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9 Numerical Simulations of Turbulence
d > CFD

= Motivation

= Brief History

= Numerical Methods
= Turbulence Modelling
= Some Examples

= QOutlook
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Skin friction/drag reduction is the key for economically and
ecologically more efficient transport

1071 T 717 T T 1 | 3
E = Tatal e
B Waterways &
> — Horse power
M 10" ; —=
o] C — Rail z
o) B —— Two wheeler .
% i —— Carand bus 1
c i —— Aviation 1
o
2 100 -
)] - =
Q. - Z
S B -
: — /—J\N -
Q B g
& A
X 10Fg /
[ —F /
y e
10-2 | gt 1 I | | | | r | | T )
1800 1850 1900

year

4{ Banister D, et al. 2011. 3

_ Annu Rev. Environ. Resour. 36:247-70




Ly,
ZKTHS

VETENSKAP

59 OCH KONST 9%

S

Philipp Schlatter

Why care about wall turbulence...

= Playing golf...

= Shark skin (riblets)...
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®\Why are we here...?

= “When a sufficiently advanced computer
becomes available, we believe it will replace the
wind tunnel as the principal facility for providing
aerodynamic flow simulations”

= “|f past trends continue, such computer
performance should be available in the mid-
1980s...”

Chapman, D. R., Mark, H., Pirtle, M. W., “Computers vs. wind
tunnels for aerodynamic flow simulations”, Astronautics &
Aeronautics 13(4):22-30, 1975 (NASA Ames)
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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 320 cruising at 250 m/s at 10000m

Tetralith (4-105 Flops): 200 years Total Drag Friction Drag

Result in one week: 4:10*° Flops (40 EFlops) ,|_Pylons +Fairings
(based on John Kim’s estimate, TSFP-9, 2015) K H::?Z‘f'l'teaf_ra"
Lift ff Vertical Tail
Dependent /
Drag ,f _
/ Wing
Friction
5 Drag Fuselage

T = Based on a typical A320

The Airbus Challenge : EADS Engineering Europe, Budapest 9-10th May 08 Page 27




Pillars of Science & Uncertainties
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Pillars of Science & Uncertainties

* Environmental uncertainties

* Device precision and bias

* Limited number of observations
~ tor
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Pillars of Science & Uncertainties

* Environmental uncertainties

* Device precision and bias

* Limited number of observations
~ tor

Theory &

Modeling

* Incomplete knowledge

. * Incomplete modeling
* Uncertain parameters

‘l
!N-N!:%x Oberkampf and Trucano, 2002. Roache, 1997
S. Rezaeiravesh KTH, 2-3 Dec 2020
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Pillars of Science & Uncertainties

* Environmental uncertainties

* Device precision and bias

* Limited number of observations
~ tor

Numerical Theory &
Simulations Modeling
* Numerical errors * Incomplete knowledge
* Programming bugs . * Incomplete modeling
* Domain uncertainties * Uncertain parameters

* Computational mesh
* Initial and boundary conditions
* High-performance computing

FLO%
!N-N!:mx Oberkampf and Trucano, 2002. Roache, 1997
S. Rezaeiravesh KTH, 2-3 Dec 2020
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Are we solving the
model accurately?

Numerical

rLowW
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* Environmental uncertainties

* Device precision and bias

* Limited number of observations
* Human factor

Numerics, Theory &

Simulations Programming B\ [Ys [ [T7Y-
» Numerical errors Verification * Incomplete knowledge
* Programming bugs Are we solving the * Incomplete modeling
* Domain uncertainties correct model? * Uncertain parameters
* Computational mesh
* Initial and boundary conditions
* High-performance computing
‘l
rI-O“ Oberkampf and Trucano, 2002. Roache, 1997
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B CFD — What is really the problem?
%
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s % \What Is really the problem?
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s % \What Is really the problem?

—Qﬁwﬂﬁi Q&i‘p}\t bméf\cw{eﬁu o.f O'afqgswq._
mpam Yoisgen Qﬁw&»

e @_ Pl C)
u Vwﬂ @u/a (mdoa/
gm@m WS\
=) Vixy UM ok fus it ped oo
lWéVL W

oW i

FL
LINNE FLOW CENTRE
Philipp Schlatter



% Brief History
%
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Bl Humble beginnings 100 years ago...
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= Lewis Fry Richardson (1881-1953)

» CTI ON structure of the clouds is often very complex.” One gets a similar impression when
WEATHER PREDI making a drawing of a rising cumulus from a fixed point: the details chan :

the sketch can be completed. We realize thus that: |big whirls have little whirls

that feed on their velocity, and little whirls have lesser whirls and so on to viscosity—

in the molecular sense.

