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This paper aims to study the aerodynamic and propulsive performance of a plunging airfoil using novel plunging waveform, that creates
additional trailing edge vortices, that affects the flow field and, consequently, the aerodynamic loads on the airfoil. This waveform is
generated by means of superpositioning of the regular sinusoidal wave with a faster one. This novel waveform not only allows to add
another pair of trailing edge vortices but also to control their strength. It is found that as the weight of the faster wave increases, the thrust
coefficient increases rapidly while the propulsive efficiency decreases slowly, allowing a window of high thrust with small efficiency
reduction. Understanding the effect of generating additional trailing edge vortices within the regular flapping cycle on the propulsive
performance is the main objective of this work.
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1. Introduction

Unmanned Aerial Vehicles (UAVs), more commonly known
as drