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Abstract



The linear stability of the boundary layer developing on a flat plate in the presence of a small roughness is investigated. The steady basic flow is obtained by a direct numerical simulation, which shows that streamwise streaks are developing downstream the roughness. A biglobal linear stability analysis, as well as a small perturbation method, show that classical two-dimensional TS waves are modified by the presence of the streaks. They evolve into three-dimensional modes, which have almost the same phase speed but are less amplified. These eigenmodes are compared to DNS-computed disturbances. The latter may be a linear combination of the former, but further investigations are required on this subject.



Résumé



La stabilité d’un écoulement de plaque plane en présence d’une micro rugosité est étudiée. L’écoulement moyen est obtenu par une simulation numérique directe. On y observe des stries longitudinales qui se développent dans le sillage de la rugosité. Une étude de stabilité linéaire biglobale, couplée à une approche par petites perturbations, permet de montrer que les ondes TS bidimensionnelles classiquement observées dans un écoulement de plaque plane sont modifiées par la présence des stries. Elles se transforment en des ondes fortement tridimensionnelles, qui se propagent avec à peu près la même vitesse de phase que les ondes bidimensionnelles, mais qui sont moins amplifiées. Les modes propres de l’écoulement de base sont comparés à des perturbations observées lors d’une seconde simulation numérique directe. Ces dernières ne sont toutefois pas a priori unimodales, d’autres investigations plus poussées sont donc nécessaires pour améliorer la comparaison. Keywords : Direct Numerical Simulation; Linear stability; Micro-roughness. Mots Clés : Simulations numériques directes; Stabilité linéaire; Micro-rugosités.



∗ PhD



student, Aerodynamics and Energetics Modelling Department, corresponding author Engineer, Aerodynamics and Energetics Modelling Department



† Research



1



Nomenclature



y



wall-normal location



¯0 Q



parallel basic flow



z



spanwise location



¯1 Q



roughness-induced basic flow



Greek letters



¯ U



steady basic streamwise velocity



α



streamwise wavenumber



V¯



steady basic wall-normal velocity



β



spanwise wavenumber



¯ W



steady basic spanwise velocity



δ1



boundary layer displacement thickness



b



roughness radius



ω



circular frequency



h



roughness height



L



spanwise and wall-normal length scale



Lx



streamwise length scale



Ny



real part number of collocation points in the wall- r normal direction Abbreviations number of collocation points in the spanDNS direct numerical simulations wise direction



Nz



Subscripts i



imaginary part



X



frozen streamwise location



ODE



ordinary differential equation



x



streamwise location



PDE



partial differential equation



xR



roughness streamwise location



TS



Tollmien-Schlichting
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Introduction



ods, which will be compared and connected. A Direct Numerical Simulation will provide both In the presence of wall imperfections, the bound- the input flow for the linear stability compuary layer developing on a flat plate is three- tations, and the benchmark disturbances to be dimensional. Downstream the imperfection, small compared with the stability study results. The amounts of streamwise vorticity push low mo- stability study will be performed by a classical mentum fluid away from the wall and high mo- local linear analysis, in which the studied flow mentum fluid towards the wall : this is the “lift- is assumed to be homogeneous in two spatial diup effect” [5], which eventually leads to large rections, but also by a biglobal linear stability elongated spanwise modulations of the stream- method. This approach is a natural extension of wise velocity called streamwise streaks. A large the local approach for more complex flows (for amount of work has been done in the recent years a review the reader may refer to the work of on the streaks phenomenon, for instance their Theofilis [6]). The paper will explain how the optimal transient growth or their delaying effect biglobal results can be connected to the local on transition. In all these cases, what is usually and the DNS ones, and what new information called “streaks” is located far downstream the they can bring out. generating imperfection, at a distance which is more than 100 times the imperfection characterSteady flow in the vicinity istic length (see the work of Fransson et al. [4]). 2 In the present study, we will focus on the of a surface non-uniformity close vicinity of the imperfection, but we will still call “streaks” the observed elongated span- The steady flow over a flat plate with a threewise inhomogeneities of the flow. The aim of dimensional surface non-uniformity located at this work is to investigate the stability of this a certain distance from the leading edge was streaky-flow. This will be done by different meth2



