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Technical Assessment Report

1.0 Notification and Authorization

Andre Dress, Joint Polar Satellite System (JPSS) Deputy Project Manager at Goddard Space
Flight Center (GSFC), requested an independent evaluation of the Micrometeoroid and Orbital
Debris (MMOD) models used in the latest JP)SS MMOD risk assessment. The principal focus of
the assessment was to compare Orbital Debris Engineering Model version 3 (ORDEM 3.0) with
the Meteoroid and Space Debris Terrestrial Environment Reference version 2009 (MASTER-
2009) and Aerospace Debris Environment Projection Tool (ADEPT) and provide
recommendations to the JPSS Project regarding MMOD protection.

Michael Squire, NASA Engineering and Safety Center (NESC) Principal Engineer at Langley
Research Center, was assigned to lead this assessment.

The key stakeholders for this assessment were Andre Dress, JPSS Deputy Project Manager;
Kenneth Yienger, JPSS Chief Engineer; and Glenn lona, JPSS Flight Project Mission System
Engineer.

Other interested organizations included the Office of Safety and Mission Assurance (OSMA),
the Office of the Chief Engineer, and other satellite missions with orbital locations that result in
high MMOD risk.
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4.0 Executive Summary

Micrometeoroid and orbital debris (MMOD) risk assessments that use the newest orbital debris
environment model, the Orbital Debris Engineering Model version 3.0 (ORDEM 3.0), will likely
result in higher risk predictions than assessments performed with the previous model,
ORDEM2000, for spacecraft operating between 600 and 1000 km and not shielded against debris
up to 3 mm in size. This was the case for the Joint Polar Satellite System (JPSS), where assessed
MMOD risk was up to 26 times higher using ORDEM 3.0 on JPSS-1 (the second satellite in the
JPSS constellation) components considered critical to supporting post-mission disposal. The
JPSS Project requested that the NESC assess ORDEM 3.0 relative to other orbital debris
environment models and assist in mitigating the JPSS-1 MMOD risk.

The NESC team compared the orbital debris flux for ORDEM 3.0 to that of three other models:
ORDEM2000, the European Space Agency’s (ESA) Meteoroid and Space Debris Terrestrial
Environment Reference version 2009 (MASTER-2009), and The Aerospace Corporation’s
Aerospace Debris Environment Projection Tool (ADEPT). Using JPSS-1 orbital parameters, the
four models agree to within a factor of two for most particle sizes larger than 3 mm, but diverge
significantly for smaller particles. In the 1 mm size range, ORDEM 3.0 has a flux at the JPSS-1
altitude (824 km) ~13 times greater than the ORDEM2000 flux and ~400 times the ADEPT and
MASTER-2009 fluxes. Predictions of damage (penetration) fluence on a generic 1-meter/side
cube in the JPSS-1 orbit were also compared for the four models. Damage fluence for ORDEM
3.0 was ~30 times the ORDEM2000 damage fluence, ~85 times the ADEPT damage fluence,
and ~160 times the MASTER-2009 damage fluence. The combination of higher flux and the
presence of high density (i.e., density of steel) particles were the primary contributors to the
higher fluence for ORDEM 3.0.

These comparisons verified that ORDEM 3.0 has a higher flux in general and that using it results
in higher assessed risk for JPSS-1. The NESC team also sought to understand the underlying
reasons for the differences between the models and if the assumptions and methodology used in
the development of ORDEM 3.0 were valid. ORDEM 3.0 uses radar measurements for particles
as small as ~3 mm and observations of impact damage on the Space Shuttle orbiters’ radiator
panels and windows to ground the model in direct measurements for particles less than ~3 mm.
The Space Shuttle impact data represent debris in only 400 to 600 km altitudes, which is the
orbital range for the Space Shuttle. The NESC team has a higher confidence in risk predictions
for these regimes because of the direct measurements that were made on returned Space Shuttle
surfaces. The LEO-to-GEO Environment Debris (LEGEND) model is used in ORDEM 3.0 to
predict the environment mostly in the size range above 3 mm in orbital regimes with no direct
measurements and is used to extrapolate the environment into the future. Both ORDEM 3.0 and
ORDEM2000 use surface degradation models to represent the source of the majority of debris
particles smaller than 3 mm. These models are tuned to reproduce observed surface impacts. In
ORDEM 3.0, most of these particles come from satellites and rocket bodies in near-circular, high
inclination orbits. In ORDEM2000, a larger fraction of these particles come from satellites and
rocket bodies in highly eccentric orbits. One key resulting difference between ORDEM 3.0 and
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ORDEMZ2000 is a much higher concentration of 1 mm diameter particles for ORDEM 3.0 at
orbits higher than ~600 km. This difference is a result of the assumptions made concerning the
source of orbital debris particles and how large a population would be necessary at higher
altitudes to produce the observed Space Shuttle impact damage. The assumptions in ORDEM
3.0 are different, but not judged to be either more or less valid, than those used in the
development of ORDEMZ2000, and are the basis for the higher fluxes and damage fluence for
ORDEM 3.0. The physical source of this higher population of 1 mm particles has not yet been
explained by either the Orbital Debris Program Office or the NESC team. Another important
difference in the models is many of the particles are high density in ORDEM 3.0 while all are
assumed aluminum (i.e., medium density in ORDEM3.0) in ORDEM2000. The high density
component increases risk because the higher density will cause greater damage than aluminum of
the same size.

When compared to the other models, ORDEM 3.0 has several advantages: (1) by using the Space
Shuttle impact data, ORDEM 3.0 incorporates the most extensive use of direct measurement
data, (2) of the three other models evaluated, only ORDEM?2000 reasonably predicts the
observed shuttle impact data, (3) ORDEM 3.0 contains high density (i.e., material density of
steel) particles not included in the other models, and (4) ORDEM 3.0 contains contributions from
recent debris-producing events, only also included completely in ADEPT. There are still
substantial uncertainties with ORDEM 3.0 because of the lack of available direct measurement
data for < 3 mm particles at altitudes above 600 km, but these are challenges faced by all of the
orbital debris environment models. The NESC team recommended that the JPSS-1 Project use
ORDEM 3.0 for MMOD risk assessments, while acknowledging the uncertainties inherent to
orbital debris environment models (there is an alternate opinion on this topic in Section 9 of this
report). Because the uncertainties are large and not characterized, the NESC team recommended
that the uncertainties need to be characterized and efforts made to reduce the uncertainties. Also,
the NESC team did not make any recommendation as to the general use of ORDEM 3.0 beyond
JPSS-1 since this was beyond the defined scope of this activity.

The JPSS Project also asked that the NESC team consider how using the newest meteoroid
model, the Meteoroid Engineering Model (MEM) Release 2 (MEMR?2), affected the MMOD risk
assessments. MEMR2 was evaluated against three versions of the Divine-Staubach model (used
in MASTER-2009). Fluxes produced by the four meteoroid models were shown to be in close
agreement over the range of the altitudes considered. It is important to note that the contribution
from MEMR2 to the overall assessed risk is an order of magnitude less than that of ORDEM 3.0.

The NESC team evaluated other elements of the MMOD risk assessment process that contribute
to the overall uncertainty in assessed risk values. Refinement in these areas as described below
will reduce uncertainty and, in some cases, possibly reduce assessed MMOD risk.

e The ballistic limit equations (BLES) used for JPSS-1 risk assessments were not developed
for the specific shield configurations used on JPSS-1 or for high density impactors.
Existing BLEs were modified for use on JPSS-1. As a result, conservatisms might be
associated with the BLEs used by JPSS and how they are applied. The variation of
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damage fluence on the generic 1 meter/side cube using some candidate alternative BLES
was quantitatively evaluated.

e The NESC team evaluated failure criteria used for avionics boxes. The results showed
that it may be possible for assessed risk to be reduced by addressing the failure of
individual cards within an avionics box rather than assuming any penetration of the box
results in a failure.

e The wire harnesses were not represented in the initial JPSS-1 risk assessments and may
be a factor that would increase the assessed risk. A methodology was developed using
hydrocode simulation software to assess risk to wire bundles based on individual wire
failures. With the aid of the NESC team, JPSS implemented design modifications to
increase protection for the wire bundles and other components. Additional protection
included a heavier insulating blanket incorporating layers of Kevlar®, and spacers to
increase the gap between the blanket and vulnerable surfaces.

e The failure criteria used for pressure vessels are outdated and not applied consistently
within the MMOD risk assessment community. There may be conservatisms associated
with how these failure criteria are used by JPSS.

e Orbital debris particle shape is not included in the orbital debris environment nor in the
overall risk assessment. The assumption that all particles are spherical adds to
uncertainty in the risk assessment process and resulting values of assessed risk.

In summary, given the known uncertainties in the orbital debris environment models, the NESC
recommends the JPSS Project use ORDEM 3.0 for MMOD risk assessments related to JPSS-1.
However, the use of ORDEM 3.0 beyond JPSS-1 was not assessed as this was beyond the
defined scope of this activity. Finally, uncertainties associated with the MMOD risk assessment
process, including those associated with the orbital debris environment models, damage
prediction, and failure criteria should be understood and investigated to refine overall assessed
MMOD risk for all spacecraft.
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5.0 Background and Problem Description
5.1  Stakeholder Request and Assessment Plan

The Joint Polar Satellite System (JPSS)* Project requested an independent evaluation of the
micrometeoroid and orbital debris (MMOD) models used in JPSS-1 MMOD risk assessments.
Initial risk assessments performed using the newest MMOD environment models resulted in a
substantial increase in assessed risk for several JPSS components compared to assessments
performed using older models. For example, the probability for catastrophic damage to the
JPSS-1 propellant tank increased from 1.1 percent to 26.0 percent over the life of the spacecraft
when switching to the newest models. As a result, the JPSS Project increased MMOD shielding
to the propellant tank in order to satisfy requirements to preserve end-of-mission controlled
reentry capability. Several of the science instruments onboard JPSS-1 may also have elevated
MMOD risk estimates. The science instruments had not been assessed because it was not
required to do so to satisfy reentry requirements, but this may call into question the viability of
the JPSS-1 science-gathering mission for the designed 7-year mission lifetime.

The increased MMOD assessed risk is due primarily to the use of the newest NASA orbital
debris model, the Orbital Debris Engineering Model, version 3.0 (ORDEM 3.0). For this NESC
assessment, the NESC was asked to provide an independent evaluation of ORDEM 3.0 and the
meteoroid environment model, Meteoroid Engineering Model Release 2 (MEMR2), and compare
them to other models, such as the Meteoroid And Space Debris Terrestrial Environment
Reference version 2009 (MASTER-2009) used by the European Space Agency (ESA) and the
ADEPT used by The Aerospace Corporation. The NESC team was also asked to provide
recommendations concerning current JPSS MMOD protection and the methodology used to
perform its MMOD risk assessment.

5.2  JPSS-1 Description

The JPSS Project is a series of polar-orbiting environmental satellites, formed through a
partnership between NASA and the National Oceanographic and Atmospheric Administration
(NOAA). NASA has the responsibility for developing and building the JPSS spacecraft, and
NOAA will operate them. The mission of JPSS is to gather a variety of global sea, land, and
atmospheric measurements to forecast weather conditions, assess environmental hazards, and
provide continuity of critical weather satellite assets through 2025. The first satellite in the JPSS
constellation, the Suomi National Polar-orbiting Partnership (S-NPP), was launched in October
2011 with a designed mission life of 5 years. The second satellite is JPSS-1. JPSS-1 is
essentially the same design as S-NPP and will be launched in 2017 on a 7-year mission. The
third satellite of the JPSS constellation will be JPSS-2, which is scheduled to be launched to
provide operational continuity for JPSS after JPSS-1. All three spacecraft will be ina 98.7°

1 JPSS is the restructured program formerly known as the National Polar-orbiting Operational Environmental
Satellite System (NPOESS). JPSS is the project, while JPSS-1 is the second mission in the series.
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circular orbit at a nominal altitude of 824 km. The focus of this assessment was JPSS-1 (see
Figure 5.2-1).

5.3  JPSS Preliminary MMOD Risk Assessments

The risk of MMOD penetration was evaluated for JPSS-1 as part of the Orbital Debris
Assessment Report (ODAR) required by NPR 8715.6A, NASA Procedural Requirements for
Limiting Orbital Debris. The assessment methods and technical requirements to support that
NPR are found in NASA-STD 8719.14A, Process for Limiting Orbital Debris. The MMOD
penetration risk is addressed in Requirement 4.5-2:

“Requirement 4.5-2. Limiting debris generated by collisions with small objects when operating
in Earth or lunar orbit: For each spacecraft, the program or project shall demonstrate that,
during the mission of the spacecraft, the probability of accidental collision with orbital debris
and meteoroids sufficient to prevent compliance with the applicable post-mission disposal
requirements is less than 0.01 (Requirement 56507).”

JPSS will comply with the disposal requirement by performing a controlled reentry following the
completion of the scientific mission. Critical JPSS-1 components required to perform the
controlled reentry were identified and assessed as described in Section 5.4, using the Debris
Assessment Software (DAS) version 2.0.2 tool for preliminary evaluation, followed by the
Bumper 11 risk assessment tool for refinement of the risk assessments for most vulnerable

NESC Request No.: T1-14-00948
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components. Both DAS and Bumper assessments used the ORDEM2000 orbital debris and
Space Station Program (SSP) 30425 meteoroid environment models. Most initial DAS
assessment inputs were imported from the similar S-NPP prelaunch assessment, edited as
necessary to reflect design changes between the two spacecraft (e.g., relocation of components,
addition of new components). Throughout the entire assessment, input information details were
refined, not only as the design changed, but also as the details of the design became better known
to the analysts. A thorough understanding of the spacecraft construction early in the process is
crucial to obtaining a meaningful assessment.

Early DAS assessments of the JPSS-1 penetration risk (performed through mid-2013) indicated
that the overall risk would exceed the requirement by a factor of ~3, with the propulsion module
accounting for over 80 percent of the risk. The propulsion tank was believed to be particularly
exposed (continuously oriented into the velocity direction) whenever the spacecraft entered sun
safe mode, estimated as one day per year throughout the mission (this was later revised to half
that time) (see Figure 5.3-1). In light of this, the propulsion module became the focus of a
detailed evaluation using Bumper 1. The assessed risk was revised from 2.7 percent with DAS
to 1.2 percent using Bumper 11, still exceeding the required 1 percent spacecraft risk with this
single component. The JSC Hypervelocity Impact Technology (HVIT) group was consulted to
confirm the results and to help determine what supplemental shielding could be added to afford
sufficient protection over the propulsion module. An updated DAS assessment showed
significant vulnerability for several additional components, which were added to the HVIT
Bumper Il assessment.

Propulsion Tank

Figur

o

5.3-1. Location of Propulsion Tank on JPSS-1
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During the assessment process, the ORDEM 3.0 debris environment model and Bumper 111 risk
assessment tool (updated to incorporate ORDEM 3.0) became available for use. JPSS decided to
use the updated model (as well as the latest meteoroid model, MEMR2) for further assessments.
The new models and tools were adopted because the JPSS-1 mission is intended to operate for a
relatively long time, in a very aggressive debris environment, performing an extremely high
value function for weather forecasting. It was agreed that this was the most appropriate course
of action to ensure that this national asset would be adequately protected against penetration
risks. The Bumper Il assessment indicated risks as much as 30 times higher than the previous
Bumper II/ORDEMZ2000 assessment, invoking questions regarding the applicability of the
ORDEM 3.0 environment model and the ways in which it was being used for JPSS-1.

Table 5.3-1 shows the relative MMOD risk assessments using the ORDEM2000/SSP 30425
versus ORDEM 3.0/MEMR2 for five of the critical JPSS-1 component types.

Table 5.3-1. Risk Assessments for JPSS-1 Critical Components

Component Probability of Penetration
ORDEM2000/ ORDEM 3.0/
SSP 30425 MEMR2
Propellant Tank* 1.1% 26.0%
Propellant Lines 3.2% 49.7%
Battery #1 (Sthd) 1.2% 40.9%
Battery #2 (Port) 1.3% 43.4%
Command and Telemetry Unit (CTU) 0.5% 9.7%
Power Control and Distributor Unit (PCDU) #1 0.1% 0.3%
(Stbd)
PCDU #2 (Port) 0.1% 0.3%
Spacecraft Control Processor (SCP) #1 (Forward) 0.7% 14.5%
SCP #2 (Aft) 0.2% 2.9%

54 NASA’s MMOD Risk Assessment Process

The first step in the risk assessment process, as defined in NASA-STD-8719.14A, is to identify
those components critical to the planned disposal. For the JPSS-1 assessment, a reliability block
diagram was examined to identify all components necessary to perform the planned controlled
reentry disposal and the role of redundancy in the design. In addition to the entire propulsion
module, 31 individual components were identified as critical to the disposal maneuvers and
potentially vulnerable to MMOD damage. As many as a dozen additional component types were
considered to be “robust by design,” based on their construction, location, or redundancy, so no
further assessment was deemed necessary for those.
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The physical location on the spacecraft of each critical component was then examined to
determine which surfaces are vulnerable to penetration by a hypervelocity projectile. All
components are shadowed on at least one side by either the spacecraft itself or by other
substantial components that would prevent a projectile from reaching the critical component
(probability of penetration is assumed to be zero for that side). In many cases, a critical surface
is partially shadowed, leaving some percentage of its area vulnerable to penetration. This
vulnerable area is calculated or estimated by the analyst. For the purposes of the DAS
assessments, these surfaces were evaluated with respect to six principal directions (velocity, anti-
velocity, port, starboard, nadir, and zenith); this differs from the Bumper tool, which uses a
detailed three-dimensional model to consider angled trajectories. The critical surface itself is
considered to be the inside surface of a component — for the purposes of this evaluation, any
penetration of a projectile through a component wall is considered to cause failure of the
component. The exception is for the propellant tank, which as a pressure vessel DAS considers
the wall thickness to be only one-fifth as thick, to account for the increased stress in the
component wall.

When all critical surfaces are identified, the area, orientation, and shielding of each critical
surface is determined, using engineering drawings and designer-supplied dimensions. Shielding
is expressed in terms of areal density (material bulk density multiplied by the shield thickness)
and distance from the critical surface. All shielding layers between the critical surface and space
are identified (e.g., multi-layer insulation (MLI) blankets, thermal fins, or composite panel face
sheets), following assessment guidelines defined by the GSFC Orbital Debris Group for details
beyond those specified in NASA-STD 8719.14A.

The DAS assessment tool is available online from the Orbital Debris Program Office (ODPO) at
http://orbitaldebris.jsc.nasa.gov/mitigate/das.html. A block diagram showing the data flow in
and out of DAS is shown in Figures 5.4-1 and 5.4-2. DAS uses an algorithm based on areal
density and distance from the critical surface for all shielding layers to determine the minimum
penetrating particle size for a range of angles and velocities. The algorithm includes two tests to
determine the effectiveness of each shielding layer, adjusting a correction factor accordingly
through a range between the fixed minimum and maximum effectiveness values. DAS then uses
ORDEM2000 and SSP 30425 to determine the cumulative flux of particles equal to or larger
than the minimum penetrating size in each direction/velocity bin, arriving at the expected
number of penetrating impacts for that critical surface during the mission. The expected number
of penetrations is then converted to a probability of penetration for that critical surface.
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Figure 5.4-2. DAS 2.0 Data Flow

Results for each component must be accumulated and manipulated separately to determine the
total risk for each component and to account for redundancy. The DAS assessment often
identifies very low vulnerability for some components, but much higher vulnerability for others.
It may, therefore, be necessary to refine the assessment of the components at higher assessed risk
using a higher fidelity assessment tool. For NASA assessments, the higher fidelity MMOD
penetration risk assessment tool is Bumper, which is available from the HVIT. Note that while
the DAS algorithm is intended to yield more conservative risk assessments than Bumper,
conditions have been identified when that is not always the case.

The higher fidelity Bumper assessment tool functions differently from the DAS in several
important ways. First, the orbital debris and meteoroid environment models are run externally.
Bumper also uses a three-dimensional finite element model (FEM) of the spacecraft to determine
the exposure to each discrete element, allowing shadowing to be incorporated more completely.
Bumper offers a selection of BLEs to address a variety of possible shielding configurations and
failure criteria, as opposed to the single algorithm built into DAS. Finally, the output from the
Bumper tool is more detailed than that from DAS, giving information on the risks from various
populations of projectiles as well as the total expected number of impacts. The more complex
process of performing a Bumper assessment is evident in Figure 5.4-3.

NESC Request No.: T1-14-00948
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Figure 5.4-3. Bumper III Data Flow

The process for employing the Bumper tool begins with constructing a simplified solid model of
the spacecraft, including FEMs for all critical components and shielding or shadowing features.
The environment models are then run externally, and a conversion program is used to combine
multiple years and to generate a Bumper-compatible format; note that either the newest NASA
environment models or previous versions can be used for this step. The critical surface input
information collected above is reinterpreted as layer thicknesses (as opposed to areal density)
and specific material properties can be considered. Finally, an experienced operator interprets
which BLE is appropriate for a given construction. Bumper is run in three modules, the first
determining the exposure of each element in the FEM, the second defining the shield
construction and appropriate BLES, and the third introducing the environment model to
determine the expected number of penetrations. Bumper must be run separately for orbital
debris and meteoroid penetration risks.

NESC Request No.: T1-14-00948
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6.0 MMOD Environment Models

The NASA OSMA supports the development and maintenance of NASA’s MMOD environment
models. The meteoroid model is maintained at MSFC by the Meteoroid Environment Office
(MEOQO), and the orbital debris environment model is maintained at JSC by the ODPO. These two
models together describe the MMOD environment. The MMOD environment models are used
as input to tools, such as DAS and Bumper, that predict the orbital debris or micrometeoroid flux
as a function of size and location in space.

6.1 Orbital Debris Models

The development of orbital debris models has tended to follow the same development pattern as
older meteoroid models. However, unlike meteoroid models, the orbital debris models have
become more complex due to an increasing amount of debris, which includes newly found
sources. The ODPO maintains two major orbital debris models, where each serves a different
purpose:

1. LEO-to-GEO Environment Debris Model (LEGEND), also known as the Long-term
Evolutionary Model. The LEGEND model consists of a number of sub-models, which
include a launch traffic model, an atmospheric drag model, orbit propagation models,
satellite breakup models, surface degradation models, and mission-related models to
account for unique sources of debris such as aluminum oxide from solid rocket firings
and sodium-potassium (NaK) droplets from radiator coolant. These models were
developed from a combination of ground testing and historical trends. LEGEND uses
Monte Carlo simulations to predict possible future environments as a result of various
traffic models, and it can simulate mitigation and remediation options to manage the
orbital debris environment. It also serves as a data input source for the ORDEM model.

2. ORDEM is also known as the Engineering Model. The ORDEM model allows
engineers to determine the expected population of man-made debris objects for a given
orbit and timeframe and is used by other applications to ensure spacecraft are protected
against debris damage to some predetermined reliability. The model relies on direct
measurements of the environment as much as possible, but uses LEGEND as a predictor
when interpolations or extrapolations of the data are required. LEGEND can be thought
of as a source of data for ORDEM when it is used to predict future changes in the
environment and fill in the data gaps in measurements of the current environment. If all
the debris sources were completely understood, then the ORDEM model would agree
with the LEGEND maodel; if the models disagree, then either some measurements have
been misinterpreted, there is an unidentified source of debris, or the known debris
sources are not behaving as expected.
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6.1.1 ORDEM 3.0 Structure, Assumptions and Supporting Data

ORDEM 3.0 represents the latest ORDEM model, which is an update from ORDEM2000,
released over 10 years ago. This update was overdue and necessitated by a series of events
including the 2007 Chinese Fengyun-1C (FY-1C) antisatellite test and the Iridium 33/Cosmos
2251 collision. More importantly, an accumulation of MMOD impact data on the Space Shuttle
orbiter up through 2011 was available, which was three times greater than the number of impacts
used for ORDEMZ2000. It is the analysis and interpretation of the Space Shuttle impacts that are
most important to the orbital debris environment affecting the JPSS Project.

Four sets of direct measurements of the debris environment went into ORDEM 3.0:

1. The United States Space Surveillance Network (SSN): A catalog of Earth-orbiting
objects larger than ~10 cm in low Earth orbit (LEO).

2. The Massachusetts Institute of Technology’s Lincoln Laboratory Long Range Imaging
Radar (aka Haystack) and Haystack Auxiliary (HAX) Radar: Narrow beam, short
wavelength mono-static radars in Massachusetts that sample the LEO debris environment
for sizes greater than 6 mm.

3. The Goldstone Radar System: Narrow beam, short wavelength bi-static radars in
Southern California that sample the LEO debris environment for sizes greater than 3 mm.

To convert radar cross-section (RCS) to debris size, the ODPO calibrates debris
fragments on a radar range to relate debris size to RCS. These fragments were produced
in 1992 by a Department of Defense (DoD) hypervelocity ground test, designed to
catastrophically break up a 35 kg spacecraft [ref. 1].

3. Space Shuttle orbiter surfaces: Between 1995 and 2011, a total 1.94 flight-years of
3.6 m? of window surfaces, and a total of 1.87 flight-years of 117 m? of radiator surface
were examined in detail for hypervelocity impact damage. Most of that data was
obtained at flight altitudes between 350 km and 400 km, but a few flights were as high as
600 km. This source will be referred to as “shuttle data” in this report.

Hypervelocity damage to the Shuttle surfaces was examined and catalogued by location,
crater or hole size, and chemistry of residue associated with the damage. Scanning
electron microscope techniques developed in the 1990's from meteoroid and debris
research at JSC were used to determine the chemistry of the impacting objects and
separate orbital debris impacts from meteoroid impacts [ref. 2].

This accumulation of data represented a significant increase over the amount of data going into
previous models.
Constructing ORDEM 3.0, Radar Data

Constructing an ORDEM model from radar data is relatively straightforward, with the largest
uncertainty resulting from converting the measured RCS to size or mass. The process essentially
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consists of adjusting the amount of debris in various orbits in the model to match the measured
data. These measurements have been nearly continuous since the mid 1990's and are made by
pointing the radar in a fixed direction for many hours. In Figures 6.1-1 through 6.1-3, the
Haystack was pointed east, 75° above the horizon [ref. 3]. Flux is measured relative to the radar
beam; it is converted to the flux relative to a spacecraft by assigning orbits to the flux from either
the SSN, the LEGEND maodel, or the measured inclination from the Haystack measurements,
then testing the orbits against the measurements.

] 2003 Haystack (75E) Obs.hrs: 633.3 (>1cm det.#: 1560)
10 T T T T T

T T T T

—— ORDEM (>1 ¢m)

---- ORDEM with 1-sigma |]
°  Haystack (»1 cm)

O | 1 | | 1 | |
0 200 400 600 800 1000 1200 1400 1600 1800 2000
Altitude (km)

Figure 6.1-1. Flux of 1 cm Debris Measured through the Haystack Radar Beam at Altitudes up to
2000 km in 2003, Compared to an ORDEM 3.0 Prediction of the Flux
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2003 Altitudes: 800-850 km Haystack/HAX counts: 438/42
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Figure 6.1-2. Flux measured between 800 km and 850 km in 2003 by Haystack and HAX as a
function of debris size compared to ORDEM 3.0 predicted flux and the flux predicted by the SSN.
For sizes less than about 0.6 cm, the radar begins to lose sensitivity and those data are not used.

The ORDEM 3.0 curve was fit to the SSN total +8xxxx data’, since the official SSN catalog is
incomplete and does not include detected objects detected that are waiting to be cataloged.

2 8xxxx data refers to orbiting objects that have been tracked, but are not yet in the SSN catalog. To be in the
catalog, an object must be identified with a specific launch and a country of origin. This information may not
always be available for all tracked objects, especially those recently discovered.
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Figure 6.1-3. Flux measured between 800 km and 850 km in 2003 by Goldstone as a function of

debris size compared to ORDEM 3.0 predicted flux and the flux predicted by the SSN. The
Goldstone radar fills in the 0.03 cm to 0.06 cm flux measurements.

Constructing ORDEM 3.0, Space Shuttle Surface Impact Data

Using direct impact damage on any spacecraft surface has less uncertainty than measurements by
radar since no matter what the actual size, velocity, or mass density, the measurement is
essentially a "damage flux" on spacecraft surfaces. However, it has one major disadvantage: it
is only valid for the altitude where the damage occurred. Like the radar measurements, this
damage flux is converted to a damage flux that other orbits might experience by assigning orbits
from other data that may be contributing the flux, then testing predicted damage against the
damage measurements. However, unlike the radar measurements, there are very little data on
how the flux might vary with altitude since all the shuttle flights were below 600 km, with 90
percent of the data being below 400 km [ref. 4]. Any effort to apply these data to higher
altitudes requires an understanding of the source of the debris, with the only clues within the
shuttle data being the chemistry of residue associated with the damage.

A total of 640 hypervelocity impact features were found on the Space Shuttle orbiter payload bay
door radiators, and another 1986 impact craters were found on the Space Shuttle orbiter
windows. Figure 6.1-4 is an example of a crater caused by a paint impact on a shuttle window,
and Figure 6.1-5 is an example of a penetration hole through a shuttle radiator facesheet caused
by a stainless steel impact. Approximately 70 percent of the impact features were classified as
unknown, either because they were not fully analyzed or no impact residue could be identified
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relative to the surface that was being examined (e.g., no identifiable residue could be expected
from an aluminum impact into an aluminum surface). On those surfaces where residue was
identified, about half were identified as orbital debris and the other half meteoroid; therefore, the
unknowns were assumed to be likewise equally divided. The orbital debris impacts were divided
into three groups: those originating from high density (>6g/cm3), medium density (2 to 6g/cm3),
and low density debris (<2g/cm?) [ref. 5].

JSC 28033 Orbiter Meteoroid/Orbital Debris Impacts: Space Shuttle-50 (6/92) through Space Shuttle-86 (10/97)
SEM 059 Space Shuttle-59 Scanning Electron Microscope Analysis of Hypervelocity Impact on Side Hatch Window

500

400

300

200

Intensity

100

Figure 6.1-4. Example of Crater Found on Windows Caused by Paint Flake, 7.8 x 6.1mm in
Diameter, estimated Particle Size is 0.26mm



NASA Engineering and Safety Center Document

Technical Assessment Report NESC-RP-
14-00948

Version:

11

JPSS MMOD Assessment

Page #:

29 of 220

Radiator

facesheets_SEM.ppt
\

N Ny AN A

20 25 30 35 40 45 50 55 60 65

Figure 6.1-5. Example of Impact Hole found on Shuttle Radiator Facesheet caused by Stainless

Steel: Facesheet 0.72 x 0.57mm hole Diameter, Estimated Impactor Size 0.15mm

The sizes of the impacting particles were not directly determined from the damage

characteristics, rather the ORDEM 3.0 model combined with the Bumper model was used to
determine the flux model that would cause the damage found on the Space Shuttle given its orbit
and orientation as a function of time. Figure 6.1-6 shows the ORDEM 3.0 model fit to the
radiator holes caused by high density and medium density debris. Similar curves were made for

the craters on other surfaces for all three density groups.

NESC Request No.: T1-14-00948
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Shuttle Radiator Hole Data
STS-71 - STS-133 (except STS-75 and STS-100)
1995-2011

100
Filled points are impactors identified by chemistry

Hollow points are "Unknowns" with impactor size
estimated using MD density
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Figure 6.1-6. Example of ORDEM 3.0 Model Fit for Radiator Holes caused by High and Medium
Density Debris

It is important to note that debris sizes between 0.5 mm and 1 mm were found to be dominated
by high density debris consisting of stainless steel, copper and other high density metals. The
higher density debris becomes more important because it also has both greater penetration
capabilities and longer orbital lifetimes than lower density materials.

When the shuttle data were combined with the radar data, it produced a plot similar to that shown
in Figure 6.1-7. While there was a relatively small gap in the available data between

1 and 3 mm debiris, it represented an unexpected large change in the flux (i.e., larger than would
be expected by any known debris source). This large increase in flux at the 1 mm size, combined
with an unexpected dominant high density population, led the ODPO to conclude that there must
exist an un-modeled source of orbital debris. This un-modeled source would have the
characteristics of producing a large population of 1 mm debris and smaller, with very little
production of debris larger than 3 mm. While interpolation of the flux between 1 and 3 mm may
give adequate results for spacecraft operating near 400 km altitude, determination of the source
of debris smaller than 1 mm is required before applying these results to other altitudes.
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ORDEM 3.0 Flux
ISS Orbit, 2014
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Figure 6.1-7. ORDEM 3.0 Data Sources; No Data Exist between 1 mm and 3 mm and must be
Modeled

Constructing ORDEM 3.0, LEGEND and the Surface Degradation Model

As previously described, the LEGEND model depends on identifying a debris source along with
the amount of debris it produces, then propagates that debris to predict the resulting long-term
flux. The data supporting the collision breakup models in LEGEND have been tested by both
ground- and space-based experiments, though these tests have been limited to catastrophic
breakup tests of payloads. LEGEND accurately predicts the measured environment for sizes
down to about 10 cm, but fails to accurately predict measurements for smaller sizes, possibly due
to a lack of data to support upper stage rocket explosions and non-catastrophic collision models.

Some debris sources require special models to address them; examples are NaK coolant released
from Russian RORSATSs?, Al,O4 from solid rocket firings in orbit, and paint from spacecraft
surfaces. The source required to produce the 1 mm and smaller flux measured by the shuttle data
is illustrated in Figure 6.1-8. The shape of the curve matches the surface degradation model used
in LEGEND to model paint from spacecraft surfaces, except the composition of the material is
high density metals and the largest debris size is near 1 mm. The surface degradation model was

3 The Radar Ocean Reconnaissance Satellite (RORSAT) program was a series of Russian satellites powered by
nuclear reactors that were cooled using a liquid NaK coolant. As RORSATS broke up in orbit, the NaK coolant was

released forming spherical droplets.
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then modified to fit the shuttle data, resulting in the ORDEM 3.0 model prediction at 400 km,
illustrated for the ISS altitude in Figure 6.1-9.

ORDEM Sub-Population Spatial Densities
2013, 400 km
1LE+01

1.E+00 \ Intact population
\ ——Satellite breakup debris
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Small particle degradation debris| |
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1.E-08 \\ \

1E-09

T T
0.00001 0.0001 0.001 0.01 0.1 1

Size [m]

Figure 6.1-8. Combining Shuttle Data with Radar Data at 400 km. The shuttle data are assumed to
originate from what is called a surface degradation model, where debris sizes less than about 1 mm
follow a different size distribution law. This model is then added to the debris size distribution
resulting from satellite breakups.
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Figure 6.1-9. ORDEM 3.0 Model Prediction for the ISS at 400 km Altitude
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The ODPO did not identify a particular source for this debris, but noted that many spacecraft
surfaces are about 1 mm thick, and those surfaces are subject to erosion by numerous impacts by
both small debris and meteoroids, possibly leading to a slow loss in spacecraft surfaces and a
growth in the 1 mm debris population. Having not identified any particular class of objects
generating this debris, the ODPO made the neutral assumption that all spacecraft surfaces were
continually generating this distribution of small debris at a rate that would produce the flux
measured by the shuttle surfaces. To do this, the LEGEND model was used to predict the flux at
various altitudes and inclinations as the orbits of the newly generated debris decayed due to
atmospheric drag. The results of this assumption are shown in Figure 6.1-10 for the JPSS-1
mission.

As a result of the assumption that all satellite and rocket body surfaces were generating the 1 mm
and smaller debris, the increase in flux with altitude follows the general orbit element
distribution of existing intact objects. However, this assumption has implications for the
resulting debris environment. For example, if the source of debris were in highly elliptical orbits
rather than following the near-circular orbits of the general object population, then the resulting
altitude distribution of the 1 mm flux could be much different. Depending on the perigee
distribution of the elliptical orbits, the flux at JPSS-1 altitude could be either higher or lower than
predicted by ORDEM 3.0 by an order of magnitude or more.

The following findings and observations are related to the construction of ORDEM 3.0.

F-1. The degree of uncertainty present in the prediction of the 3 mm orbital debris flux
by any orbital debris model at altitudes higher than 600 km has not been
characterized, but is expected to be large because of the lack of direct
measurements of orbital debris particles smaller than 3 mm at altitudes higher
than where the Space Shuttle orbiter operated.

F-2. For the flux for particles < 3 mm, orbital debris model validation for altitudes
above 600 km is most effective using in situ data (e.g., Space Shuttle impact
data).

O-1. The NASA standard break-up model used by LEGEND does not account for the 1
mm population observed in Space Shuttle impact data.

O-2. The surface degradation model in ORDEM 3.0 dominates the population of
particles smaller than 3 mm.

e This is based on a default assumption that intact object surface
degradation generates particles that caused the Space Shuttle impacts.

e Because of the orbital distribution of the source intact objects, most
debris-producing surfaces are located in near-circular orbits between 700
and 1000 km altitude.
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O-3. The generation of 1 mm stainless steel debris via surface degradation in
ORDEM 3.0 is assumed to continue into the future beyond the dates of Space
Shuttle impact data.

ORDEM Populations for 2018 98.7° 824 km Orbit Flux as a Function of Debris Size
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Figure 6.1-10. ORDEM 3.0 Model Prediction for JPSS-1 at 824 km Altitude

6.1.2 Orbital Debris Model Flux Comparisons

Various MMOD maodels are available for use in spacecraft risk assessment. ODPO has produced
various versions of ORDEM (e.g., ORDEM96, ORDEM2000, and ORDEM 3.0). ESA has also
produced an environment model called Meteoroid and Space Debris Terrestrial Environment
Reference (MASTER), with the most recent version being MASTER-2009 (earlier models were
MASTER-2001 and MASTER-2005). The Aerospace Corporation has also developed an orbital
debris model, ADEPT, with the latest version originating in 2012. The NESC completed an
analysis to gauge the differences in flux between ORDEM 3.0 and several of these other models
in order to determine how the results for ORDEM 3.0 should be viewed.

Figure 6.1-11 shows the orbital debris flux for ORDEM 3.0 and ORDEMZ2000. Three years are
depicted: 2017, 2021, and 2024 for the JPSS-1 nominal orbit altitude of 824 km. Values
between years for both ORDEM 3.0 and ORDEM2000 are similar (<35 percent difference at
0.1 mm particle size) indicating that there is little difference between the intra-model flux values
over the expected JPSS mission. However, there is a noticeable difference between the models
in absolute value at particle sizes below ~2 to 3 mm. ORDEM 3.0 utilizes the Space Shuttle
impact data to estimate the flux at the small particle sizes. ORDEMZ2000, while also using some
early in situ shuttle data, is largely based upon examination of the Long Duration Exposure
Facility (LDEF), so there is some difference between the basic data sets. But how they
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extrapolate their respective data sets to higher altitudes causes the large difference for JPSS
(discussed in greater detail later). An additional source of difference between the models is that
ORDEM 3.0 also includes the effects of the FY-1C anti-satellite test, the Iridium-33/Cosmos-
2251 collision, and other debris generating events since 2000.
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Figure 6.1-11. ORDEM 3.0 and ORDEM?2000 Orbital Debris Flux for JPSS Orbit at Beginning,
Middle, and End of Expected Mission

Figure 6.1-12 shows the flux versus size profile for ADEPT and MASTER-2009 for 2017, 2021,
and 2024. As with the ORDEM models, there is small difference between the ADEPT and
MASTER profiles for the different years of the JPSS mission. ADEPT is currently a
fragmentation model and relies on collisions and explosions for its particle generation. ADEPT
models particle sizes down to 1 cm and then uses data from large collision events (like the
Iridium-33/Cosmos 2251 collision) along with catalog data to extrapolate downward to 1 mm.
Improvements to ADEPT to accurately model collision and explosions to sub-mm sizes are
currently being worked, but were unavailable for this assessment. Additional improvements to
incorporate other sources of small particle generation are also being planned. Both the FY-1C
and Iridium/Cosmos events were included in ADEPT.

