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Definition of interplanetary dust particle hypervelocity impact protection levels provided by spacecraft multilayer

insulation/thermal blankets is provided for the first time. Development of a new data-anchored shock-hydrocode-

computations-derived ballistic limit equation in the 7–150 km∕s hypervelocity impact range for representative two-

wallWhipple shields, inwhich spacecraftmultilayer insulation is the bumpermaterial impacted by fused silica dust, is

presented. A baseline configuration was adopted for analysis: 0.0176-cm-thick Kapton bumper (monolithic and

layered), 2.54 cm standoff, and 0.0762-cm-thick titanium alloy Ti-6Al-4V rear wall. Significant efforts made to verify

and validate the computational methodology with hypervelocity impact test data are also described. With a solid

Kapton bumper, the critical particle diameter for causing incipient spall in the rear wall, which is chosen to be the

failure criterion, is found to be in the∼650–1100 μm range, with the largest and the smallest sizes corresponding to 30

and 150 km∕s hypervelocity impact, respectively. When the bumper is layered in a manner similar to that found in

actual blankets (140 μm spacing), the critical particle diameter is indicated to be in the ∼450–600 μm range.

I. Introduction

T HE Solar Probe Plus (SPP) spacecraft will rely on thermal
blankets/multilayer insulation (MLI) to function additionally as

shielding against interplanetary dust particle (IDP) hypervelocity
impacts (HVIs) during its approximately seven year journey to
achieve a final mission orbit with a perihelion distance of less than 10
solar radii. Mission assurance necessitates definition of IDP HVI
protection levels provided by the spacecraft’s MLI with a reliability
that is similar to that available for metallic Whipple shields for the
first time. The predicted cumulative dust flux profile for SPP is
similar to those obtained for other recent interplanetary spacecraft
such as Mars Reconnaissance Orbiter (MRO), Cassini to Saturn and
itsmoons (Cassini), NewHorizons (NH) to Pluto, Juno to Jupiter, and
SPP is shown in Fig. 1. The main difference for the SPP dust HVI
mitigation is the extreme speed of impacts that warrant consideration
(i.e., up to 150 km∕s). The SPP dust study is using the experience
from those programs, supplementedwith new necessary testing and a
new analytical capability that extends the velocity range.
The MLI in SPP will generally be in two-wall Whipple shield

configurations [1], in which the blanket is the bumper shield and a
spacecraft structural surface or other functional component is the rear
wall. The MLI will be directly exposed to the dust flux (Fig. 2). MLI
has generally been used as internal “stuffing” [1,2] between the
bumper and rear wall, as well as the bumper (e.g., for the Soyuz
orbital module), when augmented with perforated aluminum alloy
plates and fiberglass [3]. Owing to the extreme impact speeds
involved in SPP design, rear wall damage predictions from hyper-
velocity blast loading of hot, vaporized dust and MLI blanket

materials is needed; this is different from much of the focus of the
existing body of spacecraft micrometeoroid and orbital debris
(MMOD) shielding work, which is on microscale particulate debris
clouds generated at ∼7–10 km∕s [1,4].
Owing to the range of shielding configurations that warrant

consideration (different blanket layering/areal densities, standoff
distances, and rear wall materials and thicknesses), an analytical
equation, that is, ballistic limit equation (BLE) [1,3], is desired for
generalizing particular results and quantitatively specifying design
requirements for SPP blankets.
This paper presents a multiphysics shock-hydrocode-computa-

tions-based approach that combines impact shock physics analyses,
high-rate material thermodynamic and strength response models,
verified and validated shock hydrocode computations, and HVI
test data with design considerations, described previously for
monolithic shielding materials and layered solids such as solar
arrays [5,6], to explicitly address the range of Whipple shield debris/
vapor cloud phases specific to the extreme SPP impact speeds and
develop a broadly applicable BLE for normal (nonoblique)
impacts.

II. Whipple Shield BLE and Shielding Mechanisms

Figure 3 depicts an existing well-known two-wall Whipple shield
BLE for normal impacts [1]. In broad terms, the BLE is in fact a
connected set of three different equations, each valid over a specific
impact speed range (<3, 3–7, and >7 km∕s), which in turn cor-
respond to three different dust/particle response modes following
impact with the bumper shield but before impact with the rear wall
(ballistic deformation, fragmentation and partial melt, and melt/
vaporization). The set of equations that comprise this BLE are:
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when the normal component of the impact velocity, Vcos θ, is
≤ 3 km∕s,

Received 3 July 2014; revision received 23 September 2014; accepted for
publication 6 October 2014; published online 5 January 2015. Copyright ©
2014 by the American Institute of Aeronautics and Astronautics, Inc. Under
the copyright claimed herein, the U.S. Government has a royalty-free license
to exercise all rights for Governmental purposes. All other rights are reserved
by the copyright owner. Copies of this paper may be made for personal or
internal use, on condition that the copier pay the $10.00 per-copy fee to the
Copyright Clearance Center, Inc., 222RosewoodDrive, Danvers,MA01923;
include the code 1533-6794/15 and $10.00 in correspondence with the CCC.

