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High-fidelity CFD @ Cenaero

- High-resolution DNS and wall-resolved LES on realistic geometries
— Accurate representation of flow phenomenain boundary layers near SO|Id
surfaces %

- Separation P
« Shocks
- Transition and turbulence

— Main enablers
« Superior accuracy of high-order methods like DGM
* Access to and efficient exploitation of supercomputers

- Researchthemes for the application of DNS and LES
— Development of high-resolution numerical methods & tools
— Applications: high fidelity CFD of complex flows
— Data-driven turbulence modeling '
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Development of high-resolution numerical tools

Highly accurate numerical wind tunnel for turbulence in turbomachinery

._'._..—.h_‘_

* Generic frame of reference

iodici « Algorithmic efficiency
* Parallel periodicity HPC o .
Turbo- « Dedicated BC (moving w all, total bilit . ’\IlExMtcr:eme scalability, including
machinery conditions, radial equilibrium, ...) capabilitie =
+ High order accurate non-matching S * Optimised 10 ) _
connections * GPU implementation (ongoing)

* DGM: high-accuracyon
unstructured meshes

« High order time integrators

« Dissipation-free shock capturing !
(ongoing)

» Mesh and order adaptivity
(ongoing)

* In-situ visualisation Catalyst

» Spatio-temporal statistics

» Confidence intervals on statistics
(ongoing)

PDIOCESSEU

DNS, LES andw mLES
Turbulence injection
RANS turbulence budgets
Adaptation on TKE budget
(ongoing)

* ML-based wall modeling (ongoing)
» Quality criteria for statistics
(ongoing)
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Galerkin Method
Why DG?

High-order Discontinuous

FEM inside elements

P
u=3Y UiN;.
i=0

Unstructured meshes and complex
geometries

High accuracy
Guaranteed order of convergence p+1
No degradation near size jumps/walls
Low dissipation/dispersion error

Fv
between elements

; p+! dof
i per elements

High efficiency - N=10
Data locality 47T A X 4 oot / |
Compact matrix-matrix operations : /X
High scalability (MP1/OpenMP/GPU) b Net

10° 18 TGV192 P3 implicit, Lumi@CSC, AMD Rome 12
2
.l B Do | I (S
10' b 16 Vi 11
/
o 7 R Y B e M o o
10. 1] ¢=® - 10
10"
™ 102 12 0.9
-, 10 a a
= o S0 08 C
o] .
N g 10" ] o
o U 405 L s 07 Y
1 = Q t
L(H’ 10° 0 6 06
o 107 )
T 4 ~&~ 1 Thread 0.5
a |
LI.' 10 —o— 2 Threads |
() 107 2 —e— 4 Threads | 0.4
O - — keal
[n'g L 0 v ™ N T v T o
o l'ih 10000 20000 30000 40000 50000 60000

LUMI-BE user day — Brussels 2023

© 2023 Cenaero — All rights reserved

Cores

4  Cenaero



Aircraft gas turbine engine

High pressure turbine vane LS89

2021 PhD thesis Tania Sofia
Cacéao Ferreira + follow up
Boundary layer transition and
convective heat transfer of the
high-pressureturbine vane LS89

Complementary experimental
and numerical work

Combustor

High-pressure
turbine

— VON KARMAN INSTITUTE

B UCLouvain

Cenaero
Edited, LEAP engine (CFM)
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Aircraft gas turbine engine
Highest temperature during engine cycle

Combustor

High-pressure
turbine

Vane Blade §§ Vane

DNS of an isothermal and reacting - . ) ot .
combustion swirler (Moureau et al. 2010) Combustor exit/HPT inlet flow: 1 roin [
. . Temperature = 500-2000K faces the hot turbulent
combustion flow

« Turbulence intensity = 10-30%

T

« Accurate heat transfer predictions are crucial!
* Requires accurate prediction of the boundary layer

PROD-F-015-02
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Aircraft gas turbine engine

Transition parameters and modes

Boundary layer transition is affected by: And can occur through:

High turbulence levels (1 to 30 %) NATURALTRANSITION
(0]
S Reynolds number (105 — 107) R
P TS Spun_w!se 3D vortex || Turbulent Fully
— Acceleration parameter (K = UL% =2 1- 106) Haves | Yorely [orecidovm | zpet | o
o Variable surface curvature and roughness
'e Stable
© Secondary flows V, =p laminar
° flow
AN

Wide range gas-to-wall temperature ratios (1.1 — 1.6)

I
I
I
I
I
I
I
I
I
I
I
1
1
e_ .

