,000 ft) of an accident and subsequent fall time supports a conclusion that a fireball would not
hazard ground vegetation.
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6.5

Risk Scenario Conclusion

This chapter demonstrated reasonable expectations of fireballs that could be generated in mid-air
by small launch vehicles on trajectories proposed for the spaceport. These fireballs would be
small, occur at high altitudes and would dissipate quickly, far before reaching the ground. Flight
termination systems and / or structural breakups would be assessed to prevent the vehicle from
reaching an altitude after failure far before an explosion could potentially threaten the ground.
This conclusion means that the island is not EXPOSED to the hazard of a mid-air explosion,
therefore, risk is not present.
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7

FIRE RISK SCENARIO 2 – POTENTIAL FOR HOT DEBRIS

This section will examine (1) the context of the risk of hot debris impacting Cumberland Island,
specifically sources and quantitative thresholds for fire ignition, (2) provide the technical methods
and analysis recommended that an operator and launch site conduct prior to any launch, and (3) an
initial estimate of debris impact conditions. Two separate hazard assessments exist – one is the
quantifiable probability of a scenario that would create any debris, and the other is the computed
engineering assessment of a theoretical debris fall temperature. The second scenario will be
examined here but cannot be approached in a probabilistic manner. Because of this, this report
will demonstrate theoretical impact conditions that ARCTOS analyzed under conservative
conditions and determined that the likelihood of potential debris hot enough to create a fire
hazard to the island is low. In addition, we will show how through operational mitigations
any residual risk is easily mitigated by the emergency management plans provided by
Spaceport Camden.
7.1

Sources of Hot Debris

There can be misconceptions regarding the temperature from rocket debris. A member of the
public may believe that if the rocket suffers a failure and explodes in a fireball, all the resultant
debris can be extremely hot. Generally, a liquid-propelled rocket is extremely cold in flight except
for the motor. This is due to cryogenic systems onboard needed to keep the fuel and oxidizer in a
liquid state. Typically, the only “hot” part of the rocket is the motor and exhaust plenum where
combustion is occurring. This accounts for less than 10% of the rocket’s dry mass (the mass of
the rocket without propellant load). The reason that this is important is that while a debrisgenerating event may produce a large impact footprint from many pieces of the rocket, the footprint
from potentially hot debris is relatively small as they tend to be the same size and weight. This is
demonstrated in Figure 7-1, in which notional debris fall ellipses are plotted from a sample failure
event over the island. Larger ellipses result from lighter debris that can be spread out from wind
effects. The preponderance of debris from a small rocket explosion would be debris small enough
and light enough to not pose a hazard to humans (that is, the kinetic energy at impact is not enough
to cause harm). The small ellipses resulting from the heavy nozzles demonstrate that there is little
uncertainty in their final fall location, thus, the timeframes during flight that could hazard the island
with hot debris are much smaller. Additionally, the altitudes through which rockets pass are
extremely cold and provide rapid cooling of any hot components falling through the air given that
an accident does occur.
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Figure 7-1. Ellipses demonstrating theoretical debris spread from a breakup event. Ellipses
in red and yellow demonstrate 97% containment confidence for potential hot debris
(nozzles).
Because the specific material temperatures and operating characteristics of a motor are not
submitted with a launch site application, and are specific and proprietary to each manufacturer,
our analysis will only demonstrate what might be reasonably expected given conservative
assumptions. Providing a general probability of the debris meeting the conditions required
to be hot enough to ignite ground combustibles is not possible due to the extreme variety of
parameters. In the absence of this probability, a conservative qualitative risk assessment would
assume that the debris exceeds auto-ignition temperature on the ground and provide a probability
of impact in the vulnerable areas. This type of debris temperature analysis is not part of the
requirements for launch site applications due to the typical absence of risk of ground ignition
downrange from the launch point and is only examined on a case-by-case basis. Traditionally, the
focus of examining debris temperatures and material properties has been on improving models of
re-entry debris risk when a craft or object is subject to an effect referred to as “Aero-thermal
demise.” This effect results from an extremely high-speed breakup (exceeding Mach 15) enters
the atmosphere, inducing significant drag force, and heating the material. These conditions are
not present during the overflight of Cumberland Island.
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A single exhaust plenum, the assumed hottest portion of a Falcon 9 was evaluated for assessing
the potential for fire on impact. This was a simplified analysis and should not be generalized
to assess complete risk of hot debris on the island. The hot debris poses a fire risk when the
temperature of the component is sufficient to ignite the “fuel” on the ground, which is present in
both vegetation and ground structures. Thus, two assumptions were critical to the analysis:
•

