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Abstract

A structural finite element model representing a novel inflatable airlock concept has been
calibrated using full-scale test data. The concept, denoted as the Non-Axisymmetric Inflatable
Pressure Structure (NAIPS), was developed under NASA’s Minimalistic Advanced Softgoods Hatch
(MASH) Program. The current studies extended previous numerical efforts by incorporating the
midbody section of the NAIPS to the dome section and calibrating the model with test data using
a process that included surrogate models. Brief overviews of the finite element model and
calibration process are provided. The completion of the calibration process provided a model that
adequately replicated the test data. The successful demonstration of calibration of a finite
element model representing an inflatable habitat provides confidence in the ability to use
numerical simulations and associated surrogate models to support design and certification of
inflatable space habitats.

Introduction

Robust inflatable space structures are in demand for a number of applications due to their
efficient packaging and light weight versus rigid shell structures. Traditionally, evaluations of
design concepts and subsequent certifications have been performed through testing because of
the limited analysis capability for softgoods structures. However, recent advances in simulation
capability and computational speed have enabled finite element model (FEM) simulations of a
wide range of aerospace applications. Examples where numerical simulations were utilized in
soft-goods applications include: inflatable habitats such as the Bigelow Expandable Activity
Module (BEAM)*?; atmospheric decelerators such as the Hypersonic Inflatable Aerodynamic
Decelerator (HIAD)3>#; attenuation systems such as the Orion Crew Module Airbag Landing
System>®; and aerospace recovery systems’.

Complementary to the advances in structural computational capabilities has been the
implementation of probabilistic methods and establishment of standards for verification and
validation of numerical simulations. Several technical societies and agencies are developing
standards for documenting the uncertainty of responses to variations in input parameters®2°. For
probabilistic analyses, sophisticated methods may be required to optimally use the results from
a relatively small number of simulations. The choice of method is dependent on the number of
uncertain parameters, the number and types of responses, the simulation execution time, and
the physics of the application. Examples of aerospace applications incorporating probabilistic
methods are provided in Refs. 11 and 12.

As NASA continues to explore the use of inflatables for a variety of applications,
development of a certification plan for human-rated inflatable space structure is critical*3. Robust
analysis techniques for inflatables need to be explored and verified so they can be incorporated



into the design and certification of future softgoods structures. A novel inflatable airlock concept,
called the Non-Axisymmetric Inflatable Pressure Structure (NAIPS) under the Minimalistic
Advanced Softgoods Hatch (MASH) Program#>, is the application focus of this report, see Figure
1. The NAIPS structural analysis problem represents many design challenges, including: 1) the
lack of formal design approaches to address such softgoods hatch concepts; and 2) modeling the
behavior of complex structural responses that include uncertainty in softgoods material
properties and transfer of loads through multiple paths and different softgoods elements.
Fortunately, the detailed computational tools needed to analyze the structural response of such
systems are becoming sufficiently mature to adequately model the response of these complex
structures. Additionally, it is now feasible to complete the numerous nonlinear transient dynamic
simulations that are critical to support verification of the design in a reasonable amount of time.
For cases where hundreds of FEM evaluations may be needed, time constraints may necessitate
the use of surrogate models. Once the calibration parameters of a design are determined using
surrogate model results, the finite element model can be executed to verify the calibration
parameters or design.

Previous studies, focusing on end-state loads in the NAIPS inflatable habitat dome section,
were reported in Refs. [16 and 17]. The current studies extend the previous results by: integrating
the midbody section with the previously studied dome section; and calibrating the model with a
process that included surrogate models. Responses of interest focused on those that were
measured during the testing, namely, cord loads and fabric strains. Brief descriptions of the NAIPS
module and testing, the finite element model, and the model calibration process are provided,
followed by a discussion of the results. Within the discussion of the results, model calibration
parameters and the corresponding comparison of calibrated model results with an expanded set
of test data are provided along with parameter sensitivities. Finally, concluding remarks provide
general comments about the approaches and findings.

Description of NAIPS Inflatable Module and Testing

The NAIPS is an inflatable airlock structure that consists of a high-specific strength Vectran
fabric shell constrained by a series of braided Vectran cords, see Figure 1, and is sized to provide
adequate room for two astronauts to don and doff their space suits, prior to exiting the airlock.
The novel shape of the NAIPS is enforced by the position and sizing of the cordage. The shape
provides areas of low hoop stress in the lobes at each end dome and along the midbody, which
allow the integration of a linear soft hatch, similar in operation to a zipper. This feature
significantly reduces the total mass of the airlock by eliminating the large metallic EVA hatch that
would otherwise be required. The internal pressure is carried primarily by the cords, which are
loaded via the underlying fabric shell. This design approach is also highly scalable to larger
applications including a space hangar or inflatable logistics bay for future outposts, see Figure 2,
where a large opening is required and where a typical rigid hatch would be mass prohibitive.