NUMERICAL PROCESS Thus, because 1t 1S not pmle to separate eddies into clearly defin

accordine to the souree of their enerov: and as there 18 no object. for present purposes

BY

ny

LEWIS F. RICHARDSON, B.A., F.R.Mer.Soc., F.InsT.P.

FORMERLY SUPERINTENDENT OF ESKDALEMUIR ORSERVATORY
LECTURER ON PHYICS AT WESTMINSTER TRAINING COLLEGE

CAMBRIDGE
AT THE UNIVERSITY PRESS
1922

oW
-’ \l play on Augustus de Morgan's famous paraphrasing of Jonathan Swift
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https://www.nature.com/articles/nphys3697#ref3
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= Lewis Fry Richardson (1881-1953)

structure of the clouds is often very complex.” One gets a similar impression when
making a drawing of a rising cumulus from a fixed point; the details change before
the sketch can be completed. We realize thus that: big whirls have little whirls

WEATHER PREDICTION

BY that feed on their velocity, and little whirls have lesser whirls and so on to viscosity—
in the molecular sense.
NUMERICAL PROCESS Thus, because it is not possible to separate eddies into clearly defined classes

aceordine to the sonree of their enerov: and as there is no object. for present Purnoses

BY

LEWIS F. RICHARDSON, B.A., F.R.Mer.Soc., F.InsT.P.

BSE|
FORMERLY SUPERINTENDENT OF ESKDALEMUIR O
WESTMINSTER TRAINING COLLEGE

RVATORY

LECTURER ON PHYSICS AT

Q@ "First simulations” 1920: Eight hours
T N weather prediction in 6 weeks, using
A

1922 2000 human computers

- "Forecast-Factory”

rLow
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=  “First simulati
athnSu
puters in 6 weeks. usi son 1920: Ei
o , using 2000 ’h : Eight
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Low-Re cvVli
yllnder wa
Fromm & Harlow (1gg§)b3l/_(')l'hg\m (1933), Kawaguti (
Los Alomos i (1953) and

juLY 1963

\'OLUME 6, NL’MBER 7

THE ?HYSICS OF FLU!DS

Numer'\ca\ Solution of the Problem of Vortex Street Deve\opment

University of Californid, Los Alamos Scientific boralorys
(Rece'wed 6 February 1963)

A method 18 descr'\bed for the golution of t'm\e-dependent problems concerning the 5
'mcompress'x\)\c fuids in geveral Space dimensions- The method i8 pumerical, using & h'\gh-spced com- -
uter for the solution of & ﬁn'\t.e—diﬁerence npproxima\,ion o the artial d'\ﬁercnt'ml equations of
i bed here istoa study of the development © a vorteX street behind &

€] a § finite width;

‘motion. The applicatio® Jeserd

plate which impu\s'wc\y acc Jerated 10 constant gpeed in 8 ¢ the Rﬁyno\ds-
i was1d S0 = 6000- Particular attention W88 given features for

which comparnson cou made with experimeuts, namely, critical Reyno\ds pumber for vortex

ghedding, drag coefficients Strouhal mber, ortex conﬁgurab'\on, an ch:mne\-wa\l effects. The

pature of the early stages of flow-pattern deve\opment was also 'mveet,’\gamd.
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Brief History (3/4): 1970’s

1970: first ch
- first channel-fl
(6720 grld ' ow |arge_edd :
0) S -
" points), based on Smagyoriglg)llar::gg : IDeardorﬁc
el (1963)

1972: SIMP

: LE (semi-implici

. _ | I-impli

quations): Patankar & gpgltdrirr]lzth()d for pressure-iinked

: The abb :
Dynamics revation CFD
: n ” C .
ot "Colours for DirectOr(S,,Or)niI;UtanOnal Fluid
...) I coined

J. Fluid Mech. (1970), vol. 41, part 2, PP+ 453-480

Boeing Symposium on Turbulence

A pumerical study of three-dimensional turbulent
channel flow at Jarge Reynolds pumbers v = e B

AMES W. DEARDORFF
¢, Colorado 80302 A 22\ M

The bhrec-dimensional, primitive equations of motion have been int/egmbed
numerica.lly in time for the case of turbulent, plane Poiseuille flow ab very large
Beyno\ds pumbers. A total of 6720 uniform grid intervals were used, with sub-
grid scale effects simulated with eddy coefficients proporbional to the local

tical diffusion of pre etic energy-
erical a,pproa.ch to the problem of turbulence ab
Gtable, with increased accuracy to be ¢ : -
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1980 - :
O - : CFD codes used in engineering (e.g

Fluent, ANSYS -
automotive etc. ); first for aircrafts, then also

1987: First full
: y resolved DNS
(4x10° grid points): Kim, Moin glﬂcohsz?nel Lou
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% Numerical Methods
&
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mag Numerical Methods
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Pl T0p500 list (www.top500.0rg)
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= How fast are big computers?

10 EFlop/s
1 EFlop/s (o
100 PFlop/s .."- anta
10 PFlop/s [ "t
1 PFlop/s Sgannn
100 TFlop/s
10 TFlop/s

1 TFlopls -

100 GFlop/s 4

Cray-1 (1976)
100 MFlops
1 core

10 GFlop/s

e iPhonell

Flop/s

F LQ‘V.V 100 MFlop/s

LINNE F@QOW CENTR 1990 1995 2000 2005 2010 2015 2020 26
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A Navier-Stokes equations...

Data from Mira (ANL, 2013), million core hours

 Engineering/CFD 525 19%

e Subsurface flow &
reactive transport 80 3%

e Combustion 100 4%
 Climate 280 10%
* Astrophysics 133 5%

1118 40%

(fraction of Navier-Stokes based simulations on current supercomputers)

FLOW 2

LINNE FLOW C
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sl Physical Models
%
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o Direct Numerical Simulation
&

Numerical Experiment!

= QOrszag and Patterson (1972), homogeneous
Isotropic turbulence, 32x32x32 points

= “Directly” from Navier Stokes, i.e. no turbulence
model (Orszag 1970)

= May be very (very!) expensive (several months
of computations on thousands of processors).

rLow
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E= Numerical Simulation
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= High computational cost

=  Unknown influence of uncertainties
Rer

102 103 104 10° 10° 107 108

llTIHI 1 IHITTI ] I]l”ll IHL [II]]II 1[! 1T|][|I 1 LLEALL | |UBLELBLLELL B |
I — atmosphere Q — i
e wind tunnel — |PBL
& 107 <e AR
3x10° < Re, <108 2 a

! | |
‘ + largest Re, range simulated in ZDES (mode 3) in 2014

WRLES mode: N, _=806 x 109 points

WMLES mode: Nf‘_‘,':: 30 x 10° points

aircraft

3x107 < Re; < 8x108 Deck et al. 2014

‘ ships and o~

submarines =
%) 5x107 <Re; <10’

5x10% <Re, <6x107 grognd
vehicles

l ! |\||||J e T T EAE T B NRTIT B AR
- ‘.d 2 3 4 5 6 7 8 9
rLOV 10 10 10 10 . 10 10 10 10
LINNE FLOW CENTRE ee 32
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Numerical Simulation

= High computational cost
= Unknown influence of uncertainties

Re_
102 103 104 10 10° 107 108
IITTHI 1 IllllTl 1 lilTllI LH L Illllll 1[ I IIIIIII 1 1 llllil.[ LI Illilh
/ atmosphere __Q :)_____,
o wind tunnel —— |PBL
: ; 2 D
% 3x105 < Re, <108 U B a

! | I

‘ + largest Reg range simulated in ZDES (mode 3) in 2014
WRLES mode: N, _=806 x 10° points
WMLES mode: N;_\,g: 30 x 10° points

T .
FLQVV 102 103 10*
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experiment
Re,. = 1000

Direct Numerical Simulation — DNS

- numerical

Re, = 550
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Numerical Simulation

= High computational cost
= Unknown influence of uncertainties
Sagaut et al. 2013

