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|0 role of uncertainties in Virtual Prototyping

Paradigm shift in Virtual Prototyping (VP) methodology

Q Virtual Prototyping (VP) has become the key technology for industry
0 Reduce product development cycle costs

0 Respond to the challenges of designing sustainable products and responding to the environmental
challenges

O These objectives require a highly integrated computer-based design system,

0 Relying on advanced massively parallel hardware, making the virtual product development and
gualification process more realizable

O Example: 3-D viscous flow analysis of engine components uncertainties:
U In the boundary conditions representing the operational environment;
0 On the geometry resulting from manufacturing tolerances and assembly process.
O In modeling uncertainties and numerical errors (such as grid dependences)

0 These uncertainties lead to a global uncertainty on the results of the analysis
0 Which is used as the basis for design decisions!
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Paradigm shift in Virtual Prototyping (VP) methodology

O Predicted quantities, such as loads, lift, drag, efficiencies, temperatures, ....
0 Now represented by a Probability Density Function (PDF)
O This PDF provides a domain of confidence associated to the considered uncertainties

Q This corresponds to a fundamental shift in paradigm for the whole of the VP methodology

Result of deterministic CFD P(Tl) PDF of non-deterministic CFD
simulations for mean value A simulations for given PDF of
of measured uncertainty Bl uncertainty parameter as input

parameter as input

\

PDF of deterministic CFD simulations
for randomly sampled uncertainty
parameter as input

A 4
=
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Traditional approach to risk management: safety factors

O Deterministic value is estimated for the load xR (requirement) and a value is provided, as
best as possible, for the maximum capacity xC

0 On basis of which a safety factor k=xC/xR is imposed on the system
Safety Factor

L

Frobability

Requiremeant Capacity

Q Taking the safety factor at a sufficiently high value minimizes risk
QO This will generally have detrimental consequences on cost and performance
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T Uncertainty Quantification and Safety Factors

Traditional approach to risk management: safety factors

O Considering uncertainties and their PDF’s
O Allows ranges (under the form of PDF’s) for requirements (loads) and capacity (resistance) to be
evaluated in a rational way
O Allows to define a failure region where the two PDF’s overlap. Full safety, taking into account the
known uncertainties, is obtained for k>1

>~ Requireme Capacity
8 _
k>1, the design is perfectly safe (top) £ bemtm
"I' *¢  Capability
4 Requirement
k=1, a certain risk factor will exist (middle) % Cepacty
£ k=1
Tr Xe Capability
k<1, a large failure region exists, which would > [Reauiremens e opasity
lead to a catastrophic design, of course to be 3 Region
rejected (bottom) £ et From: Green (2011)

Xe g Capability
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Probabilistic collocation method in FINE™ (1/2)

O Non-intrusive probabilistic collocation method by Loeven (2010)
O Generic stochastic partial differential equation

L(a(8))u(%,t,0)=S(%,1) (1)

U L being a differential operator containing space and time derivatives
O S the source terms

O a(b) the random input parameter

U u the solution which depends on outcome of 6

O Lagrange interpolating polynomials are used to construct the expansion:
u(x,t,&(0 Zu X, t)h (2)

0 u(X,t,£(0)) denotes the deterministic solution
Q h,(&(@)) Lagrange interpolation polynomial corresponding at collocation point &
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Probabilistic collocation method in FINE™ (2/2)

O Lagrange interpolating polynomial is given by:

N
|
hi f = 3
( ) Ef. _fk ( )
k=1
Q where h,(£)=5;
O The collocation points are selected by a Gauss quadrature by means of Golub-Welsch

algorithm [Golub (1969)] N
QUf =Y (5o,

O To propagate the input uncertainty the expansion (2) is introduced into (1) providing a
system of N uncoupled simulations

L(a(& )i (x,t)=S(x,1) (4)
O Once all N simulations are computed moments of output quantities are calculated from
Gauss quadrature with optimal collocation points and weights

NP NP
Mean: H, =D W, (1) Variance: o> =Y W@?(X,t)— 1

k=1 k=1
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Multiple simultaneous uncertainties

N
Q 1D quadrature with N points is given by: Q% f =Y (&)
i=1

Q Multi-dimensional quadrature is achieved by tensor-products: Q" f =(Q® ®-.® Qs )f

-eo. -
— i —

——

. Anew wave in fluid dynamics

Tensor-product

U Each point along one direction is multiplied with each point along all other directions

U The weights are the products of the 1D-rules

O Example: 3 point rule in two dimensions
Q Weights: &= {0, 0, @,
O Resulting points and weights are: £
2

(51151)’ (52151)’ (53’51)' D0y, W, (0, 30,

(x,¥)=4(E.E)(E.6)(E.8) 0=1 00, 0,0, o0, 4

(51’ &3 )’ (952’ &3 )' (53’ 53) 0,03, W, (W3, W30

7t Dresdner Probabilistik-Workshop Dresden, Germany

o ° )
2 0 2 1
dimension 1

8th to 9th October 2014

10



: " — _\.“'.-» S v
~...A new wave in fluid dynamics

IWUMECA "
—_e Curse of dimensionality

Exponential growth of cost with number of dimensions

O Number of points created by tensor-product increases exponentially with dimensions

Q 1D-rule with 3 pointsin 2 dimensions == 9 points = 9 runs of CFD code
Q 1D-rule with 3 points in 3 dimensions === 27 points = 27 runs of CFD code
Q 1D-rule with 3 points in 10 dimensions === 59049 points = 59049 runs of CFD code
a...

