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Uncertainty Quantification and
Statistical Engineering for
Hypersonic Entry Applications

loana Cozmuta
ERC Inc, NASA Ames Research Center

RTO-AVT-VKI short course on Uncertainty Quantification
Stanford, CA




@ Uncertainty Quantification A

Uncertainty quantification (UQ) is the science of quantitative characterization
and reduction of uncertainties in applications.

|t tries to determine how likely certain outcomes are if some aspects of the
system are not exactly known.

EXAMPLE 1:
predict the acceleration of a human body in a head-on crash with another car

even if we exactly knew the speed, small differences in the manufacturing of
individual cars, how tightly every bolt has been tightened, etc, will lead to
different results that can only be predicted in a statistical sense.

EXAMPLE 2:
predict the performance of the Thermal Protection System (TPS) during
atmospheric entry

Entry Systems and Technologies Division

even if we exactly knew the trajectory, small differences in the atmosphere, the
manufacturing of the material and how it was processed, etc, will lead to different
results that can only be predicted in a statistical sense.

April 16, 2011 2



@ Statistical Engineering A

Statistical Engineering is a difficult task targeting the quantification of the
order underlying randomness

Deterministic Engineering ...
... answers a question with a single number, assumed to occur with certitude,

while probabilistic methods provide a range of likely answers, plus a statement on
the probability of a given result.

Statistical Engineering ...

... makes predictions about uncertain future events based on less than ideal
observations of the past.

Entry Systems and Technologies Division

It quantifies factors often left to intuition, like uncertainty, incomplete information
and complicated interdependencies ...

... and thus leverages the engineer's understanding of how things work with the
statistician's capacity to figure out why when they don't.

April 16, 2011 3



Entry Systems and Technologies Division

@ Hypersonic Entry

Object Speed

tio =
ratio Speed of Sound

R <

Supersonic
Mach > 1.0

Transonic
Mach = 1.0

Subsonic
Mach < 1.0

Hypersonics from a chemistry perspective:

-Plain hypersonic: internal energy relaxation

-High-hypersonic: gas dissociation

-Re-entry speeds: ionization and radiation
April 16, 2011

Regime

Subsonic

Transonic

= Mach Number

Mach

0.8-1.2

1.2-5.0

5.0-10.0 |3,840-7,680 |6,150-12,300 1,710-3,415

10.0-25.0 7,680-16,250 | 12,300-30,740 3,415-8,465

|525.0

Hypersonic

Mach>5.0

mph

<768

610-768

768-3,840

516,250

km/h

<1,230

980-1,470

1,470-6,150 340-1,710

530,740

m/s

<340

270-410

58,465



@ Outline

* Introduction to Heat shield design
* Motivation for Statistics based HS design
- Application of TPS Standardized Policy
 Mission Risk and Reliability Requirements
- UQ for TPS Thermal Sizing Margin
Management Process
- Margins, Rationale and Sensitivity Trades
 Thermal Margin
- UQ and Statistical Engineering for Flight
Data Reconstruction
« Stardust
- MEDLI
* Conclusions

April 16, 2011 o
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e Why a heatshield?

*To protect the vehicle/astronauts from the high heat generated during
slowing down (friction) upon atmospheric reentry

*To reject heat by re-radiation and/or pyrolysis and ablation

Other methods of slowing down:

lower Ballistic coefficient (same mass for a larger dimension vehicle) <------ > lower
heating

*Entry Inflatable Aerodynamic Decelerator (low level of development)
*Propulsive descent (retro rockets) = prohibitive payload mass and fuel
The Shuttle:

Earth orbit velocity (altitude dependent) ~28,000 km/h (17,500 MPH)

*Fires its engines against direction of travel — reduces speed by ~325 km/h
(200 MPH) - leads to orbit shape change while spending all the fuel on board (!!)

Why not use the Shuttle to go to the Moon?

Not designed for such purpose -winged vehicle
Moon return velocity is ~40,000 km/h (25,000MPH)
«  Slowing down requires unthinkable type of fuel and amount...

 ...adding additional mass also needed to be carried to the Moon, requiring
more fuel, and bigger engines...

