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Brief introduction to UQ

THREE PILLARS FOR PREDICTIVE COMPUTATIONAL SCIENCE
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Computations

Verificatity \Validation
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@ Computation cannot be truly predictive without the coupling to theory and
experiments. ..

@ This coupling is precisely the verification and validation process!

= @ Verification: Is the computational method implemented correctly?
@ Validation : Are we solving the right equations?
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Brief introduction to

How experience can be taken into account in the numerical simulation ?

Models Forward
Boundary Cond. -
Initial Cond.
Geometry

Experiments

Uncertainty Quantification is the end-to-end study of the reliability of scientific
predictions

nformetcs f mothematics
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Brief introduction to UQ

FLUIDS MAKE THE UQ COMPLEX TO HANDLE — CHALLENGING !

Flows features unsteadiness, compressibility, discontinuities, turbulence, multiphase
nature of the flow, and so on ...

@ Measurements in fluid mechanics devices delicate and expensive

@ Complexity of measures
@ Sometimes scarce and inaccurate experimental data

— increased amounts of uncertainties
@ Complex Numerical simulation

The variability of a CFD numerical solution should be estimated taking into account
every possible source of uncertainty (operating point, modeling, )
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UQ activities in hypersonic flows

Brief introduction to UQ

THE MATHEMATICAL SETTING OF THE PROBLEM

Let the output of interest u(x,¢,£) be governed by the equation:
L(x,t,(w);u(x,t,€(w))) = S(x,t,£(w)), 1)

where L (algebraic or differential operator) and S areon D X T x Z, x € D C R,
with ng € {1,2,8}, £&(w) = {€1(w1), - - -, E4(wg)} € E with parameters space = C R?

The objective of uncertainty propagation is to find the probability distribution of
u(y, &) and its statistical moments iy, (y) given by

o (3) = [ (3. &)fe(€)d6. @)

How compute this integral in an efficient way ?

,,,,,,,,,,,,,,,,,,,,,
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UQ activities in hypersonic flows

© UQ ACTIVITIES IN HYPERSONIC FLOWS
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Brief introc

MOTIVATION: POST-FLIGHT ANALYSIS OF A SPACE MISSION

@ It requires an accurate determination of the free-stream conditions for the
trajectory

@ These quantities can be rebuilt from the heat flux and pressure measured on the
spacecraft

PL5 Roughness-
Induced Transition

PL13 Slip Flow PL18
PL11 & Skin Friction Titanium
Catalytic /Nluminide
Junction
PL12 Base
Flow
PL1 Flush 20 Assembly

Air Data
System

PL3
PL8 Infra-red

Catalysis
PL4 Natural Themrediaphy
Transition PL6 Control

Surfaces Efficiency

ESA European eXPErimental Re-entry Testbed

NASA Mars Science Laboratory
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UQ activities in hypersonic flows

FLUSH AIR DATA SYSTEM (FADS) ON EXPERT

@ ST measured densities can deviate up to 20% from the standard atmosphere model

@ RAFLEX instrumentation: FADS comprising a set of sensors flush mounted in the TPS to measure static
pressure (pressure taps) and heat flux (calorimeters)

120 — - T
[

)

5TS-2 STS-4

90 [

Altitude
[km]

3
3
T

P/Pres P/prer P/Pret
Catalysis

Shuttle-derived densities compared to the 1962 U.S. standard
atmosphere [Talay et al. 1985] RAFLEX instrumentation on Expert

= QI1: What is the uncertainty on rebuilt free-stream conditions due to
measurement uncertainties as well as of chemistry models?

= Q2: What should be the sensor accuracy for a prescribed uncertainty on free
stream conditions?
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(777 3

PM Congedo — Overview over some UQ activities in hypersonic flows 9/52



UQ activities in hypersonic flows

REBUILDING METHODOLOGY

@ Knowing that experimental data suffer from errors, the rebuilding methodology
needs to integrate quantification of uncertainties

@ Epistemic uncertainties on the chemistry models in the bulk and at the wall
(surface catalysis) should also be taken into account

= Rebuilding the free stream conditions from the FADS data amounts to solving a
stochastic inverse problem
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UQ activities in hypersonic flows

VALIDATION AND PREDICTION

@ Validation

@ Experimental databases of ground facilities will be used to validate the simulation tools
and improve our understanding of physical phenomena

@ Prediction
@ Prediction of the free stream properties in flight with their associated uncertainty

VKI Longshot M14 free piston tunnel
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UQ activities in hypersonic flows

Strong collaboration between INRIA (P.M. Congedo) and VKI (T. Magin) and
several other people

@ Characterization of the free stream conditions in the VKI Longshot facility (Bart
Van Hove, J. Tryoen, M. Duvernet)

@ Uncertainty Analysis of Carbon Ablation in the VKI Plasmatron (A. Turchi, F.
Sanson, F. Panerai)

