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e Seek to ensure that the regulatory environment for licensing commercial space
transportation activities is timely and responsive, and addresses current market and
industry developments;

e Support continuation of the current liability risk-sharing regime for U.S. commercial space
transportation activities, including provisions for the conditional payment of excess third-
party claims by the United States Government; and

e Advocate internationally for the adoption of United States Government safety regulations,
standards, and licensing measures to enhance global interoperability and safety of
international commercial space transportation activities.

The Federal Communications Commission has recently approved new rules that “improve the specificity
and clarity of rules that require disclosure of debris mitigation plans by satellite companies. The changes
include requiring that satellite applicants assign numerical values to collision risk, probability of
successful postmission disposal, and casualty risk associated with those satellites that will re-enter
Earth’s atmosphere.” >

5 Summary of FAA and FCC Information Requests for Satellites and
Constellations

5.1 Information Requested by FAA for Satellite Launches, Reentries and
Constellations

The FAA issued a new rule in Title 14 (Aeronautics and Space) of the Code of Federal Regulations (CFR)
on December 10, 2020, which “streamlines the FAA’s commercial space launch and reentry regulations
and removes obsolete requirements.”® The rule went into effect on March 10, 2021. 14 CFR Part 450 of
the new rule covers the requirements for obtaining and maintaining a license for a launch vehicle or
reentry vehicle.” The FAA defines a reentry vehicle as “a vehicle designed to return from Earth orbit or
outer space to Earth substantially intact.”® This definition is intended to only cover vehicles that are
designed to return safely to the ground, and therefore does not apply to satellite reentry.

5.2 Information Requested by FCC for Satellites and Constellations
The FCC regulations for satellite reentry are included in Title 47 (Telecommunications) of the CFR.
Satellite reentry is specifically mentioned in three sections of Title 47: Part 5 (Experimental Radio
Service), Part 25 (Satellite Communications), and Part 97 (Amateur Radio Service). Each of these parts
provide details on each specific type of system, and all three parts provide a statement for a
requirement for a postmission disposal plan of the satellites that involves atmospheric reentry: “The
[postmission disposal plan] shall . . . include a casualty risk assessment if planned postmission disposal

5 “FCC UPDATES SATELLITE ORBITAL DEBRIS MITIGATION RULES,” FCC NEWS from the Federal Communications
Commission, April 23, 2020 (https://www.fcc.gov/document/fcc-updates-orbital-debris-mitigation-rules-new-
space-age-0).

6 “Streamlined Launch and Reentry License Requirements” A Rule by the Federal Aviation Administration,
12/10/2020 (https://www.federalregister.gov/documents/2020/12/10/2020-22042/streamlined-launch-and-
reentry-license-requirements).

714 CFR Part 450 — Launch and Reentry Requirements, Section 450.1

8 “Streamlined Launch and Reentry License Requirements” A Rule by the Federal Aviation Administration,
12/10/2020 (https://www.federalregister.gov/documents/2020/12/10/2020-22042/streamlined-launch-and-
reentry-license-requirements).
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involves atmospheric re-entry of the [spacecraft]. An assessment shall include a statement as to the
likelihood that portions of the spacecraft will survive re-entry and reach the surface of the Earth, and the
probability of human casualty as a result.”® This statement is taken from Part 5, Section 64; with similar
statements in Part 25, Section 114 and Part 97, Section 207. Presently this is the only requirement, to
include a casualty risk assessment to provide an estimate of the likelihood of reaching the surface and
an estimate of the probability of casualty. But an amendment was published on August 25, 2020, to
revise these sections to mitigate the growth of orbital debris.® The effective date of the amendment is
still pending and will be published in the Federal Register once accepted. As with the current
regulations, the amendment includes very similar statements in Part 5 (Experimental Radio Service),
Part 25 (Satellite Communications), and Part 97 (Amateur Radio Service). This text (taken from Part 5,
Section 64) states:

“If planned disposal is by atmospheric re-entry, the [postmission disposal plan] must also include:

1. Adisclosure indicating whether the atmospheric re-entry will be an uncontrolled re-entry or a
controlled targeted reentry.

2. An assessment as to whether portions of any individual spacecraft will survive atmospheric re-
entry and impact the surface of the Earth with a kinetic energy in excess of 15 joules, and
demonstration that the calculated casualty risk for an individual spacecraft using the NASA Debris
Assessment Software or a higher fidelity assessment tool is less than 0.0001 (1 in 10,000).”*!

This new proposed rule is more specific and requires a casualty risk assessment to be performed for all
objects that would have a kinetic energy at impact of 15 joules or greater. The proposed rule also
requires the calculation of risk of casualty from surviving debris, and providing the assumptions used in
the calculation, with a requirement of a likelihood of casualty less than 1 in 10,000. This is the same
value that is in the most recent version of the U.S. Government Orbital Debris Mitigation Standard
Practices? (ODMSP), as described in Section 4.2.

6 Summary of Current FCC Applications for Large Constellations of LEO and LEO-
crossing Satellites as of April 1, 2021

Our focus in this report is on the constellations shown in Table 1, which is an accumulation of estimates
based on analysis of filings of applications to the Federal Communications Commission (FCC) as of March
2021. The FCC does not publish these types of statistics, nor do they require launch plans. Included in
the table are estimates on launch rates, type of launcher (medium or heavy), and possible launch
vehicles. In some cases, applicants include additional detail on satellite mass design lifetime. When
details are not available, estimates were made based on public records or from various publicly available
sources such as SpaceNews and SpaceflightNow.

Given that this study is focused on the hazards associated with debris that might survive reentry, we
have limited our study to FCC filings for LEO constellations with at least 50 satellites of mass 150 kg and
higher in and passing through the LEO protected region (perigee altitudes less than 2000 km). Satellites

947 CFR Part 5 — Experimental Radio Service, Section 5.64.
10 Federal Register, Vol. 85, No. 165, August 25, 2020
1 bid
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highlighted in the table are judged to have individual masses of less than 150 kg, and their reentry would
not add significantly to hazards predicted for the constellations of larger satellites used for this study.

Table 1. Applications to the Federal Communications Commission for non-geosynchronous satellite orbit

(NGSO) constellations as of March 2021.

Proposed Annual Launch
LEO Rates
Call Signs Constellations Satellites | Approved | Deployed | (Sustainment) Launcher Category Certain or Likely Possible

$3069 SpaceX Starlink Gen2 30,000 0 0 15 Heavy or Medium Starship Falcon 9
52992 SpaceX Starlink VLEO 7,518 7,518 0 25 Medium or Heavy Falcon 9 Starship
52963 OneWeb LEO 7,088 720 182 20 Medium or Heavy |Soyuz Any available

52983 & S3018 |SpaceX Starlink LEO 4,408 4,409 1,443 15 Medium or Heavy Falcon 9 Starship
S3051 Amazon Kuiper 3,236 3,236 0 14 Medium or Heavy |Atlas V; New Glenn|Any available
52976 Telesat 1,671 117 0 9 Medium or Heavy New Glenn; Terran |Any available
52994 Oneweb MEO (720 satellites in LEO) 720 720 0 6 Medium or Heavy  |Any Available
S$3068 Mangata** 791 0 0 6 Medium or Heavy  |Any Available
52985 Viasat 288 20 0 2 Medium or Heavy  |Any Available
S3065 AST 243 0 0 1 Medium or Heavy  |Any Available
52993 Boeing (132 satellites in LEO) 132 0 0 1 Medium or Heavy  |Vulcan Any available
52986 Theia Holdings A 120 120 0 1 Medium or Heavy  |Any Available
$2991 Telesat Vband 117 117 0 1 Medium or Heavy New Glenn; Terran |Any available
$2935 03b (36 satellites in LEO)** 112 38 20 2 Medium or Heavy  |Soyuz; Ariane 6 Any available
S$2110 Iridium NEXT (none in LEO 81 81 75 2 Medium or Heavy Falcon 9 Any available
S$3019 New Spectrum Satellite** 18 0 0 1 Medium or Heavy  |Any Available
52982 Audacy (none in LEO)** 3 3 0 0 Medium or Heavy  |Any Available
52978 Space Norway (none in LEO)** 2 2 0 0 Medium or Heavy  |Falcon 9
52912 Planet Labs Flocks of Doves 1,156 1,156 424 Small or Rideshare |Any Available
52946 Spire Global 1,000 1,000 84 Small or Rideshare |Any Available
S$3045 Spire Global MINAS 872 636 12 Small or Rideshare |Any Available
S3064 SWARM Astrobiene 450 0 0 Small or Rideshare |Any Available
S3070 Kepler 360 0 0 Small or Rideshare |Any Available
S$3041 SWARM 300 150 81 Small or Rideshare |Any Available
52981 Kepler 140 140 8 Small or Rideshare |Any Available
S$3042 Hawkeye 80 80 3 Small or Rideshare |Any Available
S3014 Astro Digital U.S. 30 5 1 Small or Rideshare |Any Available
S3047 Myriota 26 26 0 Small or Rideshare |Any Available
S3054 Keneis 25 0 0 Small or Rideshare |Any Available
S3038 Hiber 24 24 0 Small or Rideshare |Any Available
52862 Planet Labs Skysat 21 21 21 Small or Rideshare |Any Available
S3032 Blacksky Global 16 16 7 Small or Rideshare |Any Available
$2980 Karousel 12 12 0 Small or Rideshare |Any Available
S$3073 Capella Space 3 3 2 Small or Rideshare |Electron; Falcon 9
S3067 R2 Space 8 0 0 Small or Rideshare |Any Available
S$3052 LOFT 1 0 0 Small or Rideshare |Any Available

36 61072 20370 2363 122
Subtotals for satellites likely to use medium/heavy] 56548 17101 1720 122
Subtotals for satellites likely to use small or ride share] 4524 3269 643
These numbers are estimates based upon analysis of FCC filings and public records of launches from various sources such as SpaceNews and SpaceflightNow. The
FCC does not publish these types of summary statistics. Nor do they require launch plans. **Constellation not included in study (see text).

The 50-satellite lower limit, which is less than the 100-satellite threshold set by the 2019 ODMSP,
primarily assures that the Iridium NEXT constellation of 75 satellites of mass 676 kg, with the final
constellation possibly including 81 satellites, is included in the analysis. The 720 OneWeb MEO satellites

were included in the total for the OneWeb LEO constellation. The O3b (36 LEO satellites), New

Spectrum (18 satellites), Audacy (3 satellites) and Space Norway (2 satellites) constellations will not be
included in the study, nor will reentries from constellations of small satellites (those highlighted in
“green” in the table), which will not contribute significantly either to the total number of reentering
satellites (4,500 vs. 57,007) or to total mass of reentering satellites. Mass is a key indicator of the
associated hazards, and most of these satellites are very low mass and are carried to orbit by small
launch vehicles or via ride-share on larger vehicles (i.e., take advantage of space-available on launches
carrying larger payloads).
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The Mangata Networks constellation includes 112 satellites with perigee altitudes less than 2,000 km
and apogee altitudes above 11,000 km. In this case, Mangata proposes an “active” disposal of their
satellites, and disposal options include raising satellite perigees to above 2,000 km for disposal or
directed reentry into the atmosphere. Since this study is concerned with uncontrolled reentries from
circular orbits, disposal of the Mangata constellation was not considered in this study.

In April 2021, China announced plans to place a large constellation (13,000 satellites) in LEO. At present,
there is insufficient information on the satellites or details on the constellation’s design to add to the
study. The constellation will be added if details arise before delivery of the final report.

Since the goal is to identify possible FAA regulatory requirements to reduce reentry hazards, the study
identifies those constellations that currently are being or may be placed in orbit by FAA authorized
launches and considers the case where each constellation is operating in a steady-state manner in the
year 2025; i.e., the constellation is fully configured and is disposing and replacing satellites on a yearly
schedule according to the mission lifetime of constellation satellites.

Table 2 includes details on the configuration of each constellation derived from FCC filings noted in
Table 1. (Note: there are cases where mass is not provided in filings, and mass estimates provided for
these cases are derived from public sources or educated guesses). Included in Table 2 are details on
orbit altitudes and inclinations of orbit planes and the number of satellites in orbit at each inclination.
As will be seen, the inclination of orbits is important to estimate the people on the ground and
commercial aircraft that might be exposed to risk by debris surviving reentry.

The FCC does not require applicants to identify the launch vehicles that will be used to deploy or sustain
the constellation. Information on launch contracts typically becomes available well after an FCC filing
has been made and approved. Table 1 identifies, to the extent presently known, the launch vehicles
certain, likely, or possibly to be used for the deployment of each of the constellations. It is known that
the approved OneWeb LEO constellation of 720 satellites are being deployed by Soyuz launchers. These
launches would be outside the control of the FAA. Similarly, the other constellations that show “any
available” for the launcher could use non-FAA licensed launches as well. They could also choose to use
FAA licensed launchers and even the additional 6,368 OneWeb LEO satellites could be deployed using a
mixture of U.S. and foreign launchers.

Another important factor in determining the risk from reentries is the number of satellites to be
disposed by reentry as a function of time, i.e., each satellite has a design lifetime, but will it be disposed
when that lifetime expires or will operators wait until its mission is degraded by equipment failure or
other factors and then send it to disposal and replace it with a new satellite? While the 2019 ODMSP
does recommend that programs should “limit the cumulative reentry human casualty risk from the
constellation” for government systems, there is currently no requirement that applications to the FCC or
FAA provide information on the projected number of or the cumulative hazard for satellites reentering
in any fixed period of time (e.g., the number of satellites reentering per year or the maximum number of
satellites that might reenter in one year).

Since the filings do not provide information on the overall disposal strategy for constellation satellites,
this report assumes that the number of satellites to be disposed each year is the total number of
satellites in the constellation divided by the mission lifetime of each satellite. It is recognized that in

actuality, disposals may occur at a different rate and, potentially, fewer satellites might be disposed in
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one year and many more in the next. Table 2 estimates the number of satellites reentering per year for
each constellation and the total number if all constellations are active. Eventually all satellites will need
to be replaced within the constellation’s lifetime or all disposed at end of the constellation’s life, so a
yearly rate based on design lifetime of satellites should yield a reasonable average for the risk that might
be expected.
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Table 2. Constellation satellite mass and number reentering per year.
?oial
Proposed Satellite
by Call |Estimated | Design Orhital Number
Call- Sign in Satellite Life Currently [ Orhital | Satellites | Approximate (Inclinations] Reentering
Proposer System Sign LEO Mass(kg)| (years) |Proposed | Planes |PerPlane | Altitude (Jan) | (Deg.) per Year
7,178 1 7,178 328 30 1436
7,178 1 7,178 334 40 1436
Gen2 7,178 1 7,178 345 53 1436
NG S0 2,000 a0 50 360 97 400
X 53069 30,000 286 5 :
Space Satellite - 1,998 1 1,998 373 75 400
System 4,000 1 4,000 499 53 800
144 12 12 604 143 29
324 18 13 614 116 55
30,000 6000
— 2,493 1 2,493 336 42 499
SpaceX (V. Band) 52992 7,518 286 5 2,478 1 2,478 341 43 495
_ 2547 | 2 547 346 53 509
7,518 1504
LEO 588 12 49 1,200 7.9 59
Phase 1 128 B 16 1,200 35 13
OneWeh = 52963 7,088 150 10 1,764 36 49 1,200 7.9 176
Pl 2304 32 72 1,200 40 230
= 2304 32 72 1,200 55 230
7,088 709
1,584 72 22 550 53 317
— 1,584 72 22 540 532 317
SpaceX LEO S 4,408 286 5 720 36 20 570 70 144
348 6 58 560 97.6 70
172 4 43 560 97.6 34
4,408 882
. 734 28 28 590 33 112
Kuiper
Amazon S 53051 3,236 150 7 1,296 36 36 610 42 185
1,156 34 34 630 52 165
3,236 162
— 220 20 11 1,325 5088 22
78 6 13 1,015 9398 8
Telesat 52976 1,671 700 10 440 20 22 1,325 5088 44
Phase 2 660 20 33 1,325 5088 66
273 21 13 1,015 98 98 27
1,671 167
Viasat 52985 288 700 15 288 2 36 1,300 45 19
AST 18 1 13 725 t0 730 0 3
(AST &Science | SpaceMobile 53065 243 1,500 7 165 11 15 725 to 740 40 24
LLC) 60 4 15 735 t0 740 55 3
243 35
Boeing Vg’s‘g" LEO /| 2993 132 1,500 10 132 11 12 1,056 54 13
H H 1 750 08 1
Theia HoMings & 52986 120 3,000 12
112 H] 14 791 to0 809 99 :
120 10
45 5 9 1,248 37.4 5
Telesat Vhand 52991 117 700 10 :
72 6 12 1,000 99.5 7
117 12
Iridium NEXT 2110 81 676 15 81 6 1 81 86 5
TOTAL | 54,902 TOTAL 9818

The information in Table 2 is the primary data used for each constellation: the number and mass of
satellites in each constellation, the number of orbit planes and the number of satellites in each plane,
and finally, the inclination of each orbit plane. As will be seen, the number of people and the number of

10
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airborne aircraft at risk from debris surviving reentry of a satellite is a function of that satellite orbit
inclination.

7 Assumptions and Analysis Approach

Where possible, the study will generate an estimate for hazards associated with satellites being
disposed from large constellations on a yearly basis. The estimate will use the assumption that, in
steady-state operations in the year 2035, constellations will dispose of satellites at the end of their
mission lifetime (e.g., a constellation with 1,000 satellites, each with a lifetime of 10 years, would
continuously deorbit 1/10 of its satellites or 100 satellites every year on average). Of course, this would
likely vary from year to year, with some years possibly having several times that number reentering. The
number deorbited at the end of the constellation’s lifetime could be significantly higher (e.g., all 74
satellites in the original Iridium constellation were proposed to be reentered in approximately one year
when that operator neared bankruptcy).

Hazard estimates will be based on evidence from debris recovered after satellite and launch stage
reentries, predictions of hazards associated with reentries of satellites and launch stages, and data
collected by radar observation of satellite reentries.

Hazards to people on the ground for each satellite and launch stage will be compared to the 1-in-10,000
(1E-4) casualty expectation (Ec) threshold; the cumulative hazard per year will be the single satellite
hazard multiplied by the average number of satellites reentering per year when the constellations are in
steady-state operations.

NASA predicted®? that ~6 m? of casualty area would result from reentry of a 560 kg Iridium satellite.
Based on this estimate it is assumed here that 6/560 or 1.07 square meters of debris casualty area exists
per 100 kg of satellite mass in 2035.

Hazards to aircraft will include:

J Hazard associated with aircraft impacting objects with mass >300 gm that are deemed fatal to
aircraft (see Section 8.3.2) and

o Hazards associated with aircraft impacting objects with mass >1 gm that are deemed to require
emergency action by the pilot (see Section 8.3.3).

The fatal hazard estimated for objects > 300 gm will be based on the estimated number of those objects
that might survive each satellite’s reentry, and on large components that have survived reentries of
launch stages. Hazards associated with smaller debris will be based on radar measurements of debris
falling after a spacecraft reentry.

Aircraft that might be affected will be based on commercial aircraft that would be in flight on routes
shown in Figure 1. Figure 2 compares the number of people and aircraft per square kilometer as a
function of latitude. Figure 3 compares the Ecfor people and the probability of an aircraft being struck
as a function of latitude in 2021.

12 “Exhibit E: Orbital Debris Mitigation and Casualty Risk Assessment,” FCC Form 312, Schedule A,
https://transition.fcc.gov/transaction/iridium-motorola/iridumconstel_exhe.pdf

11
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Figure 1. World airline traffic routes, 2021.2
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Figure 2: Population and aircraft densities vs latitude, 2021%.

13 Source: https://en.wikipedia.org/wiki/Civil_aviation#/media/File:World-airline-routemap-2009.png
1 Based on Gridded Population of the World (GPW) v4; and Official Aviation Guide (OAG) airline schedules data.
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Figure 3. Population and aircraft risk model for 2021.

Additional areas of investigation include case examples of Ec (ground) vs Ec (aircraft) and comparisons
for both current and future projections of Pevs. P;, where Pt is the probability of casualty (same as
collective probability of human impact on the ground without sheltering), and P;is the collective
probability of aircraft impact.

Regional dependencies, (e.g., North America only, without North America, etc.) will also be investigated.

7.1 Basicassumptions
This study assumes that in the year 2035:

o All satellites proposed in FCC applications posted by April 1, 2021 (see Table 1) with mass of 150
kg or larger are in orbit and operating in their constellations.

e Each constellation is being maintained with all slots filled — satellites that have reached the end
of their mission life are being removed and sent toward reentry disposal*® and disposed
satellites are being actively replaced, so the number of satellites in a given constellation is that
given in the table.

e The percentage of a constellation’s satellites disposed and replaced in 2035 will be based on the
mission lifetime of that constellation’s satellites provided in the FCC application. Specifically, it is

15 From the perspective of space hazards, satellites being disposed from constellations remain threats of possible
collisions with other objects in orbit as they move toward reentry, so the time from end of mission to final reentry
is important from that perspective, but this study considers only hazards to people on the ground and in aircraft
from debris surviving from satellites that are reentering.

13
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assumed that if a mission life for satellites in a constellation is 5 years and the constellation has
1,000 active satellites, on average 20% of that constellation’s satellites or 200 satellites must be
replaced each year (of course, the actual disposal schedule might be different, with some years

having more reentries and some less, but the average should be a reasonable first estimate).
All disposed satellites will reenter in an uncontrolled manner, i.e., the final location of debris
surviving reentry will not be controlled and debris surviving reentry would fall through the
airspace and impact the Earth’s surface somewhere along a satellite’s orbital ground track. Of
course, some may choose to control the final reentry point and place debris in an uninhabited
area. That approach should be encouraged.

Satellite dry mass (mass of the satellite without consumables and propellant) used for reentry
hazard estimation is based on information in the FCC application or estimated based on publicly
available information.

7.2 Analysis Approach

The information on satellite mass and constellation design given in Table 2, combined with projections
of Earth’s population and the number and types of airborne aircraft will be used to estimate the
hazards to people and aircraft in 2035 associated with each proposed large constellation and a total
assuming all constellations are fully constituted and operating. Specifically, information in the FCC
applications will be used to estimate the:

Number of satellites in each constellation, based on those currently proposed in the FCC
applications,

Number of orbital launch stages reentering on a yearly basis, based on “Annual Launch Rates
(sustainment)” given in Table 1,

Number of satellites being disposed in 2035 when constellations are assumed to be fully
constituted and operating in steady-state conditions (i.e., with a percentage of constellation
satellites being disposed and replaced each year).

This information will be combined with:

8

Predictions of debris that might survive and be a hazard to people and aircraft from each reentry
and cumulative reentries each year,

The casualty expectation, Ec (the number of people somewhere on the planet that might be injured

or killed by falling debris), and
The probability that a commercial aircraft flying somewhere on Earth might strike an object that
would be fatal to the aircraft or might cause emergency action by the pilot.

Hazards Associated with Constellation Satellite Disposal

8.1 Overview of Reentry Breakup

Figure 5 illustrates the reentry breakup process, which proceeds as follows. As a reentering object gets
deeper into the atmosphere below about 120 km, aerodynamic heating gradually raises the

temperature of primary structures, until widespread melting suddenly releases and exposes other major
components to continued heating and to increasing aerodynamic loads. This significant disassembly is
referred to as major breakup, usually occurring around 80 km for satellites and around 70 km for larger
stages, and taking place 15 to 20 minutes after passing through 120 km.

14
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Figure 5. lllustration of reentry breakup process.

The released components will, in turn, each be heated, melt, and disassemble, releasing other
previously protected components, with this process continuing until much of the original object has
been reduced to a cloud of debris varying in size from particulates to large fragments. This more
prolonged disassembly is referred to as subsequent breakup, lasting from major breakup to about 50
km.

The original object and early released components continue to travel nearly horizontally to the Earth’s
surface, but steadily steepen with time and experience progressive disassembly until the surviving
debris are falling nearly vertically from around 30 km, possibly with a horizontal velocity component due
to winds below 20 km. This debris cloud can be tens of kilometers wide and hundreds of kilometers
long, with each element falling through lower altitudes at speeds defined by their aerodynamic and
mass properties. Particulates settle slowly, while larger objects, perhaps even a few mostly intact
components, fall with enough momentum to injure a human or damage an aircraft.

Figure 6 and 7 show photographs of objects that have been recovered on the ground after satellite or
launch stage reentries. To date, there has been only one person on the ground who is known to have
been “touched” by a reentered debris fragment: Ms. Lottie Williams of Tulsa, Oklahoma was brushed on
the shoulder by the small, lightweight fragment. She was not injured. The other objects shown in
Figures 6 and 7 would surely be hazards to people and aircraft and represent the types of objects
considered as hazardous debris in this study. Note that finding debris on the ground is not common
today given the relatively few reentries of large objects per year (less than 100) and the fact that many
land in water (71% of the Earth’s surface is covered with water). Since 1960, there have been fewer
than 90 reentry events that have resulted in recovered debris.
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Figure 6. Photos of debris that survived satellite reentries — Left: Titanium alloy propellant tank from
Iridium satellite in October 2018 (Kings County Sherriff’s Office, Hanford, California). Center: Metal
bulkhead from Cosmos 2267 satellite in December 1994 (Sinaloa Science Center, Culiacan Rosales,

Mexico); Right: Titanium alloy propellant tank from Foton 4 satellite in April 1988 (Space.com, February
2000).

Figure 7. Photos of launch stage debris that survived reentries — Left: Composite overwrapped pressure

vessel (COPV) from Falcon Stage 2 in March 2021 (Grant County Sherriff’s Office, Ephrata, Washington);

Center: Metal ring from engine of Falcon Stage 2 in December 2014 (The Aerospace Corporation); Right:
COPV from Atlas V Centaur in March 2008 (The Aerospace Corporation).

8.2 Hazards to People on the Ground
The hazard posed to people on the ground by the reentry of any satellite or launch stage depends on
how much of the object will survive reentry, the location where the debris is likely to land, the number
of people in the area, and how many of these people are sheltered (in this study, people are assumed to
be unsheltered). The number and size of major surviving fragments can be estimated knowing the mass,
shape, construction material and dimensions of the reentering object and its major components (e.g.,

propellant tanks, composite overwrapped pressure vessels (COPVs), components made of high melting
point materials such as titanium, stainless steel and glass).

The size, shape and mass of each surviving object can be used to estimate its aerodynamic drag and
ballistic coefficient, which can be used to predict the object’s velocity and kinetic energy at impact. If the
kinetic energy of a fragment exceeds 15 Joules at impact, it is judged to be hazardous to a human on the
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ground. In these calculations, a human is defined by a 0.34 m (1 ft) radius circle, and a casualty is said to
occur if any part of a falling object with an energy level exceeding 15 Joules intersects this circle.

The sum of the human area plus the area of the intersection of the debris fragment with that circle is
the casualty area (Ac) for the object.

For random reentries, the casualty expectation for each surviving fragment is a function of the original
inclination of the parent object’s orbit, meaning that the only population at risk lies along the orbit
track, whose maximum latitude equals the orbit’s inclination. With Earth’s population density expressed
as a function of latitude only (because longitude is unconstrained for a random reentry), the inclination
of an orbit defines the population that will reside beneath that orbit, i.e., if a spacecraft’s orbit is
inclined by 20 degrees, it will pass over only the population between 20-degrees North and 20-degrees
South latitude, so any debris that survives a satellite’s reentry will fall somewhere between those
latitude bounds.

Figure 8 shows the casualty expectation, Ec, per square meter of casualty area for estimated populations
in 2021 and 2035 as a function of orbit inclination, and Figure 9 shows the number of satellite reentries
estimated for each latitude. The casualty expectation for each surviving object is computed by
multiplying the Ec/Actimes the casualty area for that object, and the Ecfor the reentry is the sum of the
Ec values for all hazardous surviving objects.

3.0E-05

2.5E-05
e AT 2035

W F L J\‘*\i - 1
2.0E-05 \ 2

1.5E-05 y TN A

Ec/Ac (casualties/m?)

1.0E-05 ~‘

5.0E-06

0.0E+00
0 10 20 30 40 50 60 70 80 90

Orbital Inclination [or 180 minus inclination] (deg)

Figure 8. Casualty expectation per square meter of casualty area as a function of orbit inclination for
2021 and 2035.
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Large LEO Constellation Uncontrolled Reentry Estimates for Year 2035
3500

3000
2500

2000
W # Reentries / year

1500 B Total Mass Reentering
(1,000 kg)
1000
500 l
0 | L. . l =L — I- = L l —— = l I-
30 32 33 7 40 42 45 48 51 52 5 54 64 70 75 80 81 82 83 86 88

3 3 55

Orbital Inclination [or 180-incl. for Retrograde] (deg)

Figure 9. Number of Satellites from Large LEO Constellations reentering in 2035 as a function of Orbit
Inclination.

Table 3 shows the estimated casualty expectation in 2035 for each of the proposed large constellations
assuming that each constellation is active and disposing of satellites according to its advertised mission
lifetime. The total casualty expectation should all be active would be ~0.6, meaning that as many as one
person somewhere on the planet might be a casualty every two years. The largest contributors to that
hazard are the three SpaceX constellations, with a total casualty expectation of ~0.5.
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Table 3: Ground Casualty Expectation of satellites being disposed from proposed large constellations in
2035.
Total Ground
Proposed | Estimated | Satellite Total Casualty
by Call Satellite | Design Orbital Number Casualty | Expectation Casualty
Call- Sign in Mass Life Satellites | Inclinations | Reentering Area per m2in | Expectation
Proposer System Sign LEO (kg) (vears) | per Plane (deg) per Year (m2/year) 2035 in 2035
7.178 30 1436 4393 2.6E-05 1.2E-01
7.178 40 1436 4393 2.4E-05 1.0E-01
Gen2 7.178 53 1436 4393 1.9€-05 8.3E-02
NG 2.000 97 400 1224 1.3E-05 1.6E-02
SpaceX GS(.) S3069 30,000 286 5 o
Satellite 1,998 75 400 1223 1.3E-05 1.6E-02
System 4.000 53 800 2448 1.9E-05 4.6E-02
144 148 29 88 2.5E-05 2.2E-03
324 116 65 198 1.5E-05 3.0E-03
30,000| 6000 3.9€-01
E— 2,493 42 499 1526 2.3E-05 3.5E-02
SpaceX (V-Band) $2992 7,518 286 5 2,478 48 496 1517 2.0E-05 3.0E-02
) 2.547 53 509 1559 1.9€-05 2.9E-02
7,518 1504 9.4E-02
LEO 588 87.9 59 9 1.3€-05 1.2E-03
Phase 1 128 55 13 21 1.8€-05 3.7€-04
OneWeb — $2963 7,088 150 10 1764 379 176 283 13605 3603
2,304 40 230 370 2.4E-05 8.8E-03
Phase 2 =
2.304 55 230 370 1.8E-05 6.6E-03
7,088 709 2.1E-02
1.584 53 317 969 1.9€-05 1.8€-02
1.584 53.2 317 969 1.9E-05 1.8E-02
y " $2983 &
SpaceX LEO S3018 4,408 286 5 720 70 144 441 1.4E-05 6.1E-03
348 97.6 70 213 1.3E-05 2.7E-03
172 97.6 34 105 1.3E-05 1.4E-03
4,408 882 4.7E-02
" 784 33 112 180 2.5E-05 4.4€-03
Amazon IS“"["" $3051 3,236 150 7 1.296 42 185 297 2.3€-05 6.3€-03
System
§ 1.156 52 165 265 1.9€-05 5.1E-03
3,236 462 1.6E-02
Phase 1 220 50.88 22 165 1.9€-05 3.2E-03
7 98.98 8 58 1.3E-05 7.6E-04
Telesat S2976 1,671 700 10 440 50.88 a4 330 1.9E-05 6.3E-03
Phase 2 660 50.88 66 494 1.9E-05 9.5E-03
273 98.98 27 204 1.3E-05 2.6E-03
1,671 167 2.2E-02
Viasat $2985 288 700 15 288 45 19 144 2.1E-05 3.0E-03
AST 18 0 3 41 1.9€-05 7.6E-04
(AST&Science |SpaceMobile S3065 243 1,500 7 165 40 24 378 2.4E-05 9.0E-03
LLC) 60 55 9 138 1.8E-05 2.56-03
243 35 1.2E-02
V-]
Boeing band LEO | ;993 132 1,500 10 132 54 13 212 1.8E-05 3.9E-03
/~GSO
" " 8 98 21 1.3€-05 2.8E-04
1
1'"'"‘ Holdings 52986 120 3,000 12
: 112 99 9 300 1.3€-05 3.9€-03
120 10 4.1E-03
45 374 5 34 2.5E-05 8.5E-04
Telesat Vband $2991 117 700 10 = =
12 99.5 7 54 1.3E-05 7.0E-04
117 12 1.6E-03
T Iridium
Iridium N $2110 81 676 15 81 86 5 39 1.3E-05 5.0E-04
TOTAL| 54,902 TOTAL 9818 30152 6.1E-01
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8.3 Hazards to People in Aircraft
For this study, hazards to people in aircraft will be considered for the case where a commercial aircraft
flying worldwide would be downed immediately by a strike by a large fragment from a reentering
spacecraft or launch vehicle stage. There is the additional possibility that a commercial aircraft flying
worldwide might impact a smaller surviving object that would require an emergency action by the pilot
to avoid a catastrophe.

The next sections discuss the number of commercial aircraft in air at a given time, the assumption of the
number of “aircraft downing objects” (ADOs) that might be created by a given reentry, and the
methodology for determining the number of aircraft that might be affected by an ADO.

8.3.1 Airborne Aircraft vs. Latitude

In the last decade worldwide air travel has grown at a higher rate than population. World population in
2011 was 7.0 billion, in 2021 it is almost 7.9 billion--a~1.2% per year growth rate. Over the same period,
the number of airline passengers grew from 2.8 billion in 2011 to 4.4 billion in 2019--a~5.4% per year
increase. Even with the downturn in 2020 due to the pandemic, the International Air Transport
Association (IATA) estimates future continued growth in passengers over the next twenty years at an
average rate of 3.7% per year, and IATA expects nearly 7 billion airline passengers to travel in year 2035.

Current flight statistics show that while the numbers vary according to time of day, on average, there
are about 5,500 commercial aircraft aloft at any moment. This is likely to increase 70% by 2035.
Utilizing worldwide airline travel data, then converting flight routes with assumed travel time, a dynamic
aircraft aloft system is transformed into a static model of aircraft density. This model can then be used
in the same standard practice manner as the global population models.

To gain insight into regional effects to the global aircraft density model, an additional model was
developed that isolated the commercial air traffic over North America and the adjacent airspace in the
Atlantic Ocean and Pacific Ocean. Figures 10 and 11 quantify this North America contribution to the
global air traffic system. The latitude locations of some of the world’s busiest airports shown in Figure
11 provide an intuitive understanding of the lines plotted in Figure 10.

Figure 10. Commercial aircraft entering, flying within, and leaving the United States.
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Figure 11. Density of commercial aircraft and latitude locations of some of the world’s busiest
airports.

8.3.2 Aircraft Downing Objects (ADOs)

“A piece of debris is considered to be potentially lethal to an aircraft if it is capable of producing
sufficient damage to cause loss of life or necessitate emergency response by the crew to avoid a
catastrophic consequence. The two principal ways that debris can be hazardous to aircraft are: (a)
fragment penetration of a critical aircraft structure or the windshield and (b) fragment ingestion by an

engine.”t®

It is known that even very small objects can be a hazard to an aircraft in flight due to the high relative
velocities at impact. Possible threats include:

o Debris “larger than a square of 10cm x 10cm carries sufficient energy to perforate the structure
of the aircraft.” The reference concludes that impact of a reentering object bigger than 100 cm? might
lead to the loss of at least one passenger/crew member should impact occur within “79% of the

16 Cole, J.K., Young, L.W., Jordan-Culler, T, “Hazards of Falling Debris to People, Aircraft, and Watercraft,” Sandia
Report SAND-97-0805, April 1997.
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vulnerable surface.”'” The reference provides no information on the mass of the impacting object. Note
that six objects that likely exceeded this size were predicted to survive reentry of an older Iridium
satellite.®

o Recent tests sponsored by the FAA demonstrated that a commercial transport fuselage could be
penetrated by 9-gm steel cubes. The fall speed of such a fragment would be about 145 mi/hr (230
km/hr) at an aircraft’s cruising altitude (30,000 ft, ~9,140 m). The average speed of commercial aircraft
at that altitude is approximately 450 mph (725 km/hr).

. A “fragment of at least 300 grams should be assumed to produce a catastrophe for any impact
on an aircraft.”?° The six large objects predicted to be hazardous to humans on the ground for the
reentry of the Iridium satellite all had masses exceeding 300 gm.

. “One of the worst objects an engine can ingest is a piece of cloth, e.g., a shop rag,” and “thin
plastic sheets and quilted pads sometimes used on missile and space vehicles for thermal protection
could become part of the falling debris and act somewhat like a rag if ingested.”'” Experience shows that
such ingestions are unlikely to cause casualties.

Reference 21 provides estimates of impact consequences of “compact steel fragments with penetration
characteristics reasonably represented by a solid cube impacting face-on” on three types of jet-
propelled aircraft: Business Jets (BJs), Commercial Transport (CT) jets and Jumbo Commercial Transport
(JCT) jets (this study is concerned with Business Jets and Commercial Transport jets), and Figure 12
shows aircraft vulnerability model results for impacts that are catastrophic for these aircraft. While
these model-based results are for “compact steel fragments”, they illustrate the sensitivity levels that
might be expected for larger fragments surviving reentry (note that fragments larger than 300 grams can
cause catastrophic damage to Business, Commercial Transport, and Jumbo Commercial Transport jet
aircraft).

17 Bellucci A., Fuentes N., Guerra-Algaba A., Cointe-Fourrier M., Goester J.F., “Risk Analysis Between Aircraft and
Space Debris During Atmospheric Re-Entry,” 9th IAASS Safety Conference, Toulouse, France, October 2017.

18 “Exhibit E: Orbital Debris Mitigation and Casualty Risk Assessment,” FCC Form 312, Schedule A,
https://transition.fcc.gov/transaction/iridium-motorola/iridumconstel exhe.pdf

1% wilde, P., “Impact Testing and Improvements in Aircraft Vulnerability Modeling for Range Safety," 7th IAASS
Conference, Friedfrichsafen, Germany, October 2014.

20 “Common Risk Criteria Standards for National Test Ranges: Supplement,” Range Commanders Council, Range
Safety Group, RCC 321-07, June 2007.

21 “Common Risk Criteria Standards for National Test Ranges: Supplement,” RCC 321-20 Supplement, May 2020.

22


https://transition.fcc.gov/transaction/iridium-motorola/iridumconstel_exhe.pdf
https://cubes.19
https://satellite.18

AST-Aerospace OTA Work Plan 2021-1
6-30-21

10000

= B.J Catastrophe
m== T Catastrophe T
=== Jumbo CT Catastrophe |.

1000 =

100

Vulnerable Projected Area (ft2)

—
o
1

Pi b R R i Piidi R
0.1 1 10 100 1000

Fragment Mass (g)

Figure 12. Fragment masses for impacts causing catastrophic damage to three classes of jet aircraft
(from Ref. 21).

Given the uncertainty in the number and size of large objects surviving reentry of a constellation
satellite in 2035, it is assumed here that the ratio of 6 objects per 560 kg of satellite mass found to cause
ground casualties for the Iridium satellite would be used to estimate both number of objects hazardous
to aircraft for reentries of constellation satellites, e.g., reentry of a 1,000 kg satellite would generate
1000* 6/560 = 11 aircraft downing objects.

As noted earlier, objects smaller than those that might be hazards to unprotected people on the ground
can also cause events that require action by pilots to avoid a catastrophe. These types of events are
discussed in Section 8.3.3 of this report.

The risk to aircraft from reentries of constellation satellites depends on the latitude density of air traffic
(see Figure 11), the number of ADOs that might be falling through air traffic at those latitudes, and the
hit area of aircraft in flight. The hit area includes both the object fall speed and speed of aircraft and is
determined as follows??:

e Ifthe aircraft were stationary, the top view area would be the area exposed to a debris impact.
e If the debris were stationary, the front view area would be the area exposed to debris impact.

The actual situation involves the aircraft moving horizontally and the debris moving vertically. Even for
a ballistic coefficient of 250 kg/m?, the flight path angle of a reentering object at 40,000 feet is -86.6
degrees, which corresponds to nearly vertical descent. Since most debris objects have ballistic

22 patera, R.P., “Risk to Commercial Aircraft from Reentering Space Debris,” AIAA Atmospheric Flight Mechanics
Conference and Exhibit, August 18-21, 2006, Honolulu, Hawaii.
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coefficients?® equal to or less than 250 kg/m?, the vertical descent assumption is a very accurate
approximation. In this case, the effective risk area for each aircraft is given by the equation,

_ (Sac Ay 55 7 ay;)
& =

| > o)

VSac *54

where s, is the average aircraft speed, sq is the average debris object fall speed, a,; is the area as viewed
from above the aircraft and ay;is the area as viewed from the front of the aircraft.

