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Disputationsakten:

Presentation av respondenten (ca 40 min).
Opponenten diskuterar och stiller fragor pa avhandlingen.

Betygsnamnden staller fragor.
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(")ppet for allmanheten att stalla fragor.
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Public defense:
1. Presentation by the respondent (ca 40 min).
. The opponent discusses the thesis with the respondent.

. The members of the grading committee discuss the thesis with the respondent.

A~ W N

. The audience is allowed and invited to ask questions.
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Public defense:
1. Presentation by the respondent (ca 40 min).
The opponent discusses the thesis with the respondent.

The members of the grading committee discuss the thesis with the respondent.

L

The audience is allowed and invited to ask questions.

The procedure continues as follows:

1. The grading committee will deliberate behind locked doors and make a decision.

2. The decision will be announced by the committee at Mechanics department,
Osquars Backe 18, 6th floor.

3. Lunch will be served for all the involved people, including registered participating audience.

N. Fabbiane: Transition delay in boundary-layer flows via reactive control — 0 of 30



Transition delay in boundary-layer flows
via reactive control

Nicold Fabbiane

Linné FLOW Centre, KTH Mechanics, Stockholm

Doctoral defense, KTH, Stockholm — June 13th, 2016



The project

Transition delay in boundary-layer flows

-

%
HY
verensiar
R

#
g

52

st

Over Darmstadt, September 2015




The project

Transition delay in boundary-layer flows

Over Darmstadt, September 2015




The project

g_‘i}g{,g[mt{% Transition delay in boundary-layer flows

0CH KONST

Over Darmstadt, September 2015




The project

& »I‘E\mst[, (8 Transition delay in boundary-layer flows

Over Darmstadt, September 2015




Routes to turbulence
Morkovin et al. (1994)
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Routes to turbulence

Skin-friction fluctuations (grey-scale) and turbulent structures (green isosurfaces: \-criterion)
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Routes to turbulence

Skin-friction fluctuations (grey-scale) and turbulent structures (green isosurfaces: \-criterion)
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Pseudo-spectral DNS/LES code (SIMSON) Chevalier et al. (2007)
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The control strategy
£ I\TH | Actenuation of Tollmien-Schlichting (TS) instabilities
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The control strategy
£ I\TH | Actenuation of Tollmien-Schlichting (TS) instabilities
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Linear state-space model

4 2D linear perturbation of a 2D boundary-layer flow over a flat plate

Qg vevensiar
Y veoner

S

Linearised Navier-Stokes (LNS) eq.s around the baseflow U(x):
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Linearised Navier-Stokes (LNS) eq.s around the baseflow U(x):

? = —(U~V)u—(u-V)U—vp+iv2u + by(x) d(t) + by (x) u(t)
t Re
0=V-u
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4 8l 2D linear perturbation of a 2D boundary-layer flow over a flat plate
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Linearised Navier-Stokes (LNS) eq.s around the baseflow U(x):

? = —(U~V)u—(u-V)U—vp+iv2u + by(x) d(t) + by (x) u(t)
t Re
0=V-u

v(t) = /Qcy(x) ~u(x, £) dQ
z(t) = / cz(x) - u(x, t) dQ
Q
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P2 M Linear state-space model
FRTHY

4 8l 2D linear perturbation of a 2D boundary-layer flow over a flat plate
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Linearised Navier-Stokes (LNS) eq.s around the baseflow U(x):
q(t) = A q(t) + By d(t) + By u(t)
y(t) = Cya(t)
z(t) = C-q(t)

where u(x, t) ~ T(x) q(t).

oW
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P8 Linear Quadratic Gaussian (LQG) regulator
£KTH g

L REEE N q(t) = A q(t) +Bgd(t) + By u(t)
S y() =Cya(t)
z(t) = C- q(t)
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Linear Quadratic Gaussian (LQG) regulator

*4’%. zz;‘r:;;:ﬁ q(t) = A q(t) + By d(t) + B, u(t)

= y(t) = Cyq(t)
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P88 Input/Output (1/0) representation
£KTH Y

& voensor 3
Y veoner

st

5 —a -

Forced response z(t) by u(t) with qo =0

t
z(t) = C,ePtqo + / C.e” B, u(t — 7)dT
0
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The 2 X 2 impulse responses represent the complete 1/0O properties of the plant.
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Finite Impulse Response (FIR) filter
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gg@% Filtered-X Least-Mean-Square (fxLMS) algorithm
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I‘ u(n) =32 K(iln) y(n— i) J

