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Internal report

The stabilisation of a swept-wing boundary layer by localised surface roughness
is studied by performing direct numerical simulations. The configuration resem-
bles experiments studied by Saric & coworkers at Arizona State University who
were the first to propose and successfully employ this control mechanism in or-
der to shift transition of a swept-wing boundary layer downstream. Transition
control is achieved by a periodic array of circular roughness cylinders located
close to the leading edge. The spacing is chosen to primarily excite crossflow
modes which are subcritical with respect to transition. These grow strongly
close to the leading edge and decay farther downstream. Their excitation pro-
vides a means to modify the boundary-layer flow in a way that favourably a!ects
the spatial growth of disturbances which, under natural conditions, would lead
to transition from laminar to turbulent flow. The experiments by Saric were
performed at low levels of free-stream turbulence and transition was therefore
dominated by stationary crossflow disturbances. In this paper stabilisation
of the swept-wing flow is studied by considering the same control approach.
However, we consider a more complex disturbance field which comprises both
steady and unsteady instabilities of similar amplitudes. Such a situation is
obtained if the boundary layer is exposed to rather high levels of unsteady am-
bient disturbances. It is demonstrated that the control is robust with respect
to complex disturbance fields as transition is completely suppressed within the
computational box (which extends to 80% chord) while transition occurs at
52% chord in the uncontrolled case.

1. Introduction

Turbulent flow on swept wings of modern aircraft accounts for about 20% of
the total drag (cf. Schrauf 2005). It is thus desirable to shift the transition
from laminar to turbulent flow as far downstream as possible. However, tran-
sition scenarios in three-dimensional boundary layers are diverse. Several ex-
periments with crossflow-dominated, three-dimensional boundary layers have
demonstrated an explicit nonlinear behaviour which strongly depends on the
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initial conditions. Consequently, transition caused by crossflow disturbances
exhibits a distinct dependence on the external disturbance environment (cf. the
reviews by Bippes 1999; Saric et al. 2003) . While non-stationary disturbances
may dominate the route to transition in environments with rather high levels of
free-stream turbulence, e.g. wind tunnels, stationary disturbances are believed
to initiate transition in free-flight. The latter environment is characterised
by rather low levels of free-stream turbulence. In general, crossflow-dominated
boundary layers are known to involve amplification of high-frequency secondary
instabilities prior to transition irrespective of the disturbance environment. The
onset of these quickly leads to a breakdown to turbulent flow.

Several approaches to control transition of boundary layers have been pro-
posed. One is the use of so-called natural-laminar-flow wings whose geometry
is chosen such as to obtain pressure gradients which damp the most dangerous
disturbances. However, various types of disturbances, e.g. Tollmien-Schlichting
waves or crossflow disturbances react di!erently on pressure gradients. A sys-
tematic approach to optimise wing geometries is presented by Amoignon et al.
(2006).

Another approach which has been studied experimentally by Bippes and
coworkers (cf. Bippes 1999) is to apply surface suction which mainly decreases
the crossflow and thus attenuates the growth of crossflow disturbances. How-
ever, the experimental investigations showed that imperfections with respect
to periodicity of the suction holes may lead to excitation of unstable distur-
bances. This was confirmed numerically by Messing & Kloker (2010). Optimal
spanwise-homogeneous suction distributions for infinite swept wings were com-
puted by Pralits & Hanifi (2003). Both Tollmien-Schlichting and crossflow
instability waves could be stabilised.

A passive control mechanism has been initially proposed and successfully
employed by Saric et al. (1998a). Localised cylindrical roughness elements
of micron-sized height were used to excite subcritical crossflow disturbances.
Compared to the most unstable disturbances the latter were chosen to have
relatively short wavelengths. Saric et al. (1998a) chose 2/3 of the wavelength
of the naturally most unstable crossflow mode. Such high-wavenumber dist-
urbances grow strongly in regions close to the leading edge but decay farther
downstream. Hence, the excitation of these modes provides a means to distort
the meanflow in a way that favourably a!ects the evolution of the naturally
most unstable instability. Under ‘natural’ conditions, in a low-turbulence envi-
ronment, the transition location could be shifted from 71% chord to 80% chord
which is downstream of the pressure minimum. It should be noted that a trail-
ing edge flap was installed at 80% chord which probably initiated transition.
By solving the nonlinear parabolised stability equations (NPSE) Malik et al.
(1999) confirmed the stabilising e!ect of subcritical disturbances for the same
flow configuration. Recently free-flight experiments were performed by Carpen-
ter et al. (2008) showing that control by surface roughness is also e"cient at
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higher, realistic Reynolds numbers. Also for this configuration NPSE solutions
confirmed the experimental observations (cf. Li et al. 2009).

A comprehensive numerical study was performed by Wassermann & Kloker
(2002). Employing DNS they studied the transition and stabilisation of a three-
dimensional flat-plate boundary layer which was dominated by steady primary
crossflow disturbances. A detailed analysis of the governing physical mech-
anisms is provided. These authors show that the ‘control’ mode nonlinearly
a!ects the meanflow in a similar manner as does suction at the wall. By com-
paring with the undisturbed baseflow they observed a reduced crossflow while
the streamwise profiles became fuller in the near-wall region. By performing
stability computations employing the distorted meanflow they showed that the
meanflow modification on its own can be attributed to a significant stabilisation
of the most unstable crossflow disturbances. Further, Wassermann & Kloker
(2002) observed the control mode to nonlinearly decrease regions of decelera-
tion of the steady three-dimensional flow state. The latter arises due to the
streaky nature of stationary crossflow disturbances which cause a strong mean-
flow distortion in the uncontrolled case. Since a strong deceleration favours the
growth of secondary instabilities Wassermann & Kloker (2002) concluded that
the control not only stabilises the primary crossflow modes but also attenuates
the growth of secondary instabilities.

