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ABSTRACT
This study investigates the influence of tapering on the

flapping dynamics and wake topology of flexible flags in a
uniform flow. Tapering in trapezoidal flags comes from the
variation of height along the flag, with converging flags lean-
ing towards triangles and diverging flags resembling simplified
fishtails. The degree and direction of tapering affects the flap-
ping kinematics and dynamics. The mean drag coefficient of
diverging flags is almost double the one of converging flags.
Two-dimensional particle image velocimetry in the mid-plane
reveals differences in the transverse extent of the wake and the
structure of the shear layer. The amount of vorticity and the
velocity deficit in the midplane section are not sufficient in-
dicators to explain the difference in total drag. Future work
involves scanning stereo-PIV in multiple cross-section planes
to reconstruct the three-dimensional topology of the vortical
structures in the wake of trapezoidal flags. The goal is to
use the experimental data to adapt a quasi-steady aerodynamic
model based on Prandtl’s lifting line approach to predict forces
on flapping flags with different taper ratios.

INTRODUCTION
Fish rely on the oscillation of their flexible tails to gen-

erate thrust by shedding vortices in the wake. The topol-
ogy of the wake vortices are inherently three-dimensional. A
purely two-dimensional description, for instance from mid-
plane measurements, can be a misleading indicator of swim-
ming performances, as the complex vortex structures that gov-
ern thrust generation are inherently three-dimensional (Flo-
ryan et al., 2020). Specifically, the planform shape of the
propulsive surface directly influences the three-dimensional
vortex topologies, which in turn affect the fluid loading. Ac-
tively pitched panels of different aspect ratio and edge geome-
tries generate various vortex topologies and thrust production
(King & Green, 2023). Higher circulation is observed for
forked panels compared to pointed panels without a benefit
on thrust production. To systematically investigate the link be-
tween the shape of an aerodynamic object, wake topology, and
loading, we focus here on the passive fluid-structure interac-

tions of flapping flags.

Flags are pieces of flexible materials immersed in a flow.
Beyond a critical velocity, the flag undergoes large-amplitude
periodic flapping, which generates a characteristic shear layer
and vortex street in the wake. By changing the taper ratio of
trapezoidal flags, we induce changes in the spanwise loading
and modulate the fluid forces experienced by the flag. The
tapering is a key parameter that influences the onset of flapping
(Pang et al., 2010) and the post-critical dynamics. This study
uses the flapping flag as a model to bridge the gap between
complex three-dimensional wake topology and the measured
forces.

EXPERIMENTAL APPROACH

We focus on the differences of flapping dynamics and
wake topology between rectangular and trapezoidal flags dur-
ing the post-critical flapping regime. Systematic tests with
flags made out of paper are conducted in an open-section wind
tunnel (fig. 1a). Time-resolved measurements of the centre-
line deformation are obtained with an event-based camera for
a range of flow velocities (Raynaud & Mulleners, 2025). The
flags are cut out of paper, with a constant length L and constant
area S = L(H0 +H1)/2, where H0 and H1 are the heights at the
root and tip. Variations of tapering are quantified by the taper
ratio H1/H0. Here, we change the taper ratio from 0 to 2.33.
Flags with a low taper ratio have a converging geometry. Flags
with a high taper ratio have a diverging geometry. We per-
formed planar particle imaging velocimetry (PIV) in the mid-
plane. The PIV data are phase-averaged and the phase of each
snapshot is obtained based on the first two POD mode coef-
ficients. Force measurements are gathered with strain gauges
mounted on the flag pole platform. The mean drag value is
time-averaged over the duration of the recording for a given
flow velocity. The evolution of the mean drag value and the
flapping kinematics with flow velocity is tested by increasing
the flow velocity successively between recordings.
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Figure 1. (a) Experimental set up. The deformed centreline is lit up in blue. (b) Evolution of the mean drag coefficient Cx for flags
with different taper ratios.

Figure 2. (a-c) Flapping envelopes, (d-f) phase-averaged snapshots of dimensionless vorticity ωL/U∞ and time-averaged streamwise
velocity component ū/U∞ measured at the midline of flags of increasing taper ratios (a, d, g) H1/H0 = 0, (b, e, h) H1/H0 = 0.82 and (c,
f, i) H1/H0 = 1.65.

