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ig. 41-4. The drag coefficient Cp, of a circular cylinder as a function of the Reynolds number.

F eyn m a n L eCt u re s I I Fig. 4:—6. Fiow past a cylinder for various Reynolds numbers.



Flow over

Rishiri Island (Japan)

Flow over a cylinder
(Re =100)
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Feynman Lectures Il

We have written the equations of water flow. From experiment, we find a set
of concepts and approximations to use to discuss the solution—vortex streets,
turbulent wakes, boundary layers. When we have similar equations in a less
familiar situation, and one for which we cannot yet experiment, we try to solve
the equations in a primitive, halting, and coafused way to try to determine what
new qualitative features may come out, or what new qualitative forms are a con-
sequence of the equations. Our equations for the sun, for example, as a ball of
hydrogen gas, describe a sun without sunspots, without the rice-grain structure of
the surface, without prominences, without coronas. Yet, all of these are really
in the equations; we just haven’t found the way to get them out,

There are those who are going to be disappointed when no life is found on
other planets. Not I—I want to be reminded and delighted and surprised once
again, through interplanetary exploration, with the infinite variety and novelty of
phenomena that can be generated from such simple principles. The test of science
is 1ts ability to predict. Had you never visited the earth, could you predict the
thunderstorms, the volcanos, the ocean waves, the auroras, and the colorful sunset?
A salutary lesson it will be when we learn of all that goes on on each of those
dead planets—those eight or ten balls, each agglomerated from the same dust cloud
and each obeying exactly the same laws of physics.

The next great era of awakening of human intellect may well produce a method
of understanding the gualitative content of equations. Today we cannot. Today
we cannot see that the water flow equations contain such things as the barber pole
structure of turbulence that one sees between rotating cylinders. Today we cannot
seec whether Schrodinger’s equation contains frogs, musical composers, or morality
—or whether it does not. We cannot say whether something beyond it like God
1s needed, or not. And so we can all hold strong opinions either way.



CANONICAL FLOWS An Album
of Fluid Motion

Jet

Wake

Cavity

Channel

Pipe flow

Mixing Layer
Boundary Layer
Wall bounded flows
Isotropic turbulence

Milton Van Dyke
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Milton Van Dyke



Milton Van Dyke

MIXING
LAYERS Callaham, Maeda, SLB
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Johns Hopkins Turbulence Databases

Dataset descriptions

.

Forced isotropic turbulence:
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Johns Hopkins Turbulence Databases

Dataset descriptions

5. Forced Isotropic turbulence dataset on 4096° Grid
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6. Rotating stratified turbulence dataset on 4096” Grid:
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. Transitional boundary laye:

5. Channel ow at Re . =5200




Johns Hopkins Turbulence Databases

Burger, Treib, Westermann, Werner,
Lalescu, Szalay, Meneveau, Eying

Entry #: 84174

Vortices within vortices:
hierarchical nature of vortex tubes in turbulence

Kai Burger?, Marc Treib?, Riidiger Westermann?,
Suzanne Werner?, Cristian C Lalescu?,
Alexander Szalay?, Charles Meneveau?, Gregory L Eyink?>4

! Informatik 15 (Computer Graphik & Visualisierung), Technische Universitit Minchen

d Department of Physics & Astronomy, The Johns Hopkins University
3 Department of Applied Mathematics & Statistics, The Johns Hopkins University

% Department of Mechanical Engineering, The Johns Hopkins University
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2D Incompressible Navier-Stokes:

g+ V) u=—Vp+ 2 VPust [ £(€(s,0) (€ - x)ds

V-u=0
u (€(s, 1) = ] u(x)8(x — £)dx = up (£(s,t))

Immersed boundary method

Boundary forces computed as Lagrange-
multipliers to enforce no slip

Taira & Colonius, 2007.
Colonius & Taira, 2008.




Dynamical Systems: Poincare and Geometry

Dynamics
X =100, == Fx(t0) =x(to+ ) =x(t) + [ £(x(r)a

» X4+l = | (Xk), Discrete-time update

Haller, 2002;
Shadden et al., 2005 Finite-time Lyapunov exponents (

/




How Jellyfish Eat

Shadden, Dabiri, and Marsden, 2006



Robotic Jellyfish!