Q 1D-rule with m points in n dimensions == m" points = m" runs of CFD code

Q This is the so-called “Curse of dimensionality”.
0 Tensor-products are not feasible for high dimensions

O UMRIDA quantifiable objective: At least 10 simultaneous uncertainties, in a turn-over time
of less than 10 hours on a 100 core parallel computer

0 Sparse Grids can overcome this limit to a certain extend and make non-intrusive
collocation methods accessible for higher dimensions

U Sparse grids were proposed by Smolyak (1963)
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Smolyak Quadrature

Q For different Ievels of accuracy k, define a difference formula; Q™ f = Z'kzl(Qk(” ~QM)f
Qwhere QVf =

Q With: AY = (Qk(l) Qk_l(l)) we get: QOf = A,

k=1

O For multi-dimensional quadrature the order of summation and tensor-product is changed:

QM f =(Q¥ ®-®Q™ )i =3 A, ®- @Y A A )= I;:(Ak®---®Aj))

L The sum can now be truncated to include fewer mixed terms
QO This is done by the use of a multi-index K, which is truncated to a total order

QINdim f = Z(A(Iil) R---® A(kNdim))

keK
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Multi-Index
2 2
O We can write for two dimensions and level 2: kZK:ak = Z(;Z(;au
€ i=0 j=
(0,0),(1,0),(2,0), (00).(10).(20.) - N

- AN
(02) - HHn

A
[l
~~
o
R
N
R
—
~~
LS
R
~—
A
[l
~~
o
R
N
R
o

Full index Truncated to total level 2

Q For the Smolyak Quadrature: Q" f = Z(Aﬁj) @...@A(kwdim))

keK

0 The classical truncation by total index is isotropic and gives: K = {k e Ng"™ : k|, < 1+dim- 2}
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Sparse Grids

Comparison tensor-product to sparse grid

O 2-dimensional grids with 3 and 7 points per 1D-rule

4 ! o o o ¢ o o} o]
) | o o o e o o o
5 g s S L S SR

. o O o o] ® o] o] O
: o e © e 1] ERRES T NN RSN SN S0 S N S

£ 5 E 5 5
N - el o 0 ¢ o 0 o}
E 0 O & & o 0 o
T N

dimension | dimension 1
Tensor-Grid: 9 Tensor-Grid: 49
Sparse-Grid: 5 Sparse-Grid: 21
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i Sparse Grids

Points for tensor grids and sparse grids with linear and exponential growth

0 Sparse grids can be build with linear and exponential growth in number of points per level
U # points for linear growth: # points = 2 level + 1
Q # points for exponential growth: # points = 2level+1 _]

O Important that level zero is mid-point rule for sparse grids!

O Table summarizing different grid sizes

Level 0 1 2 3 4 5
Dimensionl Tensor Sparse LG Sparse EG| Tensor Sparse LG Sparse EG| Tensor Sparse LG|Sparse EG| Tensor [Sparse LG| Sparse EG| Tensor SparselLG Sparse EG] Tensor | Sparse LG Sparse EG
1 2 1 1 3 3 3 4 5 7 5 7 15 6 9 31 7 11 63
2 4 1 1 9 5 5 16 17 21 25 45 73 36 97 221 49 181 609
3 8 1 1 27 7 7 64 31 37 125 105 159 216 297 597 343 735 2031
4 16 1 1 81 9 9 256 49 57 625 201 289 1296 681 1265 2401 2001 4969
5 32 1 1 243 11 11 1024 71 81 3125 341 471 7776 1341 16807
10 1024 1 1 59049 21 21 1048576 241 261 9765625 1981 2441 |60466176 12981 282475249

Q For a given 1D-accuracy exponential growth sparse grid has fewest points
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uQ tool for operatlonal and geometrical

Dls|Ojal || @ 5 % 5%

| %NE
OPEN

eeeeee
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8 Opllonal Models
® Combustion
E! Radiation

El Porous Media

Coupling

B Fluid-Particle Interaction
B Non-Deterministic Data

E & Boundary Conditions

B Boundary Conditions
2 Initial Selution

B @ Numerical Parameters
& Computation Control

E OpenLabs

|

Boundary Conditions
INLET | OUTLET | SOLID | EXTERNAL |

Patches & Groups

Viewing |Outline 2|

Filter

G

1
J| |Subsonic 2| [Cylindrical 3

“ Static Quantities Imposed

~ Angle from Axial Direction

~ Angle from Meridional Direction (Static Pressure extrapolated)
“ Velocity Componsnts (Static Pressura extrapolated)

~ Total Quantities Imposed

~ Total Enthalpy and Dryness Fraction (Condensable Gas Cnly)

Handling operational uncertainties — Selection from GUI

X

~ Mass flow imposed (related patches must be grouped)

Vr |Censtant Value 3 /0‘5 [mis] [ uncerainty \
vt [Constant value &I/ 01 [mfs] | uncertainty
vz |Constant valus %] 100 [mfs] |~ uncertainty
Static Temperature |Gunstzr|t Value ﬂ‘ 293 [K] _| uncertainty
Turbulencs Vigeosity |Constant valus %] 00(01 [m2/s] I uncertainty /

Group | Unnmupl

Total number of cells:
Total number of vertices:

854582
885485

x| 2] ¢ 499D QA G5

7th Dresdner Probabilistik-Wor

kshop Dresden, Germany
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0 Selection of operational uncertainties by simple selection from boundary conditions

Select operational

parameter subject

to uncertainties by
simple click
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Handling operational uncertainties — Automatic generation of computations

O Tensor-product or Sparse Grids are used to calculate entries for sub-computations

MNon-deterministic Data

[~ Mon deterministic data /\

List of Uncertainty Entries T : = .
R " gy Palynomial chaos order I 35 \ Deﬂne type and Va|UeS Of
Vi (row_1_flux_1_Main_Blads inlet_idlat) Uncertainty Type IGauss ﬂ H

Va (row_1_flux_1_Main_Blade_inlet ijlet) | x oo ji‘: PDF to be |mposed through a
Variance [ 10 dedicated GUI window
e
08 / \ . .
y / \ Calculation of collocation
/ \ points and automatic
: generation of individual non-
0 '2 1 - deterministic simulations:
] Export.. - Tensor-product
Ml@location points (36 sub-computations are nesded). - Sparse Grids

7t Dresdner Probabilistik-Workshop Dresden, Germany 8th to 9" October 2014 17
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Geometrical uncertainties require modification of the geometry!!!

