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Why Uncertainty Quantification?
#1: UQ is an essential part of Validation

Validation = Comparisons of simulations with experiments
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Why Uncertainty Quantification?
#1: UQ is an essential part of Validation

Validation = Comparisons of simulations with experiments

Experimentalists are “required” to provide uncertainty measures,
Computationalists will have to follow (very soon)!
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Why Uncertainty Quantification?

#2: UQ can provide a rigorous measure of confidence

If we have uncertainty in
the conditions of the

> SN cylinder wall (e.g. material
inhomogeneity) what it
;‘;I:, the resulting temperature

in the wake?
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#2: UQ can provide a rigorous measure of confidence

hot
cylinder

cold
flow
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Why Uncertainty Quantification?
#2: UQ can provide a rigorous measure of confidence

Time-Averaged
Y Expected Temperature
(Mean Value)

Rﬁm e-Averaged

Max Temperature
(only 1% probability

g‘ exceedence)

>

cold
flow

Constantine, Doostan & laccarino
JCP 2009, JINME 2009 E[T]
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#3: UQ indicates priorities and supports decision making
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Why Uncertainty Quantification?

#3: UQ indicates priorities and supports decision making

Computations of peak heating at the stagnation point requires
detailed modeling of the high-temperature non-equilibrium effects

Dassocaation reactions Afcc/mol-s) 5 [} <) 95% conf et

kA, Pexpt-C/T) [Ref)

1 N; + Mo INeM 700x10" 160 113200 See Table 3

. M«NCH 3.00x10" 1.60 13200

For Tltan entr a model } GleMeGh-HsM 4700 a0 s | sompy
3 CH;+M o CH«H4 M 1.02x10" 000 45600 2035(22)

4 CH;+MoCH-H+M 5.00x10" 0.00 42800 0 30{23)

. . . 5 CHy+MoCH+H+M 4.00x10" 000 41800 20 30(23)
6 CHy+MoC+Hy+M 1.30x10" 000 29700 +0.30{23)

I nC u I n S ECIES 7 CH+Mea( 190x10" 000 33700 +0 30{23)
8 Cy+ M 1.50x10" 0.00 1600 +0.30{24)
K H; + M «) 22310 000 48350 £0.30{22.25)
- 10 CN+MoC+N+M 253x10" 0.00 71000 +0.30{26.27)

1 NH+MeN+H+M 1.80x10" 0.00 37600 +0.30028]

a n reac Ons Was 12 HON+MoON+H+M 35710% 260 62845 0.30{29)

Exchange reactions

. 13 CHy + H e CHy + Hy 603x10” 000 7600 +100025)

. 1 CH; + N; & HON « NH 48210 0.00 18000 +1.0028]
employed: the reaction @ @icer wn @ v CE
16 CHy+HoCH+H, 603x10" 0.00 900 20 87[25.28)

1”7 CH+N; o HON+N 4.40x10" 000 11060 +03530)

18 CH+CoC+H 200x10" 000 0 +100{23)

rates are based on A
20 CN+H; o HON+H 205x10° 000 1130 +0.60{32)

21 CN+CoC+N 5.00x10" 0.00 13000 +0 54{18)

p 2] N+H,oNH+H 160x10" 0.00 12650 +0.30(33)

3 C+N;CN+N $24x10" 000 2600 +0.50(T)

measurements ¥ gmsatk  me 8 i |
25 H+Nye>NH+N 3.00x10" 0.50 71400 +0 50{T)
26 CH;+Hes CH, + Hy 132¢10 300 4045 0.30{22.25)
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Why Uncertainty Quantification?

#3: UQ indicates priorities and supports decision making

Computations of peak heating at the stagnation point requires
detailed modeling of the high-temperature non-equilibrium effects
|
mean-s3gwiem* |
‘ std. dev. = 6,75 Wiem® ,

Effect of the

reaction rate

uncertainties on

the stagnation
point heat flux e e B B B R

Probability Distribution
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Why Uncertainty Quantification?

#3: UQ indicates priorities and supports decision making

Computations of peak heating at the stagnation point requires
detailed modeling of the high-temperature non-equilibrium effects

—

UQ indicates the
reactions rates
dominating the
output uncertainty

3

N2¢C->CN +N

N2+N->2N+N

Nz-rH->NH1rN

y Ranking

' G
5

Nz&N2->2N+N2

.,. CN+N, ->C+N+N,

7 NH4>N?->N+HH\I7

Uncertaint

@

Nz-tH,‘,->2H~l»N2

005 D10 015 020 026 030 03¢

Uncertainty Contribution

(&)

Ghaffari, Magin & laccarino AIAA 2009
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Why Uncertainty Quantification?

