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A probabilistic thermal margin process has been performed to design the flexible thermal
protection system (FTPS) and select entry trajectory constraints given an acceptable risk level
for the Low-Earth Orbit Flight Test of and Inflatable Decelerator (LOFTID) project.
Uncertainties exist in atmospheric entry aeroheating environments and the predicted thermal
response of thermal protection system (TPS) material. Entry vehicle TPS is often over-sized
to mitigate uncertainty by combining conservative bounding scenarios together. The
probabilistic thermal margin process allows engineers to make informed aeroshell design,
flight design, and FTPS performance risk trades while preventing excessive FTPS margin
from being applied. This paper describes the uncertainty analysis methodology used to carry
out a probabilistic thermal margin process used for LOFTID’s aeroshell and explains how the
calculated probability of exceeding flight allowable temperatures is used to design the FTPS
and establish nominal flight design constraints. This probabilistic thermal margin process had
never been applied to entry, decent, and landing design for a flown entry vehicle and it is one
of the LOFTID project’s goals to demonstrate its merits.

Nomenclature
T Exp = Expected (mean) Maximum Temperature
T Allow = Flight Allowable Maximum Temperature
T 97.7 Calc = Calculated 97.7 Percentile Maximum Temperature
T Limit = Inflatable Structure Material Failure Temperature Limit
T Safe = Temperature Limit Safety Knock Down
Cu = Enthalpy-Based Convective Heat Transfer Coefficient
Jrad = Radiative Heat Flux
Poo = Freestream Density
Vo = Atmosphere Relative Freestream Velocity
ken = Enthalpy-Based Convective Heat Transfer Coefficient Multiplier Factor
Krad = Radiative Heat Flux Multiplier Factor
(net = Net Surface Heat Flux
Hoe = Total Enthalpy
Hy = Wall Enthalpy
€ = FTPS Outer Fabric Surface Emissivity
c = Stefan Boltzmann Constant
Tw = Wall Temperature
T = RSS Baseline FTPS Insulation Thickness
Tr = RSS Final FTPS Insulation Thickness
T = RSS Case 1 FTPS Insulation Thickness
T, = RSS Case 2 FTPS Insulation Thickness
T3 = RSS Case 3 FTPS Insulation Thickness

! Aerospace Engineer, LOFTID Thermal Lead, Structural and Thermal Systems Branch.
2 Aerospace Engineer, LOFTID Uncertainty Quantification Lead, Structural and Thermal Systems Branch, AIAA Senior Member.
3 Aerospace Engineer, LOFTID Flight Mechanics Lead, Atmospheric Flight and Entry Systems Branch, AIAA Senior Member.



I. Introduction

Potential entry, decent, and landing (EDL) missions have been identified that will require an entry system to have
an aeroshell much larger in diameter than the diameter of any current feasible launch vehicle [1]. These missions
include high-altitude landings on Mars and landing high mass payloads on Earth and other planets or moons with an
atmosphere. NASA has been developing the Hypersonic Inflatable Aerodynamic Decelerator (HIAD) to use as a
potential entry system for these applications. An inflatable heatshield can be packed and stowed to fit within current
launch vehicle shroud sizes and then deployed (inflated) prior to atmospheric entry resulting in a heatshield much
larger than the stowed diameter, providing increased mission capability in terms of drag generation. This allows for
increased flexibility in landing location or additional payload capability. Due to the high heat loads encountered in
hypersonic atmospheric entry environments, the inflatable acroshell of a HIAD entry system relies on a layered blanket
flexible thermal protection system (FTPS) to prevent the underlying stacked toroid inflatable structure (IS) from
exceeding its thermal limits. Figure 1 depicts the Low-Earth Orbit Flight Test of an Inflatable Decelerator (LOFTID)
HIAD reentry vehicle.

Fig. 1 LOFTID Experimental HIAD Reentry Vehicle

FTPS materials and layups have undergone extensive aerothermal arc-jet testing in a stagnation configuration to
evaluate thermal performance and provide boundary condition and in-depth temperature measurement data for thermal
model correlation and validation [1]. The general FTPS material layup is shown in Figure 2, which displays numbered
interfaces between the layers. The outer fabric protects the underlying insulation layers from being directly exposed
to the incident convective heat flux and the aerodynamic shear forces. The outer fabric also protects the underlying
insulation layers from the abrasion and mechanical forces associated with packing and deploying. The insulator layers
reduce thermal soak back and the gas barrier prevents hot gas impingement on to the underlying IS.
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Fig. 2 General FTPS Layup



