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ABSTRACT
In the present paper laminar separation bubbles are investi-

gated by means of direct numerical simulations with respect to
steady and unsteady 2D and 3DTollmien-Schlichting(TS) like
boundary layer disturbances. The specific influence of several
disturbance modes on the size and shape of the laminar separa-
tion bubble are considered to allow for an effective reduction of
the region of separated flow. Based on these results a criterion to
detect the extension of the bubble is derived which is a suitable
input for a controller.

NOMENCLATURE
f Disturbance frequency[Hz]
h Index denoting higher harmonics of the fundamental distur-

bance frequency
i imaginary unit=

√
−1

k Index denoting multiples of the spanwise wavenumber
u Streamwise velocity
v Wall-normal velocity
w Spanwise velocity
x Streamwise spatial coordinate
y Wall-normal spatial coordinate
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z Spanwise spatial coordinate
A0 Initial disturbance amplitude
C Binary bubble criterion
N Accumulated number of points

Reδ1
Momentum thickness Reynolds number= Û∞δ̂1

ν̂
L Reference length[m]
U∞ Freestream velocity[m/s]
αr Streamwise wavenumber
β Angular frequency of the disturbance
γ Spanwise wavenumber
δ1 Momentum thickness[m]
λz Spanwise wavelength
ν Kinematic viscosity

[
m2/s

]
ωz Streamwise vorticity
ωy Wall-normal vorticity
ωz Spanwise vorticity
ωz,wall Skin friction
Ψ0 Separation stream-surface
Ψ0 Time and spanwise averaged separation streamline
∆̃ Modified Laplace Operator
ˆ Dimensional variables
′ Non-dimensional disturbance velocities

INTRODUCTION
Adverse pressure gradient(APG) boundary layers at low
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Figure 1. DNS 3D INTEGRATION DOMAIN WITH SEPARATION BUB-

BLE AND DISTURBANCE STRIP. ”S” MARKS THE POINT OF SEPARA-

TION AND ”R” THE POINT OF REATTACHMENT.

Reynolds numbers are strongly susceptible to laminar separation.
Due to the deceleration of the flow the laminar boundary layer
separates from the surface, laminar-turbulent breakdown occurs
at a certain distance from the separation line and the now turbu-
lent flow reattaches subsequently. The area of reverse flow and
therefore negative skin friction between separation and reattach-
ment is called alaminar separation bubble(LSB) or alternatively
transitional separation bubble, because of the laminar-turbulent
transition occurring. Despite the effect of lowering the skin fric-
tion within the bubble the LSB has a considerable influence on
the global pressure distribution of the airfoil and causes an unde-
sired drag rise.

NUMERICAL MODEL
To investigate laminar separation bubbles spatialdirect nu-

merical simulations(DNS) of a flat plate boundary layer with a
2D baseflow and an applied APG at the freestream boundary are
performed. The DNS code has been used in different research
programs for the investigation of transitional boundary layers in
both disturbance and total-flow formulation (Kloker, 1993; Rist,
Fasel, 1995). Figure 1 shows a sketch of the rectangular inte-
gration domain. The complete Navier-Stokes equations for in-
compressible flow are solved in a vorticity-velocity formulation
as given in equation (1).

∂ωx

∂t
+

∂
∂y

(vωx−uωy)+
∂
∂z

(wωx−uωz) = ∆̃ωx

∂ωy
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∂
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∂
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∂ωz

∂t
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∂
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(uωz−wωx)+
∂
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(vωz−wωy) = ∆̃ωz

(1)

Once the vorticity-transport equations are solved the remaining
velocity components can be computed from three Poisson equa-
tions (2).

∂2u
∂x2 +

∂2u
∂z2 =−

∂ωy

∂z
− ∂2v
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∂2w
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∂2w
∂z2 =

∂ωy

∂x
− ∂2v

∂y∂z

Non-dimensionalization is done by referencing to the free stream
velocity Û∞ = 30 m/s, a characteristic lengtĥL = 0.05 m and
the kinematic viscositŷν = 15 · 10−6 m2/s. Thus the non-
dimensional variables (3) and a modified Laplace operator (4)
can be derived.
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Û∞L̂
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2π f̂ ν̂ Re

Û2
∞
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L̂
y =
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ẑ
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(3)
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Re
v̂

Û∞
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ŵ

Û∞

∆̃ =
1
Re

∂2

∂x2 +
∂2

∂y2 +
1
Re

∂2

∂z2 (4)

A 4th-order accurate numerical method is applied in time and
space by finite differences in streamwise and wall-normal direc-
tion and by a Runge-Kutta scheme in time. For the spanwise
direction a spectral ansatz (5) implying periodic boundary con-
ditions is used.

f (x,y,z, t) =
K

∑
k=−K

Fk (x,y, t) ·eikγz, γ =
2π
λz

(5)

Due to the spectral ansatz the Poisson equations for the stream-
wise and spanwise velocity reduce to ordinary differential equa-
tions. The remaining Poisson equation for the wall normal ve-
locity is solved by a line relaxation method using a multigrid
algorithm. All Poisson equations can be solved separately for
each spanwise spectral modek allowing effective parallelization.
At the inflow boundary a Blasius boundary layer solution with
Reδ1

= 1722 is prescribed. To avoid non-physical reflections at
the outflow boundary the disturbance amplitudes are artificially
damped in a buffer domain (Kloker et al., 1993) by several orders
of magnitude. The potential flow at the freestream upper bound-
ary is decelerated by 10% of̂U∞ and the displacement effects of
the LSB on the potential flow are captured by a viscous-inviscid
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Figure 2. STREAMWISE FREESTREAM BOUNDARY CONDITION

WITH POTENTIAL DISTRIBUTION AT THE STARTUP OF THE DNS

AND THE DISTRIBUTION DEVELOPING FROM THE INTERACTION

MODEL

boundary layer interaction model (Maucher et al., 2000) at ev-
ery timestep of the calculation. In Figure 2 the resulting stream-
wise velocity distribution at the upper boundary as a result from
the interaction model is compared to the initial potential flow
prescribed at the startup of the computation. The characteristic
“pressure plateau” formed by the LSB is clearly visible from the
solid line distribution. On the surface of the plate the no-slip
condition is applied. At a disturbance strip arbitrary 2D and 3D
boundary layer disturbances can be introduced into the flow by
suction and blowing at the wall upstream of the LSB.

DISTURBANCE DEVELOPMENT
To successfully control the size of a LSB via the adjustment

of the transition location, knowledge of the influence of differ-
ent disturbance parameters on the bubble is elementary. This
includes insight into the stability mechanisms of the base flow
and into the resulting amplification or damping effect on bound-
ary layer disturbances. As a constraint, these properties can be
used to minimize the necessary kinetic energy to be introduced
into the flow by an actuator. Another focus has to be set on the
identification of the bubble by a sensor system and a criterion
which facilitates control of the LSB. For these investigations a
midchord bubble case described in much detail in (Rist, 1999) is
used. Following 2D investigations by DNS and linear stability
theory (Augustin et al., 2000; Rist et al., 2002), the scope has
been extended to 3D disturbances in the mean time. Primary pa-
rameters for the specification of disturbances are amplitudeA0,
frequencyβ and their streamwise and spanwise wavenumbersαr

andγ, respectively.
The results show a different behavior of the LSB with re-

spect to steady and unsteady disturbances. Figure 3 compares
amplification curves of the disturbance velocityu′ versusx for
different 2D and 3D spectral modes in logarithmic scale. The
position of the disturbance strip as well as the points of separa-
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Figure 3. AMPLIFICATION CURVE OF THE DISTURBANCE VELOC-

ITY u′ OF 2D AND 3D DISTURBANCES FOR THE A) STEADY CASE

AND THE B) OBLIQUE UNSTEADY CASE.

tion “S” and reattachment “R” are marked.

Steady 3D Case
In the first case a steady 3D disturbance mode (0,1) (bold

dash-dot-dotted line with squares) is excited at the disturbance
strip with a wall-normal amplitudev′(0,1) = 10−3. Further on,
this case will be referred to as the “steady case”. In the nota-
tion (h,k) the indexh denotes harmonic modes with multiples of
the fundamental frequencyβ (equation (3) ) whilek means spec-
tral modes of the spanwise wavenumberγ (equation (5) ). Thus
(0,1) stands for a steady 3D disturbance with a spanwise wave-
lengthλz = 0.419. Advancing in downstream direction the dis-
turbance amplitude of mode (0,1) is weakly damped at first and
then weakly amplified far into the bubble. Only atx≈ 14.2 it
grows close to the point of non-linear saturation which marks the

3 Copyright  2002 by ASME



0.01

0.03

13

14

x

-0.4

-0.2

0

0.2

0.4

z

separation
stream surface Ψ0

a)

λz,steady

y

0.01

0.03

13

14

x

-0.4

-0.2

0

0.2

0.4

z

b)

y

Figure 4. SEPARATION STREAM SURFACE Ψ0 FOR THE A) STEADY

CASE AND THE B) OBLIQUE UNSTEADY CASE.

transition. A higher spanwise harmonic mode (0,2) (dash-dot-
dotted line with deltas) is generated by non-linear interaction of
the mode (0,1) with itself. At the disturbance strip an additional
2D mode (1,0) (solid line) of fundamental frequency has been
excited to mimic background disturbances with an initial am-
plitude v′(1,0) = 10−6, three orders of magnitude below the am-
plitude of the 3D mode (0,1). This TS mode becomes strongly
amplified by baseflow instability and exceeds the amplitude of
the 3D mode (0,1) atx = 13.8. It supersedes the steady mode
(0,1) as the most dominant disturbance. An oblique fundamen-
tal mode (1,1) is generated by nonlinear interaction of the (1,0)
and (0,1) modes continuously and finally reaches the amplitude
of the 3D steady mode. The whole scenario is dominated by
unsteady 2D effects and three dimensionality plays only a mi-
nor role. Figure 4 a) shows the 3D modulation of the separation
stream surfaceΨ0 with the spanwise wavelength of mode (0,1),
as marked byλz,steady, of the otherwise 2D LSB. The separa-
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Figure 5. OUTLINE OF THE SEPARATION BUBBLES OF THE THREE

DIFFERENT CASES BY THE TIME AND SPACE AVERAGED SEPARA-

TION STREAMLINE Ψ0

tion stream surfaceΨ0 is defined as the value of they-coordinate
where the stream functionΨ = Ψ(x,y,z) becomes zero.

Purely Oblique Unsteady 3D Case
In a second scenario an oblique (10◦) unsteady mode (1,1)

only (bold solid line with squares in figure 3 b) ) is introduced
into the same base flow as before. This case will be referred to as
the “oblique unsteady case”. The initial disturbance amplitude of
mode (1,1) has been set tov′(1,1) = 10−5 at the wall. Figure 3 b)
shows the disturbance development in this second case. Again
an unsteady 2D background disturbance (1,0) (solid line) is also
present with the same initial amplitudev′(1,0) = 10−6 as before.
For verification purposes the development of the 2D mode (1,0)
is compared to linear stability theory. Due to its very low ampli-
tude even inside the LSB the mode shows very good agreement
with the theory up to saturation.

In contrast to the first case the wall-forced unsteady TS
mode (1,1) is strongly amplified by boundary layer instability
and continues to be the most dominant mode. Although equally
amplified, the 2D mode (1,0) stays below the oblique one due to
the lower initial amplitude. Because of the strong amplification
of mode (1,1) non-linear stages of the disturbance development
(≈ 1% Û∞) are reached somewhat further upstream than in the
“steady case” atx = 14.0. The point of laminar-turbulent transi-
tion and thus the reattachment is shifted upstream likewise. Fig-
ure 4 b) shows this effect again by the separation stream surface
Ψ0. Compared to the large one in Figure 4 a) the LSB is much
shorter, of lower height and only slightly modulated in spanwise
direction. Additional simulations show that the bubble vanishes
totally at an initial disturbance level ofv′(1,1) = 10−3.
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Comparison
The difference in size of the bubble can also be compared

by the time and spanwise averaged separation streamlinesΨ0 in
figure 5. The strong influence of unsteady modes is even more
obvious here. Both cases are compared to an undisturbed third
case (solid line), where only small background disturbances are
present in the flow. In the “steady case” (dashed line) the shape
and size of the bubble merely differs from the undisturbed case,
whereas in the “oblique unsteady case” (bold dash-dotted line)
the height is only 72% and the length only 76% of the undis-
turbed bubble. This is valid despite the fact that the initial dis-
turbance amplitude of the (0,1)-mode in the “steady case” is a
hundred times larger than the amplitude of the (1,1)-mode in the
“oblique unsteady case”. At small angles of obliqueness the ef-
fect of 3D unsteady modes is similar to the behavior of 2D un-
steady modes (Rist et al., 2002). This clearly shows the superi-
ority of unsteady control to steady control.