#1: UQ is an essential part of Validation

#2: UQ can provide a rigorous measure of confidence
#3: UQ indicates priorities and supports decision making

#4: UQ enables robust design/reliability analysis

#5: Quantification of margins and risk analysis
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Why Uncertainty Quantification?

#5: Quantification of margins and risk analysis
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Quantification of Margin to Failure

PSAAP: Predictive Science Academic Alliance Program @ Stanford

-g- 4.5 Unstarted (engine failure)
2  |TTTTmTm oo mm s s -~ — — — Unstart limit
Q Steady state with 8
5 40 [ strong shock system Vsl %
§ (unsafe operation) - CR= M/U ~1.0
& _ A & @ER = 0.34
= 3.5 Margin 588
i v
L + A4
7 3.0 | 8 g x Experiments
3 _.!_.+'
! % o= LES
£ _ e
8 2.5 - <+ RANS + UQ:
Started -
| Inflow
(safe operation)
0.4 0.5 [ Chemistn

Fuel Equivalence Ratio (ER)

Multi-fidelity Assessment of Margin and Uncertainties to SCRAMIJET Unstart
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Scramjet

Mixing and
combustion
(M>1) :

Bow Shock
\
y

| \ : ~
: Fuel Thick Turbulent / Heat
P Lot
. | ‘ Injection Boundary ELayer
ir/Turbulent : :
Boundary Layer
Forebody Ramp Inlet/Isolator ~ Combustor Nozzle/Afterbody

Developed both
engineering
codes (RANS)
—— and high-fidelity
‘ simulation
A5

capabilities

PSAAP: Predictive Science Academic
Alliance Program
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Operability Limit

* Anincrease in the fuel
injection leads to more
thrust via an increased level
of heat release in the

Bow Shock

\

Shock Train
(M ~2.5)

INection

Mixing and
Combustion
(M>1)

X

Turbulent

Heat
Boundary Layer

combustor

Excessive heat can lead to a
violent ejection of the shock
system from the started
engine

The result is a loss of oxygen
for combustion, large flow
separation, excessive
structural loads, subsonic
flow

>
-
Yustor

) Heat Losses
Laminar/Turbulent Losses
Boundary Layer
Forebody Ramp Inlet/Isolator Nozzle/Afterbody

injection | time = 0 [ms]

density gradient magnitude: -50 133 317 500

Pressure [Pa]
S
(=]
o
(=]
o
o

0

800000 -

700000 -

600000 -

500000 -

300000 -

200000 -

100000 |-

DLR exp. with combustion
simulation, cold
simulation, hot
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Operability Limits

Combustor

Exit Pressure
(QOI) .

Unstart bound ° Experiments
Margin in

Enei i Quantity of

.n gmee.rlng Interest

Simulations

A
/ﬁ;’ Nominal
é’

condition
CA' Fe—A—¥ >

J Fuel Flow Rate
Y

DLR HEG shock tunnel
JOE RANS solver experimental shots
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Operability Limits

Combustor

Exit Pressure
(QOI)
___{E_Q@@GE%TQ_
Margin in
] ] Quantity of
Epglnee.rlng Interest
Simulations
and UQ analysis ;
A
Nominal

Experiments and
--9- }High Fidelity Simulations

& CharlES*
LES solver

condition
Fe—he—re—k >

J Fuel Flow Rate

%

DLR HEG shock tunnel

JOE RANS solver experimental shots
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Operability Limits Using QMU

e Quantification of Margins and Uncertainties (QMU) defines
the operability limit in terms of both safety and confidence

e Safety in characterized by a given margin
* Explicit inclusion of uncertainties leads to quantified level

of confidence
Confidence Ratio = CR = M/U

Combustor

* Our approach is to generate Vo T unsertbowd o
operability maps using V&V- A vergnin
ed computations and explicit @ i
UQ assessment .

