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ANALYSIS AND VERIFICATION APPROACH FOR DESIGN OF A
LIGHTWEIGHT ORION HEAT SHIELD CARRIER STRUCTURE

1. Introduction

The NASA Orion space program represents the efforts of the United
States to create a crewed spacecraft that can travel beyond Low Earth
Orbit and then survive Earth re-entry at high return velocities. The
Orion Multipurpose Crew Vehicle (MPCV) provides the environment for
the crew and could eventually visit an asteroid or even venture further
into deep space to destinations such as Mars.

Heat shield

Figure 1:  The heat shield carrier location (shown with a dashed line) within the
MPCYV vehicle stack.
The heat shield carrier (HSC) is a vital component of the Orion MPCV
and is instrumental in protecting both the vehicle and its crew during re-
entry and splashdown. It attaches to the underside of the crew module
as shown in Figure 2:

Figure 2:  The heat shield carrier within the MPCV assembly.

The heat shield carrier must provide a sturdy foundation for the outer
ablative layer, resist the effects of atmospheric re-entry, and bear the
impact of a water landing without becoming an excessive mass burden
on the Orion spacecraft. An Exploration Flight Test (EFT) 1 HSC
developed and produced by Lockheed Martin Space Systems Company
(LMSSC) came in above mass targets, prompting the NASA National
Engineering Safety Center (NESC) to spinoff a team to investigate and
design an alternate heat shield with the goal of a 25% reduction in
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system mass over the baseline Titanium stringer-composite skin
design. The team ultimately produced the design provided in Figure 3,
which is comprised of an orthogrid stiffened dish supported by 15 truss
segments, 18 stringers, and four retention and release (R&R) interface
fittings.
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Figure 3:  The final design for the NESC-proposed heat shield assembly.
This paper will focus on the innovative strategy to develop a design and

analysis process to utilize multiple simulation codes to deliver the final
lightweight design show in the previous figure.
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2. Smeared Analysis Approach

Finite element models (FEMs) were used for trade studies and to
substantiate the structural analysis. The commercially available
HyperSizer analysis program was used to be able to quickly produce
margins for a variety of concepts. HyperSizer is a software tool that
works in concert with FEA solvers (such as Nastran) to evaluate panel-
stiffening concepts and determine minimum weight structures.
Smeared properties simulated the stiffnesses of open panels supported
around their perimeter. These models were simpler, faster to iterate,
and permitted the generation of a multitude of trade concepts in
HyperSizer that could save mass. Figure 4 shows some concepts
available in HyperSizer:

Figure 4. Candidate concepts available in HyperSizer

Some candidate examples include isogrid, hat stiffened panels,
integrally blade stiffened panels, and sandwich panels. Figure 5 shows
how each of these concepts gets turned into a stiffness formulation:
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Figure 5:  HyperSizer methodology for evaluating a multitude of structural
concepts (Ref. HyperSizer).

A discrete set of potential panel stiffening architectures (such as
orthogrid) are contained within a pool of candidate. After the smeared
stiffness formulation is developed for a concept, it is sized for positive
margins based on panel forces. A HyperSizer-internal process resolves
FEA loading into object loads. This applies panel loads (extracted from
FEA) to the structural features of a particular concept, such as the cross
section of a hat stringer, in order to size them by local strength and
stability-based failure modes with closed-form calculations. All
candidate panels are then subjected to a quantitative comparison by
weight (mass).

3. Dynamic Loading and Static Load Reduction

At the culmination of its mission, the MPCV returns to Earth and
splashes down in the ocean as in the test shown in Figure 6:
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Figure 6:  Orion boilerplate drop-testing at NASA Langley (part of earlier
program development).

Over the course of the splashdown event, the vehicle drops from a
parachute-slowed speed of about 25 feet per second to zero. Forces
exerted from water impact are by far the most significant form of loading
the HSC must encounter. One of the greater challenges the team faced
was how to assess trades, size designs, and generally analyze with
tools developed for linear static loading environments.

A set of 125 landing load cases were developed by LMSSC that
involved simulating impacts of MPCV at various angles and speeds
relative to the water in LS-DYNA. LS-DYNA is an FEA solver that uses
explicit time integration to study nonlinear transient dynamic events.
The explicit transient code is commonly used for short-duration impact
simulations of post-buckling behavior and is capable of simulating fluid-
structure interactions. A water-impact model was run by the program to
simulate the impact of the vehicle into a fluid volume (Figure 7).

Figure 7:  Simulation of the water landing with LS-DYNA.
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Pressures from the fluid-structure interface were extracted from this
simulation. The loading took the form of a pressure pulse that traversed
the length of the HSC over a matter of about 100 ms. Figure 8 shows
these pressures plotted at three moments in time:

-

Figure 8:  External pressure on the HSC skin from the LS-DYNA simulation.
Areas of no color indicate null loading.
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External pressures during LS-DYNA load cases were sampled at 1ms

intervals. Combining the full durations of the impacts with all 125 load

cases meant over 25,000 potential static load cases to choose from.

This is a prohibitive amount of load cases to consider, so it was

concluded that a fArepresentative seto of
instead. These would be determined by calculating the load case and

time step combination that produced the largest sum of pressures over

all el ements over a portion of the HSC sk
only valid if the skin element sizes were consistent; each skin element

was in fact close in size. The HSC skin was first divided into 7 arbitrary

but logical bays.

Figure 9 demonstrates the pressure wave peaking in successive bays
from the windward (side of first impact) to leeward sides.
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Figure 9:  The sum of pressures for each bay over all time steps for a particular
load case. A diagram highlights the bay corresponding to each curve.

The pressure over a single bay is plotted for all load cases.
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Figure 10: Pressure summed over all bay one elements for all dynamic load
cases.

As shown in Figure 10, two load cases (80105 and 80166) are clearly
more severe than all others at the 55 ms mark. Significantly more bays
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(46) were considered in the final round of load reduction. This load
reduction method culminated in 70 unique static landing load cases.
The envelope of these load cases (for demonstration only, not sizing) is
plotted in Figure 11.:

Figure 11: Enveloped landing pressure from 70 static load cases.

Some off-center impacts can be seen as well. The peak pressure from
the traveling pulse reaches over 500 psi, but that level of loading only
spans a few elements at most, and only for a very short period of time.
As more of the HSC outer surface becomes wetted and the vehicle
decelerates, the pressure pulse drops in magnitude before reaching the
leeward side.

Re-entry loads had the form of a mostly uniform pressure distribution on
the outer surface and were much less severe than landing (~10-15 psi).
Peak external pressure on the HSC from aerodynamic forces were an
order of magnitude less than landing pressures and came from an off-
nominal lunar return case. Crew module internal pressure was
combined with a single critical re-entry case. This load case was
considered static as the peak loading is relatively constant over a
matter of seconds.

4. Trade Study

At the onset of the project, the program implemented a design change
tot he angle at which the MPCV fAsliceso thr
landing to reduce impact decelerations. This adjustment stems from a



