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Abstract: The leading edge receptivity to vorticity disturbans investigated by a
three-dimensional numerical simulation. The dishimdes are given by a two
dimensional periodic vorticity fluctuation at thedatream boundary as a boundary
condition. The vorticity fluctuation inside the bwlary layer becomes more
intense when the vertical scale of the oncomingiaity fluctuation is larger. It is
shown that the tangential velocity induced at ttagsation point is crucial to the
leading edge receptivity.
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1 Introduction

Laminar-turbulent transition under a low-disturbarenvironment starts from the amplification of
minute velocity disturbances in a boundary layene Tdisturbances generally originate from a
freestream, entering the boundary layer aroundeth@ing edge, where the receptivity is the highest
The boundary layer receptivity has attracted a rermobresearchers for several decades[1-3] because
it is the crucial part of the transition procesnidall[4] showed the relation between freestream
turbulences and T-S waves in the boundary layea iynd tunnel experiment. Dovgal et al.[5] also
performed a wind tunnel experiment to investigdte tesponse of a boundary layer to periodic
disturbances in the freestream using an oscillaiiigon set upstream of a flat plate. However, the
experimental approach has its limits because tiokrtess of the boundary layer in the vicinity of th
leading edge is too thin to measure the velocityaticity. Recently, Lars-Uve Schrader et al.[6]
discussed the receptivity of a flat plate with dipc leading edge using a numerical simulation.
Their results indicate the importance of the shietg and tilting of vertical or axial vortices dtet
leading edge. In this study, the leading edge t@dgpagainst incoming vortical disturbances is
numerically investigated, focusing on the deforamabf vorticity patterns inside a boundary layer.

2 Numerical Method

Three-dimensional unsteady incompressible Naviekét equations and the continuity equation are
solved by the finite difference method using a bottgd coordinate on a regular grid system. A
third-order upwind difference scheme is used indbrvection terms written in a gradient form. For
the other terms, the second-order central differesgheme is employed. The third-order Adams-
Bashforth explicit scheme is used for the convecteasm and the Crank-Nicolson implicit scheme is
applied to the viscous term. In addition, the mditectional finite different scheme is used foe th
discretization of the all terms in the N-S equatidrigure 1 shows the computational domain around



a flat plate with an elliptic leading edge of aped ratio of 1:5, whera is the leading edge length
andb is the half of the thickness of the flat plat&e origin of the Cartesian coordinate systemts se
at the tip of the leading edge of the plate, whengandz axes denote the streamwise, vertical and
spanwise directions, respectively. The numbergidsgre 449 points ig direction, 193 points iry
direction, and 6 points i direction. More than 10 grid points are inside leaindary layer at the
vicinity of the leading edge afa = 0.02. The flat plate length is four times largean the length of
the leading edge. Reynolds numibaised on the leading edge lengtand the freestream velocity

- is 4.0¢10%. The spanwise length of the calculation regio is

As for the velocity boundary conditions, the noip-stondition is imposed at the wall, the
Sommerfeld radiation condition is applied at theletuboundary and the Dirichlet condition is
enforced at the upper and lower boundaries. Ashempressure boundary conditions, the Neumann
condition is used at all boundaries and at the.Wélé pressure averaged over the calculation igeld
adjusted to be unity. After the base flow becomeady, two-dimensional disturbances are added to
the freestream by changing only the streamwisecitglo periodically at the upstream boundary.
The following equation describes the disturbance,
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wheref is the non-dimensional frequendyis the length of the oscillation regiof,is the amplitude,
a is the Lamb-Oseen constant which is 1.25643[7# suns the parameter corresponding to the
vortex core radiusAlso, t is the time and = 0 indicates the moment the disturbance was added
this study, the simulations are performed for thdggerent scales o$/b which are 1, 2 and 3. The

amplitude of the introduced fluctuatighis 1% of the freestream velocity and the non-disiamal
frequencyf is 1.
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Figure 1 Computational domain

3 Resultsand Discussion

Vorticity distributions att =14.0 are shown in Fig. 2. Periodic vorticity patis can be observed
upstream. The vorticity sizes depend on the schl&e vortex core radius. Figure 3 shows the
fluctuations of the spanwise vorticity aty/a = 0; right upstream of the leading edge. In Figh#&
waves appear very similar to each other, even tholigir vertical scales are different as was shown
in Fig.2.The RMS values of the velocity fluctuations in thall-tangential direction measured at the
grid points next to the wall are plotted in Figlhere is a noticeable difference betweenuhg at

the stagnation point depending ®i. It should be noted that,s at the stagnation point corresponds
to thev component velocity there. The velocity fluctuasotlecay downstream. In particular, they
rapidly decay near the leading edge because ofctineature of the round front edge and the



favorable pressure gradient. Figure 5 depicts & Ralues of the vertical velocity fluctuatiowg,s

in the freestream along tlyéa = 0 line. Thev',s at the point next to the stagnation point in flgare
corresponds to the'sthere in Fig.4. The periodic wavinessuf,s is caused by the timing of the
vortices come in from the upstream boundary. It barfound that the',,s reaches its peak very
close to the leading edge just before it is danipediscosity. It is also shown that, is influenced

by the vortex core radius Figure 6 shows the velocity fluctuation$,s in the boundary layer ata

= 4.6 together with the averaged velocity profitethhe boundary layer at the same location. The
velocity fluctuation near the wall becomes highsrtle scale of oncoming vorticity fluctuations
becomes larger. In this paper, a receptivity coigffit K is defined as the ratio of the amplitude of
velocity fluctuations in the boundary layer at lovpeak ofx/a = 4.6 to that at the upstream boundary
which is 1% of the freestream velocity. The resalts shown in Table 1. The value Kfbecomes
larger in proportion to the scale parametewhich is the same tendency as in Fig.6. Thesdtses
imply that the leading edge receptivity is goverbgdhe periodic tangential velocity fluctuatiorts a
the stagnation point.
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Figure 2 Contour maps of vorticity fluctuationtat 14.0 for different disturbance scales
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Figure 3 Variation of spanwise vorticity upstreafithe leading edge at= 14.0
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Figure 4 Distribution of the tangential velocitydtuations near the wall
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Figure 5 Distribution of the vertical velocity fluations in the freestream alopg0
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Figure 6 Profiles of velocity fluctuations in theundary layer at/a= 4.6

Table 1 Receptivity coefficients at the lower pedk/a= 4.6

s/b u'../U., UrmdUe K

1 0.01 1.41x10* 1.41X 10°
2 0.01 2.03x10* 2.03x 107
3 0.01 2.93x10* 2.93x 102
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Conclusion

A numerical study is performed to investigate atieh between the vorticity disturbances and the
leading edge receptivity. Freestream disturbancegiaen as a two dimensional periodic vorticity
fluctuation at the upstream boundary. The resutshithat the velocity fluctuation inside a boundary
layer becomes more intense when the vertical sifallee oncoming vorticity fluctuation is large. It
is found that the tangential velocity fluctuatiomsar the wall at the stagnation point strongly cffe
the amplitude of velocity fluctuations inside a dmiream boundary layer.
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