A full-scale test article of the NAIPS was fabricated and pressure tested at NASA LaRC® in
2016 and was instrumented with load cells on 50% of the meridional (or radial) cords, see Figure
3, in addition to full-field strain measurements being taken by 8 photogrammetry camera
systems, see Figure 4. Mechanical property tests were also performed prior to the full-scale test
on fabric and cord specimens to obtain their load-strain properties. The load-strain behavior of
these softgoods is highly non-linear as woven fabric and braided cords undergo large
displacements at the onset of loading, due to decrimping and untwisting of the yarns, in addition
to material strain. The load-strain behavior also changes as the materials are cyclically loaded
through the pressurization/depressurization of the airlock. Additional specimen testing was
performed after the full-scale test to acquire load-strain curves for specimens that had
undergone representative cyclical loading to better represent the test pressurizations performed
on the full-scale article. This material data for the fabric and cordage was used in the subsequent
FEM analyses and the results of those analyses were compared to the load and strain readings
measured during the final pressure test to burst of the NAIPS test article.

Description of Analyses
The numerical model and probabilistic methods used in this publication relied on lessons-
learned from earlier efforts focusing on analysis of the dome section of the NAIPS'® 17, These
prior publications contain detailed information about the modeling approach, therefore only a
brief summary of that information is provided here. These previous studies supported the
development of this model by: improving the numerical stability; shortening the execution time;
and increasing confidence in the probabilistic methods and surrogate models used in this work.

Finite Element Model

An existing explicit, dynamic finite element model of the full-scale test article, see Figure
5, was simplified by extracting a quarter symmetry section, see Figure 6a. The FEM for these
studies contained 14,175 nodes. The orthotropic fabric was represented by 12,880 fully-
integrated shell elements and the network of cords by 1,236 beam elements.

At the start of the simulations the article is deflated, see Figure 6a. The symmetry
boundary conditions enabling execution of a quarter model are also specified. In the test article,
the radial cords are fabricated shorter than the underlying fabric, to induce the formation of the
low-stress lobes and enable transfer of much of the load from the fabric to the radial cords.
Likewise, the axial cords are also shorter in the physical article, where the axial cordage loops off-
load much of the axial load in the midbody fabric. To improve numerical stability in the FEM
simulations, the radial and axial cords were initially sized to the flattened state and then shrunk
during inflation using a thermal contraction of a specified set of beam elements; these are
referred to herein as thermal elements, see Figure 6b. The thermal elements at each end of the
radial cords were attached to the axial cord that formed a loop on the top and bottom of each



end dome. The axial cord thermal elements were located near the center of the midbody.

The normalized profiles for both the pressure (inflation) and thermal loads are shown in
Figure 7. The pressure load is applied to the fabric inner surface and linearly increased from zero
to a prescribed value over the time range from 0 to 0.3 seconds. The primary goal of the history
profile for the pressure load was to enable “inflation” while also minimizing execution time and
mitigating unwanted transient dynamic behavior. The pressure loading profile is not intended to
replicate the actual inflation time of the airlock. It should be noted that the material damping
was increased during the initial pressure loading to minimize transient dynamic behavior.
Concurrently, a linear temperature decrease is applied to the thermal elements from 0 to 0.15
seconds. The simulations are executed until 0.4 s to allow the loads to reach equilibrium.

Contact implementations are crucial to these simulations by enabling transfer of loads
between the softgoods components. All of the contacts are penalty-based, where the friction
and penalty-force stiffness scale factors can be varied. Prior modeling experience showed that
modifications to the contact parameters were required for numerical stability of the simulations.
Unfortunately, it was not possible to mitigate all numerical stability issues with the addition of
the midbody to the dome.

The numerical simulations were executed in LS-Dyna?®, a commercial, general-purpose,
nonlinear, transient-dynamic, finite element code. The fabric and cord materials are represented
by nonlinear stress-strain curves derived from test data. A material model that was specifically
formulated for fabric was selected to represent the behavior of the woven material. The braided
cords were represented by a cable material model formulation. The computational time to
process the 0.4-second responses was approximately 3 to 4 hours using 8 processors. Unlike most
applications using an explicit, transient-dynamic analysis, only the end-state results, and not the
time-varying responses, were of interest to represent the quasi-static inflation of the test article.

