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Abstract
Bio-inspired flow control strategies can provide a new paradigm of efficiency and adaptability to
overcome the operational limitations of traditional flow control. This is particularly useful to
small-scale uncrewed aerial vehicles since their mission requirements are rapidly expanding, but
they are still limited in terms of agility and adaptability when compared to their biological
counterparts, birds. One of the flow control strategies that birds implement is the deployment of
covert feathers. In this study, we investigate the performance characteristics and flow physics of
torsionally hinged covert-inspired flaps mounted on the suction side of a NACA2414 airfoil across
different Reynolds numbers, specifically 200,000 and 1,000. These two Reynolds numbers are
representative of different avian flight regimes where covert feathers have been observed to deploy
during flight, namely cruising and landing/perching. We performed experiments and simulations
where we varied the flap location, the hinge stiffness, and the moment of inertia of the flap to
investigate the aerodynamic performance and describe the effects of the structural parameters of
the flap on the aerodynamic lift improvements. Results of the study show up to 12% lift
improvement post-stall for the flapped cases when compared to the flap-less baseline. The
post-stall lift improvement is sensitive to the flap’s structural properties and location. For instance,
the hinge stiffness controls the mean deflection angle of the flap, which governs the resulting
time-averaged lift improvements. The flap moment of inertia, on the other hand, controls the flap
dynamics, which in turn controls the flap’s lift-enhancing mechanism and how the flap affects the
instantaneous lift. By examining the time-averaged and instantaneous lift measurement, we
uncover the mechanisms by which the covert-inspired flap improves lift and highlights similarities
and differences across Reynolds numbers. This article highlights the feasibility of using
covert-inspired flaps as flow control across different flight missions and speeds.

Nomenclature

α Angle of attack
β Flap deployment angle
β Mean flap deployment angle
c Airfoil chord length
Cl Coefficient of lift
∆Cl Percentage change in mean lift

relative to baseline airfoil
f Surface stress on body
Fr Froude number
g Gravitational field

g Reference acceleration due to
gravity

Γ Set of bodies
Γa,Γf Bodies of airfoil and flap
iβ , Iβ Dimensionless and dimensional

flap moment of inertia
kβ ,Kβ Dimensionless and dimensional

stiffness of torsional spring
lβ ,Lβ Dimensionless and dimensional

chordwise flap location
lf Length of the flap
ν Kinematic viscosity
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p,P Dimensionless and dimensional
pressure field

P∞ Freestream pressure
ρf Fluid density
Re Reynolds number
St Strouhal number
t Time
T Time period of steady limit cycle

oscillations (LCO)
u Fluid velocity
U∞ Freestream velocity
χ,χa,χf Lagrangian coordinate of body,

airfoil and flap
χ0

f , χ
cg
f Flap hinge location and center of

gravity
Ω Flow domain

1. Introduction

Missions for small uncrewed aerial vehicles (sUAVs)
are expanding rapidly to meet various application
requirements, including search and rescue, cargo
transport, surveillance, mapping, and urban plan-
ning. Due to this rapid expansion, sUAVs require a
flow control technique that can adapt to different
mission requirements [5, 13]. In aerodynamics, flow
control is defined as the process of favorably alter-
ing the flow characteristics to achieve a desired effect;
examples include delaying laminar-turbulent trans-
ition, mitigating separation, and enhancing mixing.
The goals of flow control often involve reducing drag,
enhancing lift, or suppressing noise from propulsion
systems [15]. flow control strategies may be broadly
characterized as either passive or active. Active flow
control techniques such as synthetic jets and plasma
actuators require actuation and feedback information
to adapt to time-varying processes and unexpected or
abrupt changes in condition, adding to their volume
and power requirements and their design complexity.
On the other hand, traditional passive flow control
techniques, such as distributed roughness, require no
actuation or feedback. However, these approaches are
unable to respond to abrupt flow changes [14]. A
passive yet adaptive flow control technique has the
potential to enable sUAV designs capable of the broad
range of mission portfolios while adhering to the
requisite power availability and volume constraints.

Birds that operate at a similar Reynolds num-
ber (Re) to sUAVs are often observed to be mission
adaptable. The same bird can perch, glide, and man-
euver during flight with superior agility compared
to sUAVs. This superiority is enabled by multiple
flow control systems ranging from active global wing
articulation to multiple passive and active feather
systems on both the upper and lower sides of the
wing [12, 25]. One of those feather systems, which
we focus on in this article, is the covert feathers (cf
figure 1(a)) that deploy during gust and high angle-
of-attack maneuvers such as perching, takeoff, and
landing. Biological studies on covert feathers suggest

they act as passive lift-enhancing flow control devices
[7, 9]. Carruthers et al [9] analyzed flight videos of
a steppe eagle and noticed that during high-angle-
of-attack maneuvers, such as landing, take-off, and
perching, the lesser covert feathers on the pressure
side (i.e. lower surface) of the wing deploy, while dur-
ing gust conditions the greater coverts deploy on the
suction side (i.e. upper surface) of the wing.

