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Abstract 

Transition to turbulence in a three-dimensional boundary layer is investigated by 
a highly resolved direct numerical simulation adapted to a transition experiment 
made at DLR Göttingen. A parallel base flow is defined locally by Falkner-Skan­
Cooke similarity profiles. As shown earlier, the temporal simulation results can 
be related to the spatial disturbance development in the experiment and show 
good agreement with measurements. The crossflow vortices, which develop as 
a primary instability of the laminar flow, break down at the late stages of the 
transition process. At the end of transition, the shape factor and local skin 
friction coefficient of the computed mean velocity profile reach their turbulent 
levels. Particular attention is given to the development of flow structures in 
the breakdown stage. A new three-dimensional vortical structure is found to 
emerge which propagates with approximately 70% of the free-stream velocity in 
the streamwise direction. Vortical structures are identified by different criteria 
based on local pressure minima or the velocity-gradient tensor Vu. 

Introd uction 

Transition to turbulence in the swept wing boundary layer of a modern aircraft 
can be caused by different instability mechanisms. The crossflow instability 
dominates regions on the wing where astrong favourable pressure gradient ex­
ists. This instability is characterized by the presence of co-rotating stationary 
crossflow vortices and travelling waves which are both linearly unstable. For an 
over view readers are referred to the paper by Reed & Saric (1989). 

Experiments and theoretical investigations have shown that nonlinear inter­
actions play an important role already at early stages of the transition process. 
These stages are characterized by interactions between the crossflow vortices and 
the travelling waves. At the highly nonlinear stages of transition, a secondary 
instability with a frequency a magnitude larger than the travelling primary dis­
turbances was observed in the experiments by Kohama et al. (1991). This insta­
bility was also observed in theoretical investigations by Malik et al. (1994) based 
on PSE in a swept Hiemenz flow. They found that the high-frequency instability 
is associated with a shear layer on the upper side of the crossflow vortex. The 
processes at the late stages which lead to the breakdown of the crossflow vortex 
and to the onset of turbulence are not yet fully understood. 

Our investigations are adapted to the transition experiment by Bippes et 
al. (1991). Various attempts have been made at clarifying the transition process 
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Figure 1: Sketch of the DLR swept plate transition experiment (Bippes et al., 1991). 

observed in this experiment. Fischer & Dallmann (1992) find a good agreement 
bet ween the results of the secondary stability of the crossflow-vortex modulated 
base flow and the experiment. Meyer and Kleiser (1989,1990) and Wagner (1992) 
carried out temporal simulations of the 3D-boundary layer transition. They ob­
served a st rong deformation of the mean flow which agrees weil with the ex­
perimental observations. These simulations reached a highly developed stage of 
transition but they were not fuIly resolved in the late breakdown stage of the 
crossflow vortices. 

In this contribution we present a continuation of the latter work which in­
cludes the complete breakdown process. Our interest will be focussed on the flow 
phenomena occurring in the late stages of transition where the crossflow vortices 
break down and the boundary layer becomes turbulent. 

Base flow 

The simulation presented here is adapted to the DLR transition experiment 
(Bippes et al., 1991) in which a three-dimensional boundary layer develops on 
a swept flat plate. A displacement body above the plate is used to generate an 
approximately constant negative pressure gradient normal to the leading edge. 
A sketch of the various coordinate systems which are used is given in Fig. 1. 
The coordinate system aligned with the local streamline direct ion is denoted by 
(x s, Ys). In the vortex-oriented system the coordinate Xv points into the direction 
of the crossflow vortex axis, which is determined from linear stability analysis. It 
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includes a small angle € with the Xs direction. The angle € is determined by linear 
stability analysis as the angle between the local streamline and the most amplified 
primary disturbance, i.e. the crossflow. The simulations have been carried out 
in the vortex-oriented system. The wall-normal direct ion is denoted by z. All 
quantities are nondimensionalized by the reference length d = [(zix c )/ÜOc ,eP/2 
(where zi is the kinematic viscosity and an index "0" refers tothe undisturbed 
laminar base flow) and the magnitude of the local velocity at the boundary layer 
edge QO,e. The local Reynolds number is defined by Re = (Qo,ed)/zi. 

The boundary layer can be approximated locally by Falkner-Skan-Cooke 
(FSC) similarity solutions (Cooke, 1950) as demonstrated by Meyer & Kleiser 
(1989). The profiles depend on the local sweep angle <Pe and the Hartree pa­
rameter {Jh. These parameters are taken from the experiment. Our computation 
simulates the development of the disturbances in the rearward region of the 
plate. In this region the two parameters <Pe and {Jh are nearly constant. We have 
chosen a position of 80% chord-Iength of the plate. Under the conditions of the 
experiment, this results in alocal Reynolds number of Re = 826, a sweep angle 
of <Pe = 46.9° and a Hartree parameter of {Jh = 0.63. 

Numerical method 

The nonlinear development ofthe streamwise and spanwise periodic disturbances 
is computed by solving the three-dimensional incompressible time-dependent 
Navier-Stokes equations. A Fourier/Chebychev spectral method is used for the 
spatial discretization. For the time integration a four-stage third-order Runge­
Kutta scheme is employed for the nonlinear terms and an implicit Crank-Nicolson 
scheme for the viscous terms. The nonlinear term is computed aliasing-free in 
the wall-parallel directions. Earlier simulations by Meyer & Kleiser (1989) and 
Wagner (1992) showed that the results of the temporal simulation are in good 
agreement with the experiment al results at corresponding stages of the develop­
ment. 

Results 

In the present investigations we are mainly interested in the processes occurring 
in the highly nonlinear stages of transition, when the stationary crossflow vort ex 
breaks down and the flow becomes turbulent. The spatial discretization of the 
computational domain has been increased up to Nx • Ny • Nz = 240 ·192 ·160 grid 
points. This number is increased by a factor of 3/2 in the wall-parallel directions 
for the alias-free calculation of the nonlinear terms. 

The streamwise and spanwise wave numbers are chosen as a v = 0.08 and 
{Jv = 0.48. The computational domain captures one crossflow vortex in the 
spanwise direction. The streamwise length of the domain is chosen from sec­
ondary stability theory. The initially excited travelling disturbance with the 
streamwise wavenumber av and spanwise wavenumber {Jv gives the maximum 
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Figure 2: Development of the maximum in the wall-normal direct ion of the Fourier 
amplitudes lûl(kx , ky) . 
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seeondary amplifieation rate as predieted by the secondary stability theory (Fis­
eher & Dallmann, 1992). As initial disturbances a crossflow vortex with an 
amplitude of ACF = 0.25% of the free-stream velo city Uv and a travelling three­
dimensional disturbanee with an amplitude of Atr = 0.1% we re superimposed. 
The temporal development of the maximum in the wail-normal direction of the 
Fourier-amplitudes lûl(kx , ky) is shown in Fig. 2. Both initial modes grow expo­
nentially up to the time t ~ 600 as predieted by the linear stability theory. The 
higher harmonie modes are generated in a regular cascade by the nonlinearity of 
the N avier-Stokes equations. Between time t ~ 700 and t ~ 920 the longitudinal 
vortex modes Û(O, ky) reaeh an approximate saturation, while the travelling wave 
modes û( kx , 0) are still growing. The maximum of the amplitude of the crossflow 
vort ex reaehes a value of ACF ~ 13% and the amplitude of the travelling wave 
A tr ~ 3%. Beyond the time t ~ 920 the maxima of the Fourier modes are highly 
fluetuating, and the boundary layer beeomes turbulent. 

Viewed in streamwise direction, the crossflow vort ex rotates in counter­
cloekwise direction. Thus, the vortex moves slow fluid from the lower part to 
the upper part of the boundary layer and generates layers of high shear 8u/8y 
and 8u/8z. Faster fluid from the upper part of the boundary layer moves closer 
to the wail. Velocity profiles with two infleetion points ean be obtained due to 
the upward motion of the slow fluid. 

Fig. 3b shows the vortieal struetures identified by the same criterion at a 
later time t = 920. In addition to the crossflow vortex, a new three-dimensional 
strueture is formed in the downstream part of the domain. The foot-print of 
this new structure ean also be found in the wail-pressure distribution, where it 
marks a st rong minimum. Downstream of the three-dimensional vortex a region 
of high pressure fluetuations is observed. The identifieation of this flow structure 
as a vortex ean also be eonfirmed by ealeulating streamlines in a moving frame 
of referenee. This vortex, whieh generates new shear layers, moves downstream 
rapidly and initiates the loeal breakdown of the crossflow vortex. The visual­
ization of the flow fields at later times shows that the breakdown spreads from 
this new vort ex while in the remaining part of the flow the saturated crossflow 
vortex persists (Fig. 3e). When the spreading has eovered the fuil domain the 
entire flow field becomes turbulent (Fig. 3d). 

The identifieation of vortieal struetures by isosurfaces of low statie pressure 
ean only eapture vortiees with the largest pressure minimum. This criterion fails 
if vortieal struetures with different strength appear in the flow. In Fig. 4 the 
identifieation of vortieal struetures by a "second eigenvalue criterion" is shown 
at two earlier times in order to investigate the emergenee of the new strueture 
mentioned above. This criterion, whieh is based on the velocity gradient tensor 
Vu, was first used by Jeong & Hussain (1995). It ean also be interpreted as 
loeating the "infleetion points" of the pressure field, and it allows to determine 
vortiees with different eore pressure minima. 

Next, the breakdown of the crossflow vort ex and the onset of turbulenee 
is investigated by visualizations of the vortieal struetures whieh appear in the 
flow. These struetures are important for the energy transfer from the large 
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Figure 3: Visualization of vortical structures by isosurfaees of low statie pressure. For 
visualization twiee the eomputational domain in the spanwise direction y is shown. 
a): t = 800, Pi.o = -0.0022; b): t = 920, Pi.o = -0.0031; c): t = 970, Pi.o = -0.004; d): 
t = 1300, Pi.o = -0.005. 

scales to the smaller ones. Different criteria for their identification can be 
applied to the three-dimensional flow field (e.g. Wintergerste et al., 1995). 
In Fig. 3a the crossflow vort ex is visualized by the most common criterion 
- isosurfaces of low statie pressure - at time t = 800 where a near-saturation 
state of the crossflow vortex is obtained. The modulation in the xv-direction is 
caused by the imposed travelling wave. 

Fig. 4 shows that a second near-wall streamwise vortex next to each crossflow 
vortex has been generated at time t = 800. This secondary vort ex is much weaker 
than the crossflow vortex. While the centre of the crossflow vortex is located at a 
height of 50% of the laminar boundary layer thiekness 6 this vortex is located at 
a height of approximately 0.156. The new vortex is induced by the co-rotating 
crossflow vortices in the presence of the wall and rotates in clockwise direction, 
that is opposite to the rotation direction of the main vortex. Such a near-wall 
streamwise vort ex was also found by Malik et al. (1994) in their simulation of 
swept Hiemenz flow. At time t = 850 it moves to the upper si de of the crossflow 
vortex. The interaction of these two vortieal structures with the travelling wave 
whieh has grownto finite amplitude then leads to the three-dimensional vortieal 
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Figure 4: Visualization of the vortical structures by the second eigenvalue criterion. 
Left: Time t = 800; Right: Time t = 850. The isovalue is set to -0 .001. 
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Figure 5: Propagation velocity of the new three-dimensional vortical structure from 
time t = 920 to t = 1020. 

strueture whieh was visualized in Fig. 3 by isosurfaees of low statie pressure. 
This strueture moves to the upper part of the erossfiow vortex with inereasing 
time. As mentioned above, a foot-print of this strueture ean be found in the 
wall-pressure distribution already at early times of its appearanee. 

In order to estimate the propagation velocity of the new three-dimensional 
vortieal strueture, we eon si der the correlation of the wall-pressure distribution 
at two time steps tand t + T given by 

R( AI)I _ Pwall(t , I)·Pwall(t+T,I+LlI) 
T, L.1. (t ,l) - • 

VPwall( t , 1)2 . Pwall( t + T, I + Lll)2 
(1) 

Here Pwall(t, I) is the wall-pressure fiuetuation in a (x, y)-window whieh encloses 
the foot -print of the vortex, whose streamwise position is denoted as l. Averages 
are taken over the window. From the shift of the maximum of the eorrelation 
function the propagation velocity of the vortieal strueture ean be estimated. 
In Fig. 5 the propagation velocity of the three-dimensional vortieal st ru et ure 
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from time t = 920 to t = 1020 is shown. One can see that the propagation 
velocity is approximately 70% of the free-stream velocity. This velocity is an 
order of magnitude larger than the phase velocities of the most-amplified primary 
travelling waves. 

Conclusions 

The complete transition process in a three-dimensional boundary layer has been 
simulated using the temporal model. Af ter the crossflow vortices, which are 
excited as primary disturbances, have grown to finite amplitude, small secondary 
streamwise vortices appear close to the wall next to each crossflow vortex. The 
breakdown of the crossflow vortices appears to originate from the interaction of 
these vortices with finite-amplitude travelling waves. From this interaction new 
three-dimensional vortices emerge which locally initiate the final breakdown of 
the crossflow vortices. The three-dimensional vortices move downstream with 
a propagation velocity of approximately 70% of the free-stream velocity, which 
is an order of magnitude larger than the phase velocity of the initially excited 
travelling wave. This local breakdown finally spreads over the entire domain and 
makes the flow turbulent. 
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