A

E DNS
3 (NS, LBM)
G
e 3 no model .é_
3| ¢ S model
Al LES
L 755 —~
S| E| 3
21zl & hybrid RANS-LES
=12 S| Ilimit=DNS (DES, SAS, ...
g E Q e T - T . e - -
o ) - el sl $309090 — -
= = = limit # DNS B ANS
51 S = unstea
al 8] & unsteady y
E 5 E N A e .. _ P B R G R T T T T T e -
S1EY ¢ steady

= RANS

8 -
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g2 Turbulent flow close to solid walls...
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simulation result

gy y A AT D S— - __,.,_ -
rLowW — == =
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g2 Turbulent flow close to solid walls...

oY, s ¥ » SO TR Y
o e 5 oA NER R
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The largest boundary layer simulation in
”3 b e 2010 on 7.5 billion grid points

—al -‘, _ Possible due to Ekman Computer (KAW),
Fhwv with 100 Tflops and 10k processors.
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¥ DNS of flow around a NACA4412 m
g4 wing section; Re.=400 000 and A0A=5°
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Marine 2019, May 14, 2019

What we are used/expect to see ...

17 . - 1.6 ———rrry ————— .
Fernholz & Finley (1996) Monkewitz et al. (2008)

T ° 1.56
Hiz| .
m 5y ‘g 1.4}

Q% - %Q ‘QHS
FKTHE Ao
s OCH KONST g =
. © ! . . \% .
S b NS, 1.3
ROYAL INSTITUTE }f\:n i
OF TECHNOLOGY L N |
< ” Y &
st | DNS 1 Ty .
Compilation/ s 12T
Assessment of -~ Coles (1962) f G o pmemsn s e aogecs
1 r ; 3 4 5
experimental data 2, pe o 10 10 10

from ZPG TBL flows

R@Q Re§

Physical experiments are commonly scrutinised before
they are employed to calibrate, test, or validate other
experiments, scaling laws or theories
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Marine 2019, May 14, 2019

... and what “we” are not so used to see

17 T T 7T TV T -
¥ Schlatter & Orlii (2010)
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from ZPG TBL flows

Reg Re§

Simulation data are hardly scrutinised, when it comes
to basic (integral) quantities
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TBL with “obstacles”

o "Skyscraper” reference case: Canadian CFD Challenge

(2014)
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Numerical Simulation

e High computational cost

e Unknown influence of uncertainties
Sagaut et al. 2013
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Numerical Simulation

= High computational cost
= Unknown influence of uncertainties
Sagaut et al. 2013
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sl RANS — Reynolds-averaged Navier-Stokes
%

= “traditional” turbulence modelling using e.g. k-epsilon models
= Qriginal meaning of CFD
= Typically steady-state solutions

= Limited accuracy and fidelity, however trends can be
captured

FLOW 58
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From NASA CFD Vision 2030 (Slotnick et al. 2014)

TRL B Low & Technology Milestone * Technology Demonstration %7 Decision Gate
MEDIUM T T T T T T T T T TS S T e
& HicH 2015 2020 2025 2030
Demon strate implementation of CFD Demonstrate efficiently scaled 30 exaFLOPS, unsteady,
HPC algorithms for extreme p arallelismin CFD simulation capability on an maneuvering flight, full engine
NASACFD codes (e.g., FUN3D) exascale system simulation (with combustion)
CFD on Massively Parallel Systems T ¢,
PETASCALE Demnstrate solutonofa , NO -~ NO EXASCALE -
representative modelproblem v >y =1

CFD on Revolutionary Systems
(Quantum’ Bio’ etc‘) /0 U M R G R W 0 [ (O S --Y-ES- LES _ - ‘

Improved RST models
RANS in CFDcodes

Unsteady, complex geometry, separatedflow at

# NO *Ilight Reynolds number (e.g., high lift) ‘ |

WMLESMRLES for complex 3D flows at appropriate Re

Hybrid RANS/LES

PhySicaI MOdeung Integratedtran sition
LES rediction

Unsteady, 3D géometry, separated flow

Chenmical kineti
emcaliinetics (.g., rotating turbomachinery with reactions)

in LES

Chemical kinetics
Combustion calculation speedup

Gridconvergencefora mrg;]gi%:ihmgry Production scalable
| complete configuration h p entropy-stable solvers
Convergence/Robustness , Automatedrobustsolvers interaction model