*Materials Physicist and Section Supervisor, Space Department, 11100
Johns Hopkins Road, Mail Stop 200-E345.

†Assistant TechnologyManager andGroup Supervisor, SpaceDepartment,
11100 Johns Hopkins Road, Mail Stop 23-380.

‡Clifton C. Garvin Professor, Department of Biomedical Engineering and
Mechanics, M/C 0219.

584

JOURNAL OF SPACECRAFT AND ROCKETS

Vol. 52, No. 2, March–April 2015

D
ow

nl
oa

de
d 

by
 V

IR
G

IN
IA

 T
E

C
H

N
IC

A
L

 U
N

IV
E

R
SI

T
Y

 o
n 

M
ar

ch
 1

8,
 2

01
5 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/1

.A
33

10
1 

http://dx.doi.org/10.2514/1.A33101


dc �
�
1.75 −

V cos θ

4

��
tb �

�����������
σ∕40

p
· tw

1.248
������
ρp
p

cos θ

�18∕19

�
�
V cos θ

4
− 0.75

�
�1.071t2∕3w ρ−1∕3p ρ−1∕9b S1∕3�σ∕70�1∕3� (2)

when the normal component of the impact velocity is 3–7 km∕s, and

dc � 3.918t
2∕3
w ρ−1∕3p ρ−1∕9b S1∕3�σ∕70�1∕3�Vcos θ�−2∕3 (3)

when the normal component of the impact velocity is> 7 km∕s; and
where dc (cm) is the critical particle diameter for inducing failure of
the rear (spacecraft) wall, ρp�g∕cc� is the particle density, ρb�g∕cc� is
the bumper density, tw (cm) is the rear wall thickness, S (cm) is the
standoff of the rear wall from the bumper, σ (ksi) is the rear wall yield
stress, V is the particle impact velocity, and θ is the impact angle
relative to the normal direction such that Vcos θ is the normal
component of the impact velocity.

Ultimately, the BLE shown is used to predict the smallest solid
spherical particle that will cause failure of the rear wall at a given
impact (normal) speed (i.e., the critical particle size) for a two-wall
configuration specified by a bumpermaterial and thickness, standoff,
and rear wall material and thickness. Historically, BLEs have been
constructed and applied with the aid of test data, engi-
neering expertise, and selective hydrocode computations [1,2].
Also, available two-wall Whipple shield BLEs have mostly been
developed for configurations with metallic (generally aluminum
alloy) bumpers and with data in the 3–8 km∕sHVI range. The BLEs
shown in Fig. 3 are based on a 0.06 cm-thick aluminum alloy bumper,
1.5 cm standoff, 0.15-cm-thick aluminum rearwall, and an aluminum
alloy particle.

III. Available Whipple Shield BLEs for Solar Probe

For SPP, a BLE that treats MLI as the bumper material and
accounts for dust HVI response that may be entirely in the vapor-
ization regime is required. One way to address the first aspect (i.e.,
MLI bumper instead of metallic bumper) is to simply interpret the
existing BLE in terms of areal density (MLI blankets are specified by
their areal density, whereas metallic/monolithic bumpers are spec-
ified by their volumetric density) and use an aluminum alloy mono-
lithic bumper with the same areal density as the MLI.
Figure 4 shows the efficacy of using this approach for a two-wall

Whipple shield configuration in which a 0.076 g∕cm2 MLI is the
bumper 3.81 cm standoff, and an aluminum alloy honeycomb
structure is the rear wall (open symbols denote pass and closed
symbols denote fail). The MLI includes an innermost layer of
0.025 g∕cm2 beta-cloth (facing the honeycomb). The honeycomb
wall consists of a 1.27-cm-thick aluminum honeycomb core with
0.0254-cm-thick aluminum alloys face sheets on front and back side
of core.
The points are test data and the curves are BLEs obtained by

treating theMLI as an aluminumplatewith the same areal density and
the rear wall as amonolithic aluminum platewith a thickness equal to
that of the honeycomb front and back faces combined. As the
comparisons show, this approach correctly predicts the critical
aluminum particle diameter. However, the predicted critical nylon
particle diameter at 7 km∕s is noticeably smaller than the actual size,
which was not determined. From the design standpoint, both
outcomes are useful because they are either accurate or conservative.
With the aluminumparticle, it is believed that approximating theMLI
as aluminum alloy monolith with the same areal density over-
represents the bumper’s shielding capacity and that approximating
the honeycomb structure as a monolith underrepresents the rear
wall’s shielding capacity, and that these two effects cancel each other
sufficiently leading to a fortuitously accurate prediction.
Figure 5 shows the accuracy of using this approach for another

two-wallWhipple shield configuration in which a 0.162 g∕cm2 MLI
is the bumper, consisting of a 0.162 g∕cm2 MLI bumper, 10.16 cm

Fig. 1 Predicted dust environment for SPP compared with other recent

interplanetary missions.