6
April 16, 2011



@ Purpose of Heatshield design

Thermal Protection System (TPS)
DESIGN:

TPS material selection
TPS thickness
TPS mass

TPS distribution on the exteriorofa | o
vehicle

minimizing the overall mass

gu kb b =

Entry Systems and Technologies Division




@ Conditions experienced during reentry A

The only NASA probe to fly an ablative heatshield with seams/gaps/joints was the 1.25 meter diameter
Galileo. In the past decade, NASA has not flown anything larger than 2.65 meters in diameter.

c
@)
= Max Total :
) 0 Heat Load D t
> Mission TPS Heat Flux o ©a 02a AMEET Manufacture Image
O (W/em?) Radiative (kJ/cm2) (m)
%)
=¥ Apollo
o (og7 o7 Avooat 850 25% 30 3.9 Monolithic
S e
C ,
‘= Shuttle o 0.15x0.15 :
§ (1981-2009) Reusable 70 1% 70 %0.07 Tiles
° 335‘2;‘“ PICA 950 15% 28 0.8 Monolithic _
@®
; =
GEJ MSL (2009) PICA 300 0% 6 4.5 Segmented
-§~ S ted
. egmente
[?pN Orion Lunar
N Return PICA or 650 50% 100 5.0 (PICA) or
=1 (2018) Avcoat Monolithic
T (Avcoat)
Segmented
: PICA or 5 (PICA) or
LE-X (2013) Aveoat 1170 60% 44 2.0 Monolithic
(Avcoat)
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Motivation for Statistics based Heat Shield A
Design

» Orion and MSL have demonstrated the need to develop a standardized
framework that links the TPS design process to a mission reliability/
safety requirement based on two criteria:

» Assessment of TPS underdesign at the expense of the mission success
» Assessment of TPS overdesign at the expense of additional mass

» This framework needs to be tailored to each class of TPS materials
and quantified through testing and analysis

» Existing mathematical linkage between margins and reliability is
complemented and validated by experts opinions

> Developing custom policies is costly to flight projects resulting in the
use of non-optimum heritage based designs.
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» Application to Commercial Cargo/Crew:
* NASA must define criteria for accepting commercially developed TPS
designs based on human safety/reliability standards.

A rigorous TPS reliability margin, safety and design procedure enables
independent assessment and more reliable commercial vehicles.
April 16, 2011 9




@ Applications A

» Applicable to all human and robotic atmospheric entry systems

» Applicable missions: LEO, Access to and Return from ISS, planetary
exploration, and sample return

»Primarily used in the design and validation phases of vehicle
development
» Used in the operational phase for reliability assessment

»Key components include:

a standardized policy for TPS margins management
statistical analysis derived margins

a mathematical linkage between margins and reliability
entry level data sets for low, mid and high density ablators
test methods, test infrastructure, and technical expertise
Flight instrumentation, ground test program definition
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»Results in lower costs, high confidence optimized designs, and
schedule reductions. It also enables a wider spectrum of missions with
low cost and high reliability.

April 16, 2011 10



@ Flight Data Reconstruction A

Flight data is the gold standard for final model validation

— To reduce overall design uncertainties
— To validate the aerothermal and TPS design tools

— To improve understanding of the extrapolation of Earth-
based ground testing to the flight environment
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Entry Systems and Technologies Division

@ System Loss of Crew/Mission Requirements A

* Mission System Engineering defines vehicle risk requirements (SRD)
for various scenarios (ISS return, Lunar return, etc)

*  SRD defines the Loss of Mission Total (LOM;) and Loss of Crew (LOC)
and the risk allocations to capture

« average/nominal mission risks
e abort risks

* The TPS Subsystem LOM of 1 loss in 5000 missions (1/5000) is sub-

allocated:

Heat Shield 50% 50% 10,000 10,000

Back Shell 40% 40% 12,500 12,500 Back Shell

Forward Bay Cover 10% 10% 50,000 50,000

TPS Subsystem 100% 100% 5,000 5,000 "

MO/~

(®)

Example for ORION (~2009): O
Heatshield LOC Allocation:50%

g /)
) f/ 7//
| ( ( ,7/
Equivalent Risk Allocation: 5000*50/100=10,000 ‘?\Jj ’

. . L ' ]
The Risk and allocation numbers are fictitious! Forward Bay Cover Heat Shield

April 16, 2011



@ Heatshield Subcomponents

Heat Shield 50% 50% 10,000 10,000
Back Shell 40% 40% 12,500 12,500
Forward Bay Cover 10% 10% 50,000 50,000
TPS Subsystem 100% 100% 5,000 5,000

» Overall heatshield reliability allocations include:
* Thermal Performance
» Mechanical/Structural
« Damage Tolerance
» Design Singularities/Closeouts

» Thermal Performance is historically one of the largest contributors
to heatshield mass, while simultaneously one of the least
rigorously defined of the design margins

Entry Systems and Technologies Division

April 16, 2011



Percentage of
cases in 8 portions
of the curve

Standard Deviations

Cumulative
Percentages

Percentiles

T scores
Standard Nine
(Stanines)