MASTER-2009 does not model the Iridium/Cosmos event, but does include the FY-1C test.
MASTER-2009 is built as a source-dependent model with individual physical models for each
source. That is, MASTER-2009 models the individual sources of the particles and then checks
the source parameters for particles sizes 3 mm and larger against the radar and other empirical
data. For sizes smaller than 3 mm, the sources are checked against retrieved in situ data from
LDEF, Hubble Space Telescope (HST) solar arrays retrieved during service missions 1 and 3,
and the European Retrievable Carrier (EuReCa).
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Figure 6.1-12. ADEPT and MASTER-2009 Orbital Debris Flux for JPSS Orbit

As MASTER builds its flux profiles based on models of individual sources, it also allows for the
output of the flux for each of those sources. The MASTER sources are: collisions, explosions,
intact (launched) objects, NaK droplets, aluminum dust and slag from solid rocket motor (SRM)
firings, paint flakes, ML1I, and ejecta. It also allows for the independent addition of large on-
orbit collision/explosive events. The FY-1C test is currently being modeled in MASTER-2009
in this way. Naturally occurring micrometeoroids and annual meteoroid streams are also
available as options, but were not included in the flux comparison to facilitate an apples-to-
apples (i.e., orbital debris only) comparison of the models. The flux breakdown is shown in
Figure 6.1-13 by source for particles less than 10 cm in size. The dominant sources above

~0.6 mm are fragments from historical explosions and collisions while the dominant sources
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between 0.2 and 0.6 mm are ejecta (from small particle impacts) and aluminum SRM slag. The
dominant sources below 0.2 mm are ejecta and paint flakes.
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Figure 6.1-13. MASTER-2009 Orbital Debris Flux in 2017 Broken Down by Source

ORDEM 3.0 also breaks the flux down by source, but it breaks the sources down in a manner
different from MASTER-2009. The categories for ORDEM 3.0 are: high density (e.g., stainless
steel), medium density (e.g., aluminum), low density (plastic), NaK droplets, and intact objects.
Figure 6.1-14 shows the flux as a function of size for the three largest categories (the intacts and
the NaK droplets do not appear on this scale). The low density particle contribution is less than
the medium density particles at all depicted sizes and is below the higher density particles for
sizes smaller than ~2.5 mm, and so will not be further considered. The higher density flux is
below the medium density flux at all depicted size ranges except at approximately 1 mm, where
it slightly exceeds the medium density flux. This is precisely where the risk analysis for most
space vehicles, including JPSS, indicates the greatest susceptibility to small particle damage.
These 1 mm high density particles generate the majority of the risk that JPSS faces.
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Figure 6.1-14. ORDEM 3.0 Orbital Debris Flux in 2017 for the JPSS-1 Orbit, Broken Down by
Source

Figure 6.1-15 shows the 2017 fluxes from all the available models for the JPSS orbit altitude. In
addition to MASTER-2009, the two previous versions of MASTER, MASTERO1 and
MASTERQOS5, are included to give an idea of the variability in the MASTER predictions
(MASTERQO5, like ADEPT, does not yield results below 1 mm). Also, the MEMR2 flux is
depicted to show that, at this size range and orbit, the micrometeoroid flux is less than or equal to
any of the models. At the size range for which radar measurements are available (>3 mm), the
models are in fairly good agreement with each other, and at 1 mm, MASTERO5, MASTER-
2009, and ADEPT are still in fairly good agreement. However, at sizes below 1 mm, the
differences between the models are substantial. ORDEM 3.0 shows the largest flux at 1 mm,
~13 times the value of ORDEM2000 and ~400 times the values of MASTER-2009 and ADEPT.
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Figure 6.1-15. Comparison of Flux at JPSS Altitude for Year 2017 including all Models

The orbital debris environment that a satellite will face depends strongly on the altitude of the
orbit. Large objects create the small particles and therefore it follows that the initial small
particle debris environment will reflect the large object distribution. Figure 6.1-16 shows the
fluxes for the 1 mm, 1 cm, and 10 cm particles sizes as a function of altitude for the various
models. Given the difference in fluxes at the 1 mm size, ORDEMZ2000 and ORDEM 3.0 are
shown in plots separate from ADEPT and MASTER-2009. Also note that ORDEM2000 does
not model altitudes above 2000 km. Even so, the shape of the various curves is similar. The
peak values at all sizes and for all four models occur at approximately 750 to 850 km altitude.
This is where the highest concentration of satellites reside (Sun-synchronous orbits) and so it
follows that this is where most debris will also be created. There is a secondary peak at 1400
t01500 km; the Globalstar, Strela-1, and Strela-3 constellations reside at this altitude. (Strela-1 is
an inoperative Soviet constellation of small military communications satellites; there are 369 of
them in orbit in this altitude range with another 143 Strela-3 satellites). ORDEM?2000 shows an
unexpected large trough at ~875 km altitude for the 1 mm particles; the reason for this is
unknown, but is likely due to the assumptions made as to the source of the small particles in the
ORDEM2000 model. Further examination of the ORDEM2000 results indicates that this trough
is not present at either the 1 cm (shown) or 0.1 mm (not shown) particle sizes. At ISS altitude,
the flux is orders of magnitude less than at higher altitudes in all the models. Decay accounts for
this. As the altitude decreases, the atmospheric drag increases and the particles, regardless of
size, have a shorter lifetime. As the particles generated at higher altitudes decay, they speed up
their descent so that the flux at lower altitudes becomes less.
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Figure 6.1-16. Variation of Orbital Debris Flux in 2017 as a Function of Altitude (Linear Scale)

Figure 6.1-17 shows the same 1 mm fluxes as depicted in the top row of the plots in

Figure 6.1-16, but is on a log scale to facilitate comparison between the models. At the lower
ISS/Space Shuttle altitudes (400 to 600 km), ORDEM2000 and ORDEM 3.0 agree fairly well.
They are both based on the shuttle data so their agreement is not unexpected (noting that
ORDEM 3.0 is based on a larger amount of shuttle data and includes particle density information
from spectrographic analysis of crater damage). It is when those models are extrapolated to
higher altitudes that they diverge. At JPSS altitude (824 km), ORDEM 3.0 is approximately a
factor of 13 higher than ORDEMZ2000. Even though both models are starting from roughly the

same point, the differences in how the extrapolation occurs results in a substantial difference in
the fluxes at higher altitudes.

ORDEM 3.0 uses a surface degradation model for the production of small particles that is based
on balancing the observed flux corresponding to the shuttle data with the decay of small particles
created at higher altitudes. The particles are assumed to come off all large intact orbiting objects
at a uniform rate; the particle production for each individual object is solely dependent on the
surface area of that object. The particles are then propagated to decay to 1ISS/Space Shuttle
altitude where the flux is computed. The rate at which the particles leave the surface of the intact
objects is adjusted to balance the observed Space Shuttle flux. Since all intact objects are
producing small particles, most of the small particles are starting off in near-circular (i.e., low
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eccentricity) orbits. ORDEM2000 also uses a surface degradation model for all intact objects,
but applies magnification factors to populations of small particles coming off objects
predominantly in highly eccentric orbits. Given the highly eccentric orbits, many ORDEM2000
small particles are beginning their life in orbits crossing 1SS/Space Shuttle altitude, rather than
having to decay to get to ISS/Space Shuttle altitude. As a consequence, fewer small particles are
produced in ORDEMZ2000 than in ORDEM 3.0. In addition, the highly eccentric small particles
of ORDEMZ2000 will impact higher altitude LEO satellites much less than the near-circular small
particles slowly decaying through those altitudes in ORDEM 3.0.

Neither ADEPT nor MASTER are based on the shuttle data. Instead, both models are based on
the empirical data with a lower limit of ~3 mm, and then ADEPT extrapolates downward to

1 mm while MASTER uses source models. As a consequence, their fluxes at ISS/Space Shuttle
altitude are much lower than the ORDEM models. At JPSS altitude, ORDEM 3.0 flux is ~400
times larger than either ADEPT or MASTER. MASTER, being based on source models, and
ADEPT, being a fragmentation and extrapolated catalog model, do not use a surface degradation
model to extrapolate upwards.
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Figure 6.1-17. Variation of 1 mm Orbital Debris Flux with Altitude for 2017 (log scale)

Figure 6.1-18 shows the 1 mm ORDEM 3.0 flux broken down by source (high density and
medium density) as a function of altitude. While all the models show an expected increase from
ISS/Space Shuttle altitude up to ~700-800 km, ORDEM 3.0 shows a sharp peak, especially of
the steel particles, at 950 km, which is not present in the other models. This is caused by the
assumption in the degradation model that particles are coming off the surface of all large intact
objects at the same rate into near-circular orbits. The aluminum particles that are also being
created by the surface degradation model decay more rapidly so the steel particles reside longer
at 950 km. Most (~90 percent by mass) of the objects at that 950 km altitude are either old
Soviet satellites utilizing the Kaur-1 bus or the SL-8 upper stage rocket bodies that placed them
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into orbit. Information on the material composition of the Kaur-1 bus was not available, but it is
thought that the Karu-1 bus is covered with solar cells. However, it is known that the SL-8
rocket bodies are made predominantly of aluminum and only have small amounts of steel.
Therefore, it is unlikely that the SL-8s are a significant source of the steel particles. More
research is needed to determine if the Kaur-1 bus contains stainless steel that could produce the
predicted particles, but at this point in time, it is also thought to be unlikely.

7
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flux (#/m/m/yr)
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Figure 6.1-18. ORDEM 3.0 1 mm Orbital Debris Flux as a Function of Altitude by Particle Type

Each of the models allows for the computation of the flux over a range of times. The version of
ADEPT used for this study has a starting epoch of 2012 and extends for 200 years. The version
of MASTER-2009 used for this study begins in 1957 and ends in 2055. ORDEM 3.0 is based on
data from the late 1990s until approximately 2011, but the software code allows for the selection
of years from 2010 to 2035. By contrast, the previous version, ORDEMZ2000, covers the years
1991 to 2030. The expected JPSS-1 mission is from 2017 to 2024, and all the models cover this
period. Figure 6.1-19 shows the flux by year for 1 mm, 1 cm, and 10 cm particles for ADEPT,
MASTER-2009, and ORDEM 3.0 for the JPSS-1 orbit. There is little change over the timeframe
of the JPSS mission for each model (on the order of a few tens of percent, which is small when
compared to the orders of magnitude difference between the models), and for the larger 1 and

10 cm particles, the models agree to within a factor of 50 percent. Over the JPSS mission, the
flux values are not expected to change enough to have a significant effect on the penetration
results presented in the next section of this report. Therefore, the 2017 values will be used in that
analysis. The full nominal mission timeframe was used for the assessment ultimately reported to

OSMA.
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Figure 6.1-19. Variation of Orbital Debris Flux as a Function of Time during JPSS-1 Mission
(2017-2024)

Within each of the models, the flux has a dependency on the inclination of the primary object’s
(i.e., satellites) orbit. Figure 6.1-20 shows the 1 mm, 1 cm, and 10 cm fluxes as a function of
inclination for ADEPT, MASTER-2009, and ORDEM 3.0 at JPSS altitude (824 km). The peak
flux occurs for primary objects that are in near polar (Sun-synchronous) orbits. Most of the
debris in LEO is in near-polar orbits and as the primary object has the opportunity to counter-
rotate against the debris, the flux increases since the primary object and the debris are more
likely to approach each other head-on, resulting in a high average relative velocity at impact.
Conversely, for near-equatorial orbits with inclinations near 0°, the primary object is
encountering most of the debris at a substantial wedge angle which lowers the average relative
velocity. For near-equatorial orbits with inclinations near 180°, the flux is similarly low, but
slightly higher than the flux for inclinations near 0°. This is due to a smaller amount of debris
with inclinations near 180°. Therefore, primary objects in these inclinations will see more
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counter-rotating debris than the near-0° orbits. However, the difference between the peak and
valley values of the flux indicates that the inclination dependency, regardless of model, is on the
order of a factor of 2.
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Figure 6.1-20. Variation of Orbital Debris Flux with Inclination at JPSS Altitude (824 km)

In summary, ORDEM 3.0 is predicting much higher fluxes in the 1 mm size range at JPSS
altitude than any of the other models (~13x ORDEMZ2000, ~400x ADEPT and MASTER-2009).
A large portion of these particles is assumed to be steel based on spectroscopic examination of
the shuttle data. The physical source of these steel particles is currently unknown, but ORDEM
3.0 assumes a surface degradation model involving a constant production rate per unit area of all
intact orbiting objects to produce them that results in the higher flux at JPSS altitude. This effect
is exacerbated by the slower decay of high density particles relative to medium density particles.
The effect that the higher flux has on a sample cubic shape at JPSS- altitude will be discussed in
the following section.
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The following findings were identified based on the results of this section:

F-3.

F-6.

F-7.

The four models that were compared (ORDEM 3.0, ORDEMZ2000, MASTER-
2009, and the current version of ADEPT) agree within a factor of ~2 for most
debris sizes larger than 3 mm, where ground radar has provided data describing
the environment over a large range of altitudes (i.e., from LEO-to-GEO).

The models disagree significantly for particles < 3 mm, which is also the size
that poses the highest penetration risk to most spacecratft.

A higher 1 mm particle flux and assumptions behind the source of those
particles constitute the primary drivers for the differences in flux between
ORDEM 3.0 and ORDEM2000.

There are four factors contributing to the divergence of flux values between
ORDEM2000 and ORDEM 3.0 from 400 to 600 km and the JPSS orbital
altitude:

1.  In ORDEMZ2000, high-eccentricity intact objects were assumed to have a
significantly higher particle production rate relative to low-eccentricity
intact objects. ORDEM 3.0 does not make a distinction between the rate
of production from high-eccentricity and low-eccentricity intact objects,
so its 1 mm population has a higher relative contribution from circular
orbits than does ORDEM2000.

2. The impact data used to generate ORDEM 3.0 identify a higher proportion
of particles as high density particles (stainless steel) at the higher altitudes,
the source of which is assumed to come from intact objects
(e.g., spacecraft and rocket bodies) in low eccentricity/high inclination
orbits.

3. ORDEM 3.0 includes high density particles, which are not included in
ORDEM2000. The higher density particles, with a lower area to mass
ratio, will decay less rapidly than medium density particles assumed for
ORDEMZ2000, contributing to a greater total flux at higher altitudes.

4.  Surface degradation model particle emanation rates in ORDEM?2000 and
ORDEM 3.0 are significantly different.

The greater JPSS MMOD risk using ORDEM 3.0 compared to ORDEM2000 is

due to two factors:

1. ORDEM 3.0 has a ~13x higher particle flux than ORDEM2000 at the
JPSS orbital altitude.

2. ORDEM 3.0 contains high density particles. Smaller high density
particles cause the same amount of damage as larger medium density
particles and are more numerous. ORDEM2000 does not model high
density particles.
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F-8. Because all the orbital debris models are consistent at all altitudes for debris

fluxes of particles ~3 mm and larger, designing spacecraft to withstand impacts
by particles up to 3 mm in diameter will provide the least uncertainty in orbital
debris risk.

F-9. The orbital debris risk for JPSS-1 would be reduced if the orbital altitude were
<800 km or >1000 km.
o The results of the orbital debris model comparisons showed the highest
flux between 800 and 1000 km for all of the orbital debris models
analyzed.

6.1.3 Orbital Debris Damage Fluence Comparisons

In this section, predictions of damage fluence on a generic cube using the various orbital debris
models are presented and compared to better study the combined effects of flux and density on
the comprehensive penetration risk assessment. Damage was defined as penetration into the
cube. The cube was selected to remove most JPSS-specific aspects of the problem, thereby
broadening the applicability of the results. The length of the edges of the cube was one meter,
thereby establishing an area on each face of 1 m2. The bus was assumed to be fixed in the
rotating local vertical local horizontal (LVLH) frame. One face had a normal vector always
pointing in the “north” direction (parallel to orbital angular momentum vector). A second face
had a normal vector always pointing in the “south” direction (i.e., opposite of north).

The cube did retain some JPSS aspects to maintain relevance. It was assumed to fly in the JPSS-
1 orbit, and the mission duration was assumed to be 7 years (2017 to 2024). The bus was rotated
about pitch by 15° from the LVLH frame. This represented the tilt of the surface on which the
command and telemetry unit (CTU) box is mounted. A dual wall model was assumed for the
cube surfaces, and the model parameters were the same as those used for the CTU box by the
Bumper analysis cited by this study [ref. 6]. An aluminum inner wall represented the CTU box
surface and had a thickness of 0.152 cm. An aluminum outer wall represented the MLI and had
a thickness of 0.034 cm. It had the same mass per unit area as the MLI. Both the inner and outer
walls had a density of 2.7 g/cm® and a yield strength of 40 ksi. The spacing between the inner
and outer walls was 5.08 cm. The dual wall model parameters (type of aluminum, wall
thicknesses, and spacing) were supplied by the HVIT [ref. 6]. Note that this model of the CTU
was later updated for JPSS assessments to reflect additional information and design changes.

6.1.3.1 Meteoroid and Orbital Debris Risk Assessment (MODRA)

The Aerospace MODRA code was used to compute damage fluence for each face of the
representative cube. MODRA performs a computation similar to that of Bumper. MODRA
sweeps through all surface elements in a finite element model of a spacecraft. Each surface
element is defined by orientation, area, and parameters needed by a damage model. In this case,
each bus face is a surface element, and damage is defined as penetration of the inner wall behind
the MLLI.
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For each surface element, MODRA sweeps through all particle flux components. Flux
components are defined by bins characterized by impact velocity, azimuth, and elevation in the
LVLH frame. Flux components are also defined by populations. As discussed in Section 6.0,
ORDEM 3.0 produces five populations: low density particles (e.g., paint flakes), medium density
particles (e.g., aluminum), high density particles (e.g., stainless steel), NaK droplets, and intact
objects. For MASTER-2009 runs, density bins specified in an input file were used as MODRA
population bins. ADEPT runs were made using the flux components (hence population bins)
from either ORDEM 3.0 or MASTER-2009.

For each flux component, MODRA uses a damage model to determine critical particle diameter
or mass that can penetrate the surface element. The code determines penetrating flux at the
critical particle diameter or mass from the environmental flux versus diameter/mass file provided
by the debris environment model. The flux at the critical diameter or mass is interpolated
between size/mass points in the environmental flux file via linear interpolation in log-log space.
MODRA multiplies the resulting penetrating flux by the projected area of the surface element,
by the impact probability of the flux component (determined from the environmental model
velocity and direction distributions), and by the mission duration to obtain the damage fluence
for the flux component. MODRA then sums the damage fluences from all flux components and
surface elements to obtain the total damage fluence.

6.1.3.2 Results Using ORDEM 3.0 with the Baseline New Non-optimum (NNO) BLE

The damage model was a dual-wall BLE. The baseline BLE used for the analysis was the NNO
equation (also known as the Whipple bumper equation). This is the same BLE that was used in
the Bumper analysis cited for this study [ref. 6]. The actual implementation in MODRA is the
ESA Space Environment Information System (SPENVIS) [ref. 7] formulation with “NASA ISS”
parameters modified to make it consistent with the NNO BLE implementation in Bumper

[ref. 8]. One of the modifications was implementation of a 65° impact angle limit (i.e., for
impact angles greater than 65°), the critical diameter corresponding to an angle of 65° is used.
This angle limit was motivated by observations that for impact angles greater than 65°, most
inner wall damage is caused by outer wall fragments (not by impactor fragments) and therefore
the damage does not drop off as rapidly as for lower impact angles [ref. 9]. A second
modification is that the high velocity region boundary of the NNO BLE was made to be
dependent on impactor density (i.e., the velocity boundary was 7 km/s for impactor density less
than or equal to 7 g/cmq, and 9.1 km/s for impactor density > 7 g/cm?) (to model stainless steel
impactors). A third modification is that the normal component of impact velocity (not the full
impact velocity magnitude, as in SPENVIS) is compared to the low velocity region and high
velocity region boundaries.

The first set of results to be shown are those resulting from using ORDEM 3.0 with the baseline
NNO BLE. Figure 6.1-21 shows the environmental flux versus impactor size for each of the
ORDEM 3.0 populations. The curve of total flux versus size is from the SIZEFLUX_SC.OUT
file generated by ORDEM 3.0. The data for the individual populations were extracted from the
IGLOOFLUX _SC.OUT file. Two points per size decade are available from this file. The flux
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values shown were obtained by summing fluxes from all igloo bins defined by azimuth,
elevation, and velocity. The plot shows that the high density flux points are lower than the
medium density flux points for most of the size range, with the exception of the vicinity near

1 mm, where high density and medium density fluxes are comparable. Therefore, for most sizes
the medium density population dominates the environmental flux. However, it will be seen that
the medium density population does not dominate the damage fluence.
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Figure 6.1-21. ORDEM 3.0 Environmental Flux versus Impactor Size

Table 6.1-1 shows the resulting damage fluence on each cube face from each of the populations.
The table also shows the percentage of the total damage fluence that is contributed by the high
density population. Overall, the high density population contributes 91 percent of the damage
fluence for this shielding scenario. Since the high density environmental flux is approximately
the same as the medium density environmental flux at a common size near 1 mm, but is less for
all other sizes, the dominance of the high density population on the damage fluence must be due
to the more damaging nature of the high density impactors.
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Table 6.1-1. Cube Damage Fluence Resulting from use of ORDEM 3.0 with the NNO BLE

Damage fluence
Cube f — E——— HD percent of
ube race otal across otal without
Nak LD MD HD Intacts ) total
populations HD
Ram L11E-04 8.81E-04 2.45E-01 2.65E+00 4,20E-07 2.90E+00 246E-01 91.5%
Trail 0.00E+00 1.73E-06 6.62E-06 3.87E-05 1.52E-09 4,70E-05 8.35E-06 82.2%
South 7.37E-05 7.22E-04 9.21E-02 8.08E-01 1.60E-07 9.01E-01 9.29E-02 89.7%
North 7.37E-05 7.22E-04 9.21E-02 8.08e-01 1.60E-07 9.01E-01 9.29E-02 89.7%
Nadir 0.00E+00 1.98e-06 6.98E-06 5.10E-05 2.53E-09 5.95E-05 8.96E-06 85.0%
Zenith 7.85E-05 8.93E-04 6.45E-03 242E-01 3.45E-08 2.50E-01 7.42E-03 97.0%
Total across
£ 3.37E-04 3.228-03 4.36E-01 4.51E+00 7.79E-07 4.95E+00 4,40E-01 91.1%
aces

As a check on the setup of the MODRA cube run, a CTU run was performed for comparison to
previous Bumper results. The cube dimensions were scaled down to those of the CTU box, and
percentage of view blocked for each face was visually estimated from a spacecraft computer-
aided design (CAD) image. Table 6.1-2 shows the results for each CTU face alongside the
corresponding Bumper results from reference 6. The nadir face is not included since it is
mounted to the spacecraft bus. Agreement of the damage fluences is very good for faces with
10 percent blockage, as well as for the total.

Table 6.1-2. CTU Damage Fluence Resulting from use of ORDEM 3.0 with the NNO BLE

MODRA BUMPER

Surface Name Assumed percent Average number of Average number of
field of view blocked penetrations penetrations

CTU - Top Face 10% 1.60E-02 1.62E-02
CTU - Outboard Face 90% 8.61E-03 8.49E-04
CTU - Ram Face 90% 1.66E-02 5.84E-02
CTU - Inboard Face 50% 4.31E-02 1.67E-02
CTU - Anti-Ram Face 40% 2.72E-04 1.09E-06
Thermal Fin - CTU Low Standoff 10% 5.88E-03 6.00E-03
Thermal Fin - CTU Mid Standoff 10% 3.36E-03 3.40E-03
Total 9.37E-02 1.02E-01

Figure 6.1-22 illustrates the distribution of the cube damage fluence over impactor size. The plot
is a histogram with the x-axis (impactor diameter) in log space. The bin width is 1/100" of a
decade (determined by the SIZEFLUX_SC.OUT file produced by ORDEM 3.0). Damage
fluences on all the cube faces are combined. From this plot, it is seen that debris impactors in the
size range 0.6 to 3 mm dominate the damage fluence. Below an impactor size of 1.2 mm, the
damage fluence is determined by the high density population because medium density impactors
smaller than 1.2 mm are not able to penetrate the MLI and inner wall. Above an impactor size of
1.2 mm, both the medium density and high density populations contribute to the damage fluence.
Larger debris particles impact too infrequently to dominate risk, and smaller particles cannot
penetrate the MLI and inner wall of the cube faces.
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Figure 6.1-22. Distribution of Damage Fluence Over Impactor Size

Figure 6.1-23 shows the distribution of damage fluence over impact velocity. Damage fluences
on all the cube faces are combined. The plot is a histogram with an x-axis (impact velocity) bin
width of 1 km/s. From this plot it is seen that surface penetration velocity varies from 1 to

18 km/s. The most likely values (peak in the histogram) are in the 14 to 15 km/s bin. However,
a significant fraction of the total damage fluence occurs at lower velocities.
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Figure 6.1-23. Distribution of Damage Fluence over Impact Velocity

Figure 6.1-24 shows the distribution of damage fluence over impact angle. Damage fluences on
all the cube faces are combined. The plot is a histogram with an x-axis (impact angle) bin width
of 5°. From this plot it is seen that surface penetration impact angle varies from 0 to 85°. The
most likely values (peak in the histogram) are between 0 and 35°. However, a significant
fraction of the total damage fluence occurs at higher impact angles. The resulting distribution is
determined by both the fixed orientation of the cube in the LVLH frame as well as the orbital
distributions of the five populations in ORDEM 3.0.
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Figure 6.1-24. Distribution of Damage Fluence over Impact Angle

A MODRA run was executed with the variation that the impact angle limit of 65° was replaced
with a value of 85°. Table 6.1-3 shows the resulting damage fluence on each cube face from
each of the populations. In this case, the total damage fluence was 4.62. In comparison, the
damage fluence for the case with the impact angle limit set to 65° was 4.95. The high density
population still contributes the same percentage (91 percent) of the damage fluence. Using a
higher impact angle limit reduced the total damage fluence, but the reduction was very small
since the most common penetrating impacts occur at angles between 0 and 35°.

Table 6.1-3. Cube Damage Fluence Resulting from use of ORDEM 3.0 with the NNO BLE; Impact
Angle Limit Changed to 85°

Damage fluence

Cube face Total across  Total without HD percent of
MNak LD MD HD Intacts total
populations HD
Ram 1.09E-04 8.45E-04 2.45E-01 2.64E+00 4.04E-07 2.89E+00 2.46E-01 91.5%
Trail 0.00E+00 1.30E-06 5.33E-06 3.63E-05 1.26€-09 4.29E-05 6.63E-06 84.6%
South 6.36E-05 5.98E-04 9.14E-02 7.67E-01 5.71E-07 8.59E-01 9.21E-02 89.3%
North 6.36E-05 5.98E-04 9.14E-02 7.67E-01 5.71E-07 8.59E-01 9.21E-02 89.3%
Nadir 0.00E+00 8.63E-07 3.97E-06 1.61E-05 2.31E-09 2.09E-05 4.84E-06 76.9%
Zenith 2.90E-05 3.09E-04 2.37E-03 1.61E-02 2.07E-06 1.88E-02 2.71E-03 85.6%
Total across

faces 2.65E-04 2.35E-03 4.30E-01 4.19E+00 3.62E-06 4.62E+00 4.33E-01 90.6%
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6.1.3.3 Results Using ORDEM2000 with the Baseline NNO BLE

A MODRA run to determine cube damage fluence was executed with the variation that the
ORDEM2000 debris environment was used in place of the ORDEM 3.0 debris environment.
The baseline NNO BLE and a 65° angle limit was used for this run.

Since ORDEM2000 assumes that all debris particles are aluminum, a single population bin with
impactor density of 2.8 g/cm? was implemented.

Figure 6.1-25 shows the environmental flux versus impactor size at the JPSS orbit from
ORDEM2000 along with the total flux versus size curve from ORDEM 3.0 (summed over the
different populations). The ORDEM2000 curve is from the flt.dat file. There are 20 points per
size decade. The plot shows that the ORDEM2000 flux is lower for all sizes with the exception
of the ranges from approximately 2.8 to 4 mm and above 18 cm.
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Figure 6.1-25. ORDEM2000 and ORDEM 3.0 Environmental Flux versus Impactor Size

Table 6.1-4 shows the damage fluence on each cube face when the ORDEM2000 debris
environment is used with the baseline NNO BLE in MODRA. In this case, the total damage
fluence is 0.169, which is ~29 times lower than the damage fluence of 4.95 using ORDEM 3.0.
Note that the contribution to the total ORDEM 3.0 damage fluence by the medium density
population, which has the same density as aluminum, is 0.436 (Table 6.1-1).
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Table 6.1-4. Cube Damage Fluence Resulting from Use of ORDEMZ2000 with the Baseline NNO

BLE
Face Damage fluence
Ram 1.06E-01
Trail 4.36E-06
South 2.59E-02
North 2.60E-02
Nadir 9.71E-07
Zenith 1.08E-02
Total across faces 1.69E-01

Figure 6.1-26 illustrates the distribution of the cube damage fluence over impactor size resulting
from using ORDEM2000 with the baseline NNO BLE. Damage fluences on all the cube faces
are combined. This plot does not have the bi-modal pattern that is present in the same plot for
ORDEM 3.0 due to the dominance of both medium density and high density particles
(Figure. 6.1-22). The lowest size contributing damage fluence is 1 mm, which is higher than the

lowest size contributing damage fluence from ORDEM 3.0 (0.676 mm).
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Figure 6.1-26. Distribution of Damage Fluence over Impactor Size; Results from All Cube Faces

using ORDEM?2000 with the Baseline NNO BLE
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Figure 6.1-27 shows the distribution of damage fluence over impact velocity resulting from using
ORDEM2000 with the baseline NNO BLE. Damage fluences on all the cube faces are
combined. From this plot it is seen that the velocity range of penetrating particles is slightly
broader than it was in the same plot for ORDEM 3.0 (Figure. 6.1-23). This may be due to the
higher weighting factors on debris populations on highly eccentric orbits used by ORDEM?2000.
The peak in the low velocity range is not as high relative to the rest of the distribution as it is in
the ORDEM 3.0 plot.
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Figure 6.1-27. Distribution of Damage Fluence over Impact Velocity. Results from all Cube Faces
using ORDEM?Z2000 with the Baseline NNO BLE

Figure 6.1-28 shows the distribution of damage fluence over impact angle resulting from using
ORDEM2000 with the baseline NNO BLE. Damage fluences on all the cube faces are
combined. From this plot it is seen that the distribution is more uniform than in the same plot for
ORDEM 3.0 (Figure 6.1-24). This may be due to the higher weighting factors on debris
populations on highly eccentric orbits used by ORDEM2000.
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Figure 6.1-28. Distribution of Damage Fluence over Impact Angle; Results from all Cube Faces
using ORDEM?2000 with the Baseline NNO BLE

6.1.3.4 Results Using MASTER-2009 with the Baseline NNO BLE

A MODRA run to determine cube damage fluence was executed with the variation that the
MASTER-2009 debris environment was used in place of the ORDEM 3.0 debris environment.
The baseline NNO BLE with the 65° angle limit was used for this run.

MASTER-2009 reconstructs the current debris environment by modeling historical events and
processes. Populations include explosion fragments, collision fragments, solid rocket motor slag
and dust, ejecta from meteoroid impacts, paint flakes from surface degradation, multi-layer
insulation pieces, launch-related operational debris, and NaK droplets. A debris population for
the FY-1C collision is included, but there is no debris population for the Iridium 33/Cosmos
2251 collision. MASTER-2009 also contains a meteoroid population, but this was not used in
this analysis to facilitate comparison with ORDEM 3.0 results. MASTER-2009 output files
include flux versus size files (*c.dia) and standard environment interface (SEI) files (*.sei) for
each population. The SEI files contain information similar to that of the ORDEM 3.0 igloo flux
file. Flux is broken down by velocity, direction, size, and density bins. For this analysis, a
preprocessor was developed to convert the SEI files into the flux component distribution file
used by MODRA.

Figure 6.1-29 shows the environmental flux versus impactor size for each of the MASTER-2009
density bins. The curve of total flux versus size is from the *c.dia file generated by MASTER-
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2009. The data for the individual density bins is extracted from the *.sei files for all populations,
except meteoroids, and summed together. Two points per size decade are shown. The flux
values shown were obtained by summing fluxes from all bins defined by azimuth, elevation, and
velocity. Note that particles with density from 0.5 to 1.5 g/cm? dominate the total flux at given
size from 1 mm to 10 cm. The aluminum density bin (2.5 to 3 g/cm?3) dominates in the size range
0.1to 1 mm. The flux from 4.5 to 5 g/cm? particles is comparable to the aluminum particle flux
in the size range from 10 to 100 um. For this orbit, MASTER-2009 outputs zero flux for
particles with density > 5 g/cm3.

1.E+04 |—Flux vs. size

1.E+03 = Total flux from SEl file
LE+02 &% ~4-0-0.5g/cc
bt U N — - 0.5-1.0 g/cc
1.E+00
Xewnr -+--1.0- 1.5 g/cc
- 1.E-01 %_'_éh*:'fé;-,-:._‘ \ --2.5- 3.0 g/cc (aluminum)
& 1E-02 ey -
:,: LE.03 Ak, 3.5-4.0g/cc
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£ 1E05
3 1.E-06
* o LE07
1.E-08
1.E-09
1.E-10
1.E-11
1.E-14.E-03 1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04

Size (cm)

Figure 6.1-29. MASTER-2009 Environmental Flux versus Impactor Size

Table 6.1-5 shows the damage fluence on each cube face from each of the density bins when the
MASTER-2009 debris environment is used with the baseline NNO BLE in MODRA. In this
case, the total damage fluence is 0.03, which is a factor of 165 lower than the damage fluence of
4.95 using ORDEM 3.0. Particles with density from 0.5 to 3 g/cm3 all contribute in similar
proportions to the total damage fluence.

Particles with density above 3 g/cm3 (i.e., above aluminum density of 2.8 g/ cm?) do not
contribute to the damage fluence (i.e., there are no high density particles in the size range that
could penetrate the sample cube).



NASA Engineering and Safety Center

Document #:

Version:

JPSS MMOD Assessment

Technical Assessment Report NESC-RP- 11
14-00948
Page #:
58 of 220

Table 6.1-5. Cube Damage Fluence Resulting from use of MASTER-2009 with the Baseline NNO

BLE
Damage fluence
Cube face 0-05g/cc | 0.5-1.0g/cc 1.0-15g/cc 2.5 - 3.0 g/cc (aluminum) 3.5-4.0g/cc 45-5.0g/cc Total ac'ross
populations
Ram 2.13-04 4.95E-03 7.06E-03 6.32E-03 0.00E+00 0.00E+00 1.85E-02
Trail 2.16€-07 1.86E-06 7.63E-07 8.32E-06 0.00E+00 0.00E+00 1.12€-05
South 5.32€-05 1.16E-03 1.65E-03 1.32e-03 0.00E+00 0.00E+00 4.19E-03
North 4.88€-05 9.18E-04 1.73E-03 1.27€-03 0.00E+00 0.00E+00 3.97e-03
Nadir 3.09E-08 3.14E-06 6.07E-06 1.05€-05 0.00E+00 0.00E+00 1.98E-05
Zenith 3.71E-05 8.26E-04 1.38€-03 1.01E-03 0.00E+00 0.00E+00 3.26E-03
Total across
faces 3.52E-04 7.86E-03 1.18E-02 9.95E-03 0.00E+00 0.00E+00 3.00E-02

Figure 6.1-30 illustrates the distribution of the cube damage fluence over impactor size resulting
from using MASTER-2009 with the baseline NNO BLE. Damage fluences on all the cube faces
are combined. This plot does not have the bi-modal pattern that is present in the same plot for
ORDEM 3.0 due to the dominance of both medium density and high density particles (Figure
6.1-22). The lowest size contributing damage fluence is 1 mm, which is higher than the lowest
size contributing damage fluence from ORDEM 3.0 (0.676 mm).
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Figure 6.1-30. Distribution of Damage Fluence over Impactor Size; Results from all Cube Faces
using MASTER-2009 with the Baseline NNO BLE

Figure 6.1-31 shows the distribution of damage fluence over impact velocity resulting from using
MASTER-2009 with the baseline NNO BLE. Damage fluences on all the cube faces are
combined. From this plot it is seen that the velocity range of penetrating particles is slightly
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broader than it was in the same plot for ORDEM 3.0 (Figure 6.1-23). This may be due to a
greater fraction of total flux attributable to debris populations on highly eccentric orbits. The
peak in the low velocity range is not as high relative to the rest of the distribution as it is in the

ORDEM 3.0 plot.
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Figure 6.1-31. Distribution of Damage Fluence over Impact Velocity; Results from all Cube Faces

using MASTER-2009 with the Baseline NNO BLE

Figure 6.1-32 shows the distribution of damage fluence over impact angle resulting from using
MASTER-2009 with the baseline NNO BLE. Damage fluences on all the cube faces are
combined. From this plot it is seen that the distribution is more uniform than in the same plot for
ORDEM 3.0 (Figure 6.1-24). This may be due to a greater fraction of total flux attributable to

debris populations on highly eccentric orbits.
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Figure 6.1-32. Distribution of Damage Fluence over Impact Angle; results from all cube faces using
MASTER-2009 with the Baseline NNO BLE

6.1.3.5 Results Using ADEPT with the Baseline NNO BLE

A MODRA run to determine cube damage fluence was executed with the variation that the
ADEPT debris environment was used in place of the ORDEM 3.0 debris environment. The
baseline NNO BLE and a 65° angle limit was used for this run.

The current version of ADEPT was designed with emphasis placed on projecting the future
debris environment down to 1 cm from future launch traffic, explosions and collisions [ref. 10].
The initial population consists of the following sub-populations:

e Unclassified catalog objects.

e A statistical population to represent the difference between the number of objects
in the unclassified catalog and the total unclassified number cited by the United
States Strategic Command’s (USSTRATCOM) Space Control and Space
Surveillance (“Unknown population’) website.

e A population of untracked debris (10 cm down to 1 cm) determined by power law
extrapolation (“small population™). The long term plan is to replace this
population with a reconstruction of the current environment from historical events
and processes (similar to the approach in MASTER-2009).
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e Debris down to 1 cm from the FY-1C and Iridium 33/Cosmos 2251 collisions as
modeled by the Aerospace breakup modeling code IMPACT (“FYCIC
population”).

To generate a flux versus size curve for MODRA analysis, the ADEPT initial population flux
was further extrapolated down to 0.1 mm. Hence, the base for the extrapolation includes the
Unknown, Small, and FY-1C populations.

Impact velocity and direction distributions for MODRA analysis can eventually be extracted
from the ADEPT populations, but the tools to accomplish this were not yet available for this
analysis. To circumvent this limitation, two MODRA runs were made. In the first run, the
ADEPT flux versus size curve and the MASTER-2009 normalized velocity and direction
distribution were used as inputs for MODRA. In the second run, the ADEPT flux versus size
curve and the ORDEM 3.0 normalized velocity and direction distribution were used as inputs to
MODRA.

Density information is available for the FYCIC population generated by IMPACT, but the tools
to extract this information for MODRA were not yet available for this analysis. Therefore, it was
assumed that all impactors have density of aluminum (consistent with ORDEM?2000) (i.e., a
single population bin with impactor density of 2.8 g/cm? was implemented).

Table 6.1-6 shows the damage fluence on each cube face when the ADEPT debris environment
is used with the MASTER-2009 velocity/direction distribution and the baseline NNO BLE in
MODRA. In this case, the total damage fluence is 0.0566. Table 6.1-7 shows the damage
fluence on each cube face when the ADEPT debris environment is used with the ORDEM 3.0
velocity/direction distribution and the baseline NNO BLE in MODRA. In this case, the total
damage fluence is 0.0575. Swapping the velocity/direction distribution had minimal effect on
the total damage fluence, which is a factor of ~86 lower than the damage fluence of 4.95 using
ORDEM 3.0.

Table 6.1-6. Cube Damage Fluence Resulting from use of ADEPT with the MASTER-2009
Velocity/Direction Distribution and the Baseline NNO BLE

Face Damage fluence
. Ram L 3SR W
L R
e outh L. o B
..Noth b TRTEOS
LNadie L3PTEOS
Zenith 5.67E-03

Total across faces 5.66E-02
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Table 6.1-7. Cube Damage Fluence Resulting from use of ADEPT with the ORDEM 3.0
Velocity/Direction Distribution and the Baseline NNO BLE

Face Damage fluence
_Ram | 388602
.South ..0:38603

...North -.038803

__Nadir __ 940606
Zenith 5.93E-03
Total across faces 5.75E-02

Figure 6.1-33 illustrates the distribution of the cube damage fluence over impactor size resulting
from using ADEPT with the MASTER-2009 velocity/direction distribution and the baseline
NNO BLE. Figure 6.1-34 illustrates the distribution of the cube damage fluence over impactor
size resulting from using ADEPT with the ORDEM 3.0 velocity/direction distribution and the
baseline NNO BLE. Damage fluences on all the cube faces are combined. These plots do not
have the bi-modal pattern that is present in the same plot for ORDEM 3.0 due to the dominance
of both medium density and high density particles (Figure 6.1-22). The lowest size contributing
damage fluence is 1 mm, which is higher than the lowest size contributing damage fluence from

ORDEM 3.0 (0.676 mm).
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Figure 6.1-33. Distribution of Damage Fluence over Impactor Size; Results from all Cube Faces
using ADEPT with the MASTER-2009 Velocity/Direction Distribution and the Baseline NNO BLE
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Figure 6.1-34. Distribution of Damage Fluence over Impactor Size; Results from All Cube Faces
using ADEPT with the ORDEM 3.0 Velocity/Direction Distribution and the Baseline NNO BLE

Figure 6.1-35 shows the distribution of damage fluence over impact velocity resulting from using
ADEPT with the MASTER-2009 velocity/direction distribution and the baseline NNO BLE.
Damage fluences on all the cube faces are combined. The shape of the distribution is similar to
that from the MASTER-2009 run (Figure 6.1-31). Figure 6.1-36 shows the distribution of
damage fluence over impact velocity resulting from using ADEPT with the ORDEM 3.0
velocity/direction distribution and the baseline NNO BLE. In this case, the shape of the
distribution at high velocities is similar to that from the ORDEM 3.0 run (Figure 6.1-23). The
peak at lower velocities is not as high relative to the rest of the distribution as in the velocity
distribution from the ORDEM 3.0 run.
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Figure 6.1-35. Distribution of Damage Fluence over Impact Velocity; Results from All Cube Faces
using ADEPT with the MASTER-2009 Velocity/Direction Distribution and the Baseline NNO BLE
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Figure 6.1-36. Distribution of Damage Fluence over Impact Velocity; Results from all Cube Faces
using ADEPT with the ORDEM 3.0 Velocity/Direction Distribution and the Baseline NNO BLE

Figure 6.1-37 shows the distribution of damage fluence over impact angle resulting from using
ADEPT with the MASTER-2009 velocity/direction distribution and the baseline NNO BLE.
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Damage fluences on all the cube faces are combined. The shape of the distribution is similar to
that from the MASTER-2009 run (Figure 6.1-32). Figure 6.1-38 shows the distribution of

damage fluence over impact angle resulting from using ADEPT with the ORDEM 3.0

velocity/direction distribution and the baseline NNO BLE. The shape of the distribution is

similar to that from the ORDEM 3.0 run (Figure 6.1-24).
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Figure 6.1-37. Distribution of Damage Fluence over Impact Angle; Results from all Cube Faces
using ADEPT with the MASTER-2009 Velocity/Direction Distribution and the Baseline NNO BLE
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Figure 6.1-38. Distribution of Damage Fluence over Impact Angle; Results from all Cube Faces
using ADEPT with the ORDEM 3.0 Velocity/Direction Distribution and the Baseline NNO BLE

6.1.3.6 Conclusions

Damage fluence on a generic cube was determined for various orbital debris models and
variations of damage equations. The Aerospace MODRA code was used to compute damage
fluence for each bus face. The baseline results were for the combination of ORDEM 3.0 with the
NNO BLE. A test run on the JPSS CTU box produced results that compared well with
corresponding Bumper results. Results for the cube showed that the high density particle

(i.e., stainless steel) population accounts for ~90 percent of the total damage fluence. The total
damage fluence on all cube faces was 4.95. Debris particles in the size range 0.6 mm to 3 mm
dominate the damage fluence. Results also show that high velocity impacts dominate total
damage fluence, although low velocity impacts also contribute a noticeable fraction of the total
damage fluence. When the impact angle limit in the NNO BLE is changed from 65 to 85°, the
total damage fluence is reduced slightly to 4.62.