The assumed starting and final temperature for the material posing the highest risk of
causing auto-ignition of ground combustibles.

•

Assumed auto-ignition temperature of flammable ground material (provided in Chapter 3).

Because the data that is submitted with a spaceport license application is limited, and the full set
of data required for this type of analysis is proprietary and therefore unavailable for examination,
many additional realistic factors that would have reduced risk were ignored due to lack of data:
•

presence of regenerative cooling technologies to cool the components during flight and
reduce assumed starting temperature,

•

true distribution of heat throughout the material,

•

true material thickness which determines retained heat.

Two different mechanisms were evaluated for producing debris that would be a source of heat on
impact:
•

Aerodynamic heating,

•

Retained heating, or heating of a component such as a nozzle body from operation of the
launch vehicle engines (retained heating).

7.1.1 AERODYNAMIC HEATING
Aero-heating typically occurs during spacecraft re-entry as a process called aero-thermal demise,
when extremely high velocity fragments or heat shields first encounter air resistance and begin
burning up. Figure 7-2 provides a visual depiction of this effect. The calculations for aerodynamic,
or atmospheric, heating are not typically performed for lower atmosphere conditions shortly after
launch, as the fragments are not travelling fast enough to encounter significant heating.
Nevertheless, we conducted a “quick-look” to rule out the possibility of hazard. Fragments were
assumed to be travelling at the maximum speed possible at the lowest possible altitudes to produce
conservative estimates of the temperatures to which the ground flora could be exposed. The
calculation showed the resultant temperature range would not be anywhere near the autoignition
temperature of 482 o F to put ground flora at risk. There is a safety margin of over 300 o F.
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Figure
7-2.
Satellite
debris
burning
up
on
atmospheric
re-entry.
Credit: https://mashable.com/video/spacex-satellites-burn-up-atmosphere-space-storm
A typical scenario involving aero-heating occurs during spacecraft re-entry as a process called
aero-thermal demise, when extremely high velocity fragments or heat shields first encounter air
resistance and begin burning up. Combined with extremely low temperatures experienced in the
breakup state vector altitudes being examined, this does not typically present a possible risk.
However, the calculations were conducted in order to rule aero heating out as a potential source.
Conservative assumptions and calculations are provided:
1. Assumed starting temperature for the skin of the rocket cannot be above stagnation
temperature for air, or else it will start to experience aero cooling.
2. The most conservative, or highest temperature change calculation possible for aero
heating utilizes stagnation temperature of a gas.
3. T_stagnation is calculated as T_freestream (1+GAMMA-1)/2*MACH^2) and describes
how a “flat plate” might immediately fully stop and compress the air, maximizing the air
temperature.
3. This “delta temperature,” or temperature increase to the ambient atmosphere, adds to the
natural temperature of the air, which – at the altitudes in question (~18,000+ ft-msl) – are
in the range of -20F to -60F. So, even a 200F increase in temperature must begin at these
very cold air temperatures (i.e., a change of +200F on a -50F ambient only reaches a
compressed temperature of +150F).
4. Maximum initial velocity of 1500 ft/sec.
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5. US Standard Atmosphere temperatures were utilized (Figure 7-3)

Figure 7-3. US Standard Atmosphere Table.
3.2 Results
Even accounting for maximum speed of fragments at the lowest possible altitude corresponding to
the highest starting temperature of the bounding breakup state vector times, the compressed air
temperatures around an assumed flat plate are calculated as:
T_Air (Stagnation, F) = 167.31°F, or 75°C
Even if an inert piece of debris were to fully absorb the aero-heating temperature (such as a thin
aluminum component), and the debris fully retained the aero-heated temperature to ground (such
as a thick part not cooling on descent), the resultant temperature range would not be anywhere near
the autoignition temperature of 482F (250°C) to put ground flora at risk. There is a safety margin
of over 300F (149°C).