Percentage
in Stanine

Entry Systems and Technologies Division

Z scores -

Risk and Reliability

Normal,
Bell-shaped Curve

|
|
]
| 2.14%
|

Heatshield Thermal Performance:

13.59%| 34.13% | 34.13% |13.59% 2.14% 13%

-40 -30 -20 -10 0 +10 +20 +30 +40

| | | I | | |

0.1% 213% 15.9% 50% 84.1% 97,17% 99.9%
1 l l l l
| 1 1 i [ L L | T |
1 5 10 20 30 40 50 60 70 80 90 95 99

4.0 3'0 -2Y0 -1'0 6 HtO +270 +3r0 +4 .0

2'0 3'0 40 50 60 70 80

1 2 3 4 5 6 7 8 9

4% 7%

17%

20%

17%

12%

7%

4%

« use the tail of the distribution (statistics outside of N-sigma) to derive a risk of failure. This actually
gives us a measure of the probability that the actual average is outside the predicted range.

* The standard deviation (amount of spread) of the number of failures is roughly equal to the square
root of the average number of failures.

*  For example: for HS allowable risk is 1/10000 meaning one failure in 10000 = 0.0001=0.01%
* Reliability is ~99.99% equivalent to 3o0-40

April 16, 2011
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@ Outline A

* Introduction to Heat shield design

« Motivation for Statistics based HS design
« Application of TPS Standardized Policy
 Mission Risk and Reliability Requirements

« UQ for TPS Thermal Sizing Margin

Management Process

Margins, Rationale and Sensitivity Trades
Thermal Margin
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@ TPS Sizing: What does it mean? A

» TPS sizing starts with a nominal prediction
* Using the best analysis tools available, what is the required thickness to
meet bondline temperature requirement assuming zero dispersions or
uncertainties?
* Are there also structural considerations? (Coupled thermo-structural
modeling)
o Effects of singularities in the TPS system

»Margin is then added to the nominal thickness to account
for dispersions and uncertainties in the material, its

response, and the environment it is subjected to
* Application of margin has been done at varying levels of fidelity, ranging
from engineering judgment to probabilistic analysis
* A good understanding of the underlying physics, and the inherent
uncertainties or deficiencies in the models of that physics, is required to
rigorously evaluate margin
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A rigorous process was instituted by NASA starting with MSL and CEV/Orion, but it is still being
developed and enhanced. A key impediment has been the availability of experimental data to validate
the stated model uncertainties

April 16, 2011



@ Overview A

1. TPS Thermal Sizing Margin Management Process

2. Overview of current heatshield design process

. Required input (vehicle level)
. Thickness determination/optimization (Heatshield interface)

3. Origin of uncertainties

4. Margins
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Aerodynamics,
Atmosphere,
Navigation and
Guidance
Parameters

Entry Systems and Technologies Division

April 16, 2011 NOMINAL

CASE 0: Nominal

Nominal Material Response
to hit bond-line temperature

Thickness & Recession

T Ry
CASE 1: !
Dispersed 1
Trajectory Thickness &
Dispersion Recession,
Ty Ry
A
\ 4 CASE 2:
Aero- Aerothermal
3 thermal Thickness &
Margin Recession,
T, R,
CASE 3:
Material
»| Thickness &
Not To Rec.;‘_es;lon,
_y| Exceed ..,
Bondline [\
Temperature

BTMM=-108°

BTMM=Bondline
Temperature
Material Margin

MARGINS

FINAL MARGINED
THICKNESS:

MAX OF

BaselinetRecession Thickness, T,
+AT,

OR

Margined Thickness,
FOS*T,

Factor of Safety (1.05-1.1)
RSS Process

1, -1, [0, -1) + @ - 1Y ]
ATy =®_]‘XTR—1 +

oty Gty

! k=

j1 Recession Margin

1! PICA 1.2

! Carbon Phenolic 1.2

Jl Ama ——————— LE -—

Reliability Requirement



@ Overview of current heatshield design process

Input 1:

Input 2 Aerothermal Database

Qdot=(M.q.c) Trajectory

for all flight cases

-~ \\l Family of Trajectories

Geometry split into
Input 3 regions with similar
internal materials

List at Every Point
Max Nominal Temp
Max Abort Temp
Max Integrated Heat Load

Input 4: materials
and structures

Worst-case temperature
at each location drives

\ Fd
!:onvectim\ Aadiat:ion
s

4

TPS material map }TPS
Material response
VIVOf[S’t-_IQFa)ge heat load ¢ — optimizes TPS thickness
selects Sizing poin e at sizing point/subregion