‘ _-— ‘.', -~
g.9mm =4 mQy,a

- pr—— Dabiri & Parker, 2012



Contaminate Release in the Ocean
Olascoaga, NOAA 2010 Monterey Bay

A Moving Boundary

' VLt mngeany (odmrend Wi Suse

Gulf Oil Spill

Lekien, Coulliette, Shadden

Mezic, et al, Science 2010. J. Marsden & N. Leonard, 2005

Fensacola
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Tasks Aided by
Machine Learning

Experiments

FLOW

Simulations

Machine Learning for Fluid
Mechanics

Steven L. Brunton,! Bernd R. Noack,? and
Petros Koumoutsakos®,*

"Meochanical Enginoering, University of Washingion, Seattle, WA, USA, 98115
emad: strustoa@Quw odu

3 Laboratoire dTnformatiqee pour la Mécanique ot boe Sclences do TTnghedour,
LIMSLCNRS, Nue Joba voon Neumann, Canmgus Usbversitaire d'Omay, Bt 508,
F0041) Ovsay, PFrame

* Computaticanl Science and Engineering Labomtory, BTN Zerich, CN.5002,
Switperiand

4 Colegiem Melveticum, Zurich, CH-8092, Switaerland




HISTORY

Reichenberg, 1960s-1970s SLB, Noack, Koumoutsakos,
Schweifel, 1970s Ann. Rev. Fluid Mech. 2019
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Sir Lighthill and the Al Winter (1974)

»

-

expectation of benefits which failed to

materiaize my L. WA

https://www.youtube.com/watch?v=ug00ZAw|C6g




EXPERIMENTAL
MEASUREMENTS



PARTICLE IMAGE VELOCIMETRY (PIV)

LaVision PIV




ROBUST STATISTICS (RPCA)
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| Component Analys
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https://arxiv.org/abs/1905.07062

Robust Principal Component Analysis (RPCA)
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SUPER RESOLUTION

Super-resolution reconstruction with machine learning 3

. [P v < &
y

CNN / DSC-MS

FIGURE 1. An overview of machine-learned super-resolution analysis for cylinder flow.

Fukami, Fukagata, Taira, JFM, 2019



SUPER RESOLUTION

4 K. Fukami, K. Fukagata and K. Taira
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Fukami, Fukagata, Taira, JFM, 2019



SUPER RESOLUTION

(a) Snapshot (b) Low resolution (c) Shallow Decoder

sensor measurements

.;"}// i \\\\
FIT I EREES SN
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limited sensor measurements o Socond hidden layer

Erichson et al, arXiv:1902.07358, 2019
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(b) Extrapolation
Erichson et al, arXiv:1902.07358, 2019



SUPER RESOLUTION

(b) Reconstruction (d) Reconstruction (f) Reconstruction



STATISTICAL STATIONARITY

Callaham, Maeda, SLB, to appear PRF 2019
[arXiv:1810.06723]



STATISTICAL STATIONARITY

- . . Re=100cylinder |
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Kolmogorov Energy Cascade

-5/3

Energy Production Inertial
Log E(k) Range Range

Dissipation
Range

Wavenumber, Log k



Kolmogorov Energy Cascade

@ @ o=

Production | Inertial 5 Dissipation

\

Energy
Log E(k)

Wavenumber, Log k

Can’t resolve all scales...

... dON’t want to!



Kolmogorov Energy Cascade

Energy
Log E(k)

XL . fL(X[nXH)

XH — fH (XL7 XH) . Wavenumber, Log k

Approximate effect of fast/small scales
on large scales Xy = g(Xr,)

— X, = fo(Xr,9(x1)) :‘



RANS - Reynolds Averaged
Navier Stokes

Ling & Templeton 2015,

Parish & Duraisamy 2016,

Ling, Kurzawski, Templeton 2016,
Xiao, Wu, Wang, Sun, Roy 2016,
Singh, Medida, Duraisamy, 2017,
Wang, Wu, Xiao, 2017

LES - Large Eddy Simulation

Maulik, San, Rasheed, Vedula 2019

Turbulence Modeling in the
Age of Data

Karthik Duraisamy™!, Gianluca Iaccarino®',
and Heng Xiao™!

'Departiment of Accospace Engineering, University of Michigan, Ann Arbor, M1
45109, Mur@umich edu

IDepartment of Mochanionl Englacering, Stanford University, Stanfoed, CA
305, jopeOstanioed odu

TKevia T. Crofion Department of Aercapace and Ocean Esgineering, Vieginia
Tech, Blacksbaurg, VA 24000; beagxiac@vt odu

' Comtributed equally. Author list s alphabetical.




RANS CLOSURE MODELS -

rl'l

Ling, Kurzawski, Templeton, JFM, 807, 2016
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REDUCED ORDER MODELS —

Slow
manifold

o= pr—wy+ Axz
y = wr+py+ Ayz
i o= —ANz—2°—9y°

Ruelle and Takens, 1971
Noack et al., JFM 2003.
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Sparse ldentification of Nonlinear Dynamics (SINDy) Limit cycle A

T 2

Ty xz Y Yz 22 €1 6283

1 z y =z \
Slow
manifold = s
a’j :!_-,LIZE I wy _|_ A:Lsz r ‘
_ y = WX + Hy + Ayz
= i o= Azt -y

O(X

dwn

SLB, Proctor, Kutz, PNAS 2016.



Constrained Sparse Galerkin Regression

<
Limit cycle A

Identified
System

manifold

T ur —wy + Azz
y = wr+py+ Ayz
z Nz — x* —y*

).

1 0 1 5 3 p " 6 . 8 Loiseau & SLB, JFM 838, 2018



Constrained Sparse Galerkin Regression

— - — — |

* .~ Innovation 2: Higher-order
Innovation 1: Enforcing | | 5

. w Nonlinearities
known constraints I
Fl
'
: : —— P Cubic, Quintic, Septic terms
P Skew-symmetric quadratic — , ,
: iy <~ approximate truncated terms in
nonlinearities to enforce energy | ' : :
: . | Galerkin expansion
conservation | l |
P Improved stability ‘ | r = Ur—wy—+ Axz
! ‘l
| :
! =‘ y = wx+ py+ Ayz
. oy w112 T | ‘
min | @ (X)E — X||; +z (C§ —d) %, " : 2 2
z - 2 = =AMz—2x"—y").
N S e
r = ur—wy-—+ Axrz
1+ .

y = wxr+puy+ Ayz
| i o= =Mz —z°—y°).
-1 F o | | R
DL J

p 0 3 > 3 4 5 5 - 3 Loiseau & SLB, JFM 838, 2018



Constrained Sparse Galerkin Regression

I — — —— o I _ - — — = P ——— ——— = == =

Innovation 1: Enforcing / u-w-Vud2=0 mp a- N(@) =0
2

known constraints

P Skew-symmetric quadratic

nonlinearities to enforce energy |
| conservation
‘ P Improved stability '

;m)al 5(‘“)01 +E7(al)az 5(“')01 +E(0|) . " (
= o @ & |§%a +&a 1 a; o a+Eay| ax| |
A 1

é""aza,;
+ [al a 03] (“ )0103 -
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Loiseau & SLB, JFM 838, 2018



Constrained Sparse Galerkin Regression

known constraints

P Skew-symmetric quadratic

nonlinearities to enforce energy
| conservation
P Improved stability

min @ (X)E - X|2+27(C¢ —d)

C 0| [#

|

lzé(nTé(X) cT] H _ [2é(xfx(:)]

— —

Innovation 1: Enforcing / u-w-Vuds2 =0 » a- N(a) =
$2

(al) _|_s(az) 5(03)

(a ) __ (a2) __ (a3) __

) ) _ { 2) _ ; 3 —O,
(al) — (az)
(a1) S(aZ)

(al) — (03)
s(al) 5(03)
(a2) __ (a3)
d s = ’
(az) 5(03)
Loiseau & SLB, JFM 838, 2018



Constrained Sparse Galerkin Regression

; = Grousd treth = 7 POD modes Cubic SINDy
Cavity flow = 3 POU) mode — Cons. = Unc ‘

| 1.0
» & M

& 3

|

t 0.0

T _Cylinder flow

-2 0 2
(a) 3 POD modes (b) 9 POD modes (¢) Quadratic SINDy (d) Cubic SINDy

.

Loiseau & SLB, JFM 838, 2018



More Complex Flow: Fluidic Pinball

w— INS ~-===  Low-order model

c

Loiseau, Noack, SLB, JFM 844, 2018



Autoencoder (Shallow, linear)
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BEYOND POD

Autoencoder (Deep)

Early Work:
SLB, Noack, Koumoutsakos, Milano and Koumoutsakos,

Ann. Rev. Fluid Mech. 2019 J. Comp. Phys. 2002
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SLB, Noack, AMR, 2015
Duriez, SLB, Noack, Springer 2016
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Nature Energy, 2017
Strom, SLB, Polagye

59% Power increase in lab-scale cross-flow turbine
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Governing equations are TOO COMPLEX to work with: *

P Discover Reduced Order Models with machine learning

— — - = - e T —_—

s 4 »

Dynamics are NONLINEAR and HIGH-DIMENSIONAL:
P> Coordinate transformations to linearize dynamics
P> Patterns facilitate sparse measurements

Proposed approach:

P> Learn physics from data: interpretable & generalizable
P> Respect known, or partially known, physics
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Dynamics are NONLINEAR and HIGH-DIMENSIONAL:
P> Coordinate transformations to linearize dynamics
P> Patterns facilitate sparse measurements

Proposed approach:

P> Learn physics from data: interpretable & generalizable
P> Respect known, or partially known, physics




BlO-INSPIRED

few sensors
at conserved locations

.
nonlinear
mechanosensors neuronal circuitry is
small and relatively
sparsely connected
dagram adapied from AN Weber anaromy adapted from Ando ef al. 20117




ACTUATION . . ™  SENSING
(Data In) MRI Hyper-Sensed Environmentally Controlled Wind Tunnel (Data Out)

Wind speed, profile Fluid Environment PIV (tlow field)

Chemical source Chemical sensors

Projectors Anemometer

Coupled
Feedback

|

Sensory Fusion,
Controller <€— Compressed

Model-Based

State Estimation ,
Sensing
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