7.1.2 RETAINED HEATING
The more realistic hazard to the island would be debris retaining heat after a mid-air explosion,
structural breakup, or flight termination. To examine retained heat in launch vehicle engines after
a breakup, ARCTOS conducted a trajectory-fluid-thermal analysis on a standard Falcon 9 “Merlin”
engine to predict potential temperatures of space-launch vehicle debris at ground contact. Two
orientations of the nozzle body during reentry freefall were considered: side-on and end-on fall.
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The temperature of the nozzle at ground contact varied with scenario and across the nozzle surface
and was dependent on the time the nozzle was jettisoned. For the side-on fall the peak (for all
jettison times) calculated temperature of any point on the nozzle was 500F; for end-on fall the
maximum computed temperature was 600 o F. Thus, it is possible for failures at the right time
to exceed some local flora autoignition temperatures.
For background, rockets that utilize chemical propulsion systems employ a fuel component and an
oxidizer component that are mixed in a prescribed proportion in a combustion process that flows
hot exhaust gases through a nozzle.
-

-

Solid propellants are pre-formed with a mixture of fuel and oxidizer that are mixed with a
liquid binder that is then cured into a solid material casting. These solid propellants, once
ignited, sustain burning without the need for ambient air to provide the oxygen needed for
combustion. When failures occur causing breakup, it can cause chunks of burning debris
to continuously burn on descent and pose an elevated risk of fire on the ground. Solid
propellant launch systems are not planned for use at the Camden launch complex.
Liquid propellant launch vehicles utilize a liquid fuel, such as refined kerosene, and a liquid
oxidizer, usually liquid oxygen. The fuel and oxidizer are stored in separate tanks and
pumps, control valves and piping are used to feed fuel and oxidizer into a combustion
chamber. Hot gasses flow from the combustion chamber out through a nozzle to provide
thrust to accelerate the launch vehicle. Smaller sized liquid propellant type launch
vehicles are the only type planned for use at the Camden launch complex.

In the hypothetical event of a failure of a liquid propellant class launch vehicle that allows the
vehicle to impact the ground intact, the propellant tanks are ruptured, and the fuel and oxidizer are
presumed to be close enough together to result in a maximum mixture of fuel and oxidizer that
react in a fireball. The energy of the impact, critical mixture ratio of fuel and oxidizer as well as
potential hot nozzle surfaces are sufficient to provide ignition sources that initiate the fireball
reaction.
Based on historical observations of launch vehicle failures, it is reasonable to assume a 100%
probability that a potential intact vehicle impact will result in a fireball outcome involving the
residual quantity of propellants at the time of impact and would include any propellants in the
upper stages or payload. Potential impact during overflight of Cumberland Island would be
associated with stage 1 flight failures for vehicles licensed for launch.
Risk of injury or property damage due to liquid propellant launch vehicle failures requires
evaluation of the following factors:
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•

Probability of failure that results in an intact vehicle impact.

•

Locations where intact impacts are predicted to occur and probability of impact at those
locations.

•

Characteristics of the impact fireball and probability of the propellant fireball initiating a
secondary grass or forest fire.

Figure 7-4. Visual Comparison of nozzle size by proposed vehicles at Camden. SpaceX
Falcon 9 with nine “Merlin” engines and CEO Elon Musk (L); RocketLab Electron with 9
“Rutherford” engines and CEO Peter Beck.
One potential mechanism for a fire resulting from a launch operation is the ground impact of debris
from malfunction that is hot enough to ignite vegetation. As discussed previously, only a small
section of the rocket hardware is hot (the motor and nozzle assembly) which cools when exposed
to air and is not heated by the burning of propellant. Rapidly evolving designs of motors and
nozzles incorporating regenerative cooling and other techniques specifically designed to prevent
heat retention and material degradation make it impossible to cover 100% of possible designs and
situations. Current designs for small and medium-large vehicles may have already mitigated the
possibility of hot debris existing as a concern. For illustrative purposes, we have made
conservative assumptions about the construction and conditions at breakup of the pieces of debris
most likely to have sufficient retained heat to cause a fire. There are two key measures that need
to be compared to determine the likelihood of auto-ignition: the temperature required to
auto-ignite flora present and the temperature of the nozzle debris upon ground impact. The
temperature required to auto-ignite flora was established in chapter 3 at 250°C, or 482°F.
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7.2

Debris Impact Temperature

A trajectory-fluid-thermal analysis was performed on a Falcon 9 “Merlin” engine to predict
potential temperatures of rocket nozzle debris at ground impact. The basic physics of the problem
is that the nozzle is heated by the rocket engine combustion products, then once heating is
terminated, cooling occurs as it falls to the ground, as the surrounding air is much cooler than the
nozzle. The reason this larger vehicle was chosen as opposed to a smaller vehicle with lower risk
is due to the simplicity of modeling a single engine falling after breakup, as smaller vehicles such
utilize much smaller nozzles that are “bundled” together and would likely not breakup in the same
manner where individual engines could be analyzed. Because of this, these results should not be
taken as representative of a final risk, but as the outcome of a possible methodology suggested to
an operator. The analysis was performed for the trajectory of a notional small-lift orbital launch
vehicle (e.g., comparable to RocketLab Electron). Figure 7-4 demonstrates the size disparity
between the two vehicle sizes – a single “bundle” of Rutherford engines on an Electron is nearly
the size of a Merlin engine on a Falcon 9. The engines on the Electron and similar small vehicles
are “shrouded” by the rocket body and may not break apart in a way that would expose the
vegetation below to hot surfaces. So the risk from a smaller vehicle can be stated as qualitatively
lower by the design of vehicle, but in order to conduct a fair analysis of “worst case” debris, we
will use the Falcon 9. The key inputs are the state of the vehicle at breakup (position and velocity),
the material properties of the nozzle, and the temperature of the nozzle hardware at breakup.
7.2.1 Nozzle properties
To model the cooling of the nozzle, several parameters are necessary. First, for this analysis the
nozzle is assumed to remain intact for cooling analyses. This will result in the maximum
possible temperature at impact, as it minimizes the surface area over which cooling occurs. Nozzles
can be constructed out of a variety of materials; a common primary material is Niobium C-103,
which has a density, 𝜌 ≈ 553 lbm/ft3, and a specific heat capacity, 𝑐𝑝 ≈ 0.082 BTU/lbm/°F. The
thickness of the nozzle hardware is important; for this analysis, a range of reasonable average
values from 0.1 to 0.5 inches was examined. The nozzle is assumed to be without active cooling.
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Figure 7-5. Depiction of Computational Fluid Dynamics cooling analysis on Hot Nozzle
Debris.
The emissivity for radiative cooling, ε, is 1.0. This is on one side only; the “other side” of the
nozzle debris is presumed to be the “interior” of the nozzle bell or chamber, or otherwise
conservatively shielded and insulated, and unable to contact flora to cause auto-ignition.
For the flight of the nozzle debris, a range of aerodynamic parameters was used. The path of a nonthrusting, non-lifting object is parameterized by its ballistic coefficient, 𝛽 = 𝐶

