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Introduction

* Mission trajectory test flight(s)

Extremely limited and expensive
Continuously varying 3-D environmental conditions (from benign to ablative)
Mixture of laminar, transitional and turbulent flows

Three trajectories initially considered: 1) very high heat flux, 2) intermediate
heat flux, and 3) low heat flux and high heat load

* Arclet experimental testing (NASA Ames and NASA Johnson)

Small sample size (30) testing of sample materials; facility limitations
Axisymmetric approximation of discrete ablative conditions
Extended durations of laminar flow

Large reproducibility uncertainty

* Mission trajectory computational simulations (STAB code version 2.18)

Essentially infinite sample sizes
1-D approximation of discrete or varying ablative behaviors
Usually modeled as fully turbulent flows (conservative assumption)



Introduction (2)

* Work commenced in early April 2011

* Objectives:

1. Provide input to a planned arc jet testing campaign

2. Assess the reliability of a current and proposed TPS designs

3. Provide sensitivity input to the TPS margin and design process
e (Capabilities employed:

— General statistical analysis (Excel)

— Design of Experiments (DOE) and Uncertainty Quantification (UQ)
* Analysis of Variance (ANOVA) statistical technique
* Design-Expert (DX8) software from Stat-Ease, Inc., version 8.0.5
— Uncertainty Propagation via probabilistic methods
* Monte Carlo Simulation (MCS) and Reliability Methods (FORM / SORM)
* UNIPASS software from PredictionProbe, Inc., version 5.96
* SPISE software from PredictionProbe, Inc., version 1.0.797

* Limitations
— Key reliability metric not measured
— Few comparisons between test and computation



Introduction (3)

 Dependent variables (responses) of interest:
— Bondline temperature response (Reliability Analysis)
— Thermo-couple (TC) response at various depths within the TPS
— Recession amount
— Recession rate

* |Independent variables (factors) / uncertainty sources:
— Material properties (minimum of 11 variables)
— Environmental variables (minimum of 6 variables)
— Structural design variables (minimum of 4 variables)

* General considerations for the task:
— Response average values
— Response values at a given level of confidence (e.g., 90% confidence)
— Response sensitivities
— Modeling / reproducibility uncertainties
— The effect of various factors of safety and margin policies



Introduction (4)
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Introduction (5)
Arc Jet Testing lllustration

Pressure (P) and Pressure (P) and Pressure (P) and
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Recession (in)
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Temp (deg F) Temp (deg F) Temp (deg F)
Time O Time 1 Time 2

Tests are typically conducted over durations of up to 300 seconds
The bondline temperature is currently used to establish the TPS reliability.

However, bondline temperature was not measured, it is only simulated.
There is considerable uncertainty in this aspect of the reliability assessment,
as there were only 24 comparisons between test and computation available!



Temp
Deg F

Introduction (6)

Simulated Thermocouple Response (STAB)
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Thermocouple temps increase well beyond test duration

Employ the maximum TC response over time

at each depth from STAB and Arc Jet Tests
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Introduction (8)
Notional Uncertainty Quantification Process

) DX8 Response
Discrete ANOVA Surface (RS); Fit Unc. Secondary

Dat . .
atd Primary Fit Imp. UQ Metrics

UQ Metrics
Repeated Ob. 1 UNIPASS: Probability,

Data Item Individual PDF/CDF, MPP
Reproducibility Prob. Model & Sensitivities

Items

Two modes of operation:

1. Simulated arc jet testing (fixed . 4 e
envi ronmentaf conditio?'lg for SPISE: TPS Reliability;
a given duration) Integrated Improved TPS

2. Simulated mission trajectory Prob. Models Margin Process
for a given body point(variable
environmental conditions)
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HeatFlux

Design Of Experiments (1)
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HeatFlux

Design Of Experiments (2)
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HeatFlux

Design Of Experiments (3)

Measured Arc Jet Data
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HeatFlux

Design Of Experiments (4)

D Measured Arc Jet Data
[ | Project Proposed Test Plan
Trajectory 1 Bounding Curve {fully margined)
= == Trajectory 2 / BP 21 {fully margined)
— Trajectory 2 / BP 1 (fully margined)
’ Green's 6/15 Recommendation
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Reliability Assessment

Problem Statement
The heat shield reliability will be computed for
— The STAB 2.18 computational model, Presumed Safe Temp Limit
— Current heat shield design thickness
— Current carrier structure (composite material)
— Two trajectories analyzed (trajectories #2 and #3)

— The following environments will be looked at for each trajectory
* Transitional heating
* No trajectory dispersion, no aeroheating uncertainty (fully turbulent)
* Trajectory dispersion only (fully turbulent)
* Aeroheating uncertainty only (fully turbulent)
* Trajectory dispersion and aeroheating uncertainty (fully turbulent)

— Seven body points: one from each of the trajectory dispersion zones.
* The body points are 1, 15, 21, 102, 109, 161, and 229.