DYNAMICS OF TRAPEZOIDAL FLAGS
The mean drag coefficient Cx is obtained by normalis-

ing the dimensional drag force Fx with the dynamic pressure
1
2 ρfU2

∞
and the flag area S = 1

2 L(H0 +H1):

Cx =
Fx

1
2 ρfU2

∞
S
, (1)

where ρf is the fluid density, U∞ the incoming flow velocity
and L the length of the flag at the midplane. For each flag, the
mean drag coefficient is close to 0 before the onset of flapping,

for U∞ < 7ms−1 − 8ms−1 depending on the flag (fig. 1b).
The mean drag coefficient increases with flow velocity after
the onset of flapping and reaches a plateau of maximum drag.
The maximum value of the mean drag coefficient for each flag
goes from Cx = 0.16 to 0.33 when increasing the taper ratio
from H1/H0 = 0 to 2.33. The flapping motion of diverging
flag shapes extracts twice the amount of momentum from the
flow compared to converging flag shapes.

To understand how the forces are connected to the flap-
ping kinematics, we first analyse the mid-plane deformation
measurements (fig. 2a-c). The mid-plane deformations re-
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Figure 3. (a) Streamwise velocity deficit profiles at x = 1.5L downstream of the root of the flag, (b) Comparison of the measured
time-average drag coefficient C̄x and the momentum deficit calculated at x = 1.5L downstream of the root of the flag for flags of taper
ratio H1/H0 ∈ [0,1.65]

.

veal a node-less large-amplitude flapping for all tested flags.
The absence of a node indicates that a travelling wave prop-
agates along the centreline. The flapping envelope, obtained
by stacking snapshots of the time-resolved deformations, indi-
cates the spatial distribution of the flapping amplitude. Con-
verging flag shapes have a lower flapping amplitude close to
the root, and the flapping amplitude increases sharply towards
the tip (fig. 2a). Diverging flag shapes have a larger ampli-
tude in the middle section and the curvature of the centreline
close to the tip is reduced (fig. 2c) compared to the converging
flag (fig. 2a). Tapering alters the distribution of the bending
stiffness along the flag (Leroy-Calatayud et al., 2022). The
converging flag is more rigid at the root leading to a reduced
amplitude in the middle section. Its more pointy tip gives it
more flexibility leading to a sharp increase in flapping ampli-
tude and large curvature towards the tip. Due to the larger cur-
vature at the tip of converging flags, we expect larger stream-
wise pressure gradients there. Pressure gradients are one of
the main causes for vorticity generation along a surface (Ter-
rington et al., 2020). Less surface is available near the tip to
generate vorticity for the converging flag and the reduction in
effective surface competes against the higher vorticity produc-
tion rate.

Snapshots of phase-averaged non-dimensionalised vortic-
ity measured at the mid span are shown in fig. 2d-f for three
flags of different tapering. The example snapshots for the dif-
ferent flags are extracted at the same phase in the flapping cy-
cle. Vorticity accumulates along the surface of the flag and
is released from the tip. The wake of the converging flag is
widest. Its width is approximately 1.4L at x/L= 1.5 (fig. 2d,g).
The wakes of the straight (fig. 2e,h) and diverging (fig. 2f,i)
flags are comparable and reach a width of ≈ 1.1L at x/L = 1.5.
The shear layer rolls up into a coherent vortex at x ≈ 1.2L in
the wake of the straight flag (fig. 2e). The roll-up is less pro-
nounced or even absent in the wakes of the diverging and con-
verging flags. The strongest streamwise velocity deficit occurs

for the converging flag (fig. 2g-i) despite having the lowest
mean drag coefficient.