Calibration Process

In general, sensitivity analyses and model calibration can be conducted using either finite
element simulations or surrogate model approximations. Due to time constraints and issues with
numerical stability, the model for this application was calibrated using surrogate models
generated from a set of FEM simulations. The calibration process was conducted using
probabilistic analyses tools available in the commercial optimization code LSOpt??, see flow chart
in Figure 8. Results from the calibration process are dependent on: (#1) parameter setup by the
selection of the uncertain parameters and bound, (#2) the parameter sampling approach, (#3)
the solver or simulation code, (#4) the surrogate model, (#5) the sensitivity metric, and (#6) the
optimization methods which includes objectives and constraints. Since surrogate models were
used, the final step of the calibration process requires execution of the finite element model to
verify the calibration results (#7). Each of these topics will be discussed below.

A total of 8 parameters were considered in the analyses, see Table I. Material properties



of the four different softgoods components in the model were varied through multiplicative
factors on the ordinate of each of the load-strain curves: the radial cord (Frc), the axial cord (Fac),
the dome fabric (Fpe), and the midbody fabric (Fme). The coefficients of thermal expansion, arc
and aac, applied to the radial cord and axial cord thermal elements, respectively, were varied to
enable changesin the cord lengths. For the calibration process, arcand oac are independent input
parameters and the radial cord length (Lzc) and the axial cord length (Lac) are constrained
responses. The final two parameters are the contact frictions, pp and pv, applied to the dome-
fabric-to-radial-cords and the midbody-fabric-to-axial-cords, respectively. The parameter bounds
for the FEM simulations were based on engineering judgment. The scaling bounds for material
property incorporated insight from the sensitivity studies in Refs. [16 and 17], as well as review
of the baseline material property testing.

Matlab?® scripts were utilized to control parameter sampling, execution of the LS-Dyna
simulations, and preliminary data reduction. Although there are many techniques that can create
adequate sampling of the parameter space for a probabilistic analysis, Halton-Leap deterministic
sampling?! was chosen for this study. The Halton-Leap method creates uncorrelated, multi-
dimensional, uniformly distributed values between 0 and 1, which are then converted to
engineering values. For model calibration, four representative responses were selected, namely:
radial cord load (Prc’); axial cord load (Pac?); dome warp strain (epe!); and midbody warp strain
(eme*), see Figure 9. The surrogate model calibration was performed at the operational inflation
pressure of 15 psi.

Two surrogate model methods have been explored for this application: a response
surface method?? based on the linear and the cross terms [but not the quadratic terms] (SM1*);
and the Kriging method (SM3)?3. A surrogate model describes the relationship between the
sample input parameters and one of the outputs of interest, which include cord loads and fabric
strains. To determine the adequacy of the surrogate models, the RMS error of the surrogates
versus the FEM simulations were computed, see Table Il. The errors for both surrogate models
are small (within a few percent). As with all studies, the project’s required accuracy or adequacy
needs are critical to determining which approach is best suited to the application.

There are a number of methods for computing sensitivities and ranking variables. These
include local gradient-based methods?*, and global techniques?>2®. Results for two global
sensitivity methods are provided. From previous experiences with modeling inflated fabric
structures, the global correlation method, derived directly from simulation results, has proven to
be acceptable for understanding the importance of variables, even under large deformations and
nonlinear stress-strain behaviors!2. In contrast, the Sobol?® sensitivity method relies on a large
number of response samples (i.e., thousands) to compute the variance. It is possible to compute
10,000 responses in minutes using a surrogate model, where 10,000 FEM simulations would take
orders of magnitude longer.

The FEM was calibrated to the test data through an optimization process that included
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objective functions and constraints, see Table lll. Specifically, the objective functions’ targets are
derived from full-scale experimental data at the 15-psi test point®. In addition, constraints are
applied to the cord lengths (Lrc and Lac). A primary purpose of these studies is not only to calibrate
this model, but to gain experience and insight into multiple methods available for optimization.
Thus, two common optimization methods available in LS-Opt, namely simulated annealing (SA)
and genetic algorithm (GA), were exercised. Simulated annealing is analogous to the
metallurgical annealing process, where the desire is to minimize the objective function, the
corresponding analog to the temperature. The genetic algorithm is intended to replicate the
nature process of survival, where the objective function is an analog to the fitness of an
individual. Both optimization methods find an approximate global solution. Both LS-Opt
optimizer options were then allowed to refine the solution by switching to the gradient-based
Leapfrog method. With two surrogate models and two optimization methods, a matrix of four
calibration solutions was computed, see Table IV.

The last step in the calibration process was surrogate model verification. Specifically,
comparing the responses from the surrogate models at the calibration parameters to the
corresponding finite element simulation results.