0 Need a platform that allows for automatic parameterization of geometry, meshing and
simulation set-up

0 Combined operational and geometrical uncertainties based on optimization tool
FINE™/Design

U This allows also for a natural extension to optimization under uncertainties

O UQ module is introduced on this basis, which controls parameterization of geometry,
meshing and simulation set-up

. ] Create a new Design3D computation el ) %)
Mame Run_geometrical_uncertainties
Run Mode UNCERTAIN *|
CFD_SCREENING
%l DATKBASE_GENERATION

OPTIMIZATION
UMCERTAIN

7t Dresdner Probabilistik-Workshop Dresden, Germany 8th to 9" October 2014 18
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UQ tool for operatlonal and geometncal
uncertainties

Selection of design parameters through GUI
O All design parameters can be combined with uncertainties

O Even new parameters can be added, such as the tip gap

LEAN_BETA1 -2.2324952064 |-0.2324952064 |1.7675047335€ |1 [ KT 1 1 Uncertainty
LEAN_BETA2 -2.7720933921 |-0.7720933921 |1.22790660787 |1 [ T 1 1 Uncertainty
NB |35 |35 |36 [z [ T ] i Uncertainty
BLADE_ROTATION 0.08761070082 |0.08761070082 |0.08761070082 |1 [ T 1 i Uncertainty
TIP_GAP 0 0.000356 0.001 |1 [0 17 Uncertainty
S1_LE_R_NOM 0.0001228558€ |0.0001228558€ |0.0001228558€ |1 [ T 1 i Uncertainty
$2_LE_R_NOM |8.7076592214¢ |8.7076592214¢€ |8.7076592214¢ |1 [ T 1 i Uncertainty
$3_LE_R_NOM 3.04267736287 |3.04267736287 |3.04267736287 |1 [ T 1 i Uncertainty
S1_TE_R_NOM 0.00021949334 |0.0002194933< |0.0002194933¢ 1 [ T 1 i Uncertainty
$2_TE_R_NOM 0.00011880032 |0.00011880032 |0.00011880032 |1 [ T 1 i Uncertainty
$3_TE_R_NOM 9.1788668102E |9.1788668102F |9.1788668102E |1 [ T 1 i Uncertainty
TE_VARIATION [-10 |1 110 |1 [ W 17 Uncertainty
LE_VARIATION [-10 |1 110 |1 [ W 17 Uncertainty

7t Dresdner Probabilistik-Workshop

Dresden, Germany

8th to 9th October 2014
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Selection of product rule and uncertainty type from GUI

O All parameters can be selected and suitable PDF can be attributed

O Computations with different geometries and meshes are automatically generated

a

Type of grid Sparse_Grid_Linear g
Full_Grid_Tensorial
Sparse_Grid_Linear
Sparse_Grid_Exponential

Run_DeterministicRun_1
Run_DeterministicRun_2

I
List of Uncertainty Entries ./ i Run_DeterministicRun_3
Level 14 e P -
TIP_GAP | Run_DeterministicRun_4
TE_VARIATION Run_DeterministicRun_5
LE_VARIATION Uncertainty Type |Beta 3| 2 Aun_DeterministicRun_&
Run_DeterministicRun_7
RunfDeterm\mstchun 8
Minimal Value 0.000178 2 e — —
Maximum Value 0.000534 g
" A 14
Most Likely Yalue 0.000356 E

Automatic generation of sub-
computations with different
geometries and boundary

conditions

o

T T T T T T T T T T 1
0.0007 0.0002 0.0003 0.00040.0005 0.0006

export PDF

7t Dresdner Probabilistik-Workshop Dresden, Germany 8th to 9" October 2014 20



—— e
——
—

A new wave in flmd dynamics

uQ tool for operatlonal and geometrical
uncertainties

NVOMECA

INTERNATIONAL

Post-treatment of non-deterministic simulations

O First four moments of selected scalar output quantities are calculated automatically

All Quantities | >> Selected Cluantites Yalue Mean Yalue Yariance Skewness Kurtosis

Albaliniz LA fIiey Absolute Mass flow 20782 2077533334 0.16B43588B9  -0.00605365744 008299840345 |
Absolute_total_pressure_ratio PostProcess Absolute_total_pressure_ratio 2.0472 2.047483334 0.0002389847223 1.888966337e-07 1.188237106e-07
Polytropic_efficiency Polytropic_efficiency 0.87174 0.8715733336 1.083455556e-06 4.775138900e-10 2.315118814e-12

Selection Filter Selection Filterl

O Visualization of performance curve for turbo-machinery applications with uncertainty bars

O Reconstruction of PDFs based on first four output moments (Pearson method)

7t Dresdner Probabilistik-Workshop Dresden, Germany 8th to 9" October 2014 21
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Probability distribution function (PDF) of output quantities

O Performing non-deterministic simulations
O The output is not a single number anymore but a PDF

O From the example of Monte-Carlo simulations it becomes obvious that the output of non-
deterministic simulations is a PDF

A

Sampling a high number
of realizations

——

O How his this information provided by the here used probabilistic collocation method or by
moment methods?

U PDF of output quantities is characterized by the moments of the output quantity

7t Dresdner Probabilistik-Workshop Dresden, Germany 8th to 9" October 2014 22



NOHECA

INTERNATIONAL

Statistical moments of a PDF

A Influence of Variance (or standard deviation o2=Var(X))

O Influence of Skewness

Np
Mean M, = Zwk(pk()?,t)
k=1
Variance N,
(standard o2 => Wl (X,t)- 4
deviation) k=1
Np
Skewness > Wl (X,t) - 1
k=1
Np
Kurtosis > Wl (RX,t)—
k=1

7t Dresdner Probabilistik-Workshop
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GAUSSIAN DISTRIBUTIONS

—8—sigma=1 —#—sigma=05 —®—sigma=15

0,9

F oMo G ® MmN S oo 0o N N om0
NNNNNN

BETA-PDF

—l—Symmetric —#&— Positive Skew  —— Negative Skew

00,09,10,1%0,20,2%0,320,2390,40,430,50,5%0,60,630,70,730,80,830,9,95 1
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Ry Output of non-deterministic simulations

How to obtain from the moments of a PDF to the PDF itself

0 Based on these statistical moments a PDF can be reconstructed by PEARSON system
[Pearson (1895)]

Np = Not in range
Mean =) W, (Xt %
/U(o Z kwk( ’ ) 2 Standard
k=1 O
. s Normal
Variance N, 2
2 2(c 2
(standard o2 => Wl (X,t)- 4
deviation) k=1
Vo 3/ 3 B Not possible
Skewness > Wl (X,t) - 1
k=1 Student >
N, Square skewness
Kurtosis > Wl (RX,t)— Beta
k=1
— Following: Roge G (2013)

7t Dresdner Probabilistik-Workshop Dresden, Germany 8th to 9" October 2014 24
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Output of non-deterministic simulations

How to obtain from the moments of a PDF to the PDF itself

Q Verification of reconstruction on known PDF shape

Symmetric Beta Skewed Beta
® Reconstruction @ Original ® Reconstruction @ Original
1.20E+00 12
1.00E+00 1
8.00E-01 03
f(x f(x
( ) 6.00E-01 ( ) 06
4.00E-01 04
2.00E-01 02
0.00E+00 0
15 1 -0.5 0 05 1 15 15 1 05 0 05 1 15
X X

7t Dresdner Probabilistik-Workshop Dresden, Germany 8th to 9" October 2014 25
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Which level is needed for the collocation method

O Increasing level leads to higher computational cost

Level 0 1 2 3 4 5
Dimensionl Tensor Sparse LG Sparse EG] Tensor Sparse LG Sparse EG| Tensor SparselLG Sparse EG| Tensor SparselLG Sparse EG| Tensor SparselLG Sparse EG| Tensor SparselG Sparse EG
1 2 1 1 3 3 3 4 5 7 5 7 15 6 9 31 7 11 63
2 4 1 1 9 5 5 16 17 21 25 45 73 36 97 221 49 181 609
3 8 1 1 27 7 7 64 31 37 125 105 159 216 297 597 343 735 2031
4 16 1 1 81 9 9 256 49 57 625 201 289 1296 681 1265 2401 2001 4969
5 32 1 1 243 11 11 1024 71 81 3125 341 471 7776 1341 16807
10 1024 1 1 59049 21 21 1048576 241 261 9765625 1981 2441 |60466176 12981 282475249

O To which order should the expansion be truncated?

O The required order is controlled by the random variable which is represented (flow solution),
particularly its probability law

QO This is however not known a priori, but the law associated with the input uncertainties is known

U The error by truncating the expansion to a given order must be evaluated for statistical output
moments

O Unfortunately, the computation cost increases with increasing order

7t Dresdner Probabilistik-Workshop Dresden, Germany 8th to 9" October 2014 26
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Test case description: Rotor 37

U Detailed description of geometry, exp. [t A s sy s |
set-up and a series of simulations cross- . sn1 lsmi2  sws Stn 4al St2
plotting the predictions can be found in A R i N
[Dunham (1998)] § ] |
)

Q Test case and UQ model 3

0 Mesh size: 2 639 973 and 4 702 629 cells P—

U RANS + Spalart-Allmaras - N\—Trating Bdge

Q Rotating Hub: 17188 rpm s A e

O Use of CPU-Booster in FINE™/Turbo Axal Direction, cm

0 Uncertainties: all PDFs are Gaussian
I 5 uncertainties: total inlet pressure, static outlet pressure, tip gap, LE angle, TE angle

. 9 uncertainties: total inlet pressure, static outlet pressure, tip gap, LE angle (3 sections),
TE angle (3 sections)

7t Dresdner Probabilistik-Workshop Dresden, Germany 8th to 9" October 2014 28
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Application to Rotor 37

Overview of imposed uncertainties

0 Operational and Geometrical uncertainties

Uncertainty Most likely Minimum Maximum PDF-type
value (m) value (a) value (b)
Inlet total Table at 98% m 102% m Symmetric
pressure station 1 in beta-PDF
[1]
Static outlet Table 1 98% m 102% m Symmetric
pressure below beta-PDF
Uncertainty Most likely value Minimum Maximum PDF-type
(m) value (a) value (b)
Tip clearance Miip=0.356mm 50% Miip 150% Mtip Symmetric
beta-PDF
Leading edge LEangle=5 95% LEangle | 105% LEangie Symmetric
angle beta-PDF
Trailing edge TEangie=-70 95% TEangle | 105% TEangle Symmetric
angle beta-PDF

U 5 uncertainties: LE and TE variation identical for each section
U 9 uncertainties: LE an TE variation is different for 3 sections

7t Dresdner Probabilistik-Workshop

Dresden, Germany
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Automatic generation of meshes with varying tip gap

0 Same mesh size for automatically generated geometries with varying tip gap

7t Dresdner Probabilistik-Workshop Dresden, Germany 8th to 9" October 2014 30
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Automatic generation of meshes with varying trailing edge angle

0 Same mesh size for automatically generated geometries with varying TE angle

NUMECA

LE angle

4/ '
TE angle

7t Dresdner Probabilistik-Workshop Dresden, Germany 8th to 9" October 2014 31
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Automatic generation of meshes with varying trailing edge angle

0 Same mesh size for automatically generated geometries with varying TE angle

Smallest angle Largest angle
NUMECA
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Validation of UQ approach
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Application to Rotor 37