Fig. 2 Representative two-wall Whipple shield configuration in SPP in
which the bumper will be a thermal blanket/MLI.

Fig. 3 Representation of the enhancement in shielding performance
obtained with a two-wallWhipple shield configuration that has the same
mass (combined thickness) as a monolithic shield [1].

Fig. 4 Comparison of measured and BLE-predicted performance of a
two-wall Whipple configuration.
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standoff, and a 0.0813-cm-thick Ti-6Al-4V titanium alloy rear wall.
The MLI includes an innermost layer of Kevlar. Comparison of the
BLEwith the HVI test data shows that the BLE is not conservative in
this case and overestimates the protection level by a factor of ∼1.5×.
In addition to the absence of a reliable correlation between the

existing two-wall Whipple shield BLE and test data, some of the
trends predicted by the BLE in the high-velocity regime (7 km∕s and
higher) do not appear realistic. Figure 6 illustrates that the approach
of replacing anMLI bumperwith an aluminumbumperwith the same
areal density for predicting critical particle diameters is insensitive to
the MLI thickness/areal density above 7 km∕s. Further, the existing
BLE predicts greater protection for a less dense bumper material,
which contradicts data. These considerations lead one to conclude
that the shock-driven materials phase changes and vapor blast-
induced structural damage physics up to 300 km∕s must be
addressed more directly for gaining a reliable Whipple shield perfor-
mance predictive capability.
The need for reliable physics-based prediction of MLI dust

shielding capability up to 300 km∕s is essential for SPP and is the
driver for the present work. This paper describes development of a
two-wall Whipple shield BLE in which MLI is the bumper and the
dust material is fused silica, for application to various SPP spacecraft
surfaces and components. The process followed accounts for several
major modeling/design decision-related aspects, including treatment
of Whipple shield HVI physics in the dust/bumper vaporization
regime, verification and validation of computational analyses at im-
pact speeds higher than previously considered, treatment of layered
versus monolithic bumpers, treatment of MLI layer spacing, ad-
dressing numerical problems at impact speeds below 30 km∕s using

three-dimensional (3-D) computations, and maximizing the use of
limited available test data forWhipple shields withMLI as a bumper.
Each of these aspects and the newly developed BLE are described in
the subsequent sections.

IV. Treatment of HVI Whipple Shield Physics

Following the advancement of theWhipple shield concept [7] as a
lightweight solution to MMOD shielding, the underlying physics
received significant attention in subsequent years. Maiden et al. [8],
Madden [9], Nysmith [10], Richardson [11], and others developed
theoretical energy and/or momentum conservation equations along

Fig. 6 Illustrative two-wall Whipple shield BLE showing the effect of
changing the bumper areal density on the predicted critical particle size.

Fig. 7 The two-wall Whipple shield configuration used for verification
of the computations.

Fig. 5 Comparison of measured and BLE-predicted performance of a
two-wall Whipple configuration.
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with geometric considerations and assumption of debris dispersion
and idealized rear wall mechanical failure criteria as a means of
understanding and predicting the failure (ballistic limit) of two-wall
metallic configurations. The works by Maiden et al. [8] and Madden
[9] are particularly relevant to SPP because their analyses addressed
hypervelocity vapor clouds striking a rear wall rather than solid and
molten particulate debris [1,12]. Hopkins et al. [13] and Schmidt et al.
[14] extended these previously developed ballistic limit approaches
through additional analyses and direct experiments with cadmium
and flash x-ray visualization becausemelting and vaporization can be
induced in this material at ground HVI speeds (3–10 km∕s); Maiden
et al. [8] had also performed some tests with cadmium. The ex-
periments by Schmidt et al. [14] provide unique detailed data on the
performance of two-wall shields under particle impact vaporization
conditions and are used in the present work for validating the
hydrocode computations.
To overcome the limitations of the theoretical analyses (e.g., vapor/

debris cloud shock induced cratering and spall failure in the rear wall
cannot be easily analyzed), direct numerical simulation of HVI of
Whipple shields using shock hydrocodes have also been performed
[1,4,15–18]. Christiansen et al. [1] report use of the CALEhydrocode
to compute the fraction of projectile material in the debris cloud as
a function of bumper thickness to particle diameter ratio in the
6–14 km∕s impact speed range. The study reported that only 5–6%
of the projectile melted at 6 km∕s regardless of bumper thickness,
and 99% of the projectile melted following a 14 km∕s impact
into a bumper that is one-fifth as thick as the projectile diameter.
Chhabildas et al. [4] used the CTH [19] hydrocode to perform
detailed two-dimensional (2-D) (axisymmetric) simulations of HVI
tests involving a prototypical two-wall Whipple shield configuration
for MMOD studies (aluminum alloy projectile, bumper, and rear
wall) at about 10 km∕s. They found that the hydrocode simulation
adequately predicted the performance (pass or failure) of theWhipple
shield but predicted peak axial and lateral debris cloud speeds that

were less than the measured values. They attribute the difference to a
limitation with the equation of state (EOS) used for aluminum alloy
6061-T6. Subsequently, Hertel et al. [16] performed a detailed com-
parison of measured and computed debris cloud characteristics
generated by HVI of zinc spheres on thin zinc plates and verified that
the CTH hydrocode can accurately predict debris structure and sub-
sequent momentum transfer to the rear wall in a Whipple shield,
subject to availability of accurate EOS and material strength and
damage models. For the present work, the CTH hydrocodewas used.

V. Extension of Whipple Shield Damage Computations
up to 150 Kilometers per Second

Although the CTH hydrocode has been verified for its capability
for performingWhipple shield damage calculations up to ∼10 km∕s
[4,16], additional verification was sought because the majority of the
anticipated dust impacts for SPP design are in the 15–150 km∕s
range, and hydrocodes are not known to have been used previously
for these extreme impact speeds. Further, verification of the capa-
bility formodeling theKapton layers inMLIwas also desired. To this
end, a first series of computations was performed with a two-wall
configuration similar to that tested recently by Piekutowski et al. [2]
above 9 km∕s, over the range of impact speeds and bumpermaterials
and configurations relevant to SPP. These computations were per-
formed to ensure that CTHhas the capacity to define the development
and hypervelocity expansion of hot nonuniform particulate and vapor
clouds, with low to very low density resulting from HVI of a
microscale dust particle with a bumper, and to transfer the shock
energy and momentum from this cloud to the rear wall and define the
development of relevant failure modes such as incipient spall,
detached spall, and perforation. The computations were 2-D
(axisymmetric) and considered aluminum and fused silica particles,
aluminum monolithic, Kapton monolithic, and Kapton layered
bumpers, and impacts in the range of 4–150 km∕s (Fig. 7).

Fig. 8 Particulate and vapor clouds striking the rear wall for four impact speeds.
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The Kapton monolithic and MLI-like bumpers used in these
verification computations had the same areal density as a 0.0635-cm-
thick aluminum alloy bumper. The MLI-like bumper had finely
spaced, microthin Kapton layers as follows: one outer 80-μm-thick
layer of Kapton, 19 layers of 25-μm-thick Kapton separated by
420 μm, and one inner 80-μm-thick layer of Kapton. This layering
configuration was developed by scaling an actual MLI stackup [20]
by ∼3× to obtain the required areal density.
Adaptive mesh refinement with square cells as small as 12.5 ×

12.5 μmwas eventually used for this first series of calculations. This
level of resolution was determined to be more than adequate fol-
lowing consideration of the need for adequate resolution of the rear
wall and bumper in the through-thickness directions [4,16] and
accuracy in reproducing images of particulate debris clouds obtained
at6.64 km∕susing flash radiography [12], aswell as prior experience
in developing grids suitable for obtaining excellent predictions of
incipient spall in relatively thick titanium alloy shielding plates [21].
As presented in the validation analyses that follow, adequacy ofmesh
resolutions used were ultimately determined by the capability to
predict rear wall failure modes observed in experiments. An ana-
lytical EOS was used for Kapton, and tabular equations of state were
used for the remainingmaterials [22,23]. Johnson–Cook strength and
failure models, along with spall strength values, were used for the
aluminum alloy bumper, rear wall, and particle [21,22]. No strength
model was used for fused silica and Kapton because these are
considered to be of negligible importance at the impact speeds and

shock pressures of interest (i.e., the response of the bumpers and
small dust particles at the extreme impact speeds of interest will be
determined primarily by the shock-induced phase changes governed
by their respective equations of state, and the opportunity for the
development of low hydrostatic pressure or strength-relevant states is
limited owing to relatively small through-thicknesses or diameters).
Figure 8 shows plots of the debris/vapor cloud that develops as

impact speed increases with an aluminum alloy particle and bumper.
Consistent with expectations, the computations show that the content
of the cloud striking the rear wall changes from fine solid and molten
particulates predominantly at lower speeds and shock pressures
(Figs. 8a and 8b) to relatively densevapor at higher speeds (Fig. 8c) or
highly rarified vapor at very high speeds and shock pressures
(Fig. 8d).A clustering of particulatematerial along the symmetry axis
(x � 0) is noted at the lower speeds, whereas this feature does not
develop when the cloud content is entirely vaporized material. The
3-D computations described later show this feature to a lesser extent.
Figure 9 shows the incipient spall developed in the rear wall for a