@ Sensitivity analysis concerning the chemical reaction uncertainties during an
atmospheric reentry (K. Tang, M. Panesi)

@ Sensitivity analysis and characterization of the uncertain input data for the
EXPERT vehicle (J. Tryoen, N. Villedieu)
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UQ activities in hypersonic flows

Characterization of the free stream conditions in the VKI Longshot
facility

...................
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UQ activities in hypersonic flows

CHARACTERIZATION OF THE FREE STREAM CONDITIONS IN THE VKI LONGSHOT FACILITY

Mach14 Hypersonic Wind Tunnel with either nitrogen or carbon dioxide

FREE STREAM h
stagnation point

very highpand T lowpand T
vibrational excitation high velocity measurements
dense gas efects vibrational
freezing N
—
lcY -
#\P/ NOZZLE EXPANSION .
= —_—
RESERVOR. ™\
reservoir pressure SHOCK
measurement REFERENCE
PROBE
TEST SECTION

@ No chemical thermo-reactive effects
@ Rebuilding of free stream conditions: p1,T7,v1

@ Epistemic uncertainty on T}

nformetcs f mothematics
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UQ ac

n hypersonic flows

CHARACTERIZATION OF THE FREE STREAM CONDITIONS IN THE VKI LONGSHOT FACILITY

FORWARD PROBLEM

FREE STREAM
very high pand T fow pand T stagnation point
vibrational excitation high velocity measurements
dense gas efects vibrational
freezing N
—_ @ Input data
@\\ NOZZLE EXPANSION p
¢ @ Freestream pressure py, temperature 7'y and
RESERVOIR \ shock speed vy
reservoir pressure SHOCK @ Vibrati
resenvoipress S (s Vibrational temperature T},
Prose 19 Qutput data
@ Stagnation-point pressure pg; and heat flux
qst
TEST SECTION @ Reservoir pressure p(
@ 1D code :

perfect gas equation of state in the reservoir / non-equilibrium flow model in the nozzle expansion
Keyes'/Lemmon /Jacobsen/Sutherland viscosity models for freestream conditions/post-shock /stagnation point
Fay-Riddel model to compute the stagnation heat flux

Rankine-Hugoniot relations applied through the shock / flow assumed incompressible after the shock

[ N

= Sources of uncertainties

@ Unknown: py ~ U(190, 230), Ty ~ U (45, 60) and vy ~ U/(1500, 1800)
@ Epistemic uniform uncertainty on Tpyq ~ (1000, 1500)

nformetcs f mothematics
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activities in hypersonic flows

CHARACTERIZATION OF THE FREE STREAM CONDITIONS IN THE VKI LONGSHOT FACILITY
INVERSE PROBLEM

FREE STREAM
very high pand T fow pand T stagnation point
vibrational excitation high velocity nmeasurements
dense gas efects vibrational
freezing N
@ Measurements
@\!\, NOZZLE EXPANSION — @ Stagnation-point pressure pgy and heat flux
W " ast
RESERVOIR @ Reservoir pressure p
reservoir pressure SHOCK
measurement REFERENCE
PROBE
@ Uncertainties

@ Experimental data
TEST SECTION @ vibrational temperature

@ Validation of a new inverse method for determining uncertainties on free stream
conditions p1, T and vy from measurements

= Proposed approach relying on a Bayesian Inference setting
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Brief introduction to UQ UQ activities in hypersonic flows

CHARACTERIZATION OF THE FREE STREAM CONDITIONS IN THE VKI LONGSHOT FACILITY
BAYESIAN INFERENCE FOR STOCHASTIC INVERSE METHOD

@ Forward model : d = F(m, T,1), d = (Pst, gst,po), m = (p1,T1,v1)
@ “prior pdf + set of experimental data = posterior pdf fitting data”

@ Bayes' rule

_ p(d17 sy dn‘mv Tvl)pm(m)p]‘ul (Tvl)
fp(dl7 s 7dn‘m7 Tvl) m(m)pTvl (Tvl)ddevl

p(m|d',....d")

@ Experimental data : {d',... ,d”_}
Hypothesis: & = F(m, T,1) + €, ~ N (0,T),j=1,...,n,
= diag(aiz,st, U‘?st’ 1712,0)
n . n .
—p(d,...,d"m,Ty) = [[py(d|m, To1) = [ pe(d — F(m,T,1),T)
j=1 j=1
@ prior pdf pm o< 15, €[190,230) 17, € [45,60] Lv; €[1500,1800]
@ uniform pdf pr, | o 1TU15[1000,1500]

@ measurement errors o ohs = (Opy , Ogg , Opy) SUpposed known
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Brief introduction to UQ UQ activities in hypersonic flows