calculated using a Direct Numerical Simulation, which has been performed by Anke Wörner and Ulrich Rist in the Institut für Aerodynamik und Gasdynamik of the Stuttgart University [7]. The flow was assumed to be incompressible and laminar. The DNS were based on the vorticity-velocity formulation of the complete Navier-Stokes equations using a uniformly spaced grid, fourthorder-accurate finite differences in the streamwise (x) and wall-normal (y) direction and a spectral representation in the spanwise direction (z). Periodicity conditions are enforced at the spanwise boundaries of the computational domain. Specific details on the numerical procedure can be found in previous papers [7, 8]. In the following study all the variables are dimensionless. The length scale in the streamwise direction, Lx , differs from the length scale used for the wall-normal and spanwise directions, L : √ Lx /L = 105 . The roughness is located at xR = 2.471 Lx. Its height is h = 1.36 L, which corresponds to half of the boundary layer displacement thickness δ1 . The roughness is axisymmetric with respect to the wall-normal direction (its radius is b = 0.072 Lx) and the roughness form is given by a cos3 function. The calculated steady streamwise velocity is plotted in Figures 1 and 2. The other veloc¯ ) (associated to (y, z)) are ity components (V¯ , W ¯ (of order 10−3 ), but will small compared to U not be neglected yet. Indeed, they reach their ¯ largest values and gradients in regions where U is relatively small. A pair of counter-rotating



low-speed fluid from the near wall region is transported away from the wall. This is clearly visible in Figure 2(b). The pair of vortices results thus downstream in a high-speed streak which is flanked by two low-speed streaks. 3
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(b) U (y, z) − U (y, zmax )



Figure 2: Streamwise velocity at x = 3. The present steady flow has been calculated using the unsteady Navier-Stokes equations starting with the flow over a flat plate without roughness. In a second simulation, the interaction of an acoustic wave with the roughness has been calculated using the previous calculated steady flow over the roughness as the initial condition. This simulation showed that some oblique disturbances were generated. The aim of the following sections is thus to study the stability of ¯ , V¯ , W ¯ ), and to comthe steady streaky flow (U pare the stability analysis results with the disturbances observed in the second simulation.
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Figure 1: Streamwise velocity at y = h/2.



3.1



vortices is developing on each spanwise edge of the roughness, in a pattern very similar to horseshoe vortex systems. In the middle of each pair, high-speed fluid from the outer region of the boundary layer is transported towards the wall, whereas on the outer egde of the two vortices,



Formulation of the biglobal linear stability analysis Governing equations



The stability analysis of the streaky flow, which will from now on be called the basic flow, is performed under the standard simplifying approximation of the “parallel flow” : the basic flow



3



is assumed to evolve slowly in the streamwise direction. It is therefore justified to analyse the local stability of the streaky flow by considering, at each streamwise location X, the parallel flow obtained by “freezing” the local velocity profiles ¯ (X, y, z), V¯ (X, y, z), W ¯ (X, y, z)) and neglect(U ing their streamwise gradients. In this context, X must be considered as a parameter and not as the current streamwise coordinate x. Some small perturbation velocity components (ˆ u, vˆ, w) ˆ and pressure pˆ are superimposed to the basic flow, and we then proceed to linearize the incompressible Navier-Stokes equations about the basic flow. The linearized equations read :  ˆx + vˆy + w ˆz = 0   u       ¯u ¯y vˆ + U ¯z w  u ˆt + U ˆx + U ˆ    1   ¯u  ˆ +V¯ u ˆy + W ˆz + pˆx = ∇2 u   R   (1) ¯ vˆx + V¯y vˆ + V¯z w vˆt + U ˆ    1  ¯ vˆz + pˆy = ∇2 vˆ  +V¯ vˆy + W   R       ¯w ¯ y vˆ + W ¯ zw  w ˆt + U ˆx + W ˆ    1 2  ¯  +V¯ w ˆ ˆy + W w ˆz + pˆz = ∇ w R



