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Aim of the project

Feedback Regulator

Actuators

(>
j‘j:ﬂ\

Controller

o

Develop an optimal control strategy for a
teedback regulator aimed at minimizing
undulation waves downstream of the jet-
wiping region, using gas jets and
electromagnetic actuators.

J

Objectives

Jd Explore different control methods

d Carry out a linear stability analysis

J Derive a simplified model of the liquid film
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Dynamic of the liquid film

Very thin liquid film Very thick liquid film
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Dynamic of the liquid film
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Dynamic of the liquid film

We found the region of absolute instability studying the linearized 2D Navier-Stokes equations
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Pino, Fabio, Miguel Alfonso Mendez, and Benoit Scheid. "Absolute and convective instabilities in a liquid film over a substrate moving against gravity." arXiv preprint

Pino, Fabio, Miguel Alfonso Mendez, and Benoit Scheid. "Linear stability analysis of a vertical liquid film over a moving substrate." Journal of Fluid Mechanics (2024).
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We found the region of absolute instability studying the linearized Navier-Stokes equations
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Liquid film modelling

control jet
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Liquid film modelling
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control jet

Long-wave assumption Liquid film modelling @ eleCtrom?gnet

Pref / Tref = € K 1 Integrate over liquid film
thickness

Integral

Boundary-Layer
(IBL) model

Navier-Stokes Boundary-Layer
equations equations
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control jet

electromagnet

Long-wave assum[li«iaQUid film modelling
ref/ Tret = € < 1 pnal Iitedidt BouhdayBayer model

A thickness
h Filiy thickyiess o Integral
Nav1er-§§g:(§g@§am . wBaundar gb ayer Mundsiry-Layer
equa l@{l%panylse flofw rate€qugtl (IBL) model

Ivanova, T., Pino, F., Scheid, B., & Mendez, M. A. (2023). Evolution of waves in liquid films on moving substrates. Physics of Fluids, 35(1). 24



control jet

electromagnet

Liquid film modelling

3D nondimensional Inteqral Boundary Layer model

h Film thickness iL
%i Stream\ylse flow rate 8{ @E LV.F=s T
(. Spanwise flow rate "
q-

Source term

Flux matrix

0
A h a9 g PPN —1|7 ~ ) ) A A 2712 ~
p_ % fQ udy foA uwdy s= |9 [h( — 0sD + Ozazh + Opzzh + 1) + Tz + Twe — | Halb x]
q- foh uwdy foh 1@26@ o[ [ib( — O:pp + Ozz5h + @m;L) + 752 + Tw. — | Ha 252 AZ}
Reduced Reynolds number Hartmann number

(ratio electromagnetic
forces to viscous forces)

Ivanova, T., Pino, F., Scheid, B., & Mendez, M. A. (2023). Evolution of waves in liquid films on moving substrates. Physics of Fluids, 35(1). 25



control jet

electromagnet

Liquid film modelling

3D nondimensional Inteqral Boundary Layer model

h Film thickness iL
%i Stream\ylse flow rate 8{ @E LV.F=s T
(. Spanwise flow rate "
q-

Source term

Flux matrix

? ) 0 Gravity
F B q\x foh ﬁzdﬁ fO ’LAI,’uA}dg) S — (5_1 [h( — (9;;;]3 -+ 8§3j;§;h + ({%ggh +11 ) + 7A_g,:c + 7A_w,:1: _ HaQbQAX}
Q- foh wwdy foh ?1725@ 0~ VL< — 0:p + Dzz:h + &mfz) + Ty + Twz — Han)QAZ}

Ivanova, T., Pino, F., Scheid, B., & Mendez, M. A. (2023). Evolution of waves in liquid films on moving substrates. Physics of Fluids, 35(1). 26



control jet

electromagnet

Liquid film modelling

3D nondimensional Inteqral Boundary Layer model

h Film thickness iL
%i Stream\ylse flow rate 8{ @E LV.F=s T
(. Spanwise flow rate "
q-
Source term
Flux matrix 0 |
. . Gravity
. Ao~ ga NP (i a9 3 3 . ] rra2i2a
F — 4x fQ u dy fOA dey S = 0 [h< amp =+ ax:mch =+ 8xzzh +11 ) + Tg.x + Tw,x Ha“b X}

. S S il _aaia b oAa. ] A T .22
g fo dey fO w dy 0 |:h( azp =+ 8zzzh + az;ca:h) + Tg,z + Tw,z Ha“b zi|

Shear at the substrate

Ivanova, T., Pino, F., Scheid, B., & Mendez, M. A. (2023). Evolution of waves in liquid films on moving substrates. Physics of Fluids, 35(1). 27



control jet

electromagnet

Liquid film modelling

3D nondimensional Inteqral Boundary Layer model

h Film thickness iL
%i Stream\ylse flow rate 8{ @E LV.F=s T
(. Spanwise flow rate "
q-