Entry Systems and Technologies Division

— | TPS MASS < &

April 16, 2011



Mars&\.fenus COsz
Titan: N,/CH,
Giants: H,/He

Earth: N.,/O,

Hot Shock Layer

Unsteady non-
continuum vortical
flowfield

Thermochemical
nonequilibrium,
lonization, Radiatio

Enundanr Layer

Transport propamss
Ablation product
mixing, Radiation

Sl D&aign_ELQanm Minimize conduction

into vehicle to minimize TPS mass/risk

qg':ond —gc_ﬂia%remd qmdm

Entry Systems and Technologies Division

“Cool"” Surface

Surface kinetics,
Ablation

e

.-"P_-

Incident Aeroheating — e

-~

Material Response

_ 20
April 16, 2011



@ Physics of Material response

Energy management through material consumption

Sie Stresm 1D time-accurate solution of thermal
> ol spacies diffusion with surface ablation and
radiation diffusion g:iﬂii?::;frr internal pyrolysis
convective _ *PYROLYSIS: an internal, endothermic
s bsce-pa'd mecharical thermal decomposition of the solid
ediafion _ releasing gaseous species without
pyrolysis melt : E
fluxost  gases fow_» consumption of gas species from the
( T S o = boundary layer gas
conduc
T v R, -ABLATION: sum of processes that
P < recession B _ remove mass from the surface
Pyrolysis zone (vaporization, sublimation, reaction of
S solid or liquid to produce gaseous
virgin material species, melt flow, spall of solid)

backup material

Physics and chemistry based models:
1. For the solid:
-phase change reactions (virgin solid -> charred solid+Pyrolysis gas)

Entry Systems and Technologies Division

-for these three constituents: macroscale properties from measurements, known chemistry,
theory and thermodynamics from NIST/JANNAF data

2. At the surface:
-complex surface energy balance
-thermochemical ablation model

April 16,2011 -boundary layer heat transfer with blowing correction 2]



@ Defining the TPS Thickness via optimization A

- Optimization criteria:
Not To Exceed (NTE) Bondline Temperature Limit (BLT)

*Usually defined at the interface between ablative material and bonding agent
*Could use more than one optimization constraint

Steps during optimization:
*At each time step in the program the calculated
BLT is checked against the NTE imposed limit

Entry Systems and Technologies Division

Convect:i}r\ /adiation *Material is added if BLT> NTE or removed if
BLT<NTE
*Final thickness value is optimized for BLT=NTE
}TPS
} Material response program outputs for
Structure . .
v each point on the heatshield:

Conduction

the optimized thickness
*‘Recession

_ 22
April 16, 2011



Aerodynamics,
Atmosphere,
Navigation and
Guidance
Parameters

Entry Systems and Technologies Division

April 16, 2011 NOMINAL

TAILORABLE TPS THERMAL Sizing Margin
Management Process

Nominal Material Response
to hit bond-line temperature

CASE 0: Nominal

Thickness & Recession

BTMM=-108°

BTMM=Bondline
Temperature
Material Margin

MARGINS

! k=

j1 Recession Margin

1! PICA 1.2

! Carbon Phenolic 1.2

Jl Ama ——————— LE -—

Reliability Requirement

I
|
T, R
2 : FINAL MARGINED
caset: |, THICKNESS:
Dispersed 1 I
N Trajectory Thickness & | ; MAX OF
Dispersion Recession, I
T, R, 1| Baseline+Recession Thickness, T,
a I | +ATR
|
y CASE 2: : I OR
Aero- Aerothermal i I ) _
—1 thermal Thickness & I I Margined Thickness,
Margin Recession, 0 I FOS*T,
Ty R, |
1 L Factor of Safety (1.05-1.1)
i1
| N
: I
’ cases: |I) RSS Process
I Material | I
3| Thickness & || _ V2 Y2
. Recession, ||l T,=T+ (TZ Tl) + (T3 Tl)
| Not To
I Exceed T By | 1
I > Bondiine A 0 : AT, =®— IXT o+
Temperature I o :I
: I 1 \/KTR-z = R-l)z + (TR—3 'T1z_1)2
|
|
|
|



@ Key Uncertainties in the TPS Design Process A

- TRAJECTORY DISPERSION (3sigma)

« AEROTHERMAL ENVIRONMENTS:
v'Wind Tunnel to CFD comparison
v'Shuttle data: orbiter reports 2-sigma error in winward heat flux
v'CFD discrepancies from physical models:
v Turbulence
v'Chemistry model
v'Convective heating
v'Blowing Reduction in Ch
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@ Gas-Surface Interactions

> In lieu of a good validated

GSI model for PICA in D e T P -
aerothermal team assumed i M,tch’;‘.'t,ee Model - // Ll
supercatalytic wall for desi¢ 10— Supercatalyic | ;o T

