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B OMDIA A
fROMAA ¢ PEECHRE, PRoRIE A B Computational
BHADABSGE ¢ R0 BIR 4k Fluid Dynamics
Kajishima, T.“Immersed boundary/solid method NPTt
for the numerical simulation of particle-laden flows”, >

Fluid Dynamics Research, 51-5,051401,2019.

Wé), “Get Immersed!”, 285541, 37-6, 503-506, 2018.
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Re-mesh becomes difficult.
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multi-block hybrid overset immersed-boundary

T Kajishima @ Osaka Univ. ¢

BLaDIABIE
» Immersed boundary method » Immersed solid method
= A7 3i (PR UL o A A B )
BB AR B R S, [ZFIES
DR R LART, SEI A P RELE R
Jiscrete forcing Continuous forcing Body forcing
— \l,_l = ?E‘;E\ — \\\ | P Forcing cell
8 ™~ iy
‘\ E \\‘
\ } )
] / j

Ikeno et al. (2007)
Sato etal. (2013)
Miyauchi. (2015)

Kajishima et al. (2001, 2002)
Takeuchi et al. (2010)
Guetal. (2018)
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Fujii, K., “Unified Zonal Method Based on the

Fortified Solution Algorithm”,
J. Comput. Phys., 118, 92-108, 1995.

y AR RIS IA A BERE
Kajishima, T. & Takiguchi, S. “Interaction
between particle clusters and fluid turbulence”,
Int. . Heat and Fluid Flow, 23-5, 639-64, 2002.
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ig. 5. Instantaneous flow field, including 128 falling particles, visualized by ¥*p projected in the horizontal (top row) and
planes. (2) Reps = 100, (b) Rep. = 200 and () Reps = 400
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Kajishima et al. (2001), Takeuchi et al. (2010) Ra =10°, E, =107,

EARHEAEH> DEM Tsuji etal. (1993)
EE AR OBIAEET IV Takeuchietal. (2013)
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MR L By
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Fixed Cartesian grid

N, = 3087, ¢ = 30.8%, A\s/As; =1

0.00 temperature
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Gu, Kondo, Takeuchi & Kajishima, ICMF-2016, Firenze
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Perot, J.B., "An analysis of the fractional step
method* J. Comput. Phys. 108, 51-58 (1993)
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Kajishima, T.

“Immersed boundary/solid method for

the numerical simulation of particle-laden flows”,
Fluid Dynamics Research, 51-5, 051401, 2019.
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Perot, ].B., "An analysis of the fractional step
method*, ]. Comput. Phys. 108, 51-58 (1993)
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Taira, K. & Colonius. T, “The immersed boundary

method: A projection approach”, J. Comput. Phys. 225,
2118-2137 (2007)
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Takeuchi, S. & Gu, G., “Extended Reynolds lubrication model

for incompressible Newtonian fluid”
Physical Review Fluids, 4(11) 114101 (2019)
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» Continuous forcing approach considering Navier boundary condition
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Current status of our field

* We are capable of computationally and experimentally analyzing most flow fields.
We know how to perform CFD and experiments!

« Enhancements in computational resources (processors, memory, hard drive, data
transfer, etc.) have enabled us to examine increasingly complex high-dimensional
flow problems. The same can be said about experimental diagnostics.

]rr
) )Vas

Unsteady separated flow
(Zhang et al, JFM 2020)

Turbulent flow control
(Yeh etal. AIAA2015)

Two-phase flow (Kajishima etal.)

Samuet
Mechanical & Aerospace
Engineering

; After body wake ~PIV
& (Zigunov, 2020)

Starting Point

As we analyze fluid flows, we have the following:

BIG DATA BIG OPERATOR

Navier-Stokes CFD solvers
equations

ata000020.mat
ata000040.mat Linearized NS
ata000060.mat operator
data000080.mat
data000100.mat
data000120.mat
ata000140.mat
data000160.mat
data000180.mat
ata000200.mat

g areegey

Questions:
* How can we use big data and big operator to enhance our understanding fluid flows.

« Can we model/predict the dominant behavior of fluid flows?

