Shear flow compositions
on the Galerkin piano
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Low-order modeling for flow control

B Myriads of actuation- and sensor-opportunities:
e kind, e location, e amplitude and frequency range,
e control design

B No time for myriads of high-fidelity simulations.

H Complementary low-dimensional models needed

for exploration, optimization and control design.



Low-order Galerkin modelling — piano analogy
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"Traditional’ Galerkin method

—  Fletcher 1984 Computational Galerkin Methods, Springer

Galerkin method

u(x,t) —  Oiu zéAu —V(uu) —Vp
l l
N da; N N
uN= % a;(u(x) — = =c+ > ljaj+ > gjraja
hardware
(piano)
>
infinitely
many keys
Uq|U, u Un

software

(music)

® @



Low-order Galerkin modelling

Noack, Cordier, King, Morzynski, Siegel, Tadmor (2009 ) Springer

KineNmatics Dynamics Control

u = Z a; u; a; = fz(a) a; = fi(aa b)r
1=0 b = h(a)

e basic modes e Galerkin projection Observer

e choice of Hilbert space e pressure model o LSE

e POD

e Oother empirical modes
[Kunisch, Ravindran]

e stability eigenmodes

e Mmathematical modes

e actuation modes

e control-theory modes
[Rowley]

[Bergmann]

e subgrid turbulence

e actuation effect
[Weller]

e robustness
[Mathelin,Willcox]

e parameter identification

e structure identification

e ...

e system reduction
[Antoulas]

e intertial manifolds

e Mmodal balance equations

e Kalman filter

e \olterra series

e dynamic observer
[Lombardi,Rempfer]

Controller

e linear control

e Optimal control
[Cordier]

e full-info, MIMO, ...

e attractor closure

e Nnonlinear control
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Phenomenogram of cylinder wake

Reynolds number Re = %

Re < 4

Re < 47 R

Re < 180

2D steady flow

without vortex pair

2D steady flow

with vortex pair

2D vortex shedding

2D vortex shedding
superimposed by 3D

modes / fluctuations



POD Galerkin model

= | Noack, Afanasiev, Morzynski, Tadmor & Thiele (2003) JFM

POD at Re = 100

3

u = Z a;u;
1=0

| =] Deane et al (1991) PF
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Modal enery flow analysis
— |=| Noack, Papas & Monkewitz (2005) JFM —
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Modal fluid dynamics
— | = | Noack, Papas & Monkewitz (2005) JFM —

In a nutshell:

Galerkin approximation . u=ug+u/, ug:=u, u = ]Evj a;u;
Navier-Stokes Eq. ........ R(u) =0

Galerkin system .......... (ui,R(u[N]))Q =0

Modal energy flow balance (azu@,R(u[ D =0

Global energy flow balance (u’,R(u[N]))Q =0

Im some detail:

NSE NSE II GS
oru = 8tu’ = dai/dt =
—V-uu| —-V- uoup —|-qu0

—V -u'ug + ZN 1 95095
—~V -ugu’ + Z —1 40545
-V.u'u | + Z] k=1 4ijkQ; ALk + Z] r—=19ijk3iq;0f +7;
+vAu +vAug +vi;o
—|—I/Al]_/ —|—I/ ZN Z]a] —|—21/lm’
—Vp —Vp + Z] k=1 ngka ar, | + Z] k=1 qzyka’b j Ak +7i




Modal energy flow analy5|s of cylinder wake

Noack 2006 —
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Semi-spectral characterization of e-flow cascade






Transient dynamics of wake
= | Noack, Afanasiev, Morzynski, Tadmor & Thiele (2003) JFM —

conawon . | [«g [ ] -2 0 [

averaged flow _attractor

T -
transient
on paraboloid invariant ~~~"Karhunen-Loeve mod:

shift mode

@ESSS manifold -~
B
=
T

steady solution """ “stability eigenmodes

Operating

condition I ——— ‘Qoi @©>

near fixed point

E Zielinska & Wesfreid (1995) PF



Continuous mode interpolation
Morzynski, Stankiewicz, Noack, King, Thiele & Tadmor (2006) AFC —

mode 1 mode 2

k=1
uj o>

first POD modes

k=0.5
uj o>

interpolated modes

k=0
uj o

stability eigenmode

Mode interpolation resolves intermediate states.



Generalized mean-field model
Morzynski, Stankiewicz, Noack, Thiele & Tadmor (2006) AIAA —

3-dim. Galerkin approx.: Fluctuation energy
u=ug-+u for transient

Uup = Us + aaua | =

u' = afuf + a5ub // , '/

Galerkin system o // /

daf/dt = oa¥f — wa¥ A I
dat/dt = oak + wa’f M e

t/T

daA/dt = opan 4+ ¢ ((a’f)Q —+ (ag)Q)
oc=o01—Bapn, w=wi +vaa, Kk =an/aRx

Generalized 3-dim. model ~ 10% error.






Wake stabilization as benchmark problem

= | Lehmann, Luchtenburg, Noack, King, Morzynski & Tadmor (2005) CDC-ECC —

Control problem: stabilize wake at Re = 100

| =] Protas & Szewzyk 2002 PF

Protas & Wesfreid 2003 Mecanique

[ =] Siegel et al. 2003 AIAA

Bergmann, Cordier & Brancher

(2005) PF

A) volume force sensor
———\ )

)
/\
—_— /\

e

\
B) 5ylinder oscillation

Actuation: (A) volume force, (B) cylinder oscillation
Sensing with hot-wire: S(t) = w(6.5D,2D,t)



Strategy of GM-based SISO control

—{ =] Lehmann, Luchtenburg, Noack, King, Morzyski & Tadmor (2005) CDC-ECC —

(1) Galerkin model

u = ) a;u;

% = f(a,b), b: control
(2) Energy-based control
Let K = X a?.
Determine b = b(a)
so that dK/dt = oK,
(3) Dynamic observer
Plant: u= S(t)
Observer: a=1 =5

9@ — £(a,b) + L (S - S)

o <0

(4) DNS with GM-based
SISO control

Control law
b(S) = b(a(s))

volume force hot—wire
b S

Observer

Controller

AAA




SISO wake stabilization in simulation

— =] Lehmann, Luchtenburg, Noack, King, Morzynski & Tadmor (2005) CDC-ECC —

Natural flow
100% TKE ....—  ——~_— — ]

GM-based control
with standard POD model — ]

(N = 3) 80% TKE ..... T " T

GM-based control 11

with hybrid model EE——— S —
W
(N =3) 25% TKE ..... 7

Better models improve control!
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Phase control applied to the D-shaped body

— | =| Pastoor, Henning, Noack, King & Tadmor (2008) JFM (accepted) —

Experimental setup

Rep = 20000...60000

incoming flow

> flow visualization

R @® pressure gages
L =36H Re actuators



Phase control applied to the D-shaped body

— | =| Pastoor, Henning, Noack, King & Tadmor (2008) JFM (accepted) —

Vortex model with ~ 1000 vortices.
Natural flow Open-loop forcing

1 natural flow

Yy

0.5

open-loop controlled flow

0.5

1 1 1 | 1 |
a 0.5 1 £ 15 2 25 3

Closed-loop forcing

Phase angle
ACDC,LLpCp — L(C'u, Cp)

A
optimal: A®dg, ¢, =




Phase control applied to the D-shaped body

Pastoor, Henning, Noack, King & Tadmor (2008) JFM (accepted) —

Natural flow smoke visualization

Rey = 40000

Stwake = 0.20 CD.0 = 1.2 Ep,o = —0.b



Phase control applied to the D-shaped body

Pastoor, Henning, Noack, King & Tadmor (2008) JFM (accepted) —

Open-loop controlled flow ..... suggested by low-order model

Rey = 40000

Cp = 0.015 StA — 0.126 CD/CD,O — 0.85 @/l@p’()l = —0.6

40% increase in base pressure.

