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SUCCESS STORY:
“YIRTUAL WIND TUNNEL"

utomotive, aerorautic, and maritime

transport of people and goodsplay
important roles inthe globalised world,
but arealso using up about five billion
barrels of cil per year. Roughly half of the
energy being spert worldwide in such
transport activities is dissipated by un-

desired turbulent motion in the interface
between maoving objectsand surrounding
fluid. The knowledge of the behaviour of
turbulence dosetothese sufacesis of
paramourt importance if optiral desian
and perhaps drag reduction via flow con-
trol is attempted.

Accurate numerical simulations allow
the characterisation, with the highest level
of detail, of the multiple physical phenom-
ena present in complex fl ow cases such
asaround airplne wings. The physics

Figure 5. Three dimensional visualisation
of turbulent vortices in the flowaround a
NACA442 wing sec tion simulated in the

“virtued wind tunnel”

includes the change from laminar to
turbulent flow, developed turbulence, sep-
aration and the structure of the turbulent
wake. Inthis project we use large-sale
numerical simulations (sofar withupto

3.2 billion grid poirts) to analy se the flow
around an idealised wing.

Numerical experiments ina "virtual
wind tunnel” and the concept of "virtual
windtunnel” aims at replacing, inthe
future, some real wind-tunnel experiments
by corresponding simulations, which will
yielda much brger wealth of data relevart
for design purposes.

Read more on wwwe-science seflloy
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Skin friction/drag reduction is the key for economically and
ecologically more efficient transport
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The Airbus Challenge, David Hills, 2008

A Brief Diversion Into Aircraft Drag

A world of challenge & opportunity

Typical break down of overall aircraft’ drag by form & component

An Airbus 32Cruisingat 250 m/s at 10000m -
Teraflopsmachine(10'2 Flops): 800.00§ears Total Drag Friction Drag

Resultin one week: 4-10°flops machine(40 EFIOp3 Wave / interference ,|__Pylons + Fairings
(basedon Johny A ‘eSkitnatg TSFM, 2015) !
Lift ’f Vertical Tail
Dependent /
Drag /
,’ Wing
0 BFriction
_ Drag Fuselage

T = Based on a typical A320

The Airbus Challenge : EADS Engineering Europe, Budapest 9-10th May 08 Page 27
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—— 1. NASA investment in basic research and
ip014-2181 78 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 [..].

CED Vision 2030 Study: A path togsC\enC 3. The use of CFD in the aerospace design process

ional Aer - - oope
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Revolu and reliably predict turbulent flows with

significant regions of separation.
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6. Managing the vast amounts of data [..] will
become increasingly complex [..].
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7. [..] advances in individual component CFD solver
robustness and automation will be required.

Grand Challenge (1/4): Wall-resolved

pe=q . . .

rFLOYOYW large-eddy simulation of a full powered aircraft

i configuration in the full flight envelope 14

itri Mavriplis . ning
Blrr\?\‘/té‘rs'\ty of Wyoming, Laramie, WY

Philipp Schlatter

ETC-16 Stockholm, August 2017




= Outline
&

A Spectral elements and exascale '

7z

A

A

A BN <>
FLOW o o

Philipp Schlatter ETC-16 Stockholm, August 2017




q\Why Spectral Elements?
%

U High-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.

U Spectral elements allow to solve flows in complex geometries.

Finite element (FE) Spectral Spectral element (SE)
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A Higher order p (vs. smaller grid spacing h) means more work per
core/communication: oconvecting coneo
Time =0

‘Exact’ solution N,=128;F=1

1.05
0.95
= 0.85
0.75
0.65
1 0.55
~ 0.45
4 0.35
0.25
B 0.15
— 0.05
-0.05

N,=32%P=3 N,=8P=38

FLQ‘V.V From David Moxey, Univ. Exeter
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oM Nek5000 1T Spectral Elements

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

80 000 lines of Fortran 77 (some C for I/O), MPI (no hybrid)
Gordon Bell Prize 1999 for algorithmic quality and performance

KISS (Keepitsi mpl e, Twoupdd®) most powe
have very weak operating systems

EU Projects on algorithms ( CRESTA, ExaFLOW, ¢
adaptive meshing, GPUs, &

Good scaling up to 1,000,000 ranks
on Mira (10PFlops BG/Q)

ETC-16 Stockholm, August 2017
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H2020 Project

A Addresscurrentalgorithmicbottlenecks to enable the use of
accurate CFD coddar problems of practicatngineeringinterest.