Discussion of Results

The results will focus on four areas. First, the parameter sensitivities will be provided,
followed by results of the calibration process incorporating surrogate models. Third, the
calibration results based on the surrogate models will be verified by comparison with simulations
executed at the calibration solutions. Finally, an expanded set of responses will be computed at
multiple pressures to compare with full-scale test data.

The Halton-Leap method produces an uncorrelated, deterministic parameter set. Ideally,
each parameter is perfectly correlated with itself (|R| = 1) and uncorrelated with the other
parameters (|R| = 0). A review of results for the 100 attempted simulations showed that 78 were
numerically stable for the duration of the 0.4 s of execution. When only the 78 numerically stable
simulations were retained, the |R| values for Frc and Fac, show a slight interdependence (|R| =
0.2). These results highlight ways that numerically unstable simulations can impact a set of
results generated from a seemingly independent parameter set. The level of interdependence
provides insight about parameter interactions. Fortunately, the level of interdependence for
these simulations is not sufficient to impact the calibration results.

Sensitivity results

Sensitivity results are provided in Figure 10, for both global correlation and Sobol
coefficients. By noting the similarities and differences, these results highlight the insights that
can be gleaned from exercising multiple sensitivity methods. It is important to remember that
because these are global measures, the sensitivities are dependent on the parameter ranges.
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Sobol coefficients were computed for both of the surrogate models. The cord lengths, Lrc and
Lac are nearly perfectly correlated (i.e., |R| >0.99) to the respective thermal coefficients, arc and
oac, as expected due to their dependence, and will not be shown. There appears to be mixed
results as far as importance of the various parameters on the radial cord loads (Prc®). Two of the
metrics indicate that the axial cord load (Pac?) variation is dominated by the axial cord length (Lrc)
through the axial cord thermal coefficient (aac). Both of the fabric strain (epr! and em¢?) variations
are nearly completely dependent on the corresponding factor applied to the load-strain curves
(F[)F and FMF).

Calibration of finite element models

Initial trial calibrations indicated that it was not possible to attain the results produced by
the NAIPS test when limiting the bounds to those used for the initial simulation bounds, as
provided in Table I. Specifically, these preliminary calibration solutions would reach at least one
of the parameter’s bounds before the calibration targets were met. Following the review of the
preliminary calibration results, it was decided to expand the parameter bounds beyond those
used for the initial simulations, see Table V. The revised ranges used for the calibration process
that fall outside the simulation ranges are highlighted in bold. Thus, the calibration optimization
process extrapolated the surrogate models beyond the simulation bounds.

The calibration parameters provided in Table V are for each of the solutions denoted in
Table IV. Looking closely at these results, it isimportant to note similarities and differences across
the four solutions. Similarities provide confidence in the behavior, while differences can highlight
deficiencies in the process or lack of parameter importance.

A comparison of the load vs. strain behavior taken from cordage and fabric specimen
testing is compared to the calculated scaled load vs. strain behavior from the four solutions in
Figures 11 and 12. The cord factors (Frc and Fac) in Table V, show considerable scatter between
the four curves used as input for the calibration solutions, see Figure 11. By contrast, there is
small scatter in the calibration solutions for the fabrics warp and weft curves, Figure 12. Although
the calibration was based on only the warp direction strains, the same factor was applied to both
the warp and corresponding weft directions. The measured weft strains were very small and
sometimes negative, indicating a folding of the fabric. It should be noted that all of the fabric
calibration curves are substantially stiffer than the measured curves, which helped determine
that the test fixture and methodology were inadequate. Biaxial fabric tests are being investigated
to provide a better test data set for future comparison. The sensitivity results showed that the
calibration responses were essentially independent of the friction, thus the large scatter in the
friction values across the four solutions is not surprising. With the exception of Solution 3:aac,
the thermal coefficients are relatively consistent across the four solutions, indicating a relatively
well-behaved optimization space for the corresponding cord lengths.
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Verification of calibrated models

At the conclusion of a calibration process that incorporates surrogate models, it is
important to verify the solution by executing the FEM with the calibration parameters. For each
of the four solutions, a verification simulation was executed and compared to the surrogate
model results, see Table VI. The verification simulations are particularly important for this
application, as parameter ranges for the underlying simulations were narrower than those
allowed for the calibration process. In general, the surrogate cord loads were higher than the
simulations, while the surrogate fabric strains were lower. As a means of quantifying the
adequacy of the calibration process, the normalized RMS error for each of the solutions was
computed, see the bottom row of Table VI. The RMS error was less than 6% for all solutions. The
main distinguishing characteristic is that the Kriging surrogate models (SM3) used for Solutions 2
and 4 resulted in less error than the Linear+Crossterms surrogate (SM1*) used for Solutions 1 and
3. It would be up to the designers and project as to whether the relatively simple SM1* or the
more complex approach of SMs surrogate model would be better for the application.