20% decrease in drag.



Phase control applied to the D-shaped body

Pastoor, Henning, Noack, King & Tadmor (2008) JFM (accepted) —

Closed-loop controlled flow .... derived from low-order model

Rey = 40000

Cp = 0.015 StA = 0.17 CD/CD,O = 0.85 @/l@p,ol = —0.6

Same drag reduction.

But with 40% less actuation energy.



Phase control applied to the D-shaped body

Pastoor, Henning, Noack, King & Tadmor (2008) JFM (accepted) —

Closed-loop controlled flow . ... derived from low-order model

Rey = 40000

Cy = 0.015 StA — 0.126 CD/CD,O — 0.85 @/Ep’()l = —0.6

Same drag reduction with 40% less actuation energy.

But only one (!) actuator.






Sketch of the high-lift configuration

— Luchtenburg, Gilinther, Noack, King & Tadmor (2007) JFM preprint —

0.5 F -
- observation
region
O /—"74 ) ©
0.5 F
0 0.5 1 1.5
X

Configuration: Re = Uy ¢/v = 10°, angle of attack 6°

Actuation: acoustic actuator at the upper side of the trailing flap
Simulation: 2D URANS, LLR k-w model, structured grid, ~90000 cells
Modeling: Least-order Galerkin model for observation region
explaining the control mechanism



URANS simulation of high-lift configuration

— Luchtenburg, Gilinther, Noack, King & Tadmor (2007) JFM preprint —

natural flow actuated flow

|Iq'|



Generalized mean field model
— Luchtenburg, Gilinther, Noack, King & Tadmor (2007) JFM preprint —

Mean-flow modes Phase portrait Oscillatory (POD) modes

a

a) natural mean flow u, d) u, u,

~0

Oos 113

b) shift mode u, % R
2 |&
~0 -l £ |5 u(x,t) = up(x) + 221 a;(Hu;(x)
02055 I LS

¢) actuated mean flow

e)
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Generalized mean field model
— Luchtenburg, Gilinther, Noack, King & Tadmor (2007) JFM preprint —

Dynamical system structure:

_al__(}n —w™ 0 0] _al_ (000 O |
d | ao w" o™ 0 0] an + O 00 O b
dt | a3 0 0 od —i% as O 0 r —A .
aq O 0 &* o% ||aa| 100 A &

with state-dependent coefficients

5N — oN _ gnm (An)Q _ ga (Aa)Q ’
Ot = W+ W (An)Q 4 a (Aa)Q ’
50 — 50 _ a0 (An)Q _ 50 (Aa)Q’
o0 = w4 wBn (An)Q 4 (0 (Aa)Q 7
ag = c—+c" (A”)2 + ¢ (AC‘)2 :

with A" = \/a? + a3, A% = /a3 + a7 and b = (b,b/>%)



Phase portraits of transient flow:

URANS vs. generalized mean-field model
— Luchtenburg, Giinther, Noack, King & Tadmor (2007) JFM preprint —

model lock-in with actuation
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Amplitudes of transient flow:

URANS vs. generalized mean-field model
— Luchtenburg, Gilinther, Noack, King & Tadmor (2007) JFM preprint —

02l < Actuationon —
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Lift coefficient of transient flow:

URANS vs. generalized mean-field model
— Luchtenburg, Gilinther, Noack, King & Tadmor (2007) JFM preprint —

4
cr,(t) = cro+ 3 kiaj(t)+ks(A™M) 2+ kg (AN 2+ k7 (A" +kg(AY)*
1=1

2.5

24t |l

oo I 11

2.07

ll
|
|
|
|
|
! |
|
; 1l
1.91 #Actuation on —» L_
0

1.8 ' ' ' '
5 10 15 20 25



Energetic interpration as competing modes
— Luchtenburg, Gilinther, Noack, King & Tadmor (2007) JFM preprint —

actuated flow M@M@g ,,,,,,,,,,,,,,,,,,,,,,
- ‘

steady solution u,

52
natural flow 21 v 4 . >
amplitudes
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Instabilities — turbulence