R crit

Laminar | Transition | Turbulent

Schlichting (2000)

... and also separated-flow transition, reverse transition,
wake-, shock-, film-cooling-induced transition, ...

Deeper understanding of transition -> design improvement -> efficient cooling
-> overall higher efficiency

PROD-F-015-02

LUMI-BE user day — Brussels 2023 © 2023 Cenaero — All rights reserved 7 Cenaero



Aircraft gas turbine engine

Boundary layer transition and heat transfer

\ % \l Heat transfer along the turbine vane

Suction
side

[a—
=
=
=
=
=
[a)

Laminar prediction

o Laminar Transition  Turbulent
O Tuxw =1.0% —r —>

Flow» /&q/ o »

Q004 & Tux=40% *, &A
+  Tu. =6.0% 'F'- +++
Pressure A §
P A
side + A
600 - N
Vane Blade >§ Va Transition onset

.
Relaminarization
Y

<+ + | Shock
U ++ T

Heat transfer coefficient 2 [W/m’K]

1st turbine stator faces the hot N e

turbulent combustion flow —ressureside o Sucionside
—60  —40 =20 0 20 40 60 S0
Surface length s [mm]

X

Edited, Arts et al. 1990

1 Shear stress Earlier boundary . Boundary layer
1 Heat transfer layer laminar-to-

oge Thermal
1 Losses turbulent transition : o
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Domain and boundary conditions

MURZ235 configuration

Periodic in Oy
17% c x

A
Inlet g (85%
P,=1.828 bar c)
Tp=413.3K /
Tu = 6% 81% c
(precursor
simulation)

> *JV ¢
Periodic in Oz

No-slip wall
Isothermal T,,=301K

PROD-F-015-02
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Transition Turbulent

Laminarw/ Tu effects Laminar

1000, < P
A MUR235 Tu, = 6.0%
& 90071 4 TURS7 Tu. = 6.0% A
€ 800 K
= 2 AAAAA
K-y 700 1 A AA A
e A A A
& 600 LW A
L A A
‘dq:) 500 - A AAA Relaminarization
(@] A A
O 4001 \AT %A, A sa (]
[9] A, A A A
' AAA A AA
c 300+ ROYWLS
©
] Transition “A
% 2001 onset T AAAAA R
£ 100- &
0 Pressure side Suction sideT Shock
% —20 -20 ¢ 20 40 60 80
Surface length s [mm]
(edited, Arts etal., 1990)
—¥ Outlet
P=1.04%9bar
Test case MUR235 TURS87
MiS,Out 0.93 0.92
Reis out 1.15x10° 1.15x10°
TOJn/Tsywa” 1.37 1.37
TU 6% 6%
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High-order numerical simulations with Argo

Mesh M1

| I | 59 5 £ I D D O 8 I £ IEHE]
2nd order curvilinear mesh l H
. 1] [fufifuys
generated with GMSH — : | ==
Mesh M1 3
Structured hexahedra for
( Oz layers 40 the boundary layer region
Prism elements 80
Hexahedron elements 2M Mesh refinement at the
Degrees of freedom 127M inlet region facing the
_ leading edge
Maximum x* 83
Maximum y* ~1
Maximum z* ~100
CPU hours/flow over M
inlet + chord Zenobe
Meshrefinement at the wake
~ regions (direct and periodic)
E Mesh cross section (2D)
E: n o
s &h
o iy
o Wallonie
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Flow visualisation
Density gradient

GradRhoOverRho
00¢+00 10 20 30 40 50¢+01

C o

Acoustic waves reflection on
the suction side

Wake vortex shedding

Refined inlet turbulent

structures \ ( & S Acoustic waves formation at
° A the trailing edge

Normal shock
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Heat transfer for past and recent experiments

Mesh M1

New exp. (TUR87)

1000 - Previous exp. (MUR235) LO0O - Mismatch
® MUR129 Tu, = 1.0% —— Argo M1 Tu, = 5.9% —— <
X 90071 4 MuR235Tu. = 6.0% A 9001 ¢ MUR129 Tu. = 1.0% v
E 8001 A TUR87Tu. =6.0% AA 8001 A MUR235Tu, =6.0% AA
=3 A AAAA TURS7 Tu. = 6.0% VVA‘
< 7001 A AA:X 700 1
- A A A
g 600 ‘#‘“‘A R 600 Siht
E 500 - A .“A 500 overprediction
A A
O 4001 ,A7 4. 4 '; 400
3] A, A A
D 3001 At Bana, gandt 300 AL
S 00000, ° 2444, ° o%00,, ° A ®
= 200 I L 22“. 200 %000’ Voo, Fsoc
§ Aa 20’..”. vy Q.'..“.
A v

