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\ MIMO (Multiple Input Multiple Output) system PARIS-SACLAY

» Geometrically simple configuration & fast computation.

» Physically rich enough to comprise many dynamical regimes and to allow testing many control

laws.
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: . Unforced Fluidic Pinball :
Lims| Reynolds-number dependent flow behavior u n | Ve I’S Ite
\ Steady solution Mean flow Flow field PARIS-SACLAY
snapshot

Route to chaos:
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Neimark-Sacker
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Chaos

Newhouse-Ruelle-Takens route
to chaos.
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e Unforced Fluidic Pinball

~Lim , :
Galerkin method + Mean-field modeling

(,t) = 1o (%) +  _ a;(t)i; ()

_ _ . hu+V-U@uU=rvAid-—
Linear-quadratic Garlerkin system

> N N
%= Zl lija; + Z Qijra;ak
J:

jik=1
With a series physical constraints: i :
1
- ~ Sy
Hopf _
day /dt= ca; — was ﬁ2
daz/dt = ogaz + waz
| daz/dt = o3a3z + Bar? P .
u,
p
+ Pitchfork
da4/dt = Oq34q4 — 543435 =
2 u,
L da5/dt — opap + ﬁ584
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Bifurcation diagram
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Unforced Fluidic Pinball universite

Limsi
k Galerkin method + Mean-field modeling Bifurcation diagram PARIS-SACLAY

u(x, t) = ug(T) + Z a;(t)u; () \

: _ ) hu+V-yu
Linear-quadratic Garlerkin system

dfﬂ = ZEUH? + Z Qi 100

7.k=1
With a series physwal constraints: i, es | )
- N ' =
Hopf
day /dt= 033 — waz i, e @ /

daz/dt = ogaz + waz

L daz/dt = o3zasz + [7'3!’2

-

B .
u,

+ Pitchfork

dag/dt = 0434 — Paaasas

L da5/dt — opap + 6535
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\ For the primary flow regime ( Re =30) PARIS-SACLAY
u(r,t) > u(r)  +ai(t)ui(r) + ax(t)ua(r) + as(t)us(r) ! =7 | Generalized mean field system
steady solution leading PE#D modes shifthmde — with 3 d.o.f. :
l_iz . i day/dt = oa; — was, o =01 — Bas
das/dt = oaz + way, w = w1 + yas
dﬂg/dt = og3a3 + 3 (ﬂ% + ﬂ%)
Mean flow l_i3
- . — DNS ~---- Low-order model
. Lk S 251 -
Shift mode - “ 0.0
—-2.51 )

Steady solution

25 A
%2 0.0
~2.51 ¢
2 Z
0 2 0
I M 5 Ik o 2 50 100 150 200 250 300 350
. t .
! Figure : Comparison of DNS with R.O.M.
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For the primary flow regime ( Re = 80 )
\ m— NS -~~~ Low-order model PA R I S SAC LAY
2.5 7] h ... ]
(15} .
/I (fl = O'(G3)a1 —w{aa)ag, _gg i v [ '; .F
_g dy = o(az)as + w(as)a, c , '
\:h d3 = o3az + Bs(a] + ﬂg):/ = az ug NN i i
: terms —25- LA i
/.U dy = 0404 — Paasas, ) : E— S
\:n ds — +ﬁ5a§, / ag iy J
0.0 - :

The cross terms are identified ay 0.0
under a sparsity constraint with

-0.5-
the SINDy algorithm (Brunton et 0.2
al. 2016). %
0.0 . : . : : : .
400 500 600 700 800 900 1000 1100

t
dﬂl/df = ay(o1 — B ag — P13 ﬂa) — ﬂQ(&h + v as + s ﬂ5) + l14 a4 + G134 G304,

daz/dt = as(o1 — B az — P15 as) + a1(w1 + v ag + 715 as) + log as + Go34 azay,
das/dt = o3 az + 33 r? + I35 as + 314 @104 + G335 a3as + G355 "1§1

I MSI e day/dt = o4 ay — B4 asas + ay(lay + quiz a3 + qais as) + ax(laz + qa23 a3 + qazs as),
das/dt = o5 as + f5 a3 + ls3 a3 + qs14 a104 + @533 a3 + @535 A305.
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Controlling the fluidic Pinball with machine and human learning PARIS-SACLAY

v" How the unforced fluidic pinball goes to chaos
v" How to get R. O. M. for successive bifurcations

Perspectives:
» R.O.M. for quasi-periodic regime and chaos?
» Other bifurcations in the forced fluidic pinball?
» Re dependence of modes & coefficients?
» Automatization:
Human learning to machine learning?