- | Tl a g
prediction of required . !
thickness, total recession,

and margin assigned to
these effects

» Fortunately in this case we

expect flight data from the
MEDLI experiment on MSL

help validate improved GSI
models

Entry Systems and Technologies Division

April 16, 2011



« Recession Margin = Discrepancies between

measurements and arc jet data

. Requires arc jet test database over the entire range of expected
operation of the material

. Requires consideration of non-thermal recession (spallation, melt, etc.)
. Specific to ablative materials

. Factor of Safety = Ground to Flight Traceability
» Defined so far by “expert’s call”

* Derived from comparison of model prediction to Elight Data (Stardust,
MSL/MEDLI, others!!)

* Requires development of Inverse Parameter Estimation methods

- Bondline Temperature Material Margin = Material
Property Variability
« Fundamentally statistical by nature

. tRe?uires rigorous input uncertainties, derived through dedicated material
esting

* Requires correct Monte Carlo procedure

Entry Systems and Technologies Division

» Sensitivity Trades = Prioritize investment based on TPS

mass impact

@ MATERIAL RELATED UNCERTAINTIES

Inches

4.5 +

4.0 +

35+

3.0 4

2.5

2.0

1.5

1.0

0.5

0.0

2.68

Max DISH




@ Results: sample case A

1 »~T75% of the total thickness is

Margin
Suﬁachesponsethe nominal (zero-margin) value
|  All margins considered contribute
Aerothermal about 25% to the thickness
—In-Depth Resp.
Trajectory

» The two largest contributions to
. margin are those primarily from
material response (surface and
- in-depth)

 Trajectory and aerothermal effects are

4 ___Nominal less important since ablators are
Thickness excellent accommodators of heat

Thickness
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»The secret truth: there is a lot of
hidden margin in the nominal
thickness!!!

T
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@ why is there MARGIN in the NOMINAL? A

»Engineers are, well, engineers. We build the best models
we can with the data available, but tend to err on the side
of conservatism when we do not have sufficient data

» The more empirical the model, the more conservative it

tends to be

* This conservatism is fairly ad-hoc; it is usually not known how
conservative the model is

»Examples to follow...
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@’ Roughness Effects A

» Roughness augmentation to Qufpms QR FeskVale
heating and recession remains —
poorly understood

qw (W/cmA2)
! 240
> Ground test data cannot 200
reproduce necessary flight
physics (BL thickness, turbulence

intensity, etc.)

180
160
140
120
100
80
60

> As a consequence, we design i %8
with primarily empirical models,
making (we hope) conservative
estimates of worst case impact on

heating and recession

» We know that in some cases
scalloping and cross hatching can
become large, but we cannot
predict onset at this time

Roughness represents ~30% contribution to surface heating; could be
pHtside of MEDLI resolution
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@’ MATERIAL RESPONSE BIASES A

» TPM performance dispersions
due to things like material
variability are part of margin;
accounted for (ideally) with
repeat tests, material property
testing over multiple batches 02

Bondline Temperature Prediction
Error for Two TPS Materials

* |,

» Dispersions are expected, buta
good physics model should _
have little or no BIAS N

» However, because engineers are 3
engineers, this is frequently not .

0 200 400 600 800 1000
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the case Hot Wall Heat Flux (W/cm2)
> In this example, bondline BIAS:
temperature is over-predicted BLUE MATERIAL~8%
for both the “orange” and ORANGE MATERIAL ~14%

“blue” materials, leading to
“margin” in the nominal

April 16, 2011



@ MATERIAL RESPONSE DISPERSIONS

ArclJet test for validation of Material Response Model for Bondline Thermal

f Performance .

(2 70%

5 E = . Zj ud | l —\irgin_thk
E 50X e eeenen e esieeee -~ E® e |

8 ; 30% @ " MODEL %_ 06 (] pyrolysis zone

g) g 30% | & - == Average :é_ 0.8 mmm char_thk

6 E 20% e & - = = = = A.—' * — . + 3 5i2M3 G 1 Recession

(e 10% |

-C E o . _-3Sign‘a - i I |i>l I | I i

(@) ~ 0% 4 - : location TC5

P g -10% Q- . T e v T v ey . MR h © & & S S SO

i E -:D;; ............... s il Sl L — QQ' S '090 ,\‘bb‘ rb\,,)‘brf;bbrb q"b \q’Qrb%QQ"g)@ —@—|ocation TC4

% § -30% Integral Heat Load (J/cm2) -==—I|\?!Ieasur§d

n -40% —

E Hot Wall Heat Flux (W/cm2)

2

(7)) c

> Analvsis: BONDLINE TEMPERATURE MATERIAL MARGIN

N y

> 12 samples

= Mean error = 18%; o = +15% * Design of ground test programs in support

L Inferred Bondline Temperature of margins development and risk assessment

L UEULLCT 23 « Smart use of instrumentation during ground

Exclude samples with error>40% testing (ArcJet)
Mean error = 12%: o = 9% * Ground testing of flight instrumentation

Inferred Thermal Margin = 146°F

LA SARLEN B~ IRy =L~

31




Material Response Unaccounted ﬁ
Phenomena (False Negatives

» We are becoming

c . . ;

= |ncreas_|r_19I_y reliant on _ VirginCp

=1 probabilistic error analysis

a Density HT-424 CharK

% > Howev.er, the reSUIts Of the Thickness HT-424
< analysis are only as good as Remainder_ :
re) . . K Al-hc-2.1-2.5in
=2 the physical model being [

o evaluated (GI>GO) CharRecess
= a

i1 > Probabilistic methods cannot VirainK o

¥ expose fundamental flaws in BICoeff

5 the models employed, and B

z§ may lead to false confidence

%8 if one is not careful VirDen

>

il > Example at right: what is

missing?

« Common sense says that pyrolysis gas enthalpy should matter; it is the primary in-depth
energy accommodation mechanism. Yet it doesn’t appear. Why not? Are current models
deficient?

April 16, 2011




Entry Systems and Technologies Division

« Goal:

Char Density Scaling Factor

Monte Carlo based margin derivation

Determine which parameters contribute the most
to the measurements uncertainty

Associate the parameters to be estimated with
appropriate ranges of measurements

Input 20 uncertainties for material properties and
heating parameters

Account for correlations between variables
according to experimental data

LAS

1.1 =

%
1.05 e —————
PR .“"' »
1 u'}:j‘:.r{' -
e 4
095 L rair”
7~
0.9

y=1.1424x-0.1422
0.85

0.9 0.95 1 1.05 1:1

Virgin Density Scaling Factor

April 16, 2011

Material Properties Testing Supporting
Uncertainty Quantification

Material Variable

20 Uncertainty

Virgin Density

Char Density

Virgin Specific Heat
Char Specific Heat
Virgin Conductivity
Char Conductivity
Virgin Emissivity
Char Emissivity
Resin Decomposition
Rate

Pyrolysis Gas Enthalpy
Char Recession, B’,
Initial Material
Temperature

Aerothermal Variable

5%
Corr.
5%
10%
15%
15%
3%
5%

20%

20%
4%

5%

20 Uncertainty

Surface Pressure
Blowing Coefficient

Heat Transfer
Coefficient

15%
20%

15%
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Bondline Temperature Material Margin
Proposed approach

~—

Model error: o,
Monte Carlo on Arc Jet data: o

1000 1500 2000 2500 3000 3500 4000 4500

C
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2} 0 5
u — _ sk % i hgh!BL
= ™ = (T:iesrgn - 7::::’: ) O data
()] groundBL
(7)) "
% J odaru - ogrutandBL Ihen *
- *
% TM - (th’sign - T:'mr ) o'f lightBL
c
S Monte Carlo on flight data: O,y
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I_ ontee, 403, 334W 80 T c_.:t: S
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c ) - S, : -y
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Entry Systems and Technologies Division

Analysis Assumption DAC4
ISS/Lunar Avcoat

General Assumptions

Aercthermal Database (Turbulent) V0.73

Initial Temperature 70°F

Structure NTE temperature 500 °F

Radiation Sink Temperature 70 °F

Aerothermal Uncertainties

Aerothermal Pressure 1.05

Margins Shear 1.00
Convection 1.10 to 1.352
Radiation 1.56

Atmospheric/Trajectory

Dispersion Margins v

TP :

NRondline Temperature Material Margin 108 °F
Recession UNcertamy .25
Default FoS 1.1
Fail Lien, Recession Bias 0 %
Margin Application

RSS

» Mass benefit is about 1lb per degree

« Becomes Nonlinear

April 16, 2011

delta M (Ibs)

350
300
250
200
150
100

HS Mass: Sensitivity Trades

m Mass from FOS
m Mass from RM

60 80 108 120 145 160 180 200 250 300 350

ISS DAC4-STABv2p15

:

y =1.1064x - 120.97
Rz =10.96733 Y'S

5(’ 100 150 200 250 300 350

400

BONDLINE TEMPERATURE MATERIAL MARGIN (F)
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@ Material Response Empirical Approximations

MISP3 laminar response MISP 3 recession

Comparison of standard and truncated (1100 K) B’ tables 3500 : : 0.28
cC) 3500 0.28 A Tsurf (3.=0.5)
(Z) Tsurf (std B’ tables) 3000 1\ . : - = 0.24
2 3000 A\ + Tsurf (truncated B) |}0.24 = / B = =mosssion (8.5 o

o_. 2500 La 0.20

&) _ i » -t >
o)) S~ 2500 020 ® 3 § mmm e m o
— o Y 1 o S 2000 ; a 016 @
S { : 8 R 2
— S 2000 0.16 g = j ’:“ a
= : vy g & 150 / " 012 &
< £ 9, @ 4 i .E.
(&) 3 1500 012 © g : i =
(4] o \ = & 1000 = - 0.08 o
= S } 5 2 P 3
© t 1000 008 S _ ) — a
c = : ® 500 J.ih-.... OVerpredict 0.04
® @ = ¢ 1 recession
0 500 r recession (std B’) 10.04 0 _,j ' 0.00
GE_) ¥ recession (truncated B 0 50 100 150 200 250
— 0 T T T 0.00 Time (S)
(; 0 50 100 150 200 250 300
n Time (s)
>
| -
=
R 1. Left: Modified B’ tables to account for finite rate chemistry effects (non-

equilibrium) at low temperatures
2. Right: Blowing correction, A (blown/unblown heat transfer coefficient)

%
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Outline A

* Introduction to Heat shield design

« Motivation for Statistics based HS design
« Application of TPS Standardized Policy
 Mission Risk and Reliability Requirements

Q for TPS Thermal Sizing Margin
‘ gerne, 0CesSsS
 Margins, Rationale and Sensitivity Trades

- UQ and Statistical Engineering for Flight
Data Reconstruction
« Stardust
- MEDLI
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@ Designing STARDUST today

& N &5 D& -
Stardust PICA Current PICA Current PICA Current PICA

CC) Model+SD Model +SD  Model-SAMPLE  Model-HUMAN
B margins margins RETURN RATED
P
] Case Stardust- Stardust CEV-margin  Stardust sizing with all
$ Original design CEV trades
.CEJ) Trajectory Dispersed 1.88 1.04 1.04
[ (45%)
c
S Aerothermal Margined 1.26 1.11
@ :
= Thermal Margined 1 5
2 (Material Properties) '
© : : ———
n Baseline Thickness. T, @
5 Recessed Thickness, ATy, - - 0.17
%)
U>)~ 1.1xT, - - 1.35
§ Ty ATg nesin - - 2.59
UCJ Final Thickness 2.29 1.22 1.39 2.66
>~ — N > — N > — N
Margined-Unmargined 41 .18 <0.35) 1.14
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@ MEDLI BACKGROUND

- MEDLI

— stands for MSL Entry Descent and Landing
Instrumentation

— it is an Entry Descent and Landing (EDL)
iInstrumentation suite flying on Mars Science
Laboratory (MSL) launching in November 2011

* This is the most instrumented heat shield to Mars, and
will provide the largest EDL engineering dataset ever
returned from Mars
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@ MEDLI Activity during EDL Sequence

MSL EDL Outline
Q:\ Cruise Stage Separatlnn\

— Despin (2 pm=0rpm) | MEDLI Active:
Qe Atmospheric Interface t-10min Exo-atmospheric Entry
{7 Turn to Entry Attitude

[% Entry Interface, r= 3522.2 km I Atmospheric Entry
' ﬂ? Supersonic Parachute Deployment 4
< -
- . Heat shield separation T
(T
Radar Activation and Mobility Deploy
-
‘,.-,2'13
. . \ J
. . Backshell t
MEDLI is taking data and MSL & SEERIELIRnaRT

is storing the data in the Rover

for transmission after landing / P I Power Descent

P il Rover separation
MEDLI Inactive:
Atmospheric Interface t+4min B ;_

Rover touchdown

Entry Systems and Technologies Division

= Y

o~ — 2 P 4

- A I MEDLI Data
Fly-away

Transmitted
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@ MEDLI Instrumentation on MSL Heat Shield A

Jinsiiha 4 | Ll ek T
= .A..\h;‘. "-w "-m{‘ v ’:'h,...-_;A_ . "' .