𝑚

𝐷 𝐴𝑟𝑒𝑓

, where 𝑚 is

mass, 𝐶𝐷 is the drag coefficient, and 𝐴𝑟𝑒𝑓 is the aerodynamic reference area. It is not clear without
running hundreds of simulations what ballistic coefficient results in the highest possible
temperature at impact. A higher ballistic coefficient object will retain more of its initial velocity,
thus reaching a higher altitude before falling, but then will fall faster. Therefore, a range of
reasonable ballistic coefficients from the smallest reasonable nozzle debris, 𝛽 = 10 lbm/ft2, up to
a typical ballistic coefficient for an intact nozzle, 𝛽 = 210 lbm/ft2, were examined. A reasonable
ballistic coefficient for an isolated small vehicle engine is approximate 30-40 lbm/ft2, however,
the chaotic nature of debris generation does not result in clean breaks of components. Stated more
simply, we examined a variety of sizes of nozzle that could be present during a debris scenario.
However, other factors have much more influence on the risk of auto-ignition.
7.2.2 Nozzle initial temperature
The nozzle temperature at breakup depends on several factors of combustion. An estimate is used
based on two key properties: the ability of Niobium C-103 to withstand heat and the flame
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temperature of LOX-Kerosene. It is probable that the range is 1500 F to 2000 F; for this study, a
moderate value was used, Tnozzle ≈ 1700 F.
7.2.3 Position and velocity at breakup
This analysis examines the scenario of a breakup within the planned flight envelope, such as due
to a structural failure or explosion of the vehicle. The trajectory profile is shown in Figure 7-6.

Figure 7-6. Small vehicle trajectory profile of altitude and speed vs time.
The time of flight that will produce the maximum surface temperature is the one at which the
cooling is minimized, that is the shortest time to impact the ground. This occurs at the first time in
flight where debris from a breakup can impact Cumberland Island (at mission elapsed time,
MET=52s). This corresponds to an initial condition of height, ℎ ≈ 23900 ft-msl, velocity
magnitude, |𝑣| ≈ 1360 ft/s, and flight path angle, 𝛾 ≈ 60° above the horizonal.
7.2.4 Calculation Approach
There are two parts of calculating the cooling from the initial conditions. One part is computing
the flight path of the debris. For this, a standard three-degrees-of-freedom model was used where
the forces are gravity and drag, which results in the position of the object as a function of time (a
trajectory). The second part is the aerodynamic (convective) and radiative 1-DOF “thermal
analysis” from the material. This incorporates ambient air temperature at altitude, aero
heating/compression effects, continuous calculation of local heat transfer coefficients, and
radiative cooling to ambient temperature in a time-incremented analysis.
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The calculation is performed using a fast-running Conjugate Trajectory-Thermal modeling tool.
This tool was previously validated by comparison for similar scenarios with a full Finite Element
Analysis (FEA) of the nozzle and the conjugate full Computational Fluid Dynamics (CFD)
analysis. The FEA with conjugate CFD included, and independently generated, the verifying
aerodynamic and heat transfer behaviors.
7.2.5 Trajectory Results
The trajectories for the range of ballistic coefficients (also called Betas) were calculated given the
initial position across the range of ballistic coefficients. These are illustrated in Figure 7-7. Debris
fall trajectories for a variety of ballistic coefficients from 10-210 lbm/ft2, where range is the
distance from the breakup location. The highest ballistic coefficient lands furthest away. To a
certain extent, utilizing these principles can prevent specific types of debris from landing on an
island with a well-developed set of mission rules. Because the intact rocket will have a high beta,
the knowledge that debris generated from an explosion will not propagate as far as the intact
vehicle can be used to build mission rules that would prevent the debris from landing where it is
not desired.

