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Simulation of complex systems

This document is provided by JAXA.



宇宙航空研究開発機構特別資料　JAXA-SP-19-0072

Outline

Uncertainties in CFD

Aleatoric uncertainties (or irreducible uncertainties):
describe physical variations caused by intrinsic randomness in the 
system and its environment
can be characterized in terms of probability distributions and 
covariance matrices

Epistemic uncertainty:
caused by a certain lack of knowledge (structural uncertainty in the 
model form or insufficient measurement data to quantify the value 
of an input parameter)
not probabilistic in nature 
can better be described using intervals
can be reduced either by increasing model fidelity or by performing
additional experiments

Data Assimilation can be used
Numerical errors

This document is provided by JAXA.
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Uncertain system description

Uncertain parameters

Local sensitivity

(x1,...,xn )

f (x1,...,xn )

Response surface

P( f )

f (x1,...,xn )

f = f (t,Z;x1,x2,...,xn )

Response Surface/Surrogate Model/ROM
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UQ in CFD: devil inside

Curse of dimensionality: 
1 uncertain parameter = 1 additional dimension

Curse of non-linearity
Flow nonlinear dynamics couples all parameters

Curse of discontinuity
Flow can exhibit bifurcation = « shocks » on response
surface

UQ in CFD: Methods

This document is provided by JAXA.
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Typical loop for adaptive POD
(non-intrusive method)

Relevant outputs for 
end-usersRelevant outputs for experts

Most popular Surrogate Models in CFD

This document is provided by JAXA.
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Design Of Experiments (DOE)

Uncertainty in turbulent flow simulations

This document is provided by JAXA.
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Uncertainty in inflow BC

Deterministic solutions

This document is provided by JAXA.
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NI-gPC expansion convergence

Stochastic analysis

δω =
(UH − UL)

[δu(y)/δy]max

This document is provided by JAXA.
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θ = −
∫ +∞

−∞

[u(y) − UH ] [u(y) − UL]
(UH − UL)2

dy
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Stochastic flow around OAT15A airfoil

±
±
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PDF of skin friction

Stochastic non-linearities
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Uncertainty in turbulence model parameters

RANS Models

Model Parameters

k − ε k − ω
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Simulation with uncertain RANS models

k − ωk − ε

Reτ = 950

Reτ = 2000

This document is provided by JAXA.



第 51 回流体力学講演会／第 37 回航空宇宙数値シミュレーション技術シンポジウム論文集 15

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

S
o
b
o
l
in
d
ex
es

y/h

 

 
nP
ε
κ

VKK+

n-Pε

0 0.2 0.4 0.6 0.8 10

0.2

0.4

0.6

0.8

1

S
o
b
o
l
in
d
ex
es

y/h

 

 
nP
εκ
VKK+

LS

SST

ν
τ

y/h

 

 

0 0.2 0.4 0.6 0.8 1

1
2
3
4
5
6
7
8
9

x 10−3

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

ν
τ

y/h

 

 

0 0.2 0.4 0.6 0.8 1

1
2
3
4
5
6
7
8
9

x 10−3

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

k − ε

k − ω

Reτ = 2000

Reτ = 2000

Simulation with uncertain RANS models
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Simulation with uncertain RANS models
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Uncertainty to inlet conditions

k − ε

k − ω

Kriging-based shape optimization

This document is provided by JAXA.
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Results of optimization
Classical optimization:

Adjoint-based
BFGS algorithm

Surrogate-based optimization:
Kriging-based
Adaptive DOE

Surrogate-based optimization:
Co-Kriging-based (gradient)
Adaptive DOE

Optimized solutions
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Convergence of optimization procedure

Data Assimilation in turbulent flow simulations
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Typical loop for non-intrusive DA methods

Sampling strategy
(DOE)

CFD tool Data base

Response surface/
Surrogate model

Cost functional evaluation

Final optimized solution

Back propagation
(adjoint, ensemble-based)

Parameter optimization

External Data

Optimization of LES parameters
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Mean flow predicted by LES
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Kriging-based rror map

Optimized LES
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Steady scalar source on the ground

Reconstruction of physical parameters
Pollutant dispersion in Shinjuku (AIJ database)
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Learning-based methods for CFD

Local Decomposition Method

This document is provided by JAXA.
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LDM for 2D transonic airfoil RAE2822

LDM for RAE2822 airfoil

This document is provided by JAXA.
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LDM for XRF1 aircraft

LDM for XRF1 aircraft
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Learning-based methods for CFD

Learning-based methods for CFD
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Neural Networks for CFD

The historical Neural Network in turbulence research
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Concluding remarks

Thank you very much for your attention
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