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Abstrat. The paper investigates the ontrol of ow over a bakward faing step for

a Reynolds number of 3000. The top of the hannel is onsidered as a slip wall and in

the lateral diretion a periodi behavior is assumed.

With the aim of drag redution or a redution of reattahment length in the wake

of the step, aousti manipulations of the boundary layer in front of the step were

performed by experiments and numerial simulations ([1℄ and [4℄). A good agreement

was found between the experimental and numerial results, espeially in the ase of

the reattahment length, also related to the mean veloity �eld and the rms-pro�les.

The numerial investigations are done as diret numerial simulations and large eddy

simulations.

The inuene of manipulation parameters on the reirulation length X

r

was identi�ed

by a series of large eddy simulations of a transitional bakward faing step ow.

Beause of the huge amount of omputational work for the solution of an optimization

problem for the drag minimization (the non stationary Navier-Stokes equation and the

adjoint problem are to be solved several times...) we are looking for omputationally

"heap" ontrol strategies. Our interest is foussed on the relation of the amplitude A

of the aousti manipulation signal and the reirulation length X

r

.

1 Modelling of the ow problem

We onsider a bakward faing step hannel and we investigate the ow for a

Reynolds number of 3000 built with the veloity U

1

= 2; 27

m

s

of the blok

inow pro�le and the step height H = 20mm (see �g. 1) for an air ow. The top

of the hannel is onsidered as a slip wall and in the lateral diretion a periodi

behavior is assumed.

To desribe the ow we get from the nondimensional Navier-Stokes equation

the equation system for the �ltered quantities

�u

�t

+r � uu = �r +r � 2�S (1)

r � u = 0 (2)

where � is the total eddy-visosity

� =

1

Re

+ �

t

;



2 G. B�arwol� et al.

Ls

L

Ly

Lz

x

H

Xr

u

z

xy

Fig. 1. hannel situation
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and for the strain rate tensor S we have

S = (S

ij

); S

ij

=

1

2

(

�u

i

�x

j

+

�u

j

�x

i

):

In the ase of a diret numerial simulation we have �

t

= 0 and there is no

e�et of �ltering, and the equations (1) and (2) are the lassial Navier-Stokes

equations with u = u and p = p for an inompressible uid.

If we don't resolve all small strutures by the spatial disretization �

t

is the eddy-

visosity of a subgrid-sale model.We use a subgrid-sale model of Germano-type

following Akselvoll and Moin [3℄. For �

t

we have

�

t

= C�

2

jSj; jSj =

q

2S

ij

S

ij

: (3)

For the Germano-type subgrid sale model we need two di�erent �lters to handle

the equation of motion, the so-alled grid �lter G and the test �lter

b

G, with the

�lter

b

� of the test �lter, assumed to be larger than that of the grid-�lter. The

quantity C�

2

we set

C�

2

= �

1

2

< L

ij

M

ij

>

y

< M

kl

M

kl

>

y

; (4)

where,

L

ij

=

d

u

i

u

j

�

b

u

i

b

u

j

; M

ij

= (

b

�=�)

2

j

b

Sj

b

S

ij

�

d

jSjS

ij

:

< >

y

indiates an average taken over the homogeneous spanwise diretion.

The result of the subgrid-sale modelling is onentrated in the variable eddy-

visosity. The equation of motion is of the same type as the Navier-Stokes equa-

tion.

With suitable boundary onditions whih will be spei�ed in the following se-

tion and appropriate initial onditions we have a mathematial model for the

transitional ow over a bakward faing step.
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2 The geometry of the bakward faing step and the

manipulation priniple

On the inow plane and for solid walls Dirihlet boundary onditions are given

(inow blok pro�le, no slip onditions). In the lateral diretion we assume a

periodi behavior and at the top boundary a slip one is used. On the outlet zero

gradient onditions are used. With appropriate initial onditions now we have a

mathematial model for the transitional ow over a bakward faing step. The

�gure 2 shows the kind of manipulation, whih results in Dirihlet-boundary

onditions.

manipulation slit

∆s

ujet

Fig. 2. Aousti manipulation via a spanwise manipulation slit, �s � 0:05H

For the streamwise length L

x

, the spanwise width L

y

and the vertial height

L

z

we set (L

x

; L

y

; L

z

) = (22H; 6H; 12H). The hoie of the vertial height is

based on experienes onerning the dependeny of the reattahment length

on L

z

. Only beyond 11H the dependeny of the reattahment length an be

negleted. The inlet setion of the step has length L

s

= 5H. The inow pro�le

was assumed as a blok pro�le with the veloity U

1

= onst:

Non-uniform grid spaings for the streamwise and vertial diretions are used.

