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Abstract

Sample return missions seek to collect samples from planets, moons, asteroids, and other
planetary bodies and return them to earth for in-depth analysis. Backward planetary protection
requirements are often in place for such missions to prevent the introduction of any extra-
terrestrial material into the Earth’s biosphere, which could occur if a meteoroid or space debris
particle were to damage a critical part of the returning spacecraft. The ability of a shielding
system used to mitigate this damage risk is typically characterized by a ballistic limit equation
(BLE), which predicts whether or not a protected system or structural element will sustain a
critical failure due to a high-speed impact. In this paper, we develop a particle-impact-based BLE

for the thermal protection system (TPS) of a sample return spacecraft that is protected by a multi-
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shock shield. The predictions of the BLE we develop for TPS failure are shown to be consistent

with the predictions of hydrocode simulations.

Introduction

The objective of sample return missions is to collect material from planets, moons,
asteroids, and other planetary bodies and return it to Earth for analysis. For example, the Mars
Sample Return (MSR) campaign is a series of missions to deliver samples of Martian soil and
atmosphere back to Earth. Backward planetary protection (BPP) requirements are in place for the
MSR campaign to prevent the introduction of any uncontained, unsterilized Martian material—
including any possible Martian microorganisms—into the Earth’s biosphere. A detailed
accounting of the steps being taken by NASA and ESA to ensure a successful BPP outcome is
presented by Cataldo, et al (2024).

One element of BPP planning for the MSR campaign is to protect the Earth Entry System
(EES) from micrometeoroids and orbital debris (MMOD) in order to help provide secure
containment of the samples all the way to the Earth’s surface. The mission concept back in 2021
called for a thinner TPS and cameras located in the space between a protective shield (whose
construction and configuration were, at that time, still to be determined) and the TPS to inspect
the TPS prior to earth entry. The TPS and the shield would have been designed to meet a typical
3-sigma mission reliability (estimates of the 2021 design were failure odds of approx. 1 in 400),
and the cameras would ensure that no large impacts had punched any critical damage in the TPS.
If it were determined that critical TPS damage had occurred, earth entry would have been
aborted.

There were two problems with this approach. The first stemmed from the need to
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accurately determine the depth of damage from a surface inspection by the cameras. This effort
was compounded by the intended design of the TPS, which was supposed to made out of woven
material. Early high speed impact testing of such materials revealed that they tend to have tufts
of fibers sticking out of craters created by such impacts. With the intended 2021 design, impacts
on the TPS were almost guaranteed (original estimates had approximately ten such impacts
during the mission), although none were expected to be critical.

The second problem was that the reliability of the cameras was quite low, which required
significant redundancy despite there not being a lot of room between the TPS and the shield.
Furthermore, if a camera detected a crater below it in the TPS, it may well be that the camera
was also hit by the meteoroid, or its fragments, on the way to impacting the TPS. This would
bring into question not only the operational reliability of the camera, but also whether or not, or
to what extent, the camera impact may have affected the ultimate extent of the TPS damage it,
and other cameras nearby it, had recorded.

As a result of these (and other) considerations, in early 2022 the MSR Program decided
that it would be more prudent to take the mass allocated to the cameras and put it into increasing
the resiliency of the TPS and the shielding surrounding the EES. In so doing, although the
reliability of the system was considerably increased, that came at the expense of not having a
system to verify that critical damage had not occurred. But since that increased reliability
resulted in system design having a failure probability on the order of 1.0E-05, a verification
system was deemed unnecessary. In the end, without cameras or detection systems, the focus of
the protection framework quickly turned to preventing MMOD particles from either perforating
the sample containment vessels or causing enough damage to the EES thermal protection system

(TPS) that would result in the EES breaking up during entry (and potentially dispersing the
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samples into the atmosphere). Additional information regarding the EES as well as other
components and spacecraft that are part of the MSR campaign can be found in Sarli, et al (2024).

Since there are no cameras or detection systems on board the EES, and there is no way of
knowing if critical damage had occurred following a meteoroid impact, there is no action that
can be taken in the event of TPS damage beyond an acceptable level, in an attempt to, for
example, avoid total mission failure. As noted previously, if the TPS were to be damaged beyond
an acceptable level and the EES could not survive either the return trip to earth or atmospheric
entry, it would likely break up on entry and then possibly disperse the material contained in the
sample container. Given mission design constraints, the only way to increase the safety of this
mission and to prevent that from happening would be to enhance the shielding, but this comes
with the trade-off of increased mass. Of course, the MMOD risk requirements for the MSR
campaign are much more stringent than most science missions, which are only concerned with
mission success. Tight BPP requirements necessitate a very low acceptable MMOD risk of
damage to the TPS, which in turn drives the shield design.