IN PRACTICE

@ Samples of the normalized posterior
p(md!,....d") ccp(d',...,d"|m, Ty1)pm(m)pr,, (To1)
obtained with Markov Chain Monte Carlo methods

o Let (m*)K

—t, such a sample (¢, "burning” time)

E(f(m)ld’,....d") ~ th Zf(m

— computation of posterior statistics (mean, standard deviation, densities, error
bars, ...)
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UQ activities in hypersonic flows

CHARACTERIZATION OF THE FREE STREAM CONDITIONS IN THE VKI LONGSHOT FACILITY
NUMERICAL RESULTS

A noisy data vector {d!,...,d!%} is generated
— solving the forward model for a true vector of input parameters
(mbrue Tirue) — (200,50, 1621, 1245)

— perturbing the true output value d'¢ = (pfrue, plrue gtrue

,P,q5"¢) (Gaussian noise)
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Brief introduction to UQ UQ activities in hypersonic flows

CHARACTERIZATION OF THE FREE STREAM CONDITIONS IN THE VKI LONGSHOT FACILITY
NUMERICAL RESULTS

A noisy data vector {d!,...,d!%} is generated

— solving the forward model for a true vector of input parameters

(mree Ttroe) — (200, 50, 1621, 1245)

— perturbing the true output value d'™ = (pfrue, pttue gttue) (Gaussian noise)

Various cases are considered :
@ a 5% observation error (o;/d"™® = 0.05) with known T,
Q a 10% observation error (o;/di™® = 0.10) with known Ty, and

Q a 10% observation error (0;/df™*® = 0.10) with uncertainty on Ty
(Ty ~ U(1000, 1500)).

Q@ Experimental observations
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Brief introduction to UQ UQ activities in hypersonic flows

RESULTS (5% AND 10% ERROR WITH KNOWN T, 10% WITH UNKNOWN T',)

P | T | e
TR g™
w j lll . - h i
RiCac e T @ Spread of supports of PDF
between (i) and (ii) —
TR Sorl T | increase of measurement errors
2 H : | N M @ AND between (i) and (iii) —
¥ R 0 | 1 | || adding uncertainty on the
: : ! m L\ vibrational temperature
o = s @ Propating PDFin a numerical
- I - code and estimating output
: * | A l variability
! ﬁ : : Il\ |Jl|
; : : . ; H (|
: A LRI L
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Brief introduction to UQ

CHARACTERIZATION OF THE FREE STREAM CONDITIONS IN THE VKI LONGSHOT FACILITY

NUMERICAL RESULTS (1)

UQ activities in hypersonic flows

03/di™™ =0.05 | 0;/di""® =0.10 | o;/d™® =0.10
Ty, known Ty, known Ty, unknown
mean Poo 198.2 200.9 192.9
T 50.44 48.87 48.25
Us 1622 1620 1606
std Poo 4.632 8.544 9.260
T 0.6514 1.271 1.526
Us 10.66 19.87 25.76
std/mean Doo | 2.337x 1072 4523 x 102 4.80 x 1072
Too 1.291 x 10—2 2.601 x 102 3.163 x 102
Us 0.657 x 102 1.226 x 102 1.604 x 102
90% confidence intervals  poo [190.1,205.8] [185.2,213.8] [177.9,209.5]
Too [49.47,51.61] [46.60,51.03] [45.82,50.63]
Us [1605,1640] [1585,1653] [1562,1645]

©

Uncertainty of poo is the most important: std/mean nearly two and four times

more with respect to that ones related to T, and Us, when T}, is known.

@ Large variation of pressure mean (4%) observed when Ty is unknown or known

©

w.r.t. poo When Ty is unknown

©
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UQ activities in hypersonic flows

CHARACTERIZATION OF THE FREE STREAM CONDITIONS IN THE VKI LONGSHOT FACILITY
APPLICATION OF BAYESIAN-STRATEGY TO EXPERIMENTAL MEASUREMENTS

@ Some experimental points chosen by considering the sensors acquisition in the
Longshot facility

@ Five points are selected on the experimental curves, at different time-steps equal
to 0.5, 5, 10, 15, 20 ms

@ Uncertainties on error measurements are considered

@ Uncertainty on the heat flux at the stagnation point is much more elevated with
respect to the pressure uncertainty

ftamps | ms o= |5 T [ [zo

[0 lIFal |z7s=10~8 [Lazm0-8 05871078 [osw10~8 fo-aw10-8
[p_stagn Ipa] [L=10~5 |o.8sxL0~s 05871075 fo.azi0~5 fo3m0~s
[a_stagn Mim~2] [z=1076 |0.82710"6 05571076 [o.4710~6 fo.370~6
[oo Py

[p_stagn =%

[s_stagn = 8%

&zy;m\,mmm
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Brief introduction to UQ UQ activities in hypersonic flows