• either AQ = ωBQ



with ω the complex eigenvalue and Q = [u, v, w, p] the eigenfunction vector • or A0 Q0 = αB 0 Q0



with α the complex eigenvalue and Q = [Q, αQ] the eigenfunction vector, Q still standing for [u, v, w, p] The equation (3) has some symmetry properties which lead to a reduction of the problem. In¯ and V¯ are symmetric about z = 0, while deed U ¯ is antisymmetric. A mathematical analysis W shows that if all the eigenvalues are simple, the eigenfunctions have necessarily either an odd or an even z-symmetry. More precisely, two combinations are possible : • u, v, p are symmetric about z = 0 and w is antisymmetric ; in the following sections, this case will be named as the “even v” case; • u, v, p are antisymmetric about z = 0 and w is symmetric ; in the following sections, this case will be named as the “odd v” case; The size of system (3) can be reduced by considering only half of the spanwise domain, for instance z ∈ [0, zmax ], and by using the previous symmetry properties. Homogeneous Dirichlet boundary conditions on u, v and w are enforced at the plate (y = 0) and in the free stream. For the pressure, a compatibility condition is used at the wall and an homogeneous Dirichlet condition is used in the free stream. In the spanwise direction, a combination of periodicity and parity conditions are used. Therefore homogeneous boundary conditions hold at z = 0 and z = zmax for w, uz , vz and pz in the “even v” case, and for u, v, p and wz in the “odd v” case.



(2)



where q stands for any perturbation field, α is the streamwise wavenumber, ω is the circular √ frequency and i = −1. Both α and ω can be complex numbers, depending on the type of stability which is studied : if α is complex, it is a spatial stability, while if ω is complex, it is a temporal stability. When introducing the form (2) into the system (1), a partial differential equation (PDE) in y and z is obtained, whose coefficients depend on the basic flow, on α and ω, and on the Reynolds number R : ¯ V¯ , W ¯ , α, ω, R}(u, v, w, p) = 0 L{U,



(5) 0



where ∇2 stands for the cartesian Laplacian, qˆa = ∂ qˆ/∂a and R is the Reynolds number based on the length scale L. Indeed, it has to be pointed out that the current streamwise coordinate x and the associated derivatives are rescaled with L, whereas the frozen parameter X is rescaled with Lx . As the basic flow is steady and frozen in the streamwise direction, solutions of (1) can be sought in the form of normal modes : qˆ(x, y, z, t) = q(y, z) exp i(αx − ωt)



(4)



3.2



Numerical procedure



The problem presented in the previous section is called a biglobal stability analysis, because no specific assumption is done on the (y, z)-evolution of the perturbations. System (3) is discretised in each direction with Chebyshev expansions evaluated at the Gauss-Lobatto collocation points [1]. The semi-infinite y-domain is split into two subdomains, and mapped through algebraic transforms to [0, Lc ] and [Lc , Ly ]. Ny points are used



(3)



This equation can be recast in a standard generalised eigenvalue problem : 4



in the wall-normal direction, Nz points in the spanwise direction. The PDE written as the temporal eigenvalue problem (4) corresponds thus to a matrix which is 4 Ny Nz large, whereas in the case of the spatial eigenvalue problem (5), the matrix is twice as large. Because of numerical memory costs, only the temporal eigenvalue problem can be solved; this is done with an Arnoldi method. For a fixed real value of α, complex eigenvalues ω and the associated eigenvectors are computed. As shown in Figure 3, the results are considered converged for (Ny , Nz ) = (41, 60). Moreover, we can see that in this case four modes are computed : two of them are temporarily unstable (ωi > 0), another one is marginally stable (ωi ≈ 0), the last one is stable.



where β = π/zmax is the spanwise wavenumber corresponding to the basic flow periodicity. A similar Fourier decomposition is used for the basic flow, which is then substituted, as well as (6), in (3). By collecting terms with like powers of eikβz , the PDE reduces to a set of ordinary differential equations. Unfortunately, as the basic flow evolves very strongly in the spanwise direction, about 50 terms are needed to get a correct Fourier decomposition. Moreover, as the biglobal stability results show that the z-evolution of the perturbations presents sharp peaks, a very high number of terms will also be needed in (6) to obtain converged results. Finally, the size of the matrix obtained after discretization of the set of ordinary differential equations will be prohibitive for numerical calculations, even if this matrix is sparse. The Floquet method is therefore unusable on this problem, and does not provide any improvement with respect to the biglobal analysis.
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The basic flow is obtained by a DNS computation of the flow developing over a flat plate with a surface roughness. We can consider that this roughness has modified the classical flat plate boundary layer flow, and we can try to solve the stability problem with a perturbation method.
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Parallel basic flow