The results for the verification simulations at 15 psi were expanded from the 4 used in
the calibration process to the 8 fabric strains and 6 radial cord responses shown in Figure 13.
Since, no test data were acquired for the axial cords, the numerical axial cord loads have been
compared with hand-calculated analytical upper bounds. For Figure 14a, both the test and
analysis show a spatial trend where the maximum radial cord loads are seen at the middle of the
guarter dome section (i.e. at approximately the 45-degree lines on the full end domes). The
scatter in the test data is substantially greater than the variation produced by the 4 solutions due
to probable small length variations in fabrication of the actual cordage. With the exception of
Cord 1, the predicted values were within the scatter of the measured values. As no test data were
acquired for the axial cord loads, these loads are compared with an analytical upper bound, see
Figure 14b. All of the solutions show values less than the upper bound. Moving on to the fabric
strains, the results for the 4 solutions are plotted against the test result bounds for three locations
on the dome, in Figure 14c. Both test and analysis show a significant decrease in warp strain when
going from Lobe 1 to Lobe 3, however, the test shows a trend of leveling off of the strains, while
the numerical trends are nearly linear. Finally, the midbody warp strains are compared to bounds
for the test data, see Figure 14d. At 15 psi, Solutions 1 and 3, slightly over predict the midbody
strains while solutions 2 and 4 remain within the test result bounds.

In general, the variations within the test data and the differences between test and
analysis are greater than the differences between the four solutions. For this reason, only results
for one solution will be compared with the range of test data from 10 to 23.5 psi in the next
section. All of the solutions were considered acceptable from an accuracy perspective. Solution
1 was selected for the extended comparisons, since: the response surface tends to be easier to
implement and the associated expressions can also be more straightforward to interpret than
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those for methods such as Kriging; Solution 1 could be considered as the worst case bound based
on Table VI (although the error is small); and the simulations were numerically stable. However,
it is noted that Solutions 2 and 4 using Kriging surrogate models should produce smaller
differences between test and analysis.

Test vs Analysis

Comparison of test with calibrated model results for multiple inflation pressures have
been provided in Figure 15, where the x-axis corresponds to the test data, while the y-axis
corresponds to FEM simulation results. It is not anticipated that simulations will agree perfectly
with test data as uncertainty in the test data exists and modeling deficiencies are inherent in the
simulations. As a guide for simulation adequacy, +/- 10% and +/- 20% bounds have been included.
In Figure 15a for the radial cords, the simulations fall within the +/- 10% bounds with the
exception of Cord 1. Preliminary deterministic studies showed that the load in Cord 1 is very
sensitive to modelling details at the dome-to-midbody interface. These details would not have
been picked up by Prc® used for the calibrations. The localized factors affecting Cord 1 loads that
were not included in these calibration studies could be part of a follow-on calibration effort. In
lieu of data, a simple computation of the axial cord load upper bound was computed, see Figure
15b. The predicted values all fall below that analytical upper bound.

The measured and predicted warp strains in the dome lobes is provided in Figure 15c.
The predictions fall within the measured range, except for Lobe 3, as might be expected from
results provided in Figure 14c. Finally, the measured midbody fabric strains are compared with
the predictions in in Figure 15d. The pressure has a bigger effect on the measured strains than
those that are predicted.

As was noted previously, the model used for the calibration effort was extracted from a
preliminary full model. Comparisons of the test data with the preliminary model results were
provided in Ref. 15. A list of areas that could have contributed to the discrepancy of the test with
analysis was included. An appendix has been included with this report that summarizes: the
earlier comparisons along with the current calibrated comparisons; and the modeling changes
that addressed the earlier concerns and improved the numerical stability.

Concluding Remarks

A structural finite element model representing a novel inflatable airlock concept has been
calibrated using full-scale test data. The concept, denoted as the Non-Axisymmetric Inflatable
Pressure Structure (NAIPS), was developed under NASA’s Minimalistic Advanced Softgoods Hatch
(MASH) Program. The current studies extended previous numerical studies by: incorporating the
midbody section to the dome section in the finite element model; and calibrating the numerical
model using a process that includes surrogate models. Four model calibration solutions were
computed from a matrix of two surrogate models and two optimization processes.
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The following observations are made:

e The model calibration was enabled by allowing parameters to extrapolate outside the
original simulation ranges. The solutions computed using the surrogate models were
verified through comparisons with finite element simulation results. The RMS error of the
surrogate models for the calibration process was less than 6%. This level of agreement
was considered sufficient to continue comparisons of test data with an expanded set of
responses.

e The sensitivity results showed that: the radial cord loads are most dependent on the radial
cord length (through the radial cord thermal coefficient) with smaller contributions from
other parameters; the axial cord loads show an even stronger dependence on axial cord
length (through the axial cord thermal coefficient); and the fabric strains were dominated
by the factors applied to the fabrics’ stress-strain curves.

e The scatter in test data and differences between test and analysis were generally greater
than the scatter in responses for the four possible solutions.

e The final comparisons of test to analysis were conducted at 10 to 23.5 psi.