Minimise the cost function

win (]

via a steepest-descent algorithm

| K(iln + 1) = K(iln) — pA(iln). |

with A(i|n) = () =22z(n) 3> Pzu(j) y(n —j) = 2z(n) f(n—1i).
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P28 Model-based vs. Adaptive control
FKTHY

pmgl  Paper 1, Paper 2

S

flow
RN
d___y u

Z

a(t) = (A + LG, + B,K) &(1) — Ly (1)
u(t) = Ka(t)

Based on a full model of the flow.
Designed a-priori = static.
Optimal performances.

Model reduction usually needed.

flow
—
TN
d y u z
_ﬁ\ A

u(n) = ZK Yy(n—1)

» Only u — z needed.

> On-line minimisation =- adaptive.

v

Reliable y-measurement.

v

Measurable cost function.
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Performance

Control of 2D linear perturbation in a 2D boundary-layer flow over a flat plate (Paper 2)
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"W Performance and limitations
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® Experimental setup TECHNISCHE
FKTH & . UNIVERSITAT
& vevenor B Open wind-tunnel @ TU Darmstadt (Paper 2) DARMSTADT

.

Disturbances: 15 independent loudspeakers producing 2D disturbances
Sensors: 2 surface hot-wires = skin friction measurements

Actuator: 1 dielectric-barrier-discharge (DBD) plasma actuator L = 230 mm

2 rows of 30 microphones each monitor the bi-dimensionality of the disturbances.

ri.oWwW
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Plasma actuator

4& vevensiar
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S

> 2 copper electrodes separated by a dielectric material (Kapton tape)

> Plasma arch between the two electrodes

flow
E —

N. Fabbiane: Transition delay in boundary-layer flows via reactive control — 14 of 30



Plasma actuator

%
H%

& voensor 3
Y veoner

st

> 2 copper electrodes separated by a dielectric material (Kapton tape)

> Plasma arch between the two electrodes = force on the flow

flow force
%’ v

—

N. Fabbiane: Transition delay in boundary-layer flows via reactive control — 14 of 30



%
HY

& voensor 3
Y veoner

Plasma actuator

Fnsas®

> 2 copper electrodes separated by a dielectric material (Kapton tape)
> Plasma arch between the two electrodes = force on the flow

flow
E —

force

T
%’v

—

> Driven by the compensator via u(t) — V/(t)

u(t)

VaN
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> Driven by the compensator via u(t) — V/(t)
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> Force in one direction only

V()

force(t)

N. Fabbiane: Transition delay in boundal

layer flows via reactive control — 14 of 30



Plasma actuator

§ voensor 3
Y veoner

st

> 2 copper electrodes separated by a dielectric material (Kapton tape)

> Plasma arch between the two electrodes = force on the flow

flow force
— —p

e

e —

7 I

> Driven by the compensator via u(t) — V/(t)

u(ot)
)
)
)
D
)

force(t)

N. Fabbiane: Transition delay in boundal

layer flows via reactive control — 14 of 30



Plasma actuator

EKTHE
OB

st

> 2 copper electrodes separated by a dielectric material (Kapton tape)

> Plasma arch between the two electrodes = force on the flow

flow force = <——
— —p

e —

7 I

> Driven by the compensator via u(t) — V/(t)

u(ot)
)
)
)
D
)

> Force in one direction only: offset + control signal
Small offset: wave-cancellation (Paper 2, Paper 3)

Large offset: wave-cancellation 4+ BL stabilisation
(Kurz et al., 2013)

force(t)
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Experimental performance
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LQG: high dependency on the speed-shift
fxLMS: able to adapt to the modified condition
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Delayed-x LMS (dxLMS) algorithm

(Simon et al., 2015, Paper 3)
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p Time-delay identification
ngmmsm Via signal correlation (Paper 3)
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ngmmsm Via signal correlation (Paper 3)

fa OCH KONST 36

%,
KTH$

s

X=X Xz — Xy
Cg ~ —— > Tuz = ————
Tpy Cg

N. Fabbiane: Transition delay in boundary-layer flows via reactive control



p Time-delay identification
ngmmsm Via signal correlation (Paper 3)

fa OCH KONST 36

%,
KTH$

s

N. Fabbiane: Transition delay in boundary-layer flows via reactive control



a5
-

Time-delay identification
(AnEiall  Via signal correlation (Paper 3)
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Time-delay identification