Samuai
19 %% Mechanical & Aerospace
Engineering

Learning Physics from Data

+ Analysis of data becoming increasingly difficult due to its growing size (‘Big Data”).
+ Can we go beyond traditional statistical analysis and visualization?
+ Can we use discrete operators from CFD solvers?

+ Super exciting time in research with explosion of new ideas in data science!

NETWORK
SCIENCE

UCLA mmnical & Aerospace
Engineering

Data Science*

« Data science is a “concept to unify
statistics, data analysis, machine
learning and their related methods” in
order to “understand and analyze
actual phenomena” with data. It
employs techniques and theories
drawn from many fields within the
context of mathematics, statistics,
computer science, and information
science.

Jim Gray imagined data science as a
“fourth paradigm” of science (empirical,
theoretical, computational and now
data-driven) and asserted that
“everything about science is changing
because of the impact of information
technology” and the data deluge.

K

T on,
© A 25,
Q&% 4 4
modelsusing g%,
: o>

%
2

,
o

” results
Us “es estimation &
t

P
oy

LA o “Wikipedia (May 2019)
Mechanical & Aerospace Images from the US-JPN Fluid Mech-Data-Science 7
Engineering Workshop 2018

Modal Analysis

INTRODUCTION

Samuet
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Engineering
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Analysis of Unsteady Fluid Flows

« Is there hope to tackle complex problems with a large range of scales?
* We are generally interested in the “dominant” behavior of the flows.

« Our eyes can be very effective in identifying structures!

EATAR

(Re = 100)

Samuei
UCLA Mechanical & Aerospace NASA, STS-100, 2001; Taira et al. AIAA J. 2020 9
Engineering

From Low to High Re

« Applications of modal analysis has often been limited to low-Re flows and low-to-
moderate dimensional data sets

* However, even at high-Re flows, physical insights can be obtained*

*  We generally seek only the dominant modes...

O

Commercl Albera
o)
Drinset POD moce [re———
Samuol
Mechanical & Aerospace * Ricciardi et al. AIAA Paper 2019-0003. 10

Engineering

Modal Analysis

Unsteady fluid flows exhibit complex dynamics with nonlinear, high-dimensional,
and multi-scale properties.

Extraction of essential dynamics is critical for understanding and controlling
unsteady flows.

Modal analysis techniques can extract dominant modes, compress data, identify
instabilities, and reveal input/output properties

Most techniques are based on eigenvalue and singular value analyses

Linearized Navier-Stokes squation

dimig) = no grid pts x variables > 10°

1. Massive matrix sizo roquires HPC
2. Fluid mechanics insights needed

(/S ¥N| Mechanical & Aerospace 11
Engineering

Modal Analysis

* Modal analysis technique can identify dominant spatial structures from the flow field.
« Applications: analysis, data compression, modeling, control, design optimization

Laminar flow
over a flat wing
(POD)

BG DATA
© amso00020.mat

Data-Based Techniques
(POD & DMD)

816 opeRATOR

Lnesrad s

opertor Operator-Based
Techniques
(Stability and Resolvent
Analyses)

- J

(/S¥N| Mechanical & Aerospace
Engineering

Taira etal. AIAA J. 2020 12

Data Preparation

+ In our analysis, we view each snapshot of the instantaneous flow field as a vector
» Reshaping our flow field data into a vector can facilitate our analysis

* (Can be optional if you have a way to point to elements) (

v, stack

(D

)
).
)

)

Data Matrix e /e,
X = [x(t)x(t2) .. .x(tm)] = [R=ii)
UCLA l&n';:ihanicaI&Aerospace 13
Engineering

Eigenvalue Decomposition

« Eigenvalue decomposition reveals the dominant directions that a linear operator

acts along.
Av = N A mustbe a
square matrix
A= VeV!

XL x suble i In(3) | —
X(t) = exp(L)x(to) 4 s bl
= Vexp(«t)V 'x(to)

Samuol
LA 2N Mechanical & Aerospace f Re(A) 4
Engineering

Singular Value Decomposition

« Singular value decomposition finds the basis vectors in the domain and range of
the operator and the gain that relates them.

A=U"V

v v

UCLA E%aniul & Aerospace v
Engineering

Proper Orthogonal Decomposition

« POD reveals the best basis functions (modes) to capture the fluctuations in the
flow field.

+ POD modes are orthogonal (cf., Fourier analysis)

X
ult,x) = a(8)'x)

J
Temporal POD
coefficients modes

Unsteady flow field
(mean removed)

Zo _ 2
£ = argmin - x(t)- Px(t) dt
i
INPUT: Snapshots of scalar (e.g., pressure, temperature) or vector (e.g., velocity,
vorticity) field compiled as data matrix X.
OUTPUT: Set of orthogonal POD modes "; (x) , and the corresponding temporal

coefficients a; (£) , and energy levels A arranged in decreasingorder.

(1) POD s also known as PCA (Principal Component Analysis) and KL
(Karhunen-Loeve) expansion.

(2) L2 optimal modes; captures kinetic energy optimally (for velocity field)
(3) POD modes can be found from SVD or eigenvalue decomposition

Mechanical & Aerospace
~ re Berkooz et al. 1993; Holmes et al. 1996, Taira 2011 16
Engineering
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Proper Orthogonal Decomposition

Algorithm:
* Prepare data matrix

X = [x(t)x(E2) .. . x(tm)] = I R=m

+ Solve the eigenvalue problem
XXT o=

« Alternatively, one can solve

XT Xuj = Auj

Method of snapshots*

POD is also known as PCA (Principal ComponentAnalysis)
L2 optimal modes; captures kinetic energy optimally (for
velocity field)

POD modes can be found from SVD oreigenvalue
decomposition

Interesting fact: Eigenface analysis** was published by
Sirovich around the same time.

“Sirovich , Q. App Math 1987
**Sirovich, J. Opt Soc Am A, 1987 Eigenface credit: wikipedia

UCLA We“éhanical & Aerospace
Engineering

Dynamic Mode Decomposition

+ DMD reveals the time-evolution properties of the data
* Uncovers dynamical modes with characteristic frequencies and growth/decay rates.

+ Finds eigendecomposition of A that approximates the nonlinear dynamics

nonlinear linear
X(tre1) = f (e(t)) T Ax(t)

Linear approximation of
nonlinear dynamics

INPUT: A set of snapshot pairs from fluids experiments or simulations, where the two
snapshots in each pair are separated by a constant interval of time.

OUTPUT: DMD eigenvalues and modes. The modes are spatial structures that oscillate
and/or grow/decay at rates given by the corresponding eigenvalues.

(1) Closely related to global stability analysis and Koopman analysis.

(2) Discrete approximation to the Koopman analysis.
(3) Modes are complex-valued and not orthogonal
(4) No need to remove mean flow (cf. POD analysis)
Samuoi
Mechanical & Aerospace
Engineering

Schmid 2010; Rowley et al. 2009; Kutz etal. 2016. 18

Dynamic Mode Decomposition

Algorithm:
+ Prepare two data matrices X1 = [x(t), x(t2),. .., x(tm)]
X2 = [x(t2), x(t3),. .., x(tm+1)]
* Assume nd use SVD to solve an eigenvalue problem
X, =0T A=UTXv" '=UTAU AVi= [V

+ Find the DMD modes and DMD eigenvalues (growth rates/frequencies)
vie= f XoVh i k= og(uk)
at

e |

e 2

Stability Analysis

« (Linear global) stability analysis reveals the instability property of the dynamics
about a selected base state (equilibrium). Provides the spatial instability modes
and the growth rate/frequencies.

C%,)‘13=F(q) R

a(x, t) = 7(x) + ¢°(x, t)

» The dominant dynamics of the instability is captured by looking for the most
unstable eigenmodes. Solve the eigenvalue problem.

0°Cx, t) = g'(x)eN Lg= Aq

1 eigenvector (instability mode)
1 eigenvalue

A= Re(A +ilm(A
INPUT: Steady base flow (stable or unstable). Discrete linear NS operators (or a code).

el = eReRcos(Im(At) +i sin(Im(R1)]

OUTPUT: Stability modes (eigenvectors) and growth rates/frequencies (eigenvalues).

