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Abstract

Direct numerical simulations of the receptivity and instability of boundary
layers on flat and curved surfaces are herein reported. Various flow models
are considered with the aim to capture aspects of flows over straight and
swept wings such as wall curvature, pressure variations, leading-edge effects,
streamline curvature and crossflow. The first model problem presented,
the flow over a swept flat plate, features a crossflow inside the boundary
layer. The layer is unstable to steady and traveling crossflow vortices which
are nearly aligned with the free stream. Wall roughness and free-stream
vortical modes efficiently excite these crossflow modes, and the associated
receptivity mechanisms are linear in an environment of low-amplitude
perturbations. Receptivity coefficients for roughness elements with various
length scales and for free-stream vortical modes with different wavenumbers
and frequencies are reported. Key to the receptivity to free-stream vorticity is
the upstream excitation of streamwise streaks evolving into crossflow modes.
This mechanism is also active in the presence of free-stream turbulence.

The second flow model is that of a Görtler boundary layer. This flow type
forms on surfaces with concave curvature, e.g. the lower side of a turbine
blade. The dominant instability, driven by a vertically varying centrifugal
force, appears as pairs of steady, streamwise counter-rotating vortical rolls
and streamwise streaks. The Görtler boundary layer is in particular receptive
to free-stream vortical modes with zero and low frequencies. The associated
mechanism builds on the excitation of upstream disturbance streaks from
which the Görtler modes emerge, similar to the mechanism in swept-plate
flows. The receptivity to free-stream vorticity can both be linear and nonlinear.
In the presence of free-stream turbulence, nonlinear receptivity is more likely
to trigger steady Görtler vortices than linear receptivity unless the frequencies
of the free-stream fluctuations are very low.

The third set of simulations considers the boundary layer on a flat plate with
an elliptic leading edge. This study aims to identify the effect of the leading
edge on the boundary-layer receptivity to impinging free-stream vortical
modes. Three types of modes with streamwise, vertical and spanwise vorticity
are considered. The two former types trigger streamwise disturbance streaks
while the latter type excites Tollmien-Schlichting wave packets in the shear
layer. Simulations with two leading edges of different bluntness demonstrate
that the leading-edge shape hardly influences the receptivity to streamwise
vortices, whereas it significantly enhances the receptivity to vertical and
spanwise vortices. It is shown that the receptivity mechanism to vertical free-
stream vorticity involves vortex stretching and tilting - physical processes
which are clearly enhanced by blunt leading edges.

The last flow configuration studied models an infinite wing at 45 degrees
sweep. This model is the least idealized with respect to applications in
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aerospace engineering. The set-up mimics the wind-tunnel experiments carried
out by Saric and coworkers at the Arizona State University in the 1990s. The
numerical method is verified by simulating the excitation of steady crossflow
vortices through micron-sized roughness as realized in the experiments.
Moreover, the receptivity to free-stream vortical disturbances is investigated
and it is shown that the boundary layer is most receptive, if the free-stream
modes are closely aligned with the most unstable crossflow mode
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