The LOFTID is a demonstration flight project that will be used to validate computational models and advance
understanding of the HIAD technology. Entry vehicle heat shields are typically over-sized for the heat loads that are
experienced during atmospheric entry by designing them to survive combined conservatively bounding scenarios.
Since the LOFTID project is an experimental flight demonstration, it is desired to drive the FTPS and IS to
temperatures that cover a large domain of applicability for the thermal response models. This will allow the thermal
response models to be better improved and validated post-flight using LOFTID’s extensive instrumentation embedded
within the aeroshell. Additionally, the conventional heat-shield design and margin process offers very little insight
into the risk of over-temperature during flight and the corresponding reliability of the heat shield performance [2].
The probabilistic margin process has been performed to design the FTPS and entry heating constraints given an
acceptable risk level for the LOFTID flight project. For a given FTPS composition, the thickness is coarsely tailored,
and then entry heat load is more finely tailored so that the resulting aeroshell thermal response meets project reliability
standards while allowing the FTPS and the underlying inflatable structure (IS) to be pushed to adequately high
temperatures. This margin process also allows engineers to make informed aeroshell design, entry-trajectory
alterations, and risk trades.

This paper describes the uncertainty analysis methodology used to carry out a probabilistic thermal margin process
for LOFTID’s aeroshell and explains how the calculated probability of exceeding flight allowable temperatures is
used to design the FTPS and establish nominal flight design constraints. Uncertainty analysis is carried out using an
end-to-end Monte Carlo process where three separate Monte Carlo simulations are sequentially run. The first Monte
Carlo simulation operates on the entry trajectory model to generate trajectory parameter dispersions that are fed into
the second Monte Carlo simulation. The second Monte Carlo simulation operates on the aerothermodynamics model
to generate aeroheating parameter dispersions that are fed into the third Monte Carlo simulation. The third Monte
Carlo simulation operates on the FTPS material thermal response model to generate the final FTPS/IS thermal
response dispersions. The end-to-end Monte Carlo simulation propagates the uncertainties of each model into the next
to quantify the resulting cumulative uncertainty of the FTPS/IS thermal response. The fractional contributions of the
uncertain parameters in the trajectory, aerothermal, and thermal response models to the variance in the FTPS/IS
thermal response is determined as a byproduct of the Monte Carlo analysis discussed in Section IV.C. The “structural
uncertainty” of the FTPS thermal response model is evaluated by flight relevant arc-jet ground testing and model error
analysis using test measurements. This probabilistic thermal margin process had never been applied to an EDL design
for a flown entry vehicle, and it is one of the LOFTID project’s goals to demonstrate its merits.

II. Aeroshell Thermal Response and Margin Process
This section provides an overview and objectives of the probabilistic FTPS/IS thermal margin process.

A. Aeroshell Thermal Response Analysis Overview

The LOFTID reentry vehicle (RV) FTPS protects the aeroshell IS from over-heating during atmospheric entry.
For a given aeroshell shape, FTPS composition, and baseline entry trajectory, critical FTPS and IS maximum
temperatures and their corresponding uncertainties must be predicted to prescribe the FTPS thickness and determine
a corresponding nominal entry heat load constraint. Figure 3 shows the external heating drivers on the RV during
atmospheric entry. Note that the bulk of the aftbody is not covered by FTPS and the aft-side toroid skin is directly
exposed to wake convective heating during entry. The wake heating loads are relativity low, and therefore it was
decided that aft-side FTPS would not be necessary.
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A diagram of the one-dimensional FTPS thermal model showing components and boundary conditions is
shown in Figure 4. The most critical temperature prediction is the maximum FTPS/IS interface (IF) temperature,
where the FTPS gas barrier touches the IS on the deployable aeroshell forebody flank. The location of the FTPS/IS
interface is shown in Figure 2 and Figure 4 as interface 7. Another critical aeroshell temperature prediction is the
maximum aft-side IS toroid skin temperature, where the toroid is exposed directly to wake heat loads.
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Fig. 4 One Dimensional FTPS Thermal Model Diagram

Figure 5 depicts locations on the aeroshell where temperatures are predicted for atmospheric entry. Points 1 and 2
shown in Figure 5 are the two critical thermal analysis locations mentioned. The FTPS layup shown in Figure 2 is
constant across the forebody flank (outboard of the nose/flank junction).
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B. Probabilistic Thermal Margin Process

There is uncertainty in the critical temperature predictions due to the uncertainties that exist in atmospheric entry
aeroheating environments, the thermal response of the FTPS/IS materials, as well as the accuracy of computational
models themselves. These uncertainties are mitigated by sizing the FTPS thickness, tailoring the planned entry heat
load, and applying temperature limit safety factors in order to apply thermal margin to the FTPS design. The initial
entry state (entry velocity, flight path angle, and entry mass) significantly drives the expected atmospheric entry
conditions and resulting heat load that the RV will experience. After the FTPS was designed such that aeroshell
thermal response is predicted to be in the ballpark acceptable limits, LOFTID’s initial entry state was tailored to fine
tune the predicted thermal response so it would survive entry with the desired level of reliability by using the
probabilistic margin process. The probabilistic margin process used to calculate the reliability of the aeroshell was



carried out by an uncertainty analysis method which employs an end-to-end Monte Carlo simulation (discussed in
Section III). The end-to-end Monte Carlo simulation propagates the uncertainties in the trajectory and aeroheating
model into the FTPS and RV thermal models to quantify the resulting probability distribution of the FTPS/IS thermal
response, more specifically, the maximum critical temperatures at locations 1 and 2 in Figure 5.