Mechanical & Aerospace Schmid 2010; Rowly oo, 2008 Kutztal 2016, 19 Mechanical & Aerospace o Henmingson 200t Thefte Amn RevFmzott 20
Engineering Engineering
Stability Analysis Resolvent Analysis

Algorithm
+ For fluid flows, the eigenvalue problem can be large in size,
especially if the problem is global in two or three directions. re()
Lg= X
+ The linear NS operator can be stored or be in a form of a
code (matrix-vector operation).

Base —
flows. N©)
o \&
(1) Analyzes the initial- SN 1
value problem for linear
A [ 05 2 i

perturbation.

(2) Stable equilibrium/base
flow is easy to find.
Unstable equilibrium

can be difficult to find
especially for high Re
flow (see Newton
solvers and selective
frequency damping).

) - if.l ‘s gc'.

Rossiter mode I

» Resolvent analysis reveals the linear input-output relationship between forcing and
response about a base state.

« Analogous to stability analysis but with harmonic forcing (sustained oscillation).

alx, ) =90x) + ¢°x, )

« For sustained forcing and response, we can use Fourier representation
4%, 1) = ¢'(x)e
£ t) = f(x)et

G= Hf

ilg= Lg+f

H = [ill L]'2¢cnn

Resolventoperator

(1) Resolvent analysis is closely related to pseudospectral analysis.

(2) Assumes statistically stationary flow to use Fourier expansion.
(3) Can use time-average flow for base flow, which expands the applicability to turbulent flows.

Mechanical & Mechanical & Aerospace Trefethen et al. Science 1993; Jovanovic & Bamieh JFM 2005; 22
Engineering Sun etal, JFM2017 Engineering McKeon and Sharma JFM 2010
Resolvent Analysis Reduced-Order Modeling (ROM)

INPUT: A real frequency w and a linear NS operator about a base state.

OUTPUT: An ordered set of forcing and response modes and the amplification factor.
Algorithm

+ Perform singular value decomposition of the resolvent operator

« F:forcing modes (right singular vectors) and Q: response modes (left singular vectors)

Shearayer
mode

« X: amplification/gain (singular values)

Leading mode with largest
gain is generally sought.
Resolvent analysis is
analogous to transfer function

in modern control theory.

Essentially the only (operator-

based) modal analysis

techniqusﬁmat can handle
tflows.

turbulent Tyrbent
= seytow |
UCLA friwimm
gﬁé’i’v'.i’é'n%‘ Aeros Liv etal, inreviewlon arXiv2020

« The full governing equations can be modeled by using the dominant modes found
from modal analysis. r
ut,x) =" o(x) +

j=1 equations fortemporal

X

U= f(u) I:> ) 0;?1‘@
=i

(1) Expand the field variable (e.g., velocity) up to rmodes.
(2) Substitute expansion into NS equation and take inner product (Galerkin projection).

(3) Orthogonality of modes facilitates the development of ROM (e.g., POD modes)
(4) Constraints satisfied by the flow are satisfied by the modes (e.g., incompressibility, no-slip)

da. X X" X"
Gijkajax u(t,x)
Jj=0 Jj=1k=0

Fij= Re ' ", r2y

o ohr e g ~ EEGRG)
Gijk h'i, yoertk span(,. oy Ja1

Mechanical & Aerospace
Engineering

Y
a(t) () ( T

24
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Example: Cavity Flow ROM

Example: 2D cavity flow
+ M=0.6,Req=685

Nonlinear Galerkin model
Basis: POD modes

da, X" X" X
dg;
= Fiaj+ G;
at A i3 k (o) e 1 OT5%) () M2 4k 57
j=0 j=1k=0
a 4-mode (-—); 6-mode (...) models
01t
3o H
= 3
! 8
01 -
@ 70 Time 72 " (€} Modo 3 (3.50%) () Mode 4 (3.425)

Vorticity & Dilatation Fields
Samuol
UCLA gec_hanit_:al & Aerospace 25
il

ngineering Rowley et al, Physica D, 2004

Proper Orthogonal Decomposition

EXAMPLE: CYLINDER FLOW

@ ' [} e . Maziar Hemali S sunn
A

AdityaNair

Samooi
19 %% Mechanical & Aerospace 26
Engineering

Data Preparation

+ Toperform POD and DMD, we need
instantaneous flow field data
(snapshots)

+  We must carefully chose the spatial
domain and temporal coverage.
Analysis needs to be provided with
physically important data.

