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Transitional 
ow over a backward-facing step is studied by large eddy simulation (LES) and direct

numerical simulation (DNS). The simulation was performed at a Reynolds number of 3000 based

on step height and inlet stream velocity. We copare the passive 
ow and the 
ow controlled by a

twodimensional acoustic manipulation in front of the separation line. The aim of the boundary layer

control is to decrease the reattachment lenght.

Huppertz & Janke (1995/1997) demonstrated experimentally a reduction of the reattachment lenght

of approximately 30% for a certain frequency of the acoustic disturbancies. Our statistical results

show a good agreement with the experimental data of Huppertz & Janke.

The good agreement of the LES results with the experimental data and the DNS results allows us to

use the large eddy simulation as an inexpensive method to perform parameter studies of the backward

facing step 
ow which are impossible with a direct numerical simulation.

0. Motivation

In a series of experiments concerning the sep-

arated 
ow over a backward facing step (bfs),

Huppertz & Janke (1995/97) studied the in
u-

ence of an acoustic control of the boundary layer

on the reattachment length. They observed a

reduction of this parameter depending on the

frequency and the acoustic pressure of the con-

trol signal.

In principle the transitional character of the bfs


ow - laminar before the separation and a tur-

bulent shear layer in the wake region - and the

moderate Reynolds number of the experiments

(Re = 3000 ) would allow to perform direct

numerical simulations simultaneously with the

experiments. However, the inevitable amount of

computing time and memory capacity which is

required for a direct numerical simulationmakes

this tool much too expensive for extensive pa-

rameter studies with the aim to explain bound-

ary control e�ects on the bfs 
ow. The DNS

for a single parameter constellation needs days,

weeks or even months and wide parameter vari-

ations would need months or years.

The large eddy simulation is known as a cheaper

instrument for turbulent 
ow simulation than

the direct simulation. We present here results

indicating that LES is a suitable instrument for

qualitative and quantitative parameter studies

in the boundary layer control of a bfs 
ow.

For the validation of the LES results we refer to

the above mentioned experimental data (Hup-

pertz & Janke, 1995/1997) and to the results of

a DNS (B�arwol�, Wengle & Jeggle, 1996).

1. Mathematical model and

numerical solution method

Model equations and boundary conditions

The governing equations are the Navier-Stokes

equations for an incompressible 
uid.
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is given. ~u = (u; v; w) and p stand for the ve-

locity �eld and the modi�ed pressure (pressure

over density), � is the kinematic viscosity. In

the case of LES ~u stands for the coarse grid



part of the velocity and � includes the small grid

part of the velocity described by a subgrid-scale

model. Besides the LES model of Smagorinskij

the dynamic subgrid-scale model of Germano is

used following the procedure proposed by Ak-

selvoll & Moin (1995).

On the Dirichlet boundary � = �

in
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the so-

lution must ful�l the in
ow and no-slip bound-

ary conditions
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At the upper boundary of the computational do-

main a no-stress wall is assumed. The boundary

condition reads
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Suitable out
ow boundary conditions shortly

summarized as
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which are used alternatively. The velocity com-

ponents u, v and w correspond to the stream-

wise (x), spanwise (y) and the vertical (z) di-

rection, respectively. The pde system (1){(7)

describes the nonsteady three dimensional 
ow.

By an evaluation of the instantanous velocity

and pressure �elds during our time integra-

tion we have produced the time averaged �elds

(mean value and rms statistics - up to second

order statistics) as a basis for comparisons with

experimental data which are only given as time

averaged data.

Numerical solution method

Evaluating the di�erential equations on quadri-

lateral �nite volumes we get a second order ac-

curate scheme. We use four staggered grids for

the discretization of the three components of the

momentum equation and the continuity equa-

tion, i.e. the pressure is de�ned at the centre of

the cell und the velocity components on the cell

sufaces. Doing this we get a conservative �nite

volume scheme, even for the kinetic energy bal-

ance.

The time discretization of the governing equa-

tions is achieved using a semi-implicit technique

following Chorin (1968) and Hirt/Cook (1972).

For the evaluation of velocity �elds ~u with r�~u

an iterative solver was used.

The described features were implementet in the

code MLET (Werner, 1991) for vector comput-

ers. The solution method was adapted and im-

proved for parallel architectures and then imple-

mented on the massively parallel system Cray

T3D (B�arwol� & Schwandt, 1995).