Fuel Flow Rate
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Scramjet Simulations

=

Unstructured mesh i T separation/
ensures flexibility for | reflected shock
spanwise resolution £ =

i

I shock reflection in corner

Smallest wall distance is 3.107 m
to ensure y* ~ 1.0

Asymmetry due to impinging
Pressure at y/d = 0.25 shock from side wall
T T Bt ) /5, with side walls

= =

M

% no side walls Mesh size

_4 « 2D 0.2 million
* 3D, & 2.6 million
4 * 3D, Y2 (side wall) 12.5 million
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Scramjet Simulations

* Pressure distribution in
the fueled combustor (low
equivalence ratio)

e Uncertainty in the flow/
fuel conditions (DLR HEG
facility), chemical rates
and RANS turbulence
modeling

P [bar]

2.54

1 (lx)l I I I]éol I I Zm 1 I I2§0I I 1 I3(lx)l I I 1350I I 1
X [mm]

l.ﬂ”:}?_f‘ C
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— Unstarted (engine failure)
= 4.5
e T e e —#8- — — — Unstart limit
Q Steady state with 8
S 4.0 [ strongshock system & ®
§ (unsafe operation) ~ CR= M/U = 2.1
E | + @ER - 0.3
= 3.5 2%
0 .
B Margin /*
'g 3.0 | *x// x Experiments
= > == LES
& i %8
S 2.5 <+ RANS +UQ:
Started | T Inflow
(safe operation)
0.3 0.4 0.5 1 Chemistry

Fuel Equivalence Ratio (ER)
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— Unstarted (engine failure)
= 4.5
e T e e —#8- — — — Unstart limit
Q Steady state with 8
S 4.0 [ strongshock system & x
§ (unsafe operation) ~ CR= M/U ~1.0
S _ A - @ER = 0.34
- 3.5 Margin xg
a5
< Y o+
'g 3.0 | 4*x// x Experiments
= x/*/ == LES
£ : +
S 2.5 — <+ RANS +UQ:
Started | T Inflow
(safe operation)
04 0.5 1 Chemistry

Fuel Equivalence Ratio (ER)
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Outline

* How to Quantify Uncertainties? AUQ and EUQ
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How to Quantify Uncertainty?
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How to Quantify Uncertainty?

Consider a computational model for investigating the
transonic turbulent flow around an airfoil....

finer mesh

M., = 0.734
o =2.79° ._
Re — 6.5 x 108 | e—
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How to Quantify Uncertainty?

Consider a computational model for investigating the
transonic turbulent flow around an airfoil....

M., = 0.734

o = 2.79° ' 2 MODEL ‘
Re = 6.5 x 10° v - ) u(y)

inputs outputs
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How to Quantify Uncertainty?

Now suppose that the free stream conditions and
geometry are not precisely known...

M., = 0.734+0.005
o =2.79°+ 0.1
t/c =0.1211+0.005 L)

4

U
inputs outputs
~—
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How to Quantify Uncertainty?

If we can describe the uncertainties in probabilistic
terms, e.g. interpret the input ranges as confidence
intervals

M., = 0.734|+ 0.005
a=279°+0.1
t/c=0.1211|+0.005

inputs outputs
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How to Quantify Uncertainty?

Compute an ensemble of simulations and determine
confidence bounds on outputs

15

05

M., = 0.734 +0.005
a=2.79°+0.1 )
t/c = 0.1211 £ 0.005 o" 0

05

, g 99% Confidence Intervals
1500 simulations (Monte Carlo)

0 0.1 0.2 0.3 04 05 06 0.7 0.8 09 1
X

15
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The Need for UQ Science

Monte Carlo was “invented” in the 40s...and is not feasible
for any realistic numerical simulations

The Uncertainty Quantification
Lab at Stanford was formed in

2007 and focuses on UQ & CFD statistics Sc'enhf'c
computing

— 4 !

numerical fluid
analysis dynamics
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The Need for UQ Science

Monte Carlo was “invented” in the 40s...and is not feasible
for any realistic numerical simulations

The Uncertainty Quantification
Lab at Stanford was formed in

. . ientifi
2007 and focuses on UQ & CFD statistics >cle t'. ¢
computing

numerical fluid
.' Center for analysis dynamics

Turbulence
Research
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Better than Monte Carlo

In a probabilistic framework the objective is to compute
statistics of the output of interest

- s N 2
LY Var[Q] = z_: O, 77k 1E[Q])

4 -
Input: § R T
* 2 pres SOt lna Nt err 0w
n % ?E'.-'::. ¥ ,:f,..::::.. _;." M‘."ﬁ' ¥

. “3“2 n *.s-'-:.::":: N :' i Q(fk k)
Output: Q(§, n) peiiidas et BlQ)= Z

:.::i.: I X Pt} L . "
—> n
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Better than Monte Carlo

In a probabilistic framework the objective is to compute

statistics of the output of interest
...these statistics can be represented in terms of
continuous (random) variables and integrals

ST 1) — )?