The onset of secondary instabilities has been found to be a strong indica-
tor for a breakdown to turbulent flow irrespective of the external disturbance
environment. In several experiments with three-dimensional boundary layers
growth of high-frequency disturbances prior to transition was observed (cf. Ar-
nal et al. 1984; Kohama et al. 1991; Deyhle & Bippes 1996; Lerche 1996; White
& Saric 2005). Numerous theoretical studies by Malik et al. (1994, 1999);
Janke & Balakumar (2000) and Koch et al. (2000) showed that a spanwise
invariant three-dimensional steady baseflow which is distorted by the pres-
ence of strong primary steady crossflow disturbances becomes unstable to such
high-frequency secondary instabilities. By computing energy budgets Malik
et al. (1999) showed that disturbance energy production of these modes is as-
sociated with either wall-normal or spanwise gradients of the steady vortices.
Accordingly they were denoted ‘y’- and ‘z’-modes respectively. In addition, low-
frequency secondary instabilities resulting from stationary/travelling crossflow
mode interactions were found close to the wall in regions with strong spanwise
gradients. Both the high- and low-frequency secondary instabilities associated
with spanwise gradients of the meanflow were identified and considered rele-
vant for transition in the direct numerical simulations (DNS) by Högberg &
Henningson (1998) and Wassermann & Kloker (2002). Similarly, Malik et al.
(1999) who computed secondary instabilities of the swept-wing boundary layer
studied experimentally by Saric et al. (1998a) noted that ‘z’-modes seem to be
favoured in experiments despite the higher growth of high-frequency ‘y’-modes.

Wassermann & Kloker (2003) studied transition which was induced by
travelling crossflow disturbances. These authors found the saturated unsteady
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Figure 1. Swept NLF(2)-415 wing, with sweep angle !! and
the total incoming velocity Q!. (", #, z) and (x, y, z) represent
curvilinear and cartesian coordinate systems respectively while
s denotes the direction parallel to the incoming free-stream
which is tangential to the wing surface. The wing is at an
angle of attack of !4" (not shown in the figure).

crossflow modes to give rise to secondary instabilities, co-travelling with the
primary crossflow disturbances, which resembled those found for the steady
cases discussed above. However, they stress some characteristic di!erences.

The presence of both a steady and an unsteady primary crossflow mode and
the implications on the transition was studied experimentally by Lerche (1996).
A review on the results is provided by Bippes (1999). In this case the transition
scenario becomes complex as unsteady and steady primary disturbances inter-
act. It thus becomes di"cult to extract the individual physical mechanisms.
However, also these experimental results featured a high-frequency instability
growing prior to transition which was found to be correlated to the primary
travelling crossflow mode.

In this paper we study the stabilisation of a swept-wing boundary layer by
means of DNS. Control is achieved by localised cylindrical roughness elements
spaced such as to excite crossflow modes which are subcritical with respect to
transition. First we study e!ects of the control on the meanflow as well as the
steady primary crossflow modes. The flow configuration resembles experiments
by Saric et al. (1998a), however, we disregard any unsteady disturbances and
thus do not obtain transition. In a second set of DNS we move closer towards
real experiments and introduce unsteady disturbances by a random volume
force. However, we consider a boundary layer where both steady and unsteady
crossflow modes co-exist and are of similar amplitudes. Hence, the case studied
here is more complex than the configurations considered in previous studies on
stabilisation and would correspond to experiments performed in a wind tunnel
which exhibits higher levels of free-stream turbulence as compared with the
one used by Saric et al. (1998a). This allows to evaluate the robustness of the
control approach.

2. Flow configuration

We examine disturbance evolution and control of the boundary-layer flow over
a swept wing (NLF(2)-0415 Somers & Horstmann 1985) mounted in a wind
tunnel at an angle of attack of $ = !4". Note that $ is defined in a plane
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normal to the leading edge. The sweep angle is !! = 45". The wing geometry
is invariant in the spanwise direction as is the resulting boundary-layer flow.
This configuration favours the growth of crossflow disturbances because of a
strong favourable pressure gradient on the upper wing side. The chord Reynolds
number considered is ReC = Q!C/% = 2.4 " 106 which is based on the long
swept chord, i.e. C =

#
2c = 1.83m, while c, the unswept short chord, is defined

in figure 1. Q! = 18.5m/s represents the total incoming free-stream velocity
and % is the kinematic viscosity.

This flow configuration conforms to experiments by Saric et al. (1998a)
who excited crossflow disturbances which were aimed at nonlinearly stabilising
the boundary layer. These were generated in a controlled manner by placing
a spanwise array of micron-sized roughness elements close to the leading edge.
The roughness elements were placed at x/c = 0.023 with a spacing Lz = 8mm,
where x denotes the chordwise direction (see figure 1). The wavelength of the
naturally most unstable stationary crossflow mode is &z = 12mm. Hence, the
wavelength of the ‘control’ mode excited by the roughness cylinders corresponds
to 2/3 of the wavelength of the most unstable mode. The height and diameter
of the elements were chosen as 'r = 6µm and dr = 2mm respectively.

