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We perform numerical simulations of control of a separating laminar bound-
ary layer by means of blowing and suction at the wall in the form of travel-
ing waves. Separation is imposed by prescribing accelerating and decelerating
free-stream velocity for the flow over a flat plate. We find that downstream
traveling waves already at very low amplitudes are able to eliminate the sep-
aration and induce a turbulent but attached boundary layer flow. Upstream
traveling waves of relatively higher amplitudes only slightly reduce separation
while keeping the flow laminar. The amplitude of the blowing/suction needed
to achieve such significant effects are considerably smaller than those previously
considered for drag reduction and transition delay in plane geometries.

1. Introduction

Understanding the flow around solid bodies is a challenging task due to its high
complexity. The problem becomes substantially more complicated when we
study living creatures that fly in the air or swim in the water. Both experiments
and simulations are very difficult in this case. On the other hand, mimicking the
solutions that nature has chosen has proven to give substantial improvement
to similar engineering application on many instances.

One of the fluid mechanics problems of great potential applicability but
still unsolved is related to fish swimming. In particular, we cannot explain the
large gap between the estimated drag of the fish and the thrust it can provide,
the latter estimated considering its muscle mass (Rome & Swank 1992; Rome
et al. 1993; Coughlin et al. 1996). Indeed it has been calculated that a solid
body with the form of a fish would experience a drag too large for it to move
with the speeds that have been actually observed. This lead to the idea that
the fish must have a way to reduce its drag, either its form drag by cancelling
or delaying the separation or its friction drag by re-laminarising the boundary
layer close to the skin, or probably both. The potential benefits from using
some similar technique in man-made vehicles would be enormous. The concept
of actively modifying the flow in order to have some gain is known as flow
control.
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Some of the hypotheses suggested to explain the reduced drag are body
shape (Wehrmann 1965), flexible skin (Landahl 1962), active skin (Kendall
1970), riblets (Walsh 1982), to mention few. Active skin can be modelled
as small amplitude waves at the wall, much smaller than the boundary layer
thickness. In the case of flexible skin the wave amplitude is much larger than
the boundary layer (Taneda & Tomonari 1974; Anderson et al. 2001).

In this study, we apply blowing and suction at the wall in the form of up-
stream and downstream traveling waves and observe whether and how we can
modify laminar separation in a boundary-layer flow. Recent investigations in-
dicate that sensorless (open-loop) control of transition to turbulence and drag
reduction in turbulent flows is a feasible option. Inspired by the investigations
of Min et al. (2006), the influence on turbulent channel flow of traveling waves
induced at the wall by blowing/suction has been studied theoretically and by
means of numerical simulations. In the original publication by Min et al. (2006)
blowing/suction at the wall in the form of upstream traveling waves are applied
in a turbulent channel flow. Their two- and three-dimensional numerical sim-
ulations show that upstream traveling waves in turbulent channel flow reduce
the average friction coefficient to a (sub-)laminar level. This is explained by the
extra pumping provided by the wall-actuation (Hoepffner & Fukagata 2009),
leading to negative power savings for the proposed strategy. Recently, Bewley
(2009) has theoretically shown that for any boundary control, the power exerted
at the walls is always larger than the power saved by reducing to sub-laminar
drag. The net power gain is therefore always negative if the uncontrolled flow
is laminar. However, a positive gain can be achieved when the uncontrolled
flow becomes turbulent but the controlled flow remains laminar. The con-
clusion drawn in the complete analysis by Moarref & Jovanović (2010); Lieu
et al. (2010) is that the optimal control solution is to relaminarize the flow
and transition control a viable approach. To this aim, control in the form of
downstream-traveling waves is more promising as we show here and as previ-
ously suggested also by Lee et al. (2008). These authors examine the linear
stability of channel flow modulated by upstream-traveling and downstream-
traveling waves and show that downstream traveling waves can have stabilizing
effect on the flow, while upstream-traveling waves are destabilizing. It is now
understood that the physical mechanisms behind travelling waves in channels
with moving walls and waves of blowing and suction are rather different. In
particular the moving walls are producing streaming near the wall in the same
direction of the travelling waves while in the case of actuation by blowing and
suction, flow is induced in the opposite direction (see Hoepffner & Fukagata
2009).

A logical extension of the upstream-traveling and downstream-traveling
waves is the application of spanwise-traveling, blowing-and-suction waves.
These waves sustain streaky structures which are not optimal for transition or
to sustain turbulence and could thus reduce the drag. Du & Karniadakis (2000)
showed drag reduction for spanstream-traveling waves in turbulent channel flow
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Figure 1. Stream-wise velocity, imposed at the top boundary,
at y = 60δ∗0 versus the streamwise coordinate x, also in units
of δ∗0 , the boundary layer thickness at the inflow.

using volume forcing. More recently, Quadrio et al. (2009) examined the drag
reduction in turbulent channel flow by wall actuation in the form of streamwise
traveling waves of spanwise velocity perturbations. In these investigations a
more feasible actuation is considered.

The effect on boundary-layer transition of traveling waves induced at the
wall by blowing/suction over a finite length region is studied numerically in
de Lange & Brandt (2010). Up- and downstream traveling waves are applied
over a limited wall-region in an attempt to reduce the friction drag of boundary
layer flows subjected to high-levels of free-stream turbulence (4.7%). It is found
that the introduction of upstream traveling waves promotes the transition. On
the other hand, downstream traveling waves can be used to delay transition and
reduce the drag. For moderate wave amplitudes, it is observed that turbulent
production is damped.

None of the previous studies considered the effect on a separating flow,
such as a boundary layer exposed to adverse pressure gradient. Here we carry
out numerical simulations as a first attempt to anticipate and capture some
of the essential dynamics of a separating flow on a flat plate when control is
applied at the wall; hence far from a realistic model for active skin. However,
we also hope to identify some potential benefits for engineering type of flows
where our model could be closer to realistic implementations.

2. Flow configuration

2.1. Free-stream bounary condition

We consider a flat plate with the Blasius boundary layer as inflow profile and
impose a varying pressure gradient by prescribing the velocity at the top bound-
ary via a Dirichlet boundary condition. The streamwise dependence of the free-
stream velocity is shown in figure 1. Initially, the slow increase of the velocity
implies an accelerated boundary layer, followed by a fast decrease downstream,
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Figure 2. Wall-normal velocity, imposed at the wall in order
to control the boundary, at y = 60δ∗0 .

associated to deceleration. The accelerated-decelerated boundary layer is used
here as a model for the flow around an obstacle with a curved solid surface.
The external pressure distribution applied on the laminar boundary layer leads
to unsteady separation and a recirculation bubble. The strong shear region
generated between the back flow and the separated boundary layer becomes
unstable and shedding is observed downstream. An instantaneous visualiza-
tion of the flow is reported in figure 3a). The Reynolds number at the inflow

is Reδ∗

0
=

U∞

0
δ∗

0

ν = 400, based on the inflow free-stream velocity U∞
0 , inflow

displacement thickness δ∗0 and kinematic viscosity ν . Even though it is a rela-
tively low Reynolds number, the flow is globally unstable due to the separated
region. Nevertheless, we add a small amount (∼ 1%) of free-stream turbulence
in order to better model a realistic flow environment where the background
flow is never fully laminar.

2.2. Wall actuation

Blowing and suction is applied in the form of travelling waves at the wall. The
wall-normal velocity at the boundary is defined as

v(y = 0, t) = φ f(x) cosα(x− ct) = φ f(x) cos(αx− ωt), (1)

where f a smooth function rising from 0 to 1 in the control region, α = 2π
λx

the
streamwise wavenumber of the actuation. In figure 2 we show the wall-normal
velocity at the wall to document the wave-like behavior as well as the smooth
ramping. For the results presented here control is applied for a finite length,
200 < x < 500, corresponding to the region of decelerating free-stream velocity
and separated flow, (see fig. 3a). We consider both downstream-traveling and
upstream-travelling waves, differing for the sign of the phase speed c.