CHARACTERIZATION OF THE FREE STREAM CONDITIONS IN THE VKI LONGSHOT FACILITY
APPLICATION OF BAYESIAN-STRATEGY TO EXPERIMENTAL MEASUREMENTS

@ Different behavior with respect to the synthetic test-case

@ Temperature variability (in terms of standard deviation to mean ratio) is greater than the
pressure one for each time-step

@ Velocity variability of the same order of magnitude than pressure, that is quite different with
respect to the previous results

Eme 10m=s 15me
mean Foa EEE] FEoE] 166.2
Ton 4.2 24087 My
1A 1520.0 un 141
st Fea 528 T [1E]
Tan 0r1s 1.45 121
12 20.2 4595 B
std/mean Pen | 1080 107 EBCER i EE-E3
T | 25T 103 550 % 109 454 % 10=8
| 1ere1e? 308 % 1073 2,58 x 192
0% corfidance mtervals  m, | [265,0423] | [PI0.528.5 | (16731760
T | [2052929) [2Lgs20.7s | [22882097

I | [1482.0,1548.08) | [137.9,0487 15 | [1364.5,1472.9)
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Brief introduction to UQ UQ activities in hypersonic flows

CHARACTERIZATION OF THE FREE STREAM CONDITIONS IN THE VKI LONGSHOT FACILITY

CONCLUSION

@ Setting up of a rigorous framework to take into account measurement and model
uncertainties in the resolution of the inverse problem

@ Detailed probability characterization from MCMC sampling

@ Some notions concerning the physics of the phenomenon are provided, i.e. the
variability of the free-stream pressure

@ Stagnation measurement error needed for a prescribed level of accuracy on the
free-stream conditions

@ The importance of modelling some unknown variables, such as for example the
vibrational temperature, can be assessed.
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UQ activities in hypersonic flows

Uncertainty Analysis of Carbon Ablation in the VKI Plasmatron
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UQ activities in hypersonic fl

MOTIVATIONS

@ To understand the operational behavior of the TPS materials
@ To study the gas/surface interaction physics occurring during reentry

@ To improve the prediction capacity and reduce the design margins

After entry

GALILEO MISSION
Destination: Jupiter
Date: 1989-2003

52 kil S 0]

B Ablated m:

Total initial mass of probe:
S i

Ablation temperature =

...THE BEST RACE CAR IS THE ONE THAT FALLS
APART RIGHT AFTER THE FINISH LINE...

v
&Z.w.n.,,w.m
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UQ activities in hypersonic flows

Plasmatron facility (The most powerful induction-coupled plasma wind tunnel in the
world)
Role: performing reusable/ablative TPS tests
@ Gas: Air, Ng, COg, Ar
@ Power: 1.2 MW — most powerful ICP in the world —
@ Heat-flux: up to 16 MW /m? (superorbital re-entry)
@ Pressure: 10 — 800 mbar

water cooling system

,,,,,,,,,,,,,,,,,,,,,
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UQ activities in hypersonic flows

Put the players together

=
=]
g
<
=
]
<
=
=

Rebuilding Code
{boundary layer)

Stagnation-line code
(w/ ablative b.c.)

Vg

&Zm_m\,..,...m
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UQ activities in hypersonic flow

Put the players together

PLASMATRON

sample Rebuilding Code
(boundary layer)

Payn

Stagnation-line code
(w/ ablative b.c.)

Vg

&Z.N,._.m\,.m..m
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UQ activities in hypersonic flows

Put the players together

Psta

Rsample Rebuilding Code
(boundary layer)

PLASMATRON
i
i
i
|
|
i
i
|
|
i
i
i

Payn

Cew
Stagnation-line code
(w/ ablative b.c.)

&1’.;,.7_.%,”,,...“
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. |

R mple Rebuilding Code ﬂ
ompl
P (boundary layer) @

dyn
Yo

Stagnation-line code
(w/ ablative b.c.)

Yice

STEP 1: BOUNDARY-LAYER CODE

variable

Dynamic Pressure
Static Pressure

Cold Wall Heat Flux
Cold Wall Temperature

Catalycity
Nitrogen/Oxygen ratio

STEP 2: STAGNATION-LINE CODE

variable

Cs + 0 — CO
2Cs + Og — 2CO
Cs + N — CN
3Cs — Cg

N+ N — Ny
TPS wall emissivity
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Coupled analysis: input uncertainty distributions

. l

R mple Rebuilding Code g
ompl
P. (boundary layer) @
dyn
Gow

Stagnation-line code
(w/ ablative b.c.)

