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Abstract. The prediction and control of the laminar-turbulent transition in three-
dimensional boundary layers are crucial for the designs of vehicles, aircrafts, etc. Re-
ceptivity, the initial stage of transition, is the key to implement the prediction and con-
trol of the transition process. Former experimental results showed that, under a rela-
tively low-level turbulence, the three-dimensional boundary-layer transition is mainly
induced by the stationary cross-flow modes rather than the travelling ones. Near the
leading edge, stationary cross-flow modes can be excited by three-dimensional local-
ized roughness. And the receptive process is affected by both the size of roughness
and the shape of leading edge which distorts the mean flow over the plate. There-
fore, we perform direct numerical simulation to investigate the excitation of station-
ary cross-flow modes by three-dimensional localized wall roughness in swept-plate
boundary layers with various elliptic leading edges. The effect of the leading-edge
curvature on the induced stationary cross-flow modes is revealed. And the relations
of the leading-edge curvatures with the amplitudes and dispersion relations of the sta-
tionary cross-flow modes are determined. Furthermore, the correlations between the
receptivity coefficients and the geometries, locations and numbers of the roughness
respectively are analyzed in different leading-edge curvatures. This research aims to
complement the study of receptivity in the cross-flow boundary layer.
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1 Introduction

The prediction and control of the laminar-turbulent transition have long been a hot issue
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pursued by a number of scholars. The process of the laminar-turbulent transition is ex-
tremely complex. And receptivity is the first stage in the transition and hence the key
to the prediction and control of the transition. The early researches involved with re-
ceptivity focused on two-dimensional boundary layers, while most of the receptivity in
engineering occur in three-dimensional boundary layers, such as a swept-wing surface,
a cone with an angle of attack and the turbine blades etc. It has been experimentally con-
firmed that under a relatively high-level turbulence, the three-dimensional boundary-
layer transition is dominated by the travelling cross-flow modes [1, 2]. However, the
actual free flight is in an environment of low-level turbulence that three-dimensional
boundary-layer transition is dominated by the stationary cross-flow modes [1]. There-
fore, the research on the receptivity of stationary cross-flow modes in the three-
dimensional boundary layer is necessary for the design of the aircrafts.

Bippes and Nitschke-Kowsky [2] first experimentally proved that the stationary cross-
flow modes in three-dimensional boundary layers are induced by the wall roughness
rather than the free-stream disturbances. And Radeztsky et al. [3] also found in ex-
periments that the three-dimensional boundary-layer transition dominated by station-
ary cross-flow modes is triggered by the three-dimensional localized wall roughness.
Subsequently, a series of investigations were carried out by Radeztsky et al. [3, 4],
Deyhle and Bippes [5], and Reibert et al. [6, 7] to ascertain the relation between the
geometries, sizes and locations of the three-dimensional roughness and the three-
dimensional boundary-layer receptivity separately. And the nonparallel effect on the
three-dimensional boundary-layer receptivity was computed by Betrolotti [8] and Col-
lis and Lele [9]. By using direct numerical simulation (DNS) and parabolized stability
equations (PSE), Tempelmann et al. [10] simulated the three-dimensional boundary-layer
receptivity under three-dimensional localized wall roughness, and the obtained results
agree with the experimental data from Reibert et al. [6]. Recently, Kurz and Kloker [11]
studied the relationship between the three-dimensional boundary-layer receptivity and
roughness height.

Receptivity of three-dimensional boundary layers has been theoretically studied as
well. The mathematical formulations of finite-Reynolds-number were adopted first.
Crouch [12] and Choudhari [13] both considered excitation of stationary vortices by
spanwise-periodic surface roughness in the Falkner-Skan-Cooke flow. The boundary-
layer response has continuous streamwise spectra, from which an unstable vortex mode
would emerge. Furthermore, Ng and Crouch [14] considered receptivity of the boundary
layer over a swept wing. A good agreement was found between their theoretical predic-
tion and the measurement for roughness height up to twice of the local boundary-layer
displacement thickness.

Complementary to the finite-Reynolds-number studies, large-Reynolds-number
asymptotic analysis provides deeper insights into the mechanisms of cross-flow insta-
bility. Choudhari [15] revealed that the linear development of stationary vortices fall into


