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Boundary-layer receptivity to pairs of unsteady oblique free-stream vortical
modes is studied for flat-plate flow using direct numerical simulation (DNS).
This kind of forcing gives rise to steady boundary-layer streaks and the asso-
ciated receptivity mechanism is nonlinear in the forcing amplitude. The flat
plates considered feature elliptic leading edges with two different aspect ra-
tios, allowing for the study of leading-edge bluntness effects on the receptivity.
The free stream is perturbed by three types of unsteady oblique Fourier modes
upstream of the leading edge. These modes differ in the magnitude of the
three vorticity components. It is found that the bluntness of the leading edge
hardly affects the streak amplitudes obtained. This observation also holds for
oblique waves with vertical vorticity alone and is in contrast to the linear re-
ceptivity to this kind of modes, which is known to depend strongly on the
leading-edge shape. While being irrelevant at low frequencies the nonlinear
receptivity mechanism becomes important for high-frequency free-stream vor-
tices to which the boundary layer is linearly non-receptive. Although the linear
receptivity mechanism for zero- or low-frequency forcing is more efficient in
producing disturbance streaks than the nonlinear receptivity to high-frequency
disturbances, the nonlinear mechanism is expected to contribute significantly
to the boundary-layer receptivity to free-stream turbulence.

1. Introduction

Receptivity denotes the coupling between the flow field inside the boundary
layer and the perturbations of the free stream or of the wall. Examples for such
perturbations are free-stream vortices, sound waves, wall roughness and surface
vibrations. The process of receptivity is relevant for flows over aerodynamic
shapes such as airplane wings since it initiates the emergence of boundary-layer
disturbances and the route of laminar-turbulent transition. Besides experi-
ments spatial numerical simulations are particularly appropriate for studies
of boundary-layer receptivity. Here, we present a DNS study of receptivity
of the boundary layer on a flat plate with an elliptic leading edge to oblique
free-stream vortical modes using the spectral element technique.
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Transition due to pairs of oblique vortical modes in the free stream was
investigated by Berlin et al. (1994) for the Blasius boundary layer. Oblique-
mode transition is a simple model for bypass transition due to free-stream tur-
bulence. Berlin et al. (1994) identified three steps of oblique transition – the
nonlinear generation of streamwise vortices by the oblique modes, the forma-
tion of boundary-layer streaks by these vortices and the secondary instability of
the streaks. Berlin & Henningson (1999) focused their study of Blasius flow on
the receptivity phase, considering single free-stream vortical modes and pairs
of oblique waves. The boundary layer was found to be receptive to single waves
only if these contained significant streamwise vorticity. The associated recep-
tivity mechanism was linear in the forcing amplitude and produced streamwise
elongated boundary-layer streaks. Similar streaks were forced by the oblique
modes via a nonlinear receptivity mechanism. Brandt et al. (2002) derived
a weakly-nonlinear perturbation model for the streak generation by oblique
modes and could reproduce the first two steps of oblique transition mentioned
above.

The study of nonlinear effects on the streak formation in boundary layers
is motivated by the observation that linear theories under-predict the streak
amplitudes typically found in high-Reynolds number experiments with free-
stream turbulence. This discrepancy was pointed out by Leib et al. (1999) who
compared the flat-plate boundary-layer response to a superposition of Fourier
modes calculated by linear theory with different experimental data sets. One
of the main conclusions of Leib et al. (1999) was that “nonlinear effects play
an important role in the development of Klebanoff modes in many of the most
important experiments”. The authors further stated that “this [nonlinear] ef-
fect increases with increasing downstream distance from the leading edge and
possibly with increasing frequency”. Leib et al. (1999) conjectured that “the
nonlinear effects may enter in a more or less quasi-steady manner”. These state-
ments motivate the present study. We investigate the nonlinear boundary-layer
response to free-stream vortical modes with different frequencies. The leading
edge is included and its bluntness is varied to identify effects of the nose shape
of the plate on the nonlinear receptivity. The present paper reports a com-
panion study of the work by Schrader et al. (2010) who investigated the linear
receptivity to vortical modes for the same flow configuration as considered here.

