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1 Introduction

For long, the organization of large migratory birds, such as
geese or ibises, into line- or V- formations has been sus-
pected to provide substantial energy savings, i.e. through the
exploitation by a following bird of the upwash in the wake
of a leader. In truth, this phenomenon has seldom been mim-
icked, due to safety and operational constraints. Advances
in Air Traffic Management and control algorithms should
however make it an operational reality in the near-future for
transoceanic commercial flights [1].

Interestingly, this wake exploitation appears more challeng-
ing for flapping flight. Whereas the wakes of rigid wing
flyers exhibit a simple topology, i.e. a potentially long-lived
counter-rotating vortex pair, flapping birds generate an os-
cillatory vortical flow which rapidly undergoes extensive de-
formations. For a following bird to enjoy a wake benefit, it
then needs to stabilize itself close to these undulating vorti-
cal structures. Such a feat is yet another demonstration of
birds’ flow awareness and outstanding maneuverability and
invites to a closer examination.

Formation flight of birds has been studied by tracking the
relative position and wingbeat phasing of ibises in a V-
shaped formation [2, 3]. These results show the organisa-
tion of birds in such a formation and confirms hypotheses
regarding wake exploitation, but they do not show the in-
teractions between the birds and the flow, and provide no
quantitative data on the energy savings of the birds in the
formation. On the other hand, flying birds in a wind tunnel
provides valuable data on their wakes and their flight power
(see e.g. [4, 5]), but no experimental data on multiple birds
flying in formation in a wind tunnel have been published yet.

We thus propose a numerical framework able to reproduce
the free flight of birds and their wakes. This tool relies on
a vorticity-based Large-Eddy Simulation solver and the ap-
proximation of the bird wings as morphing lifting lines.
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Figure 1: Bird modeling chain (A): Picture of the simulated
bird. (B) Bio-mechanical model of the skeleton and feath-
ers, with the joints highlighted and two rotations of the wrist
represented as example. (C) ILDL obtained in a particular
configuration. (D) the final planform represented in the fluid
solver. (E) Simulated bird and its near wake.

This approach allows to observe the 3D wake of a bird, from
its shedding to its deformations in the far wake. By simu-
lating the flight of another bird in the wake, we evaluate the
influence of its relative position and phase shift on its en-
ergy savings. Finally, the observation of the evolution of
the vortices downstream from the follower shows the vortex
interactions between the wakes shed by both birds.

2 Methodology

Our simulation framework is based on the modeling chain
presented thoroughly in [6]. It consists of a bio-mechanical
model of a bird skeleton coupled to a vortex particle-mesh-
based flow solver with immersed lifting and dragging lines
(ILDL) [7].

The motion of the bird and its wings are computed using the
bio-mechanical model; the resulting planform is then gener-
ated in order to extract the ILDL, on which the aerodynamic
forces are computed. These forces are then applied to the
feathers of the bio-mechanical model, which computes the
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required moments to actuate the skeleton.

Flight controllers are implemented to stabilize the freely fly-
ing bird. Through small variations in its wing kinematics,
the simulated bird generates aerodynamic forces and mo-
ments that ensure that it follows a prescribed trajectory and
compensates for parasitic forces (e.g. induced by the wake
of another bird).

3 Results

A snapshot of the bird wake modeled with our framework
is represented in Fig. 2. Near the bird, it is shed as a vor-
tex sheet with a circulation that varies along the span and
through time. The sheet rolls up into distinct vortices. As
these vortices are not straight and display a varying circula-
tion, their self-induced velocities create large deformations
as the wake is advected downstream from the bird.

Figure 2: Wake of a freely flying bird: top view (top) and
side view (bottom)

The vortices in the bird wake induce upward velocities out-
board of the vortex system. These can be exploited by other
birds to reduce the energy cost of their flight. There is ev-
idence in nature that birds try to follow the tip vortex with
their own wingtip while flying in formation [2]. However,
as the wake deforms downstream from the leader, this may
require that the follower moves its wings with sub-optimal
kinematics, which would increase its energy expense.

To quantify the energy savings for a bird flying in the wake
of another, we expand our framework to simulate the flight
of a formation of two. We conducted these simulations for
varying relative positions of the follower in three dimen-
sions, and for varying phase shift between both birds. We
notice that the follower bird saves the maximal amount of
power at a distance of approximately one span downstream
and laterally from the leader, and approximately in the me-
dian plane of the wake. For it to achieve these savings, it
needs to flap its wings with a phase shift such that it follows
the tip vortices of the leader with its own wingtips.

We observe the interplay between the position of the fol-
lower, its phase shift, and its energy savings. Using the ad-
equate phase shift, energy savings only decay slowly with
the streamwise position. Vertical departure from the opti-
mal position can be compensated with variations in phase to
mitigate the increase in flight power. Regarding the span-
wise position of the follower, maximal savings are achieved
with a slight overlap of its wings with the wake. The ben-
efit decays as the bird moves away from the wake, but it
becomes less sensitive to the phase and vertical position.

Figure 3: Two birds in formation flight: vortical structures

Finally, we observe the vortical interactions between the
wakes of the birds downstream from the leader, as repre-
sented in Fig. 3.

4 Conclusions

In this abstract, we have presented a computational frame-
work that can capture, in a unique and quite exhaustive
fashion, the phenomenological chain of bird flight, from
the social interactions, through biomechanics, to the flow-
mediated interactions.

We have discussed the the role of fluid dynamics in the self-
organisation of birds into formations, and the quantification
of the benefits for various leader-follower offsets; the frame-
work is now exploited to shed light on the flight control
strategies and interactions (social or biological) that are nec-
essary to reproduce the emergence and dynamic nature of
such formation patterns.
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