Level 0 1 2 3 4 5
Dimensionl Tensor Sparse LG Sparse EG| Tensor Sparse LG Sparse EG| Tensor Sparse LG Sparse EG| Tensor Sparse LG Sparse EG| Tensor Sparse LG Sparse EG| Tensor Sparse LG Sparse EG
1 2 1 1 3 3 3 4 5 7 5 7 15 6 9 31 7 11 63
2 4 1 1 9 5 5 16 17 21 25 45 73 36 97 21 49 181 609
3 8 1 1 27 7 7 64 31 37 125 105 159 216 297 597 343 735 2031
4 16 1 1 81 9 9 256 49 57 625 201 289 1296 681 1265 2401 2001 4969
5 32 1 1 23 | 11 | n 104 | 72 | 81 | 3125 341 471 7776 1341 16807
9 512 1 1| 10683 19 | 260144 [ 199 | 217 J 1953125 1501 1879
10 1024 1 1 59049 21 21 | 1048576 241 261 | 9765625 1981 2441 |60466176 12981 282475249
[ ] Presented simulations [ ] Additional simulations
O Validation of UQ approach
1. Tensor-product with sparse grids
2. Parametric uncertainty model with 5 and 9 uncertainties
3. Influence of number of points per 1D direction and growth rate
7t Dresdner Probabilistik-Workshop Dresden, Germany 8th to 9" October 2014 33
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Validation UQ approach: Tensor-product to Sparse Grid

O Simulation with 5 uncertainties
U TE and LE edge angle constant along radius
0 TE and LE edge angle with Gaussian PDF
QO Full tensor-product (243 runs)
U Linear growth sparse grid (11 runs)

Full/sparse Mean Variance
Absolute_Mass_flow 1,00013 0,993831485
Absolute_total_pressure_ratio 1,000029 0,990279725

U Mean and Variance are almost identical
O Validity of Sparse Grid compared to tensor-product
U Sparse Grid provides same results with 22 times less simulations
U CPU time for one computation on 6 parallel processors approx. 25 minutes: 1,5 CPUh
U Total reduction in CPU time from approximately 364.5 CPUh to 16.5 CPUh

7t Dresdner Probabilistik-Workshop Dresden, Germany 8th to 9" October 2014 34
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NUMECA

Non-deterministic analysis: overview

O Simulation characteristics
O Mesh independent solution with 4 702 629 cells
0 RANS + Spalart-Allmaras
O Rotating Hub: 17188 rpm
O Use of CPU-Booster in FINE™/Turbo

Residuals

............ T s _dB1:-5123614311

T T T
200 400 600

0 UQ characteristics

Uncertainty Most likely value Minimum Maximum PDF-type Uncertainty Most likely Minimum Maximum PDF-type
(m) value (a) value (b) value (m) value (a) value (b)
Tip clearance Miip=0.356mm 50% Miip 150% Miip Symmetric Inlet total Table at 98% m 102% m Symmetric
beta-PDF pressure station 1 in beta-PDF
[1]

Leading edge LEangie=5 95% LEangle | 105% LEange | Symmetric
angle beta-PDF Static outlet Table 1 98% m 102% m Symmetric
pressure below beta-PDF

Trailing edge TEangle=-70 95% TEangle | 105% TEange | Symmetric

angle beta-PDF

7t Dresdner Probabilistik-Workshop

Dresden, Germany

8th to 9th October 2014
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a

Q

Solution is now a PDF represented by its
first two statistical moments

Individual non-deterministic sub-
computations provide some kind of
sensitivity

Uncertainty in solution is the largest in the
near shock region

7t Dresdner Probabilistik-Workshop

t_inlet

(pt_inlet-pt)/pt_]

Cp*l

0.8
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=
=
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w wave in fluid dynamics

r-‘-‘l.
S

Minimum Tip Gap

— — Maximum Tip Gap
— UQ Mean with +-1sigma

Minimum inlet total pressure
— — Maximum inlet total pressure
— — Deterministic run

UQ bars: o
| . |

Dresden, Germany

0.02
Axial Coord z [m]

0.03 0.04
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+ =+ Minimum Tip Gap

— — Maximum Tip Gap

— UQ Mean with +-1sigma

- — - Minimum inlet total pressure
— — Maximum inlet total pressure
— — Deterministic run

/

t_inlet

|
o5
2
3
g
z
I
%,
O Individual non-deterministic sub- “
computations provide some kind of 04
sensitivity
Q Influence of inlet total pressure much | | | | . UQbars: o
H ; ; 0.006 0.008 0.01 0.012
stronger on uncertainties in shock region A Coord 2 [m]

compared to tip gap
O This kind of evaluation can be conducted
for any flow phenomenon of interest
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Non-deterministic analysis: C, on blade surface — Comparison radial cuts

T T T T T T T T
— - =+ Minimum Tip Gap

067r - 019 — — Maximum Tip Gap

: — UQ Mean with +-Isigma

- =+ Minimum inlet total pressure

NUMECA

5 -= Mmumum inlet total pressure
E‘ N - = D istic run

£

z 0.5 -
5}

E

ol

=)

T

by

(9

S04

| UQ bars: o
00%0[)4 I 0.(;[)6 I O.C‘IOS I 0.‘911C ‘ nj(].(i:l’_; ‘ 0.C||14 ‘ O.Clllﬁ
o ) 0.65 — T T L S s S s L1 S
O Uncertainties at different span lr=o021 Z Mo T iy wef 17023 .
Wise IOCatiOnS [ T El?‘n:ln?mn ;:ﬁ:n:asllinr;asure :
L 10 T2 M ke o presure | g 053 -
U Not only the deterministic and £ TINR T2
non-deterministic mean are
different, but non-deterministic 5 N St T Gop
A e Ay — = Maximum Tip Gap
results is a PDF instead of a 1 . " M et o s
. e U b i N 1 . — — Maximum inlet total pressure
Slngle Value [ Q‘ ars IO | | ‘ ‘ 7 E UQ bars i-‘o- ‘ ‘ - Det‘erminisuc ru‘n i ‘
003.004 ‘ 0.006 ‘ 0.008 ‘ [g.}]llc‘mo.?l’_; ‘ 0.014 I 0.016 I 00??004 I 0.006 ‘ 0.008 ‘ lg.gllclmo.?l’_; ‘ 0.014 I 0.016 I
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Non-deterministic analysis: pitch-wise averaged total pressure ratio