0 Radial cord loads: numerical model replicates spatial trends; 88 % of the responses
for Solution 1 were with +/- 10% of the test data.

0 Axial cord loads: No test data was acquired. The numerical responses are less than
the upper analytically calculated bound.

0 Dome fabric warp strains: numerical model replicates the spatial trends; 58% of
the responses for Solution 1 were with +/- 10%. This low comparison metric is
directly related to test-simulation differences for Lobe 3.

0 Midbody fabric warp strains: 75% of the predictions for Solution 1 were within +/-
10% of the measured values.

e [ssues yet to be resolved include:

0 Will updated biaxial fabric test results reduce the observed large deviation
between the calculated fabric material properties and the tested load vs strain
behavior?

0 Can the numerical stability be improved through remeshing, additional contact
definition changes?

In summary, the successful demonstration of the calibration of a finite element model
representing an inflatable module provides confidence in the ability to use numerical simulations
and associated surrogate models to support certification of inflatable space habitats.
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Table I. Parameters for finite element simulations.

FEM Execution Bounds 78 Stable Solutions
Parameter Lower Upper Minimum Maximum Mean
Factors applied Frc 1.5 3.0 1.52 2.99 2.18
to nonlinear Fac 1.5 3.0 1.53 2.97 2.23
stress-strain For 1.5 2.75 1.52 2.66 2.07
curves Fwvr 1.5 2.75 1.51 2.73 2.10
. Up 0.01 0.1 0.0114 0.0996 0.0550
Friction values
Iy 0.01 0.1 0.0115 0.0990 0.0573
Cord thermal OlRe 0.0015 0.0025 0.00151 0.00249 0.00197
coefficients Qac 0.0009 0.0013 0.000901 0.00130 0.00108
Table Il. RMS Surrogate errors
Response SM,* SM;
Lrc ~0 0.0398 (0.04%)
Lac ~0 0.0517 (0.01%)
Prc, Ib 17.83 (0.87%) 17.4 (0.85 %)
Pac% Ib 118.9 (0.79%) 118.1 (0.78 %)
€pel, infin 0.000319 (2.56 %) 0.000187 (1.49 %)
€we, infin 0.000164 (1.47%) 0.000120 (1.08 %)

Table lll. Constraints and objectives

106.5in < Lgc<107.5in
38.0in<Lac<40.5in

PRC5= 2163 |b
Pac2= 16,700 Ib

€ort =0.0092 in/in
ewr* = 0.0092 in/in

Table IV. Calibration solutions.

Surrogate model Optimization method
Linear + . Simulated Genetic
. Kriging (SMs) . .
Solution | Crossterms (SM;*) Annealing (SA) Algorithm (GA)
1 v v
2 v v
3 v v
4 v v
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Table V. Calibration parameters.

Figure 1. Photograph of inflated NAIPS test article?®.

Bounds Solutions
Parameter Lower Upper 1 2 3 4
Factors applied Fre 15 4.0 1.74 1.62 3.21 2.51
to nonlinear Fac 15 4.0 1.67 3.55 2.03 3.54
stress-strain For 1.5 3.1 2.61 2.64 2.70 2.60
curves Fuvr 1.5 3.1 2.33 2.67 2.57 2.66
L. Hp 0.0 0.1 0.08 0.024 0.036 0.089
Friction values
Um 0.0 0.1 0.08 0.032 0.003 0.051
Cord thermal OlRe 0.0015 0.0030 0.00204 0.00223 0.00196 0.00201
coefficients Olac 0.0009 0.0020 0.00180 0.00177 0.00139 0.00179
Table VI. Surrogate and FEM responses at calibration solutions.
Solution 1 Solution 2 Solution 3 Solution 4
Response Surrogate FEM Surrogate FEM Surrogate FEM | Surrogate FEM
Lrc 107.4 106.9 107.1 106.7 107.4 107.0 107.4 107.0
Lac 38.16 38.24 38.24 38.33 39.06 39.11 38.2 38.3
Pgrc 2163 2077 2163 2098 2163 2078 2163 2086
Pac 16,700 15,635 16,700 15,753 15,750 15,253 16,700 15,697
Eor 0.0092 0.0099 0.0092 | 0.0096 | 0.0092 0.0104 | 0.0092 0.0096
EME 0.0092 0.0102 0.0092 | 0.0095 0.0092 0.0096 0.0092 0.0090
Errorgms, % 5.91 3.49 5.45 3.58
Low-stress region: notional
Axial Cordage Loop I:in;;l:?i:m of an opening or