In the x- and the z-diretions we onsider a re�ned grid around the step. In

z-diretion �ne spaings are used near the hannel bottom. In the spanwise

diretion uniform grid spaings are used.

Beause of the absene of detailed information about the blowing and sution

during the aousti ontrol it was simulated by a sine funtion of the form

U

jet

= A sin(2� f t) (U

1

= U

2

= U

jet

). Former alulations [4℄ with amplitudes

of A = 0:1U

1

; A = 0:01U

1

and A = 0:001U

1

using a �xed frequeny

of f = 50Hz showed a good agreement with the experimental results [1℄ using

di�erent loudnesses of the loudspeakers. With the used physial dimensions the

dimensionless frequeny has the value F =

fH

U

1

= 0:45.
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3 Identi�ation

Beause of the huge amount of omputational work for the solution of an opti-

mization problem for the drag minimization (the non stationary Navier-Stokes

equation and the adjoint problem are to be solved several times...) we are looking

for omputationally "heap" ontrol strategies. Our interest is foussed on the

relation between the amplitude A of the aousti signal and the reirulation

length X

r

.

The reirulation length X

r

is determind as the last intersetion with the x-axis

of the graph of wall shear stresses (x-diretion) averaged in the lateral diretion.

Figure 3 shows a typial distribution of the derivative of

�U

1

�z

at the wall, whih

ist proportional to the wall shear stress �

w

.
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Fig. 3.

�U

1

�z

at the hannel bottom averaged in the lateral diretion

In the result of the large eddy simulations for several parameters onstella-

tions di�erent blak box models have been identi�ed. In the most simple ase a

�rst order model of the form

T X

0

r

(t) +X

r

(t) = K A(t) (5)

ould be used to desribe the dependene of the reattahment length on the

amplitude of the harmoni exitation.

Figure 4 shows the time response of the reirulation length to a step of the ma-

nipulation amplitude based on the LES and the blak box model (from A = 0,

non manipulated ow, to A = 0:01U

1

, manipulated ase). A seond order ap-

proximation gives only a slight improvement of the �t. However, if this approx-

imation is repeated for other Re-numbers di�erent parameters T and K are

identi�ed. Therefore a family of models was onsidered to design a ontroller.

The �rst blak box model was used as a basis for a robust ontroller design.

Di�erent ontrol shemes were tested. Only the very simple P-ontroller is shown

here. It's equation is of the form

A(t) = K

p

[W (t)�X

r

(t)℄ ; (6)
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Fig. 4. time response to an amplitude step

where W stands for the setpoint of the reirulation length and k

p

is the gain

fator of the ontroller. For a stable losed loop it is neessary to work with

the fator K

p

= �0:01

U

1

H

. If the same ontroller is to be used for other larger

Reynolds numbers, the gain has to be redued to maintain robust stability. To

guarantee zero steady state o�set for a onstant setpoint a PI-ontroller an be

used whih is desribed by

E

0

(t)K



�



+ E(t)k



= A

0

(t)�



; (7)

with

E(t) = W (t)�X

r

(t);

where �



;K



are onstant system parameters ([2℄). Figure 5 shows the time be-

havior of the reirulation length and the manipulation amplitude during the

work of the P-ontroller. A reirulation setpoint length W = 5H was pre-

sribed.

The study of more robust ontrollers like Smith-preditors to inrease per-

formane is under onsideration.

4 Further investigations

As mentioned above the huge amount of pu-time for the solution of an optimi-

sation problem with respet to funtionals measuring the reattahment length
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Fig. 5. numerial simulation of the P-ontroller, X

r

(t) and A(t)

is the reason for the disussed identi�ation methods to onstrut robust on-

trollers. But the omputational work for the identi�ation is still very large and

we think about the development of our ow by a �nite number of modes in

the result of a proper orthogonal deomposition using snapshots of an unsteady

numerial simulation of the manipulated bakward faing step ow.
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