Mean=7.4946+03 6=8.522¢+02

Mean=2.540¢-01 6=2.467¢-02

== 10 bins I == 10 bins

== Scott's bin width == Scott's bin width

— Kemel densit; R i — Kemel densit;
: I g '
El 3
g g
w w

\\

8 3
s i3
E E
3 -]

016 018 02 022 024 026 028 03 032
Value
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Coupled analysis w/ nitridation

ABLATION QOI

activities in hypersonic flows

VARIABLE MEAN VARIANCE Agtoch —nom | god (£)
mass blowing rate  0.029 [kg /m2s]  3.48e-5 ~28.4% 16.72%
temperature 2661 [K] 2.17e+4 +5.0% 4.56%
Wall mass blowing rate Wall temperature
. error: +20.17 % . error: +5.53%
B mass flow rate = mass flow rate
Vidyeqge d
08 59;96 08
Ny
N
o
. 06 N R 0.6
d
8 3. anigation 3 q
0.4 || B Nitidation 04
B Sublimation
2 Recombination
© Wall emissivity 3 Wall emissivity
02 02
o nnll B . =00 B fin
CONSIDERING ALL THE UNCERTAINTIES SLIGHTLY AFFECT THE ERROR! )
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activities in hypersonic flows

Coupled analysis w/o nitridation
ABLATION QOI

VARIABLE MEAN VARIANCE Agtoch —nom | god (£)
mass blowing rate  0.020 [kg /m2s]  1.94e-6 —2.9% 1.15%
temperature 2818 [K] 1.3%e+4 +0.8% 1.80%
Wall mass blowing rate Wall temperature
. error: +6.79 % . error: +4.18%
B mass flow rate =] g\ass flow rate
08 H 08 H
0.6 H 0.6
2 3
g &
0.4 H 0.4 H
= Wall emwssm] =3 Wall emissivity _
02 | 02 i I
. I l . IJ Bl
REBUILDING UNCERTAINTIES AFFECT THE MASS BLOWING RATE! )

/277
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activities in hypersonic flows

CONCLUSIONS

@ DECOUPLED ANALYISIS

@ STRONG IMPACT ON THE QOIS OF A QUESTIONABLE PHENOMENON SUCH AS THE
SURFACE NITRIDATION WHEN CONSIDERED

@ SMALL VARIATIONS OF THE QOIS UNCERTAINTIES WHEN NITRIDATION IS NEGLECTED:
CONSEQUENCE OF THE ANALYZED ABLATION REGIME

@ COUPLED ANALYISIS

@ THE INFLUENCE OF THE NITRIDATION UNCERTAINTIES REMAINS THE BIGGER
@ MEASUREMENT AND MODEL UNCERTAINTIES FROM THE REBUILDING PROCEDURE
CAUSE THE ERROR TO GROW WHEN NITRIDATION IS NEGLECTED

PERSPECTIVES

@ ASSESS MORE PLAUSIBLE RANGES FOR THE MOST INFLUENTIAL PARAMETERS
@ ANALYZE DIFFERENT ABLATION REGIMES

@ COMPARE THE OBTAINED RESULTS WITH THE EXPERIMENTAL MEASUREMENTS
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UQ activities in hypersonic flows

Sensitivity analysis concerning the chemical reaction uncertainties
during an atmospheric reentry

,,,,,,,,,,,,,,,,,
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UQ activities in hypersonic flows

SENSITIVITY ANALYSIS CONCERNING THE CHEMICAL REACTION UNCERTAINTIES DURING
AN ATMOSPHERIC REENTRY

Atomic spectrum [w=11.4km/s}

Equilibrium

1 @ Understanding kinetic and radiative processes is crucial
l during the reentry

i l @ Physico-chemical models are complex and prone to many
o .

Insensiny [Wiks

uncertainties
@ Rates for kinetic and energy relaxation are usually the most
uncertain since they are difficult to messure experimentally

Wavelrngth (mm |
MNonaguilibrium
W Y = Q1: Which elementary reactions are important in chemical
: i mechanisms?
il | = Q2: What is the influence of the uncertainty of their rate
: coefficients on heat flux prediction?

Ittty [Wikm -pm-sr]

|l

i i Tk o
Wanclongih |nen
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UQ activities in hypersonic flows

SENSITIVITY ANALYSIS CONCERNING THE CHEMICAL REACTION UNCERTAINTIES DURING
AN ATMOSPHERIC REENTRY
REACTIONS FOR WHICH THE RATE COEFFICIENTS ARE CONSIDERED UNCERTAIN

| Trajectory points | Time [s] | wuoc [km/s] | p~ [Pa] | Tw [K] | Mach |
| Point 1 [ 224 [ 11711 | 1319 | 243.29 | 37.45 |

@ Quantity of interest: Radiative heat flux at a distance corresponding to the
stand-off distance for the ERC capsule

Reaction Reaction ID Min Nominal Max
N{i)+e =N(2)Le i 1.4470-107° | 1.4470-10™% | 1.4470 . 1077
N(1)+e =N(3)+e 2 3.8673- 10T | 3.8673 - 10" | 3.8673. 10'°
N2+ e~ = N(3)Le 3 3.6169- 1017 | 3.6169-10'° | 3.6169. 1076 |
Ol)+e =0(2)+e 4 8.2744 - 1010 | 8.2744 - 107 | 8.2744 . 1077
Ol)+e =0(3)+e— 5 5.6310 - 1077 | 5.6319- 10" | 5.6319- 1012
O2)+e =0(@)+e 6 2.7049 - 10T | 27049 . 10 | 2.7049 . 10™1

N +te =Nt 4Le fe T 5.1688 - 107 | 5.1688 - 10™* | 5.1688 . 10'%
N@2)+e =Nt +e te [ 4.6563 - 1017 | 4.6563 - 102 | 46563 1077
O(l)+e” =0t +e +e™ g 3.2477-101 | 3.2477-1012 | 3.2477. 107
O2)+te =0F Le= Le 10 5.1616 - 1010 | 5.1616- 1017 | 5.1616- 10™°
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UQ activities in hypersonic flows

SENSITIVITY ANALYSIS CONCERNING THE CHEMICAL REACTION UNCERTAINTIES DURING

AN ATMOSPHERIC REENTRY
ANOVA ANALYSIS OF THE HEAT FLUX

Coefficient of variation =0.099%
@ Uncertain excitation reactions for the two species only involve the ground
electronic level and the metastable levels
@ The radiating levels are high-lying energy levels above the metastable states.

@ How computing efficiently the ranking of most predominant uncertainties ?

Radiative heat flux Value
Mean value g 1964.378[kW /m?]
Deviation & 1.936[kW/m?]
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Brief introduction to UQ UQ activities in hypersonic flows

SENSITIVITY ANALYSIS CONCERNING THE CHEMICAL REACTION UNCERTAINTIES DURING
AN ATMOSPHERIC REENTRY

Anchored ANOVA analysis (IJNME 2014, K. Tang, P.M. Congedo) applied to 50
uncertainties problem

@ Compared to standard ANOVA, anchored ANOVA, with arbitrary anchor point,
loses orthogonality if employing the same measure
= Reduced number of deterministic computations

@ Covariance decomposition of output variance + adaptivity
@ Some variables can be inactive for certain order of interactions

@ The active dimension is determined by means of a threshold
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SENSITIVITY ANALYSIS CONCERNING THE CHEMICAL REACTION UNCERTAINTIES DURING
AN ATMOSPHERIC REENTRY
ANCHORED ANOVA ANALYSIS (IJNME 2014, K. TANG, P.M. CONGEDO) APPLIED TO 50 UNCERTAINTIES PROBLEM

0.35 > 1 100%
Var-contri
Percentage ——
0.3
1 80%

0.25
4]
Q 1 60%
5 02 ?
3
>
o
2 015
s H 40%
%]

0.1

1 20%
0.05
0 0%
7839 511101225 4 2978993 1 353N 2 6 157 1427314225 4438 6 13 41.49 4950 45 4347 191820 1617232421 2
Uncertainties
[ ——
ziaA—
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SENSITIVITY ANALYSIS CONCERNING THE CHEMICAL REACTION UNCERTAINTIES DURING
AN ATMOSPHERIC REENTRY
MAJOR REACTIONS AMONG 50 REACTIONS FOR WHICH THE RATE COEFFICIENTS ARE CONSIDERED UNCERTAIN

Reaction Reaction 1D
N(2)+e=N(4)+e 7
N(2)+e=N(5)te 8
N(1)+e=N(4)+e 3
N(2)+e=N(6)+e ]

N(12)+e=N(13)+e 22
N(1)+e=N(6)+e 5
N(3)+e=N(5)+e 11
N(3)+e=N(4)+e 10
N(3)+e=N(6)te 12
N(1)+e=N(2)+e 1

O(13)e=0(14)1e 8
0(7)+e=0(8)+e 42
O(1)+e=0(4)+e 28
O(1)+e=0(2) e 26
0(2)+e=0(5)+e 33

= Low order interactions of input variables have the main impact on QOI
= The anchored ANOVA analysis allow us to retrieve the reactions that are significant
to the QOI
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Sensitivity analysis and characterization of the uncertain input data
for the EXPERT vehicle
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PM Congedo — Overview over some UQ activities in hypersonic flows 37/52



UQ activities in hypersonic flows

CHARACTERIZATION OF THE UNCERTAIN INPUT DATA FOR THE EXPERT VEHICLE
FORWARD PROBLEM

7. %
Poc & e} Input data
i 2 A
@ Freestream pressure poo and Mach number
(4788 rd Moo
@ Catalytic recombination coefficient ~ and gas

reaction rate coefficients

ke, re{l,...,ng}

@ Output data

@ Stagnation-point pressure pgy and heat flux
st

O -(8) 5 O(s)
O(s) +0 5021 8]