Region extracted for symmetry model
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Figure 3. NAIPS full-scale test load cell configuration.
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Figure 9. Responses for calibration.
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(a) Simulation Results
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Figure 10. Sensitivity results.
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{a) Dome Fabric Warp
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Figure 12. Fabric nonlinear line-load vs strain curves.
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(a) Shell Responses (b) Cord Responses

Figure 13. Schematic of expanded responses for comparison with test data.
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(a) Radial Cord Loads

(b) Axial Cord Loads
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Appendix

The purpose of this appendix is to compare the modeling approaches used for the
preliminary analyses of the MASH test article in Ref. 15 with the approaches used for the current
calibration effort. A summary of test-analysis comparisons will be provided for the two modeling
approaches followed by a description of the modeling modifications, which can be divided into
three general categories: simplifications to reduce the number of uncertain parameters and the
computation time; changes in modeling approach to mitigate numerical instabilities; and finally,
changes in design parameters and approaches that significantly influence the numerical results.

Section VII.B of Ref. 15 lists 4 aspects to be evaluated, which were suggested could
improve comparisons of the numerical results with the full-scale test data. They are paraphrased
here: 1) include a technique to shorten the radial cords to the test lengths in the numerical model;
2) set the radial cord length based on the as-fabricated length, rather than adjusting the axial
cord length to drive the radial cords to the measured loads; 3) improve numerical stability so all
practical structural components (such as the seams) can be included; and 4) re-examine
measured material property data for adequacy. The studies conducted to support the calibration
effort directly addressed items 1, 2 and 4. The calibration effort did address numerical stability
concerns, item 3, but was not focused on the responses at the seams as no test data were
available. However, inclusion of the seam elements would be critical for detailed design studies
and certification support. The radial cord loads were strongly dependent on the length, item 2.
However, it was necessary to allow the cord lengths to vary within reasonable constraints to
enable model calibration.

Comparisons of previous and current numerical results with full-scale test data

Results for the two modeling approaches are provided for the radial cord loads, dome
fabric warp strains and midbody fabric warp strains in Figures A-1 to A-3. The comparisons are
presented with the preliminary model comparisons (extracted from Ref. 15) on the left and the
calibration model comparisons (see Figure 15) on the right. For each plot, the full-scale test data
(on the x-axis) is compared with the numerical results (on the y-axis) for multiple inflation
pressures. For reference, +/- 10% and +/- 20% error lines are plotted alongside the ideal 1:1 line,
where the numerical result would exactly match the test data. The RMS error between test and
simulation has been included on each plot.

For the radial cord loads, Figure A-1, the numerical results for the preliminary model
under-predict the test data in all cases. Cord 1 is under-predicted by more than 50%. The
calibrated model results on the right fall within +/- 10% of the test data for 88% of the points.
Only the predictions for Cord 1 fall outside these error bounds, but are near the -20% bound.
Incorporation of thermal elements to shorten these cords enables the calibration model to
approach the test data, such that RMS error improves from 31 % to 9%.

Looking at the dome fabric strains in the warp direction, Figure A-2, the preliminary model
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significantly over-predicted the strains by more than a factor of 2. The calibrated model predicts
the measured responses to with +/-10 % for 58% of the samples, with particular issues related to
Lobe 3. Focusing in more detail on 15 psi, the calibrated model strains in the warp and radial
directions for the three lobes along with the test data are provided in Table A-1. These results
show that a small change in measurement direction (or alignment) for Lobe 3 could significantly
change the measured strains. More specifically, if the line used for measuring strains was not
perfectly aligned with the fabric warp direction, but migrated toward the lobe radial direction,
then the “measured” strains could be lower. Two factors contributed to the significant
improvement in comparisons for the calibrated model (i.e., RMS error reduced from 278% to
21%): the radial cords in the calibrated model are taking more load, thus helping to offload the
fabric; and the fabric material property curves were calibrated to a more realistic stiffness versus
the prior material model.