O Experiment

o . . S FINE/Tusbo Deterministi
QO Pitch-wise averaged at computation domain outlet NI Tee Decrministic

__” | T | T | T
UQ bars: o

jl
)
[

NUMECA

INLET

=
=
1 17 17T 17T "1 " T " 17 " 1 " 7T Nl

Relative Radius [-]
o
n

0.4
Relative
Radius 0.3
0.2 : N
ji
0.1
T 1 | 1 | | | |
OUTLET 1.8 1.9 2 2.1 22 2.3

Total Pressure Ratio [-]
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Non-deterministic analysis: pitch-wise averaged total temperature ratio

O Experiment

QO Pitch-wise averaged at computation domain outlet — FINE/Tutbo UQ
— — FINE/Turbo Deterministic

1 T

NUMECA | UQ bars: to |
INLET 08— .
E 0.6 —
®
a1 - i
£ 04l -
Relative &
Radius i ]
02+ —
OUTLET R R T E—

Total Temperature Ratio [-1
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O Little influence of LE/TE
discretization (5 or 9
uncertainties)

U Non-deterministic simulations
results are given by a PDF not by

a single value

U This PDF is here represented by
UQ bars

7t Dresdner Probabilistik-Workshop

Pressure Ratio [-]

2.2 T T T | T | T
i UQ bars: o ]
215 @ —
21 ©g . |
- o o -
205 | & | —
L ] o i
27 | Experimental C)C) 7
| Deterministic |

5 Uncertainties

195 9 Uncertainties | ﬂ =

1.9 ! I ! I I I ! I ! I !

19.25 19.5 19.75 20 20.25 20.5 20.75 21
Mass Flow [kg/s]

Dresden, Germany
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Application to Rotor 37

Non-deterministic analysis: Compressor map with only static outlet pressure

as uncertain variable

O Only the static outlet pressure as uncertainty

22 T I T I T T T 214 T I T T T T T 1
L UQ bars: +o : UQ bars: +o Variation of mass
2,15+ N
® 4 2135l flow present |
L - V% = "
o | i
21 o N AV
% I %& O | = 213 -
2 Co e
2 505 a_ 4 & i 1
- p | |
Z 2 2125 N
) i
E O 12
L — i i i
2 O Expcm'l.'nc.ntz_’ll d:) ) Experimental *
L1 5Dal:_t]crm1r{1sl.:l; D 4 2,12~ | [0 Deterministic n
$ S ng. wit 3 p«:-mtsOu | $ 5 Unc. with 3 points 1D
1,95 in Static Pressure Outlet = B Min Static Pressure Outlet 7
%/ Max Static Pressure IOutet ﬁ 5/ Max Static Pressure [Outet
- 1 2115 =
L9 : ' : ' : ' : . ! . ! . p . |
19 19,5 20 20,5 21

= 20 20,05 20.1 20.15

Mass Flow [kg/s] Mass Flow [kg/s]
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Application to Rotor 37

Non-deterministic analysis: Compressor map with only static outlet pressure
as uncertain variable

Q If only the static outlet pressure is chosen, the variation vanishes close to the choke mass flow

2

I

' I ' I ' I ' 1955 I ' I ' I T I T I T ]
- UQ bars: o . | UQ bars: o Variation of mass
2151 ® 8 = Losk flow vanishes for |
i V%O y ! 7 static outlet pressure |
_ A O B 19451 only affected with -
= | O 1= .
g OCo . T uncertainty .
% 205 B e Lol / * _
2 2
£ o 12 | _ -
2F | Experimental 1 1935 1) Experimental —
[ Deterministic Cp / [ Deterministic
i 5 Unc. with 3 points 1D i i $ 5 Unc. with 3 points 1D 7
1,95 Min Static Pressure Qutlet Loz Min Static Pressure Outlet _
%/ Max Static Pressure [Qutet ﬁ : %/ Max Static Pressute [Outet
1.9 | | | | | | T | ] | ] | 1 | ] | ]
19 19.5 20 20.5 2 20.7 20,72 20,74 20.76 20,78 20.8
Mass Flow [kg/s] Mass Flow [kg/s]
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Compressor map with minimum/maximum value for total inlet pressure

O The compressor map for minimum/maximum value of the total inlet pressure is compared with the mean

22
ey i

)
T L
M - - -
2204 Variation of total inlet
I pressure modifies
27 | Experimental / the choke mass flow
= 00 Deterministic
1.96 2 5 Unc. with 3 points 1D
’ Min Total Pressure Inlet
- | %/ Max Total Pressure Inlet
1,92 —

R I T T T BT BT N
19 192 194 196 198 20 20,2 204 206 208 21 21.2 214 216
Mass Flow [kg/s]
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Application to Rotor 37

Min/Max values for a selection of uncertainties

O How to systematically assess influence of any uncertainty on the non-deterministic output
O Scaled sensitivity derivatives

Leading edge angle Trailing edge angle
2;2 T T | T | T | 2s2 T T | T | T |
i UQ bars: £0 - UQ bars: z0 1
2,15 @ — 2,15 @ |
21 O O K . 2,1 O O .
= i O T ~ r % i
£ 205 kT -4 £ 205 }—’E&{ -
E E:
< L 4 L 4
: L % 1 &l % -
£l | £ ]
105 (O Experimental O Experimental
95— | g Deterministic }—vﬂ—{ ] L95— | g Deterministic I—-W—| N
L ¢ 5 Unc. with 3 points 1D - L 4  5Unc. with 3 points 1D 4
Lol ¥ Min Leading edge angle }—V_EL{ | 3 Min Trailing edge angle |—_W—|
. %/ Max Leading edge angle 19— 5/ Max Trailing edge angle I
1,85 l L l L l L l 1.85 | ! | | | |
19.5 20 20.5 21 ’ 19.5 20 20.5 21