As mentioned previously, LOFTID is an experimental flight, and as such the project’s “2-sigma” reliability
standard dictates that the aeroshell be margined such that there is at least a 97.7% chance of flying within allowable
parameters (maximum temperatures). This means that the critical aeroshell locations should have less than a 2.3%
chance of exceeding their allowable temperatures. The calculated maximum critical temperature probability
distributions are used to determine the expected maximum critical temperatures (T Exp) and the probabilities of
exceeding their flight allowable temperatures (T Allow) and temperature limits (T Limit) for a particular FTPS size
and nominal entry heating profile. Additionally, the maximum critical temperatures at which there is a 97.7% chance
of not exceeding is calculated (T_97.7 Calc). For example, if the maximum FTPS/IS interface probability distribution
shows that there is a 97.7% chance of not exceeding 405°C, then T _97.7 Calc (or 97.7 percentile) is defined as 405°C.

The flight allowable temperature is defined as a critical component’s upper temperature limit (T Limit) minus
a safety temperature delta (T Safe). The temperature limit was determined by ground tests on toroid skin samples in
flight-relevant thermal environments. The safety delta is a knockdown on T_Limit that accounts for any potential
discrepancies between flight and toroid skin failure limit ground tests and unknown-unknowns in general.

The thermal performance margin is defined as the difference between the expected maximum critical temperature
and its allowable temperature (T_Allow — T_Exp). In order to margin the aeroshell according to LOFTID’s reliability
standard, the FTPS and entry heating profile should be tailored so that the critical aecroshell temperatures are calculated
to have less than or equal to a 2.3% chance of exceeding their allowable temperatures. In other words, the performance
margin (T _Allow — T Exp) should be greater than or equal to the temperature difference between T Exp and
T 97.7 Calc (T_97.7 _Calc — T_Exp). The thermal performance margin deficit indicates approximately how much
more performance margin is needed to satisfy the reliability standard and is calculated as T 97.7 Calc— T Allow. A
negative margin deficit would mean the system is over-margined whereas a positive margin deficit indicates the
system is under-margined according to the project’s reliability standard.

Figure 6 displays an example visualization of the performance margin, performance margin deficit, and the thermal
performance parameters (T_Allow, T Limit, and T Safe) relative to the calculated nominal (T_Nom) and expected
(mean) maximum critical temperatures (T_Exp). The offset between the nominal and expected maximum critical
temperature prediction is primarily due to the model error bias (discussed in Section II1.D) and asymmetric probability
distributions of uncertain trajectory, aerothermal, or thermal response parameters. The bell curve in Figure 6 represents
an idealized histogram of maximum FTPS/IS interface temperature dispersions resulting from an end-to-end Monte
Carlo simulation.
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Fig. 6 Example of Probabilistic Thermal Margin Parameters



A performance margin deficit can be eliminated or turned negative by taking measures to lower the expected
interface temperature, which results in moving T 97.7 Calc to the left in Figure 6. This can be accomplished by
adding thermal protection to the aeroshell (FTPS thickness), modifying the nominal entry state to decrease the nominal
entry heat load, or reducing conservatism in the thermal response models. The FTPS thickness can only be coarsely
adjusted in increments of the thickness of a layer of insulation, which causes relativity large changes in the expected
interface temperature. Conversely, altering the nominal entry heat load can more finely tune the expected interface
temperature. The amount of fine tuning available comes from the performance capabilities of the upper stage orbit
transfer vehicle and must be balanced with primary payload launch window margins, other flight timeline constraints,
and payload mass. If mission constraints do not allow fine tuning mitigations to remedy the thermal performance
margin, then FTPS may be added as a course adjustment at the potential expense of a perhaps overly-conservative
margined system.