Uniform grid vs non-uniform
grid/unstructured grid setup.

Need sufficient points per period
(Nyquist rule). Temporal compression
possible'. o Tirear

+ Example: cylinder wake development? B
1. Initial growth (inear) 5 Initial growth transient | cycle
' ; ) 50 100 150 200
2. Transient (nonlinear) i
3. Limit cycle (nonlinear)

Samuai
UCLA v i iCandés, Romberg & Tao, 2006; Donoho, 2006.
lechanical & Aerospa
Engin:ering& © ce 2Chen et al, J Nonlin Sci, 2012.

POD Analysis of Cylinder Flow

« Let us consider a simple 2D laminar cylinder flow (Re = 100)

+ Clean periodic von Karman vortex shedding.

6"..'

100

S
94.89

107 198:7% >

99.9%

10
0

UCLA sMmfemchhanical & Aerospace ¢

Engineering Taira et al, AIAA J 2020

Oscillatory Motion with POD modes

unsieady fiow @ U} e
T S (nonlinear) ' ®

iyl oscillator |
‘mode 12 pair a1
- . s
mode 1 ._. a1 ;
B o TSNS
L s 1]
R e e
mode 2 ® s y
nonde 3.4 paly
mode 3 - - ~ m
W2
» /AVA
- * fas
P
mode 4 o 2 4 L] L] 0 [ 14 ) i)
i
s
i
modes @ ™ e, = 3
PANATAN AN A
0 28 LA ¥
mode 6 S © 2 4 8 8 W 1z M 8 1
;

Samuai
19 %% Mechanical & Aerospace
Engineering

Nair etal, PRE2018 29

Reconstructed Flow

« If we store the POD modes, we can compress the data needed to represent the
overall flow field. All you would need to know if the amplitude of the modes at each

time. .
u(t,x) =" olx)+  a(t)";(x)
U velocity Jj=1
Mean Mean + modes 1 ~ 2 Mean + modes 1~4
. et el
Fullsolution Mean + modes 1~6

Y
"

Samooi
19 %% Mechanical & Aerospace 30
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Dynamic Mode Decomposition

+ Analogously, we can study the flow field with DMD. Each mode is distinctly
associated with each frequency and growth rate.

mode | mode 2 1y
- - -
ie ® =8sh b

- -

imaginary

magnitude

T
gt rate

UCLA n&n":e‘zhanical & Aerospace "
Engineering

Dynamic Mode Decomposition

EXAMPLE: ANALYSIS AND CONTROL OF
VORTEX IN PUMP SUMP

8

# jongLiu
) QiongLi
&

Motohiko Nohmi Masashi Obuchi

([S¥N| Mechanical & Aerospace 32

Engineering
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Water Resource Management

Removal of water in a robust
manner for a range of operating
conditions is critical for
management of water resource
and safety of the residents.

Emergence of vortices in pump
sumps can be detrimental to
operation of pumps and
problematic for certification.

() RIS AT E o —
CORROARERNSIILIN 15 0/

(b) PASEBIIE
B1 REUKES (S0 (B0 KRN BB AT HP)

RISET SIS 270,
123,

Samuol
UCLA Mechanical & Aerospace 33
Engineering Eto, JSME 2014; Fujii et al., Ebara Eng Rev, 2016

Model Problem Selection

The analysis of the full-scale flow is too complex to analyze. We hence seek a model
flow that possess the important flow dynamics.

Goal: to develop a flow control technique that modifies the profile of the pump sump
vortex (core pressure alleviation/increase)

Etoetal,
JSME 2014

Pump
e .