—>
Tur h Y | enc Landau-Hopf scenario C (_@\ ) torus
€ < Hopf 3
Qo <o — T
OO o o Lev D. Landau
O O ©o (1908-1968)
op
Andrei N.
. Kolmogorov torus
D A Eberhard Hopf
(1903-1987) (1902-1983) T 2
y Fyermer i By Ruelle-Taken
gy Heisenberg Newhouse 3.3
(1901-1976)

limit cycle

O

fixed point

Paul Manneville

(1944-)

I David
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Ruelle
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Statistical physics — turbulence

Lars Onsager
(1903—1976)
Particle/vortex

Ludwig Boltzmann
(1840—1906)

Equivalent

subsystems: picture:
1877 Entropy 1949 point vortices
in 2D flows
S =kInW za.24 | = thermodyn. degree of freedom
Ludwig Liepmann’s Robert H Kraichnan
WARNING: _________ | Wave/Galerkin
— == P | picture:

1955 Fourier modes =
thermodyn. degrees
of freedom

(absolute equilibrium ensemble)

How to partition the flow in equivalent subsystems (atoms)
(= thermodynamic degrees of freedom)?77?



Control — turbulence

linear dynamics
da/dt=Aa+Bb

(.

B

Str ange attractor
da/dt = f (a,b)

linear control
b=K a

.?)

ANno
Dazumal

chaos control

@ LIS TALL T CRRT

]
'.\._ -?

Ott, Greboqi, Yorke
1990 PRL

statistical physics
S=klnW

o
S

Maxwell’s demon

Maxwell 1867
Wiener 1948




Motivation for statistical physics approach

grid turbulence

(57 Lk g d TR
a3 | q.:‘. o Y, ‘E .
/ o .\ -~ ’- ‘-- bog -'v f-'. " 9 ".“";‘-
SHAEPEAL .

-
— r gl 20t
- - A ¥ 3 ¥ N
—= ARRRE e LW N 1 i
e —— 7 ” " !
] ' A

Van Dyke, Album of Fluid Motion

Goal: description in statistical physics / thermodynamics
— powerful concepts of entropy, entropy principles,

First task: Define the R.H. Kraichnan L. Onsager

|

thermodynamic degrees of freedom.
Ansatz: DoF = modes of a

traditional Galerkin model



"Traditional’ Galerkin method

—  Fletcher 1984 Computational Galerkin Methods, Springer

Galerkin method

u(x,t) —  Oiu zéAu —V(uu) —Vp
l l
N da; N N
uN= % a;(u(x) — = =c+ > ljaj+ > gjraja
hardware
(piano)
>
infinitely
many keys
Uq|U, u Un

software

(music)

® @



Finite-time thermodynamics formalism

— E Noack, Schlegel, Ahlborn, Mutschke, Morzyriski, Comte & Tadmor (2008) JNET —

dynamical
system

constant
da; __
d_cz == C@—|—

linear term
—I—Zjlijaj —|—

energy
preserving

l

quadr. term
+ > qijrajax




Finite-time thermodynamics formalism

— | =] Noack, Schlegel, Ahiborn, Mutschke, Morzynski, Comte & Tadmor (2008) JNET —

dynamical averaged equations
p— / _ /
system a; =a; +a}, E; = (a})?/2
constant mean-field eq.
da; __ . S
%—Cl—i— _)O—ci+...+2qijka9a;€
linear term external interactions
—I—Zjlijaj—k... ':Z'Qija/'al'
. Q AQ AQ
i
energy % = Q;
preserving +T;
| Tf“’m
quadr. term mternal interactions