range of representative impact speeds. The computations are found
to be capable of predicting incipient spall development with the re-
quisite degree of sensitivity. At 15 km∕s HVI (Fig. 9a), the rear wall
exhibits notable bending, also demonstrating that the computations
are capable of representing the larger scale rear wall structural
deformation. Particular care was given to ensuring adequate grid
resolution for capturing shock propagation in the rear wall. Separate
adaptive mesh refinement in the rear wall was used (Fig. 9d) because
additional local resolution was found to be required to track the
pressure front and damage evolution.All computationswere run until
complete shock release in the rear wall was achieved.
Figure 10,which summarizes some of the results of theverification

computations performed, shows that the computations correctly
predict a reduction in critical particle diameter when Kapton is used
instead of aluminum for the bumper. Critical diameters are shown for
an aluminum alloy monolithic or a Kapton monolithic bumper. For
the configuration examined, a diminishing reduction in critical par-
ticle diameter is indicated as the impact speed increases. For com-
parison purposes, the two corresponding BLEs were also evaluated.
The level of protection achieved is indicated to be 1.5–2 times greater
than that predicted by the BLEs. It is noted that the computed BLE
with an aluminum bumper is indicated to be steeper than that with a
Kapton bumper.
Some computations were also performed to obtain an assessment

of the influence of spacing between the layers and dust material.
Rather than an aluminum alloy, fused silica [23] is amore appropriate
representation of the dust material that SPP is expected to encounter.
Figure 11 shows that the two-wall Whipple shield computations are

Fig. 9 Incipient spall development in the rear wall of the all-aluminum
two-wall Whipple shield configuration described in Fig. 7 following
impact by an aluminum alloy particle.

Fig. 10 Computationally determined critical particle diameter for
causing incipient spall in the rear wall of the two-wall Whipple shield
configuration described in Fig. 7 in the 15–80 km∕s HVI range.
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sensitive to this change in dust material and predict less damage with
the less dense dust material as expected.
A second set of computations, in which the solid Kapton bumper

was replaced by a layered and spaced arrangement, was performed to
verify the computational capability for modeling bumpers that are
more representative of actual MLI blankets. The MLI was rep-
resented by 21 Kapton layers (one 80 μm outermost layer, nineteen
25 μm layers, and one 80 μm innermost layer) with 420-μm-thick
spacing between adjacent layers. This stackup was developed by

scaling an actual blanket by ∼3× to obtain a total thickness of
0.0635 cm.These computations, performed for 20 and 80 km∕sHVI,
indicated that layering and introduction of spaces result in loss of
shielding capacity as expected. Reducing the interlayer spacing to
210 μm was found to provide better shielding performance than
obtained with 420 μm.
In addition to the verification of CTH’s capability for performing

SPP-relevant two-wall Whipple shield damage computations with
the scaled-up configuration described in Fig. 7, comparison of

Fig. 11 Effect of dust material on incipient spall development in the configuration described in Fig. 7 with a Kapton monolithic bumper.

Fig. 12 Results from simulation of HVI tests performed with a Cadmium-based two-wall configuration [14].
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simulations with the most relevant test data that could be obtained
was performed. This effort resulted in three sets of validation
analyses, namely, rear wall damage prediction under conditions of
HVI by a vapor cloud (as opposed to a particulate/debris cloud),
critical particle diameter prediction in a two-wallWhipple shieldwith
aKapton bumper, and critical particle diameter prediction for the case
of MLI laid on top of a rear wall without a standoff.
For purposes of validating the 2-D CTH hydrocode computations

of two-wall Whipple shields in the vaporization regime, the data
involving cadmium projectiles, cadmium bumpers, and aluminum
alloy rear walls developed by Schmidt et al. [14] were found to be
most appropriate following an exhaustive review of the open
literature. Specifically, test nos. 4-1407, 4-1410, 4-1419, and 4-1421
were simulated to evaluate CTH’s capability for accurately modeling
the transition from no failure to failure of a two-wall configuration in
which a hot vapor blast develops after the interaction of the projectile
and the bumper. Adaptive mesh refinement with square cells as small
as 12.5 × 12.5 μmwas used for these calculations. Tabular equations
of state were used for cadmium and aluminum [22]. Johnson–Cook
strength and failure models, along with spall strength values were
used for the aluminum alloy rear wall [21,22]. The Whipple shield
configuration consisted of a 0.127-cm-thick cadmium bumper,
10.2 cm standoff, and 0.318-cm-thick aluminum alloy 2219-T87 rear
wall, and cadmium particles. Figure 12 shows results for the two
cases inwhich the rearwall showed failure. In general, the predictions
of rear wall failure were in very good agreement with the test results.
The prediction for test no. 4-1421 showed material clustering along
the symmetry axis, but this was for the lowest projectile mass and
velocity case; the rear wall in the simulation of test no. 4-1419, which
used a heavier and faster projectile, did not fail. Also, the relatively
small computed rear wall deformation was consistent with the
experimental result. It may be noted that the computations indicate a
bending failure mode as opposed to planar-shock-induced spall
development parallel to the wall free surfaces seen in Figs. 7–9.
As ameans of validating the predictive capability for critical particle

diameter in an SPP-relevant case, a configuration consisting of a
0.127-mm-thick solid Kapton bumper, 10 mm standoff, and 0.508-
mm-thick titanium alloy Ti-6Al-4V rear wall was analyzed using 3-D
CTH computations (Fig. 13) because of test data available for this
specific configuration [24]. This configuration has a strong resem-
blance to an actual spacecraft configuration,whichwouldhave anMLI
blanket with alternating microthin Kapton layers and polymeric
netting instead of a pureKaptonmonolith.Consistentwith the data, the
critical fused silica (2.2 g∕cm3) particle diameter for causing detached
spall at 7 km∕s is computed to be 700 μm (Fig. 14). The 0.0127-cm-
thick (0.018 g∕cm2) Kapton bumper was modeled either with
25.4-μm-thick layers without any spacing between these layers (a and

b), or as 13 Kapton layers (25 μm outermost, 11 7 μm, 25 μm
innermost) with 140-μm-thick spacing between adjacent layers.
Three-dimensional computations were used for this problem to

avoid the previously mentioned clustering of particulate material
along the symmetry axis with 2-D (axisymmetric) grids (Figs. 8a and
8b). In general, all SPP computations at lower impact speeds were
performed with a 3-D grid for this reason. The 3-D computational
capability, including the level of grid refinement used (adaptivemesh
refinement with 31.25 μm grid resolution), was additionally and
separately verified by comparing the predicted critical particle
diameters and rear wall damage (incipient spall) obtained from
the already-verified 2-D analyses at higher SPP impact speeds
(30–150 km∕s). Figure 15 shows representative comparisons and the
good level of agreement between 3- and 2-D damage predictions.

Fig. 13 Three-dimensional analysis of a two-wallWhipple shield with a
0.0127-cm-thick Kapton bumper, 1.0 cm standoff, and 0.0508-cm-thick
titanium alloy Ti-6Al-4V rear wall, and fused silica dust.

Fig. 14 Damage in the rear wall of the configuration described in
Fig. 13.
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To obtain some assessment of uncertainty involved with rep-
resenting an actual MLI blanket by a series of equally spaced
microthin Kapton layers without any netting, a case in which a
blanket was placed on top of a rear wall (zero standoff) was analyzed
(Fig. 14). The 0.0127-cm-thick (0.018 g∕cm2) Kapton bumper was
modeled either with 35.4-μm-thick layers without any spacing
between these layers (a and b), or as 13 Kapton layers (25 μm
outermost, 11 7-μm inner space, 25 μm innermost) with 140-μm-
thick spacing between adjacent layers. In lieu of directly obtained test
data, the existing BLE for this configuration was used [1]. The
accuracy of the BLE for this configuration is believed to be similar to
that for monolithic metallic shields. One analysis considered a
particle that is sufficient to induce failure in the rear wall. The
computation for this case (adaptive mesh refinement with 31.25 μm
grid resolution) showed no damage in the rear wall, confirming the
protective effect of the MLI. A second analysis determined that the
critical particle diameter for causing incipient spall in the rear wall is
400 μm; the diameter predicted by the BLE for this case is
417 μm (Fig. 16).
Based on all of the foregoing verification and validation com-

putations performed, a basis of confidence in the computational
capability for modeling the shielding capability of MLI against dust
HVI was established.

VI. Dust HVI Shielding Capability of MLI

To be able to define the risk to SPP spacecraft surfaces that will be
coveredwithMLI and specify the related design trade space, baseline
designs are defined for different areas of the spacecraft for evaluation.
For the present purpose, the baseline design adopted for the SPP
cooling system, consisting of a 0.05 g∕cm2 (nominal) MLI bumper,
2.54 cm standoff, and a 0.0762-cm-thick titanium alloy Ti-6Al-4V
rear wall, is described.

Fig. 15 Verification of the 3-D computational capability.