T 1001 1001 P Pressure side Suction side ~

0 P Pressure side o Suction side TShoizk 0 - ® i

—60 -40 -20 0 20 40 60 80 —60 -40 -20 0 20 40 60 80
Surface length s [mm] Surface length s [mm]

g Artificial viscosity acting not only on the shock but also on the boundary layer

i —>try to decouple!

§ Line — CFD
o Symbols - EXP
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Artificial viscosity effect

Mesh M1

cpe - . . 1000 -
Two values of artificial viscosity o 000]
. (4 4 —— Argo Tu, = 5.9% & =5e —
COﬂSIderedZ NE ® MUR129 Tu. = 1.0% VA
. = 8001 A MUR235 Tu,, = 6.0% i A
* Nominal AV = Y TUReTTu. = 6.0% , Vot
. Lower AV (halved AV) < 7007 vl
T 600 o
l 2
& 5001
Very different heat transfer profiles S 400
Take-away: artificial viscosity was not S
possible to be decoupled from the under- — 200+
resolved boundary layer § 1004
--> keep AV value and refine mesh
0

—60 —-40 -20 0 20 40 60 80
Surface length s [mm]

PROD-F-015-02
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Artificial viscosity effect
Mesh M1

Nominal AV W\ VIS WA\Y

-
=1
=1
&

Instantaneous heattransfer X Instantaneous heat transfer
Argo Tu. = 5.9% gy =1e -3 " "
MUR129 Tu.. = 1.0%
MUR235 Tu.. = 6.0%
TURB7 Tu. = 6.0%

—— Argo Tu. =5.9% g, =5e—-4
MUR129 Tu.. = 1.0%
MUR235 Tu.. = 6.0%

TUR87 Tu.. = 6.0%

Heat transfer coefficient h [W/mZ2K]
Heat transfer coefficient h [W/mZ2K]

-20 0 20 40 v o 20 40
Surface length s [mm] ‘ Surface length s [mm]
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Numerical simulation

Mesh M2

| I | 59 5 £ I D D O 8 I £ IEHE]
2nd order curvilinear mesh l H
. E___ [ I [0 [ M
generated with GMSH p— 2 : =
Mesh M1 M2 Structured hexahedra for
Oz layers 40 74 the boundary layer region
Prism elements 80 148
Hexahedron elements 2M 3.7M Mesh refinement at the
inlet region facing the
Degrees of freedom 127M 236M leading edge
Maximum x* 83 83
Maximum y* ~1 ~1
Maximum z* ~100 ~50
CPU hours/flow over M 0.95M
inlet + chord Zenobe Galileo
Meshrefinement at the wake
~ regions (direct and periodic)
E Mesh cross section (2D)
i .
o) 2 A
O &5 . roacr
A
o Wallonie
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Heat transfer

Mesh M2

Heat transfer for mesh M2

1000 Aro M1 Tu. — 5.9% New exp. (TUR87)
— = Ao =29 previous exp. (MUR235) 3
X 9007 — Argo M2 Tu. = 5.9% v ° %
£ goo! @ MUR129Tu. =1.0% A l e
= MUR235 Tu., = 6.0% 000400
< 7001 TURST Tu.. = 6.0%
T 600-
=
£ 500-
S
. 400
2 3001 (Fooeq, A :
= ... .. B
~ 2001 o00® S
i 2
T 1001 g

Shock T m
O T — 29e+04

60 —-40 -20 0 20 40 60 80
Surface length s [mm]

