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Birds have a remarkable ability to perform complex maneuvers at post-stall angles
of attack such as landing, takeoff, hovering, and perching. The passive deployment of
self-actuating covert feathers in response to unsteady flow separation while performing
such maneuvers provides a passive, adaptive flow control paradigm for these aerodynamic
capabilities. Most studies involving covert-feathers-inspired passive flow control have
modeled the feathers as a rigidly attached or a freely moving flap on a wing. A flap mounted
via a torsional spring enables a configuration more emblematic of the finite stiffness
associated with the covert-feather dynamics (the free-flap case is the zero-stiffness limit
of this more general torsional spring configuration). The performance benefits and flow
physics associated with this more general case remain largely unexplored. In this work,
we model covert feathers as a passively deployable, torsionally hinged flap on the suction
surface of a stationary airfoil. We numerically investigate this airfoil-flap system at a low
Reynolds number of Re = 1000 and angle of attack of 20◦ by performing high-fidelity
nonlinear simulations using a projection-based immersed boundary method. A parametric
study performed by varying the stiffness of the spring, mass of the flap and location of
the hinge yielded lift improvements as high as 27% relative to the baseline flap-less case
and revealed two dominant flow behavioral regimes. A detailed analysis revealed that the
stiffness-dependent mean flap deflection and inertia-dependent amplitude and phase of
flap oscillations altered the dominant flow characteristics in both the regimes. Of special
interest for performance benefits were the flap parameters that enhanced the lift-conducive
leading-edge vortex while weakening the trailing-edge vortex and associated detrimental
effect of upstream propagation of reverse flow. These parameters also yielded a favorable
temporal synchronization of flap oscillations with the vortex-shedding process in both
regimes.

DOI: 10.1103/PhysRevFluids.7.064701

I. INTRODUCTION

Flow control is a process of manipulating the flow to achieve desirable performance of enhanced
lift, reduced drag, delayed flow separation and stall mitigation [1]. In the past few decades, signif-
icant advances have been made in the area of passive flow control. Passive flow control techniques
involve design modifications and passive actuations that do not require external power such as vortex
generators [2], Gurney flaps [3], and roughness elements [4]. Despite these advances, the control
aim of maintaining aerodynamic performance in the presence of significantly separated flow and
vortex shedding at post-stall angles of attack remains a challenge due to its complex, unsteady
and nonlinear nature. Such flow conditions are routinely encountered in micro- and unmanned-
aerial vehicles (MAVs and UAVs, respectively) that perform agile and complex maneuvers. Birds,
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however, have a remarkable ability to fly under adverse flow conditions and sudden gusts owing
to their natural flow control strategies [5]. To incorporate the use of these natural strategies into
UAVs and MAVs, various bio-inspired flow control devices have been developed [6]. Devices that
involve geometrical modifications to the wings and surface morphology include owl-wings-inspired
leading-edge serrations [7] and morphing wings that adaptively adjust the camber to incoming flow
conditions [8,9]. Off-surface actuation and flow manipulation via alula [10–13] and covert feathers
[14,15] provide further avenues for passively attaining aerodynamic benefits. Covert feathers are
a set of self-actuating feathers located on the upper surface of the wings. During unsteady flow
separation at large angles of attack, these feathers can passively deploy and interact with the
separated flow. These self-actuating effectors can be exploited in bio-inspired MAVs and UAVs
for attaining high agility and maneuverability [16–18]. In this work, we focus on the fluid-structure
interaction mechanisms of covert-feather-inspired passive flow control strategies.

Covert feathers are generally modeled as a rigidly attached or a freely moving flap on the upper
surface of a wing. Several aerodynamic benefits of utilizing covert-feather-inspired flaps have been
reported. At post-stall angles of attack, lift improvements ranging from 15% to 50% have been
attained experimentally at Reynolds number of Re = 104–106 [19,20]. On airfoils that exhibit
soft-stall characteristics, the flaps were able to delay the stall angle of attack while for sharp-stall
airfoils, a reduction in the drop in post-stall lift without delaying stall was reported [21]. In another
study, a delay in stall was achieved without substantial increase in maximum lift [22]. Besides stall
delay, flaps were able to mitigate lift breakdown at stall, resulting in gentler flight characteristics
[20]. The flaps were found to be beneficial during the occurrence of both trailing- and leading-edge
stall behavior [23]. At small angles of attack, flaps made using actual bird feathers attached on the
pressure surface of the airfoil provided lift and lift-to drag ratio improvements as high as 186% and
70%, respectively [24]. A reduction in lift fluctuations occurring due to severe vortex shedding at a
low Re = 1000 was achieved when flexible flaps were affixed at specific deployment angles [25].

Several physical mechanisms have been identified to contribute to the aerodynamic benefits
provided by the passively deployable flap. A “pressure dam” effect, where the flap acted as a dam in
maintaining a lower suction pressure upstream of the flap, was found to be a dominant phenomenon
yielding significant lift enhancements [26]. This effect manifested as a pressure discontinuity on
the suction surface of both soft- and sharp-stall airfoils [21]. In one of the studies, the optimum
flap deflection was found to be the one where the flap nearly touched the boundary of the separated
region or the shear layer [27]. Such a flap configuration formed a barrier to progression of reverse
flow from the trailing to the leading edge [28], causing the separation point to move aft on the airfoil
[22]. Since the flow was attached over larger portions of the wing in the presence of the flap, the
wing could sustain higher angles of attack without stalling [20]. The location of the flap was also
found to contribute differently to the aerodynamic performance. In some studies, flaps at upstream
locations near the mid-chord or the leading edge were found to be more beneficial [19], due in part
to the flap delaying the shedding of the leading-edge vortex during a dynamic ramp-up motion [28].
In contrast, the pressure dam effect had a stronger effect on lift when the flap was located more
downstream near the trailing edge [26]. Additionally, the flap near the trailing edge divided the
separated recirculation zone into two regions which was linked to delay flow separation [25].

While it is clear that covert-inspired flaps modeled using freely moving and static flaps are
beneficial for aerodynamic performance, the fully coupled dynamics—and possible additional
benefits—associated with a flap mounted via a torsional spring remain largely unexplored. This
more general model is more emblematic of the finite stiffness of bird feathers, and includes the
free flap as a sub-case in the zero stiffness limit. In Rosti et al. [29], a numerical parametric study
was performed by varying the length and moment of inertia of the flap and stiffness of the spring.
Maximal lift was attained when the natural frequency of the flap matched the frequency of vortex
shedding. These benefits were attributed to a delay in the release of the leading-edge vortex (LEV)
during a dynamic ramp-up motion [30] and reduction of the trailing-edge vortex (TEV) circulation
due to a blowing-jet-like effect when the flap oscillated downwards [29]. These studies largely
focused on a flap location of 70% chord from the leading edge, and flap stiffness/inertia properties
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FIG. 1. Schematic of the system of a passively deployable flap on an airfoil.

designed to assess the effects of aligning the vacuum-scaled resonant frequency with that of the
underlying vortex-shedding behavior. Nair and Goza [31] subsequently considered a wider range
of flap locations and structural parameters, and identified two flow behavioral regimes conducive
to aerodynamic performance. Although the pressure dam effect was the primary contributor to
lift in both regimes, the mechanisms by which the associated low pressure regions were attained
were distinct in these regimes. However, a detailed analysis of how the stiffness, inertia and flap
location contributed to the interaction of the flap with the separated flow and vortex shedding
was not performed. Nair et al. [32] also found that a single flap was more beneficial to lift than
multiple torsional flaps at low Re = 1000, for the multiflap parameters considered in that study. A
more extensive study of the flow physics and the fluid-structure interaction mechanisms of a single
passively deployable, torsionally attached flap on an airfoil is required and addressed here.

In this work, we perform two-dimensional (2D) high-fidelity, strongly coupled fluid-structure
interaction simulations of flow past a stationary airfoil with a passively deployable, torsionally
mounted flap on the suction surface. The Reynolds number of the flow based on the chord length
is set to 1000 and the post-stall angle of attack is fixed at 20◦. A wide range of moment of inertia
of the flap and stiffness of the spring, varying several orders of magnitude, is considered here. We
also consider mounting the flap at distinct locations along the airfoil. A detailed analysis of the
distinct flow regimes the airfoil-flap system exhibits is performed by critically investigating the
flow processes modulated by the hinge stiffness and flap inertia. We quantify the effects of flap
parameters on the pressure dam effect, barrier to the upstream propagation of reverse flow, strengths
of the leading- and trailing-edge vortices, and temporal synchronization of flap oscillations with the
vortex-shedding process.

II. PROBLEM SETUP AND NUMERICAL METHODOLOGY

A. Problem setup

The schematic of the problem setup is shown in Fig. 1. It consists of a stationary NACA0012
airfoil of chord length c at a post-stall angle of attack of α = 20◦ in a flow with freestream velocity
U∞. The angle of attack of α = 20◦ is chosen since the flow is significantly separated on the upper
surface of the airfoil, allowing for the lift enhancement capabilities of the deployed flap post-stall to
be studied.1 Similar large angle of attack configurations are also considered by other related works
[21,29,30,32]. The Reynolds number based on the chord length, Re = U∞c/ν, is Re = 1000, where
ν is the kinematic viscosity of the fluid. A flap of length 0.2c is hinged on the upper surface of the
airfoil via a torsional spring, where the instantaneous deployment angle of the flap is given by β.
Initially, the flap is rested at an angle of 5◦ from the airfoil surface, which is taken as the undeformed

1At prestall angles of attack, the passive deployment of the flap has been found to induce flow separation of a
generally attached flow, resulting in lift detriments [21,27]. The use of a torsionally hinged flap configuration,
not yet studied in the attached flow setting, could facilitate as-yet undiscovered lift augmentation mechanisms.
We leave such investigations to future work.
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(zero stress) deflection angle. As the vortex-shedding process occurs at the high angle of attack of
20◦, the flap passively deploys and interacts with the flow.

The varying parameters in this study are the dimensionless moment of inertia of the flap, iβ ,
stiffness of the torsional spring, kβ and chordwise distance of the flap from the leading edge, lβ ,
defined as

iβ = Iβ
ρ f c4

, kβ = Kβ

ρ fU 2∞c2
, lβ = Lβ

c
. (1)

Here, Iβ , Kβ , and Lβ are the dimensional analogs of iβ , kβ , and lβ ; and ρ f is the density of the
fluid. The parameter lβ is reported as a percentage of the chord length from the leading edge in this
manuscript. Inertia is varied as iβ ∈ {10−5, 10−4, 10−3, 10−2} while stiffness is varied in the interval
kβ ∈ [10−4, 10−1]. The lower bounds for inertia and stiffness were chosen such that an order of
magnitude smaller values for the corresponding parameters did not result in considerably different
solutions as compared to the chosen lower bounds. The upper bound for inertia was selected to be
iβ = 10−2 because an order of magnitude higher iβ = 10−1 resulted in significantly longer transient
periods. Similarly for stiffness, values beyond the upper bound, kβ > 0.1, resulted in the flap not
being deployed due to the large restoring forces of the spring. Three flap locations of 20%, 50%,

and 60% of the chord length from the leading edge are considered. These locations are chosen
since they exhibit varied lift performance behavior, as will be shown in the results Sec. III. Further
downstream locations, near the trailing edge, were considered but found to not deploy significantly
or yield considerable lift changes. These locations are thus not reported on in this article.