Motivated by these observations in nature, bio-
inspired studies have investigated covert-inspired
flaps affixed to engineered wings at a wide range of
flow conditions and Reynolds numbers. These stud-
ies included different structural and mobility forms
of the flaps to improve aerodynamic performance.
Structural forms include rigid metal flaps, feathered
flaps, and elastic hair-like flaps, while mobility forms
involve flaps affixed via a hinge to the wing, either
in a fixed static position or via a hinge that enables
adaptive deployment and response to the flow [1, 6,
8, 11, 20, 28, 31]. In this wide range of settings, the
covert-inspired flaps were found to provide benefits
as a post-stall lift enhancement device. At intermedi-
ate Reynolds numbers relevant to bird cruising flight,
Re= O(105), studies demonstrated that static flaps
fixed at a certain angle can improve post-stall lift by
as much as 23% [11, 20]. On the other hand, freely
hinged flaps at the same Reynolds number range were
shown to provide lift improvements up to 18% as well
as delay the stall angle of attack [6, 19, 20]. At lower
Reynolds numbers, Re= O(103), which is more rel-
evant for landing and perching maneuvers, studies
show that covert-inspired flaps can improve lift up
to almost 10% for a rigid static flap and 13.5% for
a freely moving flap [18]. With a few exceptions [22,
23, 28], the focus of these studies has been on flaps
that are either static or fully free to rotate (i.e. with a
zero or approximately zero hinge stiffness). Nair et al
[22] looked at the effect of a nonzero stiffness hinge at
a Reynolds number of 1,000 and found lift improve-
ments of up to 23%, with a strong dependence of lift
improvements on the hinge stiffness and flap iner-
tia. However, to the authors’ awareness, no attempts
have assessed the effect of torsionally hinged covert-
inspired flaps across Reynolds numbers.

Thus, questions remain about the role of cov-
ert feathers and covert-inspired flap structural prop-
erties in post-stall flight conditions across Reynolds
numbers. In particular, biological studies suggest that
the deflection of feathers during flight is dependent
upon the mass and flexural stiffness of the rachis
(cf figure 1(b)), which is the main feather shaft [3].
Moreover, it was shown in a study by Wang et al that
different bird species have different degrees of flexib-
ility in their feathers, with larger birds having more
flexible feathers than their smaller counterparts [32].
Thus, there is a need to study the effect of feather stiff-
ness and mass on the deployment of the coverts dur-
ing flight and the corresponding aerodynamics that

2



Bioinspir. Biomim. 18 (2023) 066010 A K Othman et al

Figure 1. Different rows of covert feathers on the upper surface of a heron wing (left), and the upper and under wing covert
feathers structure (right). (Photo Credit: (a) Adapted with permission from [26]. This image has been obtained by the author(s)
from the Pixabay website where it was made available under the Pixabay License. It is included within this article on that basis
https://pixabay.com/photos/heron-in-flight-flying-heron-heron-4573818/. (b) Reproduced with permission from [30]).

results from such deployment. Such studies should
also clarify the physical mechanisms that allow lift
improvements, especially across different Reynolds
numbers, which can be representative of different
flight stages, such as cruise and perching.

In this article, we implement a more representat-
ive analogy of the covert feathers, where the covert-
inspired flaps are torsionally hinged to a lifting sur-
face. We focus on analyzing the effects of the hinge
stiffness and the flap mass. More specifically, using a
systematic experimental and high-fidelity numerical
parametric study, we answer the following questions:

(Q1) Are the aerodynamic benefits of the torsion-
ally hinged covert-inspired flaps transferable
across different Reynolds numbers, represent-
ative of different flight regimes?

(Q2) What are the effects of the hinge stiffness and
the flap mass on the aerodynamic benefits
across the Reynolds number regimes?

(Q3) How do the physics of this fluid-structure
interaction system change from low Reynolds
numbers associated with landing and takeoff
maneuvers compared to the higher Reynolds
numbers more relevant to gliding?

2. Methods

2.1. Problem overview and parameters
In this study, the covert feathers are modeled as pass-
ively deployable, torsionally hinged rigid flap on the
upper surface of a stationary NACA2414 airfoil as
shown in figure 2. This airfoil was selected because
it has been well characterized in wind tunnel tests
across various Reynolds numbers and it is suitable for
small-scale UAVs. The chord-based Reynolds num-
ber is set to Re= 200,000 for the experiments and

Re= 1,000 for the numerical simulations. To indic-
ate differences and similarities in the baseline flow
(without a flap) across Reynolds number, we show
in figure 3 the time-averaged lift (Cl) versus angle of
attack (α). For Re= 200,000, α= 20◦ clearly corres-
ponds to a post-stall angle of attack due to the sharp
decline in Cl after α= 16◦. On the other hand, for
Re= 1,000, the stall angle is not discernible since the
lift continues to increasewith increasingα. Therefore,
to identify the stall angle, we have also shown the
amplitude of fluctuations in Cl denoted by the gray
shaded region. These (limit cycle) oscillations (LSO)
occur due to flow separation on the upper surface
of the airfoil and the ensuing periodic vortex shed-
ding. Notable separation-induced fluctuations start
from α= 10◦ with significant fluctuations at 20◦.
Therefore, α= 20◦ corresponds to a post-stall angle
for Re= 1,000 as well and is the angle of attack
chosen for this study.We consider the use of validated
simulation tools in conjunction with carefully con-
ducted experiments to explore the effect of Reynolds
number on the fluid-structure interaction dynamics
of this flap system. The solver has been validated in
Goza and Colonius [17], Goza et al [18], Nair and
Goza [21], and offers a high-fidelity framework to
compute the FSI dynamics at low Reynolds numbers,
relevant to perching, that would be challenging to
access experimentally because of the low flow speeds
that would be required. By contrast, experiments are
performed at high Reynolds numbers where prohib-
itively costly simulations would be required, with
appropriate treatment of three-dimensional effects
and turbulence models for unresolved regions near
the body and in the wake.

For the experiments and the simulations, the
chord length of the airfoil is denoted by c, and the
length of the flap is fixed at 0.15c. The Re= 1,000 case
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Figure 2. Schematic of the system of passively deployable flap on an airfoil.

Figure 3. Cl versus α for Re= 200,000 and Re= 1,000.
Gray shaded region denotes the peak-to-peak amplitude in
the time-varying fluctuations in Cl at Re= 1,000.

is simulated under gravity with Froude number (Fr=
U∞/

√
gc) of 23.96 which matches the experiment.

The varying flap and hinge parameters in this study
are the moment of inertia of the flap, Iβ , the stiffness
of the torsional spring representing the hinge,Kβ , and
the chordwise distance of the flap from the leading
edge, Lβ . These parameters are non-dimensionalized
as,

iβ =
Iβ
ρfc4

, kβ =
Kβ

ρfU∞
2c2

, lβ =
Lβ
c
. (1)

Here, the reference length scale is the airfoil chord c,
the velocity scale is the freestream velocity U∞, and
the density scale is the fluid density ρf. iβ , kβ and lβ are
the non-dimensional counterparts of Iβ , Kβ and Lβ .
In the manuscript, the parameter lβ is reported as a
percentage of chord length from the leading edge. The
length and locations of the flap were specified based
on several design parameters in the literature [8, 11,
21, 31]. All the fixed and varying parameters for the
numerical simulations and experiments are reported
in table 1. From table 1, it is clear that the only key
different parameter is the Reynolds number, allowing
us to investigate its effects on the flap dynamics and
the flap-induced aerodynamic improvements.

2.2. Experimental setup
2.2.1. Wind-tunnel setup
The experiments are carried out in the constant pres-
sure, closed section, open-loop wind tunnel located
in Talbot Laboratory at the University of Illinois at
Urbana-Champaign. The wing is horizontally moun-
ted in the first test section closest to the inlet since it
has the lowest turbulence level. The dimensions of the
test section are 90 cm in width and 45 cm in height.
One end of the wing section is mounted to the side of
the wind tunnel, while the other side is connected to a
splitter plate to ensure 2D test conditions as shown in
figure 4(a). The splitter plate reduces the test section
width to 28 cmwhilemaintaining a constant height of
45 cm, therebymitigating the impact of the upper and
lower section walls on the streamlines, as discussed
in Duan and Wissa [11]. The splitter plate is 45 cm
in height, covering the whole test section height, and
91.4 cm inwidthwith a 1.2 cm thickness. Velocity cor-
rections are performed to account for the splitter plate
effect using the methods in Giguére and Selig [16].
The wing section is connected to the splitter plate on
one end with a paper-thin gap to avoid unintended
reaction forces. An ATI Gamma 6-axis force/torque
transducer is used to measure the forces on the wing,
with a resolution of 1/60 N and a range of 0–32 N.
A B48 Velmex rotary table with a stepper motor con-
trols the angle of attackwith a precision of 0.012◦. The
lift and drag are calculated from the measured forces,
sampled at 1 kHz for 5 s, and the angle of attack is used
to rotate them to the wind frame of reference. Lift val-
ues were compared to the airfoil database, and the res-
ults show good agreement with the two-dimensional
airfoil [29]. The experiments are carried out at a free
stream velocity of 26m s−1 for an airfoil with a 0.12m
chord. Data acquisition starts after 5 s from setting
the desired angle of attack to ensure steady-state con-
ditions. Then force data is collected for 5 s or 1083
convective time units (tU∞/c).

The freestream velocity is measured using an
Omega volume flow anemometer placed upstream
of the wing, between the splitter plate and the wind
tunnel wall. The anemometer has a resolution of
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Figure 4. Schematic of wind tunnel setup (a) and wing assembly (b & c).

Table 1. List of fixed and varying parameters for experiments and numerical simulations.

Parameters Values

Fixed parameters

Re
Experimental Numerical

200,000 1,000

Airfoil NACA2414

Angle of attack 20◦

Flap length 0.15

Fr 23.96

Varying parameters

Flap location (lβ) {20, 50, 70}%

Stiffness of hinge (kβ) {0.0001, 0.0005, 0.001}

Flap moment of inertia (iβ) {0.0012, 0.012}

0.01 m s−1 and an accuracy of ±1.0% of reading.
Furthermore, corrections are made in the post-
processing code to account for solid and wake block-
age. [2, 4, 29]. The free stream velocity during the
experiments was 26 m s−1, which corresponds to
Re= 200,000.

The flap dynamics, including its flapping fre-
quency and deflection angles, are captured using
VisionResearch PhantomMiro eX4Color high-speed
camera at 600 fps. The flap recordings were post-
processed using the ProAnalyst Motion Analysis
Software.

2.2.2. Wing design
The wing section is made from VeroWhite material
using an objet 260 connex3 3D printer. The hinge
is designed with two detachable circular hinges with
a diameter of 2 mm placed on each side of the
wing that connects to their corresponding circular
hinges on the flap through a metal rod. To control
the stiffness of the hinge, torsion springs are inser-
ted around the metal rod, as illustrated in figure 4(b).
Each torsion spring has an outer diameter of 5.3 mm
and torsional stiffness of 1.5× 10−3N.mrad−1. The
hinge stiffness imposes a torque that keeps the flap
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tangent to the airfoil suction surface or closed (β = 0)
with no wind. When the fluid-induced forces exceed
the restoring force of the hinge and the flap’s iner-
tia, the flap deploys (β > 0) and starts oscillat-
ing around its mean deflection angle. By attaching
one, four, or eight springs in parallel, dimensional
torsional stiffness values of 1.5× 10−3, 6.0× 10−3,
and 12× 10−3 N.m rad−1 are obtained, respectively.
These dimensional stiffness values correspond to the
non-dimensional stiffness values reported in table 1.
Two different materials with distinct densities are
utilized to modify the flap’s inertia and mass, namely
VeroWhite and Mylar with a thickness of 2 mm and
0.2mm, respectively. Thesematerials result in the fol-
lowing dimensional inertia values: 8.53× 10−7 and
8.64× 10−8 kgm2, respectively, also listed in table 1
in their non-dimensional form.