The type of the control is open-loop; we run through the available param-
eters to find an optimal choice. In this case we have as control parameters the
wavenumber (α), temporal frequency (ω) and amplitude (φ) of the wave, with
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the phase speed defined as c = ω
α . We note that the phenomenon is strongly

non-linear and unsteady thus it is very difficult to a priory guess the correct
parameters. The flow is fully three dimensional, however there is no mean
spanwise component hence we only considered two dimensional waves i.e. zero
spanwise wavenumber.

2.3. Simulation parameters

The numerical code employed is based on a pseudo-spectral method and it
is described in detail in Chevalier et al. (2007). The algorithm uses Fourier
representation in the streamwise and spanwise directions and Chebyshev poly-
nomials in the wall-normal direction. To correctly account for the downstream
boundary layer growth a spatial technique is necessary. This requirement is
combined with the periodic boundary condition in the streamwise direction by
the implementation of a “fringe region”. In this region, the flow is smoothly
forced to the prescribed inflow velocity vector. This is normally a boundary
layer profile, but can also contain a disturbance.

The simulation is a well resolved large eddy simulation with the ADM-RT
subgrid-scale model (Schlatter et al. 2006a,b). The dimensions of the computa-
tional box are 1200× 60× 50 in units of δ∗0 in the streamwise, wall-normal and
spanwise directions. The resolution is 512×48 Fourier modes in the streamwise
and spanwise directions and 121 Chebyshev polynomials in the wall-normal di-
rection. Free-stream turbulence is forced at the inflow by a superposition of
modes of the continuous spectra of the Orr-Sommerfeld and Squire operators.
See Brandt et al. (2004); Monokrousos et al. (2008) for further details.

3. Results

We will show here that downstream-traveling waves can be used to delay or
cancel separation of the boundary layer while the upstream-traveling waves are
suitable to attenuate the shedding produced by the shear layer associated with
the re-circulation bubble, thus delay the transition or even fully re-laminarise
the flow. In order to evaluate the efficiency of the control, we run the sim-
ulations for long time and gather statistics by averaging in time and in the
homogeneous spanwise direction. We first run without any wall actuation until
a fully developed separating flow is established and then we turn on the control.
We start to collect statistics after 3000 time units the control has been active,
when all the transient effects have been washed away. Typically we collect
statistics for about 15000 time units.

We display instantaneous flow visualizations pertaining to the uncontrolled
case and to two of the most characteristic results obtained for downstream
and upstream traveling waves in figure 3. From these instantaneous pictures
we observe already a very distinct behavior for the two types of actuation
considered. The downstream-traveling waves promote transition but eliminate
the separation thus leading to a reduction to the form drag in the case of bluff
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Figure 3. Flow visualisation of (a) the uncontrolled flow
and the controlled flow with (b) downstream (φ = 5 × 10−5,
α = 0.25, ω = 0.08) and (c) upstream (φ = 3×10−2, α = 0.35,
ω = 0.2) traveling waves. The streamwise velocity component
is shown. The black isocontours mark negative velocities im-
plying the existence of a back-flow.

bodies; the upstream-traveling waves still may reduce the separation but mainly
eliminate the shedding (turbulent wake) leading a reduction in the friction drag.

The mean flow for the cases considered above is displayed in figure 4. The
results confirm the impression given in figure 3. Re-attachment is triggered by
downstream-traveling waves while upstream-traveling waves delay transition.
A thicker boundary layer is seen in the case of downstream waves, while the
slower growth of the boundary-layer thickness in the case of upstream waves
documents the transition delay (lower mixing).

To quantify the efficiency of the control, we introduce two different criteria.
The first relates to the effect on the separation and the length of the recircula-
tion bubble. We consider the integral of the mean streamwise velocity Ũ along
a plane near the wall (y = 0.01) taken only over negative values

Ss =

∫ x2

x1

Ũ(x, y)|y=0.01dx (2)
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Figure 4. Mean streamwise velocity for (a) the uncontrolled
flow and the controlled flow with (b) downstream (φ = 5 ×
10−5, α = 0.25, ω = 0.08) and (c) upstream (φ = 3 × 10−2,
α = 0.35, ω = 0.2) traveling waves.

where x1 is the first location where Ũ becomes negative and x2 where it becomes
positive again. When this integral is zero (Ũ > 0 for all x) separation is
suppressed and the control is considered successful. Note that larger negative
values of Ũ can be associated to higher bubbles.

The second criterion relates to delay of transition to turbulence. We choose
the integral along the streamwise direction of the skin friction coefficient in the
second half of the plate, where transition typically occurs for the uncontrolled
case

St =

∫ Lx

0

cf (x)dx. (3)

In the expression above, cf is the skin friction coefficient. In this case, lower
values of St imply better control performance, laminar flow, although there is
no strict bound in the value of St. However, typically values below 1 imply a
laminar flow.

We first present results for downstream-traveling waves. After running
several simulations varying the control parameters α, ω and φ, we find this
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Figure 5. Isocontours of Ss, the control efficiency based on
mitigation of the back-flow (negative streamwise velocity) near
the wall. Longer and stronger separation appears as larger
negative values, whereas no back-flow implies Ss = 0 and it is
indicated by the black isocontours. Each subplot corresponds
to different amplitudes of the wall waves, normalized by the
free-stream velocity.

approach to be useful to reduce separation; hence we will display the results in
terms of the observable Ss.

In figure 5 we plot isocontours of the control efficiency Ss for different
amplitudes of the waves in the (α, ω) plane. The control is effective for almost
all values of α tested but in a relatively narrow band of ω. We also note that the
higher the amplitude, the broader the set of parameters for which we find that
separation is suppressed. A snapshot of the instantaneous streamwise velocity
for the case of control with downstream-traveling wavesis shown in figure 3b).
As noted above, the control manages to completely eliminate the separation
bubble by igniting a turbulent boundary layer, early on in the separated region.
It is also important to note that the amplitude of the wall blowing and suction
is relatively low, about 3 orders of magnitudes lower that that necessary to
affect a zero-pressure-gradient transitional boundary layer. Indeed in de Lange
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Figure 6. Isocontours of St, the control efficiency based
on mitigating transition to turbulence (integrated skin fric-
tion coefficient). Lower values imply longer part of the do-
main with laminar flow. Values bellow 1 imply complete re-
laminarisation. The actuation amplitude is only in the wall-
normal component and is normalised with the free stream ve-
locity.

& Brandt (2010), the blowing and suction needed to delay the turbulence onset
was 0.15.

The picture is rather different for upstream-traveling waves. In this case,
the wall actuation do not significantly delay separation but rather cancel the
shedding and re-laminarize the flow. In figure 6 we plot isocontours of the
control efficiency St for different amplitudes of the upstream waves. First,
notice that a larger amplitude is necessary for the control to have any effect.
The flow stays laminar only for the highest amplitudes and a narrow band
of α and ω. A snapshot of instantaneous streamwise velocity for the case
of control with upstream-traveling waveswas reported in figure 3c), where a
completely laminar flow is displayed. Note that it is not possible to argue that
a laminar flow would be observed also for pressure gradients stronger than that
considered here. However, based on our observations, we can speculate that
higher amplitudes of the actuation would be necessary to delay transition when
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Figure 7. a) Mean pressure at the wall, and b) Skin-friction
coefficient versus the streamwise location for best choice of
downstream-traveling waves and upstream-traveling waves.

increasing the flow deceleration; above a certain threshold upstream-traveling
waves would no more be able to keep the flow laminar.