BUBBLE CONTROL
The above results led us to a mechanism to automatically

control flows with laminar separation bubbles. It requires the
measured size of the LSB to adjust the amplitude upstream at the
disturbance strip. One way to determine the length of a LSB is
based on the time averaged skin frictionωz,wall .

Figure 6 shows the time averagedωz as contours at the wall
for the two cases considered above. The attached flow upstream
of the separation marked by positive values ofωz,wall can be ob-
served, as well as spanwise periodic structures inside and outside
the LSB. The contour table is chosen to emphasize the separa-
tion and reattachment line whereωz,wall becomes zero. It makes
the streamwise position of the separation line easy to detect, al-
though it is modulated in spanwise direction byλz of the steady
(0,1)-mode as shown in figure 6 a). Unlike the separation the
reattachment is hidden in an area of large gradients of the skin
friction caused by a leftover from the highly unsteady processes
connected to large amplitude vortex shedding in the reattachment
region of the separation bubble. To resolve this problem one can
use histograms of the spanwise skin friction at discrete stream-
wise positions to derive a clearer and easy-to-implement bubble
detection criterion. In those histogramsωz,wall is decomposed
into intervals. Values within the same interval are counted and fi-
nally normalized by the total number of analyzed pointsN. Time
averaging is done by performing this analysis for all timesteps
over a fixed period of time. In the present study 4 periods of
the fundamental disturbance frequency are used. The upper row
of plots in figure 7 contains histograms for eleven intervals in
the range−0.1≤ ωz,wall ≤ 0.1 at threex−positions. At the first
streamwise positionx = 13.58 (also marked in figure 6 b) as a
dashed line) the histogram shows a sharp peak at weakly nega-
tive values. This obviously belongs to a position inside the sep-
aration bubble. Going further downstream this peak is smeared

x
12 13 14 15

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

ωz

0.29
0.26
0.23
0.2
0.17
0.14
0.11
0.08
0.05
0.02

-0.01
-0.04
-0.07
-0.1

ωz > 0 ωz < 0 ωz > 0z

a)

x
12 13 14 15

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

ωz > 0 ωz < 0 ωz > 0

x=14.50x=13.25
x=13.59

z

b)

Figure 6. TIME AVERAGED SKIN FRICTION ωz,wall FOR A) THE

STEADY AND B) THE OBLIQUE UNSTEADY CASE

out more and more and it is hardly possible to decide whether a
point inside or outside the bubble is encountered. Another sim-
plification can provide a clearer view by restricting the analysis
to only two intervals ofωz,wall , one below and one above zero, as
illustrated in the lower row of figure 7. If the numberN of points
with ωz,wall values below zero exceeds the number of points with
ωz,wall values larger than zero, the considered streamwise posi-
tion lies within the bubble. These properties can be used to define
a binary separation bubble criterion

Cωz,wall (x) =

{
1 Nωz,wall<0≤ Nωz,wall>0

0 Nωz,wall<0 > Nωz,wall>0
, (6)

which becomes 1 for points located inside the bubble and 0 for
all other streamwise points. Applied to the undisturbed case, the
“steady case” and the “oblique unsteady case”, the extension of
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THE OBLIQUE UNSTEADY CASE.
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the respective LSB can be confidently determined by the above
criterion (compare figure 5 and figure 8). However, a shortcom-
ing of this easy-to-use method is that only the streamwise exten-
sion but not the height of the LSB can be used for the control of
the bubble. Sometimes a long but shallow separation is desired
because of the low skin friction inside the bubble leading to a
lowering of the total drag. Nevertheless, the bubble criterion is
well suited for a controller which then changes the amplitude of
the disturbance input upstream and thus reduces the LSB.

CONCLUSIONS
Laminar separation bubbles have been investigated by

means of direct numerical simulations in an adverse pressure gra-
dient flow over a flat plate. Different steady and unsteady bound-
ary layer disturbances were introduced by a disturbance strip up-
stream of the separation and their effects on the separation bubble
have been studied. 2D or weakly 3D unsteady disturbances have
a stronger impact on the size of the bubble than steady distur-
bances by utilizing baseflow instability. An initial amplitude for
an unsteady 2D or 3D disturbance two to three orders of magni-
tude lower than a steady disturbance is sufficient to gain the same
or a even larger effect on the LSB.

The effect of different kinds of disturbances on separa-
tion bubble control can confidently be evaluated by an easy-to-
implement binary separation bubble criterion based on discrete
values of the skin friction. The criterion will be used as input for
an active control mechanism for separation bubble flows.
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