We analyse the average velocity deficit profiles at x =
1.5L downstream of the flag (fig. 3a). The most converg-
ing flag H1/H0 = 0 has the highest velocity deficits, with
two peaks around [0.11 − 0.10] symmetrically distributed at
y/L = 0.49 and y/L = −0.43. The average velocity deficit
in the middle of the wake is lower, around 1− ū/U∞ = 0.03.
Flags with a converging shape all lead a similar ”M” shaped
velocity deficit profile in their wake. The maximum veloc-
ity deficit decreases with the taper ratio H1/H0. The velocity
deficit in the middle of the wake is similar for all converging
flags, between 1− ū/U∞ = [0.016−0.03]. Flags with straight
or diverging shapes have a flatter velocity deficit profile, with
1− ū/U∞ = [0.02− 0.06] between y/L = ±0.5. The velocity
deficits observed in the mid-plane wake are inconsistent with
the measured drag coefficients. The highest drag coefficients
are obtained for the diverging flags with high taper ratio, which
should lead to the highest velocity deficit in the wake, due to
more momentum transfer from the flow to the flapping flag.
The higher velocity deficits in the mid-plane are observed for
the most converging flags. We calculate the momentum deficit
to systematically estimate the drag coefficient and compare it
to the averaged force measurements to investigate this incon-
sistency. The momentum deficit is

Idef =

L∫
y=−L

ū(x = 1.5L,y)(ū−U∞)

U2
∞

L
dy . (2)

In fig. 3b, we show measured drag coefficient Cx versus the
momentum deficit calculated from the stream-wise velocity
profiles at the flag mid-height. Consistently with the drag co-
efficients presented in fig. 1b, we observe the highest drag co-
efficients for diverging flags and the lowest drag coefficients
for converging flags. The computed momentum deficit spans
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Figure 4. (a) Flux of negative circulation over a flapping cycle through the vertical line at x = 1.5L downstream of the root of the flag
normalised with the length L for flags of taper ratio H1/H0 = 0 ∈ [0,1.65]. (b)-(d) Selected snapshots of the vorticity fields at different
phases of the flapping cycle. (e)-(f) Maximum value of the positive (red) and negative (blue) circulation fluxes during a flapping cycle.
(e) Normalisation with the maximum length L of the flags. (f) Normalisation with the ratio of the external perimeter to flag area.

a smaller range than the measured drag coefficient and does
not show a clear dependence on the taper ratio. The momen-
tum deficit from the velocity in the mid-plane is not a suffi-
cient metric to characterise the drag force in the wake of flags
with converging and diverging shapes. The discrepancy likely
comes from two limitations of the mid-plane flow velocity
measurements. First, the mid-plane profiles miss the three-
dimensional structure of the wake. For a rectangular flag, the
mid-height plane is representative of most of the span, so the
momentum deficit measured in the mid-plane gives a reason-
able estimation of the drag. For converging flags, the local
chord length is shorter and the trailing-edge position is closer
to the root when we move away from the midline. This would
likely lead to a weaker momentum deficit that is estimated
purely from the midplane measurements. For diverging flags,
the spanwise variation in chord length and trailing-edge geom-
etry would produce a tilted vortex tube which would stretch out
of the midplane, so that a significant fraction of the streamwise
momentum deficit is concentrated away from the mid-height
section. Second, even in a purely two-dimensional flow, the
time-averaged velocity field is not a sufficient predictor of the
mean drag force. The instantaneous pressure forces acting on
the flag depend on the coupled state of the flow and the flag
deformation: a vortex passing near a nearly flat flag produces
little net force, whereas the same vortex at the same location
during a strongly deflected configuration acts on a large pro-
jected surface and generates a substantial contribution to the
drag. The mean force thus reflects correlations between the
instantaneous flag shape and the instantaneous flow structure,
information that is lost when the velocity field is averaged in
time.

In previous work on rectangular flags, we studied the ef-
fect of aspect ratio (H/L) on the circulation of the vortices in
the wake at the flag mid-height (Raynaud & Mulleners, 2026).
We showed that the non-dimensional circulation is constant
when scaled with the ratio of the flag area over its perimeter or
the square root of area. Here, we further investigate the rele-

vant length scale to characterise the effect of taper ratio on the
flow topology and circulation in the wake of tapered flags. In
fig. 4a, we show the evolution of the circulation flux through
the vertical line located at x = 1.5L in the wake of the flag, in-
dicated by the dotted line in the vorticity snapshots in fig. 4b-d.
We estimate the shed circulation from the phase-averaged vor-
ticity fields as

Γ(t) =
t∫

0

L∫
y=−L

u(τ)ω(τ) dy dτ . (3)