Source term

Flux matrix

) ) ) . . 0 Gravity )
F Gz foh u*dy fo uwdy s= |07 [h( — 03D + | Ozaah + Ozzsh |+ |1 ) + Tgo + | Twae | — Hazb”x}
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Surface Tension Shear at the substrate

Ivanova, T., Pino, F., Scheid, B., & Mendez, M. A. (2023). Evolution of waves in liquid films on moving substrates. Physics of Fluids, 35(1). 28



Liquid film modelling

3D nondimensional Inteqral Boundary Layer model

h Film thickness
(] Streamwise flow rate
(. Spanwise flow rate

Flux matrix

R h Ao 14 Bon n g
P (O Jp D Jo wody
G- [, twdy [, widy
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h
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0
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Gas-jets

control jet

electromagnet

___________________

Source term

ai"ff:h + 8355h +

0 Gravity

+ GF -+

51 [h( — 0:p +

Surface Tension

Ivanova, T., Pino, F., Scheid, B., & Mendez, M. A. (2023). Evolution of waves in liquid films on moving substrates. Physics of Fluids, 35(1).
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Lorentz
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Shear at the substrate
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control jet

electromagnet

Liquid film modelling

3D nondimensional Inteqral Boundary Layer model

A

h Film thickness h
(J Streamwise flow rate 85 qu i V-F=s

QAZ Spanwise flow rate R
4z

Fluz matriz Gl Lorentz
- - Ll (ol Force
A h ~9 74 A A TA —1|n{ _ a9.n 7 T ~ - _ 21,24
F — qzx fQ u dy fOA UWdy S = 0 {h( a:vp + amach + aLzzh +11 ) + Tg.x + Tw,z Ha“b X}
q- foh uwdy foh 1@26@ ot [h( — 03P + | Ozz:h + 0331 ) + Tz | Twyz | — Hazb”z}

Surface Tension Shear at the substrate

Closures relations /

Ivanova, T., Pino, F., Scheid, B., & Mendez, M. A. (2023). Evolution of waves in liquid films on moving substrates. Physics of Fluids, 35(1). 30



control jet

electromagnet

Liquid film modelling

3D nondimensional Inteqral Boundary Layer model

A

h Film thickness h
(J Streamwise flow rate O- qu i V-F=s

QAZ Spanwise flow rate ! R
4z

Flux matrix LLioremi
Gas-jets Force
B qAx foh ﬁQd@ fo ’LAL’UA)d?) g — J1 Vl( — a@ﬁ + a;w;/jjl -+ 63&& + 1 ) -+ ’7’/;9.’3j -+ ’72“)’;1; — Ha262/\x}
I A h ~o 1A 103 . s o 3 . - o
qz fo uwdy fO w2dy 0 ! [h( _ aép + aéééhf + aézi::f:h ) + Tg,z + Tw,z|— Ha2b2 z:|
Surface Tension Shear at the substrate
Closures relations Self-similarity hypothesis
N oAfA T A A N A A A A The velocity profile is everywhere
a=1a(g;h,qe,q.) W =w0(7;h, G, G.) y profile is every
parabolic and self-similar.

Ivanova, T., Pino, F., Scheid, B., & Mendez, M. A. (2023). Evolution of waves in liquid films on moving substrates. Physics of Fluids, 35(1). 31



control jet

electromagnet

Liquid film modelling

3D nondimensional Inteqral Boundary Layer model

h Film thickness iL

qgi Streamwlse flow rate 85 qu +V -F=s
(. Spanwise flow rate .
q-

Fluz matriz Gl Lorentz
- _ Gas-Jets Force
A h ~9 74 A A TA —1|n{ _ a9.n 7 T ~ - _ 21,24
F — qzx fQ u dy fOA UWdy S = 0 {h( a:vp + amach + aLzzh +[1]) + Tg.x + Tw,z Ha“b X}
q- foh uwdy foh 1@26@ ot [h( — 03P + | Ozz:h + 0331 ) + Tz | Twyz | — Hazb”z}

Surface Tension Shear at the substrate

circular gas jet

Modelling actuators

Experimental correlations of
impinging gas jets

" i Tg = [+ (AN)Tom D= Jp(A)Ds
1 fr(NTom = fp(Mp

X A=r/H
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Liquid film modelling

3D nondimensional Inteqral Boundary Layer model

h Film thickness
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(. Spanwise flow rate
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Definition optimal control problem
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Integral Boundary Layer model

Definition optimal control problem
Undulation waves

O

A

h
Qx
Q-

+V-F=s
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Definition optimal control problem ypduation waves
Integral Boundary Layer model

A

h
(9,5 (jw +V - -F =s
q-

Performance measure -
Liquid film as flat as possible in the reward area around target thickness f @ Control Parameter

(). Reward area U nozzle exit velocity

r J

maX / / h) dx dt Ps jet’s impingement pressure
Runnzng Cost 8 Intensity magnetic field
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Detinition optimal control problem Undulation waves
Integral Boundary Layer model

A

h
(975 q: | + V- -F=s
q:
Performance measure
Liquid film as flat as possible in the reward area around target thickness f, A Control Parameter
().. Reward area U nozzle exit velocity
T J
maX / / h) diljdt Ps jet’s impingement pressure

Runm,ng Cost p Intensity magnetic field

Model based control approach (White bozx)

4 Full knowledge of the Integral Boundary Layer equations

, [ Linearization around desired flat state
Governing
equations

U Identify feedback gains that maintain the system within the
stable region.
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Definition optimal control problem ypduation waves
Integral Boundary Layer model

A

h
81; ij +V - -F =s

Q-
Performance measure
Liquid film as flat as possible in the reward area around target thickness f A Control Parameter
().. Reward area U nozzle exit velocity
r J
maX h) dajdt Ps jet’s impingement pressure

Runnzng Cost p Intensity magnetic field

Machine learning approach (Black box)

Environment

/Plant

39

Pino, Fabio, et al. "Comparative analysis of machine learning methods for active flow control." Journal of Fluid Mechanics 958 (2023): A39.



Detinition optimal control problem ,qulation waves
Integral Boundary Layer model

A

h
(975 qAx +V - -F =s

Q-
Performance measure
Liquid film as flat as possible in the reward area around target thickness f, A Control Parameter
T R . B R Q?“ Reward area UJ nozzle exit VGIOCity
mSX / / \L(h(x ) t) o h)j dxdt Ps jet’s impingement pressure
0 Q. ~\~ A -
Running Cost p Intensity magnetic field
Machine learning approach (Black box)
, Free surface observations Instantaneous reward
>[Controller/Agen‘u - A A R R _
m(0k; W) IL o = m(h(z,ty)) ro = | L(h(Z,t,) — h)dz
Q,
observations action
Ok+1 ag

Environment

/Plant
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Pino, Fabio, et al. "Comparative analysis of machine learning methods for active flow control." Journal of Fluid Mechanics 958 (2023): A39.



Detinition optimal control problem Undulation waves
Integral Boundary Layer model

A

h
(975 q: | + V- -F=s
q:
Performance measure
Liquid film as flat as possible in the reward area around target thickness f, A Control Parameter
().. Reward area U nozzle exit velocity
T J
maX / / h) dxdt Ps jet’s impingement pressure

Runm,ng Cost p Intensity magnetic field

Learning  Wni1 Machine learning approach (Black box)
Method

Free surface observations Instantaneous reward
)[Controllf?r/Agent - A A . R _
m(0k; W) |<7 o, = m(h(z,ty)) r, = L(h(z,t;) — h)di
Q.
obscrvations aciion Feedback control action Control action parameters
A — TT(0L|W
(0| Wy W,
Environment Machine learning control methods vary in the way they adjust
/Plant the controller action parameters.

41
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Definition optimal control problem ypduation waves

Liquid film Governing Equations

A

h
81; q: | + V- -F=s
q:
Performance measure
Liquid film as flat as possible in the reward area around target thickness f A Control Parameter
().. Reward area U nozzle exit velocity
r J
maX h) dajdt Ps jet’s impingement pressure

Runnzng Cost p Intensity magnetic field

Model based control approach (White box) Machine learning approach (Black box)

Advantages Advantages Learning | W11

» Fast and Efficient = Model-Free Learning Method

= Stability Guarantees * Nonlinear Systems Controller/ Agent J< -
= Established literature = Adaptability —__"lokiwn)

Disadvantages Disadvantages observations action

k+1 k

* Linear Systems Limitation * No Stability Guarantees
Governing « Model Dependency « Sample Inefficiency
equations  Difficulty with uncertainties * Computational Complexity
/Plan
42
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Detinition optimal control problem ,qulation waves

Liquid film Governing Equations

A

h
O |qg, | +V-F=s

q:
Performance measure
Liquid film as flat as possible in the reward area around target thickness f, A Control Parameter
T R N B R Q?“ Reward area UJ nozzle exit VGIOCity
mSX \‘C (h(x 3 t) o h)j dxdt Ps jet’s impingement pressure
0 Q, ~\~ A . .
Running Cost p Intensity magnetic field
Model based _control approach (White bozx) Machine learning approach (Black bozx)
Learning  Wn+1
Method :
Controller/Agent < -
. —>  7(og; W)
Control small amplitude waves Control large amplitude waves
observations action
Ok+1 ay

Governing
equations Environment
/Plant
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Linear stability based control

Independent pressure and
shear stress distributions
at the free surface

> Complexity >
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Linear stability based control

Independent pressure and  Control jets with blowing and suction
shear stress distributions a a
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at the free surface
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Linear stability based control

Independent pressure and  Control jets with blowing and suction
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Linear stability based control
The controller was tested in the stabilization of a highly unstable liquid film
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Undulation control with machine learning methods
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Undulation control with machine learning methods
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Undulation control with machine learning methods
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Undulation control with zinc
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Modelling metal liquid film in tokamak fusion reactors PTOSpeCtS Generalization of the absolute instability window
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Thank you for your kind attention.

The larger the island of knowledge, the longer the shoreline of wonder

Credit: Oleg Riabcuk