III. End-to-End Monte Carlo Uncertainty Propagation Approach

In the previous section, the critical aeroshell performance locations were defined and the margin process was
described with defined aeroshell thermal performance metrics (T _Nom, T Exp, T Allow, T Limit, T 97.7 Calc,
etc.). This section discusses the uncertainty propagation approach to quantify the probability distributions of maximum
FTPS/IS interface temperature and maximum aft-side toroid skin temperature which are used to calculate the thermal
performance metrics. As noted in the previous section, an end-to-end Monte Carlo process is used to propagate the
uncertainty in the trajectory, aerothermal, and thermal models to quantify the uncertainty in the maximum aeroshell
temperatures, as shown by the diagram in Figure 7. In Figure 7, The FTPS Thermal Model is shown to be coupled to
the RV Thermal model because the predicted aft-side toroid skin thermal response (location 2 in Figure 5) does affect
the predicted maximum FTPS/IS interface temperature (location 1 in Figure 5) and this coupling is taken into account
in the thermal models that the Monte Carlo simulation operates on, as described in Section III.D (Figure 9).
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Fig. 7 Uncertainty Analysis Process using the End-to-End Monte Carlo Simulation Approach

The process begins with generating a structured set of uncertain input parameters samples that include parameters
from each of the model disciplines, including trajectory, aerothermodynamics, and material thermal response. The
uncertain parameters are then propagated through the computational models of the respective disciplines. Each model
is run 2000 times starting with the trajectory and aerothermal models and then proceeding to the material thermal
response models, each case with a random sampling of the uncertain input parameters. Each discipline model provides
output, or linking variables, which are required for input to another discipline model. For example, the desired
uncertain output from the trajectory model, given trajectory-specific uncertain parameter inputs, are the temporal



profiles of atmospheric quantities (i.e., density and velocity). These temporal profiles are provided as an input to the
aerothermodynamics model. The resulting aeroheating and surface pressure profiles are then provided as inputs for
the material thermal response models, which finally results in the 2000 dispersions of FTPS/IS interface and aft-side
toroid skin temperature temporal profiles. The maximum of these critical temperatures is then extracted from the
respective set of temporal profiles to construct a histogram of the maximum interface temperature and maximum
toroid skin temperature as performance quantities of interest. The details associated with each of the components in
Figure 7 are described further in the following subsections.

A. Sample Generation

A set of 2000 samples are generated for a total of 74 uncertain variables, which are inputs to either the trajectory,
aerothermal, or thermal models, using Latin Hypercube structured sampling [5]. Latin Hypercube sampling has been
used since the 1970’s for Monte Carlo studies as a technique for reducing the required number of samples to converge
the statistics of a desired output. The approach is to sample from the domain using partitions based on the probabilistic
distribution of each uncertain input variable, rather than the common practice to randomly sample based on the
probabilistic distribution alone for each of the uncertain input variables. Partitioning of the uncertain sample space
allows for sampling near the domain boundaries, which corresponds to the upper and lower bounds of the uniformly
distributed variables and the tails of normally distributed variables.

Each of the 2000 samples corresponds to 2000 trajectories with each having a unique set of trajectory, aerothermal,
and thermal uncertain input variables. Uncertainties in vehicle and entry conditions used in the trajectory models
define the trajectories. Each trajectory is assigned scale factors for constructed aerothermal indicators. Each trajectory
is also assigned a set of thermal uncertain variables. The characterization of these uncertain parameters is explained
for each discipline, including assumptions for the models used, in the next few subsections.

B. Trajectory Models and Uncertainties

The Program to Optimize Simulation Trajectories II (POST2) is used to compute the trajectories for the end-to-
end Monte Carlo study [6]. For this study, POST2 simulates six degree-of-freedom vehicle motion and environments,
beginning at initial orbital conditions at separation from the launch vehicle and ending at Mach 0.75, with output at
0.25-second intervals. Aerothermal convective and radiative indicators are used within POST2 to compute the
unmargined aeroheating parameters as a function of atmospheric density, atmospheric relative freestream velocity,
and RV total angle of attack. These aeroheating parameters are needed for the thermal model at several body point
locations including the nose, nose-cone juncture, shoulder, and afterbody. A fixed HIAD diameter of 6 meters is
assumed with a nominal initial roll rate of two revolutions per minute and zero nominal initial tip-off rate. The initial
vehicle attitude is nominally targeted such that 0-deg total angle of attack is achieved at entry interface of 125 km
altitude.

The 2000 trajectories computed in the end-to-end Monte Carlo include 58 uncertainties consisting of mass
properties, aerodynamics, and initial entry states, attitude, and roll/tip-off rates. The entry mass is assumed to be known
within 1.1% at day of launch, and center-of-gravity location and moments/products of inertia are varied to account for
the uncertainty in RV configuration during mass properties testing. All of the 34 aerodynamic uncertainties are
assigned variations utilizing heritage statistical data from Mars Science Laboratory and other previous missions [7-
11]. The initial entry states, attitude, and tip-off rates are varied according to expected uncertainty on the day of launch.
The atmosphere is modeled using Earth Global Reference Atmospheric Model (Earth-GRAM 2010) version 4.0 [12],
and these variations are handled internally using Markov and wave processes. The sampling process described in
Section III.A does not currently control these uncertainties in the atmosphere.

