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Introduction

Context and motivation

Use of DNS and LES for fundamental studies of turbomachinery

I numerical wind-tunnel: phenomenological understanding

I design of measurement devices

I reference data sets for calibration and improvement of turbulence models

DNS and LES complementary to experiments
+ complete control of (boundary) conditions ( inlet turbulence)
+ all quantities available everywhere
— computational cost: statistical convergence and storage of data
Enablers

I Fast-pacing increase in computational power

I high accuracy and highly scalable numerical techniques
) ) . Lucia (Cenaero) - 4 PFlops
1 (co-processed) powerful data analysis: machine learning, UQ ...
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Introduction

Discontinuous Galerkin Method

System of conservative equations
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Ideal method for DNS and LES on complex geometry

I FEM ( i, v): accuracy independent mesh quality

1 impose weak continuity/bc: stability, convergence
Elementwise expansion I high computational efficiency
x I high scalability

qg u= U i, 2V
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Introduction

Discontinuous Galerkin Method

System of conservative equations Galerkin variational formulation Convection subsystem:
0 FEM-like extension of FVM
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with H “FVM" upwind flux ldeal method for DNS and LES on
complex geometry

I FEM ( i, v): accuracy independent mesh quality

I H FVM upwind flux: stability, convergence and

Elementwise expansion conservation
< I high computational efficiency
q u= U i; i2V
i I high scalability

K K # LIEGE -
Challenges for DNS/LES of transonic turbines e *  Cenaero 5



Introduction

Need for high resolution methods: DNS

log(E(k))
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log(k) I dissipation error ¥ TKE budget

e Mo M 1 dispersion error ¥ Kolmogorov cascade
Figure: DNS I high order ¥ larger part of resolved scales for same dof
I implicit LES (Carton et al. 2015)
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Introduction

Need for high resolution methods:

dissipation error ¥ TKE budget
dispersion error ¥ Kolmogorov cascade
high order ¥ larger part of resolved scales for same dof

implicit LES (Carton et al. 2015)
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Shock capturing
Impact on DNS/LES

Shock turbulence interaction HIT through shock (Larson 2006)
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Shock capturing

Approaches: no treatment

Aliasing of HOT Taylor expansion ¥ Gibbs oscillations
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Shock capturing

Approaches: Artificial viscosity

Regularized shock representable by FEM
I shock detector

I additional dissipation in troubled cells
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Shock capturing

Approaches: impact on TKE balance
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Hillewaert et al., CTR Summer programme 2016
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Shock capturing

Approaches: Entropy stable (Gassner 2015)

Energy controlled Gibbs oscillations
I no dissipation

I energy conservation/destruction built-in FEM formulation
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Shock capturing

Energy stable formulations

Elements (Harten, Tadmore, Barth, ...; Carpenter, Gassner, ...)

I Summation By Parts (SBP): “discrete” Gauss theorem equivalent removes quadrature inconsistencies
z |
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I FVM: Entropy S and entropy variables w = Sq
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I Entropy stable schemes (ES): Use entropy variables as solution U = Sq For v =u
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entropy stability since H(;;) is an entropy-consistent flux (e-flux)
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Shock capturing

Entropy stable - computational cost

106 4

10° 4

10 4
SBP requires that H(;;) computed for all

combinations of solution points 10 4
I very high computational const for pure
SBP

102

Nb operations volume flux

I reduce cost by using SBP/ES only near
shocks

4 3 G T
I_develop dedicated shock sensor ¥ PhD Order o ‘ ;
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Shock capturing

Biperiodic shear layer Re =1, M; M, =06, = ,=4

AV ES
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Shock capturing

Biperiodic shear layer Re= 1 , M; M>=0:6, 1= ,=4

AV ES
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