Negative vorticity shed from the tip of the flag when flapping
upwards is convected downstream past the x = 1.5L line where
the circulation flux is computed. Each flapping cycle, a shear
layer of negative vorticity is released from the flap tip. Most
of the circulation is released in approximately 0.1T (between
t/T ≈ 0.15 and t/T ≈ 0.25 in fig. 4a). The start of each cy-
cle, t = 0, is defined as the instant at which the circulation flux
through x = 1.5L transitions from positive to negative vortic-
ity. The phase origin is adjusted independently for each case to
satisfy this condition. The snapshots of vorticity displayed in
fig. 4b-d correspond to three instants of the circulation build-
up, identified by the markers in fig. 4a. In snapshot fig. 4b,
the negative vorticity has been shed from the tip of the flag but
has not reached the integration line yet, and the circulation is
close to Γ = 0. In snapshot fig. 4c, the vortex of negative vor-
ticity is at the precise location of the integration line, which
corresponds perfectly to the middle of the circulation slope
(t/T ≈ 0.2 in fig. 4a). In snapshot fig. 4d, all negative vor-
ticity has passed the integration line and the positive vorticity
is approaching. For t/T > 0.5, little to no negative vorticity is
convected past x = 1.5L and the estimated circulation reaches
a plateau (fig. 4a). The temporal evolutions of the circulation
for the flags of different taper ratio do not collapse when the
circulation is normalised by the free-stream velocity U∞ and
the maximum length of the flag L.
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Scaling analysis of flow data from rectangular flags of dif-
ferent aspect ratios have shown that the length L is not the suit-
able characteristic length to scale the flow quantities (Raynaud
& Mulleners, 2026). The ratio of the area over the perimeter
L∗ = L(H0 +H1)/2P is used to scale the wake dynamics be-
hind flat plates (Fernando & Rival, 2016). The square root of
the area

√
L(H0 +H1)/2 is used to scale circulation, hydrody-

namic impulse, and kinetic energy for accelerated polygonal
disks (Caverly & Nedić, 2025). Both metrics show a collapse
of the temporal evolution of the circulation behind rectangular
flags. In the current study, all trapezoidal flags have the same
area. We choose to define the perimeter as the external perime-
ter, the sum of the lengths of the flag sides that are not attached
to the pole. This aims to account for differences in spanwise
height in flags of different tapering and correct spanwise vari-
ations in the estimated fluid loading. We expect the tapering
to interfere with the three-dimensional geometry of the vortex
tube. The external perimeter is an estimation of the length of
this vortex tube. The normalisation of the maximum circu-
lation with the maximum length and the ratio of the external
perimeter to area are shown in fig. 4e-f. We do not observe an
improved scaling of the maximum circulation for tapered flags
when using the perimeter to area ratio. This suggests that the
difference in vortex tube length are not sufficient to account
for differences in mean drag and that the local curvature of the
vortex tube has an important influence which is not captured
by the perimeter to area ratio.

CONCLUSION AND PERSPECTIVES
We investigated the effect of taper ratio on the flapping

dynamics, wake topology, and drag of trapezoidal flags. Di-
verging flags extract up to twice the momentum from the flow
compared to converging flags, yet the momentum deficit mea-
sured in the mid-plane wake is inconsistent with the measured
drag coefficients. This discrepancy highlights the inherently
three-dimensional nature of the wake: the spanwise varia-
tion in chord length and trailing-edge geometry for tapered
flags produces complex vortex structures that cannot be char-
acterised from mid-plane measurements alone. We highlight
the fact that the mean drag force reflects correlations between
the instantaneous flag deformation and the instantaneous flow
structure that are invisible in time-averaged velocity fields. At-
tempts to collapse the shed circulation using geometric scal-
ing parameters such as the flag length and the perimeter-to-
area ratio do not yield a universal scaling, suggesting that
the local curvature of the vortex tube plays an important role.
These findings motivate future three-dimensional wake mea-

surements to reconstruct the full vortex topology and connect
it to the spanwise distribution of fluid loading.

Next steps in this work include scanning stereo-PIV mea-
surements along the height of the flag to reconstruct the wake
vortices in three dimensions. This data will aid to understand
three-dimensional effects such as the interaction of the three-
dimensional geometry of the vortex tube with the flag with
various tapering ratios. We also plan to connect the observed
variations of the wake topology along the height of the flag
to the spanwise variations in the fluid loading. Based on the
spanwise-distribution of the fluid loading, we aim to predict
the forces using a quasi-steady Prandtl lifting line approach.
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