C. Aerothermodynamic Models and Uncertainties

As noted in the previous subsection, aerothermal forebody convective and radiative indicators are included in
POST2 to compute the aerothermal parameters needed for the FTPS thermal model at the nose-cone junction body
point near Toroid 2. The aerothermal indicators were developed using previous design-cycle trajectories with high-
fidelity computational fluid dynamics (CFD) at several points and verified for the trajectory considered in the current
design cycle. Two aerothermal parameters, the enthalpy-based convective heat transfer coefficient (Cy) and the
radiative heat flux (qrq) to the vehicle surface, can be tracked from the CFD runs and correlated with curve fits as a
function of freestream density (p=), velocity (V«), and angle of attack (), as shown in Egs. (1) and (2).

Ch = ken*a*p"(at) * Voo" )

Qrad = krad*a*pmm * Vo (2)



In Egs. (1) and (2), o, m, and n are the curve-fit parameters. A multiplier approach is used to account for the
thermochemistry, catalysis, and radiation uncertainties, where the multiplier factors kcy and kraq in Egs. (1) and (2),
are varied according to the uncertainty information derived from axisymmetric forebody computations for 15 points
along 2000 trajectories, given freestream velocity, density, and angle of attack, from POST2. The Langley
Aerothermodynamic Upwind Relaxation Algorithm (LAURA) CFD solver is used to compute the flow field around
the forebody surface for a 5-species gas composed of N2, O2, NO, N, and O. The High Temperature Air Radiation
Algorithm (HARA) is coupled with LAURA to compute the radiative transport to the surface. Five chemical reaction
rates [13], 15 collision integrals for the possible species collision pairs [14], catalytic recombination efficiency positive
bias of up to 10% above the catalysis model reported by Stewart for outer fabric cloth material [15], and 11 heavy-
particle excitation rates for N2 and NO molecular bands [16] were varied to quantify the uncertainty in the convective
heat transfer coefficient and radiative heat flux at the nose-cone juncture body point along the vehicle surface. Given
the heat transfer coefficient and radiative heat flux data at this body point, the multiplier coefficient can be computed
by comparing (dividing) the CFD-computed values by the aerothermal indicator predictions for each of the 15
trajectory points. The most conservative uncertainty was determined to be at the peak heating trajectory point. A
probability distribution fitting algorithm is then used to estimate the statistics for the multiplier data at the peak heating
trajectory point. In addition to the two multiplier uncertainties above for the convective and radiative heating indicators
on the forebody, a multiplier uncertainty range of -25% to +25% is applied to the convective heating indicator for the
aft body points that correspond to the toroid skin exposed to the wake flow. The uncertainty range is conservatively
estimated by the cognizant CFD analyst expert.

D. Thermal Models and Uncertainties

A one-dimensional (1-D) physics-based thermal model using COMSOL software (depicted in Figure 4) is used to
solve the thermal response of the FTPS in the presence of external pressure and aerodynamic heating loads. Heat
transfer is modeled within the FTPS layers using several modes including solid conduction, radiation, gas conduction,
and material decomposition. The temporal temperature profile and spatial temperature distribution throughout the
layered FTPS thickness is solved by the conservation equations governing heat and decomposition gas mass transfer
through a porous solid dependent on local temperature, pressure, and gas species concentrations. The FTPS layup
considered for this study consists of two outer fabric layers, four insulation layers, and one gas barrier layer in contact
with the Toroid 2 skin as shown in Figure 2 and Figure 5 (Point 1).

A three-dimensional (3-D) RV thermal model developed in Thermal Desktop (depicted in Figure 8 and Figure 3)
solves the thermal response of the toroid IS to the entry heating environment. The heat transfer physics involved in
this model include aeroshell aft-side wake convective heat loads, conduction through the toroid inflatable structure
material and interfaces, radiation heat transfer within the toroids and between the FTPS and IS, and re-radiation to
Earth and Space.

Fig. 8 Aeroshell Thermal Model (Thermal Desktop)

The 1-D FTPS and 3-D RV thermal models are coupled by infrared radiation interaction between the FTPS and
IS. Figure 9 illustrates this coupling. The aft-side toroid skin and the FTPS/IS interface are assumed to be exchanging
radiation in opaque and gray two surface enclosures assuming a physically accurate view factors between the surfaces.
The 1-D FTPS thermal model and 3-D RV thermal model are run sequentially in an iterative fashion to converge on



