
European Drag Reduction and Flow Control Meeting – EDRFCM 2015

March 23–26, 2015, Cambridge, UK

LINEARLY OPTIMAL SPANWISE BOUNDARY MODULATIONS FOR WAKE

INSTABILITY CONTROL

O. Tammisola
Faculty of Engineering, University of Nottingham, NG7 2RD, Nottingham, UK

and
KTH Mechanics, KTH Royal Institute of Technology, 10044, Stockholm, Sweden

INTRODUCTION

This paper addresses the optimization of spanwise-

modulated suction, and boundary shapes such as riblets, for

control of the instability of bluff-body wakes. A successful

suppression of wake instability would lead to a suppression of

lift/drag oscillations and an alteration of turbulence level and

structure at higher Reynolds numbers.

Control design for linear modal instability is usually per-

formed by first-order adjoint-based sensitivity analysis [6], by

taking the first derivative of the instability growth rate with

respect the location of a passive or active device, e.g. a small

control cylinder or wall suction. Similar gradient-based tech-

niques exist in the industry for obtaining gradients used in

shape optimization to minimize drag in steady flows [4].

The first-order sensitivity analysis as above predicts zero

net effect of spanwise-periodic modulations such as a spanwise-

alternating suction, or riblets, on wake instability. On the

contrary, experimental and numerical findings show that

spanwise-sinusoidal steady suction/blowing stabilizes wake in-

stability very efficiently [5, 3]. Recently, this stabilizing effect

has been explained and reproduced by considering the second

derivative of the instability growth rate with respect to the

base flow modifications induced by spanwise-sinusoidal suc-

tion of different wavelengths and comparing to a second-order

”wavemaker” position [7]. The optimal base flow modifica-

tions can also be constructed by forming the whole second-

order (Hessian) matrix, and computing its extremal eigenval-

ues and eigenvectors. This step however can become computa-

tionally extremely expensive. Very recently, the Hessian was

explicitly computed in a 1D problem [1], and optimal base flow

modifications found. However, the method involved explicit

matrix inversion, preventing an immediate generalization to

2D and 3D.

In this paper, we will review some of the recent progress on

wake instability control by spanwise-modulated suction. In

this part, we will focus on the wake behind a flat plate. As

a novel development, we will introduce an approach to com-

pute the optimal spanwise-modulated shapes and boundary

suction profiles, which is applicable to 2D and 3D flows. The

goal is to obtain the most stabilizing spanwise-sinusoidal un-

dulation shape for the 2D wake behind a cylinder, and from

this construct optimal ”riblet” shapes for the same (the ”opti-

mal riblet” here refers to an optimal spanwise-periodic shape

change, whether sharp or smooth). Here, we utilize the natural

parameterization of the surface to construct a reduced-order

Hessian, which should make the technique suitable for large

and 3D problems.

PERTURBATION ANALYSIS

The wake instability is a global linear instability problem

of the general form:

Lq0 = σ0q0, (1)

where L is the linear Navier-Stokes operator, q0 is an eigen-

vector, and the eigenvalue σ0 = σr + iσi gives the growth rate

(σr) and frequency (σi) of the instability mode, and q0 gives

the mode shape. Now let us introduce spanwise-sinusoidal

undulations of unknown shape:

δh(s, z) = δh̃+(s) exp (iβBz) + δh̃−(s) exp (−iβBz) (2)

To obtain changes in σ0 induced by this undulation, let us

consider a perturbation series around the spanwise-constant

solution:

(L+ εδL) {q0 + εq1 + ε2q2 +O(ε3)} =(
σ0 + εσ1 + ε2σ2 +O(ε3)

)
{q0 + εq1 + ε2q2 +O(ε3)} (3)
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Figure 1: Spatial structure of the global eigenmode with

spanwise-alternating suction of the most stabilizing wave-

length λ = 1.1. From [7].

where the operator δL(δh) can be computed, and intro-

duces a perturbation of the eigenvalue due to undulations.

By grouping together terms of any given power of ε, we can

generate approximations of the change in instability growth
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rate accurate up to that order. For spanwise wavy base flow

modulations as the ones induced by riblets, σ1 is known to

equal zero [3, 2]. Hence, the second-order eigenvalue drift σ2
is needed to determine the stabilization/destabilization.

We will derive and compute the second-order eigenvalue

drift with respect to spanwise-wavy suction and spanwise-

wavy shapes. Preliminary results indicate that the spanwise-

periodic surface modifications may be just as efficient as

spanwise-alternating boundary suction in suppressing wake in-

stability.

REFERENCES

[1] E. Boujo, A. Fani, and F. Gallaire. Second-order sensitiv-

ity of parallel shear flows and optimal spanwise-periodic

disturbances. Submitted to Journal of Fluid Mechanics,

2015.

[2] G. Del Guercio, C. Cossu, and G. Pujals. Stabilizing effect

of optimally amplified streaks in parallel wakes. Journal

of Fluid Mechanics, 739:37–56, 2014.

[3] Y. Hwang, J. Kim, and H. Choi. Stabilization of abso-

lute instability in spanwise wavy two-dimensional wakes.

Journal of Fluid Mechanics, 727:346–378, 2013.

[4] A. Jameson. Aerodynamic shape optimization using the

adjoint method. In VKI Lecture Series on Aerodynamic

Drag Prediction and Reduction, von Karman Institute of

Fluid Dynamics, Rhode St Genese, pages 3–7, 2003.

[5] J. Kim and H. Choi. Distributed forcing of flow over a

circular cylinder. Physics of Fluids, 17:033103, 2005.

[6] P. Luchini and A. Bottaro. Adjoint equations in stability

analysis. Annual Review of Fluid Mechanics, 46:493–517,

2014.

[7] O. Tammisola, F. Giannetti, V. Citro, and M. P. Ju-

niper. Second-order perturbation of global modes and

implications for spanwise wavy actuation. Journal of Fluid

Mechanics, 755:314–335, 2014.

2