While the parameters in Eq. (1) are sufficient to fully characterize the system dynamics, to
facilitate a more physically intuitive interpretation we recast the torsional inertia iβ as mass ratio
mβ = ρsh/ρ f l f , where h and l f are the thickness and length of the flap, respectively. This mass
ratio can be understood as a ratio between the dimensional moment of inertia, Iβ = ρshl3f /3, and
the theoretical estimate of the added torsional inertia of the flap, Ia = 9πρ f l4f /128 [33] (ignoring
the O(1) constant factor). A mass ratio of one, therefore, implies that the flap is approximately as
resistant to an applied torque as the surrounding volume of fluid displaced by the oscillating flap.
The results in the subsequent sections will confirm this interpretation. Now, on converting iβ to mβ ,
the corresponding mass ratio is varied as mβ ∈ 1.875 × {10−2, 10−1, 100, 101}. That is, in this work
we consider mass ratios where the flap is much lighter than, commensurate with, and much heavier
than the flow inertia.

Finally, the aerodynamic performance of the airfoil-flap system will be often analyzed in terms
of coefficients of lift and pressure defined as

Cl = Fy
1
2ρ fU 2∞c

, Cp = P − P∞
1
2ρ fU 2∞

, (2)

where Fy is the dimensional integrated force along the baseline airfoil (not including the flap) in the y
direction, P is the dimensional pressure variable and P∞ is the freestream pressure. The coefficient
of drag and aerodynamic efficiency, which is the ratio of lift to drag, are not considered in this
work. This is because, covert feathers in birds (modeled using a torsionally hinged flap) are used
for performing complex maneuvers such as landing, takeoff, perching and hovering. During these
maneuvers involving stalled large-angle-of-attack conditions, the primary aerodynamic goal is to
attain increased agility via increased lift, at the cost of drag or efficiency.

B. Numerical methodology

The strongly coupled projection-based immersed boundary method of Goza and Colonius [34],
adapted for problems involving torsionally mounted flaps by Nair and Goza [35], has been utilized
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to perform the simulations in this work. In this method, the following dimensionless governing
equations are solved:

∂u
∂t

+ u · ∇u = −∇p+ 1

Re
∇2u +

∫
�

f (χ(s, t ))δ(χ(s, t ) − x)ds, (3)

∇ · u = 0, (4)

iβ
∂2β

∂t2
+ kββ = −

∫
� f

(
χ f − χ0

f

) × f (χ f )dχ f , (5)
∫




u(x)δ(x − χa)dx = 0, (6)
∫




u(x)δ(x − χ f )dx = ∂β

∂t
êi × (

χ f − χ0
f

)
. (7)

In immersed boundary method, two separate grids—one fixed and other moving—are used to
represent the flow domain and body surface, respectively. Accordingly, x denotes the fixed Eu-
lerian coordinate representing a position in the fluid domain 
 while χ(s, t ) denotes the moving
Lagrangian coordinate attached to the bodies (airfoil and flap) in the set �. The surfaces of all the
bodies are parametrized by s. For nondimensionalizing the Navier-Stokes Eq. (3) and continuity
Eq. (4), the characteristic length scale used is the airfoil chord c and velocity scale is the freestream
velocity, U∞. Accordingly, t is nondimensionalized by c/U∞ while the surface stress imposed on
the fluid by the body f and pressure p were nondimensionalized by ρ fU 2

∞, where ρ f is the fluid
density. The rotational Newton’s equation of motion of the torsional flap � f is given by Eq. (5)
where χ f is the Lagrangian coordinate of � f . This equation consists of the inertial and stiffness
terms on the left and aerodynamic torque on the flap about its hinge χ0

f due to the surface stress
imposed by the fluid (therefore, the negative sign in front) on the right-hand side. Equations (6)
and (7) are the no-slip boundary conditions enforced on the airfoil and flap, respectively, where êi

is a unit vector denoting the direction of the angular velocity of the flap and χa is the Lagrangian
coordinate of the airfoil. These no-slip constraints provide closure to the governing equations by
allowing us to solve for the surface stress term f (χ) that enforces the boundary condition on the
respective bodies.

The flow Eqs. (3) and (4) are reformulated in a streamfunction-vorticity formulation and are spa-
tially discretized using the standard second-order finite difference method. For time-discretization of
Eq. (3), an Adams-Bashforth scheme is used for the nonlinear term while a Crank-Nicolson method
is employed for the diffusive term. Equation (5) is discretized using an implicit Newmark scheme.
To ensure strong fluid-structure coupling and stability of the method for flaps with a wide range of
inertia and stiffness, the boundary condition constraint Eqs. (6) and (7) and the surface stress term
in Eq. (3) are implicitly treated at the current time step. For enforcing far-field Dirichlet boundary
conditions of zero vorticity, the multidomain approach of Colonius and Taira [36] is utilized. After
the full discretization of the equations followed by a block-LU decomposition, the resulting system
of equations are iterated using Newton’s method with a convergence criteria on the flap deflection
angle. For completeness, the fully discretized and block-LU factorized equations are provided in
Appendix A.

The computational domain consists of a structured Cartesian, staggered grid. The spatial grid
and time step sizes based on a previously performed grid-convergence study [35] are set to
be �x/c = 0.00349 and �t/(c/U∞) = 0.0004375, respectively. Following Goza and Colonius
[34], the immersed boundary spacing is set to be twice as that of the flow grid spacing of the
finest grid. The flap is modeled to be infinitesimally thin. The convergence criteria on the flap
deflection angle is ‖�β‖∞ � 10−7. For the multidomain approach for far-field boundary condi-
tions, five grids of increasing coarseness are used where the finest and coarsest grid levels are
[−0.5, 2.5]c × [−1.5, 1.5]c and [−23, 25]c × [−24, 24]c, respectively. In each grid level, the grid
discretization is uniform in both spatial dimensions.
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FIG. 2. Plots of flap deflection, β, and lift coefficient,Cl , for the flap-less case and cases of the flap hinged
at 50% chord and mβ = 1.875. Among the flap cases, Cl is plotted only for kβ = 0.0015 for cleanness.

III. RESULTS

A. Qualitative flow features

To demonstrate the qualitative flow features exhibited by the airfoil-flap system, we plot the
temporally varying flap deflection and lift coefficient for the flap located at 50% chord, mβ = 1.875
and different stiffness values in Fig. 2. It can be seen from Fig. 2(a) that in each case, the flap initially
begins from its undeformed configuration on the airfoil surface, β = 0◦. As the flow separates and a
leading-edge vortex is shed and advected downstream above the airfoil between t = 0 and t ≈ 3, the
suction pressure of the vortex induces the passive deployment of the flap into the flow. This behavior
suggests a potential utility in employing the flap for flow control over relatively fast time scales
(a few convective time units) to address transient flow dynamics. After a transient period lasting
till t ≈ 20, the airfoil-flap system enters limit-cycle oscillation (LCO) where the flap deflection in
Fig. 2(a) and airfoil lift in Fig. 2(b) undergo oscillations with largely constant amplitude about a
stationary mean value. The lift of the baseline flap-less case is also plotted in Fig. 2(b) for reference
and it exhibits similar lift dynamics, although with a smaller mean value beyond t ≈ 20. Therefore,
in this work, we focus on the flow physics in the LCO regime, occurring in our simulations for
t > 20, and leave the transient dynamics as a topic of future study.

The LCO behavior is associated with periodic vortex shedding from the leading and trailing
edges of the airfoil. To demonstrate the alternating shedding of the leading- and trailing-edge
vortices, LEV and TEV, respectively, we consider a representative case of the flap at 50% loca-
tion, kβ = 0.001 and mβ = 1.875, though we emphasize that the below-described vortex-shedding
process is present in all flap configurations. For this case, we plot the vorticity contours in
Figs. 3(a)–3(d) at four time instants in one lift cycle in the LCO regime. Here, the periodic formation,
shedding and interaction of the LEV and TEV can be clearly observed. In this manuscript, one lift
cycle is defined between two consecutive peaks of Cl . For demonstration, one period of the lift
cycle for the case corresponding to the vorticity contours is plotted in Fig. 4. From Fig. 3(a) it
can be observed that at t/T = 0, the downstream advecting LEV shed from the previous lift cycle
is above the trailing edge. The low pressure and clockwise circulation of the fully rolled-up LEV
above the airfoil suction surface provides maximum lift, as seen from Cl at t/T = 0 in Fig. 4.
The downstream advecting LEV then induces the formation of the TEV at t/T ≈ 0.27 as shown
in Fig. 3(b), which then continues to roll up at t/T ≈ 0.55 as shown in Fig. 3(c). The growing
strength of the TEV reduces the lift producing clockwise circulation around the airfoil, decreases
the pressure on the lower surface, and thereby reduces the lift, which is also seen from Fig. 4, where
a trough in Cl is attained around t/T ≈ 0.6. While the TEV grows in strength, a new LEV also
simultaneously begins to form and advect downstream. As the TEV sheds away from the trailing
edge at t/T = 0.81 in Fig. 3(d), this newly formed LEV continues to gain in circulation strength
as it advects downstream, thereby increasing the lift as noted from Fig. 4. Eventually, the rolled-up
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FIG. 3. Vorticity contours depicting vortex shedding from the leading and trailing edges of the airfoil for
a representative case of kβ = 0.001, mβ = 1.875, and 50% location (top row) and the flap-less baseline airfoil
case (bottom row) at four time instants in a lift cycle.

LEV reaches the trailing edge, maximum lift is attained at t/T = 1 and the cycle is repeated. During
this entire period, the flap continues to remain deployed and oscillate about a mean deflection angle.

Similar vortex-shedding phenomena and associated lift dynamics are also observed in the case of
an airfoil without a flap, as depicted in Figs. 3(e)–3(h) and 4, respectively. Therefore, we emphasize
that vortex shedding is ubiquitous in all the flap and flap-less cases and is the dominant flow charac-
teristic in the large-angle-of-attack airfoil-flap problem considered in this work. However, there are
intricate mechanisms through which the passively deployed flap interacts with the separated flow
and vortex shedding which will be shown to favorably improve the lift of the airfoil. To facilitate
a systematic discussion of the flap-vortex interactions in the later sections of this manuscript, we
divide one time period of flap oscillations into two temporal regions dominated by the TEV and
LEV as highlighted in Fig. 4. Here, the starting and ending portions of the lift cycle from t/T = 0
to t/T ≈ 0.2 and t/T ≈ 0.8 to t/T = 1, respectively, correspond to the LEV-dominant portion
while the TEV is dominant between t/T ≈ 0.2 and t/T ≈ 0.8, which are also coherent with the
above discussion of the vortex-shedding process. The time instants of t/T ≈ 0.2 and t/T ≈ 0.8
demarcating the LEV and TEV regions are identified using the baseline flap-less airfoil case since
the qualitative features of the vortex-shedding process are consistent across all the flap and flap-less

0 0.2 0.4 0.6 0.8 1

0.8

1

1.2

1.4

t/T

C
l

FIG. 4. Coefficient of lift in one time period of the lift cycle for the flap (50% location, kβ = 0.001, mβ =
1.875) and flap-less cases. The time period is divided into two portions dominated by the LEV and TEV where
the time instants of demarcation are t/T ≈ 0.2 and t/T ≈ 0.8.
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(b) Flap hinged at 50% chord.
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FIG. 5. Performance plots showing percentage change in mean lift for the various cases of mass ratio,
stiffness and hinge location. The marker symbols denote the flow regimes identified using a flow classification
algorithm described in Appendix B.

airfoil systems. Specifically, these times correspond to the instants when Cl of the flap-less case
crosses its mean value, which is also demonstrated in Fig. 4 by plotting the mean lift of the flap-less
case.

In the following sections, we perform a systematic parametric study of the airfoil-flap system.We
characterize the qualitatively distinct regimes that the fully coupled FSI system exhibits, and provide
detailed insights into the interplay between the flap dynamics and the formation and interaction of
vortical structures for parameters yielding lift benefits.