2. Flow configuration

The flow field studied is that around a flat plate with an elliptic leading edge
as shown in figure 1(a). The leading-edge shape is defined in figure 1(b) and
corresponds to that of a modified super-ellipse. This contour was considered
for the first time in Lin et al. (1992) because it features zero curvature at
the junction x = a. This ensures smoothness in wall curvature and hence a
reduction of junction receptivity. As seen in figure 1(b) the short semi-axis b
of the leading edge equals one and all lengths are scaled by b. Changing the
long semi-axis a = AR · b alters the bluntness of the nose where AR stands for
the aspect ratio of the leading edge. Here, we choose the same aspect ratios
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(a) (b)

Figure 1. (a) Flat plate with elliptic leading edge of AR = 6. The

lengths are based on the half-thickness of the plate. The red line

marks the junction between the curved and the flat surfaces. (b)

Modified super-ellipse (MSE) representing the shape of the AR = 6

leading edge. The semi-minor ellipse axis b equals the plate half-

thickness and is the reference length.

as in Schrader et al. (2010), namely AR = 6 and AR = 20. These two values
were also considered in a number of earlier numerical studies reported in the
literature (Lin et al. 1992; Buter & Reed 1994; Fuciarelli et al. 2000; Wanderley
& Corke 2001). The reference speed is the free-stream velocity U∞ and the
flow conditions are defined by the Reynolds number Re = U∞b/ν = 2400. The
outflow boundary is located at xout = 208.34b such that the outflow Reynolds
number becomes Reout = U∞xout/ν = 5× 105.

3. Numerical method

The present simulations were carried out using the spectral element method
(SEM). The SEM was introduced by Patera (1984) and offers spectral accuracy
in space along with geometrical flexibility. The method combines aspects of
global Fourier-based spectral methods with ingredients of finite element meth-
ods and hence is suitable for accurate simulations of flows around bodies with
surface curvature and leading edges. The simulation code used was developed
by Fischer et al. (2008). The physical domain is decomposed into spectral
elements, which in turn consist of arrays of Gauss-Lobatto-Legendre (GLL)
nodes for the velocity field and Gauss-Lobatto (GL) nodes for the pressure
field. The velocity grid used here is displayed in figure 2. The solution to the
Navier-Stokes equations is approximated element-wise as a sum of Legendre
polynomials up to degree N , forming an orthogonal basis. In one dimension,
the expansion reads

u(l)(r) =
N∑

n=0

û(l)n hn(r), (1)

where u is a flow variable such as the streamwise velocity, r is the local spatial
coordinate of element l, hn is the nth order Legendre polynomial and ûn is the
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(a) (b)

Figure 2. Spectral element mesh for the simulations using the

leading edge with AR = 6. (a) Inflow region and (b) close-up

view around the leading edge. The black boxes depict the spectral

elements and the red dots mark the GLL points of the velocity grid.

associated spectral expansion coefficient. Here, we chose N = 7 for the velocity
(GLL) grid and N = 5 for the pressure (GL) grid, following the PN -PN−2

discretization of Maday & Patera (1989). The staggering of the pressure grid
renders the specification of pressure boundary conditions unnecessary. The full
three-dimensional expansion of the flow variables, the spatial discretization and
the time integration scheme are briefly summarized in Schrader et al. (2010)
where additional references to the present SEM implementation are given.

The computational mesh shown in figure 2 is similar to the grids used
in Schrader et al. (2010); however, as shown in figure 2(a) the free-stream
boundary is streamline-shaped instead of straight. This is advantageous in the
presence of convecting free-stream disturbances. The Dirichlet conditions for
the mean velocity at the inflow and the free-stream boundaries were generated
from a potential flow taking the displacement of fluid by the boundary layer into
account (see Schrader et al. 2010). The usual no-slip and no-stress conditions
were applied at the wall and at the outflow boundary, respectively.

3.1. Error estimate

The quality of the flow solution on a given computational mesh can be assessed
by computing a-posteriori error estimates, which is carried out here for two-
dimensional simulations of the streamwise mean flow around the leading edge
with AR = 6. The error estimator used was developed by Mavriplis (1990) and
is defined as

ϵ =

√√√√√ û2N
1
2 (2N + 1)

+

∞∫
N+1

û2n
1
2 (2n+ 1)

dn, with ûn = ce−σn. (2)
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Figure 3. Error estimates for the streamwise mean velocity com-

puted on the computational mesh of Schrader et al. (2010) (upper

image row) and on the present mesh (lower row). Leading edge

with AR = 6. Figures (a) and (d) show the error estimates of in-

flow region while (b), (c), (e) and (f) depict those near the nose.

The white arrows indicate the local elemental direction along which

the error estimators were computed.

The coefficients ûn up to order N are those used in (1) while the coefficients ûn
for order N + 1 and higher are estimated by an extrapolation of the spectrum
using an exponential-decay relation, as indicated in (2). The constant c and
the decay rate σ are obtained through a least squares best fit of the last four
points (N − 3, ..., N) of the present spectrum to the exponential decay. The
error estimator ϵ contains both the contribution of the included highest-order
Legendre polynomial to the solution and the estimated contributions of the
polynomials beyond the truncation. Thus, ϵ is larger than the actual truncation
error and can be viewed as a ‘conservative’ estimate.

The error estimator was originally developed to devise criteria for the adap-
tive refinement and coarsening of spectral element meshes (Mavriplis 1994).
Here, we use ϵ to investigate the error of the streamwise mean velocity on a
given mesh and optimize the mesh by hand as indicated by ϵ. Since ϵ estimates
the one-dimensional spectrum of the local elemental solution, we can – for a
two-dimensional simulation – compute N + 1 values of ϵ for each of the two
local coordinates of the elements. Here, ϵ is averaged over the N +1 values per
local direction such that two error estimates per element are obtained. These
are plotted in figure 3. The initial mesh investigated is that of Schrader et al.
(2010). Figure 3(a) shows that the error estimate in the elemental direction
indicated by the white arrow is maximum between the inflow plane and the
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Figure 4. Inflow disturbances consisting of pairs of oblique vor-

tical modes with frequency F = 96, inflow wave vector (γ, β) =

(0.48,±0.72) and amplitude εv = 3.54× 10−3. Velocity magnitude

for (a) ξ-modes, (b) η-modes and (c) ζ-modes. Streamwise vorticity

of (d) ξ-modes, (e) η-modes and (f) ζ-modes.

leading edge. As seen in figure 3(c) the largest errors are found for the direc-
tion normal to the nose of the plate. We used this information to derive an
improved numerical mesh as depicted in figures 3(d)–(f). Note that we only re-
distributed the elements while leaving the total number of elements unchanged.
A re-arrangement of the elements in the inflow region resulted in a more even
distribution of ϵ (figure 3d). In the nose region the error could be reduced in
both elemental directions by modifying the refinement near the leading edge.
It should be noted that Schrader et al. (2010) performed a grid study to ensure
accurate results on their mesh. In fact, both the initial and the improved mesh
led to the same physical results here. The major benefit of the improved mesh
is a reduction of the simulation time by approximately 10%.

3.2. Free-stream disturbances

Pairs of oblique free-stream vortical modes are considered as a simple model for
free-stream turbulence. The vortical disturbances are taken as Fourier modes
with spatial and temporal periodicity where the streamwise periodicity is re-
placed by the time periodicity invoking Taylor’s hypothesis. The amplitude
functions of these modes are the same as those used in Schrader et al. (2010)
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and their derivation can be found in that reference. Schrader et al. (2010)
considered three different mode types, labeled as ξ-, η- and ζ-modes. This de-
notation indicates the dominant component of the vorticity vector (ξ, η, ζ) of
these modes. It should be noted that there are only two linearly independent
vortical modes satisfying the Navier-Stokes equations in a free stream far ahead
of an aerodynamic body, the ξ- and the ζ-modes. These are often labeled ‘vor-
ticity modes B and A’ in the literature (see e.g. Bertolotti 1997). Although the
third type – the η-mode – does not represent a physically independent solution
it is convenient to introduce all three modes because special vortical modes with
only one single vorticity component can easily be derived from the ξ-, η- and
ζ-modes. This was extensively utilized in Schrader et al. (2010) who studied
the linear receptivity to purely streamwise, vertical and spanwise free-stream
vortices.

The inflow wave vector is chosen as (γ, β) = (0.48,±0.72) where γ and
β are the vertical and spanwise wavenumbers, respectively. These values are
consistent with those in Schrader et al. (2010); the only difference is that we also
include the mode with spanwise wavenumber β = −0.72 and add it to the mode
with β = +0.72. This produces a free-stream vortical disturbance consisting
of two oblique waves. The disturbance is scaled such that its amplitude εv
becomes

εv =

√
1

2
u2

in, (3)

where uin is the disturbance-velocity vector at the computational inflow,

uin = ℜ{û ei(γy±βz−ωt)}, (4)

with ℜ indicating the real part. The quantity û is the modal velocity coefficient
and depends on the mode type chosen (ξ-, η- or ζ-mode), as explained in detail
in Schrader et al. (2010). The angular frequency ω is replaced by the frequency
parameter

F =
ω

U2
∞/ν

× 106 (5)

throughout this paper. Figure 4 shows the velocity magnitude and the stream-
wise vorticity component of free-stream disturbances consisting of pairs of
oblique ξ-, η- and ζ-modes with frequency F = 96, wave vector (γ, β) =
(0.48,±0.72) and amplitude εv = 3.54× 10−3. These disturbances are consid-
ered in the following to investigate the nonlinear receptivity of the boundary
layer to free-stream vorticity. Note that the ξ-modes feature the largest and
the η-modes the smallest streamwise vorticity component.

4. Results

Figure 5 illustrates the boundary-layer response to a pair of oblique ξ-modes
with frequency F = 96. The inflow wave vector (γ, β) chosen is consistent with
values considered by Schrader et al. (2010). In figure 5(a) x-y planes of the
streamwise, vertical and spanwise disturbance velocities are depicted. Whereas
the forcing is strongest in the vertical and spanwise disturbance components
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Figure 5. Boundary-layer response to a pair of oblique ξ-modes

with F = 96, (γ, β) = (0.48,±0.72) and εv = 3.54 × 10−3. (a) x-y

plane showing the instantaneous streamwise, vertical and spanwise

disturbance velocities at z = 2.05. The lines mark δ99. (b) Horizon-

tal plane extracted at y(maxy(urms)), showing the instantaneous

streamwise disturbance.

the boundary-layer response becomes manifest mainly in the streamwise ve-
locity. The upstream disturbance features the short streamwise length scale
of the free-stream modes – enforced by the frequency – whereas the dominant
downstream disturbance structure is streamwise elongated. This change-over
of the disturbances becomes more evident in figure 5(b). The horizontal plane
shown highlights that not only the streamwise disturbance scale but also the
spanwise wavelength changes; in fact, the spanwise wavenumber doubles. The
receptivity mechanism to high-frequency oblique free-stream modes thus con-
sists of the linear excitation of fundamental disturbances modes followed by
the nonlinear interaction between these modes. A streamwise elongated distur-
bance structure with twice the spanwise wavenumber of the free-stream modes
emerges from this process and attains a significantly larger amplitude than the
upstream fundamental modes.

Figure 6(a) quantifies the observations from figure 5. A temporal-spanwise
Fourier transformation allows for the decomposition of the boundary-layer dis-
turbance into components with different frequencies and spanwise wavenum-
bers. This confirms the qualitative findings of figure 5: While the upstream
disturbance (urms) is dominated by a fundamental short-scale mode the down-
stream disturbance evolution mainly consists of a steady streak with twice
the fundamental spanwise wavenumber. The zero frequency of this streak be-
comes manifest in an elongation of the disturbance structure (zero streamwise
wavenumber) as highlighted in figure 5(b). Figure 6(a) also shows the third
and fourth most important contributions which are the mean-flow modification
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Figure 6. (a) Decomposition of the boundary-layer disturbance

excited by a pair of oblique ξ-modes with F = 96, (γ, β) =

(0.48,±0.72) and εv = 3.54×10−3 into components with various fre-

quencies and spanwise wavenumbers. (b) Comparison of the modes

(F, β) and (2F, 2β) from two simulations with εv = 3.54×10−3 and

3.54× 10−4, respectively.