For the midbody fabric strains in the warp direction, Figure A-3, the preliminary model
consistently over-predicted the strains, by more than 20%. The calibrated model predicted 75%
of the strains within 10% of the test data and overall the RMS error was reduced from 65% to
11%. The primary contributor to the change between the preliminary and calibrated results is the
stiffer stress-strain material properties assigned to the fabric. It is interesting to note in Table V
that the factors for the fabric for all of the solutions ranged from 2.33 to 2.70. As has been
previously noted, this is a strong indicator that the measurement method to determine the
underlying fabric material properties needs to be re-examined.

Significant modeling modifications

Model simplifications

It was important to simplify the model for a number of reasons. Shortening the
computation time enabled hundreds of analysis runs to be executed, which supported a rapid
evaluation of modeling changes and subsequently enabled implementation of probabilistic
methods. The improved understanding of the key parameters driving the model variations
enabled the elimination of second-order effects and detailed model components, such as seams
and radial cord loops. Shortening the computation time was accomplished by focusing on a
guarter-symmetry model and calibrating to a single inflation pressure of 15 psi, the operational
pressure. The initial simplifications, as reported in Refs. 16 and 17, first focused on a quarter-
symmetry section of the dome only. Once the dome-only model was considered sufficiently
mature, the midbody was added for the current report and comparison.

The effect of seaming was assessed through a series of simulations that changed the
material properties of a corresponding strip of the model along the midbody seam line. The
primary impact of the seam at the dome-midbody interface was on Cord 1 (which lay at the
interface). The effect on the other cord loads of the seam property changes was insignificant. The
Cord 1 loads were strongly related to the ratio of the stiffnesses of the dome and midbody fabrics.
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Essentially, the Cord 1 response could be tuned using additional parameters, in addition to the
primary parameters important to the other responses.

Numerical stability

To incorporate probabilistic methods, support design studies and expand confidence in
predictive capability, it was important to improve the numerical stability of the simulations. Two
modeling areas were identified as the primary sources that produced numerical instability. These
were: 1) the scale factor applied to the contact forces between softgoods elements; and 2) the
convergence of 80 triangular elements at the poles of the dome. It was possible with the current
model to mitigate the contact force induced instabilities by simply reducing the factor between
the radial cords and the dome fabric from the default of 1.0 to 0.1 or even 0.01. These factors
are in effect during the entire simulation. They control the amplitude of the force that is applied
to a node to push it away once it has penetrated a surface. The force is based in part on the
relative stiffnesses of the two contacting parts. LS-Dyna has a “soft” option (which was selected
for the current application) in the contact which is designed to help with two contacting parts
that have a wide difference in elastic bulk moduli. The “soft” contact can mitigate some issues,
but it can also end up with a higher contact stiffness. In the end, the point of the contact is to
keep the two parts from penetrating, without pushing the parts away in a nonphysical manner.
It was found that reducing this factor changed the resulting radial cord loads by less than 1
percent. There was not enough time during these current studies to re-mesh the dome center
section, which would be an area to address for any follow-on efforts. The instabilities arising from
the mesh at the poles of the dome were particularly problematic when the midbody was included
and the axial cords were contracted.

Model modifications

In addition to removing some of the 2"%-order effects, identified in the simplification
section, the following major changes were made to the overall model. Thermal elements were
included in the radial cords to shrink them to the as-fabricated and tested lengths. For example,
shrinking the radial cords 2” can increase the cord loads by 400 |b. In addition, during the actual
test, load cells with pin-clevis attachments (approximately 12” in total length) were used in many
of the cords, thus 12”-long stiff elements were tested in the model and shown to increase the
radial cord loads by 100 Ibs. For this reason, 100 Ibs. was added to the simulation radial cord load
values.

The second significant modification was related to the material properties. The fabric
strain responses were dominated by changes in material stress-strain properties. For the
calibration studies, the properties were allowed to vary by a factor up to 3.1. Looking at the
midbody warp fabric strain as an illustrative example, a simple analysis for the midbody warp
strains is provided in Figure A-4. This analysis confirms that the measured fabric properties are
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not stiff enough to produce the full-scale strain measurements.

Table A-1. Dome lobe strains at 15 psi for Solution 1

Lobe Radial, in/in  Warp, in/in Test, in/in
1 0.0104 0.0099 0.0092
2 0.0121 0.0068 0.0070
3 0.0143 0.0046 0.0066
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Figure A-1. Radial cord loads: test vs analysis for preliminary and calibrated models.
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Figure A-2. Dome fabric warp strains: test vs analysis for preliminary and calibrated models.
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Figure A-3. Midbody fabric warp strains: test vs analysis for preliminary and calibrated
models.
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Figure A-4. Analysis of midbody warp strains.
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