Mass Flow [kg/s] Mass Flow [kg/s)
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Scaled sensitivity derivatives

Q

Sensitivity derivatives allow to assess

influence of a given uncertainty on the

non-deterministic output systematically
du

S= Jia_ai

Total inlet pressure most dominant for

Pressure Ratio [-]
'

pressure ratio and mass flow rate

22

T T I

sl UQ bars: +0 |
uf °g - .
L o) o i

L 0O o
21 | (O Experimental Cp 1

| Deterministic i

5 Uncertainties
195 9 Uncertainties |
1.9 | | 1 | | | | | 1 | 1 | |

19.25 19.5 19.75 20 20.25 20.5 20.75 21

Mass Flow [kg/s]
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Mass Flow scaled sensitivities - 5 unc

1.200E-01
1.000E-01
8.000E-02
6.000E-02
4.000E-02

2.000E-02

I | [ ] —

TipGap LE angle TE angle static outlet total inlet
pressure pressure

Pressure Ratio scaled sensitivities - 5 unc
4.5E-03
4.0E-03
3.5E-03
3.0E-03
2.5E-03
2.0E-03
1.5E-03
1.0E-03

5. U E_D4 . .
0.0E+00

TipGap LE angle TE angle static outlet total inlet
pressure pressure

Dresden, Germany 8th to 9" October 2014
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Application to Rotor 37

Scaled Sensitivity derivatives Efficiency scaled sensitivities - 5 unc
6.000E-04
5.000E-04
4.000E-04
O Sensitivity derivatives allow to assess 3 000E.08
influence of a given uncertainty on the A
non-deterministic output systematically soron I I l

0.000E+00

D MOSt |nﬂuent|al parameter fOI’ effICIency TipGap LE angle TE angle static outlet  total inlet pressure
. pressure
is the LE angle

Pressure Ratio scaled sensitivities - 5 unc

O Dimension of scaled sensitivities is the 45603
as the quantity for which it is built ::Ezz
3.0E-03
2.5E-03
2.0E-03
1.5E-03
1.0E-03
5.0E-04 . .
0.0E+00
TipGap LE angle TE angle static outlet total inlet
pressure pressure
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Non-deterministic analysis: Compressor map comparison coarse mesh

a

Comparison of retained solution
independent mesh with 4.7Mio
cells and a coarser mesh with 700k
cells

Mean value of output PDF
changes, but PDF shape is
comparable (standard deviation)

This indicates a relative
independence of the UQ model
from the mesh resolution

This is also investigated by several
groups working on reduction of
uncertain space and sampling of
covariance matrices needed for
Karhunen-Loeve decomposition

7t Dresdner Probabilistik-Workshop
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T T T T T | T
- UQ bars: +0
215 —
- © B8 5 | |
51l : B . ~0 =] a
=’ &
2 - : D | O O .
o 205 | i | _
o= 1 I Hi I |
§ I : 1
20 O O ]
27 | O Experimental Cp_
B [0 Deterministic 4.7Mio Cells |
4. 7TMio Cells
> UQ4.7Mio Cell
195 . Deterministic 700k Cells _|
€ UQ 700k Cells ! | |
1 9 1 | | | | | | | 1 | | | 1
19.25 19.5 19.75 20 20.25 20.5 20.75 2

Mass Flow [kg/s]
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Test case description: RAE 2822

O Detailed description of geometry, exp. set-up and a series of simulations cross-plotting the
predictions can be found in [5]

O Test case and UQ model
U Mesh size: 165 638 cells
0 RANS + Spalart-Alimaras
U 2D simulation
QUse of CPU-Booster in FINE™/Turbo

Detochable leading edge Detochoble troiling edge

O Flow conditions
0 Case 9 in [AGARD-AR-138]
d MFreeStream =0.730
O a=3.19°
U Re=6.5e6

7t Dresdner Probabilistik-Workshop Dresden, Germany 8th to 9" October 2014 49
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Overview of imposed uncertainties

J Geometrical uncertainties

Parameter Name |PDF type |Mnst likely value | Minimal value Maximal value
thickness-to-chord ratio Beta nominal 97 % * nominal 103% * nominal
Cantrol points for thickness Beta nominal 97% * nominal 103% * nominal
Control points for camber curve | Beta nominal nominal - 0.01% chord [nominal + 0.01% chord

O 1 uncertainty
U Thickness-to-chord ratio
O 4 uncertainties
U Thickness law on 4 points
Q 7 uncertainties
U Camber curve on 6 points and thickness-to-chord ratio
10 uncertainties
U Thickness law on 4 points and camber curve on 6 points

7t Dresdner Probabilistik-Workshop Dresden, Germany 8th to 9" October 2014 50
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Automatic generation of meshes with varying thickness-to-chord ratio

0 Same mesh size for automatically generated geometries with varying thickness

Smallest Largest
thickness-to-chord ratio thickness-to-chord ratio

P

O Small variation on geometry

7t Dresdner Probabilistik-Workshop Dresden, Germany 8th to 9" October 2014 ol
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TN Application to RAE 2822

Automatic generation of meshes with varying camber line

O Scaled (increased modification) variation of varying camber line

N
[
=
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e Application to RAE 2822

Automatic generation of meshes with varying camber line

0 Same mesh size for automatically generated geometries with varying camber line

Smallest camber Largest camber

7t Dresdner Probabilistik-Workshop Dresden, Germany 8th to 9" October 2014 53



o
~...Anew wave in fluid dynamics

—— -

NOHECA

INTERNATIONAL

Non-deterministic analysis: overview

NUMECA Static Pressure (Pa)