(0, 0) and the double-frequency mode (2,±2). This highlights the manifesta-
tion of nonlinear effects “in a more or less quasi-steady manner”, as formulated
by Leib et al. (1999).

In figure 6(b) we compare the fundamental mode and the steady streak
as obtained from two simulations with different forcing amplitudes εv. The
evolution curves of these modes are shown in the inset figure. The curves col-
lapse if the fundamental unsteady mode is scaled by εv and the steady streak
by ε2v. This indicates that the strong steady streak disturbance is generated
by quadratic nonlinearity while the upstream streak with F = 96 is linearly
excited by the free-stream oblique ξ-modes. The amplitudes of the modes (0, 0)
and (2,±2) also scale quadratically with εv (not shown). Linear and nonlin-
ear receptivity hence are active simultaneously in a boundary layer exposed
to high-frequency free-stream fluctuations. The nonlinear receptivity process
corresponds to the two-step mechanism explained in Brandt et al. (2002) – (i)
the nonlinear generation of streamwise vortices inside the boundary layer by
the penetrating oblique modes and (ii) the linear excitation of streaks by these
vortices through the lift-up mechanism.

When exposing the boundary layer to oblique η- and ζ-modes steady distur-
bance streaks develop as well. Figure 7 indicates that these streaks have lower
amplitudes than that forced nonlinearly by the ξ-modes. As shown in figure 4
the ξ-modes contain more streamwise vorticity than the corresponding η- and
ζ-modes. The leading-edge boundary layer was shown in Schrader et al. (2010)
to be linearly more receptive to the streamwise vorticity component than to
the vertical and spanwise vorticity. The results reported here suggest that the
same holds for the present nonlinear receptivity mechanism. It is interesting to
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Figure 7. Decomposition of the boundary-layer disturbance ex-

cited by a pair of oblique (a) η-modes and (b) ζ-modes with F = 96,

(γ, β) = (0.48,±0.72) and εv = 3.54 × 10−3 into components with

various frequencies and spanwise wavenumbers.
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Figure 8. Decomposition of the boundary-layer disturbance ex-

cited by a pair of oblique ξ-modes with (γ, β) = (0.48,±0.72) and

εv = 3.54 × 10−3 into components with various frequencies and

spanwise wavenumbers. The forcing frequency is (a) F = 16 and

(b) F = 192.

note that the components (0, 0) and (2,±2) are weaker in an environment of
unsteady oblique η-modes than in the presence of the other two mode types.

4.1. Frequency effects

Leib et al. (1999) conjectured that nonlinear effects on the streak development
may become more relevant at high frequencies (cf. §1). This is investigated here
by considering oblique free-stream waves of ξ-type with F = 16 and F = 192.
Figure 8 shows that the competition between the linear and the quadratic
receptivity mechanism is different in comparison with the case F = 96. For
F = 16 the urms-curve of the disturbance is dominated by the fundamental
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Figure 9. (a) Nonlinear receptivity to pairs of oblique ξ-, η- and

ζ-modes with F = 96, (γ, β) = (0.48,±0.72) and εv = 3.54× 10−3.

Comparison of the amplitude of the (0, 2β)-streak for two leading

edges with AR = 6 and AR = 20. (b) Nonlinear receptivity to

pairs of oblique ηy-modes (γ = 0) with F = 96, β = ±0.72 and

εv = 3.54 × 10−3. Amplitude of the (0, 2β)-streak downstream of

the AR = 6 and AR = 20 leading edges.

unsteady streak throughout the entire boundary layer, and the steady double-
spanwise wavenumber streak is considerably weaker than for F = 96. Hence, for
ξ-modes with F = 16 the linear receptivity mechanism clearly dominates over
the nonlinear mechanism, and the boundary-layer receptivity corresponds to
that reported in Schrader et al. (2010). This streak scenario is well-captured by
linear theories, while the streak formation due to oblique ξ-modes with F = 192
is entirely dominated by the nonlinear receptivity mechanism, producing steady
streaks. The conjecture of Leib et al. (1999) could hence be confirmed.