The desired extra level of protection for the EES can be attained by placing a robust
MMOD shield standing off at a small distance away from the TPS on the sample return capsule.
This shielding would protect the TPS against damage from MMOD impacts and would be
removed just prior to the capsule’s entry into the Earth’s atmosphere. The protective ability of
any such shielding system is typically characterized by a ballistic limit equation (BLE), which
predicts whether or not a protected system or structural element will sustain a critical failure

following an MMOD impact.

The concept of shielding a particularly sensitive or critical spacecraft component from the

hazards of the MMOD environment has been studied extensively since it was first proposed
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nearly eighty years ago. Over that time period, BLEs have been developed for a variety of
shielding systems, based on the level of protection desired and the anticipated exposure of the
spacecraft to the MMOD environment. Schonberg (2016), for example, presents a history of the
development of the BLEs frequently used in the design of long-duration spacecraft, such as the
International Space Station. However, until very recently, protecting the contents of a spacecraft
by shielding its outer blanket of TPS had yet to be explored, and general BLEs for this type of

system had yet to be developed.

In one of the first studies on shielded TPS under high-speed impact, Williamsen, et al
(2022) developed a crater depth prediction equation for TPS protected by a foam-filled Whipple
Shield using hydrocode data for a variety of shield thicknesses and locations above the TPS. The
equation developed was seen to able to successfully model numerical predictions of penetration
depth for a variety of projectile densities and Whipple Shield configurations. In a parallel effort,
Schonberg and Squire (2024) developed a general BLE for a variety of similar shield+TPS
configurations under similar impact conditions. That BLE was shown to accurately predict the
failure or non-failure of a Whipple Shield+TPS system when the failure criterion was through-

perforation of the TPS.

As new materials have been developed and certified for space and aerospace applications,
Whipple Shields constructions have steadily evolved to take advantage of any increases in
protective ability that these new materials might have been able to provide (see again,
Schonberg, 2016). Multi-shock shields were originally developed in the early 1990s to
significantly improve the protection afforded a long-duration spacecraft against MMOD impacts
over a simple Whipple Shield. These shields typically have several layers of a ceramic fiber

standing off at small distances from each other, with the spaces between them either empty or
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filled with a polymer foam.

Following on the initial efforts by Williamsen and Schonberg that studied the response of
a blanket of TPS protected by a Whipple Shield, the next step, then, was to perform similar
studies using multi-shock shield configurations as the protective devices. Corbett, et al (2024)
were able to successfully apply the techniques used in Williamsen, et al (2022) to develop a
similar TPS penetration depth predictor equation using hydrocode data for TPS protected by a
multi-shock shield. And so, in a manner analogous to the process used by Schonberg and Squire
(2024), in this paper we develop a particle-impact-based BLE for TPS protected by a multi-
shock shield.

We develop this BLE so that it, like the BLE developed by Schonberg and Squire (2024),
can be used for a variety of impact scenarios, as well as various multi-shock shield component
materials and geometries. The predictions of this BLE regarding whether or not a TPS failure
would occur are seen to be consistent with the predictions of hydrocode simulations upon which
it is based. As such, sample return campaign developers are now able to consider using such a

shield in the design of the returning spacecraft in order to meet spacecraft BPP requirements.

BLE Development—Configurations, Material Properties, and Impact Conditions

Figure 1 shows a sketch of a multi-shock shield + TPS system that is impacted by a
projectile with diameter d, at a velocity V. The multi-shock shield consists of alternating layers
of a shocking material (thickness #») —hence the term “multi-shock shield”—a foam filler
(thickness 45), and ending with a final layer of material (identified in Figure 1 as the “rear wall”)
having a thickness #v. Each additional layer of shocking material and foam filler increases the

protective ability of the multi-shock shield. The TPS (thickness ¢7ps) is attached to a substructure
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of some kind; for the purposes of this study, the effect of that substructure on the impact

response of the TPS is ignored.
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Fig. 1. Sketch of the Multi-Shock Shield+TPS System (Elements and Distances Not to Scale)

Following the impact of the projectile on the outer shocking layer (aka the “bumper”), a
debris cloud consisting of projectile and bumper fragments travels through the shield and
eventually impacts the underlying TPS, creating craters in the TPS having a maximum
penetration depth of dpen. This depth of penetration is one of the measures that is frequently used
to assess the remaining protection provided by the TPS. Hence, if the penetration depth were to
exceed a maximum allowable fraction of total TPS thickness, the TPS would be considered in a
“failed” state. Likewise, if the penetration depth were less than the maximum allowable, the TPS
would be considered to be “not failed,” that is, it would still be able to provide an adequate level
of thermal protection to the spacecraft. BLEs developed for these types of configurations are
typically related to some specified maximum allowable TPS penetration depth criterion, which
may or may not include some portion of the support substructure beneath it (i.e., the criterion
includes complete penetration of the TPS thickness). As will be seen later, the BLE developed
herein does not include the effects of the substructure under the TPS.