MODRA runs were performed using the ORDEM?2000, MASTER-2009, and ADEPT debris
models with the NNO BLE. The ORDEM2000 and ADEPT runs assumed that all impactors are
aluminum. MASTER-2009 only produced fluxes for particles with density of 5 g/cm3or less. In
all cases, the resulting cube damage fluence was lower than the damage fluence resulting from
use of ORDEM 3.0. The MASTER-2009 and ADEPT damage fluence values were similar, but
less than the ORDEM2000 damage fluence value. It was noted that the ORDEM2000 damage
fluence was much closer to the ORDEM 3.0 damage fluence contributed by just the medium
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density population (aluminum) than to the total ORDEM 3.0 damage fluence including the high
density particle population.

6.1.4 Conclusions Regarding ORDEM 3.0
6.1.4.1 ORDEM 3.0 versus other Models

In many ways, ORDEM 3.0 does not predict a significantly different hazard than ORDEM2000.
For example, a spacecraft at 400 km altitude can expect a lower hazard prediction from ORDEM
3.0 than by ORDEM2000, depending on its regions of spacecraft vulnerability, as shown in
Figure 6.1-9, where the ORDEM 3.0 flux is compared to the ORDEMZ2000 flux. This is the
result of ORDEMZ2000 using less in situ data with larger uncertainties from a different (and
shorter) time span than ORDEM 3.0. As a result, the newer model was fit with a curve that
required fewer source assumptions. At higher altitudes, the ORDEM 3.0 flux represents a
significantly higher hazard, but only if the spacecraft is vulnerable to debris sizes less than 3 mm,
as shown in Figure 6.1-10.

The shuttle impact data set when ORDEM2000 was developed had about 1/3 the exposure time
as the shuttle data used in ORDEM 3.0. As a result, impacts as large as 1 mm were not included
in the ORDEMZ2000 data, with the largest impacts being from debris of about 0.5 mm. At
smaller sizes, most of the data revealed paint and aluminum oxide as the dominant debris type.
However, the major data source used for ORDEMZ2000's small debris population was LDEF
[ref. 11]. Because LDEF had a fixed orientation relative to the orbital velocity vector, the
distribution of craters around LDEF's surfaces were used to conclude that most of the impacts
were from objects in highly elliptical orbits. For example, especially noticeable were aluminum
oxide impacts on LDEF's rear surface that could come only from high eccentricity orbits with
inclinations similar to the orbital inclination of LDEF. This may be still be true of medium
density and low density debris, and perhaps ORDEM 3.0 should have been modeled using this
assumption for the LD debris; however, it would have reduced the ORDEM 3.0 hazard from the
less than 3 mm population by only about 10 percent.

Another characteristic to note concerning ORDEMZ2000 is that it does not contain the debris
populations modeled from the major collision events including the FY-1C test and the
Iridium/Cosmos collision.

ORDEM 3.0 is burdened with the same limitations as all existing orbital debris models resulting
from the absence of any in situ debris penetration data beyond 400-600 km altitude. All debris
models have a level of uncertainty due to this reality. However, when compared to the other
models, ORDEM 3.0 makes the greatest use of available in situ data for the development of the
model. Indeed, MASTER-2009 and ADEPT poorly predict the flux at 400-600 km altitude that
would be necessary to reproduce the observed Space Shuttle impact data. The NESC team
understands the assumptions made and processes used to develop the ORDEM 3.0 debris
population for regimes where no in situ or radar data exist, but it is still a concern that there is (as
of yet) no source identified to explain the 1 mm steel particle population. Overall, the NESC
team recommends ORDEM 3.0 as the best option for use in JPSS-1 MMOD risk assessments.
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The NESC team considered the possibility of using ORDEM 3.0 minus the high density debris
component, but decided that it was not appropriate to use only portions of the model when not
designed to do so. For an alternate opinion on this subject, see Section 9.0.

F-10. In spite of the identified uncertainties, ORDEM 3.0 possesses several advantages
over ORDEM2000, MASTER-2009 and the current version of ADEPT:

1. ORDEM 3.0 incorporates the most extensive use of Space Shuttle impact
data, including residue chemical analysis. As a result of safety concerns about
the orbiters, radiator and window surfaces represent the most complete,
thoroughly examined returned spacecraft surfaces.

2. MASTER-2009 and ADEPT do not predict the 1 mm particle flux reflected by
the Space Shuttle impact data.

3. ORDEM 3.0 contains high density particles that are not included in the other
models, but are present in the Space Shuttle impact data.

4. ORDEM 3.0 includes an updated large-object catalog, including contributions
from the FY-1C event, the Iridium-Cosmos collision, and other recent debris-
producing events. ORDEMZ2000 includes none of these, MASTER-2009
includes only the FY-1C debris, and ADEPT includes FY-1C and Iridium-
Cosmos debris.

6.1.4.2 Possible Sources of 1 mm Population

Although the ODPO did not identify a source for the 1 mm high density debris, the NESC team
did speculate and research possible sources. To determine a source, one must first identify
potential sources from the metals used in their construction, and then identify a mechanism that
would generate a debris population consisting of mostly 1 mm debris.

Two spacecraft structure types were identified as containing stainless steel: propellant tanks used
in upper stage rockets and liquid rocket engines. Aerospace identified that the propellant tanks
in Delta | 2nd stages, Delta Il 2nd stages, and Centaur upper stages were made of stainless steel,
and that over 200 of these upper stages are still in orbit [ref. 12]. No attempt has been made to
identify the materials used in Russian upper stages or spacecraft although anecdotal information
obtained through the Inter-Agency Debris Coordination Committee (IADC) states that most, if
not all, Russian/Soviet upper stages used aluminum propellant tanks. Informal contacts with
individuals involved with testing liquid rocket engines provided mixed reports, with one saying
that no erosion of the stainless steel surfaces was observed during testing and another saying that
it is common.

However, what can be concluded with certainty is that upper stages with stainless steel tanks
have exploded at high LEO altitudes, producing a possible reservoir of stainless steel debris,
some exploding in orbits as high as 1500 km. In another analysis by Aerospace [Appendix C,
ref. 13], it was concluded that these explosions alone are insufficient to be the only source of
stainless steel debris. At most, these explosions represent a reservoir that is declining now that
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their operation includes depleting excess fuel to prevent future explosions. But both explosions
and collisions are capable of generating small fragments, with most of the expected collision
events unlikely to produce a detectable change in the upper stage. One can confidently predict
that existing debris fragments between 3 mm and a few cm are both numerous enough and
massive enough to cause non-catastrophic debris-producing events with upper stage rockets as
well as payloads. In addition, if the 1 mm debris population is as large as predicted in ORDEM
3.0, then that population would also contribute to an increasing 1 mm debris population and has
the potential to become self-generating. What is missing is any experimental data to predict the
amount of debris generated, as well as a model analysis to determine if the rate of generation is
consistent with the Space Shuttle impact data.

Another possible explanation for the abundance of 1 mm particles may be a function of the
LEGEND evolutionary model. The debris population model in LEGEND does not include ejecta
from impacts from particles from 1-10 cm, nor a ground-tested non-catastrophic collision model
that may apply to upper stages.

The following finding is related to the 1 mm steel particle source.

F-11.  No source for 1 to 3 mm steel debris particles in ORDEM 3.0 has been
definitively identified. Possible contributors include:

» Surface degradation (e.g., collisions with MMOD) of stainless steel rocket
stages with thicknesses near 1 mm.

» Explosions of non-passivated stages.

» Ejecta from non-catastrophic collisions. The debris population model in
LEGEND does not include ejecta from impacts from particles from 1 to
10 cm, nor a ground-tested non-catastrophic collision model that may
apply to upper stages.

6.1.5 NASA-STD-7009 Evaluation Credibility Assessment

To gain a different perspective of ORDEM 3.0, the NESC team performed an informal
credibility assessment based on NASA-STD-7009, Standard for Models and Simulations. The
credibility assessment scale (CAS) was created to use a standardized process and nomenclature
to inform NASA decision-makers about the credibility of model and simulation results. Since
credibility is subjective, the CAS does not purport to determine credibility, but merely assesses
on a graduated scale, key factors that contribute to a decision-maker’s assessment of credibility
[ref. 14]. The CAS is divided into eight factors, which are described later in this section. There
are five levels numbered 0 to 4 with which to grade each factor. A higher level indicates greater
confidence in establishing credibility as it relates to the factor evaluated. The values can be
rolled into a combined credibility score and compared to target values set by the project.

For this assessment, the credibility factors and levels were used to give a qualitative assessment
of ORDEM 3.0 and how NESC recommendations in this report could improve credibility as
represented in the CAS. Figures 6.1-39 and 6.1-40 show the results of the credibility assessment.
ORDEM 3.0 was treated as two separate models: one for orbital debris particles
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>3 mm diameter, and one for particles <3 mm diameter. For the >3 mm regime, there is a higher
confidence in the model results because there are radar measurements to ground and validate the
model. Conversely, only for the 400 to 600 km altitude range, for which there is Space Shuttle
impact data, are there any direct measurements available for particles <3 mm. This assessment
was also directed to the modeled environment at the JPSS-1 orbital altitude, so any advantage
gained at the 400 to 600 km altitude does not apply in this case. The disparity in confidence
between the two model size regimes is reflected in the CAS matrices for the two cases

(Figures 6.1-39 and 6.1-40). In the figures, the magenta line represents the current evaluation
level for each factor. Some factors also have a blue line, placed higher than the magenta, which
represents the level to which the factor might be improved if improvements outlined in the
recommendations for this assessment are implemented.

Credibility Assessment for Particles Greater than ~3 mm

The results from the credibility assessment for ORDEM 3.0 for particles >3 mm can be seen in
Figure 6.1-39. How the NESC team rated each factor is discussed in Figure 6.1-39.

M&S Development M&S Operations Supporting Evidence
Verification | Validation Input Pedigree | Results Results Use History | M&S People
Uncertainty | Robustness Mgt Qualifications
4 Numerical Results agree | Inputdata agree | Non- Sensitivity De facto Continual Extensive
errors small with real- with real-world deterministic known for standard process experience in and
forall world data data & numerical most improvement  [L1S6 Qf v v s s o
important analysis parameters; recommended
features key practices for this
sensitivities particular M&S
identified
3 Formal Results agree | Inputdata agree | Non- 4} Scnsitfty Previous Predictable Advanced degree
numerical with with deterministic knowr{for predictions process or extensive
error experimental experimental analysis many were later M&S experience,
estimation data for data for parameters validated by and
problems of problems of mission data recommended
interest interest practice
v knowledge
2 Unit and Results agree | Inputdata Deterministic Sensitiyity Used before Established Formal M&S
regression with traceable to analysis or knownfor a for critical process training and
testing of key | experimental formal expert opinion | few decisions experience, and
features data or other documentation parameters recommended
M&S on unit practice training
problems W
1 Conceptual Conceptual Input data Qualitative Qualitative Passes simple | Managed Engineering or
and and traceable to estimates estimates tests process science degree
mathematical | mathematical | informal
models models agree | documentation
verified with simple
referents
0 Insufficient Insufficient Insufficient Insufficient Insufficient Insufficient Insufficient Insufficient
evidence evidence evidence evidence evidence evidence evidence evidence

Figure 6.1-39. NASA-STD-7009 Credibility Assessment for ORDEM 3.0 >3 mm Particle Size
Regime
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M&S Development

Verification: Level 3/Formal numerical error estimation — Verification is the process of
determining that the application accurately represents the underlying mathematical model
and its solution from the perspective of the intended uses of the M&S [ref. 14]. It
confirms that the model is coded correctly and does not contain errors. The ODPO
development process for ORDEM 3.0 was judged to be adequate for verifying the model.

Validation: Level 4/Results agree with real-world data — Validation is the process of
determining the degree to which a model presents an accurate representation of the real
world. Validation requires a source of data to which results from the model or simulation
can be compared. ORDEM 3.0 was validated against the large radar measurement
dataset available for particles >3 mm in diameter. A limitation was that the data source
used to develop the model was in some cases the same as that used for validation.

M&S Operations

Input Pedigree: Level 4/Input data agree with real-world data — Input Pedigree
evaluates the degree to which input data compares favorably with measured real-world
data. Radar data was used as input data for ORDEM 3.0 in this size regime. While it still
has uncertainties, radar measurements are a mature and well-understood process for
obtaining direct measurements of the larger orbital debris particles.

Results Uncertainty: Level 2—3/Deterministic analysis or expert opinion—
Nondeterministic analysis — Results Uncertainty indicates the degree to which
uncertainties are quantified and are based on nondeterministic analysis. Uncertainty in
ORDEM 3.0 has not been quantified to any significant extent and is based primarily on
expert opinions. While the nature of the environment being modeled is such that there
will be large uncertainties, efforts to perform nondeterministic uncertainty analysis may
be possible and could result in an improvement to Level 3 for this factor.

Results Robustness: Level 1—3/Qualitative estimates—Sensitivity known for many
parameters — Results Robustness is the degree of how well the sensitivities of the model
are known. Very limited sensitivity studies were performed for ORDEM 3.0, resulting in
a Level 1 rating, which could be improved to as high as a Level 3 if more extensive
sensitivity studies were performed.

Supporting Evidence
Use History: Level 2/Used before for critical decisions — Use History assesses the

heritage of the model by evaluating how extensively it has been used for similar
applications in the past. ORDEM 3.0 is gradually being adopted by spaceflight projects
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for critical decisions, and its predecessors have been in use for many years. Independent
mission data, aside from radar data used in the model, are not available to validate
predictions.

M&S Management: Level 3/Predictable process — M&S Management determines how
well the model’s processes are managed. This would include assessing product
management, process definition, continuous improvement, and configuration
management. ORDEM 3.0 has a predictable and understandable process, and ODPO is
working to continuously improve the model. One weakness noted is the lack of
documentation describing ORDEM 3.0’s validation and verification. There is a user’s
guide, which is useful, but it does not contain details on the model’s best uses and
limitations.

People Qualifications: Level 3.5/Extensive experience and use of recommended
practices for this particular M&S — People Qualifications assesses the qualifications of
the personnel developing, using, and interpreting the results from the model. The
personnel who control ORDEM 3.0 possess a very high level of expertise and experience.
The only consideration that prevented this factor rating a 4 was the fact that ODPO is
understaffed and many of the team recommendations have not already been
accomplished only because of a lack of resources.

Credibility Assessment for Particles Less than ~3 mm

The results from the credibility assessment for ORDEM 3.0 for particles <3 mm can be seen in
Figure 6.1-40. Overall, the results are seen to exhibit a lower level of confidence in the model
for this size regime because of the absence of any direct measurements in the JPSS orbit altitude.
How the NESC team rated each factor is discussed in Figure 6.1-40.
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Figure 6.1-40. NASA-STD-7009 Credibility Assessment for ORDEM 3.0 <3 mm Particle Size
Regime

M&S Development

Verification: Level 3/Formal numerical error estimation — The ODPO development
process for ORDEM 3.0 was judged to be adequate for verifying the model. Verification
of the application is independent of the particle size regime so this matches the level for

the >3 mm regime.

Validation: Level 1—2/Conceptual and mathematical models agree with simple
referents/Results agree with experimental data or other M&S on unit properties — Real
world data are not available to validate the model, highlighting one of the primary
weaknesses of ORDEM 3.0. Some impact data that are available may be employed to
help validate the model at 400-600 km, which may in turn have an effect on the results
for the higher altitudes.
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M&S Operations

Input Pedigree: Level 1—4/Input data traceable to informal documentation/Input data
agree with real-world data — The only input data available used are Space Shuttle impact
data. In situ impact measurements at altitudes higher than 600 km, for which there
currently are no plans, would benefit the input pedigree a great deal.

Results Uncertainty: Level 1—3/Qualitative estimates/Non-deterministic analysis —
Only qualitative estimates on uncertainty have been performed for ORDEM 3.0. The
NESC team recommended that the uncertainty be quantified, which would raise this
factor to a level 3.

Results Robustness: Level 1—3/Qualitative estimates— Sensitivity known for many
parameters — As is the case for the model in the >3 mm size regime, sensitivity studies
would increase the level in this factor to 3.

Supporting Evidence

Use History: Level 1/Passes simple tests — ORDEM 3.0 in the <3 mm size regime passes
simple tests. ORDEM 3.0 for this smaller size regime does not give the same level of
confidence as the >3 mm model.

M&S Management: Level 3/Predictable process and People Qualifications: Level
3.5/Extensive experience and use of recommended practices for this particular M&S —
These categories are strengths for ORDEM 3.0 for both size regimes. The rationale given
for the >3 mm model applies for the <3 mm model.

The following findings and observations are related to the credibility assessment.

F-12. ORDEM 3.0 has no technical documentation describing the validation and
verification or user guide information detailing the best uses and limitations.
+ Data for this assessment was provided to the NESC team by ODPO in the
form of presentations, spreadsheets, and verbal exchanges.

O-4. The credibility assessment methodology in NASA-STD-7009 (NASA Standard for
Models and Simulations) was useful in providing a high-level evaluation of
ORDEM 3.0, highlighting opportunities for overall improvement and building
confidence in the model. This was especially the case for orbital debris particle
regimes <3 mm, where focus areas include validation, input pedigree, results
uncertainty, results robustness, and model and simulation management. OSMA
has determined that this standard is not mandatory for ORDEM 3.0, and an
evaluation of this decision was outside the scope of this assessment.
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6.2 Meteoroid Models

6.2.1 Description

NASA’s meteoroid environment model is the MEM maintained by the MEO located at MSFC.
MEM provides only the meteoroid environment and is independent from ORDEM, which
supplies only the orbital debris environment. This is unlike MASTER-2009, which combines a
meteoroid environment model and an orbital debris environment model. MASTER-2009
integrates the Divine-Staubach meteoroid model with its orbital debris model into one
application. ESA also has another meteoroid model called the Interplanetary Meteoroid
Engineering Model (IMEM). The model IMEM is based on modeling and limited in situ
measurements, but is undergoing an extensive rework and is currently not used by ESA for
predicting the meteoroid environment. Divine-Staubach is also under review by ESA.

MEM and the next generation, MEMR2, compute the meteoroid flux on a spacecraft along a
user-provided trajectory. In addition to providing the overall flux of microgram-or-larger
meteoroids, MEM reports the meteoroid flux directionality and speed distribution. MEM
improved on prior models by using a physics-based model that yields accurate meteoroid fluxes
between 0.2 and 2 au* from Earth. MEM results have been validated against observations (in
particular, meteor observations from the Canadian Meteor Orbit Radar) and against other
models, such as the Griin meteoroid flux model.

MEM generates a customized meteoroid environment, pulling data from four sporadic meteoroid
source distributions in order to calculate the number, direction, and speed of meteoroids incident
on a spacecraft traveling along an input trajectory, which can be input as a series of Cartesian
state vectors or two-line elements. MEM takes the spacecraft's motion into account and reports
meteoroid directionality and speed relative to the spacecraft. MEM has three sub-models for
spacecraft in near-Earth, lunar, and interplanetary space. If the user chooses the Earth or lunar
sub-models, MEM calculates the meteoroid flux taking the planet or Moon's gravitational
focusing and shielding into account. The flux is calculated for each state vector or two-line
element provided; MEM provides the user with the average flux and the standard deviation of
the flux over the spacecraft's trajectory. The software provides supplementary output files that
break this flux down by direction (equal-angle bins and quasi-equal area threat igloos) and by
speed interval. At the completion of a run, the software presents the user with the main results
and with a graph of the meteoroid speed distribution.

MEM is designed to work in conjunction with other engineering software tools and offers the
user several options for customization. For instance, the input trajectories can be easily
generated using Systems Tool Kit (STK), and the output files can be used with the Bumper threat
assessment software. The user can choose the limiting mass, one of three spacecraft orientations
(one stationary and two rotating), one of two output coordinate frames, and one of three output
resolutions. The user has the option to analyze every input state vector or to choose a random

4 au = astronomical unit = 149698 km, which is the average distance from the Earth to the Sun
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sub-sample; the user can also choose whether or not to save a detailed flux output file for each
state vector and whether to calculate the standard deviation of the flux along the trajectory.
Thus, MEM can be customized to provide both low-resolution estimates of the meteoroid flux
along the trajectory as a whole along with high-resolution descriptions of the flux at each point
along the trajectory, depending on the needs of the user. The current version of MEM is
MEMR2.

6.2.2 Model Comparison

MASTER-2009 integrates the Divine-Staubach meteoroid model with its orbital debris model
into one application. As was done for the orbital debris models in Section 6.1.2, the flux of the
meteoroid component of MASTER-2009 was compared to MEMRZ2, along with older versions
of MASTER: MASTER-2005 and MASTER-2001. The results are displayed in Figure 6.2-1
plotted as flux as a function of diameter. MEMR2 produces values as a function of mass, so
MEMR2 results were converted to mm assuming spherical particles with a density of 1 g/cm3.
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Figure 6.2-1. Meteoroid Flux Comparison for JPSS Orbit (D/S = Divine-Staubach)

As illustrated in Figure 6.2-1, the meteoroid models show close correlations for the size regimes
analyzed, unlike the comparison of the orbital debris models.

The flux is also less for meteoroids than for orbital debris at most altitudes (see Section 6.1.2 and
Figure 6.1-15). When the meteoroid and orbital debris components of the JPSS-1 component
risk assessments are separated, it is clear that the relative contribution to the overall risk is
greater for orbital debris than micrometeoroids. This is the case for both the current and the
older environment models. This can be seen in Table 6.2-1, which displays the number of
penetrations predicted from Bumper for a 7-year mission due to either micrometeoroids or
orbital debris using the environment model indicated. The SSP 30425 meteoroid model results
are shown for comparison to ORDEMZ2000 since that model is used by DAS and was used for
initial Bumper assessments. The values are for components prior to any extra shielding or
modifications to decrease MMOD risk.
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Table 6.2-1. JPSS-1 Orbital Debris Risk versus Meteoroid Risk
Component ORDEMS3 MEM Ratio of | ORDEM2000 | SSP 30425 | Ratio of
# of # of OD:M # of # of OD:M
penetrations | penetrations penetrations = penetrations

Propellant 6.66E-01 2.06E-02 32 2.92E-02 3.81E-03 8
Lines
Propellant Tank 2.95E-01 5.58E-03 53 1.00E-02 8.94E-04 11
Battery #1 5.24E-01 1.45E-03 361 1.14E-02 8.52E-04 13
Battery #2 5.67E-01 1.48E-03 383 1.20E-02 8.54E-04 14
CTU 1.02E-01 2.52E-04 405 4.61E-03 1.16E-04 40
PCDU #1 2.92E-03 3.64E-05 80 8.09E-04 1.74E-05 46
PCDU #2 3.32E-03 3.51E-05 95 8.56E-04 1.67E-05 51
SCP #1 1.56E-01 1.77E-04 881 6.52E-03 1.19E-04 55
SCP #2 2.93E-02 1.27E-04 231 1.84E-03 5.26E-05 35
Avg 280 30

It is clear from the table that the orbital debris risk is at least an order of magnitude greater than
the micrometeoroid risk and is driving the total JPSS MMOD risk.

6.2.3 Previous NESC MEM Assessment

In 2009, the NESC performed an independent review of the Constellation Program’s MMOD
risk analysis process [ref. 15]. In the course of that earlier assessment, the NESC team evaluated
MEM, the predecessor to MEMR2. The differences between MEM and MEMR2 are primarily
in the user interface, so the conclusions drawn from the 2009 activity that applied to MEM apply
to MEMR2. The 2009 report did not discover any deficiencies with MEM that would
recommend not using it for MMOD risk assessments. The 2009 NESC team found that
exclusion of some higher speed meteoroid particles and the global meteoroid density assumption
of 1 g/cm3 would most likely lead to an under-prediction of risk. In other words, the actual
micrometeoroid risk to spacecraft may actually be higher than indicated. The 2009 NESC team
also recommended that uncertainties be derived for MEM, something in which the MEO is in the
process of implementing.

The following findings and observations are related to the meteoroid environment models.

F-13. The assessed risk associated with meteoroids for individual JPSS components
is roughly two orders of magnitude smaller on average than the assessed risk
from orbital debris when using ORDEM 3.0 and MEMRZ2. The difference is
roughly one order of magnitude when using ORDEM2000 and SSP 30425.

F-14. The meteoroid flux for 0.1 to 10 mm diameter sizes given by MEMR?2 is
within an order of magnitude of that produced by the Divine-Staubach model,
which is used by MASTER-2009.
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F-15. MEM was reviewed by the NESC in 2009 [ref. 15] and found to be
appropriate for use in MMOD risk assessments. MEMR?2 differs from MEM
primarily in the graphical user interface. Neither MEM nor MEMR?2 assess
uncertainties, which was discussed in the 2009 NESC report.

O-5. MEMR?2 is calibrated to ground-based radar observations and the data from
which the Grin flux was derived.

O-6. ESA’s iMEM model is based on modeling and limited in situ measurements.
ESA has recently concluded that iIMEM is not representing the meteoroid
environment adequately and is initiating an extensive rework of the model.
The Divine-Staubach model (used in MASTER-2009) is also no longer used
by ESA.

7.0 Elements of JPSS MMOD Risk Assessment

The fundamental components of any MMOD risk assessment are MMOD environment models,
damage response predictor equations (BLEs, etc.), and failure criteria. The MMOD environment
is discussed in detail in Section 6.0. This section will discuss and assess the response predictor
equations (specifically, BLES) and the failure criteria used by the JPSS Project.

7.1  JPSSBLEs

BLE modifications discussed and reviewed include the adaption of a BLE used most often to
characterize the response of aluminum structures to high speed impacts by aluminum projectiles
to: 1) impacts by steel projectiles, and 2) non-aluminum bumper materials.

The predictions of this BLE in the case of very high velocity impacts are also studied and
compared against those of alternative equations that might be more applicable to the types of
structural elements used in the JPSS satellites.

7.1.1 BLE Description

A response predictor equation, such as a BLE, is developed to characterize the performance of a
hypervelocity impact shield. Such an equation defines the threshold particle size that causes, for
example, perforation or detached spall from the inner wall of a multi-wall system as a function of
velocity, impact angle, particle density, shield and inner wall thicknesses, and particle shape.
BLEs are typically drawn as lines of demarcation between regions of inner-wall failure and no
failure in two-dimensional projectile diameter-impact velocity space. When graphically
represented they are referred to as BLCs.

The high-speed impact testing that provides data for the development of BLEs and BLCs
typically use spherical projectiles fired in light gas guns at impact velocities between 3 and

7 km/s (although some can reach velocities up to 10 km/s now). These data are then fitted with
scaled single-wall equations below approximately 3 km/s, and with theoretical momentum and/or
energy-based penetration relationships above approximately 7 km/s to obtain three-part BLCs
that cover the full range of impact velocity from approximately 0.5 to 16 km/s. The transitional
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velocity region (from approximately 3 to 7 km/s for normal aluminum-on-aluminum impacts)
takes the form of a linear interpolation between the low and high velocity regions.

Figure 7.1-1 shows a typical BLC for a dual-wall system (i.e., Whipple shield) under normal
projectile impact. In Region I, the projectile is deformed following its impact on and passage
through the outer (i.e., bumper) plate, but remains mainly intact as it travels towards and
eventually strikes the inner wall of the dual-wall system. For aluminum projectiles impacting
aluminum bumpers, Region I is typically impact velocities below 3 km/s. In Region I, the form
of the BLC is analogous to that of a single-wall curve. In Region Il, the projectile is fragmented
and the energy of the impacting projectile and ejected shield material is dispersed over an
increasingly larger area of the inner wall. As a result, the ability of the dual-wall system to resist
inner-wall failure (whether defined as a perforation or detached rear-side spall) increases as
reflected in the curve. This gives rise to the bucket shape of the BLC for a dual-wall system. In
Region 11 (which typically starts at 7 km/s for aluminum-on-aluminum impacts), the projectile is
completely melted and the impulse delivered to the rear wall is increasingly more difficult to
resist.

0.70 ;
Predict rear wall perforation above curves
060 | open data — no fail, closed data = fail
E
£ 050 +
8
(=] 1 .
= 0.40 Region
o I
g 030 +
=1
£
£ 020 +
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0 5 10 15

Velocity (km/s)

Figure 7.1-1. Typical BLC for a Dual-wall System under Normal Projectile Impact

F-16. Over 90 percent of the orbital debris impacting the JPSS-1 spacecraft have a
velocity above 7 km/s, with an average velocity over 12 km/s. Because of this,
the BLE Region Il curve requires critical understanding.

7.1.2 Applications and Modifications

Initial risk assessments for JPSS-1 were performed using ORDEM?2000 and a modified version
of what is frequently referred to as the NNO BLE [ref. 16]. The NNO BLE was developed
primarily for aluminum-on-aluminum impacts and for configurations with bumpers or shields
that are sufficiently thick so as to cause significant fragmentation of an incoming projectile. This
BLE has been applied to the various components and wall materials of JPSS-1 by equivalencing
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JPSS-1 materials and wall thicknesses to aluminum on a mass density basis. For example, in the
event of a non-aluminum bumper on JPSS-1 of a specified thickness and having a certain density
(p), the thickness (t) of an equivalent aluminum shield has been calculated as follows:

tbumper __ _JPSS bumper tbumper (1)
Patuminim equivalum — Fmatl denisity“JPSS matl
so that

bumper _ bumper JPSS bumper

tequiv alum — t]PSS matl (pmatl density /paluminim) (2)

Equations (1) and (2) are usually applied to lightweight multilayer thermal blankets and other
heavier materials to allow wall configurations with those materials to be part of a risk assessment
exercise performed by Bumper. The exception is the case of a Kevlar® MMOD blanket for
which NASA has developed a more complicated equivalencing procedure [ref. 17]. However,
even in this case, the procedure appears to be ad-hoc and is without proper documentation or
source referencing. Interestingly enough, other than these ad-hoc equivalencing procedures,
there are no written guidelines in existence for how to apply the NNO BLE (or any other BLE) in
situations that lie outside of the materials and/or geometries for which it was developed. This
approach is similar to that used for DAS assessments, where shielding layer inputs are limited to
areal density (density multiplied by thickness).

To make the original 1993 version of the NNO BLE applicable to the MMOD environment
description as given in ORDEM 3.0, it was modified to include a higher high-end transition
velocity (i.e., transition from Region Il to Region I11) option that would engage if a risk
assessment run ever called for a calculation involving the impact of a high density particle, such
as steel. This so-called high-end transition velocity in the BLE for a dual-wall system is the
impact velocity beyond which the projectile is believed to be substantially melted. As mentioned
previously, for normal aluminum-on-aluminum impacts, this transition velocity is approximately
7 km/s. However, for non-aluminum projectiles impacting aluminum plates, this value can be
expected to be something other than 7 km/s. Since ORDEM2000 assumed all particles to be
made of aluminum, this new feature of the NNO BLE was never used in risk assessments
performed for JPSS-1 using ORDEM2000; only risk assessments performed using ORDEM 3.0
made use of this new capability.

Initial attempts at modifying the high-end transition velocity for dual-wall BLES subjected to
high density projectile impact were undertaken in the 2003-2004 time period [ref. 18]. Based on
an analysis of data from tests involving steel projectiles impacting traditional Whipple shields
and stuffed Whipple shields, a high-end transition velocity of 9.5 km/s was proposed. The
modification to the NNO BLE to include a higher high-end transition velocity for high density
particles was incorporated using the results of a previous NESC study [ref. 19]. In this
assessment, it was determined that a value of 9.1 km/s would be an appropriate high-end
transition velocity for steel (or particles with a material density close to steel) particles impacting
aluminum plates [ref. 20]. This value was obtained using the SESAME tabular equation of state
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(EOS) to determine the impact pressure (and then the corresponding impact velocity) that would
be required for an iron projectile to be substantially melted on impact on an aluminum plate.

In this current study, the Mie-Gruneisen EOS was used as part of an analytical 1-D shock
physics-based calculation to determine the fractions of solid, molten, and vaporous material
remaining in steel and aluminum projectiles impacting thin aluminum plates (%S, %L, and %V,
respectively). The results of these calculations are presented in Table 7.1-1.

Table 7.1-1. Fractions of Solid, Molten, and Vaporous Material
%S-%L-%V For Projectile Material
Velocity| Aluminum on Aluminum Steel on Aluminum
(km/s) | %S %L %V %S %L %V
4.0 100.0 0.0 0.0
5.0 100.0 0.0 0.0

5.5 99.5 0.5 0.0
6.5 28.3 71.7 0.0
6.8 5.1 94.9 0.0
7.0 0.0 100.0 0.0 100.0 0.0 0.0
8.0 36.7 63.3 0.0
8.3 8.2 91.8 0.0
9.0 0.0 100.0 0.0

For aluminum-on-aluminum impact, projectile melt begins at impact velocities near 5.5 km/s
with the projectile being completely melted at approximately 6.9-7.0 km/s. These values agree
with the information also published in JSC 66619 [ref. 20]. For steel-on-aluminum impacts,
projectile melt likely begins at impact speeds between 7.0 and 7.5 km/s, with the projectile being
substantially melted at an impact velocity of approximately 8.5 km/s. The difference between
this value and the value calculated in reference 20 is likely due to the use of the Mie-Gruneisen
EOS in scenarios involving impact velocities and pressures that push the limits of its
applicability.

In reference 18, the NESC team also found mention of different low-end transition velocities for
non-aluminum projectiles. The low-end transition velocity is the impact speed at which the
projectile begins to shatter or fragment (i.e., Region I to Region Il transition). For aluminum-on-
aluminum impacts, this occurs at approximately 3 km/s. Much like there being a different high-
end transition velocity for non-aluminum projectiles impacting aluminum plates, it is logical to
conclude that there would be a different low-end transition velocity under similar impact
conditions. However, the current modifications to aluminum projectile-based BLES to render
them applicable to steel projectile impacts do not include any changes to the low-end transition
velocity. It would appear that having alternate low-end transition velocities for the materials or
material classes in ORDEM 3.0 would more accurately reflect the response of spacecraft wall
systems to high speed impacts by projectiles made of those types of materials.
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The effects of incorporating the 9.1 km/s high-end transition velocity in an aluminum projectile-
based BLE to render it applicable to steel projectile impacts are shown in Figures 7.1-2 and
7.1-3. In these figures, the NNO BLE is plotted for steel projectiles impact aluminum bumper
plates. Figure 7.1-2 presents a 0° (normal) impact, while Figure 7.1-3 presents a 45° (oblique)

impact.

Critical Al Particle Diam (cm)

0.8

0.6

04

0.2

0-deg Ballistic Limit Curves
Steel Projectiles on an Aluminum Bumper
Original 1993 BLE vs 1993 BLE / Vh=9.1 km/s Mod

Original 1993 BLE

= =1993 BLE w/ Vh=9.1 km/s Mod

Impact Velocity (km/s)

Figure 7.1-2. Comparison of Steel-on-Al BLEs without and with the High-End Transition Velocity

Modification for 0° Impacts

It is interesting to note that the use of a higher high-end transition velocity results in a smaller
critical particle diameter at that new transition velocity value. This reduced critical diameter is
an outcome of the increased high-end transition velocity value, not an imposed value.
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Figure 7.1-3. Comparison of Steel-on-Al BLEs without and with the High-End Transition Velocity
Modification for 45° Impacts

In both of these figures, the regions between the two curves are those projectile diameter-impact
velocity combinations that the original NNO predicts would not cause inner wall failure (because
they lie below the curve). However, the modified NNO BLE (with its new high-end transition
velocity — for normal impacts — of 9.1 km/s) predicts that those projectile diameter-impact
velocity combinations would cause failure to the inner wall of a dual-wall system (because they
now lie above the BLE). Not having been completely melted by the impact on the lower density
aluminum plate, these higher density steel projectiles still possess enough energy (as well as
momentum) to inflict serious damage on the inner wall plate.

F-17. The choice of 9.1 km/s as the Region Il to Region Il transition velocity for steel-
on-aluminum uses valid reasoning and assumptions and realistically models the
phenomenology associated with the HVI of a steel projectile on a thin aluminum
plate. However, this value may not be an appropriate choice for other bumper
materials (e.g., MLI).

When ORDEM 3.0 was used instead of ORDEMZ2000, the higher high-end transition velocity in
the modified version of the NNO BLE was used in Bumper 11l because ORDEM 3.0 had the
capability to include variable particle densities and provided debris flux information for high
density particles such as steel. The NESC team believes that it was the use of the new ORDEM
version together with the use of the higher high-end transition velocity in the modified NNO
BLE that was a primary contributor to the high increase in assessed risk for JPSS when using
ORDEM 3.0 as opposed to ORDEM2000.
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At the time of this assessment, there were no BLEs available that were developed specifically for
the various structural elements of JPSS-1. As a result, risk assessments were being performed
using equations that were not developed for the materials or wall configurations on JPSS-1.
Where necessary and because no other option was available, the modified version of the NNO
BLE was used with non-aluminum materials equivalenced to aluminum on a mass density basis
using the process described previously. As such, the NESC team investigated whether using the
modified version of the NNO BLE is appropriate for the JPSS wall configurations in the case of
high density projectile impacts. In other words, how close are the predictions of the modified
NNO BLE equations to the actual response characteristics of those materials/wall configurations
under high density projectile impacts?

In 2013, NASA developed a new BLE that would be applicable to the case of high density
projectiles impacting a very specific and specialized wall configuration, namely, that of the
Soyuz orbital module (OM). This wall configuration can be, ostensibly, considered as a dual-
wall configuration. If the array of the Soyuz OM bumper materials is equivalenced to a single
aluminum wall, then the modified NNO BLE could, in theory, also be used to predict the
response of the Soyuz OM wall system to high density projectile impact. The Soyuz OM wall
system can therefore be used to see how well the modified NNO BLE predicts the response of a
dual-wall system for which it was not developed, but can nonetheless be used following
appropriate equivalencing of the original system’s configuration parameters.

A study was conducted to compare the predictions of the NNO BLE (modified to be applicable
to high density projectile impacts) for the Soyuz OM wall configuration against those of the new
Soyuz OM steel-projectile-based BLE. If the predictions of the two BLEs were found to be
relatively close, that would give some confidence to the practice of using modified NNO BLEs
in situations involving high density projectiles impacting wall configurations for which BLEs do
not currently exist. This confidence could be increased further with some tests using steel
projectiles and comparing results against the predictions of the revised NNO BLEs for high
density projectile impact. However, if the predictions were found to be not very close, some
testing would certainly be called for to assess the validity of this equivalencing approach and/or
its continued use.

Figures 7.1-4 and 7.1-5 compare the recently developed steel projectile BLE for the Soyuz OM
and the NNO BLE with the revised high-end transition velocity for the geometric parameters of
the Soyuz OM wall configuration. Figure 7.1-4 presents the 30° impacts while Figure 7.1-5
presents the 45° impacts.
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Figure 7.1-4. Comparison of New Soyuz OM BLE and NNO BLE with the High-End Transition
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To be able to apply the revised NNO BLE to the Soyuz OM wall system, the multi-material
Soyuz OM bumper was first equivalenced to a monolithic aluminum bumper on a mass density
basis. Specifically,

tbumper __ _Soyuz OM bmpr (3)
Paluminimlequiv atum = Pareal density
so that
bumper _ _Soyuz OM bmpr
tequiv atum = Pareal density /paluminim (4)

All other geometric parameters (inner wall thickness and stand-off distance) were kept the same
as in the Soyuz OM wall system.

Figures 7.1-4 and 7.1-5 show the modified NNO BLE and the new Soyuz OM BLE are fairly
close until the low-end transition velocity (approximately 3 km/s for 30°impacts, and 3.5 km/s
for 45°impacts). However, above the low-end transition velocity the two curves diverge — the
new Soyuz BLE has the canonical “bucket” shape while the modified NNO BLE more resembles
the BLE of a single wall, not a dual-wall, system.

In fact, above 9 -10 km/s, the critical projectile diameters predicted by the new Soyuz OM BLE
can exceed that of the modified NNO BLE by as much as 50 percent of the modified NNO BLE
values. Thus, using the modified NNO BLE in this particular case would contribute to a more
conservative value of assessed risk. If the same trends hold true for the JPSS wall configurations,
then it is also possible that using modified NNO BLEs in a JPSS risk assessment might result in
more conservative (i.e., higher) values of assessed risk.

It is also important to note that this divergence between the new Soyuz OM BLE and the
modified NNO BLE is not due to the introduction of the higher high-end transition velocity.
Very little difference was found to exist between the original and modified NNO BLEs for a
Soyuz OM wall configuration. It was found that both the original and modified NNO BLEs are
relatively flat beyond an impact velocity of approximately 3 km/s, and both resemble a single
wall BLE. Hence, moving the higher-end transition velocity from 7 km/s to 9.1 km/s had very
little effect on the NNO BLE for this particular wall configuration.