The wing section design allows for adjusting the
flap location. Figure 4(c) shows the wing section with
three flaps located at 0.2c, 0.5c, and 0.7c. During the
experiments, only one flap was tested.Meanwhile, the
hinge locations for the other flaps were covered by
3D-printed adaptors to maintain the airfoil profile.
For example, figure 4(b) shows the wing section with
a single flap placed at 0.5c, with the adaptors covering
the remaining two flap location slots

2.3. Numerical methodology
The strongly-coupled projection-based immersed
boundary method of Nair and Goza [21] is utilized to
perform the numerical simulations in this work. This
method has been successfully applied and validated
onproblems involving torsionallymounted flaps [21–
23] and utilizes a framework that extends the original
projection-based fluid-structure interaction method
of Goza and Colonius [17] to more general bodies.
The method numerically solves the following dimen-
sionless governing equations,

∂u

∂t
+ u ·∇u=−∇p+

1

Re
∇2u

+

ˆ
Γ

f(χ(s, t))δ (χ(s, t)− x)ds

+
1

Fr2
g (2)

∇· u= 0 (3)

iβ
∂2β

∂t2
+ kββ =−

ˆ
Γf

(
χf −χ0

f

)
× f

(
χf

)
dχf

+
3iβ
lf
2Fr2

(
χ

cg
f −χ0

f

)
× g (4)

ˆ
Ω

u(x)δ (x−χa)dx= 0 (5)

ˆ
Ω

u(x)δ
(
x−χf

)
dx=

∂β

∂t
êi ×

(
χf −χ0

f

)
. (6)

The immersed boundary method uses two separate
grids for spatial discretization: one fixed and the other
moving in order to represent the flow domain and
the surface of the body, respectively. Accordingly, in
this work, a fixed Eulerian coordinate is used for the
fluid domain Ω, and a moving Lagrangian coordin-
ate is used for the body surface (airfoil and flaps) Γ.
x denotes the Eulerian coordinate representing the
position in Ω, and χ(s, t) denotes the Lagrangian
coordinate attached to the bodies (airfoil and flap) in
Γ, in which s is used to parameterize along the surface.

The variables, x, χ, and s are all nondimension-
alized by the airfoil chord c. Velocity u is nondimen-
sionalized by the freestream velocity U∞, and time t
is nondimensionalized by c/U∞. Moreover, pressure
p and surface stress imposed on the fluid by the body
f , and are nondimensionalized by ρfU∞

2, where ρf is
the fluid density, and g is the non-dimensional grav-
itational field using a reference g. Equation (4) shows
the rotational equation of motion for the torsionally-
hinged flap Γf, where χf denotes the Lagrangian
coordinate of Γf. In equation (4), the left-hand side
shows the inertial and stiffness terms. While on the
right-hand side, the first term corresponds to the
torque about the hinge,χ0

f , resulting from the surface
stress exerted on the flap by the surrounding fluid,
and the second term corresponds to the torque about
χ0

f due to the gravitational force acting at the flap’s

center of gravityχcg
f . It should be noted that the mass

of the flap is incorporated in this term using the flap’s
moment of inertia around the hinge. Equations (5)
and (6) show the no-slip boundary condition on the
airfoil and flap, respectively. In these equations, êi is a
unit vector indicating the direction of the flap’s angu-
lar velocity, and χa is the Lagrangian coordinate of
the airfoil. These no-slip constraints provide closure
to the governing equations in order to solve for the
surface stress term f(χ) that enforces the boundary
condition on the respective bodies.

The flow equations (2) and (3) are rewritten in
a streamfunction-vorticity formulation and spatially
discretized using the conventional second-order finite
difference method. Equation (2) is temporally dis-
cretized using an Adams-Bashforth scheme for the
nonlinear term and a Crank-Nicolson method for
the diffusive term. The flap’s equation of motion,
equation (4), is temporally discretized using an impli-
cit Newmark scheme. The boundary constraints (5)
and (6) and the surface stress term in equation (2) are
implicitly treated at the current time step to ensure
method stability for a broad range of flap inertias and
stiffness. After full discretization, the resulting sys-
tem of equations is solved by performing a block-
LU decomposition and iterating the fluid-structure
interaction terms using Newton’s method until con-
vergence is achieved for the flap deflection angle.
To enforce the far-field Dirichlet boundary condi-
tions of zero vorticity, a multi-domain approach is

6



Bioinspir. Biomim. 18 (2023) 066010 A K Othman et al

incorporated for solving the flow equations. In this
approach, the entire domain is partitioned using a
hierarchy of grids of increasing coarseness extending
to the far field (see [10] for details).

In thiswork, the spatial grid and time step sizes are
set to∆x/c= 0.00349 and∆t/(c/U∞) = 0.0004375,
respectively. This setup is based on the previously
conducted grid-convergence study in Nair and Goza
[21] for the same passively deployable airfoil-flap
system, but with a NACA0012 airfoil. According to
Goza and Colonius [17], the immersed boundary
spacing is set to be twice the spacing of the finest flow
grid. The convergence criteria for the deflection angle
is ∥∆β∥∞ ⩽ 10−7. For the multi-domain approach
used for the far-field Dirichlet boundary conditions,
five grids of increasing coarseness are implemented,
where the finest grid level is [−0.5,2.5]c× [−1.5,1.5]c
and the coarsest grid level is [−23,25]c× [−24,24]c.
Initially, the flap is positioned at an angle of 5◦ rel-
ative to the airfoil surface; this angle serves as the
reference undeformed (zero stress) deflection angle.
As the flow undergoes vortex shedding at a high
angle of attack of 20◦, the passive deployment of
the flap occurs, leading to its interaction with the
flow.