Pump inlet

L (el mouth)

u etal,
J. Fluid Mech 2018
Wallnormal

Samuoi
Mechanical & Aerospace
Engineering

Active Flow Control

Outettop)

Introduce unsteady blowing (injection of water)
from the bottom walll to alter the vortex profile.

e
(circumferenceside)

Aim to increase the pressure profile to spread the
vortex core radially.

Prevent air/debris accumulation at the core

Pump sump vortex model similar to Burgers vortex

Burgers vortex Present flow
(bascline)

1) [) s
UCLA r&n"femcihanical & Aerospace v
Engineering

Unsteady Vortex Dynamics

« The wall-normal vortex exhibits rich
dynamics with multiple instabilities.

* To understand dynamics, we perform
DMD on the flow field data.

We identify swirling modes |, I, Ill
and breakdown/bursting mode A.

pe—
In—alif z 13 " ' . :
b ' ' O
0 10 10 10
0.05
. - e ——
-0 W-asm o - 0809 -

1® e | e | m

Tecakonn w000

(SN Mechanical & Aerospace 3
Engineering

Flow Control

+  We introduce
unsteady blowing
near the
identified
frequencies at
the vortex center.

Forcing input
successful in
widening the core
profile and
increasing the
core pressure

Resolvent Analysis

EXAMPLE: SEPARATED FLOW
OVER AN AIRFOIL

P p—
e

« Also tested . -
robustness of the niAnYen JeanRiveio
control setup (not
shown)
o r/a Bz =0)/p* oot
LAZZY Mechanical & Aerospace 37 LA 2N Mechanical & Aerospace 3
Engineering Engineering
Separation Control Problem Setup
Unsteady flow Actuator DBD plasma)! s p Goal: Todevelop physics-based design of active technique for separation control.
{Aiefoll stall P .
Z « Turbulent flow over a NACA 0012 airfoil at a = 9- and Re = 23,000.

TCorkn ot al Aory ey FM 2010 snnm i omns

* Transfer function

U8 _ i) = Clol - A B

ufs)
- Bode plot [response to sinusoid)
+ Magnitude and Phase

sinfwt} |G| sinfwt + £G)
f Gis) ] !
4VAVAY; = e

1631 {magnaue)
El
/

LG (phase) [deg]
g kg

1wt 10
ks

o High-dimensional flow dynamics (10° DOF) with nonlinearity

UCLA E%aniul & Aerospace v
Engineering

« Compressible LES performed at M = 0.3 in spanwise periodic setting.

P e

® Normalized forcing power:

Ll
BV it o000
Tl AU,

@ Actuator model (heat flux BC?):
& = Gsin(2nf* ) cos(k; z)
@ Control parameters:
St' = fiLsina/Ux & k'L

Mechanical & Aerospace
Engineering

Bres et al., AIAAJ 2017; Yeh etal.,, JFM 2017, 2019 40
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Brute Force Approach

If you can afford lots of computations...

@ Computational expense: > 35 million cpu hours...
o Want to avoid expensive parametric LES studies

-6

alpha

-9

alpha

Samuei
Mechanical & Aerospace 41
Engineering

Base Flow

« Spanwise periodic turbulent flow over a NACA0012 airfoil at Re = 23,000, = 9°.
* Resolvent analysis about time/spanwise-averaged flow.

e

1;

Base flow = time-averaged flow

[

Samuol
Mechanical & Aerospace

Yeh & Taira, JFM 2019 42
Engineering

Resolvent analysis

» Resolvent analysis uncovers the dynamic relationship of how forcing/perturbations
can be amplified by the linearized Navier-Stokes operator over the base flow (time-
averaged flow)

Forcing mode

ponse mode

a: §=0.0m, St = 0.67, ¢ = 0.00% @ = 0.0, St =067, ¢ = 0.007

o %ﬂ_

5 B =00m, St =0.67, ¢ = 0.00% 3 B =0.0r, St = 0.67, ¢ = 0.00x

a, s,

* The leading forcing mode represents
the most amplified input/spatial
structures

+ Response mode reveals the regions where
unsteady fluctuations appear

UCLA E%aniul & Aerospace v
Engineering

Resolvent Analysis

St Response mode """ Forcing mode 9!

Gain distribution
logioto)
¥

kiLe=0

. St=wl 2.