This is in stark contrast to the plots in Figures 7.1-2 and 7.1-3, which showed quite a bit of
difference between the original and modified NNO BLEs for a space station module wall
configuration. In this particular case, the modified NNO BLE retained the ‘bucket’ shape of the
original NNO BLE following the modification in the high-end transition velocity. As a result,
the differences between the original and modified NNO BLEs were quite significant in those
figures.

F-18. There are no BLEs available that were developed specifically for the JPSS-1
structural elements. As a result, risk assessments are being performed using
equations that were not developed for the materials or wall configurations used on
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JPSS-1. Using the modified NNO, adjusted for materials used by JPSS, may be
predicting smaller critical diameters (i.e., increased assessed risk) than would BLEs
purposely developed for actual JPSS-1 configurations.

7.1.3 BLE Comparisons

This section considers alternative damage models (i.e., BLES) to the NNO BLE, which was used
initially by JPSS for their MMOD risk assessments. The two BLESs discussed are the Modified
Wilkinson BLE and the Remeirdes BLE. Damage fluence comparisons were performed for
these BLEs using the same generic cube described for the orbital debris model damage fluence
comparisons in Section 6.1.3. Each MODRA run uses ORDEM 3.0 as the orbital debris model,
and the results are compared to the MODRA run using the baseline NNO BLE/ORDEM 3.0
discussed in Section 6.1.3.2.

7.1.3.1 Modified Wilkinson BLE

Damage Fluence Results Using ORDEM 3.0 with the Modified Wilkinson BLE

A MODRA run was executed with the variation that the Modified Wilkinson BLE was used in
place of the NNO BLE in the high velocity range. The original Wilkinson BLE is described in
reference 21. The modified version applies a factor of 0.8 (20 percent reduction) to the critical
diameter computed using the original Wilkinson BLE. A reduction in critical diameter was
suggested separately by Elfer and Bjorkman [ref. 21]. Elfer proposed it to account for lower
impactor debris cloud dispersion angles observed in hydrocode runs of impacts at velocities of
7 and 13 km/s. Wilkinson’s analysis was done at higher, meteoroid impact velocities, which
resulted in higher vaporization of aluminum impactors, and an associated higher dispersion
angle. A lower impactor debris cloud dispersion angle results in higher momentum loading on
the inner wall and hence smaller impactors can penetrate. Bjorkman proposed the 0.8 factor
based on the potential for elastic rebound, which could increase the momentum loading.

The modified Wilkinson formulation applies for normal impact velocities higher than the high
velocity region boundary (Region 111, see Section 7.1.1 and Figure 7.1-1). For normal impact
velocities in Region I, the low velocity NNO formulation for critical diameter was used. For
normal impact velocities in Region 11, the critical diameter was interpolated. The same velocity
boundaries were used as in the NNO formulation, including the modification for high density
impactors. The same 65° impact angle limit was also used.

The original Wilkinson equations contain a failure factor c,(&/c,), , wherec, is the speed of
sound in the inner wall. Reference 21 states that a value for the factor (&/c, ), =0.27 km/s was
used in early Bumper codes. Setting ¢, =5.1km/s (the value for aluminum), the resulting failure
factor value used in this analysis wasc,(¢/c, ), =1.377.

Figure 7.1-6 shows a plot of critical diameter versus impact velocity for a stainless steel particle

with an impact angle of 0° (normal incidence). Curves are shown for both the NNO BLE and the
Modified Wilkinson BLE. The plot shows that for impact velocities greater than the low
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velocity region boundary at 3 km/s, the critical diameter computed using the Modified Wilkinson
BLE is higher than the critical diameter computed from the NNO BLE. The difference increases
as impact velocity increases. Figure 7.1-7 shows the same plot, but for an impact angle of 45°.

The boundary velocities are shifted to the right because they are the full impact velocities and not

the normal components of impact velocity.
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Figure 7.1-6. Critical Diameter versus Impact Velocity for a Stainless Steel Particle with Impact

Angle of 0°
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Figure 7.1-7. Critical Diameter versus Impact Velocity for a Stainless Steel Particle with Impact

Angle of 45°

Table 7.1-2 shows the damage fluence on each cube face from each of the populations when the
Modified Wilkinson BLE is used. In this case, the total damage fluence was 1.45, whereas in
comparison, the damage fluence using the NNO BLE was 4.95. The reduction in damage
fluence corresponds to the higher critical diameter shown in Figures 7.1-6 and 7.1-7. Overall,
the high density population contributes 89 percent of the damage fluence (versus 91 percent
when using the NNO BLE). It is noted that on the ram face, where impacts at low incidence
angles with high normal velocity components dominate, the damage fluence from the modified
Wilkinson BLE (0.196) is much lower than from the NNO BLE (2.9). On the South and North
faces, where impacts at high incidence angles with low normal velocity components dominate,
the difference in damage fluence is smaller (0.584 from modified Wilkinson versus. 0.901 from

NNO).
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Table 7.1-2. Cube Damage Fluence Resulting from use of ORDEM 3.0 with the Modified
Wilkinson BLE
Damage fluence
Cube face Total across  Total without HD percent of
Nak LD MD HD Intacts total
populations HD
Ram 1.29E-04 1.44E-03 1.18E-02 1.83E-01 8.52E-06 1.96E-01 1.33E-02 93.2%
Trail 0.00E+00 1.73E-06 6.62E-06 3.87E-05 1.52E-09 4.70E-05 8.35E-06 82.2%
South 4.25€-05 3.76E-04 7.03E-02 5.13E-01 1.65E-06 5.84€-01 7.07€-02 87.9%
North 4.25€-05 3.76E-04 7.03€-02 5.13£-01 1.65E-06 5.84€-01 7.07€-02 87.9%
Nadir 0.00E+00 1.96E-06 6.75E-06 4.286-05 2.55E-09 5.15€-05 8.71E-06 83.1%
Zenith 3.58E-05 3.85E-04 2.99E-03 8.38E-02 1.91E-06 8.73E-02 3.41E-03 96.1%
Tm:::"” 2.50E-04 2.58E-03 1.55€-01 1.29E+00 1.376-05 1.45€+00 1.58E-01 89.1%

Figure 7.1-8 illustrates the distribution of the cube damage fluence over impactor size resulting
from use of the Modified Wilkinson BLE. Damage fluences on all the cube faces are combined.
From this plot it is seen that the sharp rise observed in the distribution from the NNO BLE at
1.2 mm has been significantly reduced.
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Figure 7.1-8. Distribution of Damage Fluence over Impactor Size; Results from all Cube Faces
using the Modified Wilkinson BLE

Figure 7.1-9 shows the distribution of damage fluence over impact velocity resulting from use of
the Modified Wilkinson BLE. Damage fluences on all the cube faces are combined. From this
plot it is seen that damage fluence in the high velocity region has been reduced significantly
compared to results from the NNO BLE. This is consistent with the large reduction on the ram
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face. Damage fluence is only slightly reduced in the low velocity region, where the NNO
formulation dominates.
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Figure 7.1-9. Distribution of Damage Fluence over Impact Velocity; Results from all Cube Faces
using the Modified Wilkinson BLE

Figure 7.1-10 shows the distribution of damage fluence over impact velocity for only the South
and North faces resulting from use of the Modified Wilkinson BLE. Damage fluences from the
North and South faces are combined. From this plot it is seen that damage fluence is
concentrated in the low velocity region, where the NNO formulation dominates. The peak of the
distribution is near the low velocity region boundary of 3 km/s, where critical diameter is lowest.
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Figure 7.1-10. Distribution of Damage Fluence over Impact Velocity; Results from only the South
and North Faces using the Modified Wilkinson BLE

Figure 7.1-11 shows the distribution of damage fluence over impact angle resulting from use of
the Modified Wilkinson BLE. Damage fluences on all the cube faces are combined. The
distribution is similar to that from use of the NNO BLE (Figure 7.1-5).
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Figure 7.1-11. Distribution of Damage Fluence over Impact Angle; Results from all Cube Faces
using the Modified Wilkinson BLE

Figure 7.1-12 shows the distribution of damage fluence over impact angle for only the South and
North faces resulting from use of the Modified Wilkinson BLE. Damage fluences from the
North and South faces are combined. While impacts at high incidence angles are more frequent
on the South and North faces, few of these impactors actually penetrate the inner wall.
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Figure 7.1-12. Distribution of Damage Fluence over Impact Angle; Results from only the South
and North Faces using the Modified Wilkinson BLE

7.1.3.2 Reimerdes BLE

The most recent risk assessments performed by JPSS now use modifications to the NNO BLE as
proposed in Reference 22. These modifications address several of the main issues associated
with the NNO BLE. The first is that bumper thickness is included as a parameter only in the
Region | and Region Il formulations of the NNO BLE — it is completely absent from the Region
Il formulation. Figure 7.1-13 shows a series of plots of the NNO BLEs for a particular dual-
wall system with changing bumper thickness.



NASA Engineering and Safety Center Document Version:
Technical Assessment Report NESC-RP- 11
14-00948
Page #:
JPSS MMOD Assessment 95 of 220
S =100 mm; t,= 4 mm
11 T T T
— t.=2mm
B I T Y N IR - f,=1mm
0.8 e L =0.5mm
----------- t,=0.1mm
08 - Single Wall |
0.7 /\
E 06 \\.\
05 ' ~
=] b-""'-u,__
0.4 ——
0.3
0.1 B ST SO e T R
0.0
0 2 4 5] 8 10 12 14 16 18
v [km/s]

Figure 7.1-13. Effect of Changing Bumper Thickness on NNO BLE Predictions [Ref. 22]

In Figure 7.1-13, the effects of changing the bumper thickness are seen to occur only in Regions
| and 11 of the NNO BLE. Figure 7.1-14 shows a series of plots for the same dual-wall system
and the same bumper thickness variations, but this time using the Reimerdes BLE.

Figure 7.1-14.

S =100 mm; t, = 4 mm

1.2 ' ' '
ts =2 mm
e 1g =1 MM
1.0 e fg=05mm ]
- tg=0.1 mm
. - Single Wall
- ,_/\\
B 0.6 R
_DCL __-'I "'h"’--\
~——
0.4 ]
0.2 R Prrr— —
0.0
0 2 4 6 8 10 12 14 16 18

Effect of Changing Bumper Thickness on Reimerdes BLE Predictions [Ref. 22]
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It is important to note that not only does the Reimerdes BLE take into account variations in
bumper thickness in all three regions of the BLE, but the Reimerdes BLE also exhibits the
appropriate behavior as the bumper thickness becomes increasingly small (a feature also missing
from the NNO BLE). Namely, as bumper thickness approaches 0, the dual-wall Reimerdes BLE
approaches a standard single-wall BLE for the inner wall of the dual-wall system. This is to be
expected because as the thickness of the bumper becomes exceedingly small, its usefulness in
breaking up impacting projectiles does likewise, leaving only the inner wall to act as a single-
wall in responding to the impact projectiles. Also, as expected, the Reimerdes BLE is identical
to the NNO BLE for sufficiently thick bumper plates.

The modifications to the NNO BLE were first proposed in 1993 in an effort to render the NNO
BLE applicable to dual- and triple-wall systems with very thin or very lightweight bumper plates
(i.e., ts/dp < ~0.20, the lower limit of applicability for the NNO BLE). In this manner, the
modified version of the NNO BLE (i.e., the Reimerdes BLE) was applicable to the design and
development of the ESA’s ISS Columbus module. The Reimerdes BLE was subsequently used
in an optimization study that included the mass of the spacers that would be needed in a dual-
wall design configuration [ref. 22].

Initial experimental validation of the Reimerdes BLE was presented in reference 22. In that
study, eight tests were performed using two dual-wall configurations with different bumper
thicknesses. In both cases, the Reimerdes BLE showed a substantial improvement in the
predictions of ballistic limits when compared against those of the NNO BLE. However, it is
important to note that all eight tests were performed at normal impact trajectories — the
predictions of the Reimerdes BLE have yet to be compared against empirical data obtained from
oblique impact tests. Reference 22 also cited the need to perform some testing nearer to the
lower end of impact velocity spectrum to assess the performance of the Reimerdes BLE at those
impact speeds.

Most recently, the Reimerdes BLE was presented in NASA’s Handbook for Designing MMOD
Protection [ref. 23] and the SHIELD computer program’s user’s manual [ref. 24] as an option for
use in the case of exceedingly thin or lightweight bumpers. The Reimerdes BLE was first
encoded in Bumper in 2008 with several updates and code corrections through 2012. Bumper
encodes the Reimerdes BLE as a set of formulas that ultimately require the solution of an
implicit equation for critical projectile diameter given an impact velocity and the geometry of the
dual-wall configuration.

The NNO BLE in Region I11 assumes that the impactor is completely shattered, regardless of
shield thickness. Therefore, it is expected to under-predict risk posed by larger impactors.
Reference 22 presents hypervelocity test results confirming that the NNO failed to predict
penetrations for sufficiently large impactors (Figures 8 and 9 of reference 22). The Reimerdes

formulation introduces a factor, F, , that transitions from the NNO dual wall BLE in Region 11|
to a single wall BLE as the ratio of shield thickness to particle size t,/d, decreases. The F,
factor is applied to the inner wall thickness required to stop an impactor (referred to here as the
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“critical wall thickness™) of a given size as computed from the NNO formulation in the high
velocity region. The factor is not a regression fit to data, but is rather a quadratic expression in
terms of t, /d that is derived from three-end point conditions. The first condition is that, when

there is no shielding (tg/dp =0), the critical wall thickness is equal to that from a single wall

BLE, i.e, F, =r,,, Where r,,, is the ratio of critical wall thickness from the single wall BLE
to that from the NNO formulation. The second condition is that the critical wall thickness is

equal to that from the NNO when t, /d,, is equal to the critical value required to completely
shatter the impactor (i.e., F,” =1. This critical value (ts/dp)C is specified by the NNO

formulation). The third condition is that the slope of the quadratic expression is zero when
t/d, = (ts/dp)c, ie., dFZ*/d (ts/dp)zo. The resulting expression for F, is

2

. t,/d t,/d
F = -2 —LP -1 B —1) when t_/d t./d 3
2 I'sip m(rsm )"{(ts/—dpx} (rS/D )W en s/ p<(s/ p)C ()
F, =1when t,/d, > (ts/dp)C (4)

As part of this analysis, the mathematical derivation of the expression for F, was reconstructed
and verified. This expression for F,”, which is also shown in reference 9, is more generalized
than the expression in reference 22, and was coded in MODRA. Note: Reference 9 appears to

incorrectly apply the Fz* factor to critical particle diameter. Reference 6 shows that it is applied
to critical wall thickness and the mathematical derivation is consistent with that approach.

O-7. NASA TM-2009-214789 [ref. 24] appears to apply the Reimerdes BLE dual wall-
to-single wall transition factor, FZ*, differently than specified by Reimerdes et al.
[ref. 22] and verified mathematically by the NESC team. Reference 9 applies F,’
to the critical particle diameter, while the prescribed method in reference 22 is to
apply Fz*to the critical wall thickness.

The Reimerdes formulation as specifically described in reference 21 also has two other features.
One is that it replaces the NNO formulation in the low velocity region with the single wall
equation of Frost [ref. 25]. The second feature is that it computes the low velocity region

boundary as a function of ts/dp using a regression fit, whereas in the NNO formulation it was
fixed to a value of 3 km/s.
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The FZ* factor is applied to the NNO high velocity region formulation for normal impact
velocities in Region 111, and the single wall BLE is used for normal impact velocities in Region I.
For normal impact velocities between the low and high velocity region boundaries, critical wall
thickness was interpolated. The same high velocity region boundary was used as in the NNO
formulation, including the modification for high density impactors. The same 65° impact angle
limit was also used.

To accommodate the implementation of the F,” factor, a modification was made to MODRA.

Previous NNO results from MODRA were based on critical diameter computed directly using
the BLE. Results presented in the following material from this approach are labeled “critical
diameter method.” Using this approach for the Reimerdes formulation would require
implementation of an iteration to solve for the critical impactor diameter since it is not available

in closed form as FZ* is a function of impactor diameter. While the Bumper subroutine contains
a routine that iterates to solve for critical diameter, this approach would not be efficient within
the MODRA algorithmic structure. Instead, the NNO BLE was rearranged to compute critical
wall thickness (wall thickness required to prevent an impactor from penetrating) at diameter
values in the ORDEM 3.0 flux versus size data, and MODRA was modified to interpolate critical
diameter at the actual wall thickness. Results presented in the following material from this
approach are labeled “critical wall thickness method.” Results presented in the following
material show that the effect of interpolation error on the results is small. The same modification
was made for the NNO-only implementation to provide for an apples-to-apples comparison
between NNO results and Reimerdes formulation results.

A subroutine formulation of the Reimerdes formulation used for Bumper was provided in HVIT
[ref. 26]. This was used to ensure that the equivalent formulation was coded into MODRA.
Several observations on the descriptions in references 22 and 9 and the subroutine version
motivated running several variations of the MODRA implementation.

In the subroutine, there are two formulations for Fz* that apply to two different ranges of the
shield spacing to impactor diameter ratio S/d , . The formulation for the case when S/d, > 30

has the value (ts / dp)C =c, =0.2 (wherec is a constant) substituted into the expression. The
formulation for the case when S/d, <30 has the value (ts/d p)c = C, = 0.25 substituted into the

expression. This formulation was implemented in one version of MODRA and the results
presented in the following material are labeled “Bumper Reimerdes implementation.”

According to reference 9 (Eq. 43) and reference 22 (Egs. 4 and 5), (ts/dp)C =C,p,/ps 1.8, it

depends on the ratio of particle density to shield density. This was implemented in another
version of MODRA and the results presented in the following material are labeled “original
Reimerdes formulation.”
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Additionally, it was observed that reference 22 may have an error in the algorithm for the
parameter Is,p used to calculate F, . References 22 and 9 state that this parameter is evaluated

only at the high velocity region boundary. This algorithm is implemented in the Bumper
subroutine. However, it was determined during this analysis that this approach causes the
resulting critical wall thickness to exceed the value from the single wall BLE. A MODRA case
was run with the parameter evaluated at the actual normal impact velocity of the flux component,
and the results presented in the following material are labeled “Modified Reimerdes
formulation.”

Figure 7.1-15 shows critical wall thickness versus impactor diameter for the case of an aluminum
particle impacting normally at 7 km/s for the cube dual wall parameters. Three curves are
shown: one generated from the NNO BLE, one generated from the single wall Frost BLE, and
one generated from the original Reimerdes formulation. The plot shows that for small impactor
sizes, the original Reimerdes curve is the same as the NNO curve. When impactor diameter is

large enough so that t, /d, falls below the critical value, the original Reimerdes curve separates
from the NNO curve and asymptotically approaches the single wall curve as diameter increases.

Figure 7.1-16 shows a similar plot for the case of a stainless steel particle impacting normally at
14 km/s. In addition to the three curves mentioned for Figure 7.1-15, this plot also has curves
generated from the Bumper Reimerdes implementation and the Modified Reimerdes formulation.
The plot shows that the Bumper Reimerdes curve is lower than the original Reimerdes curve and
will correspond to a lower damage fluence. In addition, as impactor diameter increases, the
original Reimerdes curve exceeds the single wall curve, which is not a desired result. This result
would mean that with larger impactors, the performance of the dual-wall system described by the
original Reimerdes BLE would actually be worse than a single wall, which is not consistent with

reality. This occurs because the ry,, parameter is evaluated only at the high velocity region
boundary (9.1 km/s for a stainless steel impactor) in accordance with reference 22. The
Modified Reimerdes curve, which is the result when g, is evaluated at the actual normal impact
velocity of the flux component (in this case, 14 km/s), approaches, but does not exceed the single
wall curve. Since this is the desired result, it appears that the specification in reference 22 to
evaluate the ry,, parameter only at the high velocity region boundary is incorrect.

O-8.  There appears to be an error in the algorithm that defines the ratio of critical wall
thickness from the single wall BLE to that from the NNO BLE (r;, ) in the
Reimerdes BLE definition set forth by Reimerdes et al. in reference 22. The
specification in reference 22 to evaluate the r;,, parameter only at the high
velocity region boundary results in a BLE curve (impactor diameter versus critical

wall thickness) that exceeds the single wall curve as the impactor diameter
increases, instead of approaching the single wall curve asymptotically as would be
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expected. Evaluating the r,, parameter at the actual normal component of impact

velocity appears to rectify the problem.

3.5 Single Wall Frost BLE

Qriginal Reimerdes formulation
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Figure 7.1-15. Critical Wall Thickness versus Impactor Diameter for the Case of an Aluminum

Particle Impacting normally at 7 km/s
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Figure 7.1-16. Critical Wall Thickness versus Impactor Diameter for the Case of a Stainless Steel
Particle Impacting Normally at 14 km/s

Figure 7.1-17 shows critical wall thickness versus impact velocity for the case of a

1 mm-diameter aluminum particle impacting normally for the cube dual wall parameters. Three
curves are shown: one generated from the NNO BLE, one generated from the single wall Frost
BLE, and one generated from the original Reimerdes formulation. The plot shows that the
original Reimerdes formulation has a lower boundary for the low velocity region than the NNO
low velocity region boundary. In the low velocity and interpolation regions, the original
Reimerdes curve is lower than the NNO curve. In effect, the NNO curve is higher than the
single wall curve. In the high velocity region, the original Reimerdes curve is the same as the
NNO curve. This occurs because a 1 mm-diameter aluminum particle is small enough to be
completely shattered by the shield (MLI).

Figure 7.1-18 shows a similar plot for the case of a 1-mm diameter stainless steel particle. In
addition to the three curves mentioned for Figure 7.1-17, this plot also has curves generated from
the Bumper Reimerdes implementation and the Modified Reimerdes formulation. In the high
velocity region, the original and Modified Reimerdes curves are higher than the NNO and
Bumper Reimerdes implementation curves, which are the same. The reason for this result is that
a 1 mm-diameter stainless steel particle is only partially shattered in the original and Modified
Reimerdes formulations, which account for the higher density of stainless steel. In the NNO
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formulation and the Bumper Reimerdes BLE implementation, the particle is completely

shattered.
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Figure 7.1-17. Critical Wall Thickness versus Impact Velocity for the Case of 2 1 mm-Diameter

Aluminum Particle Impacting Normally
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Figure 7.1-18. Critical Wall Thickness versus Impact Velocity for the Case of a 1 mm-diameter
Stainless Steel Particle Impacting Normally

In Figure 7.1-14, it can be seen that the Reimerdes BLE is below the NNO BLE for dual-wall
systems with thin or lightweight bumpers. The region between the NNO BLE and the
corresponding Reimerdes BLE are those projectile diameter-impact velocity combinations that
the NNO predicts would not cause inner wall failure (because they lie below the curve) in such
dual-wall configurations. However, because they lie above the Reimerdes BLE, that BLE
predicts that those projectile diameter-impact velocity combinations would cause failure to the
inner wall of a dual-wall system because of the presence of a thin or light-weight bumper. Not
having been completely disrupted by the thin bumper, the Reimerdes BLE predicts those
projectiles to still possess enough energy (as well as momentum) to inflict serious damage on the
inner wall plate. As a result, using the Reimerdes BLE in such cases (i.e., for wall configurations
with exceedingly light or thin bumpers, such as those where a MLI blanket is acting as a bumper)
would contribute to a more conservative (i.e., higher) value of assessed risk.

Damage Fluence Using ORDEM 3.0 with the Reimerdes Modification to the NNO BLE
Another MODRA run was executed with the variation that the Reimerdes modification to the
NNO BLE was used in place of the baseline NNO BLE. A description of this formulation is
presented in reference 22.
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Table 7.1-3 shows the damage fluence on each cube face from each of the populations when the
NNO BLE is used in the version of MODRA that interpolates critical diameter (“critical wall
thickness method”). In this case, the total damage fluence was 5.60. The damage fluence
obtained using the version of MODRA that directly computes critical diameter (“critical
diameter method”) was 4.95. The difference was due to the interpolation in the “critical wall
thickness” method is relatively small compared to the effect of other uncertainties.

Table 7.1-3. Cube Damage Fluence Resulting from use of ORDEM 3.0 with the NNO BLE using
the “Critical Wall Thickness Method”

Damage fluence
- HD percent of
Cube face Total across Total without
NakK LD MD HD Intacts ) total
populations HD
Ram 1.12E-04 8.82E-04 2.46E-01 2.71E+00 4,22E-07 2.95E+00 2.4TE-01 91.6%
Trail 0LO0E+00 1.73E-06 6.62E-06 3.87E-05 1.52€-09 4.70E-05 8.35E-06 82.2%
South 6.63E-05 7-91E-04 1.33E-01 1.06E+00 2.39E-07 1. 20E+00 1.336-01 43.9%
Merth 6.63E-05 7-91E-04 1.33E-01 1.06E+00 2.39E-07 1. 20E+00 1.33E-01 42.9%
Nadir 0.00E+00 1 98E-06 6.99E-06 5.11E-05 2.53E-09 6.01E-05 8.97E-06 85.1%
Zenith 7.43E-05 8.91E-04 6.51E-03 2.44E-01 3.46E-08 2.52E-01 7.ABE-03 97.0%
Total across
P 3.23E-04 3.36E-03 5.18E-01 S.08E+00 9. 3BE-07 S.60E+00 5.21E-01 90. 7%
‘aces

Table 7.1-4 shows the damage fluence on each cube face from each of the populations when the
original Reimerdes formulation is used. In this case, the total damage fluence is 17.4, which is
higher than the damage fluence of 5.60 using the NNO BLE. The damage fluence has been
increased because larger high density particles are not shattered by the MLI.

Table 7.1-4. Cube Damage Fluence Resulting from use of ORDEM 3.0 with the Original Reimerdes
Formulation

Damage fluence
- HD percent of
Cube face Total across Total without
MNak LD MD HD Intacts ) total
populations HD
Ram 7.64E-05 7.05E-04 4.57E-01 1.04E+01 7.156-07 1.08E+01 4.57E-01 o5 8%
Trail 0.ODE+DO 2.84E-06 1.6RE-05 1.41E-04 5.68E-10 1.60€E-04 1.96E-05 27.8%
South 3 66E-05 1 S0E-04 1.00E-01 1.B7E+0D0 2.30€-07 1.97€+00 1.01E-01 04 0%
Merth 3 66E-05 1 S0E-04 1.00E-01 1.B7E+00 2.30E-07 1.97€+00 1.01E-01 o4, 0%
Nadir 0.00E+DO 2.91E-06 6.00E-05 4.64E-04 1.20E-09 5.27E-04 6.3BE-05 87.0%
Zenith 4.13E-07 1.41E-04 1.0BE-01 2.50€+00 1.87E-07 2.61E+00 1.0BE-01 95, 0%
Total across . _
§ 1.50E-04 1.15E-03 7.66E-01 1.66E+01 1.36E-06 1.74E+01 7.67E-01 95.6%
aces

Table 7.1-5 shows the damage fluence on each cube face from each of the populations when the
Modified Reimerdes formulation is used. In this case, the total damage fluence is 16.8, which is
slightly lower than the damage fluence of 17.4 using the original Reimerdes formulation. The
damage fluence has been decreased to a small amount because critical wall thickness does not
exceed the value from the single wall BLE at larger sizes.
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Table 7.1-5. Cube Damage Fluence Resulting from use of ORDEM 3.0 with the Modified
Reimerdes Formulation

Damage fluence
- HD percent of
Cube face Total across Total without
NakK LD MD HD Intacts ) total
populations HD
Ram 7.64E-05 7.05E-04 4.51E-01 9.79E+00 7.06E-07 1.02E+01 4.52E-01 95.6%
Trail 0LO0E+00 2.84E-06 1.6RE-05 1.41E-04 5.68E-10 1.606-04 1.96E-05 87.8%
South 3.66E-05 1.50E-04 1.00E-01 1.E7E+00 2.29E-07 1.97E+00 1.00E-01 94.9%
Merth 3.66E-05 1.50E-04 1.00E-01 1.E7E+00 2.29E-07 1.97E+00 1.00E-01 94.9%
Nadir 0.00E+00 2.91E-06 6.00E-05 4,64E-04 1. 29E-09 5.27E-04 6.3BE-05 47.9%
Zenith 4.13E-07 1.41E-04 1.08E-01 2.50E+00 1.87E-07 2.61E+00 1.0BE-01 95.9%
Total across _
P 1.50E-04 1.15E-03 7.60E-01 1.60E+01 1.35E-06 1.6BE+01 T61E-01 95.5%
‘aces

Table 7.1-6 shows the damage fluence on each cube face from each of the populations when the
Bumper Reimerdes implementation is used in MODRA. In this case, the total damage fluence is
8.97, which is lower than the damage fluence of 16.8 using the Modified Reimerdes formulation.
The damage fluence from the Modified Reimerdes formulation is higher because more stainless
steel particles can penetrate the shield (MLI) without being completely shattered.

Table 7.1-6. Cube Damage Fluence Resulting from use of ORDEM 3.0 with the Bumper Reimerdes
Implementation

Damage fluence

Cube face Total across Total without HD percent of

Nak LD MD HD Intacts 3 total
populations HD

Ram B8.58E-06 2.55E-03 4.49E-01 3 28E+00 F.02E-O7 3.73E+00 4.52E-01 87.9%
Trail 0.00E+00 2_BAE-DB 1.6BE-05 1.41E-04 5.6BE-10 1.60E-04 1.%6E-05 a7.8%
South 9.06E-07 2. TBE-D4 9.66E-02 1. 45E-+00 2. 22E-07 1.55E+00 9.60E-02 93, 7%
Narth 9.0&E-O7 2_TEE-D4 9. 6bE-02 1.45E+00 2. 22E-07 1.55E+00 9.60E-02 93, 7%
Nadir 0.00E+DD 2.91E-06 B.09E-05 4. 38E-04 1.20E-09 5.02E-04 6. 3BE-05 87.3%
Zenith Q.30E-07 3.00E-04 1.02E-01 2 04E-+00 1.7BE-O7 2. 14E+00 1.02E-01 95, 2%
Tm::::‘m 1.13£-05 3.41E-03 7.44E-01 B.22E400 1.336-06 8.97E400 7.48E-01 91.7%

Figure 7.1-19 illustrates the distribution of the cube damage fluence over impactor size resulting
from use of the Modified Reimerdes formulation. Damage fluences on all the cube faces are
combined. From this plot it is seen that fewer particles at the low end of the size range are
penetrating compared to the NNO case (Figure 7.1-2) and more particles in the middle of the size
range are penetrating.
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Figure 7.1-19. Distribution of Damage Fluence over Impactor Size; Results from all Cube Faces
using the Modified Reimerdes Formulation

Figure 7.1-20 shows the distribution of damage fluence over impact velocity resulting from use
of the Modified Reimerdes formulation. Damage fluences on all the cube faces are combined.

From this plot it is seen that fewer low velocity particles are penetrating compared to the NNO
case (Figure 7.1-3) and more high velocity particles are penetrating.
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Figure 7.1-20. Distribution of Damage Fluence over Impact Velocity; Results from all Cube Faces
using the Modified Reimerdes Formulation

Figure 7.1-21 shows the distribution of damage fluence over impact angle resulting from use of
the Modified Reimerdes formulation. Damage fluences on all the cube faces are combined.
From this plot it is seen that more particles are penetrating at most angles compared to the NNO
case (Figure 7.1-4).
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Figure 7.1-21. Distribution of Damage Fluence over Impact Angle; Results from all Cube Faces
using the Modified Reimerdes Formulation

7.1.3.2 Over-Prediction of Small Particle Penetrations by the NNO BLE

The use of the Reimerdes formulation addresses the reduced effectiveness of the shield at
shattering impactors as impactor size increases. At the opposite size extreme, as impactor size
decreases, the shield should reduce the energy and momentum of the impactor material before it
reaches the inner wall. In other words, the critical diameter should increase, and the critical
inner wall thickness should decrease. The NNO equation for critical diameter in the high
velocity regime, which assumes that the impactor is completely shattered, is [ref. 9].

t,7*s¥?(o/70)"°
Py p, W cos )

d, =3.918F,

where t, is the inner wall thickness, S is the spacing between the inner and outer walls, o is the
inner wall yield strength, p, is the density of the impacting particle, p, is the density of the

shield, V is the impact velocity, and @ is the impact angle. Note that the formula does not
contain the shield thicknesst, (i.e., there is no dependence of critical diameter on shield

thickness). The formula assumes that the shield thickness has been set to the critical (minimum)
value needed to shatter an impactor of a specific size, i.e.:

L :dp(tS/dp)c =d,c, pp/pS'
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This is because the NNO equation is originally intended for designing inner wall and shield
thicknesses to stop penetration by impactors of a specific size.

In reality, the shield thickness is fixed and does not vary with impactor diameter. Therefore, the
NNO in the high velocity regime does not model the impeding effect of a shield thickness that is
higher than the critical value. This means that the NNO BLE may under-estimate critical
diameter (or equivalently, over-estimate critical wall thickness) for smaller, more numerous
impacts when shield thickness is higher than the critical value. In other words, use of the NNO
BLE in a situation with fixed shield thickness and a range of impactor diameters (as specified by
an environment model like ORDEM 3.0) will result in an over-prediction of damage fluence by
smaller impactors. Finding a way to modify the NNO BLE to account for the impeding effect of
shield thickness larger than the critical value may reduce the conservatism in the estimation of
penetration risk.

7.1.3.3 Conclusions

When the Modified Wilkinson BLE is used in place of the NNO BLE, the total damage fluence
is reduced to 1.45, approximately one-third of the equivalent NNO result. Damage fluence is
reduced primarily in the high velocity region, where the Modified Wilkinson formulation
replaces the NNO formulation. Damage fluence is only slightly reduced in the low velocity
region, where the NNO formulation is not modified.

A MODRA run was performed using ORDEM 3.0 with the Reimerdes formulation of the NNO
BLE. The Reimerdes formulation introduces a transition from the NNO BLE to the single wall
BLE as impactor size increases and is less shattered by shielding (in this case, MLI). It was
found that the source reference on the Reimerdes formulation [ref. 22] may have an error in the
algorithm. The reference 22 version with the error is implemented in the Bumper subroutine
[ref. 26]. A modification was identified that resolves the error. The resulting cube damage
fluence using the Modified Reimerdes formulation was 16.8. The damage fluence from the
Modified Reimerdes formulation is higher than the damage fluence from the NNO BLE because
there are high density particles in the size range that contributes to the damage fluence, which are
not shattered by the ML layer.

It was also observed that the NNO BLE may over-estimate the damage fluence in penetration
risk analyses that consider a range of particle sizes but involve a fixed shield (ML) thickness.
This is because the NNO formulation in the high velocity region does not have any dependence
on shield thickness. It assumes the shield thickness is at the critical value to shatter a given size
particle. For smaller particles with higher fluxes, the critical thickness assumed by the NNO
BLE is smaller than the actual shield thickness, and therefore the shield impedance faced by
these particles is not modeled. The Reimerdes formulation does not address this issue since it
models the reduced shattering of larger particles by the shielding.

The following findings and observations are related to the BLE comparison.
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F-19. The BLEs used for JPSS were developed for manned spacecraft and take a
conservative approach to model spacecraft penetrations beyond a 7 km/s normal
impact velocity.

— HVI test results suggest that the actual Region 111 BLE may provide higher
performance and yield less assessed risk than currently assumed in the
modified NNO BLE.

— Using a modified Wilkinson BLE (80 percent of original Wilkinson BLE, as
recommended by Elfer and Bjorkman) resulted in a factor of ~3.4 lower
probability of penetration for a 1 meter cube at the JPSS orbit than the NNO
BLE.

F-20. Use of the NNO BLE for fixed shield thickness and a range of impactor diameters,
as specified by an environment model like ORDEM 3.0, will result in an over-
prediction of damage fluence (i.e., increased conservatism) by smaller impactors.

7.2 Avionics Box Failure Criteria Assessment

This section presents the results of an examination of the risk of orbital debris penetration and
failure of critical CTU internal components. The objective was to determine whether redefining
failure criteria to include failure of critical internal CTU components -- not just failure of the
outer shell of the box -- would correspond to a decrease in calculated orbital debris critical
failure risk. Updated information from the vendor showed that for the CTU, the majority of
internal components are critical. Therefore, the analysis presented in this section is notional and
illustrates possibilities for refining avionics failure criteria by considering damage to internal
components and not solely using the assumption of a box penetration as the defined failure
criterion.

Figure 7.2-1 shows the position and construction of the CTU as part of JPSS-1. On the port side
next to the CTU is the spacecraft’s radiator, on the starboard side are cables, on the zenith side is
MLLI, on the front and aft are avionics boxes, and the bottom is covered by the spacecraft
structure. Preliminary risk assessments of the CTU in May 2014 indicated that it was one of the
largest remaining contributors to orbital debris critical failure risk since many of its internal
components were required to safely reenter at the end of the JPSS-1 mission (JSC calculated a
9.7 percent risk of MMOD penetrating the CTU box). Unlike most other reentry-critical
components on JPSS-1, the CTU employs redundancy internally: redundant cards within one
box, as opposed to separate boxes.

The NESC team’s objectives in examining the CTU were to:

e Examine the internal/external CTU structure, Bumper risk assessment, and failure
criteria.

e Identify critical internal functions and components of the CTU.

e Perform hydrocode assessments of orbital debris penetration through external MLI and
CTU elements to determine particle sizes and velocities that caused internal critical
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element failure.

e Perform independent risk assessments of orbital debris failure risk using ORDEM 3.0
particle sizes and velocities.

e Compare results to those derived from Bumper by HVIT.
e Suggest alternative failure criteria (risk criteria, penetration equations, etc.) for future
NASA orbital debris risk assessments of CTU and other critical JPSS elements.

Through a query of the JPSS-1 vendor, Ball Aerospace, the NESC team learned that the HVIT-
derived risk for the CTU was based on an incorrect conception of the CTU design. The actual
MLI was only about one-third the areal density initially reported to HVIT.

Py / \ Velocity

(front)

Figure 7.2-1. JPSS-1 CTU Location and Orientation

F-21. The JPSS configuration used to perform the MMOD risk assessment resulted in a
9.7 percent failure risk for the CTU contained configuration inaccuracies. These
deviations tended to underestimate the assessed risk:

1. The risk assessment assumed a 5 cm (2-inch) stand-off between the ML
blanket and the CTU, while the actual stand-off varies, and is less than
5 cm in some locations.

2. The risk assessment used an MLI density of 0.091 g/cm2, while the actual
blanket has a density of 0.034 g/cm2.

Figure 7.2-2 shows the internal structure of the CTU box. Originally, the NESC team was told
that only the gray areas within the box power supply and command cards were critical (Case 1).
Subsequently, the NESC team was informed that the sun sensor at the front of the box (red area)
was also critical (Case 2).
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CTU Structure
Three Critical Elements
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8.40 critical, so penetration
of box front is critical area

8.40

Figure 7.2-2. JPSS-1 Internal Critical Element Locations

Based on this information, the NESC team performed assessments at MSFC using the smooth
particle hydrodynamic (SPH) in C (SPHC) hydrocode that established the size and velocity of
orbital debris particles that would penetrate the MLI, outer CTU box, and inner card protective
layers, exposing the critical internal cards to debris cloud spray from the penetration process.
Figure 7.2-3 shows a representative sample of the types of hydrocode evaluations performed.
Note that the orbital debris impacts occur at a very high velocity (14.61 km/sec) and obliquity
(75°) when approaching the front and top surfaces of the CTU (in the red area shown in

Figure 7.2-2). The hydrocode impact evaluation not only established the size and velocity that
would penetrate the box, but where it would penetrate and whether structures under the debris
cloud were impacted.
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Figure 7.2-3. Sample NESC-Sponsored Hydrocode Assessments

Following the establishment of the size, velocity, and location of aluminum and steel orbital
debris particles that penetrate the box and reach critical internal elements (for both Cases 1 and

NESC Request No.: T1-14-00948
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2), the NESC team used the ORDEM 3.0 orbital debris environment to evaluate the likelihood of
penetrating critical internal element cards. Table 7.2-1 shows the results of this assessment. The
effect of including the MLI layer can be seen by comparing the single wall only risk of 8.791 to
the MLI+Single Wall risk of 0.06195. Note that when the sun sensor is considered noncritical
(Case 1), a large reduction from a risk of 0.06195 (assuming MLI and a single wall of the CTU
shell) to 0.011299 (a factor of 5.5) in orbital debris risk is possible. This is because the number
of critical internal elements are fewer, and no internal elements are located in the area of the box
most likely to be penetrated (the red, forward area of the box shown in Figure 7.1-2). However,
when the sun sensor is considered critical (Case 2), nearly every penetration is critical and the
probability of critical failure decreases by ~20 percent (i.e., from 0.06195 to 0.04997). The risk
assessment from HVIT is also shown for reference.

Table 7.2-1. Results of NESC Risk Assessments for Two Internal CTU Configurations

Risk Assessment Performed
Surface Single Wall MLI + Single Wall Sun Sensor Critical Sun Sensor not Critical HVIT
Reduced Area (Case 2) Reduced Area (Case 1)
Top (Cards) 0.8394 0.00667 0.00400 0.00300
Top (Cables) 0.2798 0.0022 0.00133 0.00100
Top (Power 0.4029 0.00336 0.00168 0.00160
Supplies)
Top Total 1.522 0.01229 0.00217 0.0056 0.0162
Port (Cards) 0.0002 0.00027 0.000160 0.000123
Port (Cables) 0.00006 0.00008 0.000014 0.0000141
Port Total 0.0002 0.00036 0.00018 0.000137 | 0.0008
Stbrd (Cables) 2.7819 0.00679 0.00246 0.001845
Stbrd (Power 1.0015 0.00244 0.00021 0.000205
Supplies)
Stbrd Total 3.7833 0.00923 0.00267 0.00205 0.0167
Front (Cards) 2.0409 0.024995 0.024995 0
Front (Power 0.9797 0.011600 0.011600 0
Supplies)
Front Total 3.0705 0.0366 0.036597 0 0.0584
Total Risk | 83791 | 0.06195 | 0.04997 [ 0.011299 | 0.0921
Conclusions

The NESC team’s objective for this task was to determine whether redefining failure criteria to
include failure of critical internal CTU components (not just failure of the outer shell of the box)
would allow a significant decrease in calculated orbital debris critical failure risk. Initial
indications (with few critical internal CTU components) indicated substantial improvement in
assessed risk was possible. However, a later assessment showed that the number of critical CTU
components were numerous and, most importantly, covered internal areas that were most likely
to be penetrated by orbital debris. In the end, although the NESC team demonstrated that such
an assessment could readily be performed, there was little reason to pursue this strategy in this
case. Doing so would also require establishing the capability of internal components to resist
impact-generated contamination after box penetration—not worth the effort for the expected
reduction in critical risk for the CTU.