o

Algonthms Scalable optimal solvers ‘ o
Uncertainty Quantification (UQ) Large scalestochastic capabiltiesin CFD
Characterization of UQ in aero space Reliable errorestimates in CFD codes Uncertai nl'ypropagatim
Large scale parallel capabilitiesin CFD o
: ; < . p Automated in-situ mesh
Geometry and Grid Fixed Grid Tighter CAD coupling mesh generation with adaptive control
Generation Adaptive Grid Production AMR in CFD codes
Simplified data Creation of real-time multi-fid elity database: 1000 unsteady CFD
e Ieﬂt o simulations plus test datawith complete UQ of all data sources
Integrated Databases epresentaco v
. |
Knowledge Extraction _
Visualization On demand analysisivisualization of a On demand analysis/visualization of a
10B point unsteady CFD simulation 100B point unsteady CFD simulation
Define standard for coupling )
to other disciplines 4 Incorporationof UQ for MDAO *
A High fidelity coupling Robust CFD for MDAO simulation of an entire %
n‘ techniques/frameworks complex MDAs aircraft (e.g., aero-acoustics) Ud-EnshisdMDAO
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Figure 1. Technology Dexvelopment Roadmap
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o Summary and Outlook
b

CFD extremely valuable tool for R&D in fluid
mechanics

May be very expensive, or “very” relying on
turbulence models

Verification and validation
Research both on methods, tools and physics

CFD at intersection of engineering, physics,
mathematics and computer science

My professor called it an “art”...
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Multiscale modelling '..-.;-.EX[:ELLERAT

Increased
Costs

Advanced modelling means getting at the reasonable cost the right answer, i.e. capturing
all flow features in a range of scales and preserving conservation laws.

Problems:

* Nonlinearity = turbulence, small scales

* Incompressibility = global coupling

* Small viscosity (but NON-ZERO) - thin boundary layers

&
Multiscale simulation hierarchy involving: Re.= 10000 Re.= 20000

A

Experiments

DNS (direct numerical simulation of turbulence)
LES (large eddy simulation)

RANS (Reynolds-averaged Navier-Stokes)
Subchannel or lumped-parameter models

T
Re.= 400000 Re.= 1000000

<

v wN R
Buijspon
poSesldu|]

Rome, December 2019




Multiscale modelling '..-:;-.EX[:ELLERAT

Advanced modelling means getting at the reasonable cost the right answer, i.e. capturing
all flow features in a range of scales and preserving conservation laws.

< '
Re.= 10000 Re.= 20000

Multiscale simulation hierarchy involving:

A

1. Experiments

Costs

.
Re.= 400000 Re.= 1000000

Increased
Buljapon

pasealou|

ubchannel or lumped-parameter models

Rome, December 2019
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General overview SR

* Open source code by Paul F. Fischer, Argonne
National Lab, USA

* First commercially-available code for distributed %3
memory computers (marketed by Fluent as Nekton %
into the mid 90s)

* Gordon Bell Prize 1999 in HPC for algorithmic
quality and performance on 4096 processors
(Tufo & Fischer '99)

R&D 100 Award 2016
General purpose CFD solver e
Fortran 77 & C code with MPI parallelization Nek5000 Users Meeting, Tampa 2018

"Keep it simple” —world’s most powerful computers
have very weak operating systems




General overview '..:..;'.EXEELLERAT

Selected features:

Incompressible and Low-Mach. |
Species Transport (passive scalars and reactive scalars). §
MHD. |
Conjugate heat transfer.

Moving meshes, FSI (with structural codes).
Combustion.

Multiphase (Eulerian-Eulerian, Eulerian-Lagrangian).
Free surface.

Various turbulence models (RANS).

Ensemble Averaging.

Multimesh on unstructured grids.

Nek5000 Users Meeting, Tampa 2018
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Applications

Clockwise from upper left:
* Reactor thermal-hydraulics
* Astrophysics

* Combustion
* Oceanography

* Vascular flow modeling

u II/ ns
SEM LDA SEM LDA

Rome, December 2019



Applications (KTH) N
o';i-EXCELLERAT

= stability tools for

-0019

.. jetin crossflow

\ —0056
—0075

optimisation of
heat sinks

turbulent pipe flow

"skyscraper '
(with U Ottawa)

Rome, December 2019
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l jet in crossflow
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= stability tools for
i::: jet in crossflow
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