the FTPS/IS interface temperature temporal profile solution. To enable this process, an effective toroid interior
radiation sink temperature is calculated from the RV thermal model solution by averaging the solved temperatures at
the points in green and yellow regions shown in Figure 9. These radiation sink temperature profiles are passed to the
1-D FTPS thermal model as the prescribed aft-side toroid skin temperature boundary condition applied to the
component labeled as “Aft-Side Toroid Skin” in Figure 4. The 1-D FTPS thermal model then solves the FTPS/IS
interface temperature at the gas barrier and that solution is applied at a temperature boundary condition in the 3-D
aeroshell thermal model as indicated by the magenta or red arrows and surfaces in Figure 9. The 1-D FTPS model
temperature solution at the FPTS/IS interface (aft side of the gas barrier) is assumed to apply uniformly over the entire
local area that it is in contact with the toroid (“Tangent Point,” red area in Figure 9) or tented over a toroid valley
(“Valley Point,” magenta area in Figure 9) because flank spatial surface heat flux gradients are very low. The iterative
exchange of temperature boundary conditions between the 1-D FTPS and 3-D aeroshell thermal models continues
until the FTPS/IS interface temperature converges.
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Fig. 9 Coupling between the 1-D FTPS and the 3-D RV Thermal Models
The net heat rate on the FTPS surface is applied to the 1-D thermal model according to Eq. (3):

(net = CH(HOe - Hw) + (rad — SGTW4 (3)

Here, the 2000 aerothermal parameter temporal profiles, calculated using Eqgs. (1) and (2), are used to drive the thermal
response models which compute the transient temperature dispersions. The total enthalpy, Hoe, is calculated within
the POST2 code based on freestream velocity and temperature. The wall enthalpy, Hy, is computed using species-
dependent enthalpy curve fits from LAURA’s thermodynamic database and an assumed wall species composition of
79% N2, 21% 02, by mass. In addition to the 2000 aerothermal parameter temporal profiles, 13 thermal uncertain
parameters are varied, including thermal properties (specific heat and thermal conductivity) of the outer fabric and
insulation, activation energy for decomposition of the insulation, biases for the outer fabric emissivity, and a maximum
interface temperature error bias [1,15]. The uncertainties are assigned based on expert opinion and/or previous testing.
The maximum interface temperature model error bias is derived from arc-jet testing to quantify inaccuracies in the



model compared to test data due to model-form inaccuracies, FTPS aging effects (due to compression cycles),
insulator property non-uniformity/variability, and multidimensional effects.

IV. Results and Discussion

Using the end-to-end Monte Carlo uncertainty analysis process, the probability distributions of critical aeroshell
thermal response metrics were calculated. From this information, the risk of aeroshell over-temperature was calculated
at critical analysis locations 1 and 2 shown in Figure 5. This section covers the statistical parameters gathered for the
FTPS/IS interface and IS toroid skin thermal responses to atmospheric entry heating.

Note that the statistics and margins reported in this paper are not LOFTID analysis results but are representative
of the statistics in the ballpark of what may be seen in earlier stages of the design iteration process, and are presented
as an example for the purpose of an academic demonstration of the probabilistic thermal response uncertainty analysis
method and its uses.

A. Aft-Side Toroid Skin Thermal Response Statistics

Figures 10 and Figure 11 show example results from a Monte Carlo #2 (represented in the Figure 7 block diagram)
in the end-to-end process. Plotted in Figure 10 is the set of dispersed toroid skin temporal temperature profiles. From
that data, the 97.7% percentile maximum toroid temperature is extracted and is shown not to exceed the flight
allowable temperature. Therefore, the calculated risk of exceeding T Allow is effectively calculated as 0%, and it
could be stated that aeroshell is calculated to be 100% reliable not to exceed the flight allowable aft-side toroid skin
temperature. Plotted in Figure 11 is the set of dispersed effective toroid interior radiation sink temporal temperature
profiles. Each sample from this set of profiles is passed into the corresponding Monte Carlo #3 sample FTPS thermal
model as the aft-side toroid skin temperature radiation sink temperature boundary condition.
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Fig. 10 Monte Carlo #2 Example Results - Maximum Aft-Side Toroid Skin Temperature Profile Dispersions

Although the aft-side IS toroids are directly exposed to wake convective heating, the uncertainty analysis shows
that there is high confidence that the toroid skin will not exceed fight allowable temperature. In fact, it is over-margined
as indicated by the negative performance margin deficit. No mitigations would be recommended to thermally protect
the aft-side IS skin or ease environments. The same analysis was also completed for aft-side exposed structure straps
for LOFTID, but example results are not shown in this paper.
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Fig. 11 Monte Carlo #2 Example Results - Toroid Interior Radiation Sink Temperature Profile Dispersions

B. FTPS/IS Interface Thermal Response Statistics

Figure 12 and Figure 13 show example results from Monte Carlo #3 (represented in the Figure 7 block diagram)
in the end-to-end process. Figure 12 shows that after 2000 samples of the FTPS thermal model are run, the standard
deviation of the maximum FTPS/IS interface temperature has sufficiently converged which indicates a sufficient
number of Monte Carlo samples to give accurate statistics.
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Fig. 12 Monte Carlo #3 Example Results - Convergence of Maximum FTPS/IS Interface Temperature
Standard Deviation
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Fig. 13 Monte Carlo #3 Example Results — 2000 Sample Histogram of Maximum FTPS/IS Interface
Temperature