The computational domain

Figure 1 shows the computational domain of our

numerical simulation.
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Figure 1: backward facing step con�guration

For the streamwise length L

x

, the spanwise

width L

y

and the vertical height L

z

we set

(L

x

; L

y

; L

z

) = (22H; 6H; 12H). The choice

of the vertical height is based on experiences

concerning the dependency of the reattachment

lenght on L

z

. Only beyond 11H the dependency

of the reattachment lenght can by neglected.

The inlet section or the step has the length

L

s

= 5H. The in
ow pro�le was assumed as a

block pro�le with the velocity u

inflow

= const:.

Non-uniform grid spacings for the streamwise

and vertical directions are used. In the x-

and the z-directions we consider a re�ned grid

around the step. In z-direction �ne spacings are

used near the lower. In the spanewise direction

uniform grid spacings are used.

Some preparing computations showed the de-

velopment of the block pro�le to the Blasius

pro�le near the separation line measured by

Huppertz & Janke (1997). The step-height

Reynolds number is de�ned as Re = u

1

H=�.

For the LES a total of 256 grid cells is used in

the x-direction and of 64 cells in the y-direction.

The number of cells in the vertical direction

is 80, of which 40 are placed within the step

(z < H). For the reference DNS we re�ned our

grid in all directions to half the stepsize.



2. Fluid physical task

Figure 2 shows a symmetry cut through the

channel with the position of the step and the

manipulation slit. In the case of the control of

the upstream boundary layer the acoustic ma-

nipulation means a blowing and suction with a

certain frequency. With this mechanism no ad-

ditional mass 
ux is inserted into the channel

by the control in a time averaged sense. Thus

we have a boundary condition of the form

u = w = u

jet

on �

m

; (8)

which realizes a jet with an angle of �=4.
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Figure 2: bfs channel cut

Because of the absence of detailed information

about the blowing and suction during the acous-

tic control it was simulated by a sine func-

tion u

jet

= A sin(2� ft) and calculations for

A = 0:1u

inflow

; A = 0:01u

inflow

and A =

0:001u

inflow

were done.

With increasing of the amplitude A a decrease

of the recirculation length was observed both in

the experiment and in the simulation.

In the spanwise direction periodic boundary

conditions are assumed. The time steps of the

numerical integration method are choosen in

such a way that i) the stability restrictions are

ful�lled and ii) the control period - one blow-

ing/suction cycle - is resolved by 20 time steps.

3. Some remarks to the choice of

out
ow boundary conditions for the

velocity �eld

The comparisons of the e�ect of the bound-

ary conditions (6) and (7) show the strong de-

pendencies of the upstream re
ection on the

choosen length of the computational domain.

The wall shear stress graphs (u

�

) in the �gures 3

and 4 show for the natural boundary condition

a smaller upstream e�ect to the position of the

reattachment lenght X

r

using di�erent channel

lengths than in the case of (6).

L = L

x

� L

s

denotes the lenght of the compu-

tational domain behind the step.
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comparison for L = 11H; 17H; 28H

with the natural bc (7)
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comparison for L = 11H; 17H; 28H

with the standard bc (6)

Figure 5 shows that the di�erences of the po-

sition of X

r

can by neglected if the channel

length L is at least equal to 17H. Hence we use

for our LES-production runs the channel lenght

L = 17H.

In view of the experiences with the boundary

condition (7) presented in �gure 3 we do some

further investigations with boundary conditions

of natural type with the aim to decrease the nec-

essary length of the computaional domain. The

computational amount to realize the boundary

condition (7) is the same as in the case of the

standard condition (6).
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comparison for L = 11H; 17H; 28H

standard bc (6) and natural bc (7)

4. Results of the LES

The comparison of the DNS of the neutral

bfs 
ow without a manipulation (A = 0) to

the controlled cases with a �xed frequency of

f = 50Hz and a Reynolds number of 2970 for

an amplitude of A = 0:01u

inflow

gives a de-

crease of the reattachment length X

r

of more

than 30%. This agrees with the experimental

result of A. Huppertz (1995).

Figure 6 shows the LES-DNS comparisons of

the graphs of the wall shear stresses u

�

for the

control case. We get a very good agreement

between the experiment (X

r

= 6:4H) and the

numerical simulation (X

r

= 6:48H).
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, DNS and LES, A = 0:01u

inflow

The results shown in �gures 7 - 18 we ob-

tained with the outlet boundary conditon (6).

The markers in the �gures represent the exper-

imental data of Huppertz & Janke (1997). For

the LES results we use continous lines, for the

DNS results dotted lines.
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