B. Parametric study

A parametric study is performed by varying the stiffness of the hinge, mass of the flap and
location of the hinge. The results of this study are presented in Fig. 5. Here, improvements in mean
lift of the airfoil with a torsionally mounted flap compared to the flap-less airfoil case in percentage,
�Cl , are plotted against stiffness for various mass ratios and flap locations. All the mean quantities
are evaluated in the LCO regime (t > 20). Lift improvements as high as 27% are attained using
a passively deployable flap. However, such significant benefits are realized only at certain flap
parameters. To systematically understand the role of various flap parameters on performance, we
analyze the variations in performance trends due to each parameter starting with the flap location.

The flaps located at 60% and 20% provided the best and worst lift improvements, respectively,
implying that the downstream flap locations are more beneficial for performance than upstream
located flaps. In contrast to the quantitative differences in lift improvements across flap locations,
there are certain qualitative similarities in performance trends. For instance, in Figs. 5(a) and
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(b) Flap hinged at 50% chord.
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FIG. 6. Performance plots showing percentage change in mean lift for the various cases of inertia, stiffness-
dependent mean flap deflection and hinge location. The rigid flap cases correspond to a stationary rigid flap
affixed at various deployment angles.

5(b) for the 20% and 50% locations, respectively, a single peak in performance is observed at
approximately kβ ≈ 0.0015, largely independent of the mass ratio. The flap at 60% location also
exhibits a performance peak at a similar stiffness of kβ ≈ 0.0015 for large mass ratios. However, an
important qualitative distinction is observed between these locations, where the 60% case exhibits
an additional peak at an order of magnitude higher stiffness of kβ ≈ 0.015 while the corresponding
lift improvements for the 20% and 50% cases are not considerable.

Since stiffness appears to be a more influential parameter than mass ratio in setting the qualitative
performance trends, we look at the role of stiffness next. One of the dominant effects of stiffness
is to set a nominal mean deflection angle about which the flap oscillates [31]. Indeed, one might
imagine that the flap over-deploys for small stiffness values and under-deploys for large stiffness
values. We probe the impact of stiffness on mean deflection angle, and in turn on lift, by re-plotting
the performance plots from Fig. 5 with β along the x-axis in Fig. 6. It can be clearly seen that the
cases corresponding to extreme flap configurations of β ≈ 150◦ and β ≈ 0◦, corresponding to very
low and large stiffness, respectively, do not provide considerable performance benefits regardless
of inertia. However, intermediate flap deployments corresponding to moderate values of stiffness
provide significant lift improvements.

We also note that across four orders of magnitude of mass ratio, peak lift not only occurs at
the same stiffness (cf. Fig. 5) but also at the same mean flap deflection angle (cf. Fig. 6). In
fact, the general trend in the mean lift improvement of the moving flap follows the trend of a
rigid flap as shown by the black line in Fig. 6. Here, the data for the rigid flap were obtained
via rigid-body simulations of the airfoil-flap system with a stationary rigid flap affixed at various
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FIG. 7. Vorticity contours demonstrating flap configurations in the flap-shear [subplots (a)–(c)] and flap-
vortex [subplot (d)] interaction regimes. The contours are plotted at a representative time instant of t/T = 0
and mβ = 1.875.

deployment angles. This qualitative similarity in trend suggests that (i) the role of stiffness is to set
the mean deflection angle in a manner largely agnostic to the mass ratio, and (ii) this mean deflection
angle is the primary parameter in setting the qualitative flow regime and associated aerodynamic
performance.

One might also hypothesize that the stiffness-dependent mean flap configuration can be used to
identify qualitatively different regimes; e.g., one might expect qualitatively distinct flow physics
associated with the local peaks at very different mean deflection angles in Fig. 6. In this vein, we
utilize a k-means clustering based algorithm to classify the dynamics associated with various mean
deflection angles. The details of the classification methodology, which utilizes two meaningfully
chosen lengthscales representative of the shear layer separating the bulk and near-body flow
dynamics and the proximity of the flap to shedding of the leading edge vortex, are provided in
Appendix B. The results of this flow classification procedure are indicated by the markers in Fig. 5.
It can be observed from Fig. 5 that the cases with stiffness in the vicinity of kβ = 0.0015 belong to
what we term the flap-shear interaction regime for all the 20%, 50%, and 60% locations. To visualize
the associated flap configurations, vorticity contours at a representative time instant of t/T = 0, for
mβ = 1.875, kβ = 0.0015 and all three locations are plotted in Figs. 7(a)–7(c), respectively. It can
be seen that the relatively large flap deflection is such that the flap tip lies in close vicinity of the
high momentum shear layer. All parameters classified within this regime share the prominently (but
not overly) deployed flap that has a mean deployment near the shear layer separating the bulk and
near-body flow, which underscores the chosen terminology.

However, the cases around kβ = 0.015, which correspond to the second peak for the flap at 60%
location [cf. Fig. 5(c)], are assigned to the flap-vortex interaction regime. The vorticity contour at
t/T = 0 for mβ = 1.875, kβ = 0.015 and 60% location is plotted in Fig. 7(d). The relatively low
flap deflection is such that the flap can strongly interact with the vortex-shedding process. These
coupled dynamics will be discussed in further detail in the sections below. Note that none of the
cases at the 20% and 50% locations fall under the flap-vortex regime because the flap length of
0.2c is not long enough to interact with the vortices when the flap is located relatively upstream.
Some parametric cases between the flap-shear and flap-vortex interaction regimes in Fig. 5(c) are
assigned to the transition regime, where interplay with both the shear layer and bulk vortex-shedding
processes are observed. Finally, cases corresponding to extreme stiffness values and flap deflections
are grouped together into the noninteractive regime, since they hardly interact with either the shear
layer or vortices and therefore do not provide considerable changes to lift in comparison to the
interactive regimes.

We now discuss the effect of inertia or mass ratio on lift performance. While across four orders
of magnitude of mass ratio the general trend in the mean lift improvement remains similar, there are
detailed differences across mass ratios indicated in Fig. 5. Specifically, the effect of mass ratio is not
uniformly beneficial or detrimental for lift performance. For example, for the cases in the flap-shear
interaction regime near kβ = 0.0015, the lighter flaps perform more poorly than the heavier ones,
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FIG. 8. Cp distribution (top row) demonstrating the pressure dam effect and vorticity contours with su-
perimposed streamlines (bottom row) demonstrating barrier to upstream propagation of reverse flow imposed
by the flap for a representative case of kβ = 0.0015, mβ = 1.875 and 60% chord in the flap-shear interaction
regime at four time instants in a lift cycle. Cp distributions of the baseline flap-less case are also provided for
comparison in the top row. Refer to Figs. 3(e)–3(h) for vorticity contours of the baseline case.

with maximal performance attained at an intermediate mass ratio of mβ = 1.875. In contrast, for the
cases in the flap-vortex interaction regime near kβ = 0.015, the lighter flaps provide larger mean lift
improvements. It will be shown in the later sections that one of the dominant effects of mass ratio
is to set the amplitude of flap oscillations. The lowest mass flaps oscillate with largest amplitude
which decreases with increasing mass. For a very large mass ratio of mβ = 18.75, the flap response
is quasistatic and therefore, the associated performance in Fig. 6 (orange line) strongly mimics
that of a rigidly affixed flap (black line). The time-dependent flap dynamics encoded in mass ratio,
therefore, have a secondary effect in establishing the FSI dynamics and corresponding lift behavior.

To summarize, these parametric studies suggest that the role of stiffness is to set the mean flap
deflection angle, and a k-means classification algorithm demonstrates that there are meaningful
categorical distinctions that can be established based on this mean deflection angle. The mass ratio
or inertia alters the amplitude and phase of flap oscillations which has a secondary effect on lift
performance. In the following sections, we describe in detail the physical mechanisms that yield
the high lift benefits in the flap-shear and flap-vortex interaction regimes. Within each regime, we
analyze the effects of the static mean deflection angle (driven by variations in stiffness) and of
dynamic flap motion about this mean angle (encoded in mass ratio) on the vortex-shedding process
and how this in turn modulates performance.

C. Flap-shear interaction regime

We consider a representative case within this regime, with the flap fixed at 60% location,
kβ = 0.0015 and mβ = 1.875 to discuss the lift enhancement mechanisms. For this case, the Cp

distribution on the airfoil surface at four time instants in one time period of the lift cycle are plotted
in Figs. 8(a)–8(d). For comparison, Cp on the flap-less airfoil is also plotted in the same figure. In
each plot, a step discontinuity in Cp on the suction surface of the airfoil at the location of the flap
is formed. Upstream of this discontinuity, a lower pressure zone compared to the flap-less case is
created. Since the flap acts as a dam in maintaining a low pressure region upstream of the hinge, the
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ensuing step discontinuity is identified to be the manifestation of the pressure dam effect [26]. A
similar increase inCp across the flap and/or step discontinuity was also observed in Refs. [21,22,27].

To understand the pressure dam effect in detail, vorticity contours with streamlines at the same
four time instants are plotted in Figs. 8(e)–8(h). It can be observed that the flap is significantly
extended towards the shear layer at all times. At such large flap deployment angles, the flap acts
as a barrier in dividing the large separated flow region into two smaller regions. This barrier
prevents the mixing of regions of lower and higher pressure near the leading and trailing edges,
respectively, allowing for lower pressure to be maintained upstream of the flap hinge. In the
absence of the flap as shown in Figs. 3(e)–3(h), the mixing mainly occurs due to the upstream
propagation of reverse flow occurring downstream near the trailing edge. This upstream propagation
of reverse flow is more pronounced during the growth and shedding of the TEV. For visualization,
multiple upstream moving streamlines from the trailing to the leading edge can be observed in the
flap-less vorticity contours at time instants of t/T = 0.27 and t/T = 0.55 in Figs. 3(f) and 3(g),
respectively. However, the highly extended flap in the flap-shear interaction regime significantly
blocks these streamlines in Figs. 8(f) and 8(g). Accordingly, the step discontinuities in Figs. 8(b)
and 8(c) are stronger during this TEV-dominant portion of the lift cycle. The flap-shear interaction
regime is qualitatively similar to the observations in Ref. [27], where significant lift benefits were
attained when the flap touched the boundary of the separated region or the shear layer. Such a flap
configuration formed a barrier to the upstream progression of reverse flow from the trailing edge. In
the ensuing sections, we analyze in detail how this barrier is modulated by the stiffness-dependent
mean flap deflection and inertia-dependent flap dynamics.

We note that even in the presence of the flap, some streamlines are observed to pass through the
flap in Fig. 8. We emphasize that this phenomenon does not imply a permeable flap. Instead, the flap
motion sets a nonzero flow velocity via the no-slip boundary condition due to which the streamlines
appear to pass through the flap. A closer inspection will also reveal that the streamlines are aligned
in the flap-normal direction in the vicinity of the flap, as is physically necessary. Therefore, despite
the slight upstream flow induced by the flap’s motion, the velocity of the associated reverse flow is
modulated and reduced by the slowly moving flap.

In the following sections, we decompose the effects of the flap as those due to the mean location
of the flap and the dynamics about the mean, respectively. Following the discussion in Sec. III B,
the first of these effects is dominated by the torsional stiffness, and the latter by the mass ratio. We
systematically investigate the effect of these parameters on the flow physics next.

1. Effect of varying stiffness on mean FSI characteristics

To systematically decouple and study the effects of stiffness-dependent mean flap deflection
without incorporating the effects of mass-dependent flap dynamics, in this section we focus on
the higher mass cases, mβ > 1, due to their relatively low amplitude and therefore, better approx-
imation towards exhibiting a quasistatic behavior. The additional performance-affecting physical
mechanisms due to increasing flap dynamics and amplitude with decreasing mass are separately
analyzed in the next section.

Within the flap-shear regime in the stiffness range from kβ = 0.0005 to 0.002, the maximal lift
is around kβ = 0.0015 [cf. Fig. 5(b)]. Maximal lift occurs at this stiffness value due to an optimal
balance between two dominant competing effects—a “secondary” LEV trapped by the flap and the
magnitude of flow velocity in the shear layer above the airfoil. These competing effects are described
next.