Catalysis

@ COSMIC code [Barbante 2001]: Axisymmetric NS egs, high temperature
reacting flows with gas/surface interaction
@ MUTATION library: 5 species air (N, O,Ng, Oz, NO) Park 2001 chemical
mechanism, assuming thermal eq.
=- Sources of uncertainties
@ Unknown: poo ~ U(16.3, 24.3) and Moo ~ U(13.7,17.3)

@ Arrhenius gas reaction rate coefficients: log1o (Ar) ~ N (11y o, 0°2)
@ Epistemic uniform uncertainty on ~ ~ 4(0.001, 0.002)
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CHARACTERIZATION OF THE UNCERTAIN INPUT DATA FOR THE EXPERT VEHICLE
INVERSE PROBLEM

I %
%
Mo S ©
o O FADS measurements
[0 7 877 " @ Stagnation-point pressure pgy and heat flux
st
® O +(8) 5 O(s)

O(s)+0 5024 5] A
@ Uncertainties
Catalysis @ Experimental data + chemical model
parameters

@ Investigation of one point of the trajectory of the EXPERT vehicle where
chemical non-equilibrium effects are important

(Poo = 20.3, Too = 245.5, Mo, = 15.5)

= Objective: determine uncertainties on freestream conditions poc and M from
the FADS data
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CHARACTERIZATION OF THE UNCERTAIN INPUT DATA FOR THE EXPERT VEHICLE
NUMERICAL DIFFICULTIES

@ Large number of uncertainties

@ Time consuming CFD computation
(& 1h for one deterministic calculation!)

@ Definition of efficient numerical techniques for Uncertainty Quantification (UQ)
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CHARACTERIZATION OF THE UNCERTAIN INPUT DATA FOR THE EXPERT VEHICLE
PROPOSED APPROACH

@ Study of the forward problem

@ prior uniform uncertainty on poo and Mo

@ use of NISP methods to compute PC expansions of pg and gs

@ sensitivity analysis from PC expansions

@ compute PC metamodels with uncertainties that have the most impact
Q Resolution of the stochastic inverse problem

@ Bayesian Inference methods
@ use of PC metamodels to accelerate the Bayesian algorithm
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CHARACTERIZATION OF THE UNCERTAIN INPUT DATA FOR THE EXPERT VEHICLE
DETERMINISTIC CODE

COSMIC [Barbante 01]

Pressure and temperature iso-contours of the flow around EXPERT obtained with
input data mean values

nfr
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Very short digression on PC

V%77
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PoLYNOMIAL CHAOS (PC) EXPANSIONS

[Wiener 38; Cameron & Martin 47; Ghanem & Spanos 91]
Every QOI u can be expanded in a convergent series of the form

P
u(@) ~uPCE) = D ua¥al(8),
a=0

@ P = (ng + No)!/ng!No!, No: expansion degree
@ {Uns}a=o,. p polynomial functions orthogonal w.r.t pg
@ correspondence between pg and {¥,}

@ {ua}ta=o,.. p: deterministic spectral coefficients

Determination of {u} by a non-intrusive spectral method (NISP)
n
o = Wal| 2 [ wl€)0a(€) = |Wall * Y ulx,t, ) ¥a ()i
i=1

(&;,w;) quadrature formulae points and weigths — deterministic code used as a black
box

,,,,,,,,,,,,,,,,,,,,,
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Brief introduction to UQ

CHARACTERIZATION OF THE UNCERTAIN INPUT DATA FOR THE EXPERT VEHICLE
UNCERTAINTY QUANTIFICATION

@ PC forward expansions obtained from NISP methods
Pat (Pocs Moo, v, ki kas by ka) = 32, (Pst)aWa (Poo, Moo, v, k1 ko, ks, ka)
9o (Poos Moo, 7, k1, gy kg ka) = 3, (@st)a Vo (Poos Moo, v, b1, k2, By, )

@ Estimation of means, variances, and sensitivity information

pst qst
No =2 No =3 No =4 No =2 No =3 No =14
6.49-10° 6.49-10° 6.49-10° | 2.75-10° 2.75-10° 2.75-10°
27171.36-10° 1.37-10° 1.39.10° | 9.73-10° 2.01-10° 6.18. 107

TABLE : Means (1) and variances (02) of ps; and gs; for No = 2,3, 4

Coefficients of variation (o/u) : 18% for pst, 52% for ggt!