Additional details for this assessment are included as Appendix D.
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F-22. Higher fidelity analyses of the internal structure and expected failure modes for
critical electronics box interior elements aboard JPSS-1 (i.e., examining the
resistance of interior critical elements to penetration within each box) may result
in a lower MMOD assessed risk for those boxes (compared to assuming any box
penetration is a failure).

e This examination must be balanced with long-term concerns over interior
box element contamination from penetrations.

e This is a first-order assessment and thorough risk evaluation would require
HVI testing to verify hydrocode results.

7.3 Wire Bundle Risk Assessment

This section presents the results of two hypervelocity impact failure risk assessments for JPSS-1
critical (i.e., necessary for controlled reentry) wire bundles exposed to the ORDEM 3.0 orbital
debris environment at its 824 km, 98.8° inclination orbit. The first “generic” approach predicted
the number of wires broken by orbital debris ejecta emerging from normal impact with MLI
covering 36-, 18-, and 6-strand wire bundles at a 5 cm standoff using SPH hydrocode. This
approach also included a mathematical approach for computing the probability that redundant
wires were severed within the bundle. Based in part on the high computed risk of a critical wire
bundle failure from the generic approach, an enhanced orbital debris protection design was
implemented, consisting of betacloth-reinforced MLI suspended at a 5 cm standoff over a seven
layer betacloth and Kevlar® blanket, draped over the exposed wire bundles. A second SPH-
based risk assessment was conducted that also included the beneficial effects from the high
obliquity (75°) of orbital debris impact and shadowing by other spacecraft components and
resulted in a considerably reduced likelihood of critical wire bundle failure compared to the
original baseline design. This second approach is consistent with earlier wire failure assessments
for the James Webb Space Telescope [ref. 27] and other spacecraft such as the Advanced X-ray
Astrophysics Facility [ref. 28], which assumed that any penetration of the shield over the wire
bundle caused failure of the bundle.

F-23. Exterior wire bundles, especially those on the most-exposed zenith side, on JPSS-
1 have not been considered in the risk assessment, and their inclusion in future
risk assessments can be expected to increase the assessed MMOD risk.

Task 1: Generic Risk Assessment of Baseline MLI over Wire Bundles

The NESC team performed SPHC hydrocode assessments of orbital debris penetration through a
typical wire harness with baseline MLI blanket protection, as shown in Figure 7.3-1. The SPHC
hydrocode is a C language implementation developed by Stellingwerf (1985-95). The present
incarnation of SPHC, VV12.8, runs up to one million particle problems on Windows personal
computers or work stations having 1.5 Gb of memory. In smooth particle hydrodynamics, the
“particle” is the analog of the mesh point in a traditional hydrocode. A SPH particle consists of a
fixed mass of material at a given position in space, together with a smoothing function, or
“kernel,” that defines the particle’s extent.
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Figure 7.3-1. JPSS-1 Showing Wire Bundles

As shown in Figure 7.3-2, a typical cable is assumed to consist of 36 wires (18 redundant wire
pairs) where every wire pair is considered critical to the function of the cable. The wires were
placed in a hexagonal pattern in order to scale the damage seen in 36 wires to smaller wire
bundles (18- and 6- wire bundles). It is noted that the actual hexagonal patterns undergoing
hydrocode assessment were of 37, 19, and 7 wires, with the damage to the last (deepest) wire
neglected in the risk results for the 36, 18, and 6 wire strands. The risk assessment considered a
one-year exposure to the ORDEM 3.0 environment with a zenith/nadir wire orientation. A5cm
standoff of baseline MLI-to-wire harness was included in the hydrocode run.

Figures 7.3-2 and 7.3-3 show typical results from the SPH analyses for a predicting the number
of wires cut considering a variety of orbital debris impact materials, velocities, and diameters.
Note that the expected number of penetrated wires increases with velocity, diameter, and density
of the projectile. Figure 7.3-4 shows the likelihood of an entire cable failing based on the
number of redundant wire failures. As shown, once more than half of the wires (i.e., 19 wires)
are penetrated in a 36-wire bundle, there is a 100 percent chance that two redundant wires have
been hit, thus disabling the critical instrument that the wire is feeding. The likelihood of critical
instrument failure increases with the number of wires penetrated until 100 percent is reached
when penetrating more than half the wires.
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Figure 7.3-2. Typical SPH Hydrocode Predictions for Steel and Aluminum Orbital Debris Impacts
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Once the number of penetrated wires are predicted through SPH hydrocode assessment and
associated with a probability of cable failure, the analyst can determine the probability of those
conditions occurring on orbit using ORDEM 3.0 [ref. 29]. In this case, an Excel spreadsheet was
developed that interpolates the size and velocity of steel and aluminum particles causing from

1 to 36 wire failures based on the hydrocode results, then calculates the likelihood of those
particle combinations impacting the cables for a 1-foot length of cable in a year.
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Figure 7.3-4. Probability of Critical Failure versus Wire Harness Size Given Randomly Placed
Redundant Wire Failure

Figure 7.3-5 shows the expected probability of orbital debris-induced cable failure for a 1-year
exposure of a 1-foot length of 6-, 18-, and 36-strand cables, where every strand within a cable
carries a critical function and has a redundant strand somewhere in the cable carrying the same
critical function. However, real spacecraft cables are often bundled together, shadowing one
another, and located in orientations and locations where other spacecraft components shadow
them. They also often carry more than just critical functions. As shown in Table 7.3-1, the
baseline number of fails determined from the analysis is multiplied by factors that represent
shadowing from different perspectives relative to the cable and a factor that takes into account
wire redundancy in each cable. The result is an estimated number of fails that is a factor of ~20
less than the baseline.
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Figure 7.3-5. Cumulative Number of Cable Failures for Three Cable Sizes (1-Foot Length,
Zentih/Nadir Orientation, 1 Year Exposure)

Table 7.3-1. Effect of Shadowing and Reduced Criticality on a Typical 8-Foot Cable

Shadowing Factors Criticality
Cable # Length Baseline Portside Front 45° Bundle Factor Adjusted
(ft) no. of (0°) (assumes no. of
fails redundant fails
wires)
1 2 0.446 0.5 0.46 0.84 1 0.5 0.043
2 2 0.446 0.5 0.46 0.84 0 0.5 0
3 2 0.446 0.5 0.46 0.84 1 0.5 0.043
4 2 0.446 0.5 0.46 0.84 0 0.5 0
Total | 1.784 Total | 0.086
Fails per Foot | 0.223 Fails per Foot | 0.011
Ratio of baseline no. of fails to adjusted no. of fails | 20.7

0O-9.

Assessing exposed wire bundle MMOD risk is complex, encompassing hard-to-

quantify failure contributions associated with variables such as wire redundancy,
bundle size, criticality, and failure modes. This results in a high level of uncertainty
for the critical failure probability prediction due to MMOD for JPSS-1.

Task 2: Evaluating an Enhanced MMOD Blanket Over Zenith Deck Wires

Based in part on the high computed risk of a critical wire bundle failure from the generic
approach (Task 1), JPSS decided to implement an enhanced MMOD protection design consisting
of betacloth-reinforced MLI suspended at a 5 cm standoff over a seven layer betacloth and

Kevlar® blanket, draped over the exposed wire bundles, as shown in Figure 7.3-6. It is

noteworthy that 99.5 percent of orbital debris approaches from within the X-Y (orbital) plane,
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and that orbital debris approaching from the Y-axis (from the “front” as viewed by the spacecraft
or ram direction) makes up nearly 50 percent of this flux. The impact velocity would be

14.6 km/sec and impact the blanket at 75° obliquity relative to the exposed wires on the zenith
deck. The ultimate objective was to develop a design that prevented penetration of 3 mm
aluminum spheres from the worst-case impact conditions shown in Figure 7.3-7.

Added 3 Layers Beta Cloth m-‘e."D.fjgmaI ML ' 73 deg

%ﬁs \

Kapton Spacer’, :
(Not Modeled) \__--

MMOD Blanket
1 Layer Beta Cloth
3 Layers Kewvlar

26 Strand Wira 1 Layer Beta Cloth

Figure 7.3-6. Enhanced Shield Configuration for Defeat of 3mm Aluminum Orbital Debris
Particles

As shown in Figure 7.3-7, SPHC analyses showed that the enhanced shield was capable of
preventing penetration of a 3 mm aluminum and 2.12 mm stainless steel orbital debris particle at

the stated conditions.