Reattached flow
ACp = —46%, ACy, = +41%

Active flow

poveton W‘

*Yeh & Taira, JFM2019 44

Baseline (separated flow)

(/S¥N| Mechanical & Aerospace
Engineering

Departure from Linear Analysis

* Mean flow is modified by nonlinear dynamics
via Reynolds stress!

CL
« Evaluate the streamwise, transverse, and L‘::::E“,;
spanwise resolvent Reynolds stress using the (Reynolds stress),

dominant response mode.

baseline
Rk ) = Re(9502),

Linear
= a response
Ry(keyw) = Re(¥;0x),  Re(kz,w) = Re(V5 %) (resotvent

KL St* A ACp  RikL.,St) Ry (kLc, 5t) Re(k:Lc, 5t)

o 1 434% —10% %4— %LU’ - =
107 4 45% —33% === =
(SN Mechanical & Aerospace b
Engineering

Metric for Separation Suppression

@ We quantify the aerodynamically favorable mixing by spatially integrating
resolvent Reynolds stress over a shear-layer window

Mk w) = f [o’z(f\’f + R+ fx‘f)l] wix)dx
2 b

@ In some sense, this is our version of "Bode" type guideline...

M (K, w5)

UCLA mmnical & Aerospace 47
Engineering

Flow Control Validation with LES

The resolvent-based mixing metric correlates
well with enhanced aerodynamics performance

+ drag reduction, lift enhancement, lift-to-drag
ratio

Agrees with extensive parametric LES study (35
million hrs)

Resolvent analysis can be used as a guiding tool
for separation control

012

] —
_ 08
01
_ 009 o7
~ oos| °% # ki g
‘\__ﬂm L
o0} .
A S0 T 0s 6fs
0.06 e %
04 o
o s 10 15 v s 1w s v s w15
St* =w'Lf2wvy St* = wt L[y St 2
Samuch
Mechanical & Aerospace 47

Engineering

Expanding the Horizon

with Data Science
| .
- B

RANDOMNESS, SPARSENESS, &
MACHINE LEARNING

|
Jean Ribeiro Chi-An Yeh Poter Schmid
v

Kal Fukami KoliFukagata

Mechanical & Aerospace s
Engineering
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Randomized Numerical Linear Algebra

When we only aim to extract information on the dominant modes why should we
handle the full resolvent operator?

Instead of handling the full matrix, we can use randomized techniques* to seek
the low-rank approximation to save on computation and memory.

Use sketching to extract important information from large A € C™*™
- Test matrix (randomly generated) ¥ = rand(m, k) € C™**
- Sketch Y € C™*k

‘Samuel
LA i rosy Halko, Martinsson & Tropp, SIAM Review 2011; Tropp SIAM J MAA 2017; 49
- 2:;222:,?:;& Aerospace UL Mahoney, Comm ACM 2016; Woodruff et al, Found Trends TCS 2014.

Randomized SVD

Randomized SVD deals with the low-rank approximation of full operator A

]

O(m®)

k.

u i
— OO EE—wem O(mPk)

+ Also achieves memory savings

Almost always satisfies theoretical error bound (due to use of random test matrix)

« Appliedtor ized POD', r d DMD?, rar
randomized fluid flow network characterization*

resolvent ysis?,

Samuoh .
. 1. Rokhin et al, SIAM J MAA 2009; 2. Erichsonn et al, accepted 2019;
Mechanical & Aerospace 5. yioarref et al, JFM 2013; Ribeiro, Yeh & Taira, in rev 2019; 4. Bai et a, in rev 2019, 50
Engineering

Randomized Resolvent Analysis

Let us use randomized resolvent analysis with a text matrix of width k = 10.

Full resolvent analysis resolvent analysis

St Response mode ! Forcing mode ¢{"! Response mode 4™ Forcing mode 67*™

ARy = <—=BR,_ =

&“‘-— g
° 3 I S——

‘——‘&_, - e N
6

= =
12
UCLA manic@m Aerospace * Ribeiro, Yeh & Taira, PR Fluids 2020 51

Engineering

Applications to Higher Re Flows

« Mean flow over NACA 0012 at Re = 500,000 (courtesy: Stuart Benton/AFRL)

* Resolvent operator: 0.9-million x 0.9-million; Number of sketches (k = 5)

022, laminar separation

St=50 St =100 St =200

S, o
1 T ]

[ o</iosllos

T2 33 08 08 C e o £ 7 @
Samuai
UCLA gec_hanit_:al&Aerospace Yeh etal, PR Fluids 2020 52
ngineering

Sparse Compression

We can use sparse promoting techniques for

« Deriving physically correct and interpretable models
+ Example: Sparse nonlinear models (e.g., SINDy)

i
t ) l

» Revealing important physical features
+ Example: Sparse resolvent analysis (identifies optimal actuator and sensor locations)

v
Forcing Q
Forcing s mode

mode —

Lonom |
based

" —— —— " mode
mode 21 D
oy “Zzzz. .

N o based
Samuai S
19 %% Mechanical & Aerospace

Engineering

Brunton et al, PNAS 2016; Skene et al, in preparation2020 53

Machine Learning

+ Extract features and

patterns through ‘ Machine learning based Use of machine leaming/convolutional
nonlinear modal analysis neural networks to perform nonlinear modal

nurr;]erous | b analysis with enhanced compression

mathematical

techniques

Regression (model
fitting), pattern
recognition,
classification, etc.

Nonlinear optimization
problem can enable small
changes in modes to capture
the dynamics better

These problems can
be formulated as
nonlinear optimization
problems

super-resolution flow

‘ Machine learning based
reconstruction

Refeence Couse
Velocity u Input
i

Physical insights can
make the machine-
learning process
easier and robust.

Coarse
Input

ML
solution

iR
)

UCLA [y
Mechanical & Aerospace Murata, Fukami, Fukagata, JFM 2020; Fukami, Fukagata, & Taira, JFM 2018; JFM 2021 54
Engineering

Concluding Remarks

PROGRESS AND OUTLOOK

E%aniul & Aerospace %
Engineering

My Evolving Perspective

* Modal analysis, data science (DS), and machine learning (ML) are offering
refreshing approaches to tackle some data intensive problems. Recent
developments are very exciting and novel!

» Deep learning (universal approximator), sparse modeling (alternative norms),
randomized techniques (low-rank approximation)
« Many of these techniques were not possible a decade ago.

* Modal analysis and DS/ML are NOT the silver bullets to solve hard problems in fluid
mechanics. These powerful tools can certainly help a lot.
*  Must not “oversell” these techniques.
*  We must understand the limitations and further develops techniques to
remove such hurdles.
« Example (FFT): We take FFT as a great tool. Do not expect FFT to “solve”
problems. It is up to how effectively they can be “used” to extract insights.

Mechanical & Aerospace
Engineering

Brunton, Hemati & Taira, TCFD 2020 56
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My Evolving Perspective

« Data structure, quality, and size from fluid mechanics are quite different from what
are used in the general DS/ML communities.

+ Our data is huge. May not be easily compressed for broadband flows.

* The quality and reliability of the results from modal analysis and DS/ML are only as
good as what are provided to the algorithms. Input data need to be of high fidelity
and quality.

« Remember... garbage-in-garbage-out; contrapositive is not always true...
+ Need to have seen what you want to learn! e.g., kids!!!

« CFD and experiments must be performed flawlessly. We still need talented experts
in fluid dynamics to produce good data with careful verification and validation.
+ High-quality CFD and experiments are ever more important.
» Data-driven techniques will continue to become important and powerful. There is no
choice but to make sure we fluid mechanicians keep up with the surge of new and
powerful approaches!

Samuei
Mechanical & Aerospace
Engineering

Brunton, Hemati & Taira, TCFD2020 57

Summary

*  We presented an overview of modal analysis techniques for fluid flow problems.

Helpful for flow analysis, modeling, control and design processes.
» Exciting new methods from data science and machine learning are further
empowering model analysis techniques.

+ Reliance on systematic/mathematical methods to analyze flow data is going to
become ever more important as we will be overwhelmed with DATA.
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