. >,
e 2
v Lee N R t-at ':'.l- 4
Input: E R S ARG T
= IR I L S TS D R
TI % js-_-iw \‘:f.::::o.:_:a%:?.%:ﬁ'ﬁif.-loé — 6 77 ‘f'6 . dgdn
AP AR W

Output: Q(E, 1) ol #ji E[Q] = Z Q(& k)

- &”n # - / / Q(Snfendédﬂ
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UNCERTAINTY

UNIVERSITY

STANFORD

Better than Monte Carlo

N solutions
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Better than Monte Carlo

Local
Quadrature
. , Rules
N solutions M solutions
M <<N
: Simplex
PR ‘ Stochastic
L e QMg et T .
E [Fn i, i AT Collocation & ¢

A RSN T BN "w". Vet |
R & ¥ Approach
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Better than Monte Carlo

Modern UQ algorithms blend numerical analysis and

classical statistics

15

05

M., = 0.734 + 0.005
a=2.79°+0.1 .
t/c=0.1211 £ 0.005

05

Witteveen & laccarino 15
SIAM 2012,2013, JCP 2011, 2012

L~ g aama aamann o o

Ensemble Size
SSC =42 |
MC = 1500

Simplex
Stochastic
Collocation
Approach

0.3 04 05 06 0.7 08 09 1
X
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Better than Monte Carlo

Key UQ enablers:

Adaptivity
| g <
N solutions :.‘;1
A
|
3 High-order
quadrature
&
Randomized
refinement

Witteveen & laccarino
SIAM 2012,2013, JCP 2011, 2012
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Need for UQ Science (cont’d)
Input Uncertainty # Output Uncertainties

Fluid mechanics equations are strongly non-linear, so a
small input uncertainties can be amplified dramatically
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Need for UQ Science (cont’d)

Input Uncertainty # Output Uncertainties

5%
HIgh-PI"eSSUI’e uncertainty
Compressor arp 7 P oo o2
0.26}
Stator '
0.051 0.25F
E E 0.24F E 0.24
3 3 023 302
8 ® b
= = 022} 022}
0.21 0.21
02 0.2
01300 250 300 350 019680 86 70 80 0195 2 4 3
(( (a) velocity v (m/s) (b) flow angle « (deg) (c) COV of flow angle o
& ~[

f
Input uncertainty: Inlet Turning Angle

.
IS
N
'r g(—
.- . k
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Need for UQ Science (cont’d)

30%
uncertainty

Input Uncertainty # Output Uncertainties

High-Pressure

Compressor
Stator v
5% -7 o
uncertainty ) Position x1

;\Illl

_

5 30.0 machcov: 0.0 75 15.0 225 30.0
(d) Position x4

Output Uncertalnty: Mach Number
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Need for UQ Science (cont’d)

The definition of the Input Uncertainty is critical
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Need for UQ Science (cont’d)

The definition of the Input Uncertainty is critical

Probabilistic uncertainty quantification requires the
statistical description of ALL the uncertainties and their
correlation!

il Conditions
q Moo = 0.734 = 0.005 characterized in terms
| o — 2.79° + 0.1
t/c = 0.1211 + 0.005 of a range, are not
uniquely defined!
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Need for UQ Science (cont’d)

The definition of the Input Uncertainty is critical

Assuming that the range is a 95% confidence interval
and that the distributions are Gaussian random variables

Mean Pressure Pressure variance

M = 0.734 +0.005
a=2.79°+0.1
t/c=0.1211 £ 0.005

PDF

§2R2388%E R A0S

Mach Number
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Need for UQ Science (cont’d)

The definition of the Input Uncertainty is critical

Assuming that the range is a likely set of scenarios and
that the distributions are uniform random variables

Mean Pressure Pressure variance

M = 0.734 +0.005
a=2.79°+0.1
t/c=0.1211 £ 0.005

[ >
Mach Number

PDF
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Need for UQ Science (cont’d)