PROD-F-015-02

N
RN

=

LUMI-BE user day — Brussels 2023 © 2023 Cenaero - All rights reserved 16 Cenaero



2nd order curvilinear mesh
generated with GMSH

Gmsh

Numerical simulation

Mesh M3

Mesh M1 M2 M3 Structured hexahedra for the
boundary layer region -
Oz layers 40 74 8 refined for x* ~ z*
Prism elements 80 148 510
Hexahedron elements 2M 3.7M 3.3M
Degrees of freedom 127M 236M 212M Mesh refinement at the
- inlet region facing the
Maximum x* 83 83 20 leading edge - coarsened
Maximum y* ~1 ~1 =1
Maximum z* ~100 ~50 =45
CPU hours/flow over 1M 0.95M 0.8M
inlet + chord Zenobe Galileo Zenobe
+ Lumi
— Meshrefinement at the wake
regions (direct and periodic)
S
Q Mesh cross section (2D)
L
a ’é Ea™ * T3
Q mf%’@) PRACE "« x1- EuroHPC
—,( L -
o Wallonie = e -
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Heat transfer

Mesh M3

YA o o
Heat transfer for mesh M3 453‘,1)) PRACE £ *33: EuroHPC
Wa1fonie ‘V ** * ** :
1000 1
—— Argo M1 Tu., = 5.9% New_exp. (TURS7)
T 900- Previous exp. (MUR235)
X —— Argo M2 Tu,, = 5.9% v Parameters
E 8001 —— Argo M3 Tu. =5.9% AA Mesh M1 M2 M3
A
E 700 MUR129 Tu, = 1.0% Vv A Oz layers 40 74 85
.: i 0, .
= MUR235 Tu., = 6.0% A Prism elements 80 148 510
-g 600+ TUR87 Tu. = 6.0% ® Hexahedron elements 2M 3.7M 3.3M
% 500+ Degrees of freedom 127M 236M 212M
o
S 400- x* 83 83 50 |
2 B y* (max) 1 1 1
Y= N max ~ ~ =1
C 3001 |l oea NMZ/° o
c T — (= ~100 ~50 ~45 |
5 2001 ®eeqee®
o Partitions 2160 3960 3456
[J] ! @ -
T 100" v CPU hours/flow ower inlet + chord** 1M 0.95M 0.8M
Shoc T Zenobe Galileo Zenobe
0 . k - - + Lumi

~60 -40 -20 0 20 40 60 80
Surface length s [mm]
Conclusions:
— Highly sensitive boundary layer to the facility environment
— Strong dependence on the mesh resolution, and consequently, on the artificial viscosity

— New experimental facility and refined numerical simulations tend to converge towards
the same heat flux prediction

PROD-F-015-02
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Ongoing work and perspectives

* Investigate the effect of mesh
resolution and artificial viscosity = |
-> Mesh M4

Lumiimpact!

« Simulate a similar experimental
test case at higher turbulence
intensity (Tu.=22%) for more
engine representative numerical

studies.
P Parameters
» Investigate the temperature Mesh M1 M2 M3 M4
effect on the heat flux, Oz layers 40 74 85 153
complementary to dedicated Prism elements 80 148 510 918
experimental Campaigns Hexahedron elements 2M 3.7M 3.3M 10.9M
Degrees of freedom 127M 236M 212M 700M
x* 83 83 50 25
y* (max) ~1 ~1 ~1 =1
& | ~100 ~50 ~45 25
2 Partitions 2160 3960 3456 9984
E": 5 £ o B CPU hours/flow ower inlet + chord** M 0.95M 0.8M
8 4‘%}@ PRACE - **'7 EuroHPC Zenobe Gallileo Zenobe Lumi
o Wallonie . . R N— + Lumi
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Broader view

High-resolution simulations as part of a "multi-fidelity" paradigm
Physical understanding to support and complement experimental testing
Performance prediction in off-design conditions
Data generation for lower-fidelity model calibration (RANS, wall models)

Advanced numerical framework
High-order numerical scheme
Scalable
Post-processing and statistical analysis

Improved physical fidelity
Turbulence injection in DNS/LES for aerodynamics (free stream, turbulent BL)
Shock capturing (ULiege) :

Applications
Academic aerodynamic flows
Turbomachinery flows

PROD-F-015-02
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Thank you for your attention

PROD-F-015-02

LUMI-BE user day — Brussels 2023 © 2023 Cenaero — All rights reserved 22 Cenaero



	Diapositive 1
	Diapositive 2
	Diapositive 3
	Diapositive 4
	Diapositive 5
	Diapositive 6
	Diapositive 7
	Diapositive 8
	Diapositive 9
	Diapositive 10
	Diapositive 11
	Diapositive 12
	Diapositive 13
	Diapositive 14
	Diapositive 15
	Diapositive 16
	Diapositive 17
	Diapositive 18
	Diapositive 19
	Diapositive 20
	Diapositive 21
	Diapositive 22