/ / /
+ > gijrajag Ti = )k Qijk0;050




Finite-time thermodynamics formalism

— E Noack, Schlegel, Ahlborn, Mutschke, Morzyriski, Comte & Tadmor (2008) JNET —

dynamical averaged equations closure
I— / — (] -
system a; =a; +a,, E; = (a})?/2  assumptions
constant mean-field eq. corollary
da; __ _ A _
c=cit... o O=c¢+ ...+ Zqijka;a;g a;-a;\ﬁ = 2F;di;
linear term external interactions assumption 1
—|— Zj lijaj —|— N P Qz == Zj Qij a;a; Qz == Qz(E@)
c lQl Q, AQ AQ
| E
energy % = Q,
preserving E; +T;
- W
l -E_ T2 TI TN
quadr. term internal interactions assumption 2
+ > qijrajax T, = Zj,k Tijk Liin=Tix(Es, E;,Ep)

- ! !
where T, = ijk ;050



F_inite—time thermodynamics formalism

Noack, Schlegel, Ahlborn, Mutschke, Morzynski, Comte & Tadmor (2008) JNET —

dynamical
system

constant
% — C; —|— e o

FTT equations
a; =@ + af, B; = (a])?/2

closure
assumptions

mean-field eq.

corollary
a}aﬁﬂ == QEZ(SZJ

|

linear term

>

+ 225 lija; +

Qi=q kLl

assumption 1

= Qi(E;)

energy
preserving

l

| lQl Q,
| E
Ei
o T
-E_ T2 TI TN

AQ AQ,

O:Cz'"'---"‘ZQQiijj
lqi /
external interactions
Qs — Ql

quadr. term
+ > qgijrajar

A

internal interactions
1; = ka ,Tijk

where ,Tijk = O XijkX
(E;+ Ex)/2 — E;

V EiE;Ep~—
E; + E; + Ej

assumption 2
Tiix=Ti;x(Ei,E;,Ey)




Fick’s law of triadic interactions

Noack, Schlegel, Ahlborn, Mutschke, Morzynski, Comte & Tadmor (2008) JNET —

%(Ej + E) — E;

Tijk = QOXijk \/EiEjEk

E;+ E; + Ej
A E A dE;/dt A dE;/dt

E 0
(Ei+ Ej e - (Y-
(SR =) 2 S G SRR I 17

k A (gain)

E; 0
(E+BE)2-p-----momi oo (k- oo\ YT,

(ioss)
=
0L




Fick’s law of triadic interactions [/

— | =] Noack, Schlegel, Ahiborn, Mutschke, Morzynski, Comte & Tadmor (2008) JNET —




Fick’s law of triadic interactions /1]

— | =] Noack, Schlegel, Ahiborn, Mutschke, Morzynski, Comte & Tadmor (2008) JNET —

T, 1 3L where L3 JEiE;E
= _ , O iy = — oy .
17k i1k EZ+E]+Ek i1k Tiik 5 Xijk ik
E A
Ei
£+ +6,
_— 3

——

=

Tijk



Fick’s law for triadic interactions

— | =] Noack, Schlegel, Ahiborn, Mutschke, Morzynski, Comte & Tadmor (2008) JNET —

Ansatz Ty = Tiji(Ey, By, Ey)

Properties from analysis of T}, = q;;k a;a;ag

(1) Homogeneity ............. ka(}\EZ, )\Ej, )‘Ek) — )\3/2 szk(E’Lv Ej, Ek)
(2) Zeros .......... ka(Ez, Ej, O) = ka(Ez, 0, Ek) = ka(o, Ej, Ek) =0
(3) SymMmMeEtry .. Tiik = Tik;
(4) Monotonicity ............ E; <min{E;, B} = T;,(E;, By, E) <O
(5) Energy preservation ....... Tijk + Tikg + Tiire + Tjgi + Thij + Tiji = O

(6) Realizability (Stl’iCt|y: |ka| < |quk| |ai|max |aj|max |CLk|max )

Tkl S 1965kl \/Ez E; B},

Solution
LE. +E) - E,
_ 7 k 1
Tijk = X4k \/Ez'EjEk 2
E;+ E; + Ej
with the totally symmetric triadic structure function
. 1 .
Xijk ‘= & (|Qijk| + |qiril + 190! + gl + lagi;| + |ij¢|) and o determined

from energy flow consistency between donor and recipient modes.