The definition of the Input Uncertainty is critical

Normal vs uniform distributed uncertainties

Pressure variance Pressure variance

M. = 0.734 + 0.005
a=2.79°+0.1
t/c=0.1211 £ 0.005

I_

Mach Number A, ) Mach Number’
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UQLab Algorithmic Research

* Gl - Quantification of Margins and Uncertainties — RESS 2009, 2013
e T.Chatrasmi- Pade-Legendre Method —JCP 2009, JUQ 2011
* J. Witteveen - Simplex Stochastic Collocation —JCP 2009, 2011, SIAM SISC 2009
 A. Doostan - Low-rank Tensorization —JCP 2009, 2013
P. Pettersson - Polynomial Chaos for Hyperbolic PDEs —JCP 2009, 2012
G. Tang - Compressed Sensing Stochastic Expansions — SIAM JUQ 2013
P. Constantine - Hybrid Galerkin Projection — IJNME 2009
e P.Congedo - Backward UQ - CMAME 2011
A. Mittal - Gradient Enhanced Quadratures — SIAM JUQ 2013 submitted
D. Schiavazzi - Adaptive Multiresolution Wavelet — SIAM JUQ submitted
N. Kseib — Fast MCMC for Data Assimilation — CF 2013, CF to be completed

http://uq.stanford.edu
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AUQ vs EUQ

The uncertainties sources are not all the same
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AUQ vs EUQ

The uncertainties sources are not all the same

The examples illustrated so far have uncertainties that are
identified in:
 Boundary conditions: free stream state, wall temperatures, etc.

* Material properties: inhomogeneity, reaction rates, etc.
 Geometry: manufacturing tolerances, contamination, etc.
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AUQ vs EUQ

The uncertainties sources are not all the same

The examples illustrated so far have uncertainties that are
identified in:
 Boundary conditions: free stream state, wall temperatures, etc.

* Material properties: inhomogeneity, reaction rates, etc.
 Geometry: manufacturing tolerances, contamination, etc.

What about:
 Numerical errors, bugs
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AUQ vs EUQ

The uncertainties sources are not all the same

The examples illustrated so far have uncertainties that are
identified in:
 Boundary conditions: free stream state, wall temperatures, etc.

* Material properties: inhomogeneity, reaction rates, etc.
 Geometry: manufacturing tolerances, contamination, etc.

What about:
* Numerical-errorsbugs->>> not uncertainties >>> use verification
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AUQ vs EUQ

The uncertainties sources are not all the same

The examples illustrated so far have uncertainties that are
identified in:
 Boundary conditions: free stream state, wall temperatures, etc.

* Material properties: inhomogeneity, reaction rates, etc.
 Geometry: manufacturing tolerances, contamination, etc.

What about:
* Numerical-errorsbugs->>> not uncertainties >>> use verification

* Physical modeling assumptions
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AUQ vs EUQ

Uncertainties in physical models are abundant and
potentially critical, e.g. turbulence closures in RANS

2 2 K
; ~ §k5@'j — 2 S = §k5ij - 20#?5’6'3'

Boussinesq

7
Hypothesis Ut
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AUQ vs EUQ

Uncertainties in physical models are abundant and
potentially critical, e.g. turbulence closures in RANS

2
~ §k5@] — 2VTSz'j = 3

Boussinesq

7
Hypothesis Ut

,.
J

Simply making the coefficient(s) uncertain (=probabilistic)
does not address the structural assumptions, for example that
Reynolds stress and mean strain are linearly dependent



o
— MO~ OWFTON—O

LLLEEIN

—.————— e e e e

VL
Y|

~
R
N
N
N
A
\
4

e S LLIEEN

il b
ettt P

_:u“.-i/,////

::.,f///.//
PN N N

Lav N

-

.////.///..;./Irl\\\\
/./.../////./.JIII\\\
NNNANNS S~
/././//.//.//lfll\\
NANNNNSNS S e
///N/////;f:y-»

/
N
N

s
A S
PSS

PSS

Pt
-~

hY
*
.
1
.