A With: Imperial College, Southamptddni Stuttgart,Uni Edinburgh,
EPFL, McLaren Racing, ASCS
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| Spectral Elements
%

A Meeting Programme

Turbulent pipe flow at Re,=1000
using Nek5000

Ref.: EI Khoury etal. 2013
rLow
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Ref. EI Khoury etal. 2013
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A Wing simulations
0 Setup and statistics
0 Backflow events

o Higher and lower Reynolds™
A

A BN <>
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Experiments

A Coles & Wadcock (1979): NACA4412 flying hotwires |
at Re=1.5M and AoA=14° (max lift) o N

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

Simulations
A Jansen (1996): reproduce Wadcock (1987) with LES

A LESFOIL project (2000): LES at Re.=2.1M, A0A=13.3°
A Resolution and transition/separation modelling crucial!

A Rodriguez et al. (2013): DNS Re =50k at full stall i
A Wolf et al. (2012): Tripped NACAQ012 at Re =408k Pt s
A Sato et al. (2016): NACA0015 Re.=1.6M AoA=6°

rLow
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o Short Literature Review: Airfolils
]

What do we want to know (among others)?

A DNS (and LES) is not (yet) a design tool!
(Spalart & Venkatakrishnan 2016)

A Reference data, both experimentally and numerically, for all
kinds of validations (wind tunnels, (hybrid-)models, € )

>\

Access to modelling terms, like vorticity transport

>\

Fundamental turbulence questions
(turbulence+pressure gradient+separation+wake)

A Basic control studies with complex physics

FLOW ”
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TSFP-71in 2011

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.
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Entry #: V0078
APS Gallery of Fluid Motion 2015

Turbulent flow around a wing profile,
a direct numerical simulation

Mohammad Hosseini, Ricardo Vinuesa, Ardeshir Hanifi

Dan Henningson, and Philipp Schlatter

Linne FLOW Centre
and
Swedish e-Science Research Centre (SeRC)

KTH Mechanics, Stockholm, Sweden
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E= Direct numerical simulation of flow over a"’

EKTHY

%%Mﬁ full NACA4412 wing at Re, = 400 OOO
A DNS with Nek5000
A Re,=400, Re,=2800
A AoA=5 deg.
A z,=10% chord

. Wake turbulence

Turbulencéﬁ_,f
on the wing ™

Transitio_n"to'

turbulence - A 3.2 billion grid points
| A 35 million CPU hours needed
A ¢ for convergence of turbulence
oW | o A 75TBdata, 12 ETT
LINNE FLOW CENTRE s o . 43
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B NACA 4412 Airfoll
&

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

thickness of 12%
0.12c

é/ 1 0.0450 \

A Conventional airfoil for light aircraft, Re from 1M upwards
A Shape analytically given
A Studied since Pinkerton (1938)
A Good lift characteristics, benign
stalling properties
A Pressure distribution independent |

of Reynolds number

A Example: Luscombe 8
(designed in 1937)

rLow
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£50 Direct numerical simulation of flow over a
el full NACA4412 wing at Re. = 400 000

TR

A Flow tripping using ovirtualdsandpaper
(optimal parameters: see
Schlatter and Orli, JFM 2012)

A Vertical volume force

Tripping to turbulence
at x/c=0.1

T~

pe=y n"-‘, Isocontours of | ,, coloured by velocity
45
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