
Progress on High-Order Simulations of 

Turbulence Around Wings

Philipp Schlatter

Linné FLOW Centre and 

Swedish e-Science Research Centre (SeRC )

KTH Mechanics, Stockholm, Sweden

ETC ï16, August 2017



Philipp Schlatter

The Linné FLOW Centre and the 

Swedish e-Science Reserach Centre

Á Centre of excellence in Fluid Mechanics at KTH Stockholm 

(Sweden), 2007 ïé 

Á Approx. 30 faculty and 50 PhD students

Á Strategic research area in Sweden Ą e-Science

Á Collaboration with visualisation, numerics, application expertsé

2



Philipp Schlatter

The Linné FLOW Centre

3

https://www.youtube.com/watch?v=vnvmHxCv_y4

https://www.youtube.com/watch?v=vnvmHxCv_y4


Philipp Schlatter

Swedish e-Science Research Centre (SeRC)



Philipp Schlatter 5



Philipp Schlatter ETC-16 Stockholm, August 2017

6

Acknowledgements

Á R. Vinuesa, R. Örlü, 

A. Hanifi, D. Henningson

KTH Mechanics

Á P. Negi, N. Offermans, A. Peplinski, 

A. Bobke, S. M. Hosseini

KTH Mechanics

Á C. Sanmiguel Vila, S. Discetti, A. Ianiro

Universidad Carlos III de Madrid



Philipp Schlatter ETC-16 Stockholm, August 2017

7

Outline

Á Introduction

Á Spectral elements and exascale

ÁWing simulations

o Setup and statistics

o Backflow events

o Higher and lower Reynolds numbers
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Why CFD?

Skin friction/drag reduction is the key for economically and 

ecologically more efficient transport

Source:
[1] www.bombardier.com
[2] www.flysas.de
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The Airbus Challenge, David Hills, 2008
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An Airbus 320 cruisingat 250 m/s at 10000m
Teraflopsmachine(1012 Flops): 800.000 years

Resultin oneweek: 4·1019 flops machine(40 EFlops)
(basedon John YƛƳΩǎestimate, TSFP-9, 2015)
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Motivation Key Findings

1. NASA investment in basic research and 

technology development for simulation-based 

analysis [..] must be reinvigorated if substantial 

advances in simulation capability are to be 

achieved. 

2. HPC hardware is progressing rapidly [..]. 

3. The use of CFD in the aerospace design process 

is severely limited by the inability to accurately 

and reliably predict turbulent flows with 

significant regions of separation. 

4. Mesh generation and adaptivity continue to be 

significant bottlenecks in the CFD workflow [..]. 

5. Revolutionary algorithmic improvements will be 

required [..].

6. Managing the vast amounts of data [..] will 

become increasingly complex [..].

7. [..] advances in individual component CFD solver 

robustness and automation will be required.
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üSpectral elements allow to solve flows in complex geometries.

üHigh-order numerical methods are beneficial for accurate 

simulations of turbulent flows due to the significant scale disparity 

of the flow structures, both in time and space. 

Why Spectral Elements?
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Why Spectral Elements?

Á Higher order p (vs. smaller grid spacing h) means more work per 

core/communication: òconvecting coneò

From David Moxey, Univ. Exeter
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Nek5000 ïSpectral Elements

Á SEM code by Paul F. Fischer, Argonne National Lab, USA
Open source: nek5000.mcs.anl.gov

Á 80 000 lines of Fortran 77 (some C for I/O), MPI (no hybrid)

Á Gordon Bell Prize 1999 for algorithmic quality and performance

Á KISS(òKeep it simple, stupidò) ïworldôs most powerful computers 

have very weak operating systems

Á EU Projects on algorithms(CRESTA, ExaFLOW, é): 

adaptive meshing, GPUs, é

Á Good scaling up to 1,000,000 ranks

on Mira (10PFlops BG/Q)
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ExaFLOW

Ą Address current algorithmicbottlenecks to enable the use of 
accurate CFD codes for problems of practical engineering interest.

Ą With: Imperial College, Southampton, UniStuttgart, UniEdinburgh, 
EPFL, McLaren Racing, ASCS

H2020 Project
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ExaFLOW Team
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Spectral Elements

Á Meeting Programme

Turbulent pipe flow at Ret= 1000

using Nek5000

Ref.: El Khoury et al. 2013
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Straight pipe (Axial vorticity) 

Turbulent pipe flow at Ret= 1000

using Nek5000

Ref.: El Khoury et al. 2013

Ref. El Khoury et al. 2013
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Short Literature Review: Airfoils

Experiments

Á Coles & Wadcock (1979): NACA4412 flying hotwires 
at Rec=1.5M and AoA=14º (max lift)

Á LDV by Wadcock (1987) and Hastings & Williams (1987) 

Simulations

Á Jansen (1996): reproduce Wadcock (1987) with LES

Á LESFOIL project (2000): LES at Rec=2.1M, AoA=13.3º

Ą Resolution and transition/separation modelling crucial!

Á Rodríguez et al. (2013): DNS Rec=50k at full stall

Á Wolf et al. (2012): Tripped NACA0012 at Rec=408k

Á Sato et al. (2016): NACA0015 Rec=1.6M AoA=6º
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Short Literature Review: Airfoils

What do we want to know (among others)?

Á DNS (and LES) is not (yet) a design tool!

(Spalart & Venkatakrishnan 2016)

Á Reference data, both experimentally and numerically, for all 

kinds of validations (wind tunnels, (hybrid-)models, é)

Á Access to modelling terms, like vorticity transport

Á Fundamental turbulence questions

(turbulence+pressure gradient+separation+wake)

Á Basic control studies with complex physics



Turbulence close to the surface Ą

Friction Ą Drag Ą Fuel consumption

Turbulent flow close to solid walls...
TSFP - 7 in 2011



Turbulent flow close to solid walls...

simulation result

TSFP - 7 in 2011



Turbulent flow close to solid walls...

(simulation result)

The largest boundary-layer simulation in 2010 on 

7.5 billion grid points

Possible due to Ekman Computer (KAW), with

100 Tflops and 10k processors.

TSFP - 7 in 2011
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DNS of flow around a NACA4412 
wing section; Rec=400 000 and AoA=5¯

now é
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Direct numerical simulation of flow over a 
full NACA4412 wing at Rec = 400 000

Á DNS with Nek5000 

Á Ret=400, Req=2800

Á AoA=5 deg.

Á zL=10% chord 

Transition to  
turbulence

Turbulence
on the wing

Flow separation
Wake turbulence

Å 3.2 billion grid points
Å 35  million CPU hours needed

for convergence of turbulence
Å 75 TB data, 12 ETT
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NACA 4412 Airfoil

Á NACA 4412 Ą maximum camber of 4% at 40% chord with a maximum 

thickness of 12%

Á Conventional airfoil for light aircraft, Re from 1M upwards

Á Shape analytically given

Á Studied since Pinkerton (1938)

Á Good lift characteristics, benign

stalling properties

Á Pressure distribution independent

of Reynolds number

Á Example: Luscombe 8

(designed in 1937)

0.12c

0.04c
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Direct numerical simulation of flow over a 
full NACA4412 wing at Rec = 400 000

Á Flow tripping using òvirtualò sandpaper

(optimal parameters: see

Schlatter and Örlü, JFM 2012)

Á Vertical volume force

Tripping to turbulence
at x/ c=0.1

Isocontours of l2, coloured by velocity