NN
AV
AURY
LY
LY
[
L
.
P
. 7
.-

AANRNE N =
NANNN S ==

\\\\\\,..__.-,-///

AARARANN NS
TUALALAAN AN AR R — = =

\\\\\\\\\\i..__.__,,/

PILAY IS NS s
AR R R R e kot
I e ki

EAAA SN

DM~ O T ON—O

>
v
O
=
<
>
O
m
<
B
Z
O
=
<
=
=
=
4
<
=
o

UNCERTAINTY

UNIVERSITY

Turbulent square duct

STANFORD
“RANS - KE

is (CM)

ity analys

itiv

ilure of parametric UQ/sens

ic fa

A catastroph



STA N FO R D | UNCERTAINTY

UNIVERSITY QUANTIFICATION LABORATORY

EUQ: Epistemic Uncertainty Quantification
(AUQ = Aleatoric UQ = Probabilistic-based UQ)

We are developing a novel methodology based on
 Non-probabilistic representation of the assumptions — as a bias
* Introduction of turbulence theory constraints, e.g. realizability
 Independent of the turbulence closure

 Work in progress...
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EUQ: Epistemic Uncertainty Quantification
(AUQ = Aleatoric UQ = Probabilistic-based UQ)

We are developing a novel methodology based on
 Non-probabilistic representation of the assumptions — as a bias
* Introduction of turbulence theory constraints, e.g. realizability
 Independent of the turbulence closure
 Work in progress...

L \ o xoaw w0
Reynolds stress decomposition  R;, = 2k (UmAanjl + —)

3
K* =k + Ak k* >0
VS = QidUnd remains orthonormal

c = Ay + AA,,; within constraints of anisotropy maps
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Lumley & Newman, JFM, 1977.
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Durst et al., JoT, 2007.
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Bias (perturbations) introduced in the anisotropy eigenvalues

X3c

X9¢ . X1e 1c 2¢C .
Baseline Baseline + EUQ

Parametrized by =), Ap mm) AN =(1-Ap)A+ApA|,

Further work on TKE and eigenvector perturbations has been
carried out by C. Gorle (also worked on mixing models)

Emory, Larsson & laccarino, POF 013, Gorle & laccarino, POF 2013
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Turbulent Channel Flow Re; = 2003
y; = 0.1
ny = 80
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Turbulent Channel Flow Re; = 2003
y7 = 0.1
ny = 80

350

300

Why envelopes?

250 F
200 F

150 |

100 F
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For a channel flow: A = (1-Ap)A+ApA|_,
< - cosf 0 sin6 |

RY, = 2k (vin A% v9)) with | vik = | —sinf 0 cos6
= 0 1 0 |

to| oy = (1 — Ap)Riz + Ap2k (a12| )

%] = (1= Ap)Riy + Ak (Aé’” _ A&”)
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For a channel flow: A = (1-Ap)A+ApA|_,
< - cosf 0 sin6 |

RY, = 2k (vin A% v9)) with | vik = | —sinf 0 cos6
= 0 1 0 |

to| oy = (1 — Ap)Riz + Ap2k (a12| )

%] = (1= Ap)Riy + Ak (Aé’” _ A&”)

R4 = (1—Ap)Rys — Apk
RTZ I (1 — AB>R12 — 0.5A Bk
]1)1_)‘( = (1 —Ag)R9

X1e
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Turbulent Channel Flow Re; = 2003
y; = 0.1
ny = 80
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Turbulent Channel Flow Re; = 2003
y; = 0.1
ny = 80

350
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Turbulent Square Duct Re, = 2000
y =0.1
ny = nz = 160

kwSST Baseline
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Turbulent Square Duct Re, = 2000
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Why envelopes?
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Why envelopes?
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Why envelopes? 2 w2 =0

x3c
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Shock/Turbulent BL Interaction y ~
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Shock/Turbulent BL Interaction g~ 1
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Shock/Turbulent BL Interaction
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Shock/Turbulent BL Interaction
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Shock/Turbulent BL Interaction
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How to Quantify Uncertainties?
AUQ

Probabilistic approaches are appropriate for
uncertainties due to variability, e.g. inflow

conditions, geometrical tolerances, etc.
« New approaches to accelerate the computations
of stastical moments/distributions are required
 Research at frontier of statistics & numerical
analysis

Uncertainties related to physical modeling

assumptions cannot be treated probabilistically
e Methods require the identification and
guantification of systematic bias
 Research uses domain specific knowledge (e.g.
realizability)
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Outline