Figure 3: Temporal eigenvalues for X = 3 and First of all, it is interesting to apply the biglobal α = 7.03 10−2. The values of Ny × Nz are given stability on a simplified form of the basic flow, in the legend which is the parallel basic flow :  ¯0 = U ¯0 (y) = U ¯ (y, zmax ); V¯0 = 0; W ¯0 = 0 Q (7) 4 From biglobal to local sta- This velocity field is very similar to the boundary layer flow on a z-infinite flate plate without bility analysis non-uniformities. As this basic flow is invariTo understand what represent the results ob- ant in the spanwise direction, the perturbations tained by the biglobal stability analysis, and why are now evolving as q(y) exp(inβz), where n is this method is useful for the considered problem, an integer. Here β is still standing for π/zmax , we apply some usual local stability methods on since the studied physical configuration requires a 2zmax -spanwise periodicity. With these hythe basic flow. pothesis, system (3) can be reduced to the classical Orr-Sommerfeld equation, which is solved 4.1 Floquet theory for each n value. The computed perturbations As the basic flow is z-periodic, Floquet theory are the famous Tollmien-Schlichting (TS) waves. ¯ 0 has The stability analysis of the basic flow Q can be used [3]. The perturbation admits the thus easily been solved by the Orr-Sommerfeld following expansion : approach. But we have also applied on this probm X lem the biglobal stability analysis presented in q(y, z) = qk (y)eikβz (6) section 3. With this approach no specific ask=−m sumptions on the z or y-dependence of the per5



y = δ1



turbations are done. The results are shown in Figures 4 and 5, for the case “even v”. Figure 4 shows that distinct eigenvalues are obtained. When looking at the associated eigenfunctions, for instance v as plotted in Figure 5(a), we observe that the eigenfunctions evolve as cos(nβz), as expected. Moreover, the calculated values of ω (see Figure 4), as well as the y-evolution of the perturbations (see Figure 5(b)), are the same as the ones predicted by the Orr-Sommerfeld computation. Hence the biglobal stability code provides right results.
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(a) Biglobal stability result for the real part of the v eigenfunction
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(b) Biglobal (Bi) and Orr-Sommerfeld (OS) results for the wall-normal evolution of the eigenfunctions. Case n = 0.



Figure 4: Temporal eigenvalues computed by the biglobal and Orr-Sommerfeld approaches for the parallel basic flow case. Both results are perfectly superposed. α = 7.03 10−2 and X = 3.



Figure 5: Spatial evolution of the eigenfunctions for the parallel basic flow case. α = 7.03 10−2 and X = 3.



Roughness impact on stability Figure 4 shows results which are very similar to the eigenvalues plotted in Figure 3. To investigate the link between the parallel and the streaky case, a small perturbation method is used. The basic flow presented in section 2 is interpreted as the superposition of a roughness-indu¯ 1 on the parallel flow Q ¯0 : ced steady flow Q  ¯ (y, z) = U ¯0 (y) + U ¯1 (y, z)  U ¯ V (y, z) = 0 + V¯1 (y, z) (8)  ¯ ¯ 1 (y, z) W (y, z) = 0 + W



A similar decomposition is applied on the eigenvalue and on the eigenfunction vector : ω = ω0 + ω1 and Q = Q0 + Q1 . All the variables with a “1” subscript are assumed to be small compared to the ones with a “0” subscript. The validity of this assumption will be checked afterwards. Substituting this decomposition into (3) and separating the leading and second order terms yields two PDE :



because of the spanwise invariance of Q¯0 , a modal form in z can be used for Q0 , and the ∂/∂z terms in L0 leads to a multiplication by inβ. An ODE is therfore obtained, and the computation of ω0 and Q0 is very easy. ¯ 0 , α, ω0 )Q1 = L1 (Q ¯ 1 , α, ω1 )Q0 , which • L 0 (Q cannot be reduced to an ODE. However, thanks to the Fredholm alternative, ω1 can be quite easily computed; the computation of Q1 is much more complicated.