From the vorticity contours in Fig. 8, we observe that the flap divides the large separated flow
region into two zones. In the upstream zone of the flap, the trapped flow continues to recirculate
owing to the high momentum shear layer bounding from above. We refer to this trapped recirculated
flow as the secondary LEV (SLEV) since it forms a part of the clockwise rotating vortex generated
at the leading edge. A larger SLEV augments the existing low pressure region of the pressure dam
effect. The magnitude of the SLEV is proportional to the recirculation area upstream of the flap—the
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FIG. 9. Plots of various physical quantities characteristic of varying stiffness in the flap-shear regime
averaged over a time period for mβ > 1 cases.

larger the area, the larger the SLEV circulation strength, �SLEV. The area is in turn dependent on
the flap deployment angle which is largely set by stiffness. Therefore, the larger the stiffness, the
lower the deployment angle, resulting in a larger upstream recirculation area, eventually yielding
a stronger SLEV. The methodology for quantifying �SLEV is provided in Appendix C. Now, �SLEV

for the various cases of stiffness (in the flap-shear regime), mass ratio (mβ > 1) and hinge locations
are plotted in Fig. 9(a). As expected, �SLEV increases with increasing stiffness for all mass and
locations. This increase in �SLEV is the first dominant mechanism which contributes to improved
performance, specifically the preflap suction lift, which is also plotted in Fig. 9(c). Here, the preflap
suction lift is the lift contribution by the upper surface of the airfoil upstream of the flap (i.e., before
the discontinuity in the Cp plot). We plot the preflap lift instead of the total lift of the upper surface
since the effect of the SLEV is prominent in the region upstream of the flap.

We also note from Fig. 9(c) that for some cases, as the stiffness is increased to kβ = 0.002,
the preflap lift decreases even though the corresponding �SLEV continues to increase in Fig. 9(a).
This trend is observed for mβ = 1.875 case at 50% flap location and both mass ratio cases at 60%
location. This decrease in lift with increasing stiffness is associated with the continued decrease
in flap deployment to the point where the flap detaches from the shear layer. This detachment
weakens the barrier imposed by the flap and allows increased mixing between the upstream and
downstream flow regions separated by the flap. A noticeable example of increased mixing due to the
shear-layer-detached flap is demonstrated in Fig. 10, where vorticity contour plots of kβ = 0.0015
and kβ = 0.002 cases for the 50% location and mβ = 1.875 at a representative time instant of
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(a) Increased blocking at kβ = 0.0015.
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FIG. 10. Demonstration of the stiffness-dependent flap deployment angle dictating the magnitude of
blocking of propagation of TEV-induced reverse flow via vorticiy contours and superimposed streamlines at
t/T = 0.55 for mβ = 1.875 and 50% chord.
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FIG. 11. Comparison of the pressure dam effect at different flap locations via mean Cp distribution for
mβ = 1.875, kβ = 0.0015.

t/T = 0.45 are plotted. For kβ = 0.0015 in Fig. 10(a), the flap extended towards the shear layer
effectively blocks the TEV-induced reverse flow. However, when the stiffness is increased to
kβ = 0.002 in Fig. 10(b), the flap is observed to detach away from the shear layer which causes
an increased upstream propagation of TEV-induced reverse flow. We emphasize that the amplitude
of flap oscillations in the flap-shear regime, specifically for mβ > 1, is not significant which can
also be visualized from the temporal vorticity plots of related cases in Figs. 8(e)–8(h) and 3(a)–
3(d). Therefore, the shear-layer-extended and -detached flap configurations for kβ = 0.0015 and
kβ = 0.002 cases, respectively, and associated mixing characteristics are valid at all time instants.
We note that the increased reverse flow in the latter further strengthens the TEV, which is detrimental
to lift since the TEV reduces the clockwise circulation around the airfoil. This lower clockwise
circulation in turn reduces the downstream moving flow velocity magnitude in the shear layer above
the suction surface of the airfoil near the leading edge. This lower flow velocity in the shear layer
is unfavorable to the low pressure region upstream of the flap. As a proxy for the flow velocity
within the shear layer, the mean of peak x component of flow velocity attained at a representative
location of x = 0.2 is plotted in Fig. 9(b). The peak velocity is taken as the maximal value across all
y locations, at x = 0.2, which is then averaged over a lift cycle. We note that the chosen x location
is suitable for this analysis because our aim is purely to have a representative measure of the flow
momentum in the shear layer. It can be observed that the cases beyond kβ = 0.0015 that exhibit a
decrease in the preflap lift with increasing stiffness in Fig. 9(c) also exhibit a decrease in the peak
velocity in the shear layer above the suction surface upstream of the flap. This reduction in velocity,
which primarily occurs due to the detachment of the flap from the shear layer, is the second dominant
mechanism that deleteriously affects lift.

Finally, from Fig. 5 we note that the flaps at downstream locations have a higher maximal
lift compared to those at upstream locations. Specifically, the peak performance in the flap-shear
interaction regime for 60% case is the highest while that of 20% is lowest. This is because the flaps
at locations further downstream allow a larger preflap suction surface to benefit from regions of low
pressure created by the pressure dam effect. This increased exposure to the pressure dam effect can
be visualized in Fig. 11, where the mean Cp distribution for three flap locations with mβ = 1.875
and kβ = 0.0015 are plotted. The 60% case has the largest region of preflap suction pressure as
compared to the flaps located further upstream.

To summarize, maximal performance in the flap-shear interaction regime is observed around
kβ ≈ 0.0015 due to the competing effects of (advantageous) increasing SLEV strength and (dis-
advantageous) decreasing flow velocity in the shear layer above the suction surface due to the
detachment of the flap from the shear layer as the stiffness is increased. In this section, we analyzed
the lift enhancement mechanisms associated with the mean flap deflection through the lens of higher
mass cases of mβ > 1 to focus on the (quasi)static effect of the flap on the flow. In the next section,
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FIG. 12. Flap deflection in one time period of the lift cycle for 50% chord and kβ = 0.0015. The time
period is divided into two portions dominated by the LEV and TEV where the time instants of demarcation are
t/T ≈ 0.2 and t/T ≈ 0.8.

we will investigate how flap dynamics, largely governed by mass ratio, play a role in favorably or
adversely altering this quasistatic behavior.

2. Effect of varying inertia on FSI dynamics

In Sec. III B, we noted that in the flap-shear regime, the lowest mass ratio yielded the least
lift improvement whereas peak performance for a given stiffness was attained at mβ = 1.875. In
this section, we discuss the dominant mechanisms through which the flap dynamics (encoded in
mass ratio) modulate the TEV-induced reverse flow and LEV strength, which in turn affect lift
performance.

To explain the effect of mass ratio on the flap dynamics consisting of amplitude and phase, we
plot the flap deflection in one time period of the limit-cycle oscillation (LCO) for a representative
case of kβ = 0.0015, 50% location and different mass ratios in Fig. 12. Firstly, the amplitude of
the flap oscillation decreases as the mass is increased and for a large mass ratio of mβ = 18.75,
the flap is almost stationary. Secondly, the flap oscillations also have a different phase relative to
each other (and the lift dynamics), especially discernible for the lowest three cases of mass ratio. To
understand the effects of mass-dependent varying amplitude and phase on the flap-fluid interactions
and associated performance, we divide the lift cycle into two parts—the LEV- and TEV-dominant
portions—as shown in Fig. 12. This temporal segregation is described in Sec. III A and Fig. 4, where
the baseline case is used as the reference due to the consistent nature of vortex shedding across all
the flap and flap-less airfoil cases. This baseline case also provides a meaningful reference for the
phase of the flap dynamics: we define the phase of flap oscillations, φ, to be the time delay (in
radians) between the observed peak of β and the starting time instant of the TEV-portion (t/T =
0.2): φ = 2π [argmaxt/T (β ) − 0.2]. The reason for using the start of the TEV-portion of the signal
to define the phase is explained in Appendix C.

In the following, we analyze the effects of flap dynamics on performance in two parts—the TEV-
and LEV-dominated portions of the lift cycle. In each portion of the cycle, we identify the physical
mechanisms that favorably or detrimentally contribute to lift.

First, we analyze the TEV-dominant portion and identify a separate physical mechanism be-
tween the downstream (50% and 60%) and upstream (20%) flap locations. This distinction will
be connected to the effects of the TEV and SLEV, whose presence are dominantly experienced
downstream near the trailing edge and upstream near the leading edge, respectively. For the flaps at
the downstream locations of 50% and 60%, the ability of the flap to block the TEV-induced reverse
flow dictates whether there are performance benefits or detriments during this TEV-portion of the
cycle. For a given stiffness-dependent mean deflection angle, the ability to maximize blocking is
linked to the timing (or phase) and amplitude of the flap dynamics relative to the TEV formation
process. First, to motivate the importance of timing, we recall that during the TEV-dominant portion
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FIG. 13. Demonstration of propagation of TEV-induced reverse flow facilitated by the upstream oscillation
of the flap via vorticiy contours and superimposed streamlines at t/T = 0.55 for kβ = 0.0015 and 50% chord.

from t/T ≈ 0.2 to t/T ≈ 0.8, the TEV induces reverse flow that propagates upstream from the
trailing to the leading edge. If the flap motion is such that it also oscillates in the upstream direction
(towards the leading edge) during this TEV-dominant portion of the lift cycle, then the flap facilitates
the upstream propagation of TEV-induced reverse flow via the no-slip constraint imposed by the
flap. This flap motion corresponds to a phase of φ ≈ π (according to the above-mentioned definition
of phase) and is detrimental to lift. For demonstration, we consider the flap dynamics of the lighter
flaps (mβ < 1) in Fig. 12 where these flaps move in the upstream direction (increasing deflection) at
the initiation of the TEV-portion of the cycle, t/T ≈ 0.2. To visualize how this upstream oscillating
flap facilitates TEV-induced reverse flow, vorticity contour for the lightest flap, mβ = 0.01875, at
50% location and kβ = 0.0015 at a time instant of t/T = 0.55 when the TEV is approximately at
its maximum strength is plotted in Fig. 13(a). Several upstream moving streamlines passing through
the upstream oscillating flap can be observed. However, in the comparative vorticity contour for
the larger mass ratio of mβ = 1.875 in Fig. 13(b), only fewer streamlines pass through the flap.
This upstream propagation of TEV-induced reverse flow experienced by light flaps reduces the
pressure difference across the flap and thereby the lift-enhancing pressure-dam effect. Motivated by
the observed importance of timing of flap oscillations relative to the growth of TEV, we now probe
the phase for all mass ratios, flap locations and stiffness values of kβ = 0.0005 and kβ = 0.0015
in Fig. 14. The figure demonstrates that for the downstream locations of 50% and 60%, lower flap
masses indeed yield a phase closer to π than zero, implying that the flap oscillations of lower-mass
flaps promote TEV-induced reverse flow and associated lift detriments.
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FIG. 14. Phase difference of flap oscillations vs mass ratio (along the radial axis) for various stiffness and
locations.

064701-16



FLUID-STRUCTURE INTERACTION OF A BIO-INSPIRED …

10−2 10−1 100 101
0

10

20

mβ

Ω
50% kβ = 0.0005
50% kβ = 0.0015

(a) Integrated angular
velocity of the flap.

10−2 10−1 100 101

0.25

0.3

mβ

C
l

60% kβ = 0.0005
60% kβ = 0.0015

(b) Mean pre-flap
suction lift.

10−2 10−1 100 101

0.37

0.38

mβ

−Γ
S

L
E

V

20% kβ = 0.0005
20% kβ = 0.0015

(c) Mean negative
SLEV strength.

10−2 10−1 100 101
0.14

0.15

0.16

mβ

C
l

(d) Mean pre-flap
suction lift.