Figure 7-7. Debris fall trajectories for a variety of ballistic coefficients from 10-210 lbm/ft2
For example, let us assume that an intact rocket has a beta of 210 lbm/ft^2, and a fragment with
an engine component has a beta of 20-30 lbm/ft^2. If the rocket fails during the period when the
intact rocket is predicted to land on the island, any destruct action will cause the debris to land 23 miles closer to the launch pad. Conversely, during the times that the intact rocket is predicted to
land past the island, but the debris is predicted to land on the island, a rule may be set to ensure
that the rocket is NOT destroyed and therefore lands intact far beyond the island’s boundaries, or
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delays breakup until structural forces impart a natural breakup. This is not within the boundaries
of a spaceport application and would need to be discussed with the rocket manufacturer for specific
implementation but is a relatively straightforward mitigation to reduce hot debris risk.
7.2.6 Temperature Results
The temperature was computed as the debris flew for the range of ballistic coefficients and
thicknesses. As an example, the temperature of a nozzle fragment with thickness 0.5 in and ballistic
coefficient 210 lbm/ft^2 is plotted in Figure 7-8, along with the surrounding air temperature.

Figure 7-8. Example fragment temperature during free flight, Nozzle Thickness = 0.5 in,
Ballistic Coefficient = 210 lb./ft^2
The temperature is at a maximum for ballistic coefficients around 100 lbm/ft2. It decreases by less
than 5% for higher ballistic coefficients. There is much more variation due to nozzle wall
thickness. Therefore, the maximum temperature for any ballistic coefficient provides an adequate
metric and is plotted against material thickness in Figure 7-9 for this representative scenario. So
our results show that before mitigations, risk on the island is dependent on a variety of factors.
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Figure 7-9. Impact Temperature vs Thickness

7.3

Risk Scenario Conclusions

It would be irresponsible to state that there is zero risk from hot debris to Cumberland Island. The
event is possible for extremely conservative analysis parameters, and the timeframe of overflight
diminishes the probability significantly, but would need to be analyzed and mitigated at the level
of the launch vehicle provider, not at the level of the spaceport application. Our initial analysis
shows that large vehicle nozzles such as those present on a Falcon 9 can be reasonably expected
to have a temperature at impact higher than the minimum auto-ignition for flora on Cumberland
Island, provided no mitigations are utilized. Smaller vehicle hardware, such as the nozzles present
on vehicles such as those from RocketLab, Astra, ABL, Firefly, and others would have far lower
qualitative risk due to the size and design leading to more rapid cooling and less probability of
having the hot parts of the vehicle touch the ground due to engine shrouding.
The temperature at impact is strongly dependent on the material properties of the nozzle, especially
the total heat content of a piece of debris (product of the mass of material, specific heat capacity,
and temperature) and the state vector where breakup occurs. Thus, to establish the overall
probability of creating hot debris, this hazard should be included in a flight safety analysis for each
launch (which would also include determination of the probability of debris impact on the island),
with mission rules specifically accounting for mitigating this risk. While assuming an auto-ignition
temperature of 480°F for the majority of FMU 3 vegetation is conservative, it is likely that gaining
further precision in vegetation temperature distribution would not bring refinement to the analysis.
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If all potential failures during the dwell time create hot debris and 100% of vegetation is
combustible, the generalized probability of impact of any hot debris within FMU 3 established in
Chapter 4 and 5 remains within the acceptable safety criteria thresholds and background risk levels
established in Chapter 2.
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8

EMERGENCY RESPONSE INFRASTRUCTURE

Camden County issued a Fire Mitigation Plan to outline their strategy for protecting Little
Cumberland Island from potential fires on the island. This plan augments the already submitted
previously submitted Local Emergency Operations Plan, Fire Standard Operating Guides,
Memorandums of Understanding between Camden and Georgia Forestry Commission / National
Park Service, and an Incident Action Plan (or Comprehensive Launch Plan). Given the scenarios
above, the credible focus within the Comprehensive Launch Plan (CLP) should be on mitigating
hot debris risks. The plan includes command and control, communications, resources, and
response to all hazards and cascading events. failures must include guidelines for: 1) which rockets
will be accepted for launch, 2) what type of flight termination systems they must carry, 3)
coordination with first responders.
We begin by examining the existing emergency response infrastructure.
8.1

Current Mitigations and Infrastructure

Little Cumberland Island (LCI) has limited existing firefighting capability. Camden County works
in partnership with Georgia Forestry Commission (GFC) in preparation for all woodland fire
response. In the Fire Mitigation Plan developed in 2020, it was assessed that the existing
infrastructure on LCI was insufficient to respond to potential hazards on the island, no matter the
probability. LCI only has a “water buffalo” stationed on the island for minor incidents. The Fire
Mitigation Plan (FMP) proposed usage of Shallow Bottom Landing Craft, Firefighting ATVs, and
Rescue ATVs to augment LCI’s resources, along with supplementing these ground resources with
helicopter bucket deployment of freshwater and fixed wing aircraft tankers.