Low-order model for successive bifurcations of

the pinball fluidique.
A arXiv preprint arXiv :1812.08529 (2018)
- J. Fluid Mech., 2018. (In revision
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Thank you for your attention.

Any questions?

Journée Des Doctorants du LIMSI - 6 June 2019



ANNEX 1 -- R. O. M. of Fluidic Pinball

o
Llrn5| universite

Ansatz & methodology PARIS-SACLAY
Galerkin method Rempfer & Fasel (1994) Mean-field modeling
N Antisymmetric Symmetric
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. ANNEX 1 -- R. O. M. of Fluidic Pinball

®
Limsi universite

Ansatz & methodology PARIS-SACLAY
Galerkin method Mean-field modeling
U(Z,t) = Us(T) + ay () U1 (T) + az(t)tz (L) + azuz (L) Antlsymméﬁf}? Symmetric
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Ansatz & methodology PARIS-SACLAY
Galerkin method Mean-field modeling
(%, ) = 1is(F) + ar (1)1 (F) + az(t) i (T) + asiiz(F) Antlsymm???}f’ Symmetric
- o o i o (TN ﬁl 3 T ]_i3
(%, t) = Us(Z) + ag(t)uy(T) + a5 (t) s (L) il
e e L 3 i, 8 B i,
Symmetry constraints iU+ V- ud=vAu—-Vp
l_i4

=4
=5

k

o |j=4
=5

T
—t

\fl_‘z

® . ®'- ji=1
Q- | R&-»

-2l - IR

o (X OIRXk=1

R~

-
b
®

® X XXk

¢ X
B BB
® ® 0O (X)@ﬁ;;ﬁ

D




° ° ° ..
. ANNEX 1 -- R. O. M. of Fluidic Pinball universite

- Limsi
\ Ansatz & methodology PARIS 'SAC LAY
Galerkin method Mean-field modeling
(1) = @s(%) + a1 ()1 (F) + az(8)ia(7) + aziiz(7) Antlsymmét_f_%? Symmetric
U(T,t) = Uy(T) + asg(t)is(T) + as(t)is(F) il
" N D i ® 8 &
Symmetry constraints iU+ V- ud=vAu—-Vp
Kryloff-Bogoliulov approximation .
ll4
L 73911 @ 13317 @ 13711
/:-1_\" = Ty, e | e = - - i | il - e —_E —c
=1 [ QIR -1 Q] |® rilg@®®
- @R -2 Q] R | - R
= QB Q-] -0 [ IBIQR)] -3 o|®
@RI * | X X | X @
R | © . &) Ol e

Q@R
QEI®

LY
XXX
XXX




- Limsi
Ansatz & methodology

Galerkin method
(1) = iis(Z) + a1 (1)1 (F) + as(t)iia(F) + aziis(F)

—

' UA

(7,t) = () +£14(f)ﬁ4(fl+ ﬂa(t)_'ﬁ(fl

L

=)

\

S~
—p —

U i A
Symmetry constraints

Kryloff-Bogoliulov approximation
i € O(0) ,0(6%) can be neglected
L

O+ V- u®Ru=vAi—Vp
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. ANNEX 1 -- R. O. M. of Fluidic Pinball
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PARIS-SACLAY

Mean-field modeling
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Lim
Ansatz & methodology
Galerkin method
(7, 1) = 1iy(%) + ar (£)i1 (F) + az(1)iia(7) + asiis ()
- iia
U, ) = s (T) + ay(t)us(T) + a5(t)us(T)
i’ i