O Simulation characteristics
O Mesh independent solution with 165 638 cells
0 RANS + Spalart-Allmaras
O Use of CPU-Booster in FINE™/Turbo

0 UQ characteristics
U 1 and 4, 7 and 10 uncertainties

Parameter Name |PDF type |Most|ikely valuelMinimaIvalue |Maxima|va|ue §'Z’ ””””””””””””””””””
thickness-to-chord ratio Beta nominal 97 % * nominal 103% * nominal %

Control points for thickness Beta nominal 97% * nominal 103% * nominal =

Control points for camber curve |Beta nominal nominal - 0.01% chord |nominal + 0.01% chord *]

ms_db1: 5.030784

0 200 00 o0
Cycles
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Non-deterministic analysis: C, on blade surface - UQ

NUMECA Static Pressure (Pa)

5000

]

4500(}1

4000

3500

3000

t_inlet

2500 =
o
E -
g
z
. . . Il
O Solution is now a PDF represented by its g T Min Thickness
: F et Maxi Thick
first two statistical moments — UQMean with +- Isigma
U Individual non-deterministic sub- 15 + = Minimum value camber point 2
. . . — — Maximum value camber point 2
computations provide some kind of - = = Deterministic run
sensitivity 2 : : : : : ' : ' '
) _ o ) 0 02 04 0.6 0.8 1
Q Uncertainty in solution is the largest in the Axial Coord z [m]

near shock region
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Non-deterministic analysis: C, on blade surface — UQ and Sensitivity

’ V4T ' ' T
L’E‘ 0
5 0.6
5 ) i o 5
5 Z S’lﬁaﬂ"ﬂ?m“ ;v;x:c;i:f;:oth —'El B f
] :: l[\:lax].mL-lT value camber point 2 ;E- "
2 ‘ 5 ‘ o ' TR o5 ‘ 1 & 08
¢ o Axial Coord z [mj ) E
Ei
2
.. e . I
Q Individual non-deterministic sub- % - =+ Minimum Thickness
. . . ] - i i
computations provide some kind of T "‘j‘g"w“;‘;;ﬂ‘;}’t{fﬁ'}f:fgma
Sensitivity - =+ Minimum value camber point 2
. | A ey — — Maximum value camber point 2
O Influence of thickness much stronger on ‘ - — Deterministic run
uncertainties in shock region compared to E | . | . | .
0.5 0.55 0.6
camber Axial Coord z [m]

U This kind of evaluation can be conducted
for any flow phenomenon of interest
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paE T T T -
0.5
- 06—
g0 5
ol El
= o]
z £
3 05 e
3 " >
=) 3
= E
Iy 2
*(3. -1 - = UQ | uncertainty +-1sigma T
o . al | -
L UQ 10 uncertainties +-Isigma & - =+ UQ | uncertainty +-1sigma
\ — UQ7 u1.1c.m_a1ntlcs +-1sigma © UQ 10 uncertainties +-1sigma
15— — — Deterministic run — UQ 7 uncertaintics +-1sigma

— — Deterministic run

2 ‘ | ‘ | : | : \
0 0.2 0.4 06 08

Axial Coord z [m] [ | L | L |
0.5 0.55 0.6
Axial Coord z [m]

U Uncertainties for different uncertainty models
0 Models of uncertainties have a small impact on !

mean and variance s
O Modification of global thickness or local z
modification does not provide same mean and 5

<=+ UQ I uncertainty +-1sigma

UQ 10 uncertainties +-Isigma
13 — UQ 7 uncertainties +-1sigma
— — Deterministic run

Cp*l

variance

-4 l . \ . \ ‘ l ‘ l ‘ \ LT
0.2 0.25 0.3 0.35 04 0.45 [
Axial Coord z [m]
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: Y & : Symmetric Beta
PDF reconstruction - verification Y
® Reconstruction e Original
1.20E+00
1.00E+H0
-%. 8.00E-01
z: ) f(X) 6.00E-01
% 4.00E-01
*Ua, _ —_' Mini.mum Thi.cknms
T O M it s toma 2.00E-01
15k - = Minimum value camber point 2
:: :\hxlmum \{al:lz:ambcrpmnl2 0.00E+00
s ) ‘ ) A ‘ | ‘ ) -1.5 -1 -0.5 0 0.5 1 1.5
0 02 Oﬁxial Coord z. [l'l?]G 0% ! X
Skewed Beta
El VerIfICatlon Wlth known ShapeS Of beta PDF # Reconstruction e Original
12
U Reconstruction with Pearson based on !
statistical moments of output PDF o
06
| . ),
O More information than centered UQ-bars
. . . 02
around mean value, which implies symmetry
0
due to lack of information of higher moments 15 1 05 0 05 1 15

X
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PDF reconstruction

3 T T T
- Rel. chord =0.53 -
o 25— —
'g, -1 + =+ Minimum Thickness i i
o — = Maximum Thickness
— UQ Mean with +-Isigma 1.5+ ]
15 - = Minimum value camber point 2
— — Maximum value camber point 2 - .
—— D inistic run
2o B T T ‘1 1= N
Axial Coflrd z [m]
Rel. chord = 0.53
0.5 .
O Reconstruction at point relative chord 0.53 ol , o , _
-1.2 | -1 | -0.8 | 0.6
U Mean and UQ-bars indicate symmetric PDF Cp

Q Higher moments show a skew PDF
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Outline

O Context

O UQ tool for simultaneous operational and geometrical uncertainties implemented in FINE™
O Application of Uncertainty Quantification in Industrial Applications

O Perspective
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Where to go from here?

0 Treatment of generalized geometrical uncertainties
O Uncertain fields in addition to parameterized geometrical uncertainties
QO Uncertain profiles as boundary conditions vs. constant values

0 Robust design — design under uncertainties
U Account for uncertainties in the optimization process

U Drastic increase in computations to be performed
0 Reduction of uncertain space is important

O Extend to arbitrary geometries

O Open to custom flow solvers and structural mechanics codes
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