Fig. 16 Results from simulation of HVI tests with MLI lying placed on
Titanium.
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The baseline 0.05 g∕cm2 (nominal) MLI is represented by 20
Kapton layers (one 25 μm outermost layer, eighteen 7-μm inner
layers, and one 25 μm innermost layer) with 140 μm-thick spacing
between adjacent layers. This stackup of Kapton layers gives an areal
density of 0.025 g∕cm2 in actuality. The remainder of the areal
density, which would be from the 140 μm-thick polymeric netting
layers, is neglected in the modeling. This reduced representation of
MLI is believed to provide conservative estimates of MLI bumper
shielding capability while permitting 2-D computations, both of
which are desirable. Including the netting and its geometry would
require 3-D modeling, currently unavailable material models, and
bring in significant additional complexity through consideration of
different netting overlays and dust entry locations relative to netting
material locations.
As stated previously, the ultimate goal of this effort is to develop a

BLE for generalizing a set of particular results and quantitatively
specifying design requirements for SPP Whipple shields with MLI
bumpers. Although blanket areal density can be accounted for as
described earlier, and standoff and rear wall thickness and material
properties can be accounted for through parametric computations, the
spacing between the layers of an MLI blanket is generally not
controlled. To evaluate MLI layer spacing as a design parameter in a
BLE, computationswere performed at two representativeSPP impact
speeds (30 and 150 km∕s) inwhich the interlayer spacingwas set to a
value that is believed to be a reasonable upper bound (i.e., 320 μm).
This gives a total blanket thickness of about 0.635 cm. These
computations, compared with results for the baseline MLI spacing,
showed that shielding performance is slightly reduced with the larger
MLI spacing at 30 km∕s, and that shielding performance is slightly
enhanced with the larger MLI spacing at 150 km∕s. At 30 km∕s, the
incipient spall in the rear wall was slightly more developed but the
difference was not great enough to change the critical particle
diameter (610 μm) within the desired level of accuracy (i.e.,
�20 μm). Similarly, at 150 km∕s, the critical particle diameter
(500 μm) was not affected by the MLI spacing within the desired
accuracy, although in this case, the rear wall incipient spall was less
developed with the greater spacing.
From a mechanistic standpoint, these results show that, at

relatively low SPP impact speeds, such as 30 km∕s, for which the
expected dust size is somewhat larger, the response of theMLI layers
may be more similar to that of an undersized bumper system [1].
However, at relatively highSPP impact speeds, such as 150 km∕s, for
which the expectedSPPdust size is correspondingly smaller, theMLI
layers seem to respond like amultishock shield [1]. The implication is
that the loss of shielding performance with increased MLI layer
spacing and dust impact speed may be bounded.
Extending the preliminary finding of a small effect of layer spacing

on critical particle size to a broader assumption (i.e., MLI layer
spacing does not affect the critical particle diameter in the range of
speeds and blanket configurations most relevant to SPP) and con-

sidering that MLI areal density is generally increased by adding
7-μm-thick Kapton layers, the following simplified approach be-
comes possible for accounting for blanket areal density and number
of layers as BLE design parameters:
1) Define critical particle sizes at relevant SPP velocities (e.g., 30,

75, and 150 km∕s) for a given configuration (e.g., SPP baseline).
2) Obtain change in critical particle size with number of layers/

areal density for specifying protection levels needed or achieved for
other size-critical particles.
To account for the non-MLIWhipple shield design parameters, the

existing two-wall Whipple shield BLE [1] can be evaluated and spot
checked with select computations, as stated previously.
Figure 17 shows critical fused silica dust diameters for the SPP

baseline configuration in the 30–150 km∕s range. Adaptive mesh
refinement with square cells as small as 7.5 × 7.5 μm was used for
these calculations. Johnson–Cook strength and failure models, along
with spall strength values were used for the titanium alloy rear wall
[21,22]. The data differ from existing BLEs obtained by representing
theMLI blanket as an aluminum alloy or Kaptonmonolithic bumper,
which are also shown for comparison. Open symbols denote pass and
closed symbols denote fail. Data differs from existing BLEs obtained
by representing the MLI blanket as an aluminum alloy or Kapton
monolithic bumper, which are also shown for comparison in Fig. 17.
The reduction in critical particle diameter in the 30–150 km∕s range
is modest, indicating that the risk to the spacecraft from ultra-high-
speed impacts is not as great as might have been expected by
extrapolating existing monolith-based BLEs into speed regimes
beyond those used to derive them. At speeds less than 7 km∕s, the
existing aluminum bumper BLE is indicated to be strongly
nonconservative. At 7 km∕s, the critical diameter is between 850 and
950 μm. Ground HVI testing with a configuration [0.05 g∕cm2