Results from 14 high-speed impact tests and 286 numerical simulations with various
impact conditions, shield thicknesses and materials, separation distances, filler thicknesses and

7
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materials, and rear-wall thicknesses and materials were used to support the development of the
multi-shock shield + TPS BLE (hereafter referred to as the MSS+TPS BLE). The numerical
impact simulations were performed using the Smooth Particle Hydrodynamic Code (SPHC) and
the Arbitrary Lagrangian-Eulerian Three-dimensional (ALE3D) hydrocodes. Details of the
numerical modelling used in these hydrocode simulations can be found in Williamsen, et al
(2022) and Corbett, et al (2024).

There are no experimental facilities capable of shooting projectiles of reasonable size at
the energies and velocities that would be required to allow experimental verification of the
performance of the MMOD shield and TPS against meteoroids to the risk level desired (i.e.,
projectiles at ~1cm diameter, velocities at 30-50 km/s). Traditional risk methodology uses
experiments at ~7 km/s and then assumes equal energy impacts cause equal damage, and uses
this to extrapolate to higher impact velocities. This scaling method is known to be excessively
conservative, but has been acceptable for missions meeting 2 or 3 sigma risk levels. For the MSR
Campaign, where the target risk level is 1 in 100 000 to 1 in a million, this would result in
unnecessarily heavy TPS and meteorite shielding.

The hypervelocity impact tests were performed using the light gas guns (LGGs) at the
NASA White Sands Test Facility (WSTF) Remote Hypervelocity Test Laboratory (RHTL); in
most cases, the 17-caliber LGG was used. Projectile velocity was obtained in each test using
either a laser station consisting of two multi-beam lasers and a muzzle laser that is paired with
either laser station, or with photo diode impact flash detectors, that are located at the stripper
plate and at the target impact point. This results in an impact velocity measurement with only 1-
2% measurement uncertainty. Projectile integrity was verified using ultra-high-speed imaging

system cameras to capture shadowgraphs of the projectiles in flight immediately prior to impact
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(the typical setup captures a shadowgraph of the projectile). The pressure within the target
chamber was typically kept below 15 torr (~0.3 psia) using nitrogen gas in order to minimize the
effects of oxygen during impact.

The ability of SPHC and ALE3D to model high-speed impact events involving a variety
of targets and to provide realistic predictions of hypervelocity impacts within and beyond the
testable regime has been shown in a number of studies, including those by Stellingwerf (1990),
Stellingwerf and Wingate (1994), and Williamsen, et al (2022) for SPHC, and Gerassimenko
(1998), Wilbeck, et al (2001), and Miers, et al (2020) for ALE3D.

With regard to the ability of SPHC to correctly model these types of impact events, a
previous study performed by Schonberg and Williamsen (2023) compared x-ray images of debris
clouds created in a high-speed impact and the debris clouds predicted by SPHC. That study
showed that SPHC performs very well when predicting impact response at impact velocities
attainable by a light gas gun. Furthermore, Williamsen, et al (2022) compared the predictions of
crater depths and diameters by SPHC to impact test results using a TPS consisting of 3D woven
carbon and nylon phenolic fibers. The SPHC simulations modelled this TPS construction by
using alternating carbon fiber and nylon fiber layers, and simulated the porosity of the material
by randomly omitting ~20% of the SPH particles in each of these layers. Comparisons of the
SPHC crater morphologies and experiments results showed excellent agreement. Beyond that,
the code has been used at higher velocity impacts (up to 22 km/s), and its predictions of crater
geometries have compared favorably to those of the craters generated by the Los Alamos Van de
Graff accelerator. Wingate, et al (1993) review the results of a number of additional validation

activities in this impact velocity regime.
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With regard to ALE3D, it is important to note that in order to be able to obtain more
accurate estimates of the cratering, it is necessary to take into account the strength and phase
change of the materials. Latent heats of melting and vaporization are important energy sinks at
>10 km/s impacts, and vaporized material spreads out more rapidly, thereby causing less damage
to lower target layers. Hypervelocity impacts result in shock pressures well above the Hugoniot
elastic limit, so crater morphologies predicted by ALE3D tend to be hemispherical as the shock
wave expands, pushing material away from the impact location. As the shock expands it decays
as 1/7* (where 7 is the distance from the source)until the strength of the material is able to
withstand the shock wave remnants, which means strength is still important in determining final
crater size.

Material models in ALE3D exhibit strain-rate hardening (see, e.g., Noble, et al, 2017), so
impacted materials appear harder under hypervelocity impact than they do under quasistatic
tests. In ALE3D, then, strength is given as a function of strain rate; however, for the ALE3D
simulations performed in support of BLE development, the strength was not allowed to exceed
the experimentally determined values from impacts at 7 km/s. Freezing the strength at the level
to match 7 km/s experiments and not extrapolating beyond experiment did provide some
conservatism to the ALE3D simulations. By combining strength models and equations of state
that capture latent heats of melting, vaporization, and ionization, ALE3D was able to make
reasonably accurate predictions of damage from meteoroid impacts.

It is also important to note that neither SPHC or ALE3D were used or run to pinpoint the
precise impact parameters that would result in an exact determination of a ballistic limit impact
event. This then avoided any of the difficulties that might be encountered by either code when

attempting to model impact scenarios when material strengths cease to play prominent roles in
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response modelling. Rather, for a given impact velocity, impact simulations were run using
successively increasing projectile diameters until target failure occurred (if the first run resulted
in a non-failure event), or increasing decreasing projectile diameters until target failure no longer
occurred (if the first run resulted in a failure event). The ballistic limit diameter for that particular
impact velocity was then taken to lie between the two successive diameters that did and did not
result in target failure.

Taken together, all of the above considerations provide us with confidence in the validity
of using these hydrocodes to provide the data needed to develop the BLE presented in this paper.

Tables 1 and 2 present a summary of the material properties and the MSS+TPS
configurations used in the hypervelocity impact test programs and hydrocode simulations. In
keeping with previous BLE development activities, material strength units are ksi; subsequent
use of this parameter in one of the BLE component equations requires the material strength term
to be entered in ksi as well. Additionally, Table 3 presents a summary of the impact conditions
for both the impact tests and the hydrocode simulations.

In Tables 1 and 2, “T300/Ep” and “T300/RS3C” refer to rigid composite walls made of
T300 graphite fibers embedded in two different epoxy matrix materials, while “IM7/977-3" and
“KM2/Ep” refer to rigid composite walls made of either IM7 graphite fibers or KM2 Kevlar
fibers embedded in an epoxy matrix. Details of the composite fiber including orientation, number
of layers, etc., were not considered as part of this study. Also, because the TPS composition and
thickness were held constant, the BLE developed herein is only valid for the composition and
thicknesses shown in Tables 1 and 2. Lastly, note that the “Rear Wall” in Tables 1 and 2 refers to

the final bumper in the multi-shock shield (see Figure 1), not the substructure outer wall.
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253 Table 1. Materials and Geometric Parameters for
254 Multi-Shock Shield + TPS System Configurations Used in Testing
. Layup Layup Layup Layup Layup Layup .
Configuration M9a MOb M14a M14b M14c Miad | UM
Outer Bumpers Nextel Nextel Nextel Nextel Nextel Nextel | --—---
Bumper Thickness 0.28 0.28 0.28 0.28 0.28 0.28 mm
Density 0.857 0.857 0.857 0.857 0.857 0.857 g/em’
No. of Bumpers 4 4 4 4 6 5 | -
Gap Material Solimide Solimide Solimide Solimide Solimide Solimide | -----
Gap Thickness 13 13 13 13 13 13 mm
Gap Material 0.0056 0.0056 0.0056 0.0056 0.0056 0.0056 | g/em’
Density
No. of Gaps 4 4 4 4 6 5 | -
Rear Wall T300/Ep | T300/RS3C | KM2/Ep | KM2/Ep | KM2/Ep | KM2/[Ep | --—-
Thickness 0.914 0.876 2.134 1.067 1.422 0.711 mm
Density 1.5 1.5 1.3 1.3 1.3 1.3 g/cm’
Strength 264 264 347 347 347 347 ksi
Total Shield
Thickness 5.40 5.40 5.525 5.419 8.110 6.711 cm
Total Shield 0.264 0.259 0.403 0.264 0.373 0.249 g/cm?
Areal Density
Average Shield 0.0489 0.0480 0.0728 0.0487 0.0459 0.0371 g/em’
Density
Stand-off to TPS 10 10 10 10 10 10 cm
TPS Material HEEET-IL* | HEEET-IL* | HEEET-IL* | HEEET-IL* | HEEET-IL* | HEEET-IL* | -----
TPS Thickness 1.44 1.44 1.44 1.44 1.44 1.44 cm
TPS Material 0.83 0.83 0.83 0.83 0.83 0.83 g/em’
Density
255 *HEEET=Heatshield for Extreme Entry Environment Technology
256 Examination of the configuration specifics in Tables 1 and 2 reveals that there are some
257  differences between the designs of the systems used in testing and the designs of the systems
258  used in the hydrocode runs. This was done for two reasons: (1) this would allow for the study, if
259  desired, of the effects of small variations in system design on system response, and (2) this
260  would facilitate the development of a BLE that would be applicable for a much wide ranges of
261  system designs. Of the configurations listed in Tables 1 and 2, however, it is evident that Layup
262 1 1is most similar to Layups M9a and M9b, Layup 2 is most similar to Layup M14a, and Layup 3
263  is most similar to Layup M14b.

12
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Table 2. Materials and Geometric Parameters for
Multi-Shock Shield + TPS System Configurations Used in Numerical Simulations

Configuration Layup 1 Layup 1.6 Layup 2 Layup3 | Layup L3.3.C Units
Outer Bumpers Nextel Nextel Nextel Nextel Nextel | ----
Bumper Thickness 0.28 0.28 0.28 0.28 0.28 mm
Density 0.857 0.857 0.857 0.857 0.857 g/em’
No. of Bumpers 4 6 4 4 3| -
Gap Material Solimide Solimide Solimide | Solimide Solimide | -----
Gap Thickness 13 13 13 13 35 mm
Gap Material 0.0056 0.0056 0.0056 0.0056 0.0056 g/em’
Density
No. of Gaps 4 6 4 4 3| -
Rear Wall IM7/977-3 | IM7/977-3 | KM2/Ep | KM2/Ep | IM7/8552-1 | -----
Thickness 0.786 0.786 1.8 0.9 1.46 mm
Density 1.54 1.54 1.3 1.3 1.54 g/em’
Strength 398 398 347 347 398 ksi
T}’ﬁldi‘el:d 5.391 8.047 5.492 5.402 10.730 cm
:r ‘;Z“llggll:fy 0.246 0.309 0.359 0.242 0.356 o/em?
Average Shield | 45 0.0384 | 00654 | 0.0448 0.0331 glem’®
Density
Stand-off to TPS 10 10 10 10 10 cm
TPS Material HEEET-IL | HEEET-IL | HEEET-IL | HEEET-IL HEEET-IL | --—---
TPS Thickness 1.44 1.44 1.44 1.44 1.44 cm
Tpls)xjitt‘;“al 0.83 0.83 0.83 0.83 0.83 g/em’

Table 3. Impact Conditions for High-Speed Impact Tests and Hydrocode Simulations

High-Speed Hydrocode .
Impact Parameter Imf);act "If)ests Sir};lulations Units
Ice, Porous Ice,

Projectile Material Aluminum | Aluminum, Granite | -----
Dunite, Iron

Projectile Diameter 5-17 3-15 mm
. 7, 15,25, 30

Impact Velocity 69-7.1 40, 55, 70 km/s

Trajectory Obliquity™ 0 0, 30, 45 deg

*measured from target normal
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BLE Development—Process Overview

The MSS+TPS BLE was developed to be applicable for impact velocities up to 60 km/s,
for projectile material densities ranging from that of water (1.0 g/cm?) to steel (8.0 g/cm?), and
for normal as well as non-normal impacts. Furthermore, the BLE was developed to be flexible
enough so that it can be used for parametric and design trade studies (i.e., it was written in terms
of as many MSS+TPS system parameters as possible). As is the case in nearly every BLE
developed for multi-wall targets, the MSS+TPS BLE has three regions: a low-velocity regime, a
high-velocity regime, and a middle segment that is a linear (typically) interpolation between the
ending point of the low-velocity regime and the starting point of the high-velocity regime as in
the NNO BLE developed by Christiansen (2019), for example.

The MSS+TPS BLE was initially developed using only aluminum projectiles in the
hydrocode simulations. That initial form was subsequently modified based on test results at
impact velocities near 7 km/s; additional terms and exponent functions were subsequently added
to account for other projectile materials based on results obtained using the SPHC and ALE3D
hydrocodes. Details regarding this process and the final form of the MSS+TPS BLE are given in

the following section.

The MSS+TPS BLE
Following the process summarized above, the MSS+TPS BLE was developed in the

following two phases.

Phase One: Develop the terms of the core MSS+TPS BLE.