FIG. 15. Plots of various physical quantities characteristic of varying inertia in the flap-shear interaction
regime averaged or integrated over the TEV-dominant portion of the lift cycle for different locations, mass
ratios and stiffness.

The impact of the phase difference between the flap and the underlying shedding dynamics
depends on the amplitude of the flap oscillations. For example, one might expect that for sufficiently
small flap amplitudes, the dynamic effect of the flap is negligible irrespective of the phase with
respect to the underlying flow behavior. We therefore use the angular velocity of the flap to quantify
the magnitude of TEV-induced reverse flow. We note that this measure is a reasonable proxy
for TEV-induced reversed flow since the flap tip is sufficiently close to the shear layer in the
flap-shear regime that, to reasonable approximation, we can neglect any reverse flow occurring
between the flap tip and the shear layer. Therefore, the amount of reverse flow is estimated by
integrating the angular velocity (ω) of the flap during the TEV-dominant portion of the lift cycle:

 = ∫

TEV ωd (t/T ). This integrated angular velocity is plotted for the various cases of mass ratio,
stiffness and locations of 50% and 60% in Fig. 15(a). As expected, it can be seen that the lower-mass
flaps have a larger positive angular velocity due to their large-amplitude oscillations compared to
the quasistatic mβ = 18.75 case. This large-amplitude motion is disadvantageous to lift because of
the phase relationship of these flap dynamics highlighted earlier. As a proxy for performance, in
Fig. 15(b) we also plot the preflap lift improvement for the same cases as those in Fig. 15(a). The
cumulative effect of the phase difference of approximately π and large flap velocity results in the
lowest mass flaps providing the least preflap lift improvements in the TEV-portion of the lift cycle
in Fig. 15(b).

We continue our discussion of the TEV-portion of the lift cycle by now considering the flaps at
20% location. Here, due to the farther upstream location of the flap from the trailing edge, the role
of the flap aiding the TEV-induced reverse flow is not significant as compared to the downstream
flap locations discussed above. For demonstration, consider the vorticity contours at t/T = 0.55
when the TEV is approximately at its maximum strength for two different mass ratios of mβ =
0.01875 and mβ = 1.875, kβ = 0.0015 and 20% location in Fig. 16. In both cases, the reverse flow
has propagated upstream with significantly less hindrance than the similar flaps located at 50%
in Fig. 13. Therefore, any additional facilitation or blocking of the TEV-induced reverse flow has
insubstantial effect on lift.

Instead, the SLEV formed near the leading edge is found to be more influential to performance
at the upstream location of 20%. Recall the following two facts—(a) the SLEV strength is higher
when the flap deflection is lower (cf. Sec. III C 1) and (b) the mean flap deflection is largely agnostic
to mass ratio at a given stiffness (cf. Sec. III B). Based on these two statements, for a fixed stiffness,
the mass ratio that yields a flap deflection that is lower than the (nearly) constant mean for the
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FIG. 16. Demonstration of insubstantial variations in TEV-induced reverse flow for upstream 20% flap
location and kβ = 0.0015 via vorticiy contours and superimposed streamlines at t/T = 0.55.

majority of the TEV-dominant portion of the lift cycle, will yield a larger SLEV strength during this
portion. In other words, the SLEV is enhanced when the phase of mass-dependent flap dynamics
is φ ≈ −π/2, while φ ≈ π/2 is least conducive to the growth of the SLEV. Now, the phase of
flap oscillations as well as the mean SLEV circulation strength, �SLEV, in the TEV-portion of the
lift cycle for the 20% location, and varying flap parameters are plotted in Figs. 14 and 15(c),
respectively. It can be seen in Fig. 14 that the lower masses are associated with a phase (away
from −π/2) that is detrimental to SLEV growth compared to the larger masses. Accordingly, the
mean �SLEV plotted in Fig. 15(c) is lowest for the lower-mass flaps. The effect of reduced �SLEV is
manifested as reduced preflap suction lift for lower-mass flaps plotted in Fig. 15(d).

Our prior discussion of the TEV-portion of the lift cycle clarified the detrimental role of light
flaps at both the upstream and downstream flap locations. It is also clear from the associated
figures [e.g., the preflap stress in Fig. 15(b)] that intermediate masses yielded the highest lift benefits.
To clarify the beneficial role of intermediate mass values, we now analyze the mechanisms in the
LEV-dominant portion of the cycle, for times of approximately t/T ∈ [0, 0.2] ∪ [0.8, 1]. In the
LEV-portion of the lift cycle, the LEV is the dominant contributor to lift as evidenced by the peak
lift attained in the LEV-portion in Fig. 4. Whether the LEV is enhanced or deteriorated is dictated
by the flap-LEV interactions, which in turn affects performance. Therefore, we next focus on these
flap-LEV interactions and demonstrate that the dynamics of these interactions in the LEV-portion
can be divided into two parts—formation of the primary LEV (PLEV) from the SLEV and advection
of the PLEV into the airfoil wake.

In the first part, the PLEV is formed when a portion of the circulating flow in the SLEV trapped
upstream of the flap advects downstream. This process can be visualized from the vorticity contours
in Fig. 8, where in going from t/T = 0.55 in Fig. 8(g) to t/T = 0.82 in Fig. 8(h), the SLEV
(upstream of the flap) is found to decrease with a simultaneous formation of the PLEV (downstream
of the flap). We term this process as the SLEV-to-PLEV transfer and it occurs roughly towards
the end of the TEV-portion at t/T ∈ [0.6, 0.8]. To make this process evident, the SLEV (�SLEV)
and PLEV (�PLEV) circulation strengths in one lift cycle for the case of mβ = 1.875, kβ = 0.0015
and 50% location are plotted in Fig. 17. It can be seen that in t/T ∈ [0.6, 0.8] (highlighted by the
vertical black lines), �SLEV decreases while �PLEV increases. Now, the flap motion that synchronizes
favorably with the SLEV-to-PLEV transfer process is expected to enhance the lift-conducive
PLEV. For example, the flap with mβ = 1.875 oscillates upstream (increasing deflection) during
the SLEV-to-PLEV transfer process (see the green line in Fig. 12 in t/T ∈ [0.6, 0.8]). Therefore,
the decreasing circulation region for the SLEV (due to increasing flap deflection) is synchronized
with the decreasing SLEV strength (cf. Fig. 17) as the SLEV is transferred downstream to form
the PLEV. This synchronization makes the SLEV-to-PLEV transfer process more efficient than for
cases where such a synchronization is not present, such as the (quasistatic) larger mass ratio case
of mβ = 18.75. In fact in the latter setting, the flap roughly acts as a rigid barrier to the efficient
advection of the LEV.
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FIG. 17. Vortex circulation strengths in one time period of the lift cycle for 50% chord, mβ = 1.875 and
kβ = 0.0015. The region between the black vertical lines, t/T ∈ [0.6, 0.8], denotes the SLEV-to-PLEV transfer
process.

The second part of the flap-LEV interaction is concerned with the speed of advection of the
PLEV once the SLEV-to-PLEV transfer is completed. The flap that quickly displaces the PLEV
downstream is expected to be more detrimental to lift than the flap that slows the PLEV-advection
process, allowing the associated low-pressure benefits to persist for longer. More specifically, the
flap that oscillates downwards (decreasing deflection) with higher velocity in t/T = [0.8, 1] will
impart a higher momentum to displace the PLEV downstream. For instance in Fig. 12, consider the
lower-mass flaps (mβ < 1.875) which have a phase of φ ≈ π (cf. Fig. 14) and accordingly oscillate
downwards in t/T = [0.8, 1]. To visualize the effect of this flap motion on the PLEV, a vorticity
contour at a representative time instant of t/T = 0.91, mβ = 0.01875, kβ = 0.0015, and 50%
location is plotted in Fig. 18(a). Here, the streamlines emerging through the downward-oscillating
flap displaces the PLEV further downstream. For comparison, we have also plotted a vorticity
contour for the corresponding intermediate mass mβ = 1.875 case in Fig. 18(b). It can be observed
that the mβ = 1.875 flap does not accelerate the PLEV advection process in Fig. 18(b) as much as
the lower-mass flap counterpart due to the its delayed phase (cf. Fig. 14) in addition to its lower flap
velocity.

To generalize the effect of phase on the PLEV-advection process for all mass ratios, flap locations
and stiffness values of kβ = 0.0005 and kβ = 0.0015, we note from Fig. 14 that the lower flap
masses indeed yield a phase closer to π than the phase of φ ≈ −π/2 of the larger-mass counterparts.
This implies that the lower-mass flaps accelerate the PLEV advection and yield associated lift
detriments. Finally, to quantify the cumulative effect of the SLEV-to-PLEV transfer and the PLEV
advection for these cases, we plot the PLEV strength (�PLEV) and post-flap suction lift averaged
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FIG. 18. Demonstration of downstream displacement of PLEV facilitated by the downward oscillation of
the flap via vorticity contours and superimposed streamlines at t/T = 0.91 for kβ = 0.0015 and 50% chord.
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FIG. 19. Plots of various physical quantities characteristic of varying inertia in the flap-shear interaction
regime averaged or integrated over the LEV-dominant portion of the lift cycle for different locations, mass
ratios and stiffness.

over the LEV-portion of the lift cycle in Fig. 19. Post-flap suction lift is the lift contribution by the
upper surface of the airfoil downstream of the flap (i.e., after the discontinuity in the Cp plot). We
plot the post-flap lift since the effect of the PLEV is prominent in the region downstream of the flap.
From Fig. 19(a), the largest �PLEV is attained at an intermediate mass ratio of mβ = 1.875 which
also yields the highest post-flap suction lift in Fig. 19(b). This intermediate mass ratio is found
to be maximal because (a) an efficient SLEV-to-PLEV transfer is enabled by the moderate flap
oscillations of mβ = 1.875, which is nonexistent in the quasistatic larger-mass case of mβ = 18.75
and (b) the advection of the PLEV is relatively decelerated as compared to the lower-mass cases of
mβ < 1.875 due to a favorable phase of φ = −π/2 of flap oscillations and lower angular velocity.

To summarize the effects of varying inertia of the flap on flow physics in the flap-shear
regime, the mass ratio of mβ = 1.875 is observed to provide the best performance improvement
with the lowest mass cases providing the least benefits in the flap-shear regime owing to sev-
eral fluid-structure interaction mechanisms. For the downstream flap locations of 50% and 60%,
this mass ratio yields a phase and amplitude of flap dynamics that mitigate (disadvantageous)
upstream-propagating reverse flow during the TEV-portion of the cycle and facilitate a more efficient
SLEV-to-PLEV transfer as well as a slower PLEV advection during the LEV-portion. For the
upstream flap location of 20%, the same benefits arise during the LEV-portion of the cycle, and
for the TEV-portion the benefits come not from mitigating reverse flow (as in the downstream flap
locations) but from maximizing the lift-producing SLEV. In the next section, we identify the lift
enhancing mechanisms of the flap-vortex interaction regime and perform similar analysis of the
effect of varying stiffness and mass ratio on aerodynamic performance.

D. Flap-vortex interaction regime

We consider a representative case of the flap fixed at 60% location, kβ = 0.015 and mβ = 1.875
to discuss the lift enhancing mechanisms in this regime. For this case, the Cp distribution on the
airfoil surface and vorticity contours at four time instants in one time period of the lift cycle
are plotted in Figs. 20(a)–20(d) and 20(e)–20(h), respectively. There are instances where a pressure
dam effect, similar to that in the flap-shear interaction regime are observed (cf. the low pressure
zone maintained upstream of the flap on the suction surface followed by a step discontinuity in
Fig. 20(b) with any of theCp plots from Fig. 8). The vorticity contour at the associated time instant,
Fig. 20(f), also reveals a similar blockage of the upstream-propagating reverse flow induced by the
TEV. However, the Cp plots and vorticity snapshots at the other time instances indicate a distinct
mechanism from the flap-shear regime, where flap oscillations occur nearer to the airfoil surface and
have more direct interaction with the vortex-shedding process. This observation justifies the k-means
categorical distinction between this regime and the flap-shear regime, and also suggests why this
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FIG. 20. Cp distribution (top row) demonstrating the pressure dam effect and vorticity contours with
superimposed streamlines (bottom row) demonstrating barrier to upstream propagation of reverse flow imposed
by the flap and LEV for a representative case of kβ = 0.015, mβ = 1.875 and 60% chord in the flap-vortex
interaction regime at four time instants in a lift cycle. Cp distributions of the baseline flap-less case are also
provided for comparison in the top row. Refer to Figs. 3(e)–3(h) for vorticity contours of the baseline case.

flap-vortex regime is not observed for upstream flap locations where such flap-vortex interplay is
not possible. We characterize the distinct mechanisms for this new regime in this section.