Finally, we consider the two cases that, based on the two criteria introduced
above, performed best. In particular, for downstream-traveling waves , when
the separation was suppressed for a broad set of parameters and amplitudes, we
choose the case of lowest amplitude since this implies the least effort, φ = 5 ×
10−5. The wave parameters are α = 0.25 and ω = 0.08. As concerns upstream-
traveling waves where we may aim to delay transition, we will consider φ =
3 × 10−2, α = 0.35 and ω = 0.2. These values have been chosen within the
rather limited range of values for which the flow is kept laminar.

In figure 7 we plot the time-averaged pressure on the wall and skin friction
coefficient for three cases: uncontrolled, controlled with downstream waves and
controlled with upstream waves. Considering the pressure, we notice that the
downstream waves are able to fully recover the pressure drop associated to
separation. This suggests that the form drag associated to the lack of pres-
sure recovery behind a bluff object would be reduced. Conversely, control by
upstream waves leave the pressure recovery almost unchanged with respect to
the uncontrolled case. The downstream waves strongly promote transition to
turbulence as shown by the skin friction coefficient, while the upstream waves
completely suppress it. Transition moves from x ≈ 700 in the uncontrolled
case to x ≈ 500 when blowing/suction takes the form of downstream-traveling
waves; the skin friction is still around laminar values for waves with negative
phase speed. As a consequence, upstream-traveling waves can induce a reduc-
tion of friction drag around moving bodies.

To explain our observations on the effect of waves of blowing and suction on
a separating laminar boundary layer we suggest the following. The separating
flow is highly unstable and the presence of free-stream turbulence (background
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noise) triggers unstable modes which distort the laminar flow and induce shed-
ding from the separation bubble. When adding disturbances in the form of
downstream-traveling waves, we introduce weak disturbances of the right fre-
quency to enhance and accelerate the transition process. Indeed, control is
effective for a limited range of frequencies and the amplitudes of the actuation
is very low. Downstream-traveling waves therefore increase time-dependent
fluctuations and momentum mixing; the latter clearly affects separation.

The mechanisms is quite different when the control takes the form of
upstream-traveling waves. First we observe a reduction of the recirculation
length; together with the larger level of actuation this implies that the control
alters the base flow by nonlinear effects. The upstream waves can be shown to
create downstream streaming (Hoepffner & Fukagata 2009) and hence possibly
to reduce the shear associated to the separation. This is causing the flow to be
more stable.

4. Conclusions

We apply control on a separating laminar boundary layer in the form of travel-
ing waves of blowing and suction at the wall. We perform a parametric analysis
of the influence of the control parameters characterizing the waves (wavenum-
ber, frequency and amplitude) as well as their direction (downstream and up-
stream).

We find that for specific values of the wave frequency the downstream-
traveling waves are able to suppress separation. This may result into a potential
reduction of the form drag for objects moving through a fluid even for very small
amplitude of the waves. Our results suggest that the downstream-traveling
waves in phase with naturally occurring instabilities, enhance the latter and
trigger early transition. This, in turn, promotes faster re-attachment of the
boundary layer. This effect could explain drag reduction associated to fish
swimming (Triantafyllou et al. 2002).

On the other hand, control in the form of upstream-traveling waves is
mitigating the instability arising in the shear layer associated to flow separation,
such that laminar flow can be seen downstream of separation. For this control
to work the wave amplitude needs to be much higher than the amplitudes used
to suppress separation by downstream-traveling waves. The stabilizing effects
is therefore most likely associated to modifications of the mean shear.

The reduction of skin friction associated to the stabilizing effect of
upstream-traveling waves is probably less important than the reduction of
form drag induced by the downstream-traveling waves. The latter strategy
seems therefore more promising for application to moving bluff body. How-
ever, before any final conclusion on the practical feasibility of such a control
approach can be drawn one needs to consider the effect of waves of blowing and
suction on turbulence separation and on boundary layer with stronger pressure
gradients. This is the object of current and future research.
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