AL 3,0 / 14.81 75 Aluminum projectile SS 2.12 / 14.61 75g0q projectite
5 _ 14.61 kmls_ac ) Ti =0 14.61 km/sec
Time = 0 753 75 deg obliquity ime Hs 75 degrobliquity
e T . g =
I — 1 /- | e S J
‘ | 2.12 mm Stainless steel | [
Kapton + 5 Kevlar I sphere at 14.61 km/sec Kapton + 5 Keviar [ A
+ Kapton / i P - L. + Kapton ‘
, 2} | and 75 deg obliquity A~} /
\ i | { I marginally penetrated | L ™~ —J
‘ Vil i \;,f MMOD blanket | ) P
e wo g i (clipping 2 wires) Kapton + V'
& Kapton+ 7 = o< 2Lamiglas / e
g 2Lamiglas i, 2" layers J =
A SO Mayors ” 37-hex of single ~<)/
37-hex of single f“\'“\ J/ & conductor wires »
conductor wires
AL 3.0 / 14.61 75, Time = 100 s 3 MM Aluminum sphere SS 2.12 / 14.81 75, Time = 93 us
at 14.61 km/sec and
~~~~~~~~~~~~~~~~~~~~ I’ 75 deg obliquity did not T 5'
) 1 penetrate MMOD blanket ]
] i
‘ R i
N Conservatively assume g DA — e
ballistic limit for MLI/MMOD e S
blanket is 2.12mm Stainless "’—r\
steel and 3mm Aluminum at ' j
all (lower) velocities.

Figure7.3-7. Hydrocode Evaluation of Enhanced MMOD Shield for Steel and Aluminum Orbital
Debris
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Once the ballistic limit for the worst-case orientation (and highest orbital debris flux) was
determined using SPHC, the exposed area for the blanket (and wiring beneath it) was calculated
using the configuration shown in Figure 7.3-8. This area includes all regions where a wiring
harness might be present, not just the critical harness bundles themselves, which could not be
estimated reliably at the time of this assessment. As shown, the JPSS-1 spacecraft features
radiators on the sides of the spacecraft that block much of the orbital debris from approaching the
spacecraft from angles at 15° or more from the velocity vector.

Example: 25 Degree Approach Angle

Exposed Area Including Shadowing by Approach Direction (m:)
Region | SurfaczArea | Odeg 5 15 25 35 45 55 65 75 85
A 0.930 0.241  0.239603 0.233331 0.219177 0.098527 0.042508 0.013805 0.005134 0.000639 0.000218
B 0.454 0.118  0.117139 0.114073 0.053577 0 0 ] 0 0 0
/ C 0.527 0.137 0.135775 0.105777 0 0 0 0 0 0 0
§ D 0.142 0.037 0.036606 0.035648 0 0 0 0 0 0 0
E 0.129 0.033  0.033278 0 0 0 ] 0 0 0 0
Obliguity 75 75.1 75.5 76.4 77.8 79.5 81.5 83.7 86.1 88.7
Orbital Debris frotal Area 0.57 0.56 0.43 0.27 0.10 0.04 0.01 0.01 0.00 0.00

Approach Angles Exposed areas of wire harnesses by approach angle

Figure 7.3-8. Calculation of Exposed Areas for Wiring Harnesses by Approach Angle

Table 7.3-2 shows that for steel orbital debris particles, there is a 4.3 percent probability that one
or more orbital debris penetrations of the enhanced shield over the zenith deck wiring will occur
in the expected 7-year operation of the JPSS-1 spacecraft. Similarly, there is a 1.0 percent risk
for aluminum particles, resulting in a combined risk of 5.3 percent. Most of this risk results from
penetration by stainless steel particles due to their lower ballistic limit and higher flux on the
enhanced wiring shield.

NESC Request No.: T1-14-00948
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Table 7.3-2. Orbital Debris Penetration Risk for Enhanced Wiring Shield (Ppen = Probability of

Penetration)
Steel Projectiles (Ballistic Limit = 2.12 Aluminum Projectiles (Ballistic Limit = 3.00
mm) mm)

Approach Penetration Area Number of Penetration Area Number of
Angle Flux (m?) Penetrations Flux (m?) Penetrations
(deg.) (pens./m2-yr) in 7 years (pens./m2-yr) in 7 years

5 0.003448 0.562 0.0136 0.000678 0.562 0.0027
15 0.001757 0.488 0.0060 0.000505 0.488 0.0017
25 0.000942 0.272 0.0018 0.000259 0.272 0.0005
35 0.000688 0.098 0.00047 0.000184 0.098 0.000126
45 0.000549 0.042 0.00016 0.000149 0.042 4.38E-05
55 0.000484 0.013 4.4E-05 0.000129 0.013 1.17E-05
65 0.000462 0.005 1.62E-05 0.000116 0.005 4.06E-06
75 0.000471 0.0006 2.0E-06 0.000114 0.0006 4.8E-07
85 0.0000955 0.0002 1.34E-07 6.57E-05 0.0002 9.2E-08
Total Port | 0.0221 Total Port | 0.0051
Total Starboard | 0.0221 Total Starboard | 0.0051
Total Number of Penetrations | 0.0431 Total Number of | 0.0101
Penetrations

Conclusions

Two approaches were pursued to evaluate the risk from orbital debris penetration of exposed
JPSS-1 wiring. In the first case, a generic approach considering normal impact of the baseline
MLLI over wires resulted in an evaluation of wire damage that was very conservative in that it did
not consider the effects of obliquity and shadowing by other spacecraft components and
adjoining wiring, and could not be sufficiently refined to account for the exact wiring bundle
design, including redundancy.

In the second case, an enhanced orbital debris shield was evaluated to provide less than a

5.3 percent probability of penetration in 7 years when placed over the exposed wires. However,
shield penetration should not be equated to critical wire failure; the figure of 5.3 percent “risk” of
shield penetration is an upper bound for critical wire failure risk for the following reasons:

e Actual wire coverage is less than the coverage of the MMOD blanket (lowering critical
wire risk).

e There is a higher ballistic limit of the shield at other approach angles since that debris
approaches at a lower velocity.

e Shield penetration does not necessarily imply wire damage or failure.
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e There are inadequate impact test data for wiring harnesses available to correlate the
hydrocode simulations to actual performance.

e Not every wire is critical, and many wires are redundant.

e Many of the critical wires are placed below other wires, so more shadowing is likely than
was accounted for in this assessment.

Considering these factors, the probability of critical wire failure on the zenith deck may be less
than 1 percent.

Additional details for this assessment are included as Appendix E.

O-10. Preliminary NESC orbital debris risk assessments for representative wire bundles
leading from reentry-critical elements on the zenith surface of the JPSS-1 covered
only by baseline MLI predicted that a critical failure penetration per year might be
expected for every 100 feet of exposed cables, considering blockage from other
JPSS-1 wiring and equipment. This first order analysis was intended to give an
estimate of the order of magnitude risk for the wire bundles. This baseline risk
could be reduced through heavier MLI blanket/shielding protection over these
zenith bundles.

7.4  Debris Shape Assumptions

Prior NESC assessments of MMOD risk for the Constellation Program [ref. 30] and ISS [ref. 31]
noted that NASA risk assessments make the assumption that all orbital debris is spherical, with
the same outer dimension as the characteristic length called out in ORDEM 3.0 and previous
models. In reality, most orbital debris particles are not spherical. The characteristic length is a
description of the average of three major dimensions of any shape particle, and the use of a
spherical debris particle results in particles that are much heavier than the average particles
(which are also more representative of fragments from upper stage explosions or breakups).
NASA’s own Standard Breakup Model (SBM) is used to determine orbital debris reentry life,
and arguments have been made to include it or other models in future debris penetration risk
assessments (see charts from reference 30 in Figures 7.4-1 and 7.4-2). These prior studies,
considering such disparate structural designs as aluminum single walls, Whipple shields, and
thermal protection systems, indicate that the use of spherical debris assumptions is overly
conservative, arriving at orbital debris risk assessments that are higher by a factor of ~2
compared to SPH-based models.
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Fragment Shapes from Impact Experiments

NASA fired particles into satellites (on ground), & correlated debris radar cross
sections to characteristic length (Lc).

ANS8

+ X, y and z dimensions
é FRAGMENT
¥ X —maximum length TOP VIEW

@ y —maximum widt %
z - maximum thjckness
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Results showed small Lc particles were chunky; larger Lc particles were more
like flakes.

Based these and other tests, NASA proposed a x
particle that changes shape from cubes (small @
fragments) to flakes (for larger fragments) for

use in their Standard Breakup Model (SBM).

Lc=1mm Lc=5mm

Figure 7.4-1. Fragment Shapes from Impact Experiments [ref. 30]
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Standard Breakup Model (SBM) “Flake” Compared to
(Current) Sphere Debris Shape Assumption

Spheres are More Massive than SBM Fragments of the Same Lc

For the same Lc (characteristic length), spheres are heavier than cubes
(nuggets), and cubes are generally heavier than flakes—thus, they strike with a
higher energy at the same velocity, overpredicting risk.

Sphere, Lc =D Cubes SBM-Based Debris Flakes

Lc (mm) m (g) L(mm)] m(g) |L(mm)[T(mm)| m (g)
1.00 0.0015 0.6 | 0.0006| 0.60 0.60 | 0.0006
1.50 0.005 0.9 0.002 0.90 0.90 0.002
1.66 0.007 1 0.003 1.00 1.00 0.003
2.00 0.012 1.20 0.005 1.29 1.07 0.005
2.50 0.023 1.50 0.009 1.75 1.16 0.010
3.00 0.04 1.80 | 0.016 | 2.22 1.23 0.017
3.50 0.063 2.10 0.026 2.71 1.30 0.027
4.00 0.094 2.40 0.039 3.20 1.35 0.039
4.50 0.134 2.70 0.055 3.70 1.41 0.054
5.00 0.183 3.00 0.076 4.20 1.45 0.072
5.50 0.244 3.30 0.101 4.69 1.49 0.092
6.00 0.317 3.60 0.131 5.19 1.53 0.116
6.50 0.403 3.90 | 0.166 | 5.70 1.57 0.143
7.00 0.503 4.20 0.208 6.20 1.61 0.173
7.50 0.619 4.50 0.255 6.71 1.64 0.207
8.00 0.751 4.80 0.31 7.22 1.67 0.244
8.50 0.900 5.10 0.372 7.73 1.70 0.285
9.00 1.069 5.40 | 0.441 | 8.24 1.73 0.329
9.50 1.257 5.70 0.519 8.75 1.76 0.377
10.00 1.466 6.00 0.606 9.27 1.78 0.429

Sphere

T =LforL<1mm
=L %®forL>1mm

< > SBM-Based Flake

Figure 7.4-2. SBM “Flake” Compared to Sphere Debris Shape Assumption (Current Assumption)

The following finding and observation are related to orbital debris shape.

F-24. Assuming a spherical debris shape is a source of uncertainty in the MMOD risk
assessment, some studies suggest assuming a spherical shape (versus cubes or flat
plates of the same critical length) may overestimate risk by a factor of ~2.
However, not all potential debris shapes have been examined for their effect on

O-11.

risk.

The ORDEM 3.0 environment does not explicitly describe the expected shape, or
range of shapes possible in the orbital debris environment. It accounts for non-
spherical particles when determining debris populations from the radar sources,
while assuming spherical particles when associating particle sizes with crater
sizes (in situ environment).
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7.5

Pressure Vessel Failure Criteria

When the NNO BLE is applied to pressurized elements of the JPSS-1 (e.g., the propellant tank),
the wall thickness of the tank, which is the inner wall of a dual-wall (i.e., Whipple) shield, is
assumed to be 50 percent of its actual thickness based on the following argument:

1.

2.

Inner wall “failure” as used in development of the NNO BLE is defined as detached rear-
side spall, even without an actual through-hole or perforation of the inner wall.
According to reference 32, to avoid rear-side detached spall, the thickness of a thin plate
must be between 1.8 and 2.2 times the maximum expected crater depth in the thin plate.
If an average value of 2.0 is used, this means that implicit in the NNO BLE is a
maximum allowable crater penetration depth of 50 percent before inner wall failure is
said to occur.

According to reference 33, to prevent pressurized tank failure, maximum crater
penetration depth cannot exceed 25 percent of the tank wall thickness.

Therefore, in order for the NNO BLE to be used in the prediction of the failure response
of a pressurized tank, only 50 percent of the actual rear wall thickness is to be used as an
input value.

The implementation of this “25 percent thickness rule” is illustrated in Figure 7.5-1. This figure
also shows the difference between the initial design parameters of the JPSS-1 tank and those
used in the initial Bumper runs. First, the MLI blanket, with an areal density of 0.32 g/cm?, has
been equivalenced to a thin aluminum bumper, and then the thickness of the titanium wall has
been reduced by 50 percent (although the wall material, in this particular case, was kept as
titanium and not equivalenced to aluminum).
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Failure Criteria:
25% penetration depth of the 0.127cm
- thick titanium propellant wall tank
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Figure 7.5-1. Application of the “25 Percent Thickness Rule” for the Exposed Portion of the JPSS
Propellant Tank

While the above argument regarding the “25 percent thickness rule” appears to be self-
consistent, several important points must be taken into consideration if the NNO BLE is to be
applied to pressurized structural elements in this fashion.

1) The actual allowable thickness rule or criterion in [ref. 33] consists of two parts:

a. “The concentrated damage area should not exceed 1 inch in diameter.
b. The reduction in cross-sectional area (crater and spall) must not exceed
25 percent of the wall thickness.”

At present, it is not clear as to whether or not the first part of the criterion has been discussed or
checked to determine if it has been met for the geometries and impact conditions of interest on
JPSS-1. Furthermore, the wording in the second part may be confusing as written. This second
part of the criterion speaks to a reduction in cross-sectional area, not a reduction in cross-
sectional thickness (although the allowable reduction in area is related to a fraction of the initial
wall thickness). First of all, area cannot be reduced by a length. Secondly, unless one bounds
the edges of a region, how can initial and final cross-sectional areas be compared?

2) The allowable thickness rule in reference 33 was based on a series of seven tests, all
performed under the following nearly identical conditions:
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“.. 0.32-cm-diameter glass spheres were impacted on shielded tanks at 7.0 km/sec.
The tanks were made of type 6Al-4V titanium alloy and were pressurized with
alcohol to 960 Ib/in? to develop a hoop stress of 90,000 Ib/in%. Aluminum shields
were placed 1 inch from the tank walls. In seven tests, no tanks were ever ruptured,
and there was no spallation inside the tank. The front-surface cratering was
nominal, and the total reduction in cross-sectional area was less than 25 percent.
Concentrated damage was confined to a 1/2-inch circular area.”

No documentation has been found indicating that in the 45 years since this rule first appeared, it
has ever been checked for applicability to materials and impact conditions other than those from
which it was developed. Further, these seven tests resulted in no spallation or rupture. So they

represent conservative acceptance criteria, not necessarily a definition of a failure condition.

Although mentioned briefly in Section 4.2.3.2 of NASA-SP-8042 (Space Vehicle Design
Criteria: Meteoroid Damage Assessment), a review of more current NASA standards reveals that
neither NSS 1740.14, nor NASA-STD 8719.14A, nor NPR 8715.6A, nor the DAS 2.0 User’s
Guide offer any information on the subject of how to design pressurized volumes intended to
operate in the MMOD environment.

To determine what modification DAS 2.0.2 performs regarding allowable penetration depth for
pressure vessels, several runs were performed using DAS 2.0.2 and a generic pressure vessel.
The orbit was not considered to be a contributor, so simple default parameters of 500 km
circular, 28.5° inclination, 1 year, 100 kg, and 0.01 m?/kg were used in the Mission Editor. A
post-mission disposal maneuver was specified to limit the assessment period to 1 year in all
cases. The generic tank used had a 4 g/cm? areal density and a 1 m? critical surface area, with no
additional shielding. This baseline tank was initially specified as pressurized. DAS was then run
again using parameters and tanks identical to this first run tank, except in subsequent runs (1) the
tanks were not pressurized, and (2) a variety of areal densities were used to simulate different
allowable penetration depths. All tank critical surfaces in all of the runs were oriented directly
into the ram direction to maximize the risk result (and therefore to better highlight any
differences). The MMOD risk for each case was calculated by DAS and is shown in Table 7.5-1.
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Table 7.5-1. MMOD Risk Assessment Results Calculated by DAS for a Generic Pressure Vessel

Critical Area.\l Surface Pressurized? DAS 2.0.2
Surface Density Area (m?) (yes/no) Calculated
(g/cm?) MMOD Risk
Tank - Full
Thickness 4 1 yes 0.018997
Tank-1/2
Thickness 2 1 no 0.001599
Tank - 1/4
Thickness 1 1 no 0.009470
Tank-1/8
Thickness 0.5 1 no 0.075316
Tank -1/5
Thickness 0.8 1 no 0.018977

As shown in Table 7.5-1, the reported risk for the initial baseline case (with a 4 g/cm? areal
density) was 0.018997 (~1.9 percent). Furthermore, the results for the case where the tank was
unpressurized and where its wall thickness was simulated as one-fifth as thick as the baseline
wall thickness (or put another way, for the case where the maximum allowable penetration depth
was 20 percent of the original wall thickness) exactly matched the baseline case. This indicates
that when a component is specified as pressurized, DAS 2.0.2 multiplies the areal density by
0.20 (and not 0.25), effectively dividing the tank wall thickness by a factor of five (i.e., allowing
a penetration depth of only 20 percent of the original wall thickness). By adding an identical
MLI layer to all cases and running DAS again, it was confirmed that this compensation factor
applies only to the pressurized vessel wall itself. This was confirmed by examination of the
actual DAS program, which revealed the following lines of code:

IF (PRESS) THEN
SIGMATOT=0.2D0*SIGMABW
FAILURE
ELSE
SIGMATOT=SIGMABW
ENDIF

IONLY NEED TO PENETRATE 20% OF
IPRESSURE WALL TO CAUSE

Since (1) areal density is equal to material bulk density multiplied by the wall thickness, and

(2) DAS considers wall failure to occur when the rear side of a wall is breeched (that is, DAS
considers a penetration depth of 100 percent of the wall thickness to be a failure, and not just a
50 percent penetration depth as does Bumper), this reduction by DAS in the areal density and, by
implication, a corresponding reduction in the thickness, of a pressurized tank wall to

20 percent = one-fifth of its original value would be equivalent to specifying a maximum



NASA Engineering and Safety Center Document Versior:
Technical Assessment Report NESC-RP- 11
14-00948
Page #:
JPSS MMOD Assessment 129 of 220

allowable penetration depth of 40 percent in Bumper (instead of the currently assumed and used
value of 50 percent in Bumper).

This use of a 20 percent reduction factor (instead of 25 percent, which would correspond to a
maximum allowable penetration depth of 50 percent in Bumper) may be an attempt to add an
additional layer of conservatism to the DAS calculation process.

F-25. Apollo-era failure criteria for pressure vessels are being applied to modern era
spacecraft without tests or analysis to confirm their applicability.

7.6 Updated JPSS Risk Assessment

As the JPSS design evolved during the course of this NESC activity, members of the NESC team
participated in telecons among NASA and contractor JPSS personnel to give real time
recommendations to improve MMOD shielding and assessed risk posture. These
recommendations played a part in improving the component-level MMOD risk assessments,
along with improvements already underway. The critical component risk assessments as of the
conclusion of this activity (October 2014) are shown in Table 7.6-1 for comparison to the risk
numbers at the beginning of this activity (March 2014). Each of the components saw varying
degrees of improvement in values for assessed risk. Most of the components received additional
MMOD protection from the addition of either layers to MLI or MMOD blankets. A protective
cover was added to the propulsion tank. The results of these modifications combined with a
better understanding of the configuration and operational conditions is displayed in Table 7.6-1.
JPSS did not perform risk assessments for those components that were not part of the reentry
package (e.g., the science instruments). Consequently, the NESC team did not consider how
MMOD risk would affect mission success.
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Table 7.6-1. Risk Assessments for JPSS-1 Critical Components for Designs as of May 2014
compared to October 2014

Component Probability of Penetration
ORDEM2000/ ORDEM 3.0/ ORDEM 3.0/
SSP 30425 (May MEMR2 (May MEMR?2 (Oct.
2014) 2014) 2014)

Propellant Tank 1.1% 26.0% 0.22%

Propellant Lines 3.2% 49.7% included with

Propellant Tank

Battery #1 (Sthd) 1.2% 40.9% 0.84%

Battery #2 (Port) 1.3% 43.4% 0.64%

Command and Telemetry Unit (CTU) | 0.5% 9.7% 0.3%

PCDU #1 (Stbd) 0.1% 0.3% 0.21%

PCDU #2 (Port) 0.1% 0.3% not assessed

SCP #1 (Forward) 0.7% 14.5% 0.81%

SCP #2 (Aft) 0.2% 2.9% 0.29%

The following observations are related to the JPSS-1 risk assessment process.

O-12.

O-13.

O-14.

Preliminary assessments of risk are most often characterized by a conservative
initial approach, including use of the minimum standoff and density of shielding,
minimum thickness of rear wall material, and use of the lowest applicable ballistic
limit relationship. The JPSS Project has followed this practice for JPSS-1, refined
subsequently by program inputs in locations where the MMOD risk was seen to
be a driver (e.g., the propulsion tank). Continued refinement of shielding
characteristics and failure criteria could lead to a reduction in assessed risk.

The fidelity of the penetration risk modeling improved throughout the assessment

as more details became available and analysts refined the model.

. The spacecraft construction is complex, and representing the applicable
details of the construction in the model accurately is difficult.

The required MMOD risk assessment for safe reentry has been performed, but risk

assessment for mission success has not.

. There is no NASA requirement to perform MMOD risk assessment for
MIission Success.
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7.7 Correlation of MMOD Environment Models to Failure History

The NESC team considered the possibility of using historical data from satellite failures to
evaluate the orbital debris models. In other words, how close do any of the orbital debris models
come to predicting either actual failures or observed penetrations?

The first element of a comparison is to determine what type of data is available. In situ data
exists only for spacecraft components that have been returned to Earth. The Space Shuttle
orbiter window and radiator impact data were used to develop ORDEM?2000 and ORDEM 3.0.
So, as expected, the MMOD risk assessments produced using these models agree relatively well
with the impact damage. LDEF was used for ORDEM2000 and was considered too old to be
useful for ORDEM 3.0. Other impact data were similarly rejected for being out of date including
solar array panels from the HST (one recovered in 1993 and one in 2002), Solar Max hardware
flown from 1980-1984, the EuReCa from 1993, and other MIR and ISS witness plates. All of
these sources represent exposure at altitudes from 400 to 600 km because they flew at an altitude
that allowed recovery via the Space Shuttle and therefore they would not provide any in situ
information for the altitudes of greatest interest where the models are predicting higher orbital
debris fluxes (e.g., JPSS-1’s 824 km altitude).

MMOD impacts may also present themselves as anomalies occurring in operational satellites.
There are several challenges in using these data to “validate” orbital debris models. Much of the
data on satellite failures that has been collected is unavailable due to reluctance on the part of
satellite owners and operators to sharing data relative to failures. These data are sometimes
considered proprietary information, or the operators are concerned about maintaining reputation.
Information on DoD assets is also usually unavailable due to national security concerns. For
failure data that do exist, it can be difficult to pinpoint the root cause for a given failure as one
due to an MMOD impact. Satellite operators typically place a higher priority on returning the
spacecraft to active service over troubleshooting the root cause. Also, there may not be enough
information to identify whether a specific anomaly was caused by an MMOD impact. This
places a high level of uncertainty on establishing an MMOD-related failure rate for a given
satellite population.

If a failure rate is obtained, there are further challenges to correlating that rate to the environment
models. There is sometimes a misconception that the MMOD environment models directly
result in a risk of penetration. In reality, the environment models are only one of several
contributors to an MMOD risk assessment, which is produced using a software application such
as DAS or Bumper. Any perceived disconnect between the calculated MMOD-related satellite
anomaly rate and MMOD risk assessment is due to other factors along with the MMOD
environment models. These other factors include the failure criteria, the fidelity of the risk
assessment, and the BLEs chosen. In addition, very few detailed MMOD risk assessments have
been performed for robotic spacecraft, limiting the efficacy of a statistically significant
correlation. JPSS-1 may present a unique opportunity to gain some insight into its risk
predictions. The predecessor to JPSS-1 in the JPSS constellation, S-NPP, uses the same general
design as JPSS-1, with some reorientation of components and a few different subsystem designs.
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JPSS-1 has undergone a detailed MMOD risk assessment that could be assumed to apply to
S-NPP, with some modification (the S-NPP assessment performed before launch was not as
detailed or as rigorous as the JPSS-1 assessment). For over 3 years, S-NPP has been in the same
orbit as JPSS-1. Comparing the anomaly record of S-NPP to the risk for JPSS-1 may provide
some useful insight into the risk assessment process for JPSS-1. The NESC team considered
applying Bayesian statistical analysis to the S-NPP anomaly history to quantify uncertainty in
ORDEM 3.0, but determined that the uncertainties in the analysis were too great to achieve
confidence (See Section 9.0 for an alternate viewpoint). In addition, the S-NPP mission reported
anecdotally that no on-orbit anomalies had occurred to that time that could be attributed to
MMOD strikes.

The following finding and observation are related to comparisons of satellite historical data to
MMOD risk assessments for the purpose of risk assessment validation.

F-26. Itis difficult to correlate recorded spacecraft failure rates with those predicted by MMOD
models. Reasons for this include:

1. Spacecraft operators are either reluctant to share failure data or unable to discern the
cause of failures so it is problematic to obtain MMOD-induced failure rates for
operational spacecraft.

2. Failure criteria may drive the risk assessment for MMOD as much, if not more, than
variations in the environment model.

3. Most operational spacecraft have not undergone MMOD risk assessments to predict
the expected failure rate.

O-15. S-NPP has a similar design and operates in the same orbit as JPSS-1. The risk of
MMOD-induced damage on JPSS-1 can, to some extent, be compared to the performance
of S-NPP. However, that comparison may become statistically meaningful only after a
long period with no failures or after experiencing many failures.

8.0 Findings, Observations, and NESC Recommendations
8.1  Findings
The following findings were identified:

F-1. The degree of uncertainty present in the prediction of the 3 mm orbital debris flux by any
orbital debris model at altitudes higher than 600 km has not been characterized, but is
expected to be large because of the lack of direct measurements of orbital debris particles
smaller than 3 mm at altitudes higher than where the Space Shuttle orbiter operated.

F-2.  For the flux for particles < 3 mm, orbital debris model validation for altitudes above
600 km is most effective using in situ data.

F-3.  The four models that were compared (ORDEM 3.0, ORDEMZ2000, MASTER-2009, and
the current version of ADEPT) agree within a factor of ~2 for most debris sizes larger
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F-6.

F-8.

than 3 mm, where ground radar has provided data describing the environment over a
large range of altitudes.

The models disagree significantly for particles < 3 mm, which is also the size that poses
the highest penetration risk to most spacecratft.

A higher 1 mm particle flux and assumptions behind the source of those particles
constitute the primary drivers for the differences in flux between ORDEM 3.0 and
ORDEM2000.

There are four factors contributing to the divergence of flux values between
ORDEM2000 and ORDEM 3.0 from 400 to 600 km up to the JPSS orbital altitude:

1. In ORDEMZ2000, high-eccentricity intact objects were assumed to have a
significantly higher particle production rate relative to low eccentricity intact objects.
ORDEM 3.0 does not make a distinction between the rate of production from high-
eccentricity and low-eccentricity intact objects, so its 1 mm population has a higher
relative contribution from circular orbits than does ORDEMZ2000.

2. The impact data for ORDEM 3.0 identify a higher proportion of particles as stainless
steel/high density at the higher altitudes, the source of which is assumed to come
from intact objects (e.g., spacecraft and rocket bodies) in low eccentricity/high
inclination orbits.

3. ORDEM 3.0 includes high density particles, which are not included in ORDEM2000.
The higher density particles, with a lower area to mass ratio, will decay less rapidly
than medium density particles assumed for ORDEM2000, contributing to a greater
total flux at higher altitudes.

4. Surface degradation model particle emanation rates in ORDEM2000 and ORDEM
3.0 are significantly different.

The greater JPSS MMOD risk using ORDEM 3.0 compared to ORDEM2000 is due to
two factors:

1. ORDEM 3.0 has a ~13x higher particle flux than ORDEM?2000 at the JPSS orbital
altitude.

2. ORDEM 3.0 contains high density particles. Smaller high density particles cause the
same amount of damage as larger medium density particles and are more numerous.
ORDEM2000 does not model high density particles.

Because all the orbital debris models are consistent at all altitudes for debris fluxes of
particles ~3 mm and larger, designing spacecraft to withstand impacts by particles up to
3 mm in diameter will provide the least uncertainty in orbital debris risk.

The orbital debris risk for JPSS-1 would be reduced if the orbital altitude were <800 or
>1000 km.
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F-10.

F-11.

F-12.

F-13.

F-14.

e The results of the orbital debris model comparisons showed the highest flux
between 800 and 1000 km for all of the orbital debris models analyzed.

In spite of the identified uncertainties, ORDEM 3.0 possesses several advantages over
ORDEM2000, MASTER-2009 and the current version of ADEPT:

1. ORDEM 3.0 incorporates the most extensive use of Space Shuttle impact data,
including residue chemical analysis. As a result of safety concerns about the orbiters,
radiator and window surfaces represent the most complete, thoroughly examined
returned spacecraft surfaces.

2. MASTER-2009 and ADEPT do not predict the 1 mm particle flux reflected by the
Space Shuttle impact data.

3. ORDEM 3.0 contains high density particles that are not included in the other models,
but are present in the Space Shuttle impact data.

4. ORDEM 3.0 includes an updated large-object catalog, including contributions from
the FY-1C event, the Iridium-Cosmos collision, and other recent debris-producing
events. ORDEM2000 includes none of these, MASTER-2009 includes only the
FY-1C debris, and ADEPT includes FY-1C and Iridium-Cosmos debris.

No source for 1 to 3 mm steel debris particles in ORDEM 3.0 has been definitively
identified. Possible contributors include:

1. Surface degradation (e.g., collisions with MMOD) of stainless steel rocket stages with
thicknesses near 1 mm.

2. Explosions of non-passivated stages.

3. Ejecta from non-catastrophic collisions. The debris population model in LEGEND
does not include ejecta from impacts from particles from 1 to 10 cm, nor a ground-
tested non-catastrophic collision model that may apply to upper stages.

ORDEM 3.0 has no technical documentation describing the validation and verification or
user guide information detailing the best uses and limitations.

1. Data for this assessment was provided to the NESC team by ODPO in the form of
presentations, spreadsheets, and verbal exchanges.

The assessed risk associated with meteoroids for individual JPSS components is roughly
two orders of magnitude smaller on average than the assessed risk from orbital debris
when using ORDEM 3.0 and MEMR?2. The difference is roughly one order of magnitude
when using ORDEM2000 and SSP 30425.

The meteoroid flux for 0.1 to 10 mm diameter sizes given by MEMRZ2 is within an order
of magnitude of that produced by the Divine-Staubach model, which is used by
MASTER-2009.
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F-15.

F-16.

F-17.

F-18.

F-109.

F-20.

F-21.

MEM was reviewed by the NESC in 2009 [ref. 15] and found to be appropriate for use in
MMOD risk assessments. MEMR?2 differs from MEM primarily in the graphical user
interface. Neither MEM nor MEMR?2 assess uncertainties, which was discussed in the
2009 NESC report.

Over 90 percent of the orbital debris impacting the JPSS-1 spacecraft have a velocity
above 7 km/s, with an average velocity over 12 km/s. Because of this, the BLE Region
I11 curve requires critical understanding.

The choice of 9.1 km/s as the Region Il to Region 11 transition velocity for steel-on-
aluminum uses valid reasoning and assumptions and realistically models the
phenomenology associated with the HVI of a steel projectile on a thin aluminum plate.
However, this value may not be an appropriate choice for other bumper materials
(e.g., MLI).

There are no BLESs available that were developed specifically for the JPSS-1 structural
elements. As a result, risk assessments are being performed using equations that were not
developed for the materials or wall configurations used on JPSS-1. Using the modified
NNO, adjusted for materials used by JPSS, may be predicting smaller critical diameters
(i.e., increased assessed risk) than would BLEs purposely developed for actual JPSS-1
configurations.

The BLEs used for JPSS were developed for manned spacecraft and take a conservative
approach to model spacecraft penetrations beyond a 7 km/s normal impact velocity.

1. HVI test results suggest that the actual Region 11l BLE may provide higher
performance and yield less assessed risk than currently assumed in the modified NNO
BLE.

2. Using a modified Wilkinson BLE (80 percent of original Wilkinson BLE, as
recommended by Elfer and Bjorkman) resulted in a factor of ~3.4 lower probability
of penetration for a 1 meter cube at the JPSS orbit than the NNO BLE.

Use of the NNO BLE for fixed shield thickness and a range of impactor diameters, as
specified by an environment model like ORDEM 3.0, will result in an over-prediction of
damage fluence (i.e., increased conservatism) by smaller impactors.

The JPSS configuration used to perform the MMOD risk assessment resulted in a
9.7 percent failure risk for the CTU contained configuration inaccuracies. These
deviations tended to underestimate the assessed risk:

1. The risk assessment assumed a 5 cm (2-inch) stand-off between the MLI blanket and
the CTU, while the actual stand-off varies and is less than 5 cm in some locations.

2. The risk assessment used a MLI density of 0.091 g/cm?, while the actual blanket has a
density of 0.034 g/cm?.
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F-22.

F-23.

F-24.

F-25.

F-26.

8.2

Higher fidelity analyses of the internal structure and expected failure modes for critical
electronics box interior elements aboard JPSS-1 (i.e., examining the resistance of interior
critical elements to penetration within each box) may result in a lower MMOD assessed
risk for those boxes (compared to assuming any box penetration is a failure).

1. This examination must be balanced with long-term concerns over interior box
element contamination from penetrations.

2. This is a first-order assessment and thorough risk evaluation would require HVI
testing to verify hydrocode results.

Exterior wire bundles, especially those on the most-exposed zenith side, on JPSS-1 have
not been considered in the risk assessment, and their inclusion in future risk assessments
can be expected to increase the assessed MMOD risk.

Assuming a spherical debris shape is a source of uncertainty in the MMOD risk
assessment, some studies suggest assuming a spherical shape (versus cubes or flat plates
of the same critical length) may overestimate risk by a factor of ~2. However, not all
potential debris shapes have been examined for their effect on risk.

Apollo-era failure criteria for pressure vessels are being applied to modern era spacecraft
without tests or analysis to confirm their applicability.

It is difficult to correlate recorded spacecraft failure rates with those predicted by MMOD
models. Reasons for this include:

1. Spacecraft operators are either reluctant to share failure data or unable to discern the
cause of failures, so it is problematic to obtain MMOD-induced failure rates for
operational spacecraft.

2. Failure criteria may drive the risk assessment for MMOD as much, if not more, than
variations in the environment model.

3. Most operational spacecraft have not undergone MMOD risk assessments to predict
the expected failure rate.

Observations

The following observations were identified:

O-1.

0-2.

The NASA standard break-up model used by LEGEND does not account for the 1 mm
population observed in Space Shuttle impact data.

The surface degradation model in ORDEM 3.0 dominates the population particles smaller
than 3 mm.

1. This is based on a default assumption that intact object surface-degradation generates
particles that caused the Space Shuttle impacts.

2. Because of the orbital distribution of the source intact objects, most debris-producing
surfaces are located in near-circular orbits between 700 and 1000 km altitude.
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O-4.

O-5.

O-6.

O-7.

0-9.

0O-10.

The generation of 1 mm stainless steel debris via surface degradation in ORDEM 3.0 is
assumed to continue into the future beyond the dates of Space Shuttle impact data.

The credibility assessment methodology in NASA-STD-7009 (NASA Standard for
Models and Simulations) was useful in providing a high-level evaluation of ORDEM 3.0,
highlighting opportunities for overall improvement and confidence building in the model.
This was especially the case for orbital debris particle regimes <3 mm, where focus areas
include validation, input pedigree, results uncertainty, results robustness, and model and
simulation management. OSMA has determined that this standard is not mandatory for
ORDEM 3.0, and an evaluation of this decision was outside the scope of this assessment.

MEMRZ2 is calibrated to ground-based radar observations and the data from which the
Grun flux was derived.

ESA’s iIMEM model is based on modeling and limited in situ measurements. ESA has
recently concluded that iMEM is not representing the meteoroid environment adequately
and is initiating an extensive rework of the model. The Divine-Staubach model (used in
MASTER-2009) is also no longer used by ESA.

NASA TM-2009-214789 (Ref 24) appears to apply the Reimerdes BLE dual wall-to-
single wall transition factor, F,”, differently than specified by Reimerdes et al. [ref. 22]

and verified mathematically by the NESC team. Reference 9 applies FZ* to the critical

particle diameter, while the prescribed method in reference 22 is to apply Fz*to the
critical wall thickness.

There appears to be an error in the algorithm that defines the ratio of critical wall
thickness from the single wall BLE to that from the NNO BLE (r;, ) in the Reimerdes

BLE definition set forth by Reimerdes et al. in reference 22. The specification in
reference 22 to evaluate the r;,, parameter only at the high velocity region boundary

results in a BLE curve (impactor diameter versus critical wall thickness) that exceeds the
single wall curve as the impactor diameter increases, instead of approaching the single
wall curve asymptotically as would be expected. Evaluating the r;,, parameter at the

actual normal component of impact velocity appears to rectify the problem.

Assessing exposed wire bundle MMOD risk is complex, encompassing hard-to-quantify
failure contributions associated with variables, such as wire redundancy, bundle size,
criticality, and failure modes. This results in a high level of uncertainty for the critical
failure probability prediction due to MMOD for JPSS-1.

Preliminary NESC orbital debris risk assessments for representative wire bundles leading
from reentry-critical elements on the zenith surface of the JPSS-1 covered only by
baseline MLI predicted that a critical failure penetration per year might be expected for
every 100 feet of exposed cables, considering blockage from other JPSS-1 wiring and
equipment. This first order analysis was intended to give an estimate of the order of
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O-11.

O-12.

O-13.

O-14.

O-15.

8.3

magnitude risk for the wire bundles. This baseline risk could be reduced through heavier
MLI blanket/shielding protection over these zenith bundles.

The ORDEM 3.0 environment does not explicitly describe the expected shape, or range
of shapes possible in the orbital debris environment. It accounts for non-spherical
particles when determining debris populations from the radar sources, while assuming
spherical particles when associating particle sizes with crater sizes (in situ environment).

Preliminary assessments of risk are most often characterized by a conservative initial
approach, including use of the minimum standoff and density of shielding, minimum
thickness of rear wall material, and use of the lowest applicable ballistic limit
relationship. The JPSS Project has followed this practice for JPSS-1, refined
subsequently by program inputs in locations where the MMOD risk was seen to be a
driver (e.g., the propulsion tank). Continued refinement of shielding characteristics and
failure criteria could lead to a reduction in assessed risk.

The fidelity of the penetration risk modeling improved throughout the assessment as
more details became available and analysts refined the model.

1. The spacecraft construction is complex, and representing the details of the
construction in the model accurately is difficult.

The required MMOD risk assessment for safe reentry has been performed, but risk
assessment of mission success has not.

1. There is no NASA requirement to perform MMOD risk assessment for mission
success.

S-NPP has a similar design and operates in the same orbit as JPSS-1. The risk of
MMOD-induced damage on JPSS-1 can, to some extent, be compared to the performance
of S-NPP. However, that comparison may become statistically meaningful only after a
long period with no failures or after experiencing many failures.

NESC Recommendations

The following NESC recommendations were identified and directed towards the JPSS, ODPO,
HVIT, MEO, and NASA/OSMA unless otherwise identified:

Directed to JPSS

R-1.
R-2.

R-3.

Use MEMR?2 as the meteoroid model in JPSS-1 MMOD risk assessments. (F-15)

Use ORDEM 3.0 as the orbital debris model in JPSS-1 MMOD risk assessments,
recognizing that there are large uncertainties associated with the unknown source of
stainless steel particles. (F-10)

Assess the MMOD risk for JPSS-1 wire bundles, include in the overall JPSS-1 risk
assessment, and add additional protection if necessary. (F-23, 0-9, 0-10, O-14)
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R-5.

R-6.

R-7.

Develop BLEs using materials (especially MLI) that are specific to JPSS-1.
(F-18, F-19, F-17)

Conduct trades to determine MLI thickness, spacing, and other elements (e.g., Kevlar®
blankets) that will optimize penetration risk for electronics boxes such as the CTU, SCP,
and PCDU. (F-22, 0-15)

Add spacers to maintain the desired stand-off between the MLI and critical elements
(e.g., CTU). (F-22, F-18, O-15)

Explore methods to modify the NNO BLE to account for the impeding effect of shield
thickness larger than the critical value. (F-18, F-19, F-20)

Directed to ODPO/HVIT

R-8.

R-9.

R-10.

R-11.

Concentrate efforts toward characterizing and reducing the uncertainty in ORDEM 3.0.
(F-1, F-3)

1. Recommendations R-9, R-10, R-11, and R-19 will help to bound and define the
uncertainty.

2. Sensitivity studies that vary assumptions and contributors will also help to bound the
model uncertainty.

3. Allowing for periodic updates to the model for solar flux intensity will help to
reduce uncertainty.

Work to identify the source of 1 mm stainless steel particles. This includes creating a
comprehensive database of satellite/rocket body material composition and investigating
rocket engine firings as a possible source. (F-1, F-3, F-4, F-5, F-6, F-11, O-2, O-3)

Pursue ground testing to improve break-up models, which would include explosion/HVI
testing of complex surfaces representing spacecraft and rocket body structures.
(F-1, F-3, F-4, F-5, F-6, 0-1)

Use available in situ impact data to help validate ORDEM 3.0 at 400-600 km.
(F-1)

1. Impact data from the HST Wide Field Planetary Camera is a possible data source.
These impact data have just been received by the ODPO and still need to be
formatted for use.

2. Two HST solar arrays have been returned and examined by ESA for impacts. To
date, the raw data have not been available.

Materials ISS Experiment data may be a data source.

4. These data sources may not include chemical analyses to identify impactor material
composition.

5. Look for variations in the data based on altitude.
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R-12.

R-13.

R-14.

R-15.

R-16.

R-17.

Document the data analysis and modeling in ORDEM 3.0 and its validation and
verification. Incorporate in the user’s guide information detailing best uses and
limitations of the model. (F-12)

Perform HVI testing (especially in Region I11) to produce and refine BLEs for steel and
aluminum projectiles on typical materials and configurations used by robotic satellites.
(F-18, F-19, F-17, F-16, O-15)

Perform HVI testing to interrogate effect of shape (e.g., cube and flake-shaped particles)
on the orbital debris model and penetration risk. (F-24, O-11)

Update pressure vessel HVI failure criteria for structural materials and impact conditions
that metallic spacecraft pressurized elements will likely encounter based on existing data
and HVI testing. Use the Apollo-era maximum allowable pressure vessel penetration
depth criterion of 25 percent of the pressure shell thickness until the updated assessments
are available. (F-25)

Document guidelines for selection and use of BLEs and failure criteria (e.g., limits for
stand-offs, obliquity cut-off, and non-aluminum materials).
(F-18, F-19, F-17, F-16, F-25)

Include internal component configuration inside electrical boxes when assessing MMOD
failure criteria, which includes consideration of post-penetration contamination. (F-22)

Directed to MEO

R-18.

Incorporate uncertainties in MEMR2 revisions. (F-15)

Directed to NASA/OSMA

R-19.

Increase efforts to directly characterize the debris environment, especially at altitudes

above 600 km for which there is currently no in situ data. (F-1, F-2, F-4, F-5, F-6, F-7)

e Note: Possible ways in which this could be accomplished include examining impact
craters on spacecraft at higher altitudes using advanced telescopic imaging, or
dedicated missions to directly measure orbital debris at 600+ km altitudes (e.g., the
Debris Resistive/Acoustic Grid Orbital Navy-NASA Sensor (DRAGONS) in
development to detect MMOD impacts) -- including sample retrieval to analyze the
impacts for material composition. As an example, the three Pegasus missions in the
1960's obtained direct in situ measurements of the meteoroid environment in LEO.
Those measurements have provided an essential description of the meteoroid
environment for the last 45 years.

R-20. Create a database of spacecraft anomalies to track and understand MMOD-induced

failures. (F-25)
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R-21. lIssue guidance regarding the conditions for incorporation of orbital debris models into
MMOD risk assessments for both new and existing designs. (F-3, F-10)

1. Specific guidance is needed for the use of the DAS assessment tool in the interim
until ORDEM3.0 is incorporated into it. Guidance is also needed not only on when
ORDEMS3.0 is to be phased in, but also how it is to be used.

R-22. Ensure that independent and external peer reviews of technical content and software are
performed prior to all new orbital debris model releases. (F-1, F-6, F-11, F-12)

R-23. Use NASA-STD-7009 during the development of new orbital debris model releases to
help focus on areas of weakness related to the model and its intended usage. (O-4)

9.0 Alternate Viewpoints

Alternate Viewpoint #1
Alternate Opinion Relative to Observation 8 by Dr. William Vesely

Alternate Opinion to the Observation that Long Time Periods or Many Observed Failures
May be needed to Provide Meaningful Statistical Estimates
Dr. William Vesely
Technical Risk Manager
Office of Safety and Mission Assurance
September 30, 2014

Overview

There are two important issues regarding the uncertainty in a risk prediction using ORDEM 3.0
that need to be addressed: 1) the characterization of the uncertainty in an MMOD risk prediction
using ORDEM 3.0 to allow updating and revision of the predicted risk, and 2) the effective use
of observational data to update and revise an MMOD risk prediction using ORDEM 3.0 or any
other code. Having worked for many years in using data to update risk estimates, | want to
provide an alternate opinion to the observation in the main body that indicates that a long time
period or many failures are necessary to use observation data to update an MMOD risk
prediction. Long time periods are not necessarily needed even if no events are observed if the
uncertainty is appropriately characterized and effective statistical analysis techniques are used.
This applies to effectively using S-NPP observational data to update and revise the MMOD risk
prediction for JPSS-1. It more generally applies to using relevant observational data for any
other spacecraft.

ORDEM 3.0 has a strong basis in its use of a comprehensive analysis of measured stainless steel
debris impacts on the Space Shuttle. The measured impacts are then extrapolated to a postulated
stainless steel flux contribution that gave rise to the impacts. The postulated flux contribution is
assumed to still exist. The postulated flux contribution in turn results in a significant risk

contribution particularly at higher altitudes, (e.g., greater than 600 km), which corresponds to the
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altitude of the JPSS-1 mission. There is a potentially large uncertainty in the postulated flux
contribution and associated risk contribution because the postulated flux contribution has not
been measured nor validated. Also, none of the assumptions have been validated which are used
to extrapolate the measured shuttle impacts to the postulated flux contribution.

In spite of these weaknesses, there is a strong motivation to use ORDEM 3.0 because of its
strong shuttle analysis basis and because of the implications of the predicted increased flux and
risk contribution. However, because of the potentially large uncertainty in the predicted risk the
uncertainty needs to be bounded and be characterized in a necessary manner for risk informed
decision making and for incorporation of observational data. Without appropriate
characterization of the uncertainty, there is no information as to how conservative or non-
conservative the predicted risk value may be. As importantly, by appropriately characterizing
the uncertainty, observational data can be effectively used to update and revise the predicted risk
value and associated uncertainty. This observational data includes data that can be collected not
only in the long term, but data that are presently available and can be made available in the
shorter term. It includes periods of no failure-causing MMOD hits as well as periods in which
MMOD hits occurred. By appropriately characterizing the uncertainty and using appropriate
statistical techniques, long observation times and large amounts of data are not needed to provide
useable updates and revisions of the predicted risk and associated uncertainty. Approaches for
the necessary characterization of the uncertainty in the predicted risk value using ORDEM 3.0,
and for effectively using observational data are described in the following sections. These
approaches are direct and follow NASA guidelines. Examples and references are given.

The Modeling Uncertainty in ORDEM 3.0

There are two basic uncertainty contributions in ORDEM 3.0 - the parameter uncertainty
contribution and the model uncertainty contribution. The parameter uncertainty contribution
involves the uncertainty in the measured parameters used in ORDEM 3.0, such as the density
and composition of the stainless steel debris impacts analyzed on the Space Shuttle radiators.
The model uncertainty contribution in ORDEM 3.0 involves the uncertainty in the modeling and
extrapolations used to postulate a new stainless steel flux contribution giving rise to the
measured debris impacts on the Space Shuttle. The dominant uncertainty contribution in an
ORDEM 3.0 risk prediction is the modeling uncertainty contribution.

The important difference in ORDEM 3.0 from ORDEMZ2000 and other debris codes is the new,
postulated flux contribution containing high density, stainless steel debris. This new flux
contribution results in a high risk contribution at higher altitudes, which for the JPSS-1 mission
results in the predicted MMOD risk being of the order of a factor of 10 higher than predicted
using ORDEM2000. The postulated flux contribution used in ORDEM 3.0 is not unreasonable
and is even plausible. However, the new flux contribution in ORDEM 3.0 has not been validated
by observation and measurement. Also, the model used to postulate the flux contribution is
based on specific assumptions which include the assumption of the stainless steel debris fluxes
continuing after the Space Shuttle impacts occurred several years ago, the assumption of
particular inclinations and eccentricities for the stainless steel debris flux that determine the flux
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patterns and that cause high risks, and the assumption that the stainless steel debris is continually
being emitted from surfaces of orbiting spacecraft containing stainless steel. None of these
assumptions have been validated. Furthermore, a plausible mechanism by which the stainless
steel debris is emitted has not been able to be identified.

Ways to Address the Modeling Uncertainty in ORDEM 3.0

The modeling uncertainty in ORDEM 3.0 due to the extrapolation of the Space Shuttle
measurements to a postulated flux contribution is not itself a justification for not using ORDEM
3.0 since it has the strongest foundation in terms of being based on the most detailed analyses of
Space Shuttle debris impacts. Furthermore, the implications of the new flux contribution and
new risk contribution potentially existing are important enough that they cannot be dismissed.
This does not mean, however, that the associated uncertainty in a predicted risk value using
ORDEM 3.0 should be ignored since it can be large. Instead, it is critical that the uncertainties
be addressed. There are three ways to do this: 1) take detailed in situ measurements of fluxes in