The risk area for various commercial aircraft types have been calculated assuming aircraft airspeed of
450 mph and a debris fall speed of 145 mph. This corresponds to an aircraft at 30,000 ft encountering
debris having a ballistic coefficient of 100 kg/m?2. A reference area of 1,000 m? was used as an average
across all commercial passenger aircraft that are typically inflight. Then multiplying the aircraft
reference area by the aircraft density per latitude and the probability of object reentry per latitude gives
the probability of aircraft impact per object as a function of orbital reentry inclination. This is analogous
to the widely accepted method for calculating ground casualty risk based on casualty area and latitude
population density. Combining the number of ADOs with the probability of aircraft impact per object, a
probability of an aircraft downing incident can be determined.

Table 4 shows the probability of an aircraft downing incident in 2035 due to fragments generated during
reentries of satellites from each constellation. Assuming constellations are all operating in 2035 and all
dispose of their satellites according to design lifetime, the total number of ADOs created by these
reentries would be over 28,000. As with reentries hazardous to people on the ground, the probability of
striking an aircraft varies as a function of the orbit inclination, and the 8,300 satellites disposed from the
SpaceX constellations per year poses the highest probability of downing an aircraft, 6E-4 per year.

The total probability if all constellations are disposing satellites in an uncontrolled manner would be
7E-4 per year. Of course, the risk would be reduced if the mass of each satellite is lower than that
shown in the table or if operators use design-for-demise principles to lower the number of hazardous
objects surviving reentry. Finally, these risks assume the reentry locations of satellites (and the regions
where debris will fall) are not controlled. Directing satellites into a remote location such as the South
Pacific Ocean would reduce the risk to aircraft (and to people on the ground) substantially.

2 Ballistic coefficient of an object is the ratio of mass to the product of the drag coefficient and drag reference
area and is a measure of how an object’s motion is affected by the atmosphere. A ping-pong ball has a very low
ballistic coefficient; a metal ball bearing of the same size has a high ballistic coefficient.
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Table 4. Probability of Aircraft Downing Incident resulting from reentries of satellites in 2035.

Total Probability
Proposed | Estimated | Satellite Probability | of Aircraft
by Call Satellite | Design Orbital Number Total of Aircraft Downing
Call- Sign in Mass Life Satellites | Satellites | Inclinations | Reentering | ADOsin | Impact per | Incident in
Proposer System Sign LEO (kg) (vears) [ per Plane | Per Plane (deg) per Year 2035 ADOin 2035 2035
7.178 7.178 30 1436 4106 1.6E-08 6.5E-05
7.178 7.178 40 1436 4106 2.8E-08 1.2E-04
Gen2 7,178 7.178 53 1436 4106 2.8E-08 1.1E-04
NGSO 2.000 50 97 400 1144 1.8E-08 2.0E-05
< X S3069 30, 2 5 =
Spacex Satellite 0000 86 1.998 1.998 5 400 1143 1.9£-:08 2.1E05
System 4.000 4.000 53 800 2288 2.8E-08 6.4E-05
144 12 148 29 82 1.8E-08 1.4E-06
324 18 116 65 185 2.2E-08 4.1E-06
30,000 6000 4.1E-04
VLEO 2.493 2.493 42 499 1426 3.1E-08 4.4E-05
SpaceX (V-Band) $2992 7.518 286 5 2478 2.478 48 496 1417 2.8E-08 3.9E-05
2.547 2.547 53 509 1457 2.8E-08 4.1E-05
7,518 1504 1.2E-04
LEO 588 49 87.9 59 88 1.7€-08 1.5E-06
Phase 1 128 16 55 13 19 2.7€-08 5.1E-07
OneWeb = 52963 7,088 150 10 1.764 49 379 176 265 1.76-08 4.6E-06
2.304 72 40 230 346 2.8E-08 9.8E-06
Phase 2
2.304 72 55 230 346 2.7E-08 9.2E-06
7.088 709 2.6E-05
1.584 22 53 317 906 2.8E-08 2.5E-05
1.584 22 532 317 906 2.8E-08 2.5E-05
B S2983 & = =
SpaceX LEO $3018 4,408 286 5 20 20 0 144 412 2.0E-08 8.1E-06
348 58 97.6 70 199 1.8E-08 3.5E-06
172 43 97.6 34 98 1.8E-08 1.7E-06
4,408 882 6.4E-05
. 784 28 33 112 168 1.9€-08 3.2E-06
Amazon ;‘“"p" $3051 3236 150 7 1.296 36 42 185 278 3.16-08 8.56-06
vstem
: 1.156 34 52 165 248 2.8E-08 7.0E-06
3,236 462 1.9E-05
220 11 50.88 22 154 2.8E-08 4.4E-06
Phase 1 > =
8 13 98.98 8 55 1.8E-08 9.7E-07
Telesat S2976 1,671 700 10 440 22 50.88 44 308 2.8E-08 8.7E-06
Phase 2 660 33 50.88 66 462 2.8E-08 1.3E-05
273 13 98.98 27 191 1.8E-08 3.4E-06
1,671 167 3.1E-05
Viasat S2985 288 700 15 288 36 45 19 134 2.8E-08 3.8E-06
AST 18 18 0 3 39 5.4E-09 2.1E-07
(AST&Science |SpaceMobile S3065 243 1,500 7 165 | 3 40 24 354 2.8E-08 1.0E-05
LG 60 15 55 9 129 2.76-08 3.4E-06
243 35 1.4E-05
Boeing /‘ 'Z“S‘:‘)’ LEO | 53003 132 1.500 10 32| 12 54 13| 198 2.7-08 5.4E-06
% 5 8 1 98 20 1.8E-08 3.5E-07
1.
:'"’"' Holaings $2986 120 3,000 12
® 112 14 99 9 280 1.8€-08 5.0E-06
120 10 5.3E-06
45 2 37.4 5 32 2.4E-08 7.7€-07
Telesat Vband S$2991 117 700 10 =
2 12 99.5 7 50 1.8E-08 9.0E-07
117 12 1.7E-06
s Iridium
Iridium NEXT S$2110 81 676 15 81 11 86 5 37 1.7E-08 6.3E-07
TOTAL| 54,902 TOTAL 9818 28180 7.0E-04

25



AST-Aerospace OTA Work Plan 2021-1
6-30-21

8.3.3 Risks of Impacts Requiring Emergency Actions by Pilots

The figure below shows model-based results of impact fragment masses that could cause casualties, but
not catastrophic damage to Business Jets, Commercial Transport jets and Jumbo Commercial Transport
jets.

= CT Casualty &
=== Jumbo CT Casualty |...:

£
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Figure 13. Fragment masses for impacts causing casualties but not catastrophic damage to three classes
of jet aircraft (from Ref. 21).

There are two primary sources of information on small debris that might survive reentry and, should it
impact an aircraft, cause the crew to take action to avoid a catastrophic outcome:

1. The Space Shuttle Columbia accident. Extensive searches recovered over 80,000 objects that
produced an estimated 0.3 expected casualties on commercial aircraft only.2* Of course, that vehicle
included large number of thermal protection tiles that would not be common on constellation satellites.

2. The Vehicle Atmospheric Survival Test (VAST). Figure 14 shows the ballistic coefficient?® range
(and the debris footprint length) measured for debris falling from the VAST test? (the report notes that
the objects included in the figure were only a fraction of those observed due to sensor limitations). That
vehicle had a mass of 5,330 kg (11,750 Ib) at reentry. The sizes and masses of the fragments falling from
the VAST test are not known, but a significant percentage of the objects in that debris field had ballistic
coefficients greater than 50 kg/m?, the threshold for fatal damage for stainless steel or aluminum
fragments. Note that for 1-gm cubes of these materials, the energy at impact would be 0.4 to 0.8
Joules, well below the 15 Joule hazard threshold for a human on the ground.

24 Columbia Accident Investigation Board, CAIB Report, GPO, Washington, D.C., August 2003.
25 Stern, R.G., “Reentry Breakup and Survivability Characteristics of the Vehicle Atmospheric Survivability Project
Vehicles,” Report No. TR-2008(8506)-3, The Aerospace Corporation, 5 August 2008.
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Figure 14. Ballistic coefficient for debris falling from VAST test.