The form of the core MSS+TPS BLE was based on the form of the core BLE previously
used by Schonberg and Squire (2024) in their development of the WS+TPS BLE. In this

particular exercise, the BLE was developed assuming through-perforation of the TPS as the
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failure criterion, for aluminum projectiles impacting the MMS+TPS targets at obliquities of 30
deg, a stand-off distance from the rear of the multi-shock shield to the TPS of 10 cm, and a TPS
thickness of 14.4 cm. The construction and parameters of the multi-shock shields were varied for
the shield layups and configurations shown in Tables land 2.

A pair of equations was subsequently developed, one for the lower-velocity regime and
one for the higher-velocity regime, which, together with the linear interpolation segment between
these two regimes, formed the core BLE that spanned the entire impact velocity regime of
interest. Each of the low-velocity and high-velocity equations was of the form:

derit = A * VP % cos®0, (1)

This BLE calculates the critical diameter (dcrir), which is the diameter of the smallest
particle that will cause damage exceeding the failure criterion, as a function of particle velocity
(Vp) and impact angle from normal (6,). The initial values of the constants A, B, and C in Eqn (1)
were determined using the following process, assuming that the impacting projectile will
perforate the forebody shield and some remnant of it continues forward to impact the TPS:

» Step 1: Calculate the size and speed of largest fragment exiting the forebody multi-
shock shield. This is accomplished by modeling the multi-shock shield as a single
aluminum plate with a thickness that yields the same areal density as the original
multi-shock shield, and then using equations for a thin-plate impact developed by
Schonberg and Williamsen (2023) to determine the largest fragment size expected to
exit the multi-shock shield and its speed.

» Step 2: Calculate the depth of penetration of that largest fragment into the TPS. This
is accomplished using an appropriate empirical TPS penetration depth predictor

equation, such as that developed by Libben, et al (2019) for HEEET-IL, which is

15



319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

modified to replicate the following trends observed in SPHC predictions and results

from 7 km/s impact velocity tests:

- Penetration depth grows quickly with increases in projectile diameter for a 7 km/s
impact velocity, but not as quickly for higher velocities; and

- This trend is more pronounced in normal impacts than in oblique impacts, and for
the shields with higher areal densities.

» Step 3: Compare calculated TPS penetration depths from Step 2 against the stated
maximum depth to assign a penetration or no penetration (P/NP) value to each
impact, and then noting at which projectile diameter the TPS penetration begins to
exceed this maximum value.

» Step 4: Adjust the values of A, B, and C in Eqn (1) to improve the placement of the
BLE among the P/NP data based on visual inspection of how the curve generated by
the BLE captures the data. Ideally, hydrocode predictions or test results indicating
TPS failure (i.e., penetration) should be above the BLE, while predictions or test
results indicating non-failure (i.e., no penetration) should be below the BLE.

Modifications to the initial values of the parameters A, B, and C in Eqn (1) were made in

the next phase of this process after adding target, projectile, and impact parameters to the core
BLE as discussed below.

Phase Two. Extend the core MSS+TPS BLE to account for projectile materials other than

aluminum and trajectory obliquities other than 30 deg.

This was accomplished by modifying the parameters A, B, and C in each of the core BLE
segments (i.e., low velocity and high velocity), and expressing the parameters as functions of

system geometries (e.g., thicknesses) and material properties (e.g., densities) as well as impact

16



342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

parameters (e.g., projectile densities, trajectory obliquities). These functions were again
determined by ensuring that plots of the resulting MSS+TPS BLE would, to the greatest extent
possible, pass in between hydrocode predictions of TPS failure and non-failure.

This process of plotting, checking, and reworking the parameter functions for a better fit
to the hydrocode data also required an adjustment to the impact velocity value at which began
the high velocity regime of the BLE (i.e., V'u), and to the impact velocity exponents as well in
order to ensure a better fit to the hydrocode data. When the parameter values of A, B, and C in
the core MSS+TPS BLE were replaced by these parameter functions, the resulting BLE became
applicable to a much wider range of projectile materials and impact trajectory obliquities.

In the end, the following equations were obtained for the low- and high-velocity portions
of the MSS+TPS BLE:

(1) Low velocity regime (0 <V, < 7.0 km/s):

derie = 0.95 % LVMF * g,  f; * hy(pp, 6,) * foVLcoszHLGp (2)