We observe that the flap fully blocks the TEV-induced reverse flow during the initial growth
of the TEV at t/T = 0.27 in Fig. 20(f), despite its reduced deflection. However, as the TEV
further grows in strength, the reduced flap deflection is unable to entirely block the reverse flow
at t/T = 0.55, as interpreted from the streamlines originating from the TEV and propagating
above the flap in Fig. 20(g). While this reduced flap deflection is not conducive to the blocking
of TEV-induced reverse flow, it allows the LEV to efficiently advect downstream through the
region between the shear layer and the flap with little hindrance. At these instances when the TEV
strength is near-maximum, the high-momentum carrying LEV which has approached near the flap
provides additional blocking of the TEV-induced reverse flow. Therefore, the upstream-propagating
streamlines above the flap are restricted only to the flap hinge and do not progress towards the
leading edge as seen in Fig. 20(g). This type of aggregate blocking by the flap and the LEV, which
is only observed when the flap strongly interacts with the vortex shedding, yields a pressure-dam
like effect.

In the following sections, analogous to the flap-shear regime, we first present the dominant effects
of the mean flap location, which is largely driven by a balance of the mean flow forces on the flap
and the internal flap stress determined by stiffness. We then identify how dynamics about this mean
state, encoded in flap mass, further modulate the effects of the flap on flow and performance.

1. Effect of varying stiffness on mean FSI characteristics

Similar to the analysis of the effect of stiffness in the flap-shear interaction regime in Sec. III C 1,
in this section, we discuss the effect of stiffness-dependent mean flap configuration on lift perfor-
mance in the flap-vortex regime through the lens of higher mass ratios cases of mβ > 1. Within
the flap-vortex regime for large mass ratios, the maximal lift is attained around kβ = 0.01–0.015
[cf. Fig. 5(c)]. Maximal lift occurs at this stiffness value due to an optimal balance between two
dominant competing effects—efficient advection of LEV and the magnitude of flow velocity in
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FIG. 21. Demonstration of LEV deformation as it advects above the flap at t/T = 0.82 for mβ = 1.875
and 60% chord via vorticity contours.

the shear layer above the suction surface of the airfoil—which are analyzed in this section. For
lower mass ratios, mβ < 1, a significant jump in performance as compared to mβ > 1 is observed
in the flap-vortex regime, though the peak performance still corresponds to a similar stiffness of
kβ = 0.015 [cf. Fig. 5(c)]. This implies that while the static effects described in this section are ap-
plicable for the lower-mass cases, there are additional dynamical effects of the flap-fluid interactions
that are beneficial to lift. These flap dynamics and associated lift improvements are described in the
next section.

As mentioned earlier, the smaller flap deflection allows the LEV to advect through the region
between the shear layer and the flap. This spatial gap can either favorably or adversely influence
the LEV-advection process and therefore, the LEV strength, �LEV. For demonstration, consider the
vorticity contours plotted in Fig. 21 for the cases of a relatively highly (kβ = 0.005) and weakly
(kβ = 0.015) deployed flap with mβ = 1.875 and 60% location at a representative time instant
of t/T = 0.82 which corresponds to the LEV advecting above the flap. The kβ = 0.005 flap in
Fig. 21(a) is largely deployed such that the LEV has to maneuver above and around the flap through
the relatively smaller region as compared to kβ = 0.015 in Fig. 21(b). The lack of flow passage
width in the kβ = 0.005 case distorts the advecting LEV as seen in Fig. 21(a) while a sufficiently
large but not excessively wide region in Fig. 21(b) for kβ = 0.015 effectively squeezes and enhances
the rolling-up of the LEV. Therefore, the LEV strength is, respectively, worsened and enhanced for
kβ = 0.005 and kβ = 0.015. Now, the mean �LEV for the various cases of stiffness and mass ratio at
60% location is plotted in Fig. 22(a), where the methodology for quantifying �LEV is described in
Appendix C. To correlate the effect of �LEV on performance, the mean lift generated by the suction
surface of the airfoil is also plotted in Fig. 22(c). From Fig. 22(a) it can be seen that �LEV increases
as the stiffness is increased from kβ = 0.005 to kβ = 0.015 for all mass ratios. This increase in
�LEV contributes to the initial rise in the suction surface lift in Fig. 22(c). As the stiffness is further
increased and yields a qualitatively different regime than the flap-vortex regime, �LEV begins to
decrease, as the weakly deployed flap approaches the baseline case. This reduction in �LEV and
associated drop in lift can be observed for the kβ = 0.02, mβ = 18.75 case (dashed green line) in
Fig. 22(a), which according to Fig. 5(c) belongs to the noninteractive regime.

We also note that the increasing LEV strength with increasing stiffness, however, does not always
continue to improve performance—the suction surface lift begins to drop after kβ = 0.01–0.015 [cf.
Fig. 22(c)]. Similar to the analysis of effect of stiffness in Sec. III C 1, this reversal of performance
trend is associated with the increasing gap between the flap and the shear layer as the stiffness
is increased. Recalling from Sec. III C 1, a large gap resulted in a reduced barrier to upstream-
propagating reverse flow, thereby permitting a further growth of the TEV. The resulting reduced
flow velocity in the shear layer above the suction surface of the airfoil near the airfoil leading edge
is detrimental to maintaining a lower pressure zone and maximizing lift upstream of the flap. As a
proxy for the flow velocity within the shear layer, the mean of peak x component of flow velocity
attained at a representative location of x = 0.2 is plotted in Fig. 22(b). The peak velocity is taken
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FIG. 22. Plots of various physical quantities characteristic of varying stiffness in the flap-vortex regime
averaged over a time period for 60% chord, mβ > 1 and varying stiffness.

as the maximal value across all y locations, at x = 0.2, which is then averaged over a lift cycle. A
reduction in the peak velocity for stiffness values beyond kβ = 0.008 can be observed, which in turn
contributes to the reduction in the suction surface lift in Fig. 22(c).

Finally, we remark that the kβ = 0.008 and kβ = 0.01 cases at the largest mass case of mβ =
18.75 exhibit certain inconsistencies, which are manifested as slightly fluctuated variations in
�LEV and suction surface lift contribution in Figs. 22(a) and 22(c), respectively. However, these
fluctuations are not present in the performance plots of Fig. 5(c). To understand the cause for
these inconsistencies in Fig. 22, consider the plots of flap deflection over many convective time
units for the largest mass ratio, mβ = 18.75, cases in the flap-vortex regime in Fig. 23(a). It
can be observed that the kβ = 0.008 and kβ = 0.01 cases undergo large-amplitude low-frequency
oscillations with superimposed small-amplitude high-frequency oscillations. Here, the high- and
low-frequency components correspond to the frequency of vortex shedding and vacuum-scaled
natural frequency of the large mass flap, respectively. To understand the effect of dual frequencies
in flap dynamics on the airfoil lift response, the lift signals for these cases are plotted in Fig. 23(b).
It can be seen that the lift dynamics also exhibit low-frequency (albeit small-amplitude) oscillations
enveloping the more dominant high-frequency signal. The presence of this low-frequency envelope
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FIG. 23. Demonstration of the presence of dual frequencies in the flap deflection signal only minimally
affecting the frequency of the airfoil lift signal for select stiffness values at the largest mass ratio ofmβ = 18.75
and 60% chord.

064701-23



NIRMAL J. NAIR AND ANDRES GOZA

0 0.2 0.4 0.6 0.8 1
0

20

40

t/T

β

mβ = 0.01875
mβ = 0.1875
mβ = 1.875
mβ = 18.75

FIG. 24. Flap deflection in one time period of the lift cycle for 60% location and kβ = 0.015. The time
period is divided into two portions dominated by the LEV and TEV where the time instants of demarcation are
t/T ≈ 0.2 and t/T ≈ 0.8.

makes the high-(vortex-shedding)-frequency lift dynamics notably aperiodic, which results in the
conflicting consequences in Fig. 22. Specifically, while the mean quantities in the performance
plots of Fig. 5(c) are evaluated across several lift cycles, in the more detailed analysis presented in
Fig. 22, the mean quantities are evaluated in just one lift cycle. For all the cases except mβ = 18.75,
consistent results are attained regardless of whether the mean quantities are evaluated in a single
time period of lift or multiple lift cycles, since the lift signal is largely periodic. However, due to the
aperiodic nature of mβ = 18.75 cases, the mean quantities in one lift cycle can nonnegligibly vary
from the mean evaluated across several cycles.

We emphasize that the dual frequencies in the deflection and lift signals are present only in the
large mass ratio cases of mβ = 18.75. This is because the large mass of the flap denies the flap to
respond quickly to the vortex-shedding process prompting the flap to slowly oscillate at its lower
natural frequency. However, not all mβ = 18.75 flaps exhibit such a nature—dual frequencies are
mostly observed only for kβ = 0.008 and kβ = 0.01 while the adjacent stiffness cases of kβ = 0.005
and kβ = 0.015 undergo largely small-amplitude, high-frequency oscillations with low-frequency
oscillations being decayed as observed from Fig. 23(a). This is because, in the former cases of kβ =
0.008 and kβ = 0.01, the mean flap configurations are such that the flaps are strongly positioned
within the vortex-shedding region. However, in the latter cases of kβ = 0.005 and kβ = 0.015, the
flaps oscillate above and below the core vortex-shedding region, respectively, thereby eluding the
strong aerodynamic fluctuations of vortex shedding. In any case, these effects are not addressed in
detail here, as the single-cycle analysis is appropriate for the smaller mass ratios and, even for the
higher masses, sufficient to identify the primary mechanisms driving lift improvements/detriments
of focus here.

In summary, the competing effects of (advantageous) increasing LEV strength and (disadvanta-
geous) decreasing flow velocity in the shear layer above the suction surface near the leading edge as
the stiffness is increased, results in maximal lift being attained around a stiffness of kβ = 0.01–0.015
in the flap-vortex interaction regime. In this section, we analyzed the lift enhancing mechanisms
associated to the mean flap deflection through the lens of higher mass cases of mβ > 1 due to their
better approximation towards a quasistatic response. In the next section, we will investigate how
flap dynamics, largely encoded through mass ratio, plays a role in favorably or adversely affecting
these mechanisms.

2. Effect of varying inertia on FSI dynamics

Similar to the flap-shear regime, the primary effect of flap mass is to modify the flap amplitude
and phase of oscillations in the flap-vortex regime. For demonstration, Fig. 24 plots flap deflections
in one time period of the lift cycle for several mass ratios, kβ = 0.015 and 60% location. Distinct
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FIG. 25. Phase difference of flap oscillations vs mass ratio (along the radial axis) for various stiffness at
60% chord.

phase behavior (visible by the shifted time instants of peak flap deflection) and a reducing amplitude
with increasing flap mass can be clearly observed. To understand the effects of mass-dependent
varying amplitude and phase on the flap-fluid interactions and associated performance, we divide
the time period of lift cycle into two parts—the LEV- and TEV-dominant portions—as described in
Sec. III A. Also, the phase is defined in the same manner as in Sec. III C 2 and Appendix C.