Symmetry constraints i+ V- u®@u=vAiu—Vp

Kryloff-Bogoliulov approximation
i € O(0) ,0(6%) can be neglected

da/dt = oca; — wasz, o =01 — Pas L T T: T Tl* LlT
das/dt = oaz + way, W = wi + yas =
{iag/dfzﬂgflg + 3 ({I.%—Fa%:] =1 ¢ . ® @@
day/dt = o404 — Byagas =2 . ¢ XXX
dﬂg:,/dtzﬂ'ﬁﬂg,—i—ﬁf;ﬂi i =3 ®® v ® ’
i=1 ORI« |

— ik 5
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e ANNEX 1 -- R. O. M. of Fluidic Pinball
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Mean-field modeling

Antisymmetric Symmetric

u,

Qv 73717 @ 131711
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. ANNEX 2 -- R, O. M. of Fluidic Pinball universite

Limsi .
k. For the secondary flow regime ( Re = 80) PARIS-SACLAY

u(r,t) ~ ug(r) +ay(t)a(r)+as(t)us(r)+az(t)ua(r) +agltjuylr) + as(t)jus(r)
\ / L. w - - " - b '
steady solution leading PO modes shift mode Pitch-Fork bifurcation

u 1
4 uy = —(11+5 —uy)
2
1 e o o
u5=§(u s+u ) —ug
u,
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ANNEX 2 -- R. O. M. of Fluidic Pinball universite

Imsli ,
R. O. M. without cross-terms PARIS-SACLAY
R — R W—— G.eneralized mean field system
with 5 d.o.f. :
q 2.5 "":‘"" 0P EL I8 P PO EE I8 08 P8 LG I RO OO O G P O l"'l |
0.0 TUTL AR R ” day/dt = oa; — was, o= o1 — PBag
—2.51 A T A L A A A T A AR R
_ - das/dt = oas + waz, W = wi + vyas
as 237 A AL TGTEAL L A RN F T A A 0 0 B T ] 2 2
_gjg~ B it A AR ARl ] daz/dt = o3a3 + f33 (ﬂl "“ﬂz)
- ,_' ______ I I ' __-_w;-:wz——-—_%' dﬂd/dt = 0404 — [B1a4a;
45 2.5 ’/ dﬂ5/df = 055 + {850;2
0.0 t——eeee™ . . : :
ay 0.0 . .
- List of coefficients :
o 0.2 o1 5.22x107° A 1.31x107*
. w1 524x107Y 4 2.95 x 1072
. - ; : - y Y -1 -1
400 500 600 700 800 900 1000 1100 03 —9.22x10 5 Bz 1.53 x 10 )
t oqg 2.72x 10 Bi 245 x 10~
os —2.72x 107t  Bs 214 x 1071
The coefficients are identified from the linear stability analysis
I M 5 Ik and the asymptotic dynamics.
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: . ANNEX 2 -- R. O. M. of Fluidic Pinball -
LImSI R. O. M. with cross-terms unlverSIte
\%&. ) ) | m— NS Low-order model PA R I S B SAC LAY
s N a 2.5 1
T d) = o(az)a; — w(as)as, 1_(2):{5}_
Q dz = o(az)az + w(as)as,
-gh as = ozaz + 53(‘& i aﬁ], Cross a2 [2][5} -
terms —-2.51
o %4 = 0404 — Paaqas,
G ds = osa5 + fsa3, j a3 2.5
0.0
The cross terms are identified ay 0.0
under a sparsity constraint with —05.
the SINDy algorithm (Brunton et 0.2
al. 2016). 45 ‘
0'?100 500 600 700 800 900 1000 1100
t

day/dt = ay(oy — B az — P15 a5) — az(w1 + ¥ asz + Y15 a5) + lig a4 + q134 azay,
dag/dt = as(o1 — B ag — P15 as) + a1(w1 + v az + Y15 as) + l2g ag + G234 azay,
das/dt = o3 az + 33 r? + I35 a5 + (314 A1G4 + §335 G305 + (355 a?:

I M&I# dasfdt =04 as = B4 aaas +ar(lar + ans a3 + qas a5) + az(laz + qazs a3 + qazs s),
g _

i das/dt = 05 a5 + B5 aj + ls3 az + gs14 @104 + @533 a3 + @535 azas.