relevant environments, 2) characterize the predicted risk uncertainty to provide a framework for
risk-informed decision making and to allow observational data to be effectively used, and 3) use
observational data to update and revise the predicted MMOD risk estimate and associated
uncertainty. Taking in situ measurements has been addressed in the main body. The other two
important ways are addressed in the following.

Characterization of the Uncertainty Range for a Risk Prediction Using ORDEM 3.0

To appropriately characterize the uncertainty associated with a predicted risk value, an
uncertainty range and associated coverage probability need to be estimated. The coverage
probability is the probability of the risk value lying in the range. In addition, a probability
distribution needs to be associated with the uncertainty range. Important points are that only
approximate values are needed and that methods have been developed that are standardly used in
NASA probabilistic risk analysis and NASA risk-informed decision making (refs. WV-1, WV-2,
WV-3, and WV-4). The other important point is that the uncertainty characterization is only an
initial estimate which is subsequently updated and revised as additional observational data and
knowledge are obtained. Methods and software for doing this for risk estimates are described in
the NASA guidelines given in the references. The methods are straightforward and involve the
use of probabilistic approaches to characterize uncertainties.

An example of the application of the guidelines to the characterization of the uncertainty in an
MMOD risk estimate for JPSS is useful. It is not as thorough as it would be for an application,
but it illustrates the basic processes and rationale used. As an initial assessment, it can be
reasoned that because the predicted risk value for JPSS using ORDEM 3.0 differs by
approximately a factor of 10 from that using ORDEM?2000, therefore approximately a factor 10
uncertainty needs to be assigned to the predicted MMOD risk value using ORDEM 3.0. This
treats the difference in the risk predicted value using ORDEM 3.0 as an uncertainty because of
the present lack of validation for ORDEM 3.0. It also allows for the possibility that the predicted
MMOD risk value using ORDEM2000 is applicable. A moderate coverage probability (i.e., a
moderate confidence, such as 75 percent) is associated with the uncertainty range to reflect the
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situation that there is not a high confidence in the range. To complete the uncertainty
description, an uncertainty distribution is associated with the uncertainty range to allow for use
in risk assessments and to allow updating and revision with observational data. A gamma
distribution or log normal distribution is commonly used as risk uncertainty distributions in risk
predictions. Each has its own features. Both could be used and differences be included in the
final uncertainty characterization.

The above is only a preliminary assessment, but it provides a framework for refinement for an
actual application. For refinement, a more consensual basis for the uncertainty characterization
would be carried out. Also, a more analytical basis for estimating the uncertainty range could be
carried out by evaluating variations in fluxes and risks that result from different extrapolations in
ORDEM 3.0, such as by using different eccentricities and inclinations for the new flux.
Plausibilities would be assigned the different fluxes based on expert knowledge and judgment.
The focus again would be on general sizes and not precise values. Significant differences in the
uncertainty sizes using different assumptions can be incorporated in the overall uncertainty
assessment. The procedures and tools identified in the NASA references allow these evaluations
to be efficiently carried out. This uncertainty characterization is as important as the prediction of
a specific risk value and this work needs to be done.

Use of Observational Data to Update and Revise a Risk Prediction Using ORDEM 3.0

Observational data consists of observed numbers of MMOD hits on relevant exposed spacecraft
surfaces in given time periods. The hits can be failure causing or non-failure causing. The
observational data can also consist of periods of no hits or no failure hits. The relevant
spacecraft are those that are exposed to potential MMOD hits at similar altitudes as the
spacecraft whose risk is to be predicted. Differences in exposed areas are handled by
appropriately proportioning the exposure probability by the exposed area. Difference in failure
criteria can also be handled by appropriately weighting the events. These are common ways of
modifying observed data to be applicable to the particular spacecraft of interest and are not the
focus here. The focus here is how to systematically use observational data to update an MMOD
risk prediction using ORDEM 3.0.

Consistent with NASA risk assessment guidelines, Bayes’s rule is applied to update the predicted
risk value using observational data. Bayes’s rule is a basic probability relationship and its use in
analyzing data is termed Bayesian statistical analysis. To apply Bayes’s rule to updating an
MMOD risk prediction let R be the MMOD predicted occurrence rate for failure (i.e., the
occurrence rate due to an MMOD fatal hit). The occurrence rate R is in units of per time period
such as per year. Let D be a set of observational data such as a number of MMOD occurrences,
or no occurrence, in a given time period. Bayes’s rule is used to give the updated probability of
the MMOD occurrence rate having a specific value incorporating both the model prediction and
observational data.
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For updating an MMOD risk prediction, application of Bayes’s rule gives:
p(R/D) = O/RIP(R)
P(D) (1)
where
P(R/ D) = the updated probability that the MMOD occurrence rate has value R @)
including the observed data D and the ORDEM 3.0 prediction
P(D/R) = the observational probability for the data D using an (3)
MMOD occurrence rate with value R
P(R) = the probability that the MMOD occurrence rate has value R 4)
based on the ORDEM 3.0 prediction
and

P(D) =the probability of the observed data over all possible values (5)
of the MMOD occurrence rate.

P(D) is a normalization factor and is the sum (or integral) of the numerator of Bayes’s rule over
all possible occurrence rate values.

The key factor in Bayes’s rule is the uncertainty characterization P(R), of the MMOD
occurrence rate which is the probability of the predicted occurrence rata having a specific value.
As indicated this probability is commonly represented as a gamma distribution or log normal
distribution over the uncertainty range. The observational data probability P(D/R) is the
standard Poisson probability of observing a given number of MMOD occurrences or zero
occurrences in a time period. This is the standard probability used for occurrences of discrete
events and is used in ORDEM 3.0. Substitution of the probabilities for a particular MMOD
prediction and for given observational data yields the applicable updated predicted probability.
Examples are given in the next section.

Before the examples, it is useful to contrast the use of Bayes’s rule with the use of a purely
empirical statistical estimate, which is also termed a classical statistical estimate. The empirical
statistical estimate only uses the Poisson observational data probability P(D/R) and ignores the
model prediction P(R). The predicted model occurrence rate and associated uncertainty are thus
not updated in any systematic manner. The observational probability alone is used to obtain a
best estimate of the occurrence rate and bounds on the occurrence rate. When there is sparse
data as there often is in a risk assessment then the best estimate and bounds obtained are not
generally useable since the prediction from the model is not used to direct and constrain the
estimate. This is illustrated in the next section. When there is a preponderance of data
consisting of a large number of events then the model predicted occurrence rate and associated
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bounds using only observational data will be essentially the same as those obtained using
Bayes’s rule. However, this will generally take a long time and in the meantime the empirical
estimates obtained are not useable. This again is illustrated in the next section. The fact that the
use of Bayes’s rule provides the most information in a timely manner is why it is standardly used
for updating a risk prediction in NASA probabilistic risk and reliability assessments.

Examples of Risk Prediction Updates When No MMOD Events Are Observed

Figure 1 illustrates the application of Bayes’s rule to determine the factor reduction in the model
predicted MMOD occurrence rate for failure when no such MMOD occurrences are observed for
a given time period. The factor reduction is the model predicted occurrence rate divided by the
updated predicted occurrence rate accounting for the observation of no occurrences. The
predicted occurrence rate is taken to be the expected value. The factor reduction in the model
predicted occurrence rate versus time period without any observed occurrences is plotted for a
model predicted occurrence rate of 0.01 per year for different sizes of the characterized
uncertainty. The characterized uncertainty in the model predicted occurrence rate is described by
the coefficient of variation (CV) which is the standard deviation in the predicted occurrence rate
divided by the expected value of the occurrence rate. The coefficient of variation is also
commonly called the error factor. A gamma distribution is used here for the uncertainty
distribution and a Poisson distribution is used for the observational probability.

As seen from Figure 1 the factor reduction is always greater than one for any non-zero
observation time period since the updated predicted occurrence rate is less than the initial model
predicted occurrence rate. For a large uncertainty in the prediction (e.g., for CV=5), the factor
reduction is relatively large and hence there is a significant reduction in the model predicted
value when there are no observed occurrences. This shows the importance of accounting for the
uncertainty in the model predicted occurrence rate in effectively using observational data to
update the prediction. As also observed, moderate differences in the uncertainty characterization
do not cause large differences in the reduction factor for smaller observation time periods.
Larger differences in the uncertainty characterization that cannot be resolved can be
accommodated by using appropriate bounds on the reduction factor. Figure 2 shows similar
plots for a model predicted occurrence rate of 0.1 per year. The factor reductions are now
significantly larger for the same time period especially when the uncertainty in the predicted
occurrence rate is large. This makes sense since smaller times without occurrences are needed to
provide significant reduction when the model predicted occurrence rate is relatively large and
has large uncertainty. More details of the evaluations used for Figures 1 and 2, which are meant
to be illustrative, are given in Reference WV-5. Using the software described in the NASA
guide given in Reference WV-1, similar updates can be efficiently evaluated for any number of
observed occurrences for different characterizations of the uncertainty and using different
uncertainty distributions.
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Figure 1. Factor Reduction in the Predicted Occurrence Rate: Model Predicted Value=0.01

Figure 2. Factor Reduction in the Predicted Occurrence Rate: Model Predicted Value=0.1
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In concluding this section, it is instructive to compare the informative results in Figures 1 and 2
with the purely empirical statistical estimates using only the Poisson observational probability
and ignoring the model predicted value and uncertainty. Since no occurrences were observed in
any of the time periods, the empirical best estimate for the occurrence rate is zero for any
observational time period. The empirical 95 percent upper bound for the occurrence rate for any
observational time period is 3.7 divided by the time period. This upper bound is generally not
usable because of its large value. Even after 20 years with no observed occurrence there is little
useful information obtained for updating the model predicted occurrence rate as long as it is
below 3.7/20=.18 per year regardless of the size of uncertainty associated with the prediction.
This lack of information from the empirical statistical estimates arises because the model
predicted occurrence rate and associated uncertainty are not used to provide important
information in the updating. This lack of information occurs for any observational data that does
not encompass a long observation time or numerous occurrences; it is why Bayesian statistical
analysis is standardly used in probabilistic risk and reliability predictions.

Summary

A long time observation time period is not necessary to effectively update and revise an MMOD
risk prediction using ORDEM 3.0 if appropriate statistical analysis is used. The appropriate
statistical analysis is Bayesian analysis and is standardly used in NASA probabilistic risk and
reliability predictions. NASA guideline documents give methods and tools for carrying out this
analysis. These methods involve probabilistically characterizing the uncertainty in the predicted
risk so that observational data can be effectively used to update and revise the risk prediction.

By using these methods relatively short observation time periods and presently available data can
be used to update and revise the predicted risk using ORDEM 3.0. A risk prediction using
ORDEM 3.0 has large uncertainty due to the lack of validation of the assumptions used. It is
therefore important and necessary to probabilistically characterize the uncertainty to not only
meaningfully bound the risk value, but to effectively use presently available observational data to
update and revise the risk prediction. The other alternatives are to take in situ measurements
which is direct but costly and longer term or to wait and observe for many years until there are
numerous MMOD events on present spacecraft so that meaningful empirical statistical estimates
can be obtained. There is a better way in the near term.
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Alternate Viewpoint #2
Alternate Opinion Relative to Recommendation 2 by Scott Hull

There is incomplete agreement regarding Recommendation 2 (R-2), which recommends that
JPSS use ORDEM 3.0 as the orbital debris model for MMOD assessments, recognizing (and
accepting) the large uncertainties associated with the unknown source of high density particles
(assumed to be stainless steel). Because this source is neither identified nor characterized over
time or altitude (see Findings F-1 and F-11), inclusion of the assumed effects of this high density
particle population is premature for orbits higher than 600 km altitude.

All physical data, which suggest the currently assumed surface degradation mechanism, have
been collected from Space Shuttle missions between 400 km and 600 km and prior to 2012 (F-1).
Slower decay of high density particles drives the model toward a higher flux of these particles at
altitudes above those shuttle missions (see F-6), where no data exists. The ORDEM 3.0 model
uses a default surface degradation assumption (see O-2) that generation of stainless steel
particles will continue, and even increase, into the foreseeable future as additional launch
vehicles accumulate (O-3). Three other potential stainless steel particle sources identified in
F-11, though, would each result in different long-term evolution characteristics, potentially
yielding far fewer stainless steel particles over time, especially at altitudes higher than 600 km.
All of this results in uncertainty potentially as much as an order of magnitude for these higher
altitude orbits (F-1).

If the effect of this high density population were to only marginally increase the assessed risk,
then in the interests of conservatism the responsible course of action would be to accept this
assumed additional risk, and modify hardware designs accordingly. For the JPSS example,
though, the overall risk using ORDEM 3.0 is approximately 30 times higher than with the
previous model, mostly driven by the introduction of the high density population (F-7). In fact,
this new high density population accounts for approximately 90 percent of the risk in most
spacecraft regions examined in detail, effectively increasing the assessed risk by an order of
magnitude. At this time, the evidence for the assumed source of the high density stainless steel
population is insufficient to justify inclusion of a mechanism with such a strong effect on the
assessed risk.

ORDEM 3.0 includes several important advantages and advances over other orbital debris
models, including previous versions of ORDEM (F-10). Since the high density population
effects on the ORDEM 3.0 environment have greatest impact above the 400 km to 600 km
region (F-5), it is recommended that ORDEM 3.0 be used as-is for missions with apogee below
600 km. However, until additional in situ information can be collected to characterize the high
density population at higher altitudes, missions with apogee above 600 km (such as JPSS-1)
should omit the high density particle contribution when using ORDEM 3.0 as the orbital debris
model for MMOD risk assessments. This can be accomplished easily using the existing Bumper
I11 risk assessment tool.
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Efforts should continue to identify and characterize the source of the stainless steel particles
observed on returned surfaces (R-4). Such information will reduce the uncertainty associated
with the ORDEM 3.0 model in the 600 km to 2000 km region, and allow future versions of
ORDEM to be used with greater confidence for missions operating in this region. Until that
time, such missions should use ORDEM 3.0 without the high density contribution as the orbital

debris environment model.

10.0 Other Deliverables

No unique hardware, software, or data packages, outside those contained in this report, were

disseminated to other parties outside this assessment.

11.0 Lessons Learned

No applicable lessons learned were identified for entry into the NASA Lessons Learned

Information System (LLIS) as a result of this assessment.

12.0 Recommendations for NASA Standards and Specifications

No recommendations for NASA standards and specifications were identified as a result of this

assessment.

13.0 Definition of Terms

Corrective Actions  Changes to design processes, work instructions, workmanship practices,
training, inspections, tests, procedures, specifications, drawings, tools,
equipment, facilities, resources, or material that result in preventing,

minimizing, or limiting the potential for recurrence of a problem.

Finding A relevant factual conclusion and/or issue that is within the assessment

scope and that the team has rigorously based on data from their

independent analyses, tests, inspections, and/or reviews of technical

documentation.

Lessons Learned Knowledge, understanding, or conclusive insight gained by experience
that may benefit other current or future NASA programs and projects.
The experience may be positive, as in a successful test or mission, or

negative, as in a mishap or failure.

Observation A noteworthy fact, issue, and/or risk, which may not be directly within the
assessment scope, but could generate a separate issue or concern if not

addressed. Alternatively, an observation can be a positive

acknowledgement of a Center/Program/Project/Organization’s operational

structure, tools, and/or support provided.
Problem The subject of the independent technical assessment.
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Proximate Cause

Recommendation

Root Cause

The event(s) that occurred, including any condition(s) that existed
immediately before the undesired outcome, directly resulted in its
occurrence and, if eliminated or modified, would have prevented the
undesired outcome.

A proposed measurable stakeholder action directly supported by specific
Finding(s) and/or Observation(s) that will correct or mitigate an identified
issue or risk.

One of multiple factors (events, conditions, or organizational factors) that
contributed to or created the proximate cause and subsequent undesired
outcome and, if eliminated or modified, would have prevented the
undesired outcome. Typically, multiple root causes contribute to an
undesired outcome.

Supporting Narrative A paragraph, or section, in an NESC final report that provides the detailed

explanation of a succinctly worded finding or observation. For example,
the logical deduction that led to a finding or observation; descriptions of
assumptions, exceptions, clarifications, and boundary conditions. Avoid
squeezing all of this information into a finding or observation

14.0 Acronyms List

ADEPT
BLC
BLE
CAD
CAS
CORDS
CTU
cVv
DAS
DoD
DRAGONS
EOS
ESA
EuReCa
FEM
FY-1C
GSFC
HAX
HD
HST
HVIT

Aerospace Debris Environment Projection Tool
Ballistic Limit Curve

Ballistic Limit Equation

Computer Aided Design

Credibility Assessment Scale

Center for Orbital and Reentry Debris Studies
Command and Telemetry Unit

Coefficient of Variation

Debris Assessment Software

Department of Defense

Debris Resistive/Acoustic Grid Orbital Navy-NASA Sensor
Equation of State

European Space Agency

European Retrievable Carrier

Finite Element Model

Fengyun-1C

Goddard Space Flight Center

Haystack Auxiliary Radar

High Density

Hubble Space Telescope

Hypervelocity Impact Technology
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IADC
IMEM
ISS
JPSS
JSC
LaRC
LD
LDEF
LEGEND
LEO
LVLH
MASTER
MD
MEM
MEMR2
MEO
MLI
MMOD
MSFC
NaK
NESC
LaRC
NNO
NOAA
ODAR
ODPO
oM
ORDEM
OSMA
PCDU
RBD
RCS
RORSAT
SBM
SCP

SEI
S-NPP
SPENVIS
SPH
SPHC
SRM
SSN

Inter-Agency Debris Coordination Committee
Interplanetary Meteoroid Engineering Model
International Space Station

Joint Polar Satellite System

Lyndon B. Johnson Space Center

Langley Research Center

Low Density

Long Duration Exposure Facility
LEO-to-GEO Environment Debris Model
Low Earth Orbit

Local Vertical Local Horizontal

Meteoroid and Space Debris Terrestrial Environment Reference
Medium Density

Meteoroid Engineering Model

Meteoroid Engineering Model Release 2
Meteoroid Environment Office

Multi-layer Insulation

Micrometeoroid and Orbital Debris

George C. Marshall Space Flight Center
Sodium-potassium

NASA Engineering and Safety Center
Langley Research Center

New Non-optimum [BLE]

National Oceanographic and Atmospheric Administration
Orbital Debris Assessment Report

Orbital Debris Program Office

Orbital Module

Orbital Debris Engineering Model

Office of Safety and Mission Assurance
Power Control and Distributor Unit
Reliability Block Diagram

Radar Cross-Section

Radar Ocean Reconnaissance Satellite
Standard Breakup Model

Spacecraft Control Processor

Standard Environment Interface

Suomi National Polar-orbiting Partnership
ESA Space Environment Information System
Smooth Particle Hydrodynamic

SPHinC

Solid Rocket Booster

Space Surveillance Network
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SSP
STK

15.0
1.

10.

11.

12.

13.

14.

Space Station Program
Systems Tool Kit
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Appendix A. Evidence Network Evaluation

An evidence network is a tool used by a wide variety of organizations to perform assurance
assessments. In an evidence network, also referred to as a credibility assessment, several
evidence sources can be identified and then integrated to give an overall level of assurance.
Each individual source can be graded according to its identified level of importance, and even a
lack of information can be addressed by assigning different support levels to different scenarios.
The support levels are combined to give an overall assurance level with an associated
uncertainty. Evidence networks are flexible. The number of levels of support can be as large
and detailed as required, and levels of support may be expressed in quantitative or qualitative
terms. Several software applications are available that produce evidence network evaluations.
The charts in this appendix present an example of how an evidence network can be used to
evaluate the basis for the 1-mm range stainless steel debris model in ORDEM 3. The example
shown uses the AgenaRisk tool.

Using an Evidence Network to Provide a Representation of
the Credibility of the High Density Flux Model in ORDEM3.0

Bill Vesely

September 18, 2014
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Overview

* An evidence network combines the credibilities of different evidence
sources to determine the credibility of an associated finding

* Evidence networks are used in a variety of applications including
assurance assessments and safety case assessments (1-8)

* An evidence network is shown which identifies basic elements of the
high density flux model in ORDEM3.0

* Each element is rated for its basis and credibility using NESC findings:
three ratings are used: comprehensive, partial, or minimal

* The ratings are translated to degrees of credibility and are combined
(summed) to give the overall degree of credibility of the flux model

* The overall credibility is shown in terms of relative weights for specific
credibility intervals
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Breakdown of the Elements of the High Density Flux Model
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Rating Scale of Comprehensive, Partial, or Minimal Basis for

Each of the Lowest Level Elements
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Overall Credibility Rating of the High Density Flux Model in ORDEM3.0 Based on

Assessments of the Individual Elements
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Appendix B. Examination of Possible Sources of High-Density 1-mm
Particles

Introduction

ORDEM 3.0 is showing a large flux of high-density particles (i.e., steel) at 1 mm size. There are
at least 3 possible physical sources of these 1-mm particles: 1) Surface degradation. This is
assumed as the current model in ORDEM 3.0, and is likely a conservative assessment
(i.e., maximum) given that it assumes all intact objects continually produce particles at a rate
dependent on the on-orbit surface area; 2) Explosions. This is a temporally erratic source in the
sense that historical explosions do not occur at a uniform rate; 3) Liquid engine firings. Given
conversations with propulsion experts, this is not likely a significant source, but these might also
produce small stainless steel particles per discussion with ULA regarding their tests of a new RCS
thruster. Also, there is little knowledge regarding what foreign rocket engines would produce on-
orbit. Residue from firings is likely conservative in the other direction (i.e., minimum) since, once
an upper stage has deposited the payload, it will no longer fire and therefore will not contribute
any further to the debris environment. In reality, the production of the high-density small particles
is likely a combination of the three effects and possibly others.

Figure 1 shows the ORDEM 3.0 1-mm flux profile in the year 2010 as a function of altitude broken
down into the high density (steel) and medium density (aluminum) components. High-density
particles dominate in the 900-1000 km altitude range but are fairly comparable to the aluminum
particles elsewhere. As these particles decay, they cross the higher altitude orbit of satellites such
as JPSS and contribute extensively to the survivability risk results. Particles originating lower than
~850 km altitude do not last long enough on orbit to cause long-term issues for orbiting satellites
at JPSS altitude.



NASA Engineering and Safety Center
Technical Assessment Report

Document #:

NESC-RP-
14-00948

Version:

11

JPSS MMOD Assessment

Page #:

163 of 220

===total = = high density medium density

flux (#/m/m/yr)

0 -

altitude (km)

400 500 600 700 800 900

1000

1100

Figure 1: ORDEM 3.0 1-mm Flux as a Function of Altitude for Year 2010 by Source

Figure 2 shows the 1-mm ORDEM 3.0 flux at 950 km altitude as a function of time with the
medium and high-density components called out explicitly. The high-density flux continues to
grow with time over the ORDEM 3.0 model time span (2010-2035). This is consistent with a
surface degradation model that is based on all intact objects emitting high-density particles. As
more objects are launched, the overall surface area grows, and the more particles are released. The
medium density flux does not grow with time due to decay counteracting the increased surface
area, and actually shows a slight decrease during the next anticipated solar cycle maximum. In
2035, the high-density flux at 950 km averages about 41% higher than the value in 2011 (end of

STS in situ data).
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Figure 2: ORDEM 3.0 1-mm Flux at 950 km Altitude as a Function of Time

Surface Degradation

The source of the steel particles is unknown but is currently modeled to be coming from the
degradation of exposed surface area of all intact orbiting objects, which implies that the small
particles are starting their life in near-circular, high inclination orbits (commensurate with the on-
orbit distribution of intact objects). This is a reasonable first estimate. However, there is little
exposed steel in satellites and most rocket bodies use aluminum tanks. Atlas/Centaurs did (and
still do) use stainless steel tanks, but Centaurs are mostly on high eccentricity, low inclination
orbits (Figure 3). Older Delta 1 and Delta 2s also had steel tanks on their upper stages that were
very similar to each other but, taken in totality, were split between different types of orbits: high
eccentricity/low inclination, low eccentricity/low inclination, and low eccentricity/high inclination
orbits. Given the material properties of the two types of tanks (Centaurs: ~355-640 kg in steel
tanks depending on the configuration with 0.25-0.5 mm thickness®; Delta P/TR-201: ~230-250 kg
of steel in main propellant tank, 1-2 mm thickness), then approximately 62% of the steel mass and
68% of the surface area from the Centaurs and Deltas is in high eccentricity/low inclination orbits
and only 17% of the steel mass and 13% of the surface area is in low eccentricity/high inclination
orbits. If the steel particles are coming from surface degradation off the Centaurs and Deltas, then
the majority of these particles should be in high eccentricity/low inclination orbits.
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Figure 3: Centaur and Delta Upper Stage Orbit Element Distribution

Figure 4 shows the approximate rocket body mass of the various types of major upper stages
beyond the Centaurs and Deltas. Information on the actual material composition of many foreign
upper stages is difficult to come by. Therefore, the types of rocket bodies have been grouped by
whether their tanks are known to be aluminum, are unknown (but likely aluminum), and known
stainless steel. Three columns of data are shown for each upper stage: total mass launched, the
current mass that is on-orbit, and the normalized on-orbit mass that passes through LEO
(i.e., rocket bodies in GEO, like the Block DM-SL or the SL-12, would not show in this column).
The largest contributor to the upper stage mass that is currently both on-orbit and crossing LEO
comes from the SL-8 system. However, it is known that the SL-8s used aluminum tanks, not
stainless steel. The known stainless steel tanks (Centaur and Delta) are a small part of the overall
rocket body mass. This would indicate that, unless the unknowns are mostly steel, then aluminum
particles should be produced at a much greater rate than stainless steel particles if surface
degradation is the source mechanism.
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Figure 4: Approximate Mass of Rocket Bodies by Type and Likely Tank Material

Figure 5 shows estimates of the mass and surface area present in the currently orbiting rocket
bodies as a function of altitude. The only stainless steel tanks known are those of the Centaur and
Delta 1 & 2 upper stages, which do not reside in the 950 km regime therefore they cannot be the
dominant source for the large reservoir seen in Figure A.1. There is little available information on
engine material composition, but based on older RL-10 data, approximately 6-15% of empty stage
weight would be high-density material if the tanks were not stainless steel (mostly in the thrust
chamber). There is a large spike at ~950 km altitude corresponding to the peak observed in the
ORDEM 3.0 flux plot. There are smaller peaks at lower Sun-synchronous altitude (many types of
upper stages) and at ~775 km (mostly SL-8) and ~625 km (mostly SL-14).

Figure 5 also shows estimates of the mass and surface area present in the currently orbiting
satellites as a function of altitude. The plots for the satellites are on the same scale as those for the
rocket bodies to facilitate comparison. There is little available information on how much high
density material is in satellites, but it is thought to be minimal (1-5% by mass) due to the
dominance of lighter weight aluminum. As with the rocket bodies, there is a large spike at ~950
km altitude corresponding to the peak observed in the ORDEM 3.0 flux plot. There are also
smaller peaks at lower Sun-synchronous altitude (many types of satellites), at ~775 km (Iridium)
and at ~500-600 km (Soviet/Russian Tselina-D). The spike at ~900-1000 km is comparable in
total mass, but smaller in surface area, for the satellites than the rocket bodies.
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Figure 5: Mass and Surface Area of On-orbit Satellites and Rocket Bodies

The public catalog was then examined to determine what objects lie near 950 km, subject to the
following conditions: semi-major axis altitude had to be between 900-1000 km (i.e., near-circular
at the right mean altitude), the perigee altitude had to be above 800 km (or any small particles
given off with zero relative velocity would decay too rapidly), and only intact satellites and rocket

bodies were included (i.e., fragmentation debris was excluded).

This left 421 objects (255

satellites, 182 rocket bodies) remaining. Figure 6 below shows the breakdown. The Kaur-1 bus
(Soviet) dominates the satellites (145 out of 255), while the SL-8 upper stages (also Soviet)

dominate the rocket bodies (165 out of 182).
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Figure 6: Number of Intact objects near 950 km Altitude by Type

Figure 7 shows the mass and exposed surface area for the examined objects. The SL-8 rocket
bodies dominate both the mass and surface area in the reservoir region (47% of the total mass
(91% of the rocket body mass) and 56% of the total surface area (87% of the rocket body surface
area)). The Kaur-1 bus satellites were used widely on multiple constellations; the Parus,
Nadezhda, Tsiklon, Tsikada, and Sfera satellites are all at ~900-1000 km. Other Kaur-1 bus
satellites are the GEO-IK at 1500 km and Strela-2 at 785 km. The Kaur-1 bus is a cylindrically
shaped satellite with solar cells attached to the body (no panels, except for GEO-IK); thermostatic
temperature regulators are also on the surface. It is about 2 meters in length with a diameter of 1
meter and a 600-800 kg mass depending upon configuration and specific mission. By percent, the
Kaur-1 bus dominates the satellite mass and surface area (27% of the total mass (58% of the
satellite mass) and 25% of the total surface area (65% of the satellite surface area)). (As a side
note: the RORSAT satellites are the source of the NaK population due to nuclear core ejections.
A casing of stainless steel surrounded the pre-ejected core consisting of ~38 kg of steel per satellite.
So, some small amount of steel could have been released by the RORSATS, but not nearly enough
to account for the stainless steel particles predicted by ORDEM 3.0.). If the reservoir at 950 km
exists and the SL-8s have aluminum tanks, then the Kaur-1 bus should be investigated as the most
likely possible physical source of steel.
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Figure 7: Mass and Surface Area of Intact Objects near 950 km Altitude

Figure 8 shows the number of SL-8/Kaur-1 launches to the ~950 km altitude as a function of time.
The last SL-8 launch was in 2010 (to any altitude, not just ~950 km). Long-term models like
ORDEM 3.0 and ADEPT assume a future launch model that mimics recent historical activity
(2000-2009 time frame). However, if there have been no SL-8 launches to the 950 km regime
since 2010, then assuming such activity in the future launch model is not appropriate, and the
increase in the 950 km reservoir due to the existing surface degradation model should actually be
a constant. It should be noted that the Chinese are placing satellite(s) at ~1100 km with the rocket
body from the launch being left in an elliptical orbit crossing 950 km (about 1 per year since 2010).
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On-orbit Explosions

Another possible source of the 1-mm particles is on-orbit explosions of upper stages. While only
some upper stages have steel propellant tanks, all have steel parts in their engines (mostly in the
thrust chamber) so that the rocket engines may be composed of one-half high-density material by
mass. While the thrust chambers are protected from surface degradation, explosions could release
that material. The Atlas/Centaur upper stages have not had any known explosive debris producing
events, but the older Deltas have experienced at least eight such events (7 in 1973-1981, 1 in 1991).
A mass balancing is here performed to determine whether the upper stage explosions could have
produced enough 1-mm particles to account for the observed in situ STS flux.

The mass balancing was performed in two parts. First, determine the high-density mass that is
predicted to be on-orbit at the start of the JPSS mission (roughly the current status) based on the
ORDEM 3.0 model. Then an estimate is made on how much high density mass has re-entered
based on the ORDEM 3.0 model. These two mass values (currently on-orbit + re-entered) together
will yield the total amount of high-density small-particle mass that would have been produced if
the ORDEM 3.0 predictions were correct.

Then the problem is approached from the other direction. An estimate is made of the amount of
high—density mass that would be available from the upper stage events. This estimate will be a
conservative upper bound since it only looks at the mass capability of the upper stages and does
not include time or only partial disintegration, but it does provide for a check on whether the events
could possibly have contributed to the high-density environment. Finally, the temporal variation
(decay) of the upper stage event particles is examined to determine if they could have been present
at STS/ISS altitude during the 1995-2011 timeframe of the returned in situ data.

The computational process to determine the ORDEM predicted high-density mass consists of the
following steps: 1) the input data (flux and median velocity) was determined from ORDEM 3.0
runs at 25 km intervals from 400-1600 km for 2017; 2) the spatial object density was computed
from the flux and velocity; 3) the volume for each 25 km shell was computed; 4) the number of
particles present in each shell is computed through the spatial object density times the volume of
the shell; 5) the mass of a 1-mm particle is determined; 6) the total mass of high-density particles
in each shell is computed as the number times the mass; 7) the cumulative mass is the sum of the
individual shell masses. Three particle shapes will be examined: spheres (representing steel that
melted during an explosion and then re-formed), cubes (representing chunks from a deteriorating
thin (~1 mm) propellant tank skin), and octahedrons (representing nuggets of material that did not
melt). All of these shapes are Platonic solids, which has the benefit that their area-to-mass ratios,
for the same characteristic length (L), will differ only by a constant. For each of the three shapes,
the mass for an individual particle was determined using a material density value of 8000 kg/m”3.

Figure 9 shows the amount of high-density mass as a function of altitude in 2017. The plot to the
left shows the amount of mass in each of the 25 km shells (note the log scale for the y-axis). The
amount of high-density mass at JPSS altitude ranges from 72 to 227 kg. The plot to the right shows
the cumulative high density mass. Accumulation was performed from the bottom up (the values
in the plot show the total mass at and below a given altitude). For example, the total mass of steel
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1-mm particles at or below the JPSS altitude (824 km) ranges from 413 to 1297 kg. Approximately
half of the mass is below 950 km, about half above. The total amount of high-density mass in
LEO ranges from 1700 to 5200 kg.
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Figure 9: High-density Mass as a Function of Altitude Predicted from ORDEM 3.0

To compute the amount of particles that decay in each year, the 1-mm high-density ORDEM 3.0
flux is adjusted back to the time frame of the rocket body events (i.e., 1970, 1974, etc.). Then for
each year, sample 1-mm particles are propagated to establish the altitude at which decay takes
1 year. The flux at and below this altitude gets removed for that year, and finally the mass
equivalent to the flux that decayed is computed.

The ORDEM 3.0 model does not allow for the selection of years prior to 2010. To account for
this, it is noted that the 1-mm high-density flux in the model assumes the small particles are
produced as a function of on-orbit intact surface area. Therefore, when computing how much
high-density mass has decayed since the upper stage explosions, the ORDEM 2010 flux was scaled
by the historical time-varying surface area curve. For example, since the surface area in LEO in
1995 is approximately one-half of the current surface area, then the 1-mm high-density flux in
1995 is one-half of the current flux.

In any given year, the effect of decay will depend upon the level of atmospheric activity. The
atmospheric activity profiles used are the historical values from Marshall Space Flight Center.
Roughly speaking and noting that there is a slight difference between the three particle shapes,
then for an average atmosphere, the maximum STS altitude of 600 km is where a 1-mm particle
will have a lifetime of 1 year.

The resulting amount of 1-mm high-density mass that has decayed out of the environment will
depend upon the level of atmospheric activity with annual values ranging from 14-256 kg per year
(Figure 10). When summing over time, ~2200-4300 kg of high density mass should have re-
entered between 1970 and 2017. When adding what is currently on orbit to what has decayed, the
amount of high-density mass that ORDEM 3.0 predicts to have been created since 1970 is
~3900-9500 kg.
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Figure 10: High-density Mass Loss due to Decay
The other side of the mass balance equation consists of the amount of mass that could have been
generated by upper stage explosive events. To determine the amount of high-density mass, the
most dominant events (i.e., those events that produced the most cataloged debris) were examined?.

These events were included on the assumption that the events that produced the greatest amount
of large tracked debris are also those that produced the greatest amount of small, untracked debris.

Table 1 shows the specific upper stage events that were examined along with an estimate of their
possible high density mass. The largest contributors were the 8 Delta upper stages and the 2 SL-
16s. Using a mass estimate for the Centaur RL-10 engine3#, it is estimated that approximately 1/2
of the mass for a rocket engine is high-density material with most of that in the thrust chamber
(~1/3 of the mass) and the rest in mountings, cables, etc. From Table 1, the total amount of
available high density mass is ~4800 kg, which is within the range of mass predicted by ORDEM
(3900-9500 kg). However, this estimate assumes all the steel was available to create 1-mm
particles (i.e., complete disintegration to the 1-mm size). This is highly unlikely and not born from
the presence of many objects that are of tracked size (>10 cm), but it does provide a conservative
upper bound on how much these events could have affected the environment and is at the lower
end of the predicted mass range (3900-9500 kg).
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Table 1: Examined Upper Stage Explosive Events

Upper stage | satellite | launch event
date date

Landsat 1 7/23/72 5/22/75
NOAA3 11/673 12/28/73
Landsat 2 1/22/75 2/9/76
Nimbus 6 6/12/75 5/1/91
NOAAS5  7/29/76 12/24/77
Landsat 3 3/5/78 1/27/81
Himawari 7/14/77  7/14/77
NOAA 4 11/15/74 8/20/75
Cosmos 12/25/92 12/30/92
2227

Cosmos 3/26/93  3/28/93
2237

Cosmos 61 3/15/65 3/15/65
Cosmos 11/22/85 5/4/06
1703

Meteor 2- 8/18/87  2/15/98
16

TES/Proba- 10/22/01 12/19/01
1/Bird-2

Fengyun  9/3/90  10/4/90
1B

CBERS-  10/14/99 3/11/00
1/SACI-1

Spot 1/ 2/22/86 11/13/86
Viking

STEP 2 5/19/94  6/3/96
Nimubs 4 4/8/70 10/17/70
OPS 7613 9/30/69 10/4/69
Transit 4a 6/29/61 6/29/61
OoVv-2 10/15/65 10/15/65
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AJ10-138 110
(x2)
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61.5
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52.0
66.0
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However, while the overall mass does balance to within acceptable limits, there is still an issue as
to when the particles cross STS altitude and so could have impacted the STS windows and
radiators. Many of the events listed in Table 1 occurred years before the beginning of the 1995-
2011 in situ data; if the particles decayed before 1995, then they could not have been detected
through STS impacts. To determine the amount of high-density mass that could have been present
during the time and at the altitude of the STS in situ data, propagations were performed using a
sample data set to represent the 1-mm particles that would have been created by each explosion.
This starting population consisted of taking the tracked objects from the catalog for each event and
assigning an area-to-mass ratio consistent with a 1-mm particle. Only cataloged objects that
appeared within 1 year of each event were included to avoid objects that had already gone through
significant decay. This population is hereafter called the “sample population.” The goal then was
to propagate the sample population forward using the historical solar cycle activity and determine
how many of these objects were still in orbit in 1995 and in 2011 (start and end of STS data).
Figure 11 gives a graphical description of the computational process.
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: There is a tracked :
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Figure 11: Graphical Description of Computational Process

The assumption here is that the cataloged object population is representative of the orbit element
distribution of the 1-mm high-density particles. However, given the limited number of tracked
objects from each of these events, the extreme tails of the 1-mm distribution would not be
represented. To account for this, when summing to determine the high-density mass at STS
altitude, each particle in a given event’s sample population was weighted so that the sum of the
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sample population’s mass would be equivalent to the potential high-density mass for that event
(Table 1). Examining the sample population during 1995 and 2011 will give an approximate idea
as to how much of the event-created 1-mm population was still in orbit at those times.

Figure 12 shows the initial conditions of each of the Delta events used in the propagation. The
plot on the left shows the number of cataloged objects available for analysis with a total sample
population of 1289 objects. The plot on the right shows the spread in the perigee altitude for each
event of the cataloged objects. It should be noted that six of the events had some objects with
initial perigees in the STS range. These 1289 objects were given 1-mm area-to-mass ratios and
propagated forward.

Number of objects in sample data set S Initial perigee altitude spread

1500

1000

perigeee altitude range (km)

-
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0 i 2! !
Landsat1 Llandsat2 Landsat3 Himawari Nimbus6 NOAA3 NOAA4 NOAAS 0

Figure 12: Initial Conditions of the Delta Sample Data Sets

Figure 13 shows the perigee histogram of the sample Delta particle population that was still on-
orbitin 1995 and 2011 (dotted line shows the original spread). By 1995, that portion of the original
population residing at lower altitudes was largely gone (largely the Landsat and Himawari Deltas).
At higher altitudes (Nimbus and NOAA Deltas), little decay had occurred. By 1995, most of the
Delta particles that were going to decay have, and those that were too high to experience decay by
1995 still had not decayed by 2011. Between 1995 and 2011, 54 sample particles passed through
STS altitude out of the original 1289 (or only about 4%). The conclusion here is that the Delta
events are unlikely to have contributed many steel particles to the observed STS flux during 1995-
2011.
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Figure 13: Perigee Altitude Histogram of Delta Sample Particles

Figure 14 shows the ratio of the high-density fluxes in the STS altitude (400-600 km) range for
both all of the debris-producing events along with the few that contributed the most (Deltas, SL-
16, and SL-14). The divisor of the ratio is the temporally adjusted high-density flux from
ORDEM 3.0. The high-density small particle mass from the Deltas is largely gone by 1995, but
the mass from the two SL-16 breakups would have been present at STS altitude from 1993-2002.
During the years 2006-2010, the SL-14 breakup at ~635 km dominated the system. After ~2012,
the sample particles are largely gone from the environment. The values here imply that while the
Delta explosive events cannot account for the ORDEM 3.0 modeled flux, the SL-16 and SL-14

events could have contributed a noticeable fraction of the flux to at most a couple tens of percent
(again, this assumes complete disintegration).
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Figure 14: Ratio of High-density Fluxes in the 400-600 km Altitude Range

A comparison was then performed between the ODPO spreadsheet and the predicted high-density
mass at STS altitude from the preceding analysis. The spreadsheet’s raw steel impact counts were
normalized by the number of days the STS was on-orbit for that year (yielding impacts per day).
The results are shown in Figure 15. From 1990-1995, all the curves are low; from 95-02, all are
high, from 05-11, all are middling. While the shapes of the curves match fairly well, the absolute
values of the fluxes do not (Figure 14).
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Figure 15: Results of Comparison with ODPO-provided Spreadsheet of STS Impacts
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Liquid Rocket Engine Firings in the 950 km Reservoir

A third possible source of small steel particles is residue from liquid engine firings. This source
is not likely, but given a lack of knowledge of how foreign engines work (i.e., the SL-8s at 950
km), comments by ULA that a new RCS engine may be emitting small steel particles during test
firings, and solid rocket motors giving off aluminum slag and dust, the possibility should be
considered.

If the source of the particles were liquid rocket engine firings, then once the upper stage has
deposited its payload there would be no further particle production. Since there have been no
launches to that regime since 2010 (Figure 8), the ~950 km reservoir should actually be decreasing
as the particles decay. This in turn, would cause a general decrease in the amount of flux that
spacecraft at lower altitudes would face in the future. To investigate the effect this would have on
the reservoir, then for every SL-8 launch, a 1-mm particle was released with zero relative velocity
and then followed through time as the particle decays. The issue then is: how long does it take for
the particles to decay past either the 900 km point (out of the reservoir) or past JPSS altitude? The
thought being that if the firings are the source of the high-density particles in the reservoir, then
once they have decayed past 900 km, they are no longer part of the reservoir, and when they decay
past 824 km, they are no longer a threat to satellites like JPSS. The base data set consisted of
single 1-mm particles released from the actual post-mission parent SL-8 upper stage orbit right
after launch. Two sets of area-to-mass ratios were examined: spheres and cubes. Since there were
155 SL-8 launches to ~950 km altitude, 155 sample particles were present in each of the two data
sets.

Figure 16 shows the results of the propagation. There are three curves on each of the plots below.
The first is the number of sample particles that are on-orbit in any given year, the second is the
number of sample particles that are both on-orbit, AND have apogees higher than 800 km
(potentially affecting a satellite at JPSS altitude), and the third is the number of sample particles
that are both on-orbit, AND have apogees higher than 900 km (still in the reservoir). During the
2017-2024 time frame, only about 12.5% of the cubic particles and 34% of the spherical particles
are still in the reservoir. Compare this to the ~33% increase in the flux as seen in Figure 2 averaged
over that same time span.
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Figure 16: Projected Presence of Small Particles from Rocket Engine Firings

If the source of the high density particles at ~950 km are the SL-8/Kaur-1 objects, then that source
is no longer being added to through new launches since the last SL-8 launch was in 2010. If
production is due to SL-8/Kaur-1 surface degradation, then the new particles should be added at a
constant rate since the SL-8/Kaur-1 surface area is constant. If production was due to SL-8 rocket
engine firings, then no new particles are being added to the environment and once the particles
decay past a given satellite’s altitude, they are no longer a threat.

As a consequence, the ORDEM 3.0 future predictions of the 1-mm high-density flux at the
reservoir altitude may be an over-prediction during the JPSS 2017-2024 time frame as compared
to the 2011 reservoir flux. The current surface degradation model shows an increase in the high-
density flux when going into the future (~33%), but no new launches to ~950 km implies a
reservoir flux equal to the 2011 value. Rocket engine firings (spherical) imply that ~34% of the
particles remain during the JPSS mission while rocket engine firings (cubic) imply that only
~12.5% of the particles remain. Correctly identifying the source of the high-density particles is
crucial and viable source models could change future predictions by a large amount.

Conclusions

The total amount of >1-mm high-density mass predicted by ORDEM 3.0 to be on-orbit in LEO in
2017 ranges from 1700 to 5200 kg. Decay predictions imply that an additional ~2200-4300 kg of
high density mass re-entered between 1970 and 2017. This gives a total amount of created high-
density mass of 3900-9500 kg.

The total amount of high-density mass available from upper stage explosive events is ~4800 kg if
complete disintegration to particles of 1-mm size occurred. Since it is known from the direct
observation of tracked objects that complete disintegration did not occur, it is highly unlikely that
upper stage explosions can account for all of the predicted steel particles. However, it is also
possible that the events can account for a noticeable fraction of the steel. The shapes of the