Figure 8-1. "Water Buffalo" present at Little Cumberland Island.
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Due to the limited number of debris that could pose a threat to the island and the small uncertainty
in drop area that is possible for this debris, all these resources combined would be more than
sufficient to respond before a major incident could develop.
Launch day planning includes pre-staging firefighters/EMTs with equipment including AllTerrain Vehicles on stand-by marine landing craft. Planning efforts include draft development of
Launch Day Comprehensive Launch Plan (CLP) that establishes USCG safety zone controls and
supporting contingency plans for potential incidents that may occur. If firefighting helicopters or
aircraft are considered as a potential resource, emergency plans would need to ensure that the
debris
Camden County, Camden County Emergency Management Agency, Camden Fire Rescue,
Camden County Sheriff’s Office along with Naval Submarine Base Kings Bay, NPS/CUIS, and
Glynn County Emergency Management maintain robust communications and mutual aid
agreements that further mitigate fire danger on LCI. This enhanced coordination process amplifies
mutual aid agreements and further strengthens the response capability, while defining authorities,
roles, and responsibility.
In the Cumberland Island National Seashore Fire Management Plan (FMP) Fire Management Unit
(FMU) #3 operational guidance identifies the GFC and Camden County Fire and Rescue as the
lead agencies for fire management on LCI. The NPS will assist Camden County and the GFC
according to annual operating plans and requests from the lead agencies. A unified command
structure is to be established for incidents within this FMU pursuant to the Spaceport Camden CLP
process.
During low tide periods, access to the LCIHA’s Shell Creek dock is not feasible for deeper drafted
boats, and this limitation may delay emergency response efforts which include firefighting, search
and rescue, and/or evacuation. (The Dock cannot be accessed two-hours before or after low tide.)
Based on this limitation, Camden County would not rely solely on the existing tidal creek or
traditional boats, opting instead to utilize alternative ingress/egress points via water approach to
the beach (land). This would be accomplished on launch days using shallow draft landing craft
with pre-positioned fire apparatus ATVs and firefighting personnel aboard marine landing craft,
functioning as single resource or strike teams. If entrance onto LCIHA’s Shell Creek dock is not
feasible because of low tides or is downwind of fire and considered unsafe, landing craft teams
will access other points along the Island including the western beaches, the northern beach, or the
eastern beaches.
Additional firefighting resources could be employed under the direction of GFC including fixed
wing aircraft tankers and helicopter bucket deployment using freshwater sources. It has been
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estimated that marine landing craft with firefighting support could reach any area of the Island
within 15 to 30 minutes from pre-staged water access locations.
8.2

Additional Recommended Mitigations

The assessment in this report revealed that the existing and planned emergency response
infrastructure and firefighting capabilities provide for comprehensive and highly effective fire
response. Given the existence of a known launch time, the firefighting capability planned around
launch activities provides protection that significantly exceeds the level of protection available for
unexpected wildfires caused by lightning or other natural or man-made sources. A significant
factor when discussing responses to a failure scenario is to ensure that responders are aware of the
possibility that debris hazardous to humans could still be falling after hot debris impacts a location.
Because the engines and nozzles are typically the portions of the vehicle that propagate quickest
toward the ground, there could be instances in which responses are required while debris is still
falling. These freefall timeframes after destruction range from 3 ½ minutes for the heaviest debris
to almost 15 minutes for lightweight, aerodynamic debris such as payload fairings. Figure 8-2
provides a detailed example of fall times of various debris categories at approximately 60 seconds
into flight.