3. Results

3.1. Overview
Figure 5(a) shows the time-averaged lift coefficient,
Cl, as a function of the airfoil angle of attack,α, for all
the configurations with the covert-inspired flap com-
pared to the baseline, or the flap-less configuration, at
Re= 200,000. In the figure, the lift force is averaged
for all flap locations, hinge stiffness, and flap iner-
tia. The average value is indicated by the solid line,
while the shaded region indicates the range of time-
averaged lift values measured for all flap configura-
tions. The mean lift values results confirm findings of
prior studies that covert-inspired flaps are post-stall
lift enhancement devices [1, 6, 11, 20, 22, 24, 28]. On
average, the flap improves lift at post-stall angles of
attack (α > 16◦), while at pre-stall angles (α < 16◦),
the flap is either detrimental or has no effect on lift,
depending on the flap parameters. At post-stall con-
ditions, the flap has either a favorable or negligible
effect on drag, resulting in overall aerodynamic effi-
ciency improvements. Some representative cases of
time-averaged lift coefficient, Cl and drag coefficient
Cd as a function of the airfoil angle of attack, α are
shown in the appendix section along with Cl vs Cd

plot.
For the remainder of the paper, we focus on

lift results as during post-stall conditions, where
lift losses are the most limiting to the operational
envelopes of sUAVS. More specifically, we will focus
on the flap deployment behavior and resulting lift
forces in the post-stall regime, namely, α= 20◦ at
Re= 200,000 and Re= 1,000 representative of flight

and perching or landing maneuvers speeds, respect-
ively. At this post-stall α, the average lift is sens-
itive to the flap location and structural properties,
as indicated by the shaded region in figure 5(a).
Even at a particular flap location (cf figure 5(c)),
the time-averaged lift is sensitive to the hinge stiff-
ness and the flap inertia for the Re= 200,000 exper-
iments. The lift’s sensitivity to the flap structural
properties is also observed at Re= 1,000, as shown
in figure 5(b). Comparing, figures 5(b) and (c),
we observe similarities (particularly for low inertia
and high stiffness values) and differences in the lift
improvements across the Reynolds numbers.

We break our analysis into two stages to quantify
and explain these similarities and differences. To
answer the questions related to the aerodynamic
benefits of the flap across Reynolds number and the
effect of the flap parameters on such benefits (Q1
and Q2), we will first focus on the time-averaged lift
force and the corresponding mean flap deflection for
the low inertia flaps where the benefits are more pro-
nounced and the flaps deploy at both Reynolds num-
bers. We will then examine the dynamics of the flap
deflection and lift force to identify the fluid-structure
interaction mechanisms and their dependency on the
Reynolds number and the flap parameters (Q3).

3.2. Time-averaged results
At both Reynolds numbers, the low inertia flap
improved lift more than the high inertia flap, as
shown in figures 5(b) and (c). We, therefore, focus
our results on this low inertia regime. Figure 6 shows
the effect of the flap location and hinge stiffness
on the mean deflection angle β and the mean lift
improvement∆Cl for the low inertia flaps atα= 20◦.
In these plots, ∆Cl (%) is calculated relative to the
baseline or the flap-less case. For the 70% location
(figure 6(c)) at both Reynolds numbers, as the kβ
increases, the mean flap deployment angle decreases
due to the increasing restoring torque imposed by
the torsional spring. Moreover, as kβ is increased, the
∆Cl increases at the 70% location. Here, we note that
the case of kβ = 0.001 at 70% location provides the
most lift improvement of any case at this angle of
attack at both Reynolds numbers regimes. A differ-
ent trend is observed at the 20% location, shown in
figure 6(a): the mean deflection angle stays almost
constant for both Reynolds numbers around 20◦, and
there is a minimal commensurate effect on the mean
lift of ∆Cl ≈ 2%− 3% for both Reynolds number
cases. The little change in mean lift suggests that, at
the 20% location, the flap cannot significantlymodify
the separation-induced reverse flow along the suc-
tion surface. Similarly, the negligible change in mean
deflection angle suggests a large region of fully sep-
arated flow near the leading edge. Since the flow is
fully separated at this angle of attack, the airfoil suc-
tion peak collapses, and the CP curve flattens. The
higher pressure and lack of pressure differential along
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Figure 5. a) Cl versus αmain effect plot for Re= 200,000 for all the flapped cases versus the baseline case. (b) and (c) Contour
plots for∆Cl% at 70% location versus kβ and iβ at Re= 1,000 and Re= 200,000, respectively.

the suction surface at this α prevent the flap from
deploying further even as the stiffness is decreased,
rendering the flaps ineffective at modulating lift at
this location. The inability of the flap to modulate
separation near the leading edge or block reverse flow
from the trailing edge is apparent in the time aver-
age lift (cf figure 6(a)), where there are minimal mean
lift changes at this location compared to the baseline.
The results from figures 6(a) and (c) highlight that
the mean lift changes depend on the mean deflection
angle β, set by the combined effect of the aerody-
namic forces, restoring force due to kβ , and gravita-
tional forces. Thus, for a given flap inertia and flight
conditions, the time-averaged ∆Cl can be tuned via
the hinge stiffness and the sensitivity of the time-
averaged∆Cl to changes in the hinge stiffness can be
tailored via the flap location.

