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Summary  Direct Numerical simulation of laminar-turbulent transition in channel flow induced by boundary layers interaction is
presented. The transition of one of the two boundary layers is triggered by a perturbation inside the boundary layer at the entrance
of the channel. This perturbation leads to a fast growth of infinitely elongated streaks, that further break down, leading to a turbulent
transition of the boundary layer. The transition of the second boundary-layer is induced by the interaction with the first boundary-layer
further downstream. As the configuration requires a very long channel (1504) at a high Reynolds number Re;, = 20000, the simulation
requires billions of modes using spectral accurate approximations and thus the use of massively parallel computers.

INTRODUCTION

Since the pioneer works of Orszag in 1972, the Direct Numerical Simulation (DNS) of the Navier-Stokes equation has
always been a challenge for high performance computing [1]. Using massively parallel supercomputers, it is now possible
to device new numerical experiments, that would be impossible a few years ago. These new accurate numerical experi-
ments can be use for instance to get more insights in the understanding of laminar-turbulent transition of boundary layers
in wall bounded flows. In the presence of free-stream or wall perturbations, turbulent transition in boundary layers can
occur under subcritical conditions with respect to the linear stability theory [2]. In that case, the mechanism involving an
exponentially growing mode is by-passed and transition is initiated by velocity perturbations taking the form of streaky
structures elongated in the streamwise direction and modulated in the spanwise direction. Streaks are asymptotically de-
creasing perturbations in linear theory, but during the transient phase, they can exhibit large amplitudes capable to sustain
secondary instabilities evolving to turbulence. From a mathematical point of view, the transient growth phenomenon is
caused by the non-orthogonality of the Orr-Sommerfeld-Squire eigen-modes of the linear theory. If linear stability theory
has improved the understanding of the first stages of the transition, direct numerical simulations are also very useful since
they do not need any assumption on the perturbation amplitude and the parallelism of the base flow. Numerical study of
by-pass transition in wall bounded flows is a computational challenge because the accurate description of the transition
mechanisms and the turbulent development downstream need highly resolved simulations [3]. To study the transition at
the entrance of a channel at high Reynolds number, we consider the development of two boundary layers on the walls of a
plane channel configuration, and their interactions leading to turbulent channel flow. Direct numerical simulations of the
Navier-Stokes equations are performed in such a configuration using a spectrally accurate code[4]. This configuration is
elongated in the streamwise direction, so that the number of modes in the longitudinal direction is very large compared
to the amount of nodes in the other directions. The simulation of such physical mechanisms typically requires billions of
modes using spectral accurate approximation and thus the use of massively parallel computers.

NUMERICAL METHOD

The numerical method is based on the decomposition of any solenoidal velocity field u in a plane channel into two Lo
orthogonal solenoidal fields as described in [4] and can be written as:

u = u,, + uy; with Vu,s = Vu,, = 0 and / Ups. Usqdf) =0
Q

The u,, velocity field is defined by the wall-normal component of the velocity, v = u.e,. It has zero wall-normal vorticity,
its normal velocity is equal to the wall-normal velocity of u and the average of u,s in planes of constant y coincide with
the average of u. The u,, vector field is defined by the normal component of the vorticity, w = (V x u) .e,. It has
zero wall-normal velocity, its wall normal vorticity is equal to the wall-normal vorticity of u and the average in planes of
constant y vanishes.

Using Fourier expansions in the (x, z) planes with M P modes and a Chebyshev polynomial expansion of degree N in
the y-direction, the velocity field u is approximated by:
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The velocity fields {ugf j (y)} and {u;':f j (y)} are given divergence-free trial functions complying with the wall boundary

conditions. Using a Galerkin formulation of the Navier-Stokes equations, the unknown complex spectral coefficients
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al? = {ay;(t)} and o} = {a.”;(t)} are solutions of M P differential equations and are calculated in parallel at
each time step using a Crank-Nicolson/Adams-Bashforth scheme [5].

Difficulties in the parallelization arise from the computation of non-linear terms, which require global data-transposition
for the fast Fourier transforms. Using efficient 2D domain decomposition and hybrid parallel programming with MPI and
high-level openMP threads [6], the NadiaSpectral code can run efficiently on massively parallel computer (IBM Blue-
Gene/P) using 16384 cores on a O(10%) modes size simulation. On such high performance computer, typical simulation

runs in 50 hours elapsed time, that would have required otherwise 100 years on a desktop computer.
INTERACTION OF BOUNDARY LAYERS

The size of the computational domain is 150h x 2h x 3.2h where h is the half-width channel size. The Reynolds number
at the entrance of the channel is Re;, = 20000. According to previous by-pass transition study, an accurate resolution of
the by-pass transitions and of the turbulent regions would require at least 17280 x 192 x 384 modes (~ 10?) in order to
ascertain the mesh independence of the transition scenario.

The upper laminar boundary layer is perturbed at the entrance of the channel by an optimal perturbation of small amplitude
(< 1%) computed from the linear Orr-Sommerfeld equations using the entrance velocity profil. This mode leads to a fast
growth of infinitely elongated streaks on the upper wall side and it induces a rapid transition of the upper boundary layer
(Fig. 1). The perturbation essentially acts inside the boundary layer and therefore can be experimentally generated by
small obstacles with an optimal spacing on the upper wall. An additional smaller perturbation (< 0.1%) is superimposed
to the first one to trigger the nonlinear streaks breakdown and a turbulent transition of the upper boundary layer occurs near
the entrance of the channel (~ 10h). A contrario no perturbation is imposed on the lower boundary layer, which remains
laminar in a large part of the channel. The turbulence developing after the by-pass transition of the upper boundary layer
progressively acts on the lower boundary layer (Fig. 1a), but the transition occurs only when the channel longitudinal
length is sufficiently long (> 100k). At ~ 100h, the turbulent fluctuation induced by the turbulent upper boundary layer
penetrates deeply into the laminar lower boundary layer, and generate streaks. Then non linear breakdowns of these
streaks induce a by pass transition of the lower boundary layer as seen on the skin friction coefficient C'y on Figure 1b.
Afterwards turbulence occupies all the channel width and a turbulent channel flow develops.
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Figure 1. a) Instantaneous Velocity field with zoom near the channel entrance and in the interaction zone at 100A, b) Instantaneous
skin friction coefficient C'y on both walls

Further statistical analysis will be presented during the conference in order to illustrate this transition scenario.
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