Plotted in Figure 13 is an example histogram of the dispersed maximum FTPS/IS interface temperature. From the
statistics supplied by the histogram data, the 97.7 percentile (T _97.7 Calc) and the expected max temperature (T_Exp)
can be extracted, and the performance margin is calculated to be T 97.7 Calc minus T Exp. Additionally, the
performance margin deficit is calculated to be T 97.7 calc minus T Allow. On the example histogram plot, it is
shown that the 97.7 percentile max FTPS/IS interface temperature is above the flight allowable temperature at the
96.0 percentile. Therefore, the aeroshell thermal performance would be considered to be under-margined according
to a “2-sigma” 97.7% reliability standard as the aeroshell is calculated to be only 96.0% reliable to maintain max
temperatures below the allowable. Furthermore, the probability of reaching the temperature at which inflatable
structure material is expected to fail (based on thermal testing) is 3% in this example, which would likely not be
acceptable. Even if the calculated risk of exceeding the allowable is acceptable, the statistics may show that there still
a significant non-zero risk of failure due to over-temperature that may cause some concern and desire to mitigate.

The calculated FTPS reliability, performance margin deficit, and unacceptable probability of IS material failure
would indicate that measures should be taken to lower the expected FTPS/IS interface temperature by bolstering the
FTPS or managing the entry heat load. Since the thermal reliability of the aeroshell (96.0%) is very close to the
project’s standard (97.7%) no additional FTPS would be required, and mitigations would be made by fine tuning the
entry heating environment only. First, it would be recommended that adjustments be made to the initial entry state of
the trajectory to lower the resultant entry heat load. This can be done by either lowering the initial entry velocity,
steepening the entry flight path angle, lowering the entry mass, or some combination of the three. The calculated
reliability of the FTPS could also be increased by reducing some of the conservatisms in the thermal response models
by increasing model fidelity or performing additional thermal testing. The specific FTPS material properties to
perform additional testing can be informed by the maximum FTPS/IS interface temperature uncertainty sensitivity
breakdown discussed in the next sub-section. Project funds should be more focused on improving understanding
(decreasing uncertainty) in the uncertain parameters that have larger influence on the cumulative aeroshell thermal
response uncertainty.

The final thermal response uncertainty analysis results verifying the LOFTID FTPS and entry-flight designs
showed that the 97.7 percentile maximum FTPS/IS interface temperature was comfortably below the maximum flight
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allowable temperature. After post-flight data analysis, it was observed that the actual maximum FTPS/IS interface
temperature was well below the 97.7 percentile and also below the calculated expected value but above the calculated
2.3 percentile. This indicates that the aeroshell thermal design was sufficiently margined without being overly
conservative. A goal achieved by this probabilistic uncertainty analysis process was ensuring max interface
temperature would be above a desired level to drive the FTPS and IS to adequately high temperatures for useful
thermal response reconstruction and model correlation.

C. Maximum FTPS/IS Interface Temperature Uncertainty Sensitivity Breakdown

As noted in the previous subsection, there are three possible options to manage the reliability of the FTPS through
evaluation of the FTPS/IS interface temperature to meet project standard, one of which is performing additional
verification tests to refine parameters that significantly contribute to the overall total variance in the output quantity
of interest (i.e., FTPS/IS interface temperature). In order to assess these individual uncertain variable contributions, a
sensitivity analysis was performed using a Sobol indice approach [18]. Figure 14a presents the fractional contributions
of each discipline (thermal, aeroheating, interface temperature bias, and trajectory) to the overal uncertainty in the
FTPS/IS interface temperature. The results show that the FTPS material thermal and aeroheating (forebody and
aftbody) are the uncertainties which significantly outweigh other areas accounted in the Monte Carlo propagation.
Figure 14b provides a more detailed breakdown of the fracitonal contributons for individual uncertain variables. In
Figure 14b, the top six contributors with greater than approximately 10% influence to the overall FTPS/IS interface
temperature variance include all aeroheating modes, the thermal conductivity of insulator layers 1-4, and the outer
fabric thermal conductivity. These results provide specific insight for the engineers to focus attention in reducing, or
refining, the uncertainty in specific inputs to the end-to-end Monte Carlo process through additional verification tests.