This approach is justified if the roughnessinduced basic flow is small compared to the parallel basic flow. If not, the separation between the leading and second orders is not allowed. To check the validity of the assumption, we have introduced an multiplying coefficient into the basic ¯ z) = Q ¯ 0 (y)+εQ ¯ 1 (y, z), flow decomposition : Q(y, ¯ 1 is defined by Q ¯ 1 (y, z) = Q ¯ DN S (y, z) − where Q ¯ 0 (y). For ε = 0, the basic flow is parallel, for Q ε = 1, the basic flow is the one presented in sec¯ 0 , α, ω0 )Q0 = 0, which can be reduced • L 0 (Q tion 2. Therefore ε quantifies the influence of the to the Orr-Sommerfeld equation. Indeed, 6



roughness on the basic flow. Biglobal stability analyses have been performed for various values of ε. Some eigenvalues are plotted in Figure 6. The legend is the same for both subfigures. The eigenmodes are named according to the n value which defines them in the parallel case : βn is the mode which evolves as exp(inβz) in the parallel case. Figure 6(a) corresponds to β0 , Figure 6(b) to β1 . 0
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Figure 7: Absolute value of the streamwise perturbation velocity computed by the biglobal stability method for various ε values. α = 7.03 10−2 − 1.45 10−3i and X = 3. “Even v” case.
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The results presented previously prove that the roughness has a perturbative effect on the basic flow stability, but that this effect cannot Figure 6: Eigenvalues computed by the biglobal be predicted by the small perturbation method stability method for various ε values. for the considered flow, the roughness-influence −2 −3 α = 7.03 10 − 1.45 10 i and X = 3. on the basic flow being already too strong. Nev“Even v” case. ertheless, the approach used in this section enFigure 6 shows that, whatever the mode, ω ables us to understand that the obtained eigendepends linearly on ε as long as ε ≤ 0.1. The modes are a sort of “continuation” of the twogradient is roughly equal to the ω1 value com- dimensional (i.e parallel) TS waves into three puted by the Fredholm alternative [2]. A straight dimensional streaky-TS waves. line has been plotted on the figures to visualize this dependence. Linear regressions have been 5 Streamwise evolution of the performed for different modes, and give very good correlation coefficients (always above 0.9999).The perturbations “small perturbation” assumption is false as soon as ε > 0.1 and especially for ε = 1. Figure 7 5.1 Newton-Raphson method shows the ε-evolution of the eigenfunctions assoAs explained in section 3, the spatial eigenvalue ciated to the β0 and β1 modes. All the eigenfuncproblem formulation (5) cannot be solved by Artions have been normalized so that they reach noldi’s method because the associated matrix the value of 1 in z = zmax . The growing inis too large. However in the DNS simulation fluence of the roughness (located at z = 0) is with an acoustic wave, the obtained disturbances clearly visible. were oscillationg at a fixed real circular frequency,
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and it has been observed that they were develop- then be inadequate. ing in the streamwise direction. In order to compare the stability results with the DNS results, it is necessary to solve the stability problem for real ω and a complex wavenumber α. 7.4 This can be done by using a Newton-Raphson method applied to the PDE (3). The boundary 7.3 conditions are the same as in section 3, except at the plate, where for the “even v” case, v = 0 is re7.2 2 placed by v(y = 0, z) − v(0, 0)(1 − z 2/zmax ) = 0, while for the “odd v” case it is w = 0 which is 7.1 replaced by the relation w(y = 0, z)−w(0, 0)(1− 2 z 2 /zmax ) = 0. The (system + boundary condi7 tions) is dicretised as explained in section 3. A 2.6 2.7 2.8 2.9 dishomogenization relation at the (y = 0, z = 0) point is then enforced, and the Newton-Raphson iteration process is performed from a guess value of α until the convergence criterion v(0, 0) = 0 0.4 (or w(0, 0) = 0, depending on the parity case) is reached. With this method, we can compute 0 the value of α and the associated eigenfunctions -0.4 for a fixed value of ω and X, and this for each mode βn defined previously. -0.8
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The Newton-Raphson method has been applied successfully for both “even v” and “odd v” cases, but we will now present only results for the “even v” case, owing to space limitation. Figure 8 shows the streamwise evolution of the real and imaginary parts of α, for the β0 and β1 modes. The circular frequency is ω = 0.025, which corresponds to the frequency of the acoustic wave which interacts with the roughness in the DNS computations. The X values are scaled with Lx , and are thus the same as the ones plotted in Figure 1. The streamwise wavenumbers computed for the parallel case are plotted as dashed lines. We can observe that the real part of α (which is related to the instability wave phase speed) does not change significantly between the parallel and the streaky case. On the contrary, the αi evolution is dissimilar. Whereas in the parallel case both modes are amplifying with X (αi < 0), and the most unstable mode is β0 , in the streaky basic flow case the most unstable mode is β1 , which moreover undergoes damping for the largest X values. The β0 mode is strongly damped for X ≤ 2.7, but this prediction must be considered carefully. Indeed, these streamwise locations are in the close vicinity of the roughness, in a region where the basic flow may evolve quickly in X, which would invalidate the assumption of “frozen in X” flow. Using a form in exp(iαx) for the perturbations could
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Figure 8: Streamwise evolution of α for ω = 0.025 and for two modes. Dashed lines correspond to the parallel basic flow, straight lines to the usual DNS basic flow. The evolution of the streamwise perturbation velocity is plotted in Figure 9 for the β0 mode and in Figure 10 for the β1 mode. For each mode and each X value, the velocity is normalized by its maximum value in the (y, z) plane. The perturbation spanwise evolution is very similar for the various X values, except for the smallest value which is too close to the roughness to be a reliable result. For both modes we can see two peaks at z = ±0.2zmax and z = ±0.3zmax. On the contrary, the wall-normal evolution change their shapes. Either the profile presents two maximum, the first one being at y ≈ δ1 , or the profile presents a local minimum, always at y ≈ δ1 . In the first case, the y-profile is similar to those of a 2D TS-wave; in the second case the profile has a M-shaped structure, which is characteristic of what is observed in the low speed region of established streaks [3]. Another interesting observation is that the roughness impacts 8