Based on these estimates, satellites used for the commercial constellations studied here would be
expected to have more smaller fragments than launch stages due to the greater number and type of
internal components, many of which might be shielded from a significant fraction of reentry heating by
surrounding structure (potentially, spacecraft could be designed to minimize this effect, but work is
required in this area). Unfortunately, the fragment of woven glass fabric?® shown in Figure 15, which
survived reentry of a rocket stage and brushed Ms. Williams on the shoulder while she was walking (she
was not injured), is the only small fragment known to have been recovered after uncontrolled, shallow
reentry of a satellite or launch stage (the Shuttle Columbia accident occurred during a maneuvering,
controlled reentry). That fragment is an example of a “woven fabric” which might not be a hazard to a
human but could be if ingested by an aircraft’s engine.

Figure 15. Left: Ms. Lottie Williams holding woven glass fabric that survived rocket stage reentry (photo
courtesy Brandi Stafford, Tulsa World). Right: closeup photo of fabric?®.

26 Adams, P. M., and Kao, W. H., “Examination of Suspected Delta Il Second-Stage Reentry Debris,” TR-2001(1494)-
1, The Aerospace Corporation, 15 July 2001.
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Given the evidence provided by the VAST tests, Ref. 27 predicted that random reentries of satellites
larger than 800 kg could yield as many as 300 fragments potentially lethal to aircraft. The ADOs
discussed earlier would be included in that estimate.

Table 4 provides the probability than an aircraft will be impacted by larger debris, which are assumed to
be created at a rate of 1 fragment per 100 kg of satellite mass and gives an overall probability of impact
of an object large enough to down an aircraft of 7E-4. The smaller debris would be created at a rate ~38
times larger, or 38 fragments per 100 kg of satellite mass. As a result, the probability that a small object
would strike an aircraft and force the crew to take emergency action would be ~0.03 per year.

8.4 Hazards Associated with both Satellite and Launch Stage Reentries
Given the relatively simple design of launch stages (i.e., one or two very large tanks plus two or more
COPVs containing pressurized gas used to expel fluids from the tanks and one or more thrust chambers
and rocket nozzles), and evidence on the ground after stage reentries that shows that COPVs and thrust
chambers survive, it is reasonable to assume that independent of the stage mass, six objects hazardous
both to humans on the ground and in aircraft might survive each stage reentry. Also, a stage breakup
results in about 80 m? of debris casualty area. That information and the number of launches per year
given in Table 1 can be used in similar fashion as with satellite debris to estimate the potential hazards
to people and aircraft that stages might pose.

Estimates were made for the risks that are currently experienced by both the general population and
commercial air travel passengers due to uncontrolled reentries of space objects—both satellites and
launch stages. The number of reentries for 2021 was determined by using 2019 data and including
anticipated satellite and launch stage disposals for this year. The result is 125 large object reentries of
which 40% are rocket bodies. Figure 16 shows the number of ADOs and the probability of impacting an
aircraft in 2021 as a function of latitude.

27 Ailor, W., Wilde, P., “Requirements for Warning Aircraft of Reentering Debris,” 3rd International Association for
the Advancement of Space Safety Conference, Rome, Italy, October 21-23, 2008.
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Figure 16. Year 2021 estimated number of aircraft downing objects falling after breakup of rocket
bodies or satellites (green) and probability of aircraft impact per debris object as a function of

latitude (purple).

Collective risk and individual risk for both ground population (every human) and the flying public were
calculated and are shown in Tables 5 and 6, respectively, using the nomenclature shown below. Both
collective risk measures in 2021 exceed the typical tolerable levels of 1E-4. However, the risk to any
individual, whether on the ground or in an aircraft (Pnpand Panp), is extremely low. In fact, the risk to a
passenger perishing from random reentries of disposed satellites and launch stages is orders of
magnitude lower than the odds of dying on a commercial flight due to some other incident such as
weather, mechanical failure, etc.

Ec = expected human casualty for world population
Pino = probability of casualty to any individual on the ground

Paoi = probability of an aircraft downing incident (ADI)
Eac= expected human casualty from an aircraft downing incident

Paino = probability of ADI to any individual passenger
DCA: debris casualty area (causes serious injury to an unsheltered person)

ADO: aircraft downing object (causes airplane crash with 100% fatalities)
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Table 5. Risk to people on the ground due to reentries of satellites and launch stages in 2021.

Total Casualty Probability of e | Distribution of Risk by Country of Origin
Expectation in an Individual | o0 Araes;ua ty (% of total)
2021 being Affected (m?)
(Ec) (Pino) USA China Russia Others
7.2E-2 9.1E-12 4400 19 28 25 28

Table 6. Risk to people in aircraft due to reentries of satellites and launch stages in 2021.

Probability of Expected Probability of Distribution of Risk by Country
Aircraft being | human casualty | Aircraft Downing —— °°f Origin
impacted by due to Impact Event to any iy (% of total)
ADO in 2021 of ADO Individual
(Paoi) (Eac) Passenger (Pamo) USA | China | Russia | Others
8.4E-6 1.0E-3 3.6E-13 700 38 15 30 17

Not surprisingly, the major spacefaring nations are responsible for most of the risk. Somewhat
counterintuitive is that a person is at greater risk on the ground than in an airplane. This is because
ground population assumes a person is always in one location and is always at risk of being hit.
Whereas for aircraft modeling, it is known that an airplane is aloft only a fraction of the time. Thus, an
individual is at risk only a fraction of the time. Since Panpis a per-flight measure, if a person is on more
than 25 flights per year, then their individual risk aloft exceeds their ground risk. Since a person cannot
simultaneously be aloft and on the ground, to be precise the ground population should be reduced by
the population aloft. However, on average less than 1 million people are aloft compared to nearly 8
billion total persons. Hence the effect to ground collective risk is negligible.

The risk estimates associated with satellite reentries in year 2035 are given in Tables 7 and 8§,
respectively, and Figure 17 shows the corresponding number of aircraft downing objects falling and the
variation of the probability of an aircraft impact as a function of latitude. The uncontrolled reentries of
satellites and launch stages associated with large LEO constellations cause dramatic increases in debris
casualty area and especially in the number of aircraft downing objects in 2035. Reentries of the
estimated 113 launch stages per year, each adding six objects to the estimated 28,000 ADOs generated
by satellite reentries, increases the total probability of an ADO event by ~2%.

While the collective risks become rather concerning, the individual risks are still extremely low. Due to
the extraordinary numbers of anticipated SpaceX satellites, satellites being disposed from the SpaceX
constellations dominate the total risk consideration.
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Table 7. Risk to people on the ground due to reentries of satellites and launch stages in 2035.

Total Casualty
Expectation in

Probability of
an Individual

Total Casualty

Distribution of Risk by Country of Origin

(% of total)

2035 being Affected Area (m?)
(Ec) (Pinp) USA China Russia Others
6.1E-1 7.5E-11 30000 88 4 4 4

Table 8. Risk to people in aircraft due to reentries of satellites and launch stages in 2035.

Probability of Expected Probability of Distribution of Risk by Country
Aircraft being | human casualty | Aircraft Downing of Origin
. Number % of total)
impacted by due to Impact Event to any of ADOS (% of tota
ADO in 2035 of ADO in 2035 Individual . .
(Paoi) (Eac) Passenger (Pamo) USA | China | Russia | Others
7.0E-4 8.4E-2 1.7E-11 28000 88 4 5 3
10,000 3.5€-08
9,000 »
3.0€-08 E
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@ <
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Figure 17. Estimated number of aircraft downing objects falling after breakup of constellation satellites
(blue) and probability of aircraft impact per debris object in Year 2035 as a function of latitude (red).
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8.5 Risks Associated with Controlled (Targeted) Reentries
When reentry hazards predicted for a space vehicle are less than 1E-4 (1 in 10,000), it is acceptable to
allow that vehicle to reenter in an uncontrolled fashion, where the final impact locations of surviving
debris are not known beforehand. Many of the individual satellites in the proposed large constellations
meet this requirement.

The issue is that 100 reentries of satellites that meet that requirement could have a cumulative hazard
within a prescribed time frame (e.g., yearly) that exceeds the acceptable per-reentry threshold. For
example, one SpaceX constellation could have as many as 6,000 relatively small satellites reentering
yearly. In this case, the cumulative hazard for a year from these satellites would be 0.38/year, much
higher than the 0.0001 limit for a single satellite.