* The UQ Experiment



STA N FO R D | UNCERTAINTY

UNIVERSITY QUANTIFICATION LABORATORY

The UQ Experiment

Originated from a conversation

with Prof. John Eaton on how

to do experiments to T
“validate” UQ methods
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The UQ Experiment

Originated from a conversation

with Prof. John Eaton on how

to do experiments to T
“validate” UQ methods

1] =
Sy 'L sonic line
5 l/:]\,\ :/?/// 4-\ N~
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v - -~ " AANC .
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Uncertainties:
Inflow conditions + geometry
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The UQ Experiment

Originated from a conversation

with Prof. John Eaton on how

to do experiments to T
“validate” UQ methods

1] =

o — I S .
s >):://_ < sonic line
N =24 .
% £ A relaxation
=/ ~“Separation bubble~~

turbulent BL

S T 4 ot

Uncertainties: Quantity of Interest (QOl): location of
Inflow conditions + geometry shock-crossing point of first interaction:
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The UQ Experiment

Compression
_ 325 mm wedge

< 45.2 mm lI |
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s o ) ) ) o ) -] L_'T__J L
| Perturbation device a
L 353 mm )L 580 mm )l

Eaton, Helmer, Campo
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The UQ Experiment
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The UQ Experiment

Compression
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The UQ Experiment
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The UQ Experiment

RANS Baseline kwSST Simulations
Effect of the “bump” height and location

Contours of 7yy-=—2pu, dv/dy
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The UQ Experiment

RANS Baseline kwSST Simulations
Effect of the “bump” height and location

Contours of 7yy=—2u,dv/dy
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The UQ Experiment

RANS Baseline kwSST Simulations
Effect of the “bump” height and location

Contours of 7yy=—2u,dv/dy
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The UQ Experiment

RANS Baseline kwSST Simulations
Effect of the “bump” height and location

Contours of 7yy=—2pu,0v/dy
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The UQ Experiment

RANS Baseline kwSST Simulations
Effect of the “bump” height and location

Contours of 7yy=—2pu,0v/dy
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The UQ Experiment

Uncertainties:

Geometry
0.8
Bump 0.6
height 04
[mm] | |
0028 * Experiment
ool EXpenimel
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Bump location [mm]

Quantity of Interest (QOI): location of
shock-crossing point of first interaction:
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The UQ Experiment

- - =« Experiments
RANS

Quantitative comparisons
are not satisfactory.. 0|

This is AUQ performed using
a standard kwSST RANS
model, what about the
effect of model uncertainty

(EUQ)?

AQOI mm|

—79 —0D —) —45

Bump streamwise location [mm]
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EUQ for the UQ Experiment
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EUQ for the UQ Experiment
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The UQ Experiment

Anisotropy bias is not “sufficient” to bridge the discrepancy
between experiments and simulations
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AUQ

Inflow uncertainty
in Mach and 0

EUQ

anisotropy bias
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Comparisons between RANS, LES and PIV show good agreement in
terms of the interaction — 3D RANS do capture the interaction

accurately...
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3D effects are clearly visible (the duct has aspect ratio ~1)

-~

y = 5mm (close to top wall) y=22mm
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Outline

e Conclusions
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Concluding

UQ is expensive (requires multiple repetition) so it has to be used
wisely and with continuously improved algorithms

It is NOT simply an exercise in math or statistics but require domain-
specific knowledge and ideas; especially the EUQ part as it provides
measures of bias rather than variability

Our present EUQ strategy for RANS modeling provides insights into
modeling bias and enables the construction of envelopes

Initial efforts have illustrated both the opportunities and the
challenges...much work still ahead!
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Success
A

\4

Failure
Scott Ferson, Applied Biomath
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Success
A
.CFD < > CFD+UQ
Wishful Prudent
thinking analysis
\ 4
Failure

Scott Ferson, Applied Biomath
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Success
A
Good
engineering
.CFD < > CFD+UQ
Wishful Prudent
thinking analysis
Honorable
failure
\ 4
Failure

Scott Ferson, Applied Biomath
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Success
A
Dumb luck Good
engineering
.CFD < >CFD+UQ
Wishful Prudent
thinking analysis
Negligence Hc?norable
failure
\ 4
Failure

Scott Ferson, Applied Biomath



STAN FOR D | UNCERTAINTY

UNIVERSITY QUANTIFICATION LABORATORY

THANK YOU
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