Interface Temperature Bias Trajectory Uncertainties
4% <1%

fl Forebody Aeroheating
Uncertainties
18%

Insulator 1-3 Specific Heat Insulator 4 Specific Heat
2% 1%

Trajectory Uncertainties

Interface Temperature Bias
1%

4%

Insulator 4 Solid Thermal
Conductivity
7% Aftbody Convective
Aeroheating
21%

Forebody Convective
Aeroheating
9%
Insulator 1-3 Solid Thermal
Forebody Radiative Conductivity
Aeroheating 18%
9%

Aftbody Aeroheating Thermal Uncertainties
Uncertainties 57%

21%

Insulator 1-3 Gas Thermal
Conductivity
9%

Conductivity
18%

a) By discipline Area b) By each individual uncertain variable

Fig. 14 Maximum FTPS Interface Temperature Uncertainty Sensitivity Breakdown

D. Comparison to Traditional RSS TPS Margin Approach

LOFTID FTPS size was compared to the size resulting from NASA’s traditional root sum squared (RSS) TPS
thickness margin process [19]. The RSS process was run to hypothetically size the FTPS insulation using predicted
LOFTID entry environments and the FTPS thermal model. The sizing was done to target a maximum FPTS/IS
interface temperature equal to the final LOFTID calculated 97.7 percentile maximum temperature (T_97.7 calc) for
an apples-to-apple comparision. This target temperature which drives FTPS sizing will be refered to as the “maximum
interface target temperature.” Targeting this interface temperature in the RSS process essesntially sizes the FTPS
assuming the same “2-Sigma” risk posture that LOFTID had taken.

The RSS process involves sizing the FTPS insulation thickness for three separate analysis cases utilizing the the
FTPS thermal model, with varying entry aeroheating loads applied. Case 1 applies the +2-Sigma heat load trajectory
(~97.7 percentile from trajectory dispersions), with the nominal aerothermal response and FTPS material properties
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assumed. The FTPS is sized to yield the maximum interface target temperature and the resulting thickness is denoted
as T. Case 2 also assumes nominal FTPS material properties but applies the +2-Sigma aerothermal uncertainty factors
to the Case 1 aeroheating environment, and the resulting FTPS thickness required to yield the maximum interface
target temperature is denoted as T,. Finally, Case 3 uses the Case 1 aeroheating environments, but accounts for
uncertainty in the FTPS material properties by sizing the FTPS insulation thickness to yeild a lower interface target
temperature and the resulting FTPS thickness is denoted as Ts. Equations (4) and (5) are solved to arrive at the final
required FTPS insulation thickness, where Ty, is the baseline FTPS thickness and Tr includes a 1.10 factor of safety.

T,=T + \/(Tz - T+ (T; — T;)? 4
T =110 X T, (5)

Sizing the FTPS insulation using the RSS process would yield an insulation size (Tr) that is at least 26% thicker
than the LOFTID FTPS insultation which was sized by the probabilistic thermal margin approach. The extra FTPS
thickness prescribed by the RSS method would have added volume and mass to the heat shield and prevented the
inflatable stucture from reaching the minimum desired maximum temperature for the LOFTID flight demonstration.

V. Conclusion

This paper presents an overview of the probabilistic thermal margin process for an inflatable aeroshell. The
presented thermal margin process is a departure from the traditional approach of supplying conservatively bounding-
case trajectory and aeroheating environments to drive TPS sizing. The end-to-end Monte Carlo simulation links the
trajectory and aerothermal model dispersions to the aeroshell thermal response models to propagate uncertainty from
the entry environment to the maximum critical aeroshell temperature predictions. This probabilistic margin process
informs mitigations needed to achieve acceptable thermal performance reliability without applying unnecessary
margin which would be counterproductive for a flight demonstration mission. The uncertainty analysis provided the
necessary predicted aeroshell thermal performance metrics to inform various mitigation options to refine design
margin, which include adjustments to the entry trajectory/mass, reduction in conservatisms in the thermal models,
additional testing, or a combination thereof.

The end-to-end Monte Carlo thermal response uncertainty analysis and margin process was applied to the LOFTID
FTPS and flight design, which produced several useful benefits for the inflatable heat shield technology
demonstration. The process allowed for more informative risk and design trades to drive strategic atmospheric entry
trajectory parameter selection. The FTPS was sized with adequate margin which kept the inflatable structure
comfortably below temperature limits without being overly conservative. This allowed the FTPS to be sufficiently
stressed to prove its capability as an EDL technology, and flight data showed that the hottest point on the inflatable
structure reached a maximum temperature that exceeded the minimum project goal. Additionally, no failures occurred
in flight due to thermal overload. This favorable aeroshell thermal response to the flown entry environment supplied
useful flight data to demonstrate the technology application and to validate thermal models, so they can be developed
as better HIAD design tools future EDL applications. Although this paper focuses on the application of the
probabilistic margin process for a HIAD thermal protection system, this methodology can also be applicable to other
entry system types and related engineering disciplines within the EDL field.
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