A way to minimize the risks to people and aircraft associated with reentries is to control where the
surviving debris will land. This approach is currently used to assure that debris from large vehicles used
to deliver supplies to the International Space Station lands in the South Pacific Ocean, well away from
populated land masses.

Controlling a space vehicle’s reentry location requires that the vehicle be maneuvered with precise
timing and location in its orbit, where an onboard engine is used to “slow the vehicle down” so that it
will enter the atmosphere at a prescribed location and flight-path angle designed to assure its debris
lands within a pre-designated area. Executing a deorbit maneuver requires that the vehicle:

e Maintain attitude control until the deorbit engine burn has been executed,

e Maintain sufficient thrust and propellant to apply the necessary velocity change,

e Fire the engine at precisely the correct location and time, most likely under control of ground
operators or possibly by automated control, and

e Have a highly reliable deorbit system.

Including these capabilities on a spacecraft add mass and complexity to a satellite and increases the
costs associated with its mission. However, including a reliable deorbit system on constellation satellites
could dramatically reduce the cumulative hazards posed to humans on the ground and in aircraft. If all
constellation satellites included a deorbit system that targeted debris to a remote area, the cumulative
casualty expectation for people on the ground and in aircraft could be orders of magnitude lower than
for uncontrolled reentries even if some deorbit systems fail.

Results and Discussion
To summarize, the expected human casualty (Ec) and probability of an aircraft downing incident (Pap) in
2035 are shown in Table 9. Both risk measures exceed what are typical tolerable levels by orders of
magnitude. Note that a vast majority of the risk is from spacecraft constellations under United States
Government regulatory authority.
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Table 9. Casualty Expectation (Ecsar) for world population and probability of an Aircraft Downing
Accident (Papis) in 2035 resulting from possible reentries of satellites from proposed large constellations.

. USA Administration Likely Launched on
Year 2035 REX Authority USA Launch Vehicle
Ecsat 0.61
91% 95%
Paois 0.0007

As discussed earlier, a key to the risk of an aircraft downing accident is the number of satellites being
disposed per year and the number of hazardous fragments generated by each reentry. This analysis
assumes roughly 1 object per 100 kg of reentering satellite mass, and the number reentering assumes
that constellations are disposing a fraction of their satellites each year based on the mission lifetime of
those satellites.

The expected human casualty (Eciv) and probability of an aircraft downing impact (Papiy) due to launch
vehicle stage reentries are shown in the following tables. Table 10 conservatively assumes that all
launches result in an uncontrolled reentry of a launch stage. Should that occur, the total Ecincluding
both uncontrolled launch stage and satellite reentries totals 0.78 for people on the ground.

It is hopeful that current trends of responsible stage disposal, as well as possible SpaceX use of the
reusable Starship system to launch its satellites, will continue and at least ninety percent of launch
missions will result in controlled launch stage reentry. Table 11 reflects the corresponding order of
magnitude reduction in risk if that goal is realized.

Table 10. Casualty Expectation for world population (Eciy) and Probability of an Aircraft Downing Impact
(Papwv) resulting from 100% uncontrolled reentries of launch vehicle stages associated with proposed
large constellations in 2035.

Ground Casualty Probability of Aircraft

Expectation
(Ecwv)

Downing Impact
(PaoiLv)

USA Administration
Authority

Likely Launched on
USA Launch Vehicle

0.17

1.8E-5

62%

73%

Table 11. Casualty Expectation for world population and Probability of an Aircraft Downing Impact
resulting from 10% uncontrolled reentries of launch vehicle stages associated with proposed large
constellations in 2035.

Ground Casualty
Expectation
(Ecwv)

Probability of Aircraft
Downing Impact
(Paoiv)

USA Administration
Authority

Likely Launched on
USA Launch Vehicle

0.017

1.8E-6

62%

73%
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Factors that might affect the risk level are:

. Satellite designers incorporate “design-for-demise” features that significantly lower the number
of large hazardous surviving objects. The success of these designs should be verified by independent
testing. Note that design-for-demise might reduce the hazard posed by large objects but could increase
the number of smaller fragments. As noted above, small fragments can also be a hazard to aircraft.

o Constellation operators extend the life of constellation satellites and have fewer reentering per
year, although operators might choose to dispose much larger numbers when their constellations are
decommissioned.

o Satellite end-of-life disposal maneuvers adjust orbit parameters to enhance risk mitigation. A
satellite with insufficient thrust to execute a controlled reentry may still have capability to shape the
disposal orbit in a desirable manner. By lowering the perigee altitude to as low as possible while
simultaneously maintaining that low point near the descending node, the likelihood of a rapid decay and
breakup in the southern hemisphere increases significantly and decreases the risk to both population
and aircraft. Studies have shown up to a 50% decrease in expected casualty for reentries in which the
disposal orbit argument of perigee was set near the descending node. Adjusting disposal orbit
inclination could also mitigate risk; however, orbit plane change is generally impractical for LEO
satellites.

. Satellite designers include controlled (targeted) reentry capabilities on each satellite to assure
that debris that survives reentry lands in an uninhabited area.

10 Limitations of Data Provided in FAA (and FCC) Applications

At present, applicants for approval of large constellations are not required to provide the following
information, which is judged to be critical in understanding the hazards associated with large
constellations:

e Estimates of the dry mass of their proposed satellites (dry mass is the mass of a satellite without
consumables and propellant),

e Constellation deployment and sustainment plans including planned launch vehicles to be used
and number of satellites to be launched at a time,

o Adisposal strategy for their satellites that includes the estimated number of satellites to be
disposed each year and the cumulative hazard per year for the life of the constellation,

e The method of satellite disposal (i.e., direct reentry, orbit lowering, and uncontrolled reentry)
and the number of satellite to be in transit toward reentry each year (e.g., if a constellation has
1,000 operating satellites and disposes 10% (100 satellites) per year and each disposed satellite
takes 5 years to finally reenter, that constellation actually could have 1000 satellites operating in
the constellation (assuming disposed satellites are replaced) plus 100*5 or 1,500 satellites
continuously in orbit per year). The actual number of satellites owned by the operator is
important for managing the space environment.
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The predicted casualty expectation for each satellite, the software tool used to predict the
casualty expectation, and the input data for the tool, including a listing of masses, shapes,
dimensions, and materials for each modeled component.

A list and total number of small objects fabricated of materials that might survive reentry (e.g.,
glass, titanium), especially if not included in modeling for casualty expectation.

11 Recommendations
Based on this analysis, recommendations for “how the FAA launch and reentry licensing process can be
leveraged to address” launch stage reentry risk are that applicants should provide:

Number of launch stages forecast for use each year for constellation buildup and ongoing
replenishment activities

Orbital inclination at end of mission and number of launch stage reentries at each inclination per
year

The predicted casualty expectation for each launch stage, the software tool used to predict the
casualty expectation, and the input data for the tool, including a listing of masses, shapes,
dimensions, wall thickness, and materials for each modeled component.

Type of reentry planned (e.g., controlled, uncontrolled). If controlled, location of planned
disposal area, propellant reserve required, probability of successful stage disposal, and evidence
of reliability of disposal maneuver

Given that FCC authorization is required for constellations and related on-orbit activities, it is
recommended that FCC applications include:

Details on short and long-term strategies for disposing satellites, including projected number of
satellite reentries per year and per orbit inclination

Type of end of mission disposal (direct reentry into pre-designated area, orbit reduction, active
removal, and orbit decay with uncontrolled reentry, etc.),

Maximum number of satellites in orbit each year, including operational satellites, spares,
satellites being disposed,

Estimated satellite reliability and probability of successful disposal,

Information on spacecraft design and any special features to reduce reentry hazards (e.g.,
design-for-demise, features to enhance active removal),

Details on hazard prediction models and inputs to those models,

Mass, materials, physical dimensions of basic satellite components, and

Mass, number, dimensions of components fabricated from high melting point materials (e.g.,
glass, titanium).

It is clear from this analysis that uncontrolled deorbit and reentry of constellations of satellites and
launch stages may pose higher than desired risk to both people on the ground and in aircraft.
Constellation operators should be encouraged to use the ODMSP’s preferred disposal option, direct
targeted reentry, for disposing of constellation-related hardware.
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