(2) High velocity regime (V, > Vy (mb, Orw» s, 9,,) km/s):

derie = 0.95 % HVMF  kyy * fy % hyy (pp, 6,) * V]V "PRE coslrang, 3)
where d;; is the critical particle diameter (in cm) and V, is the impact velocity (in km/s).
Between the two transition velocities (i.e., for 7.0 km/s <V, < Vy km/s), d;; is the linear
interpolation between the d,;; value at V, = 7 km/s and the d,;; value at V}, = Vy km/s.
Furthermore, in Eqns (1, 2), p,, is the density of the critical particle (in g/em?), 8, is the
trajectory obliquity measured from the outer wall normal (in radians), m,, is the areal density of
multi-shock shield (in g/cm?) including the rear wall, t,s is the thickness of the entire multi-

shock shield, that is, the sum of all blanket thicknesses, foam thicknesses, and the rear wall

thickness (in cm), and ;. is the strength of the rear wall of the multi-shock shield (in ksi).
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In Eqns (1, 2), the functions f;, fy and fy;, fyy and fry., fruy take into account the
number of multi-shock layers, the masses and thicknesses of the multi-shock blankets and any
gap-filling foam, the mass and thickness of the rear wall, and the strength of the rear wall

material. These functions all have the same following form:

function = A(0,,/100)® m&tD 4)
where the values of the parameters A — D in Eqn (4) are given in Table 4 below.

Table 4. Parameter Values for the f Functions

fL fH fVL fVH fTHL fTHH
0.6222 | 1.4646 | -0.2254 | -0.3936 | -0.1512 | -0.6690
-0.4698 | -0.6113 | 0.0375 | -0.0179 | 0.1215 | -0.7573
-0.2796 | -0.6247 | -0.0496 | -0.0587 | -0.7660 | 0.8669
0.3125 | 0.3081 | -0.1284 | -0.0808 | 0.0567 | 1.1427

o aw| >

The function g; takes into account the response of heavier shields that is observed at
lower impact velocities for normal and near-normal impacts. It has the following functional

form:

gL =1+ (Gymy + G, — 1)e~0%°/007 (5)
where ), is in radians, with G; = 1.4670 and G, = 0.6264.

The functions h; (pp, 0p) and hy (pp, 0,) take into account the density of the projectile

material and its effect on impact response. Each of these functions also has an impact obliquity
effects term and an additional adjustment factor for ice and porous ice projectiles in the high

velocity regime when 6, = 0 deg. These additional terms are necessary so that the BLE plots

better fit the SPHC data for non-aluminum projectiles.

0.6 —0.605
{hL(pp, 9,,)} 093875057 & {1.01[1 — exp (— pp©/0.28)]cos 9,,} .

6
hy (pp, 6p) 1.11[1 — exp (— pp?/0.72)|cos %59, ©)
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{[1 + exp (— p§'5/10.75)]cosl'15°9p}

In Eqn (6), the first term on the right-hand-side of the equation can be viewed as a
baseline projectile material term. The second term consists of a projectile material density and
impact obliquity factors, while the third term is the high velocity adjustment factor for ice and
porous ice projectiles.

We still need an expression for V; that takes into account the observed behavior that is
present in hydrocode simulations of normal and near-normal impacts. After several iterations, it
was found to have the following functional form, which is a slightly modified version of Eqn (4):

Vi = 2 * A(Gpy /100)° mths * cos®336, (7)
where the constants A — D in Eqn (7) are given as follows:

Table 5. Values of Constants A — D in Equation (7)

Coeff | Value
A 8.5623
B | -0.0491
C |-0.2703
D 0.1162

The function kj; was added following the Vy; adjustment when it became evident that the
BLEs consistently overpredicted the SPHC results for the 30-deg impacts (but not the 0-deg
impacts). Its final form is given by

ky =094 0.1%e 1% (®)
where ), is in radians.

The VPRF and HVMF terms serve to flatten and lower, respectively, the BLEs in the high
velocity regime, while the term LVMF makes the necessary adjustments in the low velocity

regimes. These final terms are given as follows:
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VPRF = 4.0 + 1.3 = exp[— (/g / (M}, * tys)/20)%8/0.0008] )

HVMF = 0.34 + 0.04 * exp[— (/orw / (my, * tys)/20)%8/0.0008] (10)
LVMF =1 - 0.15 * exp [— c0s%°6,,/0.09] (11)

where 6, is again in radians. This completes the development of the MSS+TPS BLE.

Assessment of the MSS+TPS BLE

An assessment of the MSS+TPS BLE developed herein was made by comparing BLE
predictions of TPS failure (P) or non-failure (NP) against hydrocode simulation results and
available test results, and by noting how consistently TPS failures and non-failures as predicted
by hydrocode or testing were above or below the BLE. As noted previously, the BLE was
developed so that, to the greatest extent possible, hydrocode predictions or test results indicating
TPS failure should be above the BLE, while predictions or test results indicating non-failure
should be below the BLE.