,,,,,,,,,,,,,,,,,,,,,
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UQ activities in hypersonic flows

CHARACTERIZATION OF THE UNCERTAIN INPUT DATA FOR THE EXPERT VEHICLE

UNCERTAINTY QUANTIFICATION

Pst qst
Poo S1 3.99-10"1 | 1.07-1072
Sri | 4.07-107! | 6.18-1072
Mo S, 5.87-10~1 | 2.52.107 1
Srp | 5.99-107! | 7.14-107?
5 Ss | 6.76-107% | 9.40-102
Srs | 2.30-103 | 3.03-107?
05 + Ny — 20 + Ny Sy | 454-107% [ 9.31-107%
Sr4 | 1.65-107* | 2.70 - 1072
0;+0—520+0 S5 3.90-107°% [ 6.35-10~%
Srs | 1.17-107* | 2.23.1072
NO+O—->N+0+0 Sg | 221-107% | 3.01-1072
Sre | 7.56-10"* | 1.02.107!
NO+N->N+O+N S; 6.58-10"% | 8.86-102
Srs | 2.28-107% | 3.00-107!

TABLE : Sobol first order (S;) and total order indices (St ;) for No = 3
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CHARACTERIZATION OF THE UNCERTAIN INPUT DATA FOR THE EXPERT VEHICLE
BAYESIAN INFERENCE FOR THE STOCHASTIC INVERSE PROBLEM

@ Forward model : d = F(m, ¢), d = (pst,¢gst), M = (Poo, Moo),
Cc = (W’k17k27k3’k4)

“prior pdf 4 set of experimental data = posterior pdf fitting data”
Bayes' rule

measurement errors parameters osy = (0pg,, 0gy ) supposed known

¢ ¢ ¢ ¢

metamodel pgtc convergent, negligible dependence on chemical parameters

— use ofpgtc(poo,Moo,'yo,kl,o,kg’o,k;\,,o,k&o) as a reduced PC metamodel in
the Bayesian setting

PM Congedo — Overview over some UQ activities in hypersonic flows 46/52



Brief introduction to UQ UQ activities in hypersonic flows

CHARACTERIZATION OF THE UNCERTAIN INPUT DATA FOR THE EXPERT VEHICLE
BAYESIAN INFERENCE FOR THE STOCHASTIC INVERSE PROBLEM

@ metamodel pgtc convergent, negligible dependence on chemical parameters
— use ofpgtc(poo,Moo,'yo,klyo,kgyo,k;;,o,k&o) as a reduced PC metamodel in
the Bayesian setting (chemical parameters fixed at their mean values)

@ metamodel qftc non-convergent, important dependence on all parameters

— can not be used as a metamodel in the Bayesian setting

@ idea : solve first the stochastic inverse problem considering only {pit7 N 48

and using pftc in order to modify prior distribution of (Poo,Moo)

PM Congedo — Overview over some UQ activities in hypersonic flows 47/52



Brief introduction to UQ UQ activities in hypersonic flows

CHARACTERIZATION OF THE UNCERTAIN INPUT DATA FOR THE EXPERT VEHICLE
NUMERICAL RESULTS

Peo
16 17 18 19 20 21 22 23 24 25
17.5 T T T T T T T T 0.16
0.14
1 ] 0.12
16.5 B 0.1
0.08
16 1 0.06
M, 155 J 0.04
0.02
15 - 0
145 -
14 -

135

FIGURE : Joint posterior density relying on pstc

@ Prior distribution of (peo, Moo) modified through Bayesian algorithm using
metamodel for pgt

@ A set of couples (poo,Moo) plausible w.r.t measurements of pg
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UQ activities in hypersonic flows

CHARACTERIZATION OF THE UNCERTAIN INPUT DATA FOR THE EXPERT VEHICLE
NUMERICAL RESULTS

If Moo known: Mo, = 15, uniform prior distribution po € [16.3,24.3] +
pseudo-measurements of pgy = posterior distribution for poo

1
W1 om ®m wm o om

«aERERERE

Pu
o 1= 20.35, 02 = 0.48, 90% confidence interval [18.97,21.71]

@ posterior approx. Gaussian because pgt roughly linear w.r.t. (oo, Moo)
It is not the case when considering gst measurements!
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CHARACTERIZATION OF THE UNCERTAIN INPUT DATA FOR THE EXPERT VEHICLE

@ Setting up of a rigorous framework to take into account uncertainties in the
resolution of the inverse problem

@ Preliminary results obtained on the reconstruction from heat flux measurements

@ Fast evaluation of a new prior distribution for (poo, Moo ) relying on pst
measurements and Bayesian algorithms

@ Future validation based on the VKI Longshot and Plasmatron facilities by
exploiting previous analysis
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A COOPERATIVE WORK WITH SOME FUNDING

COLLABORATIVE WORK VKI/INRIA

@ VKI : T. Magin, A. Turchi, N. Villedieu

@ INRIA : P.M. Congedo, J. Tryoen, K. Tang, F. Sanson, M. Duvernet
@ NASA : F. Panerai
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Thanks for your attention

nformetcs f mothematics

/s
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