the perturbation only for |z| . 0.5 zmax; beyond this the z-evolution is quite the same as in the parallel case.
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Figure 10: Absolute value of the streamwise perturbation velocity associated to the β1 mode for various X values and for ω = 0.025. The legend is the same for both subfigures.
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Figure 9: Absolute value of the streamwise perturbation velocity associated to the β0 mode for various X values and for ω = 0.025. The legend is the same for both subfigures.



5.3



ity results, the most important peak is located at z = ±0.2zmax. Moreover, at this spanwise location, the y-profile has only one maximum for all X stations. Finally in Figure 11, in contrast with the Figures 9 and 10, the amplitudes are not arbitrary. They are very large (remember that the velocities are scaled by the maximum value of streamwise basic flow), such that nonlinear effects are conceivable, which cannot be taken into account by the present stability study. The DNS-computed perturbations do not seem to be directly comparable to the eigenfunctions of the steady flow. But in A. Wörner’s thesis a comparison between the spanwise Fourier components of these perturbations and some local stability results turned out to be good. This let us think that the DNS-computed perturbations could be a linear combination of the streaky basic flow eigenfunctions, but more investigations are required to understand exactly the phenomenon.



DNS-computed perturbations



In the DNS computations an acoustic wave (with frequency ω = 0.025) is interacting with the roughness, which creates downstream some perturbations. To remove the contribution of the numerical waves created by the inflow boundary conditions, a simulation with the acoustic wave but without roughness is performed, and the velocity field obtained by this simulation is finally substracted from one of the (acoustic wave + roughness) simulation. The obtained streamwise velocity perturbation is plotted in Figure 11. The profiles differ from those obtained by the stability analysis. We can see that the zprofile presents two peaks, at z = ±0.2zmax and z = ±0.3zmax, but on the contrary to the stabil9
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tinuation of two-dimensional TS waves obtained in the case of a parallel basic flow. Moreover, the streaky eigenmodes have almost identical phase speed but lower growth rates than the parallel waves. Finally, the direct comparison of these eigenmodes with the DNS-computed perturbations is not satisfactory. This may be explained by the fact that the perturbations obtained by DNS do not correspond directly to a single eigenmode, but would instead be a combination of many of them. Further investigations will be necessary to fully explain this aspect.
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Figure 11: Absolute value of the DNS-computed streamwise perturbation velocity for various X values. The legend is the same for both subfigures.
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Conclusion



The linear stability of the boundary layer on a flat plate in the presence of a surface nonuniformity has been analysed. The steady basic flow has been obtained by a direct numerical simulation. A second simulation has shown that the interaction of an acoustic wave with the roughness generated disturbances which were strongly inhomogeneous in the spanwise direction. To determine if these disturbances are eigenfunctions of the basic flow, a biglobal linear stability analysis of the latter has been performed. Both temporal and spatial stability have been studied. In each case various eigenmodes are obtained, all of them being three-dimensional waves, with a spanwise evolution which presents sharp peaks. The wall-normal evolution looks either like a 2DTS wave profile, or like a streak M-shaped profile. A perturbation method has shown that these three-dimensional eigenmodes are the con-
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