Figures 2 — 7 present comparisons of BLE plots, hydrocode predictions and test results
for various projectile materials, impact conditions, and MSS+TPS design. In these figures,
hollow circles and squares indicate TPS failures, while solid circles and squares indicate non-
failures; triangular markers indicate either hydrocode predictions or test results that appeared to
be either on the verge of or just past the point of TPS failure (i.e., a ballistic limit impact, hence
the "BL” designation in the legends of these plots). In Figures 2 — 7, hollow markers above the
BLE correspond to hydrocode runs or test results having TPS failure caused by projectiles with
diameters larger than ballistic limit diameters as predicted by the BLE, and indicate successful

predictions by the MSS+TPS BLE.
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432 Figure 3. Comparison of MSS+TPS BLE and SPHC Hydrocode Predictions for Layup 1, 30-deg
433 Impacts, Aluminum Projectiles
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Similarly, solid markers below the BLE correspond to hydrocode runs or impact tests
without TPS failure with projectiles having diameters smaller than ballistic limit diameters as
predicted by the BLE, and also indicate successful MSS+TPS BLE predictions. Conversely, a
hollow marker below the BLE line or a solid marker above that line indicates an unsuccessful
prediction of the MSS+TPS BLE. This would be the case, for example, if a hydrocode run
showed a TPS failure caused by a projectile with a diameter smaller than the ballistic limit
diameter as predicted by the MSS+TPS BLE, or a hydrocode run showed a TPS non-failure, but
with a projectile having a diameter larger than the predicted ballistic limit diameter.

Figures 2 — 7 are, of course, a representative subset of 31 comparison plots used to adjust
and fine tune the exponents and coefficients in Eqns (5-11). In total, these comparison plots
indicate that, for the most part, the MSS+TPS BLE slots in quite nicely between the highest NP
data points and the lowest P data points for projectile materials, impact velocities, and target
configurations considered.

These highly parametric BLEs were developed with flexibility as a priority to allow
variations in shield configurations to be explored during an initial sample return spacecraft
design phase. This strategy reflected a trade-off for how precisely the BLEs reflected the
hydrocode and testing data vs. a high level of flexibility. As spacecraft designs are solidified,
priorities will likely shift to creating BLEs that reflect as much as possible the data that go into
creating them. This will result in configuration-specific BLEs, only applicable to specified
conditions, with unique parameters, exponents, and other terms. The velocity inflection points
(i.e., Vu and Vi) would most likely be different for each BLE (instead of held constant as was the
case for the BLEs developed herein).

Also of note is that the BLEs developed herein assumed a failure criterion of complete
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penetration through the TPS, in other words, penetration through 100% of the TPS thickness. In
reality, the failure criterion could depend on which region of the TPS is impacted. Depending on
its location on the returning spacecraft, some of the TPS could have a failure criterion of only
50% penetration. In such cases, we expect the BLEs to look similar to the 100% cases, but
shifted upward to reflect the fact that smaller particles will be able to create critical damage than
those required in the 100% cases.

Finally, in this study we developed a BLE that relied on a failure criterion written in terms
of a maximum allowable TPS penetration depth that would be caused by the impact of debris
cloud particles exiting the multi-shock shield following an initial high-speed impact. There are,
of course, other possible TPS failure modes that may need to be considered, including, for
example, allowable material stresses or strains, allowable TPS surface area erosion or total
eroded volume, and for whatever kind of damage it sustains, the ability of the TPS to still
provide adequate protection to the substructure. Alternative formulations of the BLE can be
developed, especially those in which the particular failure criterion being used is an input
variable in the BLE. This will allow the effects of different failure criteria on system response to
be analyzed, which then can be used to determine whether or not assumed failure mode has any

effect on assessed risk for spacecraft using this kind of a protective shielding system.

Conclusions

A particle-impact-based BLE has been successfully developed for TPS that is protected
by a multi-shock shield. It was shown to be applicable for projectile densities ranging from 1.0
(i.e., water) to 8.0 g/cm? (i.e., steel), impact velocities ranging from 1 to 60 km/s, impact

obliquities ranging from 0 to 45 deg (i.e., from normal to highly oblique impacts), and for a
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variety of shield component materials, thicknesses, and spacings. Because of the manner in
which it was developed (i.e., by considering all relevant material and geometric parameters), the
BLE is sufficiently flexible so that it can be used for configuration design trade studies and
probabilistic risk assessment exercises. Finally, future work could include extension of the BLE
developed herein to different TPS materials, thicknesses, and stand-off distances from the shields
to further widen its applicability. Alternative failure criteria like that discussed above can also be
considered, especially if the BLE is cast in a form wherein the particular failure criterion being

used is included as an input variable of some kind in the BLE.
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