— A structural failure temperature distribution was used (i.e., if T =T + 1, the
vehicle does not fall apart 100% of the time), for example:

* AtTg, +1,thereis a 1% chance of system failure
70 Total Reliability Assessments

° i 0, i
At T, + X, there is a 50% chance of system failure traj X 5 cases X 7 body points

* AtTg, t+Y, thereis a 100% chance of system failure



Reliability Assessment

Reliability Cases

Margining Process
Case ldentifier

Description

No trajectory dispersion, no

0 aerothermal margin, transitional
heating
1 No trajectory dispersion, no
aerothermal margin, fully turbulent

2 No trajectory dispersion, aerothermal
uncertainty, fully turbulent

3 Trajectory dispersion, aerothermal
uncertainty, fully turbulent

a Trajectory dispersion, no aerothermal

uncertainty, fully turbulent

7

“Best Estimate
Trajectory

)

Bracket
the results

v

“Fully Margined”
Trajectory



Reliability Assessment
Composite Material System Failure Criterion

One Factor
1.2 e Failure data
derived from limited
10— Mmaterials testing;

linear approximation
vs—] used in this study
to illustrate the idea
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Reliability Assessment
Response Surface Generation

1000 case STAB
run template of
prescribed, random
departures from
nominal values
for 11 material

properties

Select _.I I

reliability case _- |I-|lllI |
(70 possible)

Bounded distribution;
easy to implement

Btemp = Beta(MV, SD, XL, XU)
MV = mean value; SD = stdev
XL = lo bound; XU = hi bound
or, Btemp = Uniform[XL, XU]

. lumped material properties

5

............

Implemented in
UNIPASS by Green
using MCS

Btemp = f(X1, X2, ... X11)
11-dimensional cubic RS

distinct material properties
Implemented

in SPISE by PPI
using FORM



Reliability Assessment
Reliability Assessment Process

3 Nested loops:

1. Outermost loop: problem setup
. Select “safe” bond line temperature
. Select the exact form of the reliability formulation:
- Material property variation RS form
- Failure constraint
- Number of MCS samples
— Confidence level, convergence tolerances, etc.
2. Intermediate loop: select user input value of T,
. Upper bound of model form correction uncertainty term
. Model term as uniform distribution [T, T,;]

3. Innermost loop: conduct reliability assessment subject to material
property variations (11-D cubic, or 1-D Beta / Uniform RS) with

. Added model form correction uncertainty term from loop 2
. Failure constraint associated with “safe” temperature from loop 1



Reliability Assessment
Reliability Assessment Process lllustration

Computed Range of Bond line Temperature (B, )
Under Material Property Variations

Trise Predicted by STAB RS (Beta dist) Teorr Selected from test
correlation, bounded by T,;,
a /\ = (Unlform Dist)
o
BTemp
TC rr
T T

Ambient
Temperature
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Reliability Assessment

Trajectory 3, Case 0

System Reliability %

e Traj 3, Case 0

Thi, Unc Limit, deg F




Reliability Assessment
Trajectory 2 and 3, Case 0

System Reliability %

e Traj 3, Case 0
- E— Traj 2,Case 0

Thi, Unc Limit, deg F




Reliability Assessment
Trajectory 2 and 3, Case 0 and 3

System Reliability %

e Traj 3, Case 0
—.— Traj 3, Case 3
- 8 Traj 2,Case 0

Traj 2,Case 3

Thi, Unc Limit, deg F




Reliability Assessment
Trajectory 3, Case 0, Composite and Serial Failure Modes

e Traj 3, Case 0

== == Traj 3, Case 0, Serial Pf

System Reliability %

Thi, Unc Limit, deg F




Reliability Assessment

Trajectory 3, Case 0, Effect of CDF Confidence Level,
Composite Failure Mode

—J}— Traj 3, Case 0, 90% confidence

—h Traj 3, Case 0, 95% confidence

+ Traj 3, Case 0, 99% confidence
Traj 3, Case 0, 99.9% confidence

System Relaibility %

Thi, Unc Limit, deg F




Reliability Assessment

Trajectory 3, Case 0, Effect of Material Property Variations,
Correlation and Beta/Uniform Modeling

—J}— Traj 3/Casel/Uncorr/Beta
—h— Traj 3/Case0/UncorrUniform
—W— Traj 3/Case0/Corr/Beta

System Reliability %

Thi, Unc Limit, deg F




Reliability Assessment Assumptions

Arc jet test data correctly represents the ablative flow physics of flight

The existing data and computational models can be used to predict behaviors
for newer versions of the material

Limited / deepest buried arc jet test data and computations are sufficient to
characterize the bond line temperature uncertainty

Material property variations are adequately represented in the STAB code
Trajectory / margin variations are adequately represented in the STAB code

The composite material safe bond line temperature

The composite inter — laminar strength can be used to describe the failure mode

The arc jet — STAB model form correction term uncertainty can be adequately
represented by a uniform distribution of a user input magnitude

The reliability of the Orion TPS can be adequately represented by conventional
probabilistic techniques (MCS and FORM) despite a large model form correction
term uncertainty (i.e., we don’t need to use probability boxes to explicitly model
lack of knowledge intervals within the reliability assessment)

Various forms of the reliability assessment formulation are equally valid so as to
enable a fair comparison



Study Closeout

Key findings:
— Three sources of uncertainty within the system wide analysis were found to
have a dominant effect on the reliability assessment

— Different forms of the reliability assessment formulation yielded very different
reliability assessment results

— The DOE process for test planning resulted in a technically improved test
matrix for the thermal response tests

Numerous observations and recommendations

Numerous tasks were suggested for possible follow-on work; these are now
being considered for funding