impacts/day curve from the STS data (sparse as the data may be) and the STS-altitude HD event-
driven mass correspond fairly well.
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SL-8/Kaur-1s are the most likely source of the reservoir of particles at 950 km, but there have been
no SL-8 launches since 2010, and furthermore there have been no launches at all to ~950 km since
the last SL-8 launch. Therefore, the 950 km reservoir should be either constant (no-new-SL-8
surface degradation model) or decreasing (engine firings) rather than increasing (current surface
degradation model).
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Appendix C. Delta and Atlas Centaur Tanks as Possible Sources of
Stainless Steel Orbital Debris

Introduction

Chemical analysis of impact craters on space shuttle windows and perforations on radiator
surfaces indicate that some impacting particles contain stainless steel (ref. 1). Impacts by these
particles as large as several millimeters were found. The source of these particles has not yet
been determined.

A query about which historically launched upper stages and satellites contain stainless steel was
submitted to Dr. Mike Weaver of the Fluid Mechanics Department at The Aerospace
Corporation (Aerospace). Dr. Weaver has extensive experience performing atmospheric reentry
survivability analyses for a wide range of satellites and upper stages. These analyses require
detailed information on satellite or upper stage components, including material composition. Dr.
Weaver provided the following list of objects that are definitively known to be made of stainless
steel: Delta I and Il second stage propellant tanks; and Centaur stage propellant tanks.

The objective of this analysis is to briefly investigate the possibility that the Delta I and Il second
stage propellant tanks and Centaur propellant tanks could be sources of the stainless steel debris

that was observed on space shuttle surfaces. In particular, the number of meteoroid impacts that
may have created stainless steel ejecta was estimated.

Catalog Information

The unclassified USSTRATCOM catalog of resident space objects (SATCAT) dated June 24,
2014, was examined for information on Delta | and 11 second stages and Centaur stages. Catalog
data showed that as many as 157 Delta | second stages had been flown from 1960 to 1990. As
many as 139 Delta Il second stages had been flown from 1989 to 2011. As many as 138 Centaur
upper stages had been flown on a variety of mostly Atlas and some Titan missions since 1963.
Centaur upper stages continue to be flown on Atlas V missions.

A series of Delta | upper stages exploded through 1984. A total of 1882 debris objects had been
correlated to Delta | upper stages as of June 24, 2014 (excluding yo-yo weights used for
despinning). Of these, 1013 were still on orbit. Only 64 debris objects had been correlated to
Delta Il second stages, of which 28 were still on orbit. Only 22 debris objects had been
correlated to Centaur upper stages, of which eight were still on orbit.

Mechanisms for Generating Stainless Steel Debris
Two possible mechanisms for release of stainless steel debris from intact propellant tanks were
briefly considered.

e Generation during upper stage breakups.

e Gradual release of particles from intact tanks due to surface degradation.
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Peterson modeled the orbital decay of hypothetical millimeter-sized stainless steel objects from
the orbits of cataloged fragments from the Delta | second stages that exploded. Results showed
that the majority of such particles would have either reentered before most of the impacts on the
shuttle surfaces occurred or not have decayed into the shuttle altitude range by then (see
appendix by Peterson).

There are several possible causes of surface degradation. Atomic oxygen and ultra violet
radiation are known to cause deterioration of paint, plastics, etc. The likelihood that they could
cause stainless steel particles to be released was not considered here. Thermal cycling is also
known to cause material cracking, but again the likelihood that this could result in the release of
stainless steel particles from stainless steel surfaces was not considered here.

Impacts by orbital debris and meteoroids can produce ejecta. The generation of ejecta due to
impacts by meteoroids is considered in this analysis. Ejecta from impacts by other orbital debris
particles is plausible but not considered in this analysis due to limited scope of the study.

Meteoroid Impact Analysis

The objective of the analysis was to determine the total number of meteoroid impacts on Delta I,
I1, and Centaur stainless steel tanks over time. Such impacts may have produced stainless steel
ejecta that were observed by the shuttle and that may pose a risk to JPSS. To accomplish this
analysis, an estimate of the total on-orbit tank area vs. time was generated. The area at each time
was then multiplied by the meteoroid flux at several size levels. The resulting rate of impacts
was then integrated over time.

The determination of total on-orbit tank area was performed as follows. In an analysis
performed in late 2011 by Bernard Yoo of the Astrodynamics Department at Aerospace, orbital
element time histories for intact objects (satellites and rocket bodies) in the SATCAT from end
of 2010 were created from time series of two-line element sets obtained from SpaceTrack. org.
In the current analysis, the on-orbit object counting tool in the ADEPT suite (Ref. 2) was run on
these orbital element histories for the Delta | second stages, Delta Il second stages, and Centaur
stages to determine the number, total mass, and total area of known stainless steel tanks on orbit
versus time from start of the Space Age until end of 2010. This tool determines the effective
number of objects at each time point within a specified altitude range using an equation derived
by Don Kessler (Ref. 3). Three altitude ranges were considered:

e 200 km to 1000 km: This range contains some atmosphere, and particles may decay into
the shuttle altitude range.

e 800 km to 1000 km: This range more tightly fits the JPSS orbit. There is effectively no
atmosphere above 1000 km, so particles are unlikely to decay down to JPSS orbit.
Particles may eventually cross the JPSS orbit due to eccentricity growth from solar
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radiation pressure, but the time spent at JPSS orbit will be diluted due to associated
increase in apogee.

200 km to 6000 km: More comprehensive, but some objects will be retained that are far
from the shuttle altitude range and JPSS orbit.

The following stainless steel tank mass and surface area estimates were used for the analysis.

Delta | 2nd stage: mass = 229 kg, area = 28.87 m?. Estimated from data on Delta 1000s
at www.astronautix.com; reliability of data unknown. Tank mass prorated from stage
mass using Delta Il tank to stage mass ratio.

Delta 1l 2nd stage: mass = 266.7 kg, area = 14.8 m2. Determined from data provided by
Mike Weaver.

Centaur stage: mass from contractor data used, area = 136 m2. Area determined from
data supplied by Mike Weaver for previous upper stage lifetime analyses. This is very
approximate; there are several Centaur variants.

Figures 1-3 show the effective number, total mass, and total area, respectively, of stainless steel
tanks in the 200 km to 1000 km altitude range vs. year. Figures 4-6 show the same plots for the
800 km to 1000 km altitude range. Figures 7-9 show the same plots for the 200 km to 6000 km
altitude range. From these figures, it can be seen that the amount of total stainless steel tank
mass and area grew steadily from 1960 to 2010. Approximately 14000 kg of mass and 1600 m?
of area were effectively available between 200 km and 1000 km by 2010. Approximately 3200
kg of mass and 350 m? of area were effectively available between 800 km and 1000 km by 2010.
Approximately 30000 kg of mass and 4000 m? of area were effectively available between

200 km and 6000 km by 2010. As a result, it can be inferred that approximately 16000 kg of
mass and 2400 m? of area were effectively available between 1000 km and 6000 km by 2010,
i.e., there is approximately as much mass and area in the 1000 to 6000 km altitude range as in the
200 to 1000 km altitude range.
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Figure 1. Effective number of Delta I, 11, and Centaur stainless steel tanks in the altitude
range 200 km to 1000 km vs. time.
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Figure 2. Effective total mass of Delta I, 11, and Centaur stainless steel tanks in the altitude

range 200 km to 1000 km vs. time.




NASA Engineering and Safety Center Document # Version:
Technical Assessment Report NESC-RP- 11
14-00948
Page #:
JPSS MMOD Assessment 185 o 220
2000
t LMJM
% 13001 T
g
% 1000} -
@
=
°
500
0 1QIEEI 19.?0 1QIEEI ‘IQIQD 2C::IO 2010
Time (year)
Figure 3. Effective total area of Delta I, 11, and Centaur stainless steel tanks in the altitude
range 200 km to 1000 km vs. time.
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Figure 4. Effective number of Delta I, 11, and Centaur stainless steel tanks in the altitude

range 800 km to 1000 km vs. time.
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Figure 5. Effective total mass of Delta I, 11, and Centaur stainless steel tanks in the altitude
range 800 km to 1000 km vs. time.
450
ntE 400 b
Ho
L=
€ 300F -
=
@ 2S0F
'%i:eao—
5
g 150
L]
= 100F
[=}
S| f v
0 1EIIE1:| 1&'3.?0 *IQIEEI 1QIQE| EC:OO 2010
Time (year)
Figure 6. Effective total area of Delta I, 11, and Centaur stainless steel tanks in the altitude

range 800 km to 1000 km vs. time.



NASA Engineering and Safety Center Document # Version:
Technical Assessment Report NESC-RP- 11
14-00948
Page #:
JPSS MMOD Assessment 187 o 220
120 4
100F
= 8of 1
2
3 af -
E
=]
=
40+ 4
ool |
0 1QIE1:| 15?0 mlan 19.90 2('2:30 2010
Time (year)
Figure 7. Effective number of Delta I, 11, and Centaur stainless steel tanks in the altitude
range 200 km to 6000 km vs. time.
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Figure 8. Effective total mass of Delta I, 11, and Centaur stainless steel tanks in the altitude

range 200 km to 6000 km vs. time.
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Figure 9. Effective total area of Delta I, 11, and Centaur stainless steel tanks in the altitude

range 200 km to 6000 km vs. time.

The meteoroid flux was computed using the Gruen meteoroid flux vs. mass model with Earth
shielding and gravitational focusing factors (Ref. 4) evaluated at a single altitude of 500 km
altitude. The use of flux at a single altitude is acceptable for this analysis because the variation
with altitude in LEO is relatively small. The resulting flux was multiplied by the total on-orbit
area at each time point to yield the impact rate vs. time. The impact rate was then integrated
over time to yield cumulative number of impacts vs. time.

The Gruen flux was evaluated at three mass thresholds. The primary interest in this analysis is in
impacting particles with enough mass to generate stainless steel ejecta particles of size 1 mm.
The impacting particle mass thresholds were selected to correspond to equivalent stainless steel
particle diameters of 0.1 mm (4.14 x 10% g), 1 mm (4.14 x 102 g), and 1 cm (4.14 g). The
assumption here is that the ejected stainless steel particles will have masses which lie in a range
that has an upper bound just above the mass of the impacting meteoroid.

Figures 10-12 show cumulative meteoroid impacts on effective total stainless steel tank surface
area in the 200 km to 1000 km altitude range vs. year for equivalent stainless steel size
thresholds of 0.1 mm, 1 mm, and 1 cm, respectively. Figure 12 shows the 1 cm curve on a log
scale because the mean cumulative impacts are much less than 1 (essentially a probability instead
of a count). The 0.1 mm and 1 mm curves are included to illustrate how much lower the 1 cm
curve is. Figures 13-15 show the same plots for the 800 km to 1000 km altitude range. Figures
16-18 show the same plots for the 200 km to 6000 km altitude range. From these figures, it can
be seen that the number of impacts on collective Delta I, Il, and Centaur stainless steel tanks only
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becomes significant for an equivalent stainless steel particle size threshold between 0.1 mm and
1 mm. The number of impacts at the 1 mm threshold is approximately 27 between 200 km and
1000 km, approximately 5 to 6 between 800 km and 1000 km, and approximately 62 between
200 km and 6000 km. The number of impacts at the 0.1 mm threshold is approximately 100,000
between 200 km and 1000 km, approximately 21,000 between 800 km and 1000 km, and
approximately 240,000 between 200 km and 6000 km. To yield enough 1 mm stainless steel
ejecta to produce a likely hit on the shuttle, impactors would have to generate larger ejecta
fragments than themselves. Ejecta models, such as the one used by MASTER, could be used to

further investigate this possibility.
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Figure 10. Cumulative meteoroid impacts on Delta I, 11, and Centaur stainless steel tanks

vs. time. Results are shown for an equivalent stainless steel size threshold of 0.1 mm and

the altitude range 200 km to 1000 km.
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Figure 11. Cumulative meteoroid impacts on Delta I, 11, and Centaur stainless steel tanks
vs. time. Results are shown for an equivalent stainless steel size threshold of 1 mm and the
altitude range 200 km to 1000 km.

1.0E+06

1.0E+05 —

——

1.0E+04 — —>=0.1mm
1.0E+03 —3== 1 mm
1.0E402 7= lem
I —
£ 1.0E+01 _
"
B L0E+00 |
2 10801
]
2 1.0e-02
E
=
@ 1.0E-03
1.0E-04
1.0E-05
1.0E-06
1.0E-07
1.0E-08
1960 1970 1980 1990 2000 2010

Time (year)

Figure 12. Cumulative meteoroid impacts on Delta I, 11, and Centaur stainless steel tanks
vs. time. Results are shown for equivalent stainless steel size thresholds of 1 cm, 1 mm, and
0.1 mm, and the altitude range 200 km to 1000 km.
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Figure 13. Cumulative meteoroid impacts on Delta I, 11, and Centaur stainless steel tanks
vs. time. Results are shown for an equivalent stainless steel size threshold of 0.1 mm and
the altitude range 800 km to 1000 km.
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Figure 14. Cumulative meteoroid impacts on Delta I, 11, and Centaur stainless steel tanks
vs. time. Results are shown for an equivalent stainless steel size threshold of 1 mm and the
altitude range 800 km to 1000 km.
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Figure 15. Cumulative meteoroid impacts on Delta I, 11, and Centaur stainless steel tanks
vs. time. Results are shown for equivalent stainless steel size thresholds of 1 cm, 1 mm, and
0.1 mm, and the altitude range 800 km to 1000 km.
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Figure 16. Cumulative meteoroid impacts on Delta I, 11, and Centaur stainless steel tanks
vs. time. Results are shown for an equivalent stainless steel size threshold of 0.1 mm and
the altitude range 200 km to 6000 km.
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Figure 17. Cumulative meteoroid impacts on Delta I, 11, and Centaur stainless steel tanks
vs. time. Results are shown for an equivalent stainless steel size threshold of 1 mm and the
altitude range 200 km to 6000 km.

1.0E+06

1.0E+05 . _

1.0E+04 = —3==0.1mm
1.0E+03 —>»=1mm

>= 1 em

1.0E+02

1960 1970 1980 1990 2000 2010
Time [year)
Figure 18. Cumulative meteoroid impacts on Delta I, 11, and Centaur stainless steel tanks
vs. time. Results are shown for equivalent stainless steel size thresholds of 1 cm, 1 mm, and
0.1 mm, and the altitude range 200 km to 6000 km.
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Ejecta Model

The size distribution of cone ejecta resulting from a typical meteoroid impact was briefly
investigated. The references for this are the description of the ejecta model implemented in
MASTER-2009 (Ref. 5) and a report on hypervelocity impact ejecta prepared by the IADC
Working Group 3 (Ref. 6).

References 5 and 6 state that there are three types of ejecta: cone ejecta, jetting ejecta, and
spallation ejecta. Both references indicate that jetting ejecta account for only 1% of the total. In
addition, spallation only occurs for brittle surfaces. Since stainless steel is not brittle, only
coning ejecta were considered here.

The model used by MASTER-2009 (Ref. 5) was implemented in a spreadsheet. The impactor
was assumed to be a meteoroid with mass of a 1 mm size stainless steel particle (4.14 mg). The
meteoroid density was assumed to be 1 g/cc, and the corresponding meteoroid size was 1.99 mm.
The impact was assumed to occur at 20 km/s at an angle normal to the surface. The target
surface parameters were selected to represent stainless steel. These include selecting model
parameters for a ductile surface and a density of 7.9 g/cc. It is noted that the model information
presented in Ref. 6 was essentially the same as the MASTER-2009 model, but with variations in
some parameter values derived from experimental data processed by various authors.

Figure 19 shows the resulting reverse cumulative distribution of ejecta fragments over size. The
total mass ejected computed by the model was 12.9 times the impactor mass. The maximum
fragment size computed by the model was 0.051 mm, which is much less than the equivalent
stainless steel size of the impacting meteoroid. The figure shows that the ejecta mass consists of
a large number of fragments that are much smaller than the impactor.

Since only 5 to 60 impacts by meteoroids of equivalent stainless steel size 1 mm and larger are
expected to have occurred on all Delta I, 11, and Centaur stainless steel tanks, and since the
resulting ejecta are much smaller than the impactor due to the ductile nature of stainless steel, it
appears unlikely that a significant population of stainless steel fragments has been created by
meteoroid impacts on these tanks.

Whether impacts by existing orbital debris particles could have created significant amounts of
stainless steel ejecta has not been determined here.

It is separately noted that Refs. 5 and 6 note that brittle surfaces can release multiple spall
fragments that are larger than the impactor. This implies that meteoroid and debris impacts on
spacecraft solar arrays or other brittle surfaces may generate a significant amount of spall ejecta
of the same material.
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Figure 19. Reverse cumulative distribution of stainless steel ejecta fragments over size
resulting from an impact by a meteoroid with equivalent stainless steel size of 1 mm with
impact 20 km/s and normal incidence.

Evidence of Impacts on Stainless Steel Tanks

A reentered Delta |1 2" stage tank on display at the Aerospace main campus shows evidence of
multiple impacts. This tank was on orbit from April 1996 to June 1997 for a total of 273 days.
There are 15 impact craters as well as two perforations with diameters of approximately 1 to

1.5 mm. Consistent with statements in Refs. 5 and 6, none of these craters or perforations shows
any evidence of spallation. No analysis has been performed to determine whether the impactors
were likely meteoroids or orbital debris.

Conclusions

The possibility that Delta | and Il second stage propellant tanks and Centaur propellant tanks
could be sources of the stainless steel debris observed on space shuttle surfaces was investigated.
It was found that the amount of total on orbit stainless steel tank mass and area available for
creation of debris has steadily grown from 1960 to 2010. Approximately 14000 kg and 1600 m?
was effectively available between 200 km and 1000 km altitude by 2010.

The number of meteoroid impacts on these tanks that may have produced stainless steel ejecta
was estimated. The associated number of debris impacts on these tanks was not considered due
to limited study scope. It was determined that the number of impacts only becomes significant
for an equivalent stainless steel particle size threshold between 0.1 mm and 1 mm. To generate
significant amounts of 1 mm stainless steel ejecta, meteoroid impactors smaller than 1 mm
equivalent stainless steel particle size would have to generate larger ejecta fragments than
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themselves. The MASTER-2009 ejecta model was used to investigate the ejecta created by a
meteoroid equivalent to a 1 mm stainless steel particle. It was found that the largest ejecta
fragment was much smaller than the impactor due to the ductile nature of stainless steel.
Spallation can generate fragments larger than the impactor, but this occurs only on brittle
surfaces. Evidence of actual impacts is shown on a reentered Delta I 2" stage tank at Aerospace
that was on orbit 273 days, but they showed no evidence of spallation. As a result, it appears
unlikely that a significant population of stainless steel fragments has been created by meteoroid
impacts on known stainless tanks.

Whether impacts by existing orbital debris particles could have created significant amounts of
stainless steel ejecta has not been determined here.
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Appendix D. CTU Risk Assessment

CTU Risk Assessment
Joel Williamsen
Institute for Defense Analyses
Steve Evans
NASA-Marshall Space Flight Center
July 11, 2014
lDA Objectives

Examine the structure of the CTU

Perform hydrocode assessments of orbital debris penetration through

CTU and MLI elements

Perform independent risk assessment(s) of orbital debris failure risk

using ORDEM 3.0

Compare results to those derived from Bumper by NASA-JSC

Suggest alternative failure criteria risk criteria, penetration equations,
etc. for future NASA orbital debris risk assessments of CTU and other

critical LPSS elements
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lD A CTU Structure

* Port side — radiator

» Starboard side — cables
» Zenith — MLI blanket

* Front — box shadowing
* Aft — shadowing

» Bottom — covered

* CTU s inclined at a15
degree angle to the
velocity vector

Velocity
(front)

ID A CTU Structure
———— Three Critical Elements Fonmpne g 6

Data Storage 106
Configuration Relay 105

Command Type 1 108
Command Type 1 108

Mass:Memory” 19 Command Type 1 108,

ruster Driver 109
Torque Driver 110
Qeiver 110

Power Supply 101

Power Supply 101

| N ) [
{ e d N w < 0y ‘\
Zenith ' LN g .1 10.80
4 S P - .

- 840
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ID A CTU Internal Structure
[ (Starboard Side View)
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IDA Power Supply Internal Structure

Starboard

“»
w/ SN~
Nadir
b B v
Velocity
% Ny >

Top and bottom power supplies are redundant —
Must hit both to kill total power
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IDA

CTU Internal Structure —
Four Command Cards and Sun Sensor

60 mil Aluminum

0.1in

0.5in

Thickness
assume 80 mil

Frame material-
Assume Aluminum

70 mil Copper-clad resin-over-fiberglass
circuit board ; its position
within the frame as shown

VIEW FROM CONNECTORS SIDE

3/19/2015-7

IDA

Hydrocode Runs
Top Surface of CTU, Assuming No MLI

-

e Yow S Aotyeq_DwsOtiecttet

CTU / Top Cloud, Time = 0 s
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file Yiew Scene PlotObject OataOtyect Help.

Power / 1.0 mm, Ti

SPHC 1414441 02 Jul 2014

=356 =189 Modes none  Draw Accei= 1

e Por0mec Dusonect to

CTU / Top Cloud, Time = 10 us I

e M Scwne: PotOtject OutaOtyect Help
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! * Early runs assumed that

| there was no MLI protection

-+ Objective was to determine
debris pattern inside the box
once penetrated
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ID A Hydrocode Runs
] Top Surface of CTU, Assuming No MLI
e ey g | e

- s T | .
5.80in 3.22in
+ Given a direct hit by particle on top of CTU, S
hydrocode assessment establishes the
following areas which may cause critical 8.00in “Critcal
failure. Faurk
» This area would be used in establishing
smaller critical exposed area for CTU box.
1.5cm 1.75¢em
13.60in
3/19/2015-9
Hydrocode Runs, 3mm Steel Particle

Front Surface of CTU, MLI Present

file View Scene PlotObject DataObject Help
CTU / Top MLI, Time = 0 us

———
L% JPSS.20.thor - Thor '« g X
file \View Scene PlotObject DataObject Help
CTU / Slice, Time = 0 us
i ‘aL2219 ,
» b
[
=l g @ st proiectie
sph 0 50-erul Beta cioth >
dens teduced L) = = i
f ten
022
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. w K

dl
g MLI finesc density
1751 g/am
-
lineas density
S g/am
—

JscMLI
725 g/

101
an standoff

1

x=289 ly=318 [Mode:
[Lineac deasites used due
0 the natuce of the 2.D simulation).

Structure s tlted

15 degrees to the
local honzontal.

-2
-2
o ° 10 2
X
SPHC 09:18:53 08 Jul 2014
=439 2510 Mode= none __ [Draw Accel= 1_
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lD A Hydrocode Runs, 3mm Steel Particle
L m Y Front Surface of CTU, MLI Present
gnalliteil fdtof CTU B (1/2 g?nf:mb:mo&mmfcn'bo; E

CTU / Slice:

1

L 1
10 1 20 '
X
HC 09:18 Ju 2014

» Penetration occurs in narrow area along shotline of original
particle, not due to MLI cloud distribution

3/19/2015-11

lD A Hydrocode Runs, 3mm Steel Particle
=22  Top of Front Surface of CTU, MLI Present

Frontal lut onto top of CTU box (1/2)
28 1°55_20.thor - Tho

Frontal hit onto top of CTU box (2/2)

b8 /PSS _2D.thor - Tho -

File View Scene PlotObject DataObject Help File Yiew Scene PlotObject DataObject Help

CTU / Slice, Time = 0 us CTU / Slice, Time = 20 us

15 1 1 1 i 15 1 o BRI

10 15 26 1 10

X

SPHC[ 07:19:28 08 Jul 2014 sPHcf 13:

x=308 y=295 [Mode=none |Draw Accel= 1

15 I \-\ 2i

» Penetration occurs in narrow area along shotline of original particle, not
due to MLI cloud distribution

» Note that secondary debris cloud in CTU box turns normal to CTU box
surface

319201512
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ID A Hydrocode Runs, 3mm Steel Particle
L Y Top Surface of CTU, MLI Present

=3

e Yew Scene Potomea Datadoyect tew

*«vjﬂ"lﬁ Slice. Timé = 30 us

e Yo Scme PoOmect DutaOtect i

CTU / Slice. Time = 0 us

i

spicf ovs3.48 gafi1 2014

+ Standoff is essential! » Penetration occurs in narrow

* [t allows debris cloud to area along shotline of original
spread out and causes less particle, not due to MLI cloud
damage to CTU wall. distribution

* Include foam spacers > 2” » Note that secondary debris
high to force MLI away from cloud in CTU box turns normal
the wall when in orbit. to CTU box surface
lD A Hydrocode Runs
A Port Surface of CTU

o = CTU / Portside, Time = 100 us CTU / Portside, Time = 0 us CTU / Portsideé, Time = 100 us

1mm; 15 deg ; 14.50 km/s

1mm, 5 deg; 14.61 km/s

* Early runs assumed that there was no MLI protection
» Objective was to determine debris pattern inside the box once penetrated
 Conclusion: Failure occurs over narrow area from bumper fragments

Ballistic

Limit 3.160 Yes Yes Yes Yes Yes Yes Yes
d (mm) 1.000 No Yes No No No No Yes Yes No No
0.316 No No No
approach (deg) 5 15 25 35 45 55 65 75 85 95
speed (km/s) 14.61 14.50 13.53 12.27 10.69 8.71 6.45 4.10 2.20 1.67
3/192015-14
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IDA Independent CTU Risk Assessment

Objectives: Perform simplified orbital debris risk assessment of CTU using:
* ORDEM 3.0 Flux
» Single wall penetration equations with CTU geometry
« JSC Whipple shield penetration equations (JSC MLI assumptions)
* Reduced critical area using CTU critical internal geometry (no internal
element resistance included)
» Case 1. Command cards, Batteries, and Sun Sensor are critical
» Case 2: Command cards and Batteries are critical, NOT Sun Sensor
* Higher ballistic limit equation (Modified Wilkinson) for top of CTU

Purposes:
» Verify BUMPER implementation of ORDEM 3.0 Flux (to a limited extent)
» Verify JSC assumptions regarding MLI as bumper material
» Determine effectiveness of reduced critical area
+ Determine effectiveness of higher ballistic limit equation

3/19/2015-15

Case 1: CTU Areas Actually Containing

IDA Critical Internal Elements—
=———  Sun Sensor Card Baseline, Not Protected
4.5’x8.4”
1.8’x8.4” ” ”
1.8”X3” 1'5 X8(2‘ofmandLogvc 107

Command Type 1 108
Command Type 1 108
Command Type 1 108

Only small area
between batteries is
sensitive to penetration,
where both batteries may be
penetrated.

Port side s shielded by star
trackers after 40 deg approach.

Power Supply 10 = ! ‘N g
N, 75108
I [
< > [

\\\‘ \q;
N

Case 1: Sun Sensor Is
critical, so penetration ;
of box front is critical area wa «

3/1912015-16

8.40
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Case 2: CTU Areas Actually Containing
lDA Critical Internal Elements—
—_— Sun Sensor Card Protected

4.5"’x8.4”

1.8’x8.4”
1.8"%3" o

Only small area
between batteries is
sensitive to penetration,
where both batteries may be
penetrated.

Command Logic 107
Command Type 1 108
Command Type 1 108
Command Type 1 108

Port side s shielded by star
trackers after 40 deg approach.

Sun Sensor 111
Power Supply 101

Power Supply 100

Case 2: Sun Sensor Is 13.60
protected or moved, so penetration -
of box front is NOT critical area

3/19/2015-17

IDA ORDEM 3.0 Flux Assumptions

99.5% of flux emerges from the orbital plane from 0 to 90 deg from velocity vector

Flux Flux Ratio to
Element az_low az_high el_low el _high Flux NK30Flux LD30MD30 HD30  Flux IN30 Total FluxAve Vel allflux  Cum flux %

10028 70 80 -5
3772 -90 -80 5
10413 80 S0 -5

3.2E-06 0.000348 0.025216 0.034377 5.72E-08 0.059944 4.09998 0.022788 0.980236846
0 0.000181 0.010253 0.010219 3.11E-08 0.020654 2.399011 0.007852 0.988088444
0.0.000181 0.010253 0.010219 3.11E-08 0.020654 2.399011 0.007852 0.995940043

6500 -10 0 -5 5 1.12E-05 0.002979 0.308817 0.299282 3.59E-07 0.61109 14.61414 0.232308 0.232307927
7291 0 10 -5 5 1.12E-05 0.002979 0.308817 0.299282 3.59E-07 0.61109 14.61414 0.232308 0.464615854
6509 -20 -10 -5 5 1.5e-05 0.001607 0.088528 0.123581 2.48E-07 0.213731 14.50171 0.081251 0.545866575
7682 10 20 -5 5 1.5E-05 0.001607 0.088528 0.123581 2.48E-07 0.213731 14.50171 0.081251 0.627117296
6118 -30 -20 -5 5 7.52E-06 0.000859 0.051243 0.069155 1.34E-07 0.121265 13.53222 0.046099 0.673216714
8073 20 30 -5 5 7.52E-06 0.000859 0.051243 0.069155 1.34E-07 0.121265 13.53222 0.046099 0.719316132
5727 -40 -30 -5 5 5.45E-06 0.000617 0.037653 0.050869 9.43E-08 0.085145 12.27197 0.033889 0.753204804
8464 30 40 -5 5 5.45E-06 0.000617 0.037653 0.050869 9.43E-08 0.089145 12.27197 0.033889 0.787093476
5336 -50 -40 -5 5 4.43E-06 0.000457 0.030844 0.041175 7.63E-08 0.07252 10.68644 0.027569 0.814662093
8855 40 50 -5 5 4.43E-06 0.000457 0.030844 0.041175 7.63E-08 0.07252 10.68644 0.027569 0.842230709
4945 -60 -50 =5 5 4.06E-06 0.000425 0.026915 0.036063 6.72E-08 0.063407 8.712949 0.024104 0.866335174
9246 50 60 -5 5 4.06E-06 0.000425 0.026915 0.036063 6.72E-08 0.063407 8.712949 0.024104 0.850439639
4554 -70 -60 =5 5 4.5E-06 0.000378 0.024347 0.033433 6.07E-08 0.058163 6.449906 0.022111 0.912550353
9637 60 70 £ 5 4.5E-06 0.000378 0.024347 0.033433 6.07E-08 0.058163 6.449906 0.022111 0.934661067
4163 -80 -70 -5 5 3.2E-06 0.000348 0.025216 0.034377 5.72E-08 0.059944 4.09998 0.022788 0.957448356

5

5

5
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1IDA Preliminary Results—Box Penetration
T CTU 6.98 years, OD Only

Sun Sensor Critical  Sun Sensor Not Critical

Single Wall MLI + SW Reduced Area Reduced Area Jsc
Top Surface (Cards) 0.8394 0.00667 0.00400 0.00300
Top Surface (Cables) 0.2798 1.522 | 0.00222 0.01229 | 0.00133 0.00217 | 0.00100 0.0056 0.0162
Top Surface (Batteries) 0.4029 0.00336 0.00168 0.00160
Port Surface (Cards) 0.0002 0.00027 0.000160 0.000123
0.0002 0.00036 0.00018 0.000137 | 0.0008
Port Surface (Batteries) 6E-05 0.00008 0.000014 1.41E-05
Starboard Surface (Cables) 2.7819 0.00679 0.00246 0.001845
3.7833 0.00923 0.00267 0.00205 | 0.0167
Starboard Surface (Batteries) 1.0015 0.00244 0.00021 0.000205
Front Surface (Cards) 2.0409 0.024995 0.024995 0
3.0705 0.0366 0.036597 0 0.0584
Front Surface (Batteries) 0.9797 0.011600 0.011600 0
@ 0:06195: @99) 0.011299) 0.0921
Factor of 139 Risk Reduction 20% Risk Reduction  Factor 5.5 Risk Reduction
Due to Inclusion of MLI Due to Reduced Area w/Sun Sensor Card
w/Sun Sensor Card Critical Protected

3/192015-18

IDA

Assessment does not include the following factors:

* Resistance of internal elements—would further lower risk

» Shadowing by cables (see below)—would further lower risk
» Contamination by

penetrating particles ; -

on other internal
elements of CTU
not impacted directly
by penetrating particles.
Would increase risk

of eventual failure 7/ |

; " &/ |
unless internal wiring 7 ( ~
and circuit boards

have thick coating.

3/19/2015-20
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Another Consideration in Calculating CTU Risk:
NASA'’s Current High Velocity Penetration

IDA

Prediction Equation May be Too Conservative

0.30

e hed e
[ [ %)
» ®» ©

Aluminum Sphere Diameter, cm
e
n
n
T

© Full-Scale, PASS
4 Full-Scale, FAIL
© 0.46-Scale, PASS
® 0.46-Scale, FAIL
£ 025-Scale, PASS|
A 025-Scale, FAL

[AII projectile diameters scaled to O.AG-ScaIe]

1 " 1

L

0.20

1 Piekutowski and Poorman, “Effects of scale on the performance of Whipple shields for

8 9
Impact Velocity, km/s

10

impact velocities ranging from 7 to 10 km/s”, HVIS 2010, Darmstadt GE

1

Piekutowski and
Poorman™ (2010)
show large
improvements over
NASA Non Optimum
penetration equation
at velocities above 7
km/sec in full-scale
tests (mixed results in
subscale tests).

Similar to Modified
Wilkinson Equation?
(Bjorkman, 1993).

What would be the
effect on penetration
risk if adopted?

3/19/2015-21
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MLI Over CTU

High Velocity Penetration Equations

15 deg Obliquity
1 31
NNO 0264 = 0129
ModWikinson 0264 0129
Schmidt Housen  0.264 0129

45 deq Obliquity

2 3
NNO 0279 0216
ModWikinson  0.279 0218
Schmidt Housen  0.279 0216

85 deq Obliquity

NNO 048 0.35

ModWikinson ~ 0.48 0.35
Schmidt Housen  0.48 0.35

73
0275
0321

034

42
0174
0174
0174

71
0282
0.282
0.309

9 1 13 15
0.238 0209 0.187 017
0.305 029 0.278 0.268
0.331 03 0.297 0.308

99 1 13 15
0277 0258 0231 021
0.322 0314 0.301 0291
0.339 0342 0.322 03

16.55 18 20

0277 0262 0244
0.322 0315 0.307
0.338 0342 0.335

15 Deg Obliquity

—+—Hew Non Optimum
—#—Modified Wilkinson
“w=SchmidtHousen

45 Deg Obliquity

—4—iew Non Optimum
—s—Maodified Wilkinson

SchmidtHousen

9 1 13 15

65 Deg Obliquity

0.3
0.25

e Non Optimun
== odified Wilkinson

SchmidtHousen

15 20
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1IDA Preliminary Results
s CTU 6.98 years, OD Only
Single Wall MLI + SW Modified Wilkinson INe
Top Surface (Cards) 0.839365 0.00667 0.00182
Top Surface (Cables) 0.279788 1.522049| 0.00222\_0.01229 }0.00071 ( 0.00355 )).01621
Top Surface (Batteries) 0.402895 0.00336 0.00102 /C

Factor of 3.5 Risk Reduction
Due to Penetration Equation
Improvement

3/1972015-23

lDA Conclusions and Recommendations

CTU structure contains four command logic cards, a sun sensor and a redundant set of

batteries that are critical to controlled re-entry. Other elements act as shielding.

+ Hydrocode assessments of orbital debris penetration through CTU and MLI elements
show area where impacts cause penetration of critical elements.

* Independent risk assessment shows reduced critical element areas reduce risk of
assuring controlled re-entry differentially, based on their inclusion.

» If sun sensor is critical, we must include entire frontal area of CTU box as critical. As
such, risk only drops by 20% over baseline (where any box penetration causes failure to
re-enter).

« If sun sensor is moved to a safer position or protected internally (such as behind control
logic cards), risk is reduced by a factor of ~5.

+ Additional analyses of internal features would be required even if sun sensor is internally
protected (internal hardness, potential contamination).

* Conclusion: Consideration of internal elements of CTU will probably not be sufficient to
reach factor of 12 reduction required, due largely to exposure of internal sun sensor card.
Some (very thin) external blanket directly over CTU is needed.

« Itis absolutely essential that large (>2 inch) standoff of MLI over CTU be maintained.
Consider placing light foam spacers between CTU and MLI blanket

» Use of alternate high velocity equation (Modified Wilkinson or similar) would reduce risk
by a factor of ~3.5 (top surface, limited study). UDRI tests from 7-10 k/s verify this possibility.

» Considering increase in OD population and density, this is a recommendation that
should benefit all spacecraft, and is worthy of NASA investment in tests to verify it.

3/19/2015-24
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Appendix E.  JPSS-1 Zenith Deck Orbital Debris Wire Harness
Failure Assessment

IDA

JPSS-1 Zenith Deck
Orbital Debris Wire Harness
Failure Assessment

October 10, 2014

Joel Williamsen
Institute for Defense Analyses
Steve Evans
NASA-Marshall Space Flight Center

31197201541

IDA Summary

» Task 1: Performed “generic” risk assessments of orbital debris
penetration through a “typical” wire harness (cable) with baseline MLI
blanket protection at normal obliquity using SPH hydrocode

+ 36, 18, and 6 wire harness (cable) with redundant wire pairs
+ Considered one year, zenith/nadir wire orientation

+ Steel and aluminum orbital debris

+ 2” standoff of baseline MLI to wire harness (cable)

» Task 2: Performed trade studies and risk assessments with MLI blanket
and MMOD blanket configurations at 75 degree obliquity to determine
performance and optimal configuration for zenith-facing wires using
SPH hydrocode
+ Ultimate objective was to prevent penetration of 3mm aluminum

sphere through adding enhanced MMOD blanket over zenith facing
wires

+ Both orbital debris risk assessments used ORDEM 3.0 flux levels for a
variety of configurations — Meteoroids not included

3/192015-2
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IDA Task 1: Generic Wire Harness Risk
—_— JPSS-1 Wire Harness Location

» Typical cable on “zenith deck”
is similar to that emerging
from the Command Telemetry

Unit (CTU) Starboard
side

g > \ Velocity

B (front)

+ Examine a 1
foot typical

* length

-+ Perpendicular
@  tovelocity
vector aligned
e with zenith

3/19/2015-3

JPSS-1 Wire Harness Structure
m and Failure Assumptions

» Goal: Determine the number of wire failures in a 1 foot harness for each of
the following conditions e '
» Steel OD e i s

Singles / Bundled, Time = 0 s

* Aluminum OD S

* Interpolate between results for impact velocity &
diameter to determine flux vs. number of wire failures | ~ | 1

« Associate probability of primary + 1 randomly _— |
placed redundant wire failure I—

» Extend analysis to other wire types, lengths, designs

* Initially: Assume a wire harness with 36 single 24 gauge wires
» Each 24 gauge wire holds19 strands surrounded by .024” plastic
» 2 layers of Lamiglass and 1 layer of Kapton surrounds 37 wire bundle
» MLI blanket is kapton only (no betacloth), 0.032 g/cm?2 (very thin)
» Perform entire assessment with and without MLI blanket

» Perform 18 and 6 strand wire examples based on 36 strand wire results

3/19/2015-4
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No MLI Over Wire Harness

IDA

0.5mm Stainless Steel at 14.6 km/sec

Target

Lamiglas Layers

i

Teflon Insulator

Kapton Layer Copper Conductor

With 0.5mm Aluminum Sphere
At 7.3 and 14.6 km/sec:

PSS,
file View Scene PlotObject DataObject Help

Result:

xe227 =289 Mode= Rotate2 Draw Accels 1

SS 0.5 14.61/ No MLI
. Time = 50 us

No MLI Option

Projectile diameter: 0.5-mm

Number of wires cut: 37..,

S o v ¢ oz o0
L7 SPHC 09:28:30 26 Aug 2014 ¥

s000

seeee
LA AL L]

LA A E

L34 !
02ele
0%
026
2o
%%
ole
*2e%
oge’

.
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Hydrocode Results with Baseline MLI
2 Inch Standoff Over Wire Harness

Gie Yw Sceve PoOtiec OuaOtiedt belo

Singles / Bundled, Time = 0 us

SPHC 123443 24 Jul 2014

0.5 mm Stainless Steel, 14.61 k/&

@755 o e

e I

e View Sceme PotOtiect DataObyect Help

$5302a 0.5 / bes, Time = 25 us

SPHC 115725 13 Aug 2014

) yed2  Modex none O Accen 1

36 Wires - 17 Wires Cut

-G+ -02 00 02 04

0.9 mm Aluminum.7.3 k/s

ALB061 0.9 / 7.3
Time = 50 us

SPHC 094249 16 Aug 2014
o y383 Modex nose  Dramccelz 1

36 Wires - 12 Wires Cut

X /
By extension,

198Wires -- 13 Wires Cut
6 Wires — 7 Wires Cut

By extension,
18 Wires — 10 Wires Cut
<—___ 6 Wires— 5 Wires Cut

(Note: “37th” “19th” and “7t”
wires ignored in hex pattern)

3/1972015-6
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JPSS-1 Wire Harness Failure
Hydrocode Results
Number and Locations of Wires Cut

IDA

0.1 0.3 0.5 0.7 0.9 1.1 1.3 1.5
mm mm mm mm mm mm

14.6 s
kis l ] '

Stainless Steel vs.
‘ 36 Wire Cable

7.3 EhERR 1 © ~leRuh Aluminum vs.
Kis G R 36 Wire Cable
| | > | o5 | POT | Y |
14.6 3 i £ shess it
w B R R
oo | o I I F Iz b Tog. | Inter- Inter- 7
7.3 de l s l @ l PR ! l;polated | polated |
kis : 7 * ! Value i Value |
311912015-7
IDA JPSS-1 Wire Harness Failure
—_— Summary of Results To Date
Stainless Steel -- 36 Wire Cable
0.5 mm | 0.7 mm | 0.9 mm |
Hydrocade 146kis 0 9 22 33 36
Results
Number of Wires Cut 7.3 k/s 0 5 17 31 36

Aluminum -- 36 Wire Cable
| |0.4mm]|03mm | 0.5mm | 0.7 mm | 0.9mm | 1,1 mm | 1.3 mm | 1.5 mm |
14.6 kis 0 2 13 13 20 26 32 36
7.3 kls 0 1 6 6 12 22° 32* 36

*Interpolated Value
Results by Extension to 19 and 7 Wire Cables (Steel/Aluminum)

| Velocity | 0.3mm | 0.5mm | 0.7mm | 09mm | 1.1 mm | 1.3mm | 1.5mm

14.6 kis 8/2 17 /6 18/10 18/16 18/18 18/18 18/18
18 7.3 kis 4/2 14/4 18/5 18/10  18/15*  18/18* 18/18
6 14.6 k/s 5/1 6/5 6/6 6/6 6/6 6/6 6/6
7.3 kis 3/1 6/3 6/3 6/6 6 /6" 6/6" 6/6

3/19/2015-8
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ORDEM 3.0 Flux (1 mm or higher)

99.5% of flux emerges from the orbital plane from 0 to 90 deg from velocity vector.

Interpolated between ORDEM predictions for 0.1 mm through 1.3 mm sizes for these

Element az_low

az_high el_low

18 approach vectors..

Flux
HD30

Flux
el_high Flux NK30Flux LD30 MD30

Ratio to

Flux IN30 Total FluxAve Vel all flux  Cum flux %

6900 -10 0 -5 5 1.12E-05 0.002979 0.308817 0.299282 3.59E-07 0.61109 14.61414 0.232308 0.232307927
7291 0 10 -5 5 1.12E-05 0.002979 0.308817 0.299282 3.59E-07 0.61109 14.61414 0.232308 0.464615854
6509 -20 -10 <5 5 1.5E-05 0.001607 0.088528 0.123581 2.48E-07 0.213731 14.50171 0.081251 0.545866575
7682 10 20 -5 5 1.5E-05 0.001607 0.088528 0.123581 2.48E-07 0.213731 14.50171 0.081251 0.627117296
6118 -30 -20 -5 5 7.52E-06 0.000859 0.051243 0.069155 1.34E-07 0.121265 13.53222 0.046099 0.673216714
8073 20 30 -5 5 7.52E-06 0.000859 0.051243 0.069155 1.34E-07 0.121265 13.53222 0.046099 0.719316132
5727 -40 -30 -5 5 5.45E-06 0.000617 0.037653 0.050869 5.43E-08 0.089145 12.27197 0.033889 0.753204804
8464 30 40 -5 5 5.45E-06 0.000617 0.037653 0.050869 5.43E-08 0.089145 12.27197 0.033889 0.787093476
5336 -50 -40 -5 5 4.43e-06 0.000497 0.030844 0.041175 7.63E-08 0.07252 10.68644 0.027569 0.814662093
8855 40 50 -5 5 4.43E-06 0.000497 0.030844 0.041175 7.63E-08 0.07252 10.68644 0.027569 0.842230709
4945 -60 -50 -5 5 4.06E-06 0.000425 0.026915 0.036063 6.72E-08 0.063407 8.712545 0.024104 0.866335174
9246 50 60 -5 5 4.06E-06 0.000425 0.026515 0.036063 6.72E-08 0.063407 8.712545 0.024104 0.850439639
4554 -70 -60 -5 5 4.5E-06 0.000378 0.024347 0.033433 6.07E-08 0.058163 6.449506 0.022111 0.912550353
9637 60 70 -5 5 4.5E-06 0.000378 0.024347 0.033433 6.07E-08 0.058163 6.449506 0.022111 0.934661067
4163 -80 -70 =5 5 3.2E-06 0.000348 0.025216 0.034377 5.72E-08 0.059944 4.09598 0.022788 0.957448956
10028 70 80 -5 5 3.2E-06 0.000348 0.025216 0.034377 5.72E-08 0.059944 4.09998 0.022788 0.980236846
3772 -90 -80 -5 5 0 0.000181 0.010253 0.010219 3.11E-08 0.020654 2.359011 0.007852 0.988088444
10419 80 S0 -5 5 0 0.000181 0.010253 0.010219 3.11E-08 0.020654 2.359011 0.007852 0.955940043
3/192015-9

IDA

Probability of Critical Failure vs. Wire Harness Size
Given Randomly Placed Redundant Wire Failure

Probability of Critical Failure
(Hitting Redundant Wire)

Larger Bundles Require More Wire Failures (Larger Particles)

=6 W

—4—36 WireHarness
~@—18 WireHarness

ire Harness

10

Number of Failed Wires

15 20

To Fail Redundant Wire and Cause Critical Component Failure

3/19/2015-10
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Predicted Number of 1 Foot Cable Failures / Year
Steel Orbital Debris vs. 36 Wire Cable

Fora 35wire hamess, partkle dameter that causes N (of 36) wire penetrations, 1footwire length
— Velocty/s —Assume same a5 73—> | P (Redundant |Flux for N| nBundie
U6 | 1as | 135 | 23 107 57 a1 24 |xillin Nwires)| Fallures | Faiiures

35 — =0 = o% 0%0 1 2 osamo | o.ciom
ES os2  o® oS | 08 | 08 am ass 1 0.362263 | 0.04%
3 077 D ese— 980 o& o= as2 1 ooz | omsm
3 (X3 071 | om | am | o7 | om 2 oz omas
2 08 o0 o0m an | onz  onB 1 0.02053| o1
31 o " os7 ] as 0ss ' o= 1 o.4s132| 0.3
30 05 | 055 o0& 0y | 087 | 08 1 o.xssu| omis
22 08 | o8 o0& 0s | 085 0 ———J]oxsm0| coo1m
% | og  o0m2 o s 08t oS 1 Eraps Y
27 om o051 | o  om | 08 | o0& 1 o.armz| ome
1] 0% 05 o oA | 08l o® 1 o.ausus| o.m2s
= a7 | 057 | o% | a®m | 0% | o& 1 0.1 | oz
2 as | 0% oy  as | 058  0® 1 0z225| omm
b=} 08 | 03 o5 0% 057 0% 1 o.779zs| 0.3
2 a2 05  os ax 05 0% 1 o778 | gpefa
2 0s ost "oz "om [oss [ os 1 0.5737 0.3
0 0 o049 o0 a0 052 08 1 [ o.ma
13 07 | 048 | om  am | o051 | om 1 2xum| oomss
13 as | 045  ow  0m | 04 | 0% 0.7535807| 0.00385,
7 o@ | o0aa | 0% oy | 048 | o® 055357071 |0.8047377 2
16 Q@ | 043  om  as | 045 | o osmenss |omsmes
15 Q@ | o0a1 oz am  om | 0% [E= Ty CEST 2
1 0% 040 o0& oM 045 08 ossmsm71 |0.3s350
13 o 03  o®m  om  oa | o=@ 039737775
2 ax | 03  o¥  ax 03  oa& osez1m6
u a8 03 0% oy 03 o® ossw3wsr
1 o® | 03 | ox  o® | 03 o asssz1
B (5 031  ox am 03 0% 031105201
5 0z 02 o3 o} | 033  o0x oz3meTse2
7 0% 02 o0x o®m o3  om o73m14192 =
s a3 02  o0x 0® 02 o0® osomz1zs7 |2.30771] 0.0067
s ez | oz | ox  ox | 027 | 0> oasss73629 |2.516%205| o.005%
a el | 020 oz oz 024 o> 0300011523 |3.41417| 0.00aw
3 oy | o018 | 013 | am | o2 | oz o1sm3827 3076857 o.cm2m
2 au | ois | 01 | a» | 017 | ow opssssssse |2.80m19| 0.oo7
1 a2 o013 o3 a3 013 o®l o 6.u0ma| o.oom
[ [ a1 o1 o -

Hy 250 neale falulfe] 0.2

Number of wires cut

Diameter orbital debris particle causing this
number of wires to be cut (at this impact V)

Highlighted diameters represent hydrocode
runs; Other values are linear interpolations

Probability that a redundant wire has been
cut within a bundle of 36 wires

Orbital debris flux for this combination of
diameters and velocities

Expected number of cable failures with N
wire failures in one year, assuming wires are:
+ 1 foot long and 5/8" wide
+ Oriented along the nadir/zenith
» Fully exposed to the orbital debris flux

Expected number of cable failures in one
year considering 1 through 36 wire failures
Actual failures can be fewer, considering:
« Alternate orientations (less exposure)
+ Shadowing (behind other wires or
equipment)

3/19/2015-11
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Summary Predictions

Number of Cable Failures for Three Cable Sizes
(1 Foot Length, 1 Year Exposure, Zenith Orientation)

0.250

0.200

0.150

0.100

0.050

Number of Cable Failures
(per linear foot, per year)

0.000

=~ Steel

= Alumin

c
3

10 20 30

Number of Wires in the Cable

40

Bundle Size  Steel Aluminum Total
6 0.075 0.024 0.099
18 0.111 0.065 0.176
36 0.143 0.080 0.223

Expected number of cable failures in one year considering N wires per cable, assuming:
« 1 foot long and 5/8” wide (36 strands). 18 strand cable is 7/16” wide; 6 strand cable is 5/16".
« Oriented along the nadir/zenith
« Fully exposed to the orbital debris flux
Actual failures can be fewer, considering:
« Alternate orientations (less exposure)
* Shadowing (behind other wires or equipment)
« Fewer critical wires in a cable.

3/19/2015-12
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lD A Effect of Shadowing and

=22 Reduced Criticality On Complex Wire Harness
4-cable
bundle

Four 36 strand wires, each 2 ft long

+ Act alone over first foot

+ In a 4-cable bundle for second foot

+ Fourth cable shadowed by first 3

« 2nd and cable 50% shadowed completely from
starboard when in 4-cable bundle

« 1st cable unshadowed when in 4-cable bundle

+ All cables shadowed by CTU from port side

+ All cables shadowed from front approaching
debris by other cables forward

+Cables shadowed from 45 degrees to 90
degrees on starboard side from star trackers

+All cables contain 18 redundant pairs, but only
50% of pairs are critical

*Neglects effect of horizontal first foot
(conservative)

*Neglects effect of additional tape
(conservative)

3/19/2015-13

IDA

Effect of Shadowing and
Reduced Criticality On Complex Wire Harness

Baseline | Portside Front(Odeg) 45deg Bundle Realistic
Cable Length (ft)] n Fails |Shadowing Shadowing Shadowing Shadowing Criticality] nfails
1 2 0.446 0.5 0.46 0.84 1 0.5 0.043084
2 2 0.446 0.5 0.46 0.84 0 0.5 0
3 2 0.446 0.5 0.46 0.84 1 0.5 0.043084
4 2 0.446 0.5 0.46 0.84 0 0.5 0
Baseline nfails 1.784 More realisticnfailsin 8ft  0.086
Failure perfoot 0.223 Failures per foot  0.011
Unshadowed baseline vs Realistic ~ 20.7

* Including more realistic shadowing and criticality yields a reduction of
a factor of 20 on failure risk for this 8 foot example
+ About 1% risk for eight ft cables with 50% criticality

Earlier assessments (for the James Webb Space Telescope, ISS, etc.)
assumed that any penetration of the shield caused failure of the entire harness.

The next task takes a similar approach, determining protection and risk levels
for improved MLI and MMOD blanket designs (preventing MMOD blanket
penetration and impact onto wires).

3/19/2015-14
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Task 2: Additional Hydrocode Runs
With
Alternate MLI and Kevlar Protection

3/19/2015-15

Heavy MLI Over Wire Harness (2 Layers of Beta Cloth)
IDA 2 Inch Standoff, to Wires, no MMOD Blanket beneath

Heavy MLI Option

{6 /PsS.3D.thox - Thor « ”
e Heavy MLI
e Vi Scene- PoOtjec Owadtiectelp
ek ‘:90/““-6‘ SS-B-K 05 / 14.61
e T~ l Time =00 xs , Beta Cloth
N ,/\'":,‘T ‘ ’
\J
AP
SPHC 1009:34 26 Aug 2014
x=355 y=171 Modes Rotate2 Oraw Accei= 1
s

Results with heavy MLI:

Steel Projectile

Mylar MLI

Baseline, with §§§§~
light MLI- B
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Heavy MLI (2 Layers of Beta Cloth Added), Plus
IDA 2 inch Standoff, Beta-Keviar-Keviar-Beta MMOD Blanket
— Over Wire Harness

file View Scene PlotObject DataObject Help

Eile View Scene PlotObject DataObject Help

SS—Hvy Hvy 0.9 / 14.61 SS—Hvy Hvy 0.5 / 14,61
Time = 0 us Time = 50 us

% | b
\ 2
\ >\
SPHC 09:62:37 26 Aug 2014
Bera Kev,ar x=332 y=303 Mode= Rotate2 Draw Accel= 1

SPHC 1027:06.26 Aug 2014
fxedse 32390 Modex Rote? DrawAccel 1

Baseline, with

Result with heavy MLI e light MLI at
over Beta/Kevlar Blanket ! 14.6 k/s:
At 14.6 km/sec:

o
ole
osele
ol

At 7.3 /s 558 l e

0.9 mm Stainless Steel
Sphere Penetrates

3/19/2015-17

lD A Enhanced Wire Harness Shielding
Considering Oblique Impact

» Based in part on these hydrocode results, the program decided to place
an enhanced MLI/MMOD shield over zenith deck wire harness areas

+ As stated earlier, 99.5% of orbital debris approaches from within the X-Y
(orbital) plane. Debris approaching from the Y axis would impact the
deck at 14.6 km/sec and impact the blanket at 75 degrees obliquity

* Program elected to implement an MLI & MMOD blanket design similar to
one placed over CTU

| 75 deg

Added 3 Layers Beta Cloth over Original MLI

\ giﬂches J

Kapton Spacer‘\ \’

(Not Modeled) °_.--
+ Ultimate objective was to prevent penetration of 3mm aluminum sphere
through adding enhanced MMOD blanket over zenith facing wires

3/19/2015-18

MMOD Blanket

1 Layer Beta Cloth
5 Layers Kevlar

1 Layer Beta Cloth

36 Strand Wire -
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Hydrocode Results
m Enhanced Wire Harness Shielding
i AT 2.12 mm Stainless steel ™ fime w O~ Hii i
B = sphere at 14.61 km/sec R N
= /‘3‘ and 75 deg obliquity | / g/
| - \ ‘
\ \ f marginally penetrated |

MMOD blanket (clipping sse:sss . |

|
> [ e ‘
KJpv‘mn s \’r.‘\[ 2 p\ A ~—
P &= | 2wies) \ P e
—mme | 3 mm Aluminum sphere L. e /

\~>/\:‘\ ; P e e 2
e <Y, at 14.61 km/secand 75 ~  mssem /"
SPHC 09:12:12 25 Sep 2014 deg Obllqulty dld not SPHC 09.07:40 25 Sep 2014
I' penetrate MMOD ‘ : I
. blanket ) i

Conservatively assume
ballistic limit for MLI/MMOD
blanket is 2.12mm Stainless
steel and 3mm Aluminum at

all (lower) velocities.

3/19/2015-19

Estimating Exposed Wiring Area
m JPSS Zenith Deck

Exposed Area by Approach Direction (mz)
Region | Surface Area | Odeg 5 15 25 35 45 55 65 75 85
A 0.930 0.241 0.239603 0.233331 0.219177 0.197053 0.170032 0.138053 0.102683 0.063927 0.021817
B 0.454 0.118 0.117139 0.114073 0.107153 0.096337 0.083127 0.067492 0.050201 0.031253 0.010666
C 0.527 0.137 0.135775 0.132221 0.1242 0.111663 0.096351 0.07823 0.058187 0.036225 0.012363
D 0.142 0.037 0.036606 0.035648 0.033485 0.030105 0.025977 0.021091 0.015688 0.009767 0.003333
E 0.129 0.033 0.033278 0.032407 0.030441 0.027368 0.023616 0.019174 0.014262 0.008879 0.00303
Obliquity 75 75.1 75.5 76.4 77.8 79.5 81.5 83.7 86.1 88.7
Total Area 0.57 0.56 0.55 0.51 0.46 0.40 0.32 0.24 0.15 0.05
]  MmoDslsnket, 5 Layers of Kevlar + 2 Layers 2mil Mylar & [ MvODBlankst, 11 Layers of Keviar + 2 Layers 2mil Mylar

Orbital Debris
s . _amL Approach Angles
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Estimating Exposed Wiring Area
Effect of Shadowing by Side Thermal Panels

IDA

Estimated Exposure by Approach Direction (%)

Region 5 15 25 35 45 55 65 75 85
A 1 1 1 0.5 0.25 0.1 0.05 0.01 0.01

B 1 1 0.5 o o 0 0 o o

cC 1 0.8 o o o 0 0 o o

D 1 1 o 0o 0 0 0 o 0

E 1 0 0 0 0 0 0 0 0

Exposed Area Including Shadowing by Approach Direction (mz)
Region | Surface Area| 0deg 5 15 25 35 45 55 65 75 85
A 0.930 0.241  0.239503 0.233331 0.219177 0.098527 0.042508 0.013805 0.005134 0.000639 0.000218

B 0.454 0.118 0.117139 0.114073 0.053577 0 0 0 0 o 0

c 0.527 0.137 0.135775 0.105777 o o o 0 o o o

D 0.142 0.037 0.036606 0.035648 o o o o 0 o o

E 0.129 0.033  0.033278 0 0 0 0 0 0 0 0
Obliquity 75 75.1 75.5 76.4 77.8 79.5 815 83.7 86.1 88.7
Ol‘bltal Debns Total Area 0.57 0.56 0.49 0.27 0.10 0.04 0.01 0.01 0.00 0.00

Approach Angles

Exposed areas of wire harnesses by approach angle

2

—

=
-
=

k .

25 Deg Approach Angle 35 Deg Approach Angle 45 Deg Approach

-_—

15 Deg Approach
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Risk Assessment of MMOD Blanket Penetration in 7 Years
IDA Considering Obliquity and Shadowing

Steel risk with shadowing

Aluminum risk with shadowing

Ppen 0.0431

Steel 7 years Aluminum 7 years

Approach BLforN  Pen Flx Area N pens Approach BLforN = Pen Flx Area N pens
5 2.120 0.003448 0.562 0.013563491 5 3.000 0.000678 0.562 0.002668771
15 2.120 0.001757 0.488 0.006000823 15 3.00 0.000503 0.488 0.001718317
25 2.120 0.000942 0.272 0.001792875 25 3.000 0.000259 0.272 0.000493157
35 2.120 0.000688 0.098 0.000472185 35 3.000 0.000184 0.098 0.000126244
45 2.120 0.000549 0.042 0.000161411 45 3.000 0.000149 0.042 4.38661E-05
55 2.120 0.000484 0.013 4.40532E-05 55 3.000 0.000129 0.013 1.17334E-05
65 2.120 0.000462 0.005 1.61581E-05 65 3.000 0.000116 0.005 4.07175E-06
75 2.120 0.000471 0.0006 1.97961E-06 75 3.000 0.000114 0.0006 4.80279E-07
85 2.120  9.55E-05 0.0002 1.33696E-07 85 3.000 6.57E-05 0.0002 9.19177E-08

Total Port 0.0221 Total Port 0.0051

Total Sthd 0.0221 Total Sthd 0.0051

Total 0.0441 Total 0.0101

Ppen 0.0101

Total Risk ~ 5.3% probability of 1 or more MMOD blanket
penetrations in 7 years.
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Risk Assessment of Zenith Deck Wire Failure in 7 Years
IDA Considering Obliquity and Shadowing

Probability (> 1 penetration of enhanced MMOD shield) is ~
0.053 (5.3%).

* This is a conservative estimate of critical wire failure risk.

Probability of critical wire failure would be lower, accounting for:

» Actual wire coverage (less than coverage of MMOD blanket)

» Higher ballistic limit at other approach angles (lower
velocities)

 Criticality and redundancy of wires (not every wire hit is
critical, and even If critical, are often redundant)

» Considering these factors, probability of wire failure could well
be beneath 1%.
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