4.2. Bluntness effects

We have until now only considered the flat plate with the AR = 6 leading
edge. In order to study the effect of leading-edge bluntness simulations of the
flow around the plate with the AR = 20 leading edge were performed. We
focus on the influence of the leading-edge shape on the nonlinear receptivity
mechanism while an extensive study of bluntness effects on linear receptivity
to vortical modes is given in Schrader et al. (2010). Figure 9(a) displays the
downstream amplitude evolution of the nonlinearly excited steady boundary-
layer streak for six cases. These comprise the three mode types ξ, η and ζ for
a frequency of F = 96 times the two leading edges. Clearly, the influence of
the leading edge is negligible for all three types of free-stream vorticity. The
figure highlights again that the boundary layer is nonlinearly most receptive
to the oblique ξ-modes and least receptive to the η-modes. In figure 9(b) we
compare the boundary-layer receptivity to a pair of oblique ηy-modes for the
leading edges with AR = 6 and AR = 20. The ηy-modes are characterized
by a one-dimensional vorticity vector with the vertical component alone and
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Figure 10. Streamwise development of two steady boundary-

layer streaks with β = 1.44 triggered via the nonlinear and the

linear receptivity mechanism, respectively. The streak due to lin-

ear receptivity is scaled such that it attains the same amplitude at

Rex = 2× 105 as the streak due to the nonlinear mechanism.

are obtained from the η-modes by setting the vertical wavenumber γ to zero
(see Schrader et al. 2010). The linear receptivity of the boundary layer to
vertical free-stream vortices was demonstrated by Schrader et al. (2010) to be
particularly efficient at blunt leading edges. Key to the receptivity was the
generation of streamwise vorticity due to stretching and tilting of the vertical
vortex columns at the leading edge. These processes were found to be en-
hanced at a blunt leading edge. Here we find that the streak amplitude due
to the quadratic receptivity mechanism is unaffected by leading-edge bluntness
effects. In fact, the generation of streamwise vorticity does not build on vortex
stretching and tilting but on nonlinear interactions between the oblique free-
stream modes. These interactions are shown here to be independent of the
leading-edge geometry.

4.3. Nonlinear versus linear receptivity

Figure 10 shows the downstream evolution of the amplitude of the boundary-
layer streak with frequency F = 0 and spanwise wavenumber β = 1.44 for two
scenarios: (i) The streak has been generated by oblique modes with F = 96
via the nonlinear receptivity mechanism (black solid curve) and (ii) it has been
forced by a single free-stream mode with F = 0 through linear receptivity
(red dashed line). Clearly, the evolution curves feature different local growth
rates. This is due to the fact that the streak is generated in different parts
of the boundary layer. The linear receptivity mechanism is initiated straight
away from the leading edge and produces a strong nonmodal growth in the
upstream region of the boundary layer. The nonlinear process is a two-step
mechanism as mentioned before and acts over a longer streamwise region of the
flow. The growth of the nonlinear streak occurs therefore farther downstream
where the flow conditions are different. In figure 10 we have scaled the streak
from linear receptivity such that its amplitude equals that of the nonlinear
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streak at Rex = 2× 105. Equating the streak amplitudes provides a possibility
of assessing the relative importance of linear and nonlinear receptivity. To this
end we write the streak amplitude Astr as

Astr = Clinεv,lin (6)

Astr = Cnlnε
2
v,nln,

where εv,lin is the forcing amplitude of the linear receptivity mechanism and
εv,nln that of the quadratic mechanism. Clin and Cnln can be thought of as
the local (Rex-dependent) linear and nonlinear receptivity coefficients. These
can be easily devised from figure 10. For the example of Rex = 2 × 105 we
read off Astr = 0.0113, and with εv,lin = 2.92× 10−4 and εv,nln = 3.54× 10−3

we obtain Clin = 38.73 and Cnln = 904.45. Equating the two relations in (6)
allows for finding an amplitude threshold