(actual) MLI bumper, 2.54 cm standoff, and a 0.1016-cm-thick
titanium alloy Ti-6Al-4V rear wall] that closely resembles the SPP
baseline, performed after the computations, indicates that the critical
soda lime glass (2.5 g∕cm3) diameter is between 1000 and 1100 μm.
This is consistent with the prediction for the SPP baseline
configuration analyzed, in which the rear wall was slightly thinner
(0.0762 cm).Additionally, a 3-D computation of the groundHVI test,
in which the MLI netting is ignored, also indicates rear wall failure
from a 7 km∕s HVI of a 1100-μm-diam fused silica particle.
With a view toward generalizing these results to other values of

bumper areal density, standoff, and rear wall thickness, comparisons
are made with existing BLEs for monolithic bumpers. The existing
BLE with an aluminum monolithic bumper with the same areal
density as the MLI is arguably in adequate agreement with the
computed results in the 30–150 km∕s range, but it is nonconservative
by a factor of ∼2× at 7 km∕s. The existing BLE with an equivalent
Kaptonmonolithic bumper is found to be in good agreement with test
data at 7 km∕s, but conservative by a factor of ∼2× in the
30–150 km∕s range. These comparisons show that the actual BLE

Fig. 17 Dust damage to the SPP baseline configuration in the 30–150 km∕s range.
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for a blanket does not follow a two-third power dependence on the
impact velocity, as obtained by energy scaling for impact cratering
and generally also assumed for Whipple shield rear wall failure
without any specific rationale. Figure 18, which compares computed
BLE data obtained with the baseline MLI bumper and equivalent
monolithic Kapton bumper, shows that the BLE would be steeper
with a monolithic bumper; more so, the BLE for an MLI bumper
would be relatively flat, particularly in the 30–150 km∕sHVI range.
From Fig. 10, it can be expected that the protection curve with an
aluminum monolith bumper is even steeper. Data shown for layered
Kapton bumper is the average of the points shown in Fig. 17.
Some analysis has also been performed to assess the effect of

spacing between the Kapton layers (140 versus 320 μm) in a blanket
on critical particle size in the 30–150 km∕sHVI range. Little change
in the critical particle size is found, suggesting that the response of
the blanket layers to high-velocity IDP may be similar to that of
multishock shields. Understanding the physics underlying the
changing velocity dependence ofWhipple shield rear wall damage as
functions of bumper density and layering would require more
fundamental analysis of specific dust breakup mechanisms and
debris/vapor cloud characteristics.

VII. Conclusions

The Solar Probe Plus spacecraft is expected to encounter an
interplanetary dust environment, which requires consideration of
unprecedented impact speeds (i.e., up to 300 km∕s) during its six to
seven year mission. The traditional ground hypervelocity impact
testing-based approach up to ∼10 km∕s is inadequate for specifying
spacecraft shielding and making associated risk assessments. A
multiphysics computations-based methodology that combines
design considerations with rigorous impact shock physics analyses,
high-rate material thermodynamic and strength response models,
shock hydrocode computations, and new and available test data has
been practiced at the Johns Hopkins Applied Physics Laboratory to
obtain the necessary information. This paper presents the effort
specific to multilayer insulation/blanket shielded portions of the
spacecraft and presents the essential elements of a new ballistic limit
equation for this class of Whipple shield configurations.
The development of the ballistic limit equation in the 7–150 km∕s

hypervelocity impact range for representative two-wall Whipple
shields, in which spacecraft multilayer insulation is the bumper
material impacted by fused silica dust and normal (nonoblique)
impacts, is achieved by combining: 1) test data at∼7 km∕s for a two-
wall shield inwhich the bumper is a blanket ormadewithKapton film
only, 2) validated and verified two- and three-dimensional hydro-
code computations of critical particle diameters, and 3) existing
ballistic limit equations developed for two-wallWhipple shields with
solid aluminumandKaptonmonolithic bumpers, but applied in terms
of the bumper areal density rather than thickness.
In the 30–150 km∕s hypervelocity impact range, aWhipple shield

that represents a baseline Solar Probe Plus configuration is adopted
for three-dimensional analysis: 0.0176-cm-thick Kapton bumper
(monolithic and layered), 2.54 cm standoff, and 0.0762-cm-thick

titanium alloy Ti-6Al-4V rear wall. With a solid Kapton bumper, the
critical particle diameter for incipient spall, which is chosen to be
the failure criterion for Solar Probe Plus, is found to be in the
∼650–1100 μm range, with the largest and the smallest sizes
corresponding to 30 and 150 km∕s, respectively.When the bumper is
layered in a manner similar to that found in actual blankets (140 μm
spacing), the critical particle diameter is indicated to be in the
∼450–600 μm range.
The broad, thorough, and successful verification and validation of

the numerics and physics of this complex problem, and the successful
capacity to predict Whipple shield performance at ground hyper-
velocity impact speeds, suggest that computationally derived hyper-
velocity impact shielding data that are coequal to experimentally
derived data in terms of quality and reliability are possible to obtain.
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