444444
\\\\\

Sensor Support
EElectronics: provides
cower to sensors,

conditions/digitizes

7 TPS plugs:
Mars

Integrated
Sensor Plug

(MISP)

MEADS=Mars Entry Atmospheric Data System
MISP = Mars Integrated Sensor Plug

TC = Thermocouple
HEAT = isotherm location with depth



@ Aerothermal and TPS Objectives A

Objective 1: Measure sub-surface TPS thermal response as a function of time by

direct measure using thermocouples embedded in each MISP in the heatshield
(T1 through T7)

Objective 2: Measure TPS recession as a function of time using the calibrated
response of the HEAT sensors following an i1sotherm trace (extrapolates ground
test results to flight)

Objective 3: Obtain information about the distributed aerothermal heating on the
heat shield as a function of time indirectly by assessing the aerothermal
environments necessary to have produced the observed material response

Additional benefits

1.Determine catalytic heating effects

2.Determine the time of transition to
turbulence

Entry Systems and Technologies Division

3.Determine whether augmented heating
above nominal laminar levels occurs in the
flow stagn ation region

April 16, 2011



@ MISP Reconstruction Overview A

MISP Sensor
Data:

4 in-depth TCs

1 HEAT sensor

Temperatures, T(t) / Compare measured and
isotherm depth, d(t) / predicted quantities

A

CFD
Trajectory Parameters:
analysis V(®), a(t), B(Y), l
altitude(t)
Run CFD solutions Boundary Run FIAT
- - conditions for .
at discrete times FIAT calculations
Mars atmosphere model / T
Vehicle geometry /

» Direct comparison of predicted and measured quantities (currently
procedure assumes no iterative CFD-FIAT process after the initial
comparison)

* Predictor-corrector iterative method —in progress

* Inverse Parameter Estimation technique —in progress
April 16, 2011 May 31, 2011
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@ Inverse Parameter Estimation Method

Y = Data
Y=T+ (8random T gbias) =G [Ptrue] * € podel ;l‘:grrg)erResponse

1. Uncertainty Analysis (identify parameters w highest gﬂ;@gﬁgg&del (FIAT)
uncertainty contribution)

20 uncertainty values are assigned to aerothermal variables and material properties. A FIAT Monte Carlo
simulation is performed to determine the contribution of the input parameters to the predicted temperature
uncertainty.

100% 100%

TCA TC3

mCh

B Init Temp

90% 90%

80% 80%

O Char Recession

70% 70%

O Gas Enthalpy
mCharE
mCharK
oCharCp
BVirgin K

60% B0%

50% 0%

0% 0%

Percent Contribution

0% $ 30%
r mVirginCp
B Char Density

@ Virgin Density

20% 1 20%

10% 44 10%

0% 0%
1234567 8 91011121314 1516 17 1 19 37 55 73 91 109 127 145 163 181 199 217

Time (s) Time (s)

Top uncertainty contributors are C,,, Cp,, Cp., 0, K, K. €
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2. Sensitivity Analysis (identify correlations between parameters):

In inverse analysis, parameters with high correlation are difficult to estimate
simultaneously (C, and p, C, and k)
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@ Inverse Parameter Estimation Method

Measurements, Y | Estimator i
Initial Guess, Py min 3 7 (5, -7, ) P, .
: ¥ i Estimated Parameters
)
: F’rn‘lal
| Outputs £
T |
A— A N S A | Sum of square of errors between
wraps around FIAT and estimates scaling factors Response predictions

of the input parameters to match measured data *?
via an optimization procedure.
Code verification " :
— Recovers parameters back to the nominal
values if starting at a random initial guess
— Converges to the mathematical minimum of
the sum of squares of errors with the
experimental data
Code validation: ArcJet MSL PICA test OBI

-
=

-
NN

Char Conductivity

o
o

Entry Systems and Technologies Division

: Challenges:
— Solution existence, uniqueness and process SRR 1 ECEEEEREREEE R
Sta bl | |ty Heat Transfer Coeff.

Minimize errors: € q.i;
April 16, 2011
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@ Theory and Experiments need to team

Material Other lab tests
Property Tests

Denoising Inverse Problem

1D example |y

i Denoising Cost Functional

== 11+ mlly + Al

Design Problem: Minimize conduction
into vehicle to minimize TPS mass/risk
Geond =Ge * Grag ™ Grerad ~ G,

terlal Response

Modeling and UQ, SE, Optimization
Tools and IPE

Entry Systems and Technologies Division
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@ Conclusions A

 NASA has invested significant resources in developing and
validating a mathematical construct for TPS margin
management:
« Tailorable for low/high reliability missions
« Tailorable for ablative/reusable TPS
« Uncertainty Quantification and Statistical Engineering are
valuable tools not exploited enough

* Need to define strategies combining both Theoretical Tools
and Experimental Methods

« There's plenty of room at the “TOP”
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The main reason for this lecture is to give a flavor of where
UQ and SE could contribute and hope that the broader

community will work with us to improve in these areas...
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