In the flap-vortex regime, the ability of the flap to constructively interact with the LEV while
countering the TEV and TEV-induced reverse flow dictates whether there are performance benefits
or detriments. This ability of the flap to enhance the LEV and mitigate the TEV is linked to
the timing (or phase) and amplitude of the flap dynamics relative to the TEV-formation and
LEV-advection process. To motivate the importance of timing, we focus on the dynamics of the
lowest mass flap, mβ = 0.01875, in Fig. 24 and associated interactions with the LEV and the TEV
in Fig. 20. During the TEV-portion, the flap oscillates downwards as seen from Fig. 24. This motion
is in response to the downstream advection of a newly shed LEV and can be visualized in going from
Figs. 20(f) to 20(h). Once the LEV has advected beyond the flap, the close vicinity of the LEV to the
flap, its low pressure and the velocity induced by the clockwise rotating flow pulls the flap upwards
in the LEV-portion as seen in going from Figs. 20(h) to 20(e). This upwards flap motion in the
LEV-portion can also be observed in Fig. 24. This type of downwards and upwards oscillating flap
in the TEV- and LEV-portions, respectively, correspond to a phase of φ ≈ 0 (based on the previous
definition of phase) and enhances the performance in two ways. Firstly, the downward flap motion
during the TEV-portion allows the LEV to efficiently advect downstreamwithout hindrance from the
flap. Secondly, this downward motion also counters the upstream-propagating reverse flow induced
by the TEV and therefore mitigates the growth of the TEV. Motivated by the observed importance
of timing of flap oscillations, we now probe the phase for all mass ratios, 60% location and stiffness
values of kβ = 0.005 and kβ = 0.015 in Fig. 25. The figure demonstrates that lower-mass flaps have
a favorable phase closer to zero than the larger-mass flaps, specifically when kβ = 0.015, implying
that the flap oscillations of lower-mass flaps enhance LEV advection while mitigating TEV-induced
reverse flow.

We also note that in addition to this favorable phase of φ ≈ 0, a large angular velocity of the
flap further augments the LEV while mitigating the TEV. For demonstration, consider the vorticity
contours at t/T = 0.45 plotted in Fig. 26 for the lowest (mβ = 0.01875) and largest (mβ = 18.75)
mass ratios at kβ = 0.015 and 60% location. The lower-mass flap oscillates with a larger angular
velocity and therefore during the downward flap motion in the TEV-portion, the flap strongly pulls
the flow from the high-vorticity shear layer towards itself [interpreted from the streamlines passing
through the flap in Fig. 26(a)] and stimulates the rolling-up of the LEV. At the same time, the large
angular velocity also counters the upstream-propagating TEV-induced reverse flow more strongly
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FIG. 26. Demonstration of the mitigation of TEV and roll-up enhancement of LEV facilitated by the
downward-oscillating flap via vorticity contours with superimposed streamlines at t/T = 0.45 for kβ = 0.015
and 60% chord.

in Fig. 26(a). However, the quasistatic nature of the larger-mass flap in Fig. 26(b) does not counter
the TEV-induced reverse flow as much as the higher-velocity lower-mass flap resulting in increased
TEV strengths which can be visualized in Fig. 26(b).

For quantifying and generalizing the LEV enhancement and TEV mitigation capabilities of
different mass ratio flaps at 60% location and stiffness values of kβ = 0.005 and kβ = 0.015, we
plot the LEV (�LEV) and TEV (�TEV) circulation strengths averaged over a lift cycle in Figs. 27(a)
and 27(b), respectively. Refer to Appendix C for the methodology of evaluating �LEV and �TEV. It
can be seen that the lower-mass flaps have the highest �LEV and lowest �TEV for a range of stiffness
values which in turn contribute to the corresponding highest suction surface lift, which is plotted in
Fig. 27(c). The analysis in Ref. [29] also revealed similar insights where the flap parameters that
yielded considerable lift benefits mitigated the TEV strength while enhancing the LEV by virtue of
the oscillating flap near the trailing edge.

In summary, the lowest inertia flap is observed to provide the best performance improvement
for a fixed stiffness in the flap-vortex regime. This was primarily due to the downward flap motion
during the TEV-dominant portion of the lift cycle coupled with large flap angular velocity which
augmented the rolling-up of the LEV and countered the TEV-induced reverse flow the most.
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FIG. 27. Plots of various physical quantities characteristic of varying inertia in the flap-vortex interaction
regime averaged over one time period for 60% location, and varying mass ratio and stiffness.
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FIG. 28. Identification of resonance in the flap-vortex regime via plots of amplitude of flap oscillations
and frequency spectrum. (a) Amplitude of flap oscillations for a flap hinged at 60% chord and mβ = 0.01875;
(b) normalized power spectral density (PSD) of the lift and flap deflection signals for the flap-less case and the
case of flap hinged at 60% chord, kβ = 0.008 and mβ = 0.01875.

3. Occurrence of resonance and connections to added mass

In this section, we investigate the occurrence of resonance in the flap dynamics and its effect
on aerodynamic performance. In Fig. 28(a), the amplitude of flap oscillations is plotted for the
flap at 60% location and lowest mass, mβ = 0.01875. The appearance of a peak in amplitude (near
a stiffness of kβ = 0.005–0.008 which belongs to the flap-vortex regime) suggests that resonance
may be a feature of improved performance for this regime. To investigate this possibility, we probe
the relationship between the flap dynamics in the FSI system and the forcing frequency, which in
this case is the frequency of vortex shedding, fv . To identify fv , the normalized power spectral
density (PSD) of the lift dynamics of the flap-less case is plotted in Fig. 28(b). From this figure,
the frequency of vortex shedding of the flap-less case is found to be fv = 0.54. We also plot the
PSD of the lift and flap dynamics for parameters near the performance peak hypothesized to be
associated with resonance, kβ = 0.008, mβ = 0.01875 and 60%. It can be observed that both the
lift and flap dynamics exhibit similar frequency spectra and more importantly, the presence of the
flap only slightly increases the frequency of the airfoil-flap system as compared to the flap-less
case. Therefore, we consider the baseline vortex-shedding frequency, fv = 0.54, for the following
theoretical analysis.

Now, the vacuum-scaled natural frequency of the flap, fβ = 1/2π
√
kβ/iβ , is fβ = 4.50. Here,

iβ is the moment of inertia of the flap as defined in Sec. II A, which can be interchangeably
used with mass ratio as iβ = mβ (l f /c)4/3, where l f is the dimensional length of the flap. This
natural frequency of the flap is, however, greater than fv by an order of magnitude. This mis-
match of frequencies is because the vacuum-scaled frequency does not account for the effect of
added mass in the FSI system. Accordingly, the FSI-scaled natural frequency of the flap is f ′

β =
1/2π

√
kβ/(iβ + ia), where ia denotes the nondimensional added moment of inertia of the displaced

fluid. Recall from Sec. II A that mass ratio of the flap is the ratio of the dimensional moment of
inertia of the flap (Iβ) to that of the displaced fluid (Ia), i.e., mβ ≈ Iβ/Ia. Here, an approximation
symbol is considered because while defining mβ in Sec. II A, an O(1) approximation was utilized.
Therefore, the mass ratio associated to the added inertia of the displaced fluid ismβ ≈ Ia/Ia = 1 and
based on the inertia-mass-ratio relationship described above, ia ≈ 0.00053. Now, on incorporating
this added mass term, the FSI-scaled natural frequency of the above-mentioned case is f ′

β = 0.61,
which is much closer to fv = 0.54 than fβ . Therefore, the above-mentioned large amplitude of flap
oscillations in addition to the close frequency matching between vortex shedding and FSI-scaled
natural frequency strongly suggests that resonance is a driver of improved performance in the
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flap-vortex regime. Interestingly, the added inertia term also indicates why the performance trends in
Fig. 5(c) and flap dynamics in Fig. 24 of the lowest two mass flaps mβ = 0.01875 and mβ = 0.1875
are very similar: when accounting for the effects of added mass, which are prominent for low mass
ratios, the aggregated masses of, i.e., 1.01875 and 1.1875, respectively, are relatively similar.

Finally, to understand the effect of resonance on performance, recall from Fig. 5 that the global
maximum lift across all parameters occurred in the flap-vortex regime at kβ = 0.015,mβ = 0.01875
and 60% location. Although the amplitude at kβ = 0.015 is lower than that at kβ = 0.008 from
Fig. 28(a), it may in part be due to the physical limitations of the flap oscillating closer to the airfoil
(due to larger stiffness, i.e., lower mean deflection) and not owed completely to the dynamical
theory of the associated spring-mass system. In addition to these flap limitations, the fact that across
a wide range of stiffness and inertia that spans over several orders of magnitude, stiffness values
corresponding to maximum lift (kβ = 0.015) and amplitude (kβ = 0.008) are only separated by a
factor of two indicates that maximum lift approximately occurs near resonance. Resonance was also
found to strongly correlate with the optimal lift performance in Ref. [29], though a vacuum-scaled
definition for the natural frequency was considered. However, we used the FSI-scaled natural
frequency of the flap that accounted for the added mass of the fluid. The contribution of the
added mass can be significant in fluid-structure interaction problems, specifically for low mass flaps
considered in this our work [37].

In summary, resonance was found to occur in the flap-vortex regime by noting the large-
amplitude flap oscillations and matching of the vortex-shedding frequency and FSI-scaled natural
frequency of the flap. Across orders of magnitude variations in stiffness and inertia, maximal lift
was found to occur near resonance.

IV. CONCLUSIONS

In this manuscript, we numerically modeled covert feathers as a passively deployable torsional
flap mounted on the suction surface of a stationary airfoil and investigated the flow physics of
this airfoil-flap-flow system via high-fidelity 2D simulations. A low Reynolds number of Re =
1000 and a post-stall angle of attack of 20◦, where significant flow separation and vortex shedding
occurred, were considered. We performed a systematic parametric study of this system by varying
the flap location, hinge stiffness and flap inertia. Lift improvements as high as 27% with respect
to the baseline flap-less airfoil were achieved with most and least benefits provided by the flaps
located at downstream and upstream flap locations of 60% and 20% of the chord from the leading
edge, respectively. The primary role of stiffness was to set a mean flap deflection angle which
in turn played a dominant role in setting the overall dynamical regime and qualitative trends in
aerodynamic performance. Flap inertia had a secondary role in modifying these trends by inducing
time-dependent dynamics.

The summary of the various flap-fluid interaction mechanisms that modulated airfoil perfor-
mance and yielded certain parameters to be maximal is provided as a flow chart in Fig. 29.
First, two flow regimes that provided enhanced performance were identified using a k-means flow
classification algorithm—flap-shear and flap-vortex interaction regimes. The flap-shear regime was
characterized by the flap extending towards the shear layer while the flap-vortex regime featured
significant interactions between the flap and the vortex-shedding process. In the flap-shear regime,
the pressure dam effect was found to be the dominant mechanism for enhancing lift where a low
pressure region upstream of the flap was maintained due to the blocking of the upstream propagation
of reverse flow induced by flow separation and trailing edge vortex (TEV). Flap inertia dictated
the phase and amplitude of flap dynamics with respect to large-scale flow features, encoding the
effectiveness of this pressure-dam to mean lift. In the flap-vortex regime, there was a similar
pressure-dam like blockade caused by the flap and the leading edge vortex (LEV). In addition,
the flap dynamics interacted directly with the vortex-shedding process to modulate the strength and
advection dynamics of the LEV and TEV.
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FSI physics of the airfoil-flap-flow system

Flap-shear regime
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blocks TEV-induced reverse flow
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FIG. 29. Summary of the analysis of the fluid-structure interaction (FSI) physics of flow past a passively
deployable flap attached on an airfoil.