εthres =
Clin

Cnln
, (7)

above which the nonlinearly excited streak at a certain streamwise location
Rex becomes stronger than the streak due to linear receptivity. We have com-
puted this threshold amplitude for Rex = 105 (2 × 105; 5 × 105) and obtained
εthres = 0.093 (0.043; 0.018). These thresholds are large, indicating that linear
receptivity is more efficient than nonlinear receptivity. Since the downstream
growth rate of the nonlinear streaks is larger than that of the linear streak the
relative importance of the nonlinear receptivity is enhanced with increasing
Reynolds number. Note that εthres depends on the frequency of the oblique
vortical modes triggering the nonlinear streak. It should further be noted that
the very-low frequency components required for the linear receptivity mecha-
nism usually have low amplitudes in wind-tunnel free-stream turbulence, for
instance. For εv,nln ≫ εv,lin (as in the example of figure 10) the nonlinearly
generated streak may therefore outweigh the linearly excited streak, although
the associated quadratic receptivity mechanism is less efficient.

5. Conclusions

Nonlinear receptivity to oblique modes of the boundary layer on a flat plate
with elliptic leading edge is herein reported. The results have been obtained
using the spectral element method which allows for accurate simulations of
receptivity of the flow around bodies with curved walls and leading edges.
The oblique vortical free-stream disturbances have been constructed from three
different types of Fourier modes. The present study is a continuation of the
work by Schrader et al. (2010) who investigated in detail the linear receptivity
of the same flow configuration. Here, the spectral element simulations could be
optimized in terms of simulation time by improving the computational mesh
based on an a-posteriori error estimate.

Results are as follows. The boundary layer is receptive to high-frequency
oblique modes and develops strong steady elongated disturbance streaks. The
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associated receptivity mechanism is quadratic in the amplitude of the free-
stream waves and involves the upstream generation of streamwise vorticity
followed by the downstream emergence of the steady streaks. This receptivity
process is in particular efficient if the oblique free-stream disturbances contain
significant streamwise vorticity. If the free-stream fluctuations are of low fre-
quency strong fundamental unsteady modes due to linear receptivity are more
important than the steady nonlinear streaks. In contrast, the boundary layer
is linearly non-receptive at high frequencies and the disturbance streaks ob-
tained are due to the nonlinear mechanism. In an environment of broadband
free-stream turbulence both receptivity mechanisms are at play simultaneously
which explains the discrepancy between Klebanoff-mode amplitudes observed
in experiments and streak amplitudes obtained from linear theories, as notices
by Leib et al. (1999). Whereas the frequency has a strong effect on the non-
linear receptivity the leading-edge bluntness is irrelevant. This is also true if
the free-stream disturbances consist of vertical vorticity alone. For this type
of free-stream modes Schrader et al. (2010) found a strong dependence of the
linear receptivity on the leading-edge shape. The receptivity mechanism was
shown to build on the generation of streamwise vorticity through stretching
and tilting of the vertical vortex columns at the leading edge. In contrast, the
streamwise-vorticity generation of the present nonlinear receptivity mechanism
is based on the quadratic interaction between the oblique free-stream modes
penetrating into the shear layer, and this process is independent of the leading-
edge geometry. This finding suggests that the receptivity studies for Blasius
flow published in the literature are also indicative for flows over flat plates with
leading edges.

Finally, we have compared the amplitudes of steady streaks with a cer-
tain spanwise wavenumber as obtained from linear and nonlinear receptivity.
It turned out that the linear receptivity to a single steady free-stream vorti-
cal mode is more efficient than the quadratic receptivity to a pair of unsteady
oblique modes. Since the quasi-steady and low-frequency components of free-
stream turbulence usually have low amplitudes the nonlinear receptivity mech-
anism may nonetheless be significant.

This research is funded by VR (The Swedish Research Council). SNIC
computing facilities located at the National Supercomputer Centre, Linköpings
universitet, have been used for the computations. The author is grateful to
Prof. Catherine Mavriplis for providing the code for the error estimator.
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