In contrast to the similar trends across Reynolds
numbers observed at the 70% and 20% locations,
significant differences are observed across Reynolds

numbers at the 50% location. More specifically,
no lift benefits are attained at Re= 1,000, while
experiments at Re= 200,000 yield ∆Cl ≈ 3% (cf
figure 6(b)). This difference is because the flap in the
low Reynolds number case does not deploy, as shown
by the β = 0 (cf figure 6(b)), whereas considerable β
is observed for the higher Reynolds number experi-
ments. Reynolds number is the ratio of inertial flow
effects to viscous effects. Thus, at the higher Reynolds
number, one expects the larger flow momentum to
yield a greater propensity to overcome the adverse
pressure gradient associated with the relatively large
angle of attack. As such, the separation location is
likely further downstream for the higher Reynolds
number compared to the low Reynolds number case.
At the lower Reynolds number, the 50% location
could be further downstream of the separation loca-
tion, suggesting that there are few opportunities for
the flap to interact with the upstream flow because
the shear layer has already separated in this region.
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Figure 6. Results of varying the hinge stiffnes of the low inertia flap mounted at (a) 20%, (b) 50%, and (c) 70% chord locations at
α= 20◦. The lift improvement∆Cl of the airfoil as compared to the baseline flap-less case is plotted in blue, and the mean flap
deflection β is plotted in purple for both Reynolds number cases.

By contrast, at the higher Reynolds number, the flap
is probably closer to the shear layer, providing both
a broader set of unsteady dynamics from the shear
layer that trigger flap motion and a greater ability for
the flap to modulate this shear-layer behavior. This
outcome suggests that a possible follow-up study of
this system as a function of Reynolds number might
consider scaled angles of attack to account for the
changing impact of the adverse pressure gradient for
the different magnitudes of flow momentum.

3.3. Instantaneous results
The third question (Q3) is related to the physics that
enables the lift benefits shown in the time-averaged
results.Wewill answer this question by examining the
flap dynamics and their interaction with the vortex-
shedding to understand the fluid-structure interac-
tion mechanisms by which the flap affects the lift
dynamics. Figure 7 shows the amplitude of the flap
oscillations, relative to the mean deflection angle β,
for the low inertia flaps (purple) and the high iner-
tia flaps (red) for both Reynolds numbers and at the
three tested flap locations for the highest stiffness
case. The highest stiffness value is chosen for this ana-
lysis because it yields significant mean lift improve-
ments across all flap locations; cf figure 6. The results
show the low inertia flaps’ oscillations are more pro-
nounced (O(1◦)) compared to the high inertia flaps
(O(0.1◦)). Thus, the low inertia flap deflections may
be described as dynamic. In contrast, the high iner-
tia flap deflections are referred to as quasi-static as
they are similar to the behavior observed for static
flaps studied in Duan and Wissa [11]. The different
flap deflection behaviors suggest that while both flaps
can improve lift, especially at the high Reynolds num-
ber case, as shown in figure 5(c), examining the lift
time-varying dynamics is critical to understanding
the improvements to the mean quantities.

3.3.1. The lift dyamics of the quasi-static, high inertia
flaps
Figures 8(a) and (b) show Cl(t) for the configuration
with the most lift improvements of the high inertia
flap (iβ = 0.012, kβ = 0.001) for bothReynolds num-
bers at 70% location. In these plots, time in the x-axis
is non-dimensionalized as convection time, normal-
ized using the freestream velocity (U∞) and chord
length (c). For each of these temporal plots in the
top row, the bottom row shows the corresponding
power spectral density as a function of the Strouhal
number defined as St= fc sin(α)/U∞, where f is the
dimensional frequency in rad/sec, and c sin(α) is the
projected chord length normal to the flow direction
(figures 8(c) and (d)).

The high inertia flap does not deploy for the
low Reynolds number case and therefore has a neg-
ligible effect on the lift measurements; cf figure 8(b).
On the other hand, for the high Reynolds number
case (figure 8(a)), where the flap deploys, the mean
of the lift signal increases by roughly 6%, and the
lift fluctuations decrease compared to the baseline.
This decrease in lift oscillations is also evident in
the power spectral density of Cl, figure 8(c) where
the flap reduces the peak amplitude at St≈ 0.27. The
St≈ 0.27 peak is within the range of classic bluff-body
shedding behavior [27]. Thus, such reduction in the
peak amplitude suggests that the lift improvement
mechanism for the high inertia flap relies on pre-
venting the interaction between the flow structures
upstream and downstream, resulting in lift oscillation
reductions and a pressure dam effect, as previously
mentioned in [11, 20] for static flaps.

3.3.2. The lift dyamics of the dynamic, low inertia flaps
Similar to figure 8, figures 9(a) and (b) show
Cl(t) signal for the case that produces the best lift
improvement for the low inertia flap (iβ = 0.0012,
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Figure 7. Amplitude from the mean deflection angle for both low and high inertia flaps at (a) Re= 200,000 (b) Re= 1,000.

Figure 8. Plots of lift coefficient, Cl, for the flap-less case and the case of high inertia flap located at 70%, kβ = 0.001 at (a)
Re= 200,000 (b) Re= 1,000. Power spectral density (PSD) of the lift signal for the flap-less case and the high inertia flap located
at 70%, kβ = 0.001 at (c) Re= 200,000 (d) Re= 1,000.

kβ = 0.001) for both Reynolds number at the 70%
location. Several differences are observed between the
low and high inertia flaps. First, the mean of the
lift signal increases at both Reynolds numbers, as
opposed to just the higher Reynolds number, which
was the case for the high inertia flap. Second, unlike

the high inertia flap, the lift fluctuations from the
mean of the low inertia flap configuration remain
within the same order of magnitude as the baseline
configuration. Third, figures 9(c) and (d) show that
the dominant peaks in power spectral density, which
occur at St≈ 0.20 and St≈ 0.27 for Re= 1,000 and
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Figure 9. Plots of lift coefficient, Cl, for the flap-less case and the case of low inertia flap located at 70%, kβ = 0.001 at (a)
Re= 200,000 (b) Re= 1,000. Power spectral density (PSD) of the lift signal in for the flap-less case and the low inertia flap
located at 70%, kβ = 0.001 at (c) Re= 200,000 (d) Re= 1,000.

200,000, respectively, are still observed for the low
inertia and baseline configuration. Since these St
numbers are within the range of vortex-shedding fre-
quencies associated with the bluff projected body of
the airfoil on the flow, the fact that the low iner-
tia flaps maintain the lift peak and its primary fre-
quency for both Reynolds numbers indicates that
the lift improvement mechanism of the low iner-
tia flaps relies on the synchrony between shedding
dynamics and flap motion that beneficially modify
the lift signature. Finally, the low inertia, dynamic
flap lift improvements are superior to those of the
high inertia, quasi-static case, indicating that the
interplay between the significant flap motion and
vortex shedding is critical to maximizing mean lift
improvements.

The lift improvement mechanism for the low
inertia flap can be visualized by examining the flow
field. More specifically, we analyze the lift-enhancing
flow structures that are modulated by the dynam-
ics of the low inertia flap at Re= 1,000. Figures 10
and 11 show the vorticity contours with superim-
posed streamlines in one time period of the lift
dynamics in the limit-cycle oscillation (LCO) regime
for the maximum lift improvement configuration
of iβ = 0.0012, kβ = 0.001 at 70% location and the

baseline flap-less configuration, respectively. This
limit-cycle behavior is associated with periodic vor-
tex shedding from the leading and trailing edges of
the airfoil (cf figures 10 and 11). Here, a lift cycle
is defined between two consecutive peaks of Cl. The
periodic formation, shedding, and interaction of the
leading (LEV) and trailing (TEV) edge vortices can be
clearly observed from these plots. The time instants
of t/T= 0 and t/T= 0.55 approximately correspond
to the instants of maximum LEV and TEV strengths,
where T is the period of the lift cycle. Comparing
the plots for the flap and baseline configurations,
one observes that the vorticity within the LEV is of
stronger magnitude for the flap case across all time
instances. This result suggests that the flap dynam-
ics are compatible with stronger LEV formation and
an associated lower pressure that augments lift. At
the same time, comparing the streamlines, we can
observe that the flap is able to block the reverse flow
associated with the TEV induced by flow separation.
This blockage is particularly apparent in figures 10(b)
and (c) versus figures 11(b) and (c), where the TEV is
prominent. The figures indicate that these two mech-
anisms of enhanced LEV growth and reduced det-
rimental effects of TEV generation are the primary
contributors to improved lift via the flap. Compatible
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Figure 10. Vorticity contours at different time instants in one period of lift cycle for the case of flap hinge located at 70% of the
chord length from the leading edge, kβ = 0.001 and iβ = 0.0012.

Figure 11. Vorticity contours at different time instants in one period of lift cycle for the flap-less case.

results were found in a separate set of flow simula-
tions at the same low Reynolds number absent grav-
ity in Nair and Goza [22], where the flap parameters
induced an exchange between flap dynamics and the
formation of the LEV and TEV.

While we do not present flow visualization data
for Re= 200,000, we expect important differences
compared to Re= 1,000, including fine-scale flow
behavior and its effect on larger-scale behavior due
to turbulence as well as distinct shedding dynamics
consistent with leading and trailing edge separation
locations that are different across Reynolds numbers
due to differences in flow momentum relative to the
imposed pressure gradient from the bluff body. That
said, the fact that the flap-flow system preserves the
dominant frequency behavior of the flap-less case for
both Reynolds numbers suggests that similar mech-
anisms to those highlighted for the low Reynolds
number might be relevant at the higher Reynolds
number. We leave a detailed assessment of such a
hypothesis to a future study.

4. Conclusions

This article set out to answer three questions related
to the aerodynamic benefits of covert-inspired flaps
across Reynolds number regimes (Q1), the depend-
ency of such benefits on the flap structural parameters
(Q2), and the physical mechanisms that govern the
fluid-structure interactions across Reynolds numbers
(Q3).

Our results for the first question (Q1) indic-
ate that the flaps improve lift across Reynolds num-
bers. The low inertia flaps induce the most signific-
ant lift improvements with ∆Cl up to 12%, repor-
ted at both Reynolds numbers. Similarities in lift
improvement across Reynolds numbers are observed
for flap locations where the relative location of the

flap with respect to the separation location is sim-
ilar. For example, for the location closest to the lead-
ing edge, the flap at both Reynolds numbers can
interact with the leading-edge vortex. In contrast, at
intermediate flap locations, and given the separation
point location dependence of Reynolds number, the
flap mean deflection angle and the corresponding lift
effects are different across Reynolds numbers.