Next, noting the effects of stiffness and inertia on the flap dynamics, the analysis of each regime
was divided into two parts which investigated the effect of varying stiffness and inertia. This
analysis delineated how the stiffness-dependent mean flap deflection angle and inertia-dependent
flap amplitude, velocity and phase affected various flow structures, respectively. The analysis of the
effect of inertia in the flap-shear regime was further divided into a detailed analysis of the TEV-
and LEV-dominant portions of the lift cycle for the upstream (20%) and downstream (50%, 60%)
locations of the flap.

The reader is referred to Fig. 29 for an overview of all the different flow features that are
affected by the mean flap deflection angle β, phase of flap oscillations φ, and flap angular velocity.
However, we emphasize that the general theme of the analysis is that any mechanism that leads
to the enhancement of the secondary LEV (SLEV) and primary LEV (PLEV) in the flap-shear
regime and LEV in the flap-vortex regime while mitigating the TEV and derived effects such as
TEV-induced reverse flow and reduced flow velocity above the suction surface are beneficial for
mean lift. The “↑” and “↓” symbols in Fig. 29 denote “increases” and “decreases,” respectively,
“+” symbol denotes “in addition to” and “→” symbol denotes “implies.” The resulting maximal
parameters in each regime are provided in the lower-most block in Fig. 29.

This work affirms the lift enhancement capabilities of covert feathers on birds and covert-inspired
passive flow control at post-stall angles of attack reported in literature. The numerous physical
insights described in this manuscript provide plausible hypothesis for the utility of these feathers in
biological flight and can be leveraged to facilitate the use of covert-inspired designs in bio-inspired
aerial vehicles. The FSI dynamics and associated lift generating mechanisms at lower Re can be
also used to augment the findings of experiments and numerical simulations at higher Re number,
which are generally expensive to be performed routinely. Future work could also involve studying
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the influence of the covert-inspired flap on dynamic pitching of an airfoil that more realistically
models the landing and perching dynamics of birds.
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APPENDIX A: STRONGLY COUPLED IMMERSED BOUNDARY (IB) METHOD FOR
FLUID-STRUCTURE INTERACTION (FSI) PROBLEMS

The strongly coupled IBmethod is based on the method of Goza and Colonius [34] and re-derived
for bodies that are torsionally mounted to a rigid body in Nair and Goza [35]. This method has been
used to simulate single [31] as well as multiple [32] torsionally hinged flaps on an airfoil. For
completeness, we give an overview here of the solution procedure employed to advance the system
of Eqs. (3)–(7). The reader is referred to the above references for more details.

On the full discretization of the governing equations described in Sec. II B and rewriting the
resulting equations in the stream-function-vorticity formulation, we obtain the following:

CTACsn+1 +CTET
n+1 fn+1 = r fn , (A1)

4

�t2
iββn+1 + kββn+1 − QtRt,n+1 ft,,n+1�s = rφ

n , (A2)

2

�t
βn+1 − φn+1 = rβ

n , (A3)

Er,n+1Csn+1 = 0, (A4)

Et,n+1Csn+1 − RT
t,n+1Q

T
t φn+1 = 0. (A5)

Here, the time step is denoted by the subscript n; the stream function and surface stresses imposed
on the bodies by fluid are denoted by s and f, respectively; the stress on the torsionally hinged body
is denoted by ft, ∈ f. We also define φ = β̇. The curl operator is given by C; A = 1

�t I − 1
2L where

I is the identity, L is the discretized vector Laplacian operator (in this case, via a standard second
order finite difference stencil) and �t is the time step size. The discretization of the operators in
the left-hand side of Eqs. (6) and (7), Er and Et , respectively, are the IB interpolation operators that
interpolate the fluid velocity onto the rigid and torsional bodies, respectively, and E is simply the
block-row aggregation of Er and Et . However, ET represents the regularization operator involving
the delta function in Eq. (3) which regularizes surface stress from each of the bodies onto the flow
field. See Ref. [38] for more details about the IB interpolation and regularization operators that are
constructed using regularized delta functions. The operator QtRt,n+1 denotes the discretization of
the term involving the surface stress in Eq. (5) and �s is the size of discretization of the body. See
the Appendix of Ref. [35] for the detailed construction of these operators as well as the expressions
of the right-hand side terms r fn , rφ

n , and rβ
n .

On introducing an iterative scheme and performing a block-LU decomposition of Eqs. (A1)–(A5)
[34], we obtain the final system of equations as follows:

s∗ = (CTAC)−1r fn , (A6)
(
E (k)
n+1C(C

TAC)−1CTE (k)T
n+1 + 2�s

�t
S(k)Tt,n+1J

−1
β S(k)t,n+1

)
f (k+1)
n+1

= E (k)
n+1Cs

∗ − rc(k) + S(k)Tt,n+1

(
rβ(k) − 2

�t
J−1
β rφ(k)

)
, (A7)
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(a) Gap ratio in flap-shear interaction regime
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(b) Flap ratio in flap-vortex interaction
regime

FIG. 30. Demonstration of length scales in the primary flow regimes. Both contour plots are identical and
correspond to the mean velocity magnitude of the flap-less case.

�β = J−1
β

(
rφ(k) + �sS(k)t,n+1 f

(k+1)
n+1

)
, (A8)

sn+1 = s∗ − (CTAC)−1CTET
n+1 fn+1. (A9)

Here, the FSI iteration is denoted by the superscript (k). The structural operators involving iβ and kβ

are embedded in Jβ while Qt and Rt,n+1 are included in S(k)t,n+1. The detailed derivation of the block
LU decomposition can be found in the Appendix of Ref. [35].

The entire method is divided into three steps. First, a trial streamfunction s∗ is predicted without
accounting for the body forces and no-slip constraints in Eq. (A6). Next, the FSI coupling Eqs. (A7)
and (A8) are solved iteratively at the next time step n + 1 for the surface stress f (k+1)

n+1 and body

configuration β
(k+1)
n+1 = β

(k)
n+1 + �β. Within each FSI iteration, the linear system in Eq. (A7) is solved

using an iterative method such as GMRES. Finally, the streamfunction at the current time step, sn+1,
is obtained via a projection step by removing the nondivergence-free and slip components from the
trial streamfunction using the updated surface stress in Eq. (A9).

APPENDIX B: FLOW CLASSIFICATION

The flow classification algorithm is derived from Nair and Goza [31] but applied on a larger
data-set consisting of all flap locations of 20%, 50%, and 60%. Due to the significance of stiffness-
dependent mean flap configurations described in Sec. III B, we base the classification algorithm on
time-averaged data. First, the mean velocity magnitude contour for the flap-less case is plotted in
Fig. 30. The mean is evaluated using eleven snapshots of velocity magnitude uniformly collected in
one time period of the lift cycle. We emphasize that the contour of the flap-less case is considered
instead of the flap cases to identify the locations of the baseline flow-field modified by the flap. Next,
on top of this contour, we superimpose the mean flap configurations. For demonstration, we show the
mean flap configuration superimposed on flap-less velocity contours for the cases of kβ = 0.0015
and kβ = 0.01, with hinge location at 60% chord and mβ = 1.875 in Figs. 30(a) and 30(b), which
correspond to the flap-shear and flap-vortex interaction regimes, respectively.

Next, we define two length scales that will be used as inputs to a k-means clustering algorithm.
To define these length scales, we draw two contour lines that denote: (a) the outer boundary of the
shear layer defined as the locus of points that satisfy |u|/U∞ = 0.99, as shown in Figs. 30(a) and
30(b) the outer boundary of the recirculation zone that excludes the vortex-shedding region defined
as the locus of points that satisfy |u|/U∞ = 0.25, as shown in Fig. 30(b). Now, the two length scales
are defined to be the Fig. 30(a) gap ratio, rg = lg/lG, where lg is the distance between the flap tip and
the nearest point on the shear layer while lG is the vertical distance between the corresponding point
on the shear layer and the airfoil surface as sketched in Figs. 30(a) and 30(b) r f = lv/l f , where lv is
the length of the portion of the flap inside the vortex region, while l f is the total length of the flap,
as sketched in Fig. 30(b).
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FIG. 31. Clusters determined by the k-means algorithm with gap ratio, rg and flap ratio, r f as the inputs.
The data points include all the cases of mass ratio, stiffness and hinge location considered in the parametric
study.

Next, these length scales are evaluated for all the parametric cases and used as inputs to a k-means
clustering algorithm to segregate the cases into different regimes. The number of clusters is set to
k = 4 and the algorithm is repeated 50 times on the same data-set to ensure global convergence. The
resulting clusters determined by the algorithm are plotted in Fig. 31, which contains the data for all
values of stiffness, mass ratio and flap locations. The cases with by a low gap ratio (the flap is near
the shear layer) and flap ratio (the flap does not protrude into the vortex region) are classified into
the flap-shear interaction regime. However the cases with a large gap ratio (the flap is far away from
the nominal mean shear layer) and flap ratio (the flap is deflected downwards and into the region
where it will interact with vortex-shedding phenomena) are assigned to the flap-vortex interaction
regime. The third cluster corresponds to a transition regime between the primary two regimes (the
large flap ratio indicates protrusion into the region where vortex shedding will occur but the small
gap ratio suggests that the flap remains significantly deployed). Finally, the last cluster corresponds
to all the noninteractive cases—the mean lift is essentially unchanged from the baseline (flap-less)
case because the flap is hardly deployed or the flap has completely flipped over. The final results of
this flow classification algorithm are superimposed on the results of the parametric study in Fig. 5.

APPENDIX C: QUANTIFYING VORTEX CIRCULATION STRENGTH AND PHASE
OF FLAP OSCILLATIONS

The methodology used to quantify the circulation strengths of the LEV, TEV and SLEV is
described in this section first. The vorticity contour of a representative case of 50% location,
mβ = 1.875 and kβ = 0.0015 at t/T = 0.36 is plotted in Fig. 32 for demonstration. The LEV, SLEV,

0 0.5 1

−0.4

−0.2

0

0.2

x

y

LEV
SLEV
TEV

FIG. 32. Demonstration of areas of integration for quantifying LEV, SLEV, and TEV strengths.

064701-32



FLUID-STRUCTURE INTERACTION OF A BIO-INSPIRED …

and TEV vortex strengths are quantified as

�LEV =
∫
Agreen

γ −dA, �SLEV =
∫
Ared

γ −dA, �TEV =
∫
Amagenta

γ +dA, (C1)

where � denotes the circulation strength; γ is the vorticity; + and − superscripts on γ denote
anti-clockwise and clockwise rotating vorticity, respectively; and Acolor is the area enclosed by the
surface whose boundary is colored by “color” as shown in Fig. 32. The primary LEV strength is
evaluated as, �PLEV = �LEV − �SLEV.

The green box used to quantify the LEV strength is defined using three lines: (a) shear layer
defined as the locus of points where |u|/U∞ = 0.99, bounding from above, (b) a vertical line joining
the airfoil trailing edge and the shear layer, bounding from the right, and (c) suction surface of the
airfoil, bounding from below. The red box used to quantify the SLEV strength is defined similarly
as the green box, except that the lines bounding from the right correspond to the flap and a vertical
line connecting the flap tip and the shear layer. Finally the rectangular magenta box used to quantify
the TEV strength has dimensions of [0.85, 1.1]c × [−0.35,−0.1]c.

Next, we describe the reason for defining phase in Sec. III C 2 as φ = 2π [argmaxt/T (β ) − 0.2].
We note that the adverse effect of TEV-induced reverse flow can be countered if the flap moves
downward against the reverse flow in the TEV-portion of the lift cycle. In other words, the flap is
desired to be approximately at its maximum deflection at the start of the TEV-portion. Accordingly,
based on the above-mentioned definition of phase, φ = 0 is expected to mitigate TEV-induced re-
verse flow the most. Retrospectively, phase was defined in such a way to denote desired performance
when φ = 0.
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