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Abstract A reduced-order model for the two-dimensional interaction of a sharp-edged solid body and a high-
Reynolds number flow is presented, based on the inviscid representation of the solid’s wake as point vortices
with unsteady intensity. This model is applied to the fall of a rigid card in a fluid and to the flapping instability
of a flexible membrane forced by a parallel flow.
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1 Introduction

The fluttering and tumbling motions of falling cards or disks in air [3,5,11,18,24,29] and the flapping of
flexible membranes in parallel flows [4,10,28,30] are two examples of high Reynolds number (Re) fluid-solid
interactions, where the full coupling between the solid and fluid dynamics leads to complex and highly unsteady
behaviors. High-Re fluid–solid interactions are also essential in understanding locomotion techniques used by
insects and fishes to move in fluids [26,27].

The coupling between fluid and solid equations occurs on moving boundaries whose position is itself the
result of the coupled dynamics. To deal with this difficulty in numerical simulations, different techniques have
been proposed, including coupled fluid–solid solvers using fitted moving grids [8,22] or immersed boundary
methods [31]. The computational cost and complexity of these simulations justify parallel efforts to develop
reduced-order models able to capture the relevant physics of the interaction.

In most of the applications detailed above, the solid is thin and sharp-edged. At high Re, strong vortices
are shed from the corners by separation of the boundary layers. The present work describes an inviscid model
for two-dimensional fluid–solid interactions based on a simplified representation of the vortical wake of the
solid. The strong unsteadiness of the problem is retained. This approach differs significantly from empirical
models [2,25] which are based on generalization of steady results (typically the Kutta-Joukowski lift theorem)
and do not contain any unsteady effect other than added inertia.

In the following sections, the general point vortex model will be presented and applied to the motion of a
rigid sharp-edged body and of a flexible membrane.
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2 Coupled vortex-solid problem

We focus here on two-dimensional problems. At sufficiently high Re, the pressure is dominant in the fluid
forces acting on the solid and viscosity’s influence is limited to the shedding of vorticity. In an inviscid model
and in the absence of vortex shedding, the relative motion of the solid sharp corner and the fluid leads to a
singularity in the velocity field at the solid’s edge. To enforce regularity of the flow velocity in the present
inviscid model, one point vortex is introduced for each shedding corner. At each time step, the intensity of this
vortex is adjusted to cancel exactly the velocity singularity at the corresponding corner, rather than creating a
new element of vorticity at each time step as in a continuous vortex sheet approach [1,13,14]. To include the
irreversible nature of the vortex sheet roll-up in this model, when a vortex reaches a maximum intensity, its
intensity becomes frozen and a new vortex is started from the generating corner [9].

The equation of motion of these unsteady point vortices, the Brown–Michael equation [7], is obtained by
enforcing the conservation of momentum around the vortex and the associated branch cut [23]:

żn + (zn − zn,0)
�̇n

�n
= w̃n, (1)

where zn and �n are, respectively, the vortex position and intensity, zn,0 the position of the shedding corner
and w̃n the desingularized flow velocity at the vortex position. Failing to include the corrective term in �̇n/�n
would result in an unbalanced force on the branch cut linking the vortex to its generating corner [23].

Assuming the system is started from rest, the circulation at infinity must remain zero at all time. This
condition allows one to solve uniquely for the flow potential given the position and intensity of the vortices
as well as the solid velocity and deformation. The fluid–solid problem can be reformulated as a vortex-solid
coupled problem by computing the pressure distribution on the solid (or, for a rigid body, the total force and
torque applied by the fluid) as an explicit function of the vortex characteristics.

3 Motion of a rigid body: Maxwell’s problem

For a simply connected rigid body, the time-independent geometry of the solid can be obtained by conformal
mapping of a circle. The outside of the circle of radius a in the mapped ζ -plane is mapped onto the outside of
the solid C in the physical z-plane using the mapping

z = c + eiθ g(ζ ), (2)

with c the center of mass position and θ the solid’s orientation. The function g entirely describes the solid
geometry, and in particular, corners on C correspond to g′(ζ = aeiφp ) = 0 on the mapped circle boundary. The
complex potential is then obtained in the mapped plane. The regularity condition and (1) can then be written as
a system of equations for �n and ζn , the vortex position in the mapped plane. Using an unsteady generalization
of Blasius’ theorem, the force and torque on the solid are obtained as a sum of complex integrals on the solid
boundary, which can be computed exactly in terms of c, θ , �n and ζn , as well as their time derivatives. The
reader is referred to [20] for more details and for derivation of the full equations.