Figure 8-2. Component fall times for Generic Small Vehicle.
ARCTOS assesses that the following mitigations will increase public confidence and reduce the
probability of an accident that produces a fire on the Island:
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•

Risk Scenario: Intact Impact
o ARCTOS recommends experienced vehicles to be launched from Camden Space
Port. Test flights for new launch vehicles would have much higher probabilities of
failure and decrease public confidence in future efforts. Experienced vehicles
would have at least five successful flights in-family or demonstrate an empirical
failure probability of less than 30% overall.
o Require all vehicles launched from Camden Space Port to be equipped with a
Highly Reliable destructive Flight Safety System with a design reliability of .999
at 95 percent confidence with commensurate design, analysis, and testing for the
portion of the flight safety system onboard and not onboard the vehicle.

•

Risk Scenario: Mid-air Fireball
o Adopt mission rules that ensure any failing vehicle in the vicinity of the Island is
destroyed at least 10,000 feet above ground level to ensure prevention of intact
impacts and to ensure dissipation of fireball prior to nearing ground level.

•

Risk Scenario: Hot Debris
o Adopt flight safety limits for dwell times over Cumberland Island to prevent highballistic coefficient debris, such as hot engines, from landing on island.
o Adopt flight safety limits to keep a narrow flight corridor and prevent debris from
impacting historical sites not under the predicted flight corridor, such as the Little
Cumberland Island Lighthouse.
o Conduct fire risk analysis in addition to Part 450 Flight Safety Analysis
requirements utilizing methods proposed in Chapter 7, to include obtaining specific
data from manufacturers on nozzle thickness, regenerative cooling, and heat
distribution throughout hot components.

These recommendations are based on initial data available for two specific vehicles, and should
not be taken as final guidance. As vehicle designs change rapidly and incorporate new
technologies for engine efficiency and methods of propulsion, a risk assessment can change.
Besides the mitigations, plans, and extensive resources to deploy (such as shallow water landing
craft availability and ATVs for quick response), ARCTOS recommends that the following
additional mitigations be considered that will enhance the responsiveness of the first responders:
•

Ensure that first responders are aware of the launch timeline of events.

•
•

Alert the first responders when the vehicle is launched.
Alert the first responders when it is no longer assessed for an intact vehicle to impact the
Island.

•

Alert first responders and airborne resources when debris is no longer capable of impacting
the island.
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•

Alert first responders and airborne resources when, in event that a flight termination or
destructive event occurs, it is predicted that debris will start and stop impacting island.

•

Alert first responders and airborne resources when, if a flight termination or destructive
event occurs, the debris fall window has closed so that fire watches can be safely deployed.

•

Ensure that first responders are cognizant that if fire watches are deployed before all debris
has completed free-fall, they are at risk.

•

Ensure that any aircraft responding to emergencies do not conduct firefighting overflight
until ALL debris has finished falling.

•

Ensure crew staging area is protected from potential debris, and transit time from staging
area to landing and deployment is sufficient to respond in time to incidents affecting island.
Current assessment is 15-30 minutes from pre-staged locations. This may need to be
reduced due to fall time assessment of approximately 5 minutes.

The existing plan involves close coordination with the first responders through the development
of the Launch Day Comprehensive Launch Plan.
8.3

Conclusions

This section discussed the operational mitigations already in place by Camden County to provide
Fire Management Unit 3 with sufficient resources to combat any potential fires even at low
probabilities of occurrence. We concurred with the provision of units and believe these to be
adequate to supplant Little Cumberland Island’s sparse native resources for monthly launches. In
addition, we examined several possible mitigations that could be undertaken by the launch
provider when implementing flight safety limits, determining vehicle maturity for launch, and
conducting pre-launch analysis. Finally, we presented mitigations for the ground responders to
ensure their safety is maintained during launch and are aware of falling debris when responding to
an incident.
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