For the second question (Q2), which aims to
relate the effect of the flap structural parameters to the
lift improvements, the time-averaged results indicate
that the hinge stiffness can be used to tailor the flap’s
mean deflection angle, which governs the resulting lift
improvements. However, the flap location affects the
sensitivity of themean deflection angle to the changes
in the hinge stiffness. Moreover, the instantaneous
lift results reveal that the flap inertia mainly controls
the flap oscillation amplitudes, where the high inertia
flap has low amplitude oscillations, implying a quasi-
static deployment and the low inertia flap has higher
amplitude oscillations, suggesting dynamic deploy-
ment behavior. The fact that the dynamic low iner-
tia flap yields superior lift enhancements compared
to the quasi-static high inertia flap suggests a prom-
inent role for the flap dynamics in enhancing lift and
that torsionally hinged flaps, that are more analogous
to feathers, are more effective in improving lift com-
pared to static or rigidly mounted flaps.

Given the flap deployment dynamics difference,
we examined the lift signal’s frequency response to
answer the third question (Q3). We presented two
distinct lift enhancement mechanisms for the high
and low inertia flap. The results suggest that the high
inertia flap improves lift by preventing the interac-
tion between the flow structures upstream and down-
stream of the flap, resulting in a pressure dam effect,
as previously observed for static flaps. In contrast, the
low inertia flap improves lift through the synchrony
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between the shedding dynamics and the flap motion.
More specifically, for the low Reynolds number case,
the low inertia flap dynamics lead to enhanced LEV
growth and reduced detrimental effects of TEV.

The results of this study can inform the design
of flow control devices for engineered vehicles and
form new hypotheses for the role of covert feathers
in bird flight. For engineered vehicles, covert-inspired
flaps are effective at improving lift at post-stall con-
ditions and for a wide range of Reynolds numbers,
suggesting that they can be deployed on vehicles of
different sizes or at various flight speeds associated
with various flight missions. As for the role of cov-
ert feathers during bird flight, future studies can
measure the stiffness and inertia of covert feathers
at multiple locations on birds’ wings and examine
the covert feather deployment behavior and dynam-
ics to examine whether birds exploit different lift-
enhancingmechanisms during flight, as discovered in
this study for the bioinspired devices.
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Appendix

While the main article focused on the effect of the
covert-inspired flaps on the lift and lift dynamics, in
this appendix section, we extend the discussion to
include the time-averaged drag forces. More specific-
ally, we discuss the effects of the flap location, iner-
tia, and hinge stiffness on the time-averaged lift Cl

and drag Cd coefficients as a function of the angle of
attack for some representative cases at Re= 200,000.
Examining lift and drag together provides a more
complete picture of the effect of the covert-inspired

flaps on performance or, more specifically, aerody-
namic efficiency.

Figure 12 shows the time-averaged lift versus
angle of attack, time-averaged drag versus angle of
attack, and the drag polar (i.e. the lift coefficient
versus the drag coefficient) for selected flap config-
urations. These configurations were selected to high-
light the effect of the flap’s location, hinge stiffness,
and flap inertia on the aerodynamic forces and aero-
dynamic efficiency. We divide our discussion of the
figure into pre-stall and post-stall regime observa-
tions, as the covert-inspired flaps aremainly post-stall
lift enhancement flow control devices.

Pre-stall Regime: At pre-stall angles of attack
(α⩽ 16), the flap effect on the lift force ismainly gov-
erned by the flap’s location. Flaps at the same loc-
ation have similar lift, regardless of the hinge stiff-
ness and flap inertia (cf figure 12(a)). For instance,
the trailing edge flaps (0.7c) have a slight detrimental
effect on lift at low angles of attack, but they have
the same maximum Cl as the baseline airfoil. The
lift determinant at low angles of attack is due to the
flap’s interaction with the trailing edge vortex and
causing the attached boundary layer near the trail-
ing edge to separate. Moreover, a slight pre-stall drag
penalty is observed for the trailing edge flaps due to
the increasedwake deficit (figure 12(b)). On the other
hand, leading edge flaps (0.2c) have no effect on Cl

at low angles of attack; however, they result in an
earlier stall onset and lower maximum Cl compared
to the baseline. The deployments of the 0.2c flaps
around α= 9◦ − 10◦ disrupts the leading edge suc-
tion peak, resulting in an early stall. This early stall
behavior is also noticeable in figure 12(b), where a
significant step increase in drag occurs around (α=
9◦ − 10◦) due to the early deployment of the 0.2c
flap. Overall, at pre-stall, an airfoil with a covert-
inspired flap is slightly less efficient than the flap-less
baseline due to the slight loss of lift and drag penalty
(figure 12(b)).

Post-stall Regime: At post-stall angles of attack
(α> 16), the stiffness and inertia effects becomemore
pronounced. For a given location and hinge stiffness,
the low inertia flaps improve lift more than the high
inertia flaps, with a maximum∆Cl of 15% compared
to 11% for the high inertia flap. The inertia mainly
controls the flap dynamics as shown in figure 7, which
in turn controls the lift dynamics as shown in figures 8
and 9. The stiffness also plays a significant role, where
a stiffer flap improves lift more for the trailing edge
location, while the less stiff flap performs better at the
leading edge location. At post-stall, for most config-
urations, there are no drag penalties associated with
the lift improvements (cf figure 12(b)). It is also note-
worthy that some flap configurations improve lift and
reduce drag by up to 12%. As a result, a significant
enhancement in aerodynamic efficiency is noticed for
the airfoil with the flap compared to the baseline post-
stall (figure 12(c)).
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Figure 12. a) Experimental Cl versus α. (b) Cd versus α, and (c) Cl versus Cd plots for representative cases of varying location,
stiffness, and inertia at Re= 200,000.
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