The airfoil and the adopted coordinate systems are shown in figure 1. Here,
(x, y, z) denote the chordwise, normal-to-the-chord and spanwise directions.
Further, we use a reference coordinate system (x, y, z) which coincides with
(x, y, z) at $ = 0". (U, V, W ) represent velocity components with respect to
the respective reference coordinates. The body-fitted curvilinear coordinates
(", #, z) define the tangential, wall-normal and spanwise directions. The corre-
sponding velocity components are denoted as (U!, V", W ). Experimental mea-
surements were evaluated using a coordinate system aligned with the incoming
free-stream, i.e. the s-direction in figure 1. We therefore follow Ng & Crouch
(1999) and Tempelmann et al. (2011) and use the velocity component Us when
comparing to experimental results. It is defined as

Us = U! cos!! + W sin!!. (1)

It should be noted that the experimental coordinate system was not curvilin-
ear, i.e. the hotwire probe was not traversed in the #- but in the y-direction.
Comparisons between Us and the velocity measurements in the experimental
frame are nonetheless adequate, as the experimental measurements were taken
at positions downstream of x/c = 0.1 where the wing surface curvature is weak.

3. Direct numerical simulations

Direct numerical simulations were performed using the ‘Nek5000’ code by Fis-
cher et al. (2008) which builds on the spectral element method. The latter was
originally introduced by Patera (1984) and combines the geometrical flexibility
of finite element methods with the accuracy provided by spectral methods. The
code is very accurate for both laminar and turbulent flows (see e.g. Ohlsson
et al. 2011, for a validation for turbulent channel flow). The spatial discreti-
sation is obtained by decomposing the physical domain into spectral elements.
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The solution to the Navier-Stokes equations is approximated element-wise as a
sum of Lagrange interpolants defined by an orthogonal basis of Legendre poly-
nomials up to degree N. The following results have been obtained using N = 11.
The present SEM code is optimised for MPI based usage on supercomputers
with thousands of processors (Tufo & Fischer 2001). Here, we have performed
parallel computations on 4104 processors.

Despite the parallel e"ciency of the code, a DNS of the whole wind tunnel
test section is still unfeasible. In order to reduce the computational cost we
make use of previous DNS solutions by Tempelmann et al. (2011) who com-
puted a steady baseflow for a domain extending from x/c = 0.04 on the lower
wing side to x/c = 0.7 on the upper wing side and thus accounted for the
asymmetry of the configuration. That solution was obtained by prescribing
Dirichlet boundary conditions at the free-stream boundaries which were ex-
tracted from complementary RANS computations. Good agreement between
the simulated and experimental pressure coe"cients were obtained. Here, in
turn, we choose the computational domain to be entirely located on the up-
per wing side (cf. figure 2) and prescribe Dirichlet conditions at the inflow
(x/c = 0.01) and free-stream boundaries respectively. The corresponding ve-
locities are extracted from the steady baseflow computed by Tempelmann et al.
(2011) as well as the related RANS, respectively. Further, we choose zero-slip
conditions at the wall while zero-stress boundary conditions are imposed at the
outflow of the domain (x/c = 0.8). The width of the domain is chosen such
that both the control mode as well as the naturally most unstable crossflow dis-
turbance can be accounted for, i.e. it corresponds to 24mm. Periodic boundary
conditions are prescribed at the lateral boundaries. The numerical grid con-
sists of 54450 spectral elements and is shown in figure 2. It has been generated
using the gridgen-c code by Sakov (2011) which represents an implementation
of the Schwartz-Christo!el transformation and provides quasi-orthogonal grids.
A number of 18 elements have been used to discretise the spanwise direction.
At the outflow of the computational domain for x/c > 0.78 we use a sponge
region similar to the one used by Tempelmann et al. (2011) which forces the
DNS solution to that of the undisturbed boundary layer. However, here it is
used to avoid reflections as well as possible backflow because of separation at
the outflow boundary.

3.1. Stationary perturbations

Transition control in the experiments by Saric et al. (1998a) was achieved
by exciting a control mode which proved to be subcritical with respect to
transition. The control mode was excited by circular cylinders while multiple
steady crossflow modes including the naturally most unstable mode emerged
because of the presence of natural surface roughness in the leading edge region.
The wing model employed for the experiments was hand polished exhibiting
a natural roughness height of the order of 0.25µm r.m.s (cf. Reibert et al.
1996). Here, we have to model both the excitation of stationary crossflow
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Figure 2. Spectral elements near the leading edge with a
close up of GLL points

disturbances by natural roughness and the control cylinders stimulating the
crossflow mode which is aimed at control. The set-up of the DNS is very similar
to the one by Tempelmann et al. (2011) who predicted receptivity amplitudes
which were about 2.6 times lower as compared with the experiments by Reibert
et al. (1996). These in turn were similar to the control experiments by Saric
et al. (1998a). Hence, in order to obtain a flow which is comparable to the
experimental boundary layer we choose roughness heights which are 2.6 times
higher than those used in the experiments. Note that this is still in the linear
regime of receptivity (cf. Tempelmann et al. 2011).

The excitation of multiple stationary crossflow disturbances is modelled
in a very simplified manner. The domain width chosen dictates the wave-
length of the fundamental mode. Here, the latter has a spanwise wavenumber
(0 = 2)/&z with &z = 24mm. Because of periodic boundary conditions only
disturbances with wavenumbers n(0 can be accounted for in the DNS while
n = 1, 2, . . . , N . Complementary linear PSE computations revealed that only
stationary crossflow modes with n = 1, 2, . . . , 5 grow significantly. The exci-
tation of these is therefore modelled by inserting a roughness element of the
form

h(x, z) = *rH#(x)
5

!

n=1

sin(n(0 + +n) (2)



200 D. Tempelmann, S. M. Hosseini, A. Hanifi & D. S. Henningson

0 6 12 18 24−3

−2

−1

0

1

2

3x 10−4

z(mm)

h

(a) (b)

Figure 3. (a) Visualisation of both the model for ‘natural’
surface roughness and the circular roughness cylinders aimed
at control. (b) Amplitude of the ‘natural’ roughness in physical
space at x/c = 0.0145.

where h denotes displacement in the wall-normal direction. The height of the
roughness elements *r is chosen such as to obtain the desired r.m.s. value of
0.65µm. The roughness shape is defined by

H#(x) =

"

S

#

x ! hs

hr

$

! S

#

x ! he

hf
+ 1

$%

, (3)

where S is a smooth step function defined in Schrader et al. (2009). Here we
choose hs/c = 0.014, he/c = 0.015, hr/c = hf/c = 2.75 " 10#4 yielding a
roughness position of x/c = 0.0145. The phase of each mode denoted by +n

is chosen randomly. The resulting surface roughness is visualised in figure 3.
Note that this roughness is modelled by inhomogeneous boundary conditions.
We thus project the zero-slip condition on the surface of the roughness to the
smooth undisturbed wall. This approach was shown to be adequate for such
micron-sized surface roughness in swept-wing boundary layers by Tempelmann
et al. (2011).

The cylindrical roughness elements used to excite the control mode on the
other hand are inserted into the computational grid by displacing the respective
GLL points at the wall. Their chordwise position is chosen as xr/c = 0.025, i.e.
close to the experimental position, while the height is ' = 2.6"6µm = 15.6µm.
Also these elements are shown in figure 3.

3.2. Non-stationary perturbations

The growth of unsteady instabilities, both primary and secondary, and the sub-
sequent breakdown to turbulent flow requires the presence of ambient unsteady
disturbances such as acoustic noise or free-stream turbulence. In this study we
choose to artificially introduce non-stationary disturbances inside the boundary
layer by employing a weak randomly pulsed volume force. Its specific form is
given in Högberg & Henningson (1998). The forcing is directed normal to the
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wall and located at xr/c = 0.017. This position is attenuated by a Gaussian in
both chordwise and wall-normal directions. The spectral content of the forcing
is defined by two parameters, the temporal and the spanwise cut-o! scales.
The temporal cut-o! scale is chosen to correspond to an angular frequency
, = 3000Hz. The amplitude of the forcing is chosen such that transition is
obtained at about 50 % chord which is significantly upstream of the transition
location observed in the experiments by Saric et al. (1998a). This choice allows
us to reduce the computational cost as we can study transition control within a
shorter computational box while assuring that the sponge region at the outflow
does not a!ect our results. Further, this choice leads to the emergence of pri-
mary travelling crossflow disturbances of higher amplitude as compared with
the experiments by Saric et al. (1998a). Hence, the transition scenario will
not be dominated by stationary disturbances only, but by both unsteady and
steady primary instabilities. While this certainly complicates the identification
of physical mechanisms it allows to evaluate the robustness of the control with
respect to rather complex disturbance environments.

4. Nonlinear parabolised stability equations

The NPSE are solved herein to validate the numerical set-up and to show their
suitability for transition prediction models. To arrive at the NPSE, flow quan-
tities Q are decomposed into a mean Q̄ and a perturbation part q according
to Q = Q̄ + q. After introducing the decomposition into the Navier-Stokes
equations the equations describing the mean part are subtracted. Disturbances
are assumed to be spanwise- and time-periodic and may be decomposed into
Fourier components of the form

q(", #, z, t) =
!

m

!

n

q̃m,n(", #) exp

&

i

' !

!0

$m,n("$) d"$ + in(0z ! im,0t

(

,

(4)
where t denotes time. Here we defined q = (u, v, w, p)T for incompressible flow.
The individual chordwise and spanwise wavenumbers are ($m,n, n(0) while (0

represents the fundamental wavenumber. The fundamental angular frequency
is represented by ,0. The total disturbance field has to be real-valued implying
that q̃#m,#n = q̃†

m,n. A dagger means complex conjugate. In the following,
individual Fourier modes with a spanwise wavenumber n(0 and a frequency
m,0 are represented by (m, n).

The next step, which is essential to arrive at the PSE, is to assume a scale
separation between variations in chordwise and wall-normal direction. This
implies that several terms and in particular the second derivatives with respect
to " are of higher order as compared with the other terms in the stability
equations and may be neglected. This leads to a quasi-parabolic system of
equations of the form

Lm,nq̃m,n = f̃m,n (5)
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for the Fourier component q̃m,n. The Fourier transform of the nonlinear terms
is represented by f̃m,n while the operator Lm,n is defined as

Lm,n = Am,n + Bm,n
-

-#
+ Cm,n

-2

-#2
+ Dm,n

-

-"
. (6)

For definitions of the linear operators A,B,C and D the reader is referred to
e.g. Tempelmann et al. (2011) for incompressible flow. It should be noted that
the solution ansatz (4) causes an ambiguity since both the shape function qm,n

and the wavenumber $ are functions of ". The classical approach to resolve
this ambiguity is to introduce an auxiliary function of the form

' !

0
q̃H

m,n
-q̃m,n

-"
d# = 0. (7)

Enforcing this condition at each chordwise position ensures that the variations
of the shape functions q̃m,n remain small. Introducing initial disturbances q̃0

m,n

at a position "0 the PSE can be solved e"ciently by marching downstream.
At "0, q̃m,n and $m,n are obtained by solving the local stability problem for
a certain number of modes. Subsequently the nonlinear system of equations
comprising (5) and (7) is solved iteratively using quasi-Newton methods. Addi-
tional harmonics are accounted for when the corresponding forcing f̃m,n exceeds
a certain threshold. For more detailed information about the NPSE the reader
is referred to Bertolotti et al. (1992) and Schmid & Henningson (2001). Here,
the NPSE were solved employing a nonlinear extended version of the NOLOT
code by Hanifi et al. (1994). NOLOT solves the PSE for compressible flow and
we choose a Mach number M = 0.001 for the following analysis.

5. Stabilisation of primary disturbances

We start our investigation on subcritical roughness control by studying its e!ect
on primary steady crossflow disturbances. Two cases are considered. First we
disturb the boundary layer using the natural roughness model only. A second
DNS is then performed comprising both the natural and the control roughness.
In the following these cases are denoted the ‘natural’ and the ‘controlled’ case
respectively.

Contours of the total chordwise velocity U! are shown for wall-normal
planes for both the natural and the controlled case in figure 4. Downstream
of the roughness elements, at x/c = 0.2, the natural case exhibits only minor
spanwise flow variations. However, distinct spanwise oscillations become visible
in the controlled case. The dominant wavelength corresponds to that of the
control mode (i.e. ( = 3(0). This shows that the control cylinders e"ciently
excite the subcritical (0,3)-mode. At subsequent chordwise positions we observe
a competition of di!erent modes in both cases. As observed in the experiments
by Reibert et al. (1996) and Saric et al. (1998a) the (0,2)-mode represents the
naturally most unstable steady crossflow disturbance. From figure 4 it is appar-
ent that this mode is dominant in the natural case for x/c > 0.5. The controlled
case on the other hand does not exhibit one clear dominant crossflow mode.
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Figure 4. Contours of the velocity U! (mean + perturba-
tion) for the natural (left) and controlled case (right). Wall-
normal planes at locations x/c = 0.2, 0.5, 0.6, 0.7 are shown.
The spanwise distance shown corresponds to three times the
fundamental wavelength &z = 2)/(0 = 24mm.
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Figure 5. Amplitudes (spanwise r.m.s) of the total distur-
bances for the natural (---) and controlled case (—).

Hence, we observe the evolution of several stationary instabilities of similar
amplitude. Qualitatively, these observations correspond to the experimental
results.

In order to compare both the controlled and the uncontrolled case quanti-
tatively we extract amplitudes

Au = max
"

|û!|
Ū!,e

(8)

where a hat denotes a spatial r.m.s. amplitude with respect to z of either the
total disturbance u! or that of the individual modal disturbances (m, n). The
subscript ‘e’ denotes quantities at the boundary-layer edge. Evaluating the
total disturbance for both cases (see figure 5) shows that initially, excitation of
the control mode leads to total disturbance amplitudes which are more than
one order of magnitude higher than those of the uncontrolled case. However,
for x > 0.35 the amplitude decays and for x > 0.55 the total amplitude level
is slightly below that of the uncontrolled case. Further insight is gained by
determining amplitudes Au for the individual crossflow disturbances. These
are obtained through a Fast Fourier transformation with respect to the span-
wise direction. The result for the natural case is presented in figure 6 while
amplitudes for the controlled case are shown in figure 7. It is apparent that,
in the natural case, the (0, 3)-mode is most receptive to the natural roughness
and experiences the strongest initial growth. However, farther downstream, at
about x/c $ 0.55 it becomes stable and decays. The (0, 2)-mode on the other
hand is growing strongly over the entire distance and becomes dominant for
x/c > 0.4. Hence, our results conform to the experimental observations. Note
that both the (0, 2)- and the (0, 3)-mode evolve linearly up to x/c = 0.6. How-
ever, the fundamental mode as well as superharmonics with spanwise wavenum-
bers ( > 3(0 get forced nonlinearly for x/c > 0.3. In the controlled case, on the
other hand, nonlinear e!ects become visible for all presented modes. The cylin-
drical roughness elements e"ciently excite the (0, 3)-mode aimed for control.
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Figure 6. Natural case: Disturbance amplitudes Au of indi-
vidual crossflow disturbances with ( = n(0 where (0 is the
fundamental spanwise wavenumber.
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Figure 7. Controlled case: Disturbance amplitudes Au of in-
dividual crossflow disturbances with ( = n(0 where (0 is the
fundamental spanwise wavenumber.

All other modes are barely a!ected. Due to its high initial amplitude the (0, 3)-
mode is dominant over a long chordwise distance. However, nonlinear e!ects
set in at about x/c = 0.3 and the mode becomes damped farther downstream,
i.e. significantly upstream of where it becomes stable in the natural case. Even
more important is the observation that the (0, 2)-mode, which is the naturally
most unstable instability, becomes nonlinearly attenuated as compared to the
natural case. Similar e!ects are observed for the other stationary crossflow
disturbances. Hence, the distinct excitation of the subcritical (0, 3)-mode leads
to attenuation of all other steady crossflow disturbances explaining the decrease
of the total amplitude apparent in figure 5.

Figures 6 & 7 also show the amplitude evolutions as predicted by solving
the NPSE. The solutions have been obtained by explicitly initiating 8 crossflow
modes with n = 2, 3, 4, 5, 6, 9, 12, 15 at x/c = 0.06. Their respective amplitudes
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Figure 8. Amplitude Au of the meanflow modification for
both the natural (---) and the controlled case (—).

have been extracted from the DNS solution. A total number of 32 crossflow
modes have been accounted for. The agreement to the DNS results is nearly
perfect for the natural case. Amplitude predictions for the controlled case reveal
slight discrepancies with respect to the DNS solutions. Introducing more modes
did not improve the result. The discrepancies could thus be resolution-related.
However, since the PSE become numerically unstable for small stepsizes (see
e.g. Haj-Hariri 1994; Andersson et al. 1998) increasing the resolution is not
straightforward. One possible solution is to neglect the chordwise pressure gra-
dient in (5). This term accounts for most of the residual ellipticity and was
found to be of higher order by Tempelmann et al. (2010) for three-dimensional
crossflow-dominated boundary layers. Another reason for the observed discrep-
ancies might be that terms of the stability equations which have been assumed
to be of higher order in the NPSE become important. However, despite these
slight discrepancies the overall agreement is found to be very good.

It was shown by Wassermann & Kloker (2002) that the stabilisation of
the primary crossflow disturbances in a three-dimensional flat plate boundary
layer is due to a nonlinear meanflow distortion. Note that in this section, the
term meanflow refers to taking the mean of the steady flow with respect to the
spanwise direction. The same e!ect is observed here. Figure 8 depicts the am-
plitude of the meanflow modification, i.e. the di!erence between the distorted
and the undisturbed meanflow, for both the natural and the controlled case. A
strong modification is obtained in the latter case which initially is about two
orders of magnitude larger than that obtained for the natural case. Figure 9
shows the corresponding distorted and undisturbed streamwise meanflow pro-
files. Similar to the observations by Wassermann & Kloker (2002) we find the
streamwise profiles to be fuller in the near-wall region. Further, the crossflow
is reduced which inherently leads to an attenuation of crossflow disturbances.
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Figure 9. (a) Streamwise velocity profiles of both the undis-
turbed (Base) and the disturbed cases. Profiles are shown for
positions x/c = 0.2, 0.4, 0.6, 0.7. For visualisation purposes,
the profiles are shifted according to U = U + 1.5x/c. (b)
Crossflow velocity profiles at positions x/c = 0.1, 0.2, . . . , 0.7.
The profiles are shifted according to W = W + 1.5x/c.

In the experiments transition was observed at x/c = 0.71 for the natural
case. Although the growth of secondary instabilities does not require a satu-
rated flow state (cf. Chernoray et al. 2005), transition in crossflow-dominated
boundary layers is often related to nonlinear saturation of dominant primary
crossflow disturbances. These yield strong shear layers which favour the growth
of secondary instabilities. However, the results presented in figures 5 and 6
show linear growth of the two dominant modes (0,2) and (0,3) until x/c = 0.6.
No saturation is observed for any mode. Hence, provided that our natural
roughness model produces a flow similar to that obtained in the experiments,
transition could have been initiated by a separation downstream of the pres-
sure minimum. The position of the latter coincides surprisingly well with that
of the transition location observed in the experiments. Another explanation
would be that the experiments exhibited stationary disturbances of higher am-
plitudes leading to earlier nonlinear e!ects. Also the presence of low-amplitude
unsteady crossflow disturbances might have led to interactions with their sta-
tionary counterparts causing a complex flow state involving strong shear layers
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Figure 10. Disturbance amplitudes of the (0, 3) mode as
measured in the experiments (-o-) and determined from the
DNS results (—). The amplitude is defined similar to (8) re-
garding the streamwise velocity us as As = max" |ûs|/Ūs.

which could have favoured the growth of secondary instabilities. However, de-
tailed experimental data of disturbance amplitudes, which would be needed to
identify the transition scenario for the natural case, is not published.

To check how well the present configuration reflects the experimental con-
ditions we compare disturbance amplitudes for the controlled case. The growth
of the total disturbance amplitude presented in figure 5 compares well to the
qualitative description provided by Saric et al. (1998b). Specific disturbance
amplitudes are only given for the 8mm and 4mm mode (cf. Saric et al. 1998a).
However, it is di"cult to compare to these since it is not specified how and
at which positions they were measured. A comparison between experimental
and DNS results is anyway presented in figure 10. The overall agreement is
good although we observe slightly lower amplitudes. Nonlinear decay of the
(0, 3) mode is observed farther downstream as compared to the experiments.
Hence, despite the fact that larger roughness heights have been chosen based
on the receptivity results by Tempelmann et al. (2011) the initial modal am-
plitude obtained from the DNS solutions seems still to be slightly lower than
that measured in the experiments.

6. Transition control

The previous section described the control e!ects on the primary stationary
crossflow disturbances. In this section we move a step closer towards the ex-
periments in that we introduce unsteady disturbances. However, as outlined
previously we choose the amplitude of the random forcing such as to obtain
transition at x/c $ 0.5, i.e. significantly upstream of the experimental transi-
tion location. The present flow thus exhibits unsteady disturbances of higher
amplitude as compared with the experiments and allows to evaluate the ro-
bustness of the control. Again we study a natural and a controlled case. In
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Figure 11. Isosurfaces of the instantaneous velocity U .
Three fundamental periods are shown for visualisation pur-
poses. (a) Natural case (b) Controlled case.

the former multiple stationary crossflow disturbances are excited by the rough-
ness model (2) while unsteady disturbances are introduced by employing the
random volume force described in §3.2. In a second DNS, the controlled case,
we additionally introduce the cylindrical roughness elements in order to excite
the steady control mode. If no control is employed transition from laminar
to turbulent flow occurs at about 50% chord. This breakdown phase is nicely
depicted in figure 11(a).

At about 47% chord we observe the emergence of turbulent spots and for
x/c > 0.55 the flow is fully turbulent. However, when control is employed,
i.e. the control mode (0, 3) is excited by the cylindrical roughness elements,
the situation is completely di!erent. The flow is laminar within the entire
computational domain as is shown in figure 11(b). As in the previous section we
observe the competition of several crossflow instabilities and, most importantly,
transition has been e!ectively suppressed. A more quantitative measure for
transition is obtained by evaluating wall friction. A breakdown to turbulent
flow is accompanied by a strong increase in wall friction. Figure 12 shows
the friction coe"cient Cf = 2µ(-u/-#)/(.U2

e ) for both the natural and the
controlled case. Conforming to observations on the basis of figure 11(a) the
friction coe"cient increases strongly at x/c = 0.52 in the uncontrolled case.
However, the excitation of the control mode leads to a smooth monotonic decay
of Cf along the entire chord as expected for laminar flow.

Qualitatively these observations conform to the experimental observation
by Saric et al. (1998a) who found the transition location to be shifted from
x/c = 0.71 in the natural case to x/c = 0.8. Here we show that the control is
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Figure 12. Friction coe"cient Cf determined for the natural
case (---) and the controlled case (—).

able to suppress transition for even higher levels of unsteady disturbances as
transition, located at about x/c = 0.52 in the present natural case, has been
completely suppressed.

7. Unsteady disturbances and secondary instabilities

In order to characterise the disturbance environment and with it the transition
scenario of the above described cases the total disturbance field is decomposed
into time-periodic Fourier modes. This allows to quantitatively compare the
evolution of both steady and unsteady disturbances. Furthermore, we look for
those characteristic secondary instabilities that have been identified by previous
studies (cf. Högberg & Henningson 1998; Malik et al. 1999; Wassermann &
Kloker 2002, 2003). Since secondary instabilities are characterised by their two-
dimensional nature, time-periodic Fourier modes are computed by performing
FFT’s for several (#, z)-planes distributed along the chord, i.e.

u$
!(", #, z, t) =

N
!

n

ũ!(", #, z, n,0)e
in$0t. (9)

Amplitudes of individual modes are presented in figure 13 as

Au(x) = max
",z

|ũ!|
Ū!,e

, (10)

for both the natural and the controlled case. Here, Ū! denotes the spatio-
temporal mean of U!. Because of limited memory only a certain number of wall-
normal planes exhibiting a limited spatial resolution could be evaluated. Am-
plitudes of the steady disturbances are obtained by subtracting the meanflow,
i.e. the (0,0)-mode, from the zero-frequency mode ũ!(n = 0). A rather complex
disturbance environment becomes apparent in figure 13(a). Both steady and
unsteady disturbances are present and grow almost within the entire domain.
The low-frequency disturbances (e.g. , = 842Hz) are found to be of similar
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Figure 13. Amplitude evolution of steady and unsteady dist-
urbances for the natural case (a) and the controlled case (b)

order, or to even exhibit higher amplitudes, as the steady disturbances in the
uncontrolled case. Complementary linear PSE computations for the current
flow configuration reveal that the most unstable crossflow disturbances exhibit
frequencies , $ 750Hz and spanwise wavelengths ( $ 12mm. Hence, the
low-frequency disturbances can be associated with unsteady primary crossflow
disturbances. However, also high-frequency disturbances are found to grow al-
ready far upstream of the transition location, which is at x/c = 0.52. This
growth might be explained by the onset of early nonlinear e!ects which force
the high-frequency disturbances. For x/c > 0.4 an indication for the amplifi-
cation of secondary instabilities is observed. At the position marked in figure
13(a), which is located just upstream of transition, high-frequency disturbances
undergo sudden amplification and finally attain amplitudes which are of similar
order as compared with the steady and low-frequency instabilities. This is con-
sistent with experimental observations (cf. Deyhle & Bippes 1996; Lerche 1996;
White & Saric 2005) as well as theoretical and numerical studies by Malik et al.
(1999) and Wassermann & Kloker (2002, 2003) and points to the emergence of
secondary instabilities.

The situation is di!erent in the controlled case. The respective amplitudes
are depicted in figure 13(b). The steady disturbances are clearly dominant.
Their initial spatial evolution corresponds well to that of the control mode stud-
ied in §5. Hence, the control mode excited by the circular roughness cylinders
seems to dominate the disturbance field for x/c < 0.5. It is apparent that those
low-frequency disturbances which are dominant in the natural case are attenu-
ated. For example, at x/c = 0.45, the amplitude of the mode with , = 842Hz
is Au = 0.084 in the natural case while it becomes Au = 0.026 when the control
is employed. Furthermore, the sudden growth of high-frequency disturbances
prior to transition is not apparent anymore. The control has successfully sup-
pressed the growth of secondary instabilities. This observation confirms results
by Wassermann & Kloker (2002) who found that this kind of control leads to
a three-dimensional flow state which attenuates the growth of high-frequency
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secondary instabilities. In particular, they found the control mode to nonlin-
early decrease regions of deceleration of the steady flow. A strong region of
deceleration is known to favour the growth of secondary instabilities. However,
Wassermann & Kloker (2002) studied transition induced by stationary crossflow
modes and it is not clear that the same physical mechanisms of stabilisation
are present in the current much more complex flow.

Because of the complex disturbance field inside the boundary layer it is
not straightforward to isolate and identify characteristic secondary instabili-
ties. The previous investigations by (e.g. Högberg & Henningson 1998; Malik
et al. 1999; Wassermann & Kloker 2002, 2003) were all performed under con-
trolled conditions. Boundary-layer transition was either induced by stationary
crossflow disturbances or by selected travelling crossflow instabilities. Such
controlled conditions make it possible to correlate the location of secondary
instabilities to certain regions of the underlying three-dimensional flow which
is characterised by saturated primary crossflow disturbances. For example,
in boundary layers where transition is induced by stationary crossflow dist-
urbances, high-frequency secondary instabilities are associated with either the
minimum spanwise gradient of the streamwise velocity (‘z’-mode) or the respec-
tive maximum wall-normal gradient (‘y’-mode). In a boundary layer which was
dominated by a travelling primary crossflow instability Wassermann & Kloker
(2003) identified similar modes. These were computed by performing a tem-
poral Fourier-transformation in a reference system which was moving with the
primary unsteady crossflow instability. Such an analysis becomes necessary to
separate those secondary and primary instabilities which exhibit similar fre-
quencies. However, no primary crossflow disturbances exist for , > 2000Hz.
The high-frequency Fourier modes which have been found to experience sud-
den growth prior to transition may thus be solely associated with unstable
secondary instabilities. The two-dimensional amplitude distribution ũ(#, z) of
a characteristic high-frequency mode with , = 3998Hz is shown in figure 14
for both the natural and the controlled case. Additionally contour lines of the
underlying instantaneous total velocity field are shown which is characterised
by the vortical structure of a dominant unsteady primary crossflow mode with
&z $ 12mm. The structures that become apparent in the natural case are
reminiscent of a ‘z’-mode. Maximum amplitudes in the wall-normal plane are
located in regions of strong shear at the updraught side of the primary vortices.
This is where the spanwise gradients become minimal. Figure 14(b) shows the
same Fourier mode at x/c = 0.45 which is obtained when the control mode
is excited. The amplitudes obtained are much weaker as compared with the
natural case. Further, a di!erent structure of the instantaneous flow becomes
apparent which reflects the dominance of the steady control mode.

8. Conclusions & Outlook

Direct numerical simulations of a swept-wing boundary layer have been per-
formed. The flow configuration conforms to experiments conducted by Saric &
coworkers at the Arizona State University (see e.g. Reibert et al. 1996; Saric
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(a) (b)

Figure 14. Two-dimensional amplitude distribution of a
high-frequency Fourier mode with , = 3998Hz in a wall-
normal plane (#, z) at x/c = 0.45. Pseudocolors represent
the real part of the Fourier amplitude. Contour lines denote
the instantaneous flow field. (a) Natural case (b) Controlled
case.

et al. 1998a). Control is achieved by placing a periodic row of circular rough-
ness cylinders close to the leading edge. The spacing of these was chosen such
as to primarily excite a steady crossflow disturbance which is subcritical with
respect to transition. This mode experiences strong initial growth but decays
farther downstream. Excitation of multiple steady crossflow disturbances has
been realised by an appropriate simplified model of natural roughness.

We have first considered the excitation of steady crossflow instabilities only,
i.e. transition is not studied. Earlier results by Saric et al. (1998a), Malik
et al. (1999) and Wassermann & Kloker (2002) are confirmed as we observe
the naturally most unstable steady crossflow mode to be attenuated by the
control because of a nonlinearly distorted meanflow. However, the dominant
crossflow disturbances exhibit rather low amplitudes and have not saturated at
x/c = 0.71 which is the location of transition in the experiments. It is known
that the growth of secondary instabilities does not necessarily require saturated
primary crossflow vortices but rather a complex flow state involving strong
shear layers. However, especially in boundary layers which are dominated by
one strong crossflow disturbance transition is often correlated with saturated
primary crossflow disturbances. It is thus possible that those disturbances
which were present in the experiments exhibited higher amplitudes as compared
with the current flow. This might be related to the rather simple model of
natural roughness used here or the presence of unsteady disturbances. Another
explanation would be that transition was initiated by a separation of the flow
at the pressure minimum the position of which coincides with the transition
location. Our simulations did not show separation though. This might be
related to the sponge region at the outflow of the domain.
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Two additional simulations have been performed herein. A random vol-
ume force is introduced close to the leading edge which excites unsteady dist-
urbances. The amplitude is adjusted such as to obtain transition from laminar
to turbulent flow at x/c $ 0.5. Consequently, transition is not induced by
stationary disturbances as in the experiments but by co-existing steady and
unsteady crossflow disturbances which exhibit similar amplitudes. We demon-
strate that, upon exciting the steady control mode, transition is completely
suppressed within the computational box. It is shown that both the most un-
stable unsteady primary disturbances and high-frequency secondary instabili-
ties are attenuated when control is employed. The characteristic sudden growth
of high-frequency secondary instabilities prior to transition is completely sup-
pressed.

So far the control approach studied herein has only been used for boundary-
layers where transition was induced by stationary crossflow disturbances. Here,
we demonstrate that the control is robust. It e!ectively suppresses transition
which is induced by a complex disturbance field involving both steady and
unsteady primary crossflow disturbances.
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ume forcing as well as Philipp Schlatter and Markus Kloker for fruitful dis-
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National Infrastructure for Computing) at the Center for Parallel Comput-
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supported by the European Commission through the FP7 project ‘RECEPT’
(Grant Agreement no. ACPO-GA-2010-265094)
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