FTT model

extremal

limits

— E Noack, Schlegel, Ahlborn, Mutschke, Morzyriski, Comte & Tadmor (2008) JNET —

Linear dynamics

Partial LTE

LTE

external interactions

external interactions

——— capitalism ——— ——— capitalism ——-—
Ql Q) toad Q Qzl Q
S E EZH ENQ : Elu Ezu U ENU :
® ® |E=Q E=Q+T, E =

0T S Y ny 1 oed

internal interactions
——— communism ——-

internal inter actions

——— communism ———

linear stability
analysis

theoretical fluid mechanics
nonlinear
dynamics

abs. equilibrium
ensemble




FTT model

extremal limits

— E Noack, Schlegel, Ahlborn, Mutschke, Morzyriski, Comte & Tadmor (2008) JNET —

Linear dynamics

Partial LTE

LTE

external interactions
——— capitalism ———

Q Qzl A Q\IA

external interactions
——— capitalism ———

Qlel Q

E=Q+T,

internal interactions

——— communism ———

T T

ny 1 oed

internal inter actions

——— communism ——-—

plasma physics analogy for charged particles in E-field

®—

>
>

>
>
>

>

>

>

>

>

O

Nno collisions

s

Y

e.

°

1
/

Y

Y

%
Y

-\fx
5 ;7

no FE-field







Periodic cylinder wake (Re = 100)

Noack, Schlegel, Ahlborn, Mutschke, Morzynski, Comte & Tadmor (2008) JNET —

2D flow around circular | Energy distribution (com-

cylinder (DNS) puted and FTT predicted)
1
=, — log E, o
-1
10-dim. Galerkin model _2 T e
N
u= > au; (POD modes) 3 —
N y N
a; =c; + X lz]a] . L
]:]_ 0 2 4 6 8 ; 10
N
-I-jk2_1qijk aj a o DNS; o FTT

Good agreement between DNS and FTT prediction!



Burgers’ equation

— E Noack, Schlegel, Ahlborn, Mutschke, Morzyriski, Comte & Tadmor (2008) JNET —

Boundary value problem

Oru+ (U 4+ w) 0zu = g(x,t) + v 02,u
U=1, »v=1/100, energy source g(x,t) =0 (a1 ©1 + a2 ©3), o = 1/50.
BC: w(z + 2, t) = u(z, t)
Galerkin approximation (here: N = 10, 1st to 5th harmonics)

u(z,t) = ag(t)©o(xz) + a1(t) ©1(z) + ...ay O n(z)

Oy = L. ©; = Lsing ©ob = L cosz, ©2 = —L_sin2z,
0 - \ 21 v - \ 21 v 3 \ 2m v

Galerkin system: ag =0
N N
a; = X lija;+ ¥ gk ajag
1=1 7,k=1
nonlinearly coupled oscillators (1 = 1, 2: self-excited, 7 > 3: damped)



Burgers’ equation [/

Noack, Schlegel, Ahlborn, Mutschke, Morzynski, Comte & Tadmor (2008) JNET —

Travelling wave solution with energy source and diffusion term

phase portrait

energy distribution
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Good agreement between

simulation e and FTT o



Burgers’ equation /7]

— | =] Noack, Schlegel, Ahiborn, Mutschke, Morzynski, Comte & Tadmor (2008) JNET —

Truncated Burgers’ solution without source and without diffusion

term [=] Majda & Timofeyev 2000

phase portrait

energy distribution
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Homogeneous shear turbulence (Re = 1000)

— [=] Noack, Schlegel, Ahlborn, Mutschke, Morzynski, Comte & Tadmor (2008) JNET —

3D flow

1459-dim. Galerkin model

N
u = Z a;u;
1=

(Stokes modes)

J,k=

Cumulative transfer term
(GM and FTT)

-0.07

0O 200 400 600 800 1000 | 1400

T =T 4Ty
. GM;, —  FTT

Good agreement between GM and FTT prediction!






FTT applications

— | =] Noack, Schlegel, Ahiborn, Mutschke, Morzynski, Comte & Tadmor (2008) JNET —
— and many follow-up publications |=|=|=| —

e FTT = mean-field model
e rigorous system reduction of evolution equation
U = Ugyp T Uslaved T Ustoch
e derivation of nonlinear subgrid turbulence model
e Unified description of normal and inverse turbulence cascade
e fully nonlinear, infinite horizon control
e statistical mechanics & definition of entropy
e MaxEnt principle for attractor
e ...

FTT = eye opener 4+ key enabler for many applications



Overview

1. Introduction

— Jlow-order Galerkin modeling

2. Control of laminar shear flow

— Jlow-order modeling of weakly nonlinear dynamics
3. Control of turbulent shear flow

— low-order modeling of strongly nonlinear dynamics
4. Instabilities, turbulence and control

— an emerging unifying theory

5. Concluding remarks and outlook



Configurations

3D flow over a step 3D mixing layer jet noise

© 2002

TWein|
BR Noack, M Schiegel

Ahmed body airfoil
wake

channel flow
combustor
cavity flow




Conclusions

E Noack, Cordier, King, Morzynski, Siegel & Tadmor (2009) Springer

B Galerkin modelling for flow control is a doable art!

N | N N
u= 3% a;u ai=Ci+,lez'jaj+,kzquzjkajak+gib
j k=

’L:O J]=
More info: CISM Course in Udine, Sep. 15—-19, 2008
B Physics mechanisms for turbulence control
strongly nonlinear.
e drag reduction of D-shaped body
e |lift increase of high-lift configuration

e Noise reduction of turbulent jet

B Model for natural and controlled attractor needed!

= Upgrade Galerkin model with ergodic measure



Conclusions

| =| Noack, Schlegel, Ahlborn, Mutschke, Morzynski, Comte & Tadmor (2008) JNET

B Finite-time thermodynamics model builds on GM

N
u= ) a;u;, a; = c; + lew a; =+ Z qzjka,] ay.
J 7,k

1=0

= first and second moments of unsteady flows

e 1D Burgers' eq., e 2D wake, e 3D shear turbulence.

B FTT — Statistical physics (economics) link

o u, ..... person /thermodyn. degrees of freedom)
o F; ... wealth /order parameter
o Yqjpajar = T; ... pure communism /LTE
o Yljja; = Qi ...... pure capitalism /lin. instability
e Both terms ......... social market /partial LTE

B FTT — energy-based and nonlinear control design



Outlook

B Turbulence closure with a Finite-Time
T hermodynamics of the turbulence cascade
Modes — energy distribution — mean flow & fluctuations
(Alternative to eddy-viscosity ansatz and uRANS)
B Non-equilibrium cybernetics
Non-linear infinite-horizon control of the attractor
via a manipulation of the turbulence cascade
Adds to control theory based on linearization and stabilization
B Model-based feedback flow control
INn experimental demonstrators

Improvement benchmarked against black-box-model control



Publications

More information: call +49-30-314.24732 or read

= | Noack, Afanasiev, Morzynski, Tadmor & Thiele

(2003) JFM . ... generalized mean-field model of wake

Noack, Papas & Monkewitz (2005) JFM

...... pressure-term representation in shear-layer model

Noack, Schilegel, Ahlborn, Mutschke, Morzynski,

Comte & Tadmor (2008) JNET

.............. Finite- Time Thermodynamics formalism

B Noack, Cordier, King, Morzynski, Siegel

& Tadmor (2009+4) Springer .. ROM for flow control