The vortex model is used to study the fall of a thin card of half chord l and mass M per unit length in the
third dimension, in a fluid of density ρ. This problem is also known as Maxwell’s problem [19]. Experimental
results have reported that above a critical Re value, the broadside-on fall of the card (horizontal position)
becomes unstable and either large scale fluttering or tumbling regimes are observed [11,24,29]. In a purely
inviscid representation with no vortex shedding, fluid effects are limited to added inertia; from a non-zero
initial angle, the solid experiences fluttering oscillations with decreasing amplitude and increasing frequency
[6,16,17]. The asymptotic motion is a free fall in a reduced gravitational field and the broadside-on position
is stable [16,17]. The introduction of vortex shedding destabilizes this position, and a plate released with a
small angle to the horizontal first displays an unstable fluttering motion before flipping and entering rotating
regimes (Fig. 1).

A similar exponential growth of the plate’s oscillations was also observed in a previous study using a
vortex sheet approach [14]. In both the point vortex and the vortex sheet methods, the integration eventually
stops when a new element of vorticity must be created at the leading edge under small angle of attack, as
such shedding conditions cannot be handled with an inviscid method [13,14]. This limits the validity of the
method once the plate enters rotating regimes. We, therefore, concentrate on the application of this method to
the initial fluttering phase where the angle of attack is large.
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Fig. 1 Fall of a rigid card with M/2ρl2 = 0.7 released with an initial angle θ0 = π/2048 with the horizontal. a The position of
the plate is plotted every �t = 0.4. b Orientation of the plate θ (solid) and horizontal position of the center of mass (dashed).
c Intensities of the successive vortices shed by the plate’s corners. d Snapshot of the streamlines for t = 28, shortly before the
flip of the plate. Positive (resp. negative) vortices are represented by upward- (resp. downward-) pointing triangles. All quantities
have been non-dimensionalized using the half-chord l, the fluid density ρ and gravity g as reference quantities

The low-order representation of the wake using point vortices provides some physical insight on the desta-
bilization process. Several vortices are shed once the amplitude of the plate’s angular motion becomes large.
However, during the initial small-amplitude fluttering regime, the wake can be represented to a good approxi-
mation as a horizontal pair of vortices of opposite intensities. In the absence of the plate, the momentum of these
vortices is vertical and oriented downward. The plate (because of the image vorticity and its tilted orientation)
slightly deflects this vortex momentum in the direction opposite to the plate’s lateral velocity. During one half
oscillation, horizontal momentum is transferred to the vortices in the opposite direction to the plate motion,
thereby creating an accelerating force on the solid and destabilizing the broadside-on position [20].

4 Motion of a flexible body: flapping of a flexible membrane

We consider here the motion of a two-dimensional flexible membrane forced by an imposed parallel flow U∞
of density ρ. L is the length of the membrane in the streamwise direction, ρs its mass per unit area and B its
bending rigidity per unit length in the third dimension. All quantities are non-dimensionalized using L , U∞
and ρ as reference quantities. Though still valid in theory, conformal mapping techniques become very difficult
to use because of the time-dependence of the mapping. To study the flow over an infinitely thin membrane, the
solid is instead represented as a bound-vorticity distribution κ(s, t) (with 0 ≤ s ≤ 1 the curvilinear coordinate)
solution of a singular integral equation obtained from the normal flow condition on the membrane [1,13,21]:

1

2π

1∫

0

Re

[
eiθ(s0)

ζ(s0) − ζ(s)

]
κds = Im

[
eiθ

(
U∞ + 1

2π i

∑ �n

ζ − zn
− ∂ζ̄

∂t

)]
, (3)

with ζ(s) the position of the membrane and θ(s) its orientation.
The complex flow velocity is obtained as the superposition of U∞ and the contribution from the vorticity

(bound-vorticity distribution κ for the solid, discrete vortices (zn, �n) for the wake), and the pressure jump is
obtained from Bernoulli’s theorem:

[p]±(s0) =
s0∫

0

κ̇ ds + κu p, (4)
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Fig. 2 (Left) Critical stability curve of the rest position of the membrane in the (M∗, U∗)-plane (solid) compared to the linear
stability analysis results in [10,15] (dashed). (Right) Shape of the flapping mode observed for (a) M∗ = 0.5 and U∗ = 9, (b)
M∗ = 3 and U∗ = 11, (c) M∗ = 10 and U∗ = 11 and (d) M∗ = 20 and U∗ = 11. The position of the membrane is plotted
every �t = 0.08

where u p is the principal value of the relative tangential fluid velocity. The internal solid dynamics is described
using a large displacement inextensible Euler–Bernoulli beam model with clamped-free boundary conditions
and is solved together with (3)–(4) using a second-order semi-implicit finite difference scheme and Chebyshev
spectral methods [21].

The problem is characterized by two non-dimensional parameters (µ, η) with µ the inertia ratio and
√

η
the time-scale ratio of the aerodynamic destabilization to the restoring elastic force (or alternatively (M∗, U∗)
with U∗ the imposed flow non-dimensionalized by the flag properties):

µ = 1

M∗ = ρs

ρL
, η = 1

M∗U∗2 = B

ρL3U 2∞
. (5)

We are interested in the stability of the (straight) state of rest of the flag. The system is started from rest and a
small vertical perturbation is added to the parallel flow at infinity. For a given mass ratio, the flag state of rest
becomes unstable when the elastic response is too slow compared to the pressure forcing (small η or large U∗).
The critical curve Uc(M∗) is obtained as the minimum value of U∗ above which the flag does not return to its
flat position after being perturbed, and compares well with previous linear stability results (see Fig. 2). Above
the critical curve and for intermediate values of U∗, a flapping regime develops with a structure determined
by the most linearly unstable mode, as observed in experimental results [10]. If the flow velocity is increased
further, a transition to a chaotic regime is observed. The reader is referred to [21] for more details on the model
and flag instability results.

The model can be generalized to study the coupled flapping of N membranes. For N = 2, and given M∗
and U∗, in-phase (resp. out-of-phase) flapping modes and wake structures are observed for small (resp. large)
separation D/L (Fig. 3) in agreement with experimental observations [12,30].

5 Conclusions

The unsteady point vortex method presented here allows one to reduce significantly the computational com-
plexity and cost of two-dimensional fluid–solid interactions, while still retaining most of the physical effects,
in particular the strong unsteadiness of vortex shedding. It allows one to obtain qualitative (destabilization of
a falling card by the shed vorticity) and quantitative (stability curve and flapping modes shape of a flexible
flag) insights into several important fluid–solid interactions.

The method is particularly suited to describe the shedding of vorticity from the solid’s trailing edge or at
high angle of attack, as in both cases the vortex wake is advected away from the body. As for the vortex sheet
approach [13,14], the point vortex method’s ability to describe leading-edge shedding at small angle of attack
is limited, as viscous effects and interaction of the newly shed vortex with the boundary layer on the solid are
expected to become dominant. We, therefore, restricted our application of this method to the initial fluttering
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Fig. 3 Instantaneous streamlines in the flapping regime with two identical parallel membranes with M∗ = 0.5 and U∗ = 8,
positioned at a distance a D = 0.15L and b D = 0.7L . Positive (resp. negative) wake vortices are represented with upward- (resp.
downward-) pointing triangles. For small distances, the membranes flap in phase and the wake is similar to the one-membrane
problem. For larger distances, the membranes flap in opposition of phase, and the wake consists of vortex pairs arranging on two
symmetric diverging tracks

regime of the falling card or flapping membranes shedding vortices from the trailing edge only. In the latter
case, the effect of leading-edge shedding is expected to be negligible in a first approximation, as the angle of
attack remains small at all time.

By representing the wake as a discrete distribution of point vortices, this method provides a theoretical tool
to understand the fluid forces as transfer of momentum to the vortex wake. Because of its reduced computational
cost (compared to direct numerical simulations or even the vortex sheet approach), this reduced-order model
can be of particular interest for problems where the cost of other techniques is prohibitive (e.g. optimization
in locomotion studies).
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