T Via signal correlation (Paper 3)
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Performace by dxLMS
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UNIVERSITAT
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In-flight experiments
Motor-glider Grob G109 @ TU Darmstadt (Paper 3)
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Outline
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Transition delay
A 3D compensator
Performance and limitations
Energy budget
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From 2D to 3D disturbances
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From 2D to 3D disturbances
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A 3D compensator
Multi-Input Multi-Output (MIMO) (Fabbiane et al., 2015, Paper 5)
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A 3D compensator
Multi-Input Multi-Output (MIMO) (Fabbiane et al., 2015, Paper 5)
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A 3D compensator
Multi-Input Multi-Output (MIMO) (Fabbiane et al., 2015, Paper 5)
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A 3D compensator
Multi-Input Multi-Output (MIMO) (Fabbiane et al., 2015, Paper 5)
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MIMO fxLMS algorithm

EFKTHSD (Fabbiane et al., 2015, Paper 5)
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L compensator J

Minimise a measurable cost function

o (5e)

via a steepest-descent algorithm:

] Km(iln + 1) = Km(iln) — p Am(i|n) \

where Am(iln) = 5205 (32, 27(n) =2 5 21(n) 32,55 Peu,r () Yrsmes(n = = i)-
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Transition delay
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Transition delay
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Energy budget
§ }E\,:IN‘W., i Saved power (Ps = Uss AD)

S

%,
H%

AD Lx
Drag reduction: — = / (Tw,o - 7'w,c>z " dX
Lz 0 ’

N. Fabbiane: Transition delay in boundary-layer flows via reactive control



p Energy budget
ngmmsm Saved power (Ps = Uss AD)

s OCH KONST s

KTH %

st

AD
4

Lx
Drag reduction: / (Tw,o - 7'w,c>z " dX
o ;

3
5 x10 .
~ laminar
41 | = — = turbulent
—— uncontrolled
3+ fxLMS
£
o,
1 ———
0 Il v A Il Il Il Il Il
340 540 740 940 1140 1340 1540 1740 1940

-3
Re, x 10




Energy budget
ngmmsm Saved power (Ps = Uss AD)

fa OCH KONST 36

%,
KTH%

st

10°
o o
10% F Q o o E
o
9] o
1L 4
2 10
o
o
100 F E
10-1 1 1 1 1 1 1 L L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

A(100) [%]

boundary-layer flows via reactive control



a5
-

Energy budget

S }E\,:IN‘SEI,%; Saved power (Ps = Uss AD) vs. control power (P., Kriegseis et al., 2011, 2013)

st

10°
=}
[u}
[u}
[u} o
o B g
107 F o o 4
(o)
o O  saved power o
g 10t O  plasma actuator ]
a A ideal actuator
(o]
A
A
10° F A A - E
A
A
A
10 -1 L L L L L 1 L L L
0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

A(100) [%]

N. Fabbiane: Transition delay in boundal e control — 26 of 30



Energy budget

ngmmsm Saved power (Ps = Uss AD) vs. control power (P., Kriegseis et al., 2011, 2013)
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> Model-based control may present robustness issues:
> robustness can be recovered via adaptive algorithms.

> Transition is effectively and efficiently delayed.

> In-flight experiments by using plasma actuators.
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In this work, Eigensystem realisation algorithm (ERA) is used (Juang and Pappa, 1985).

» Equivalent to a Galerkin projection over BPOD modes (Ma et al., 2011).
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Time-delay identification
4&?‘ }E\,:IN‘SEI, ﬁ, Via signal correlation (Simon et al., 2015, Paper 3)
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Time-delay identification
Via signal correlation (Simon et al., 2015, Paper 3)
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Time-delay identification
Via signal correlation (Simon et al., 2015, Paper 3)
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Time-delay identification

HY Via signal correlation (Simon et al., 2015, Paper 3)
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" Time-delay identification
E:IN‘SEI,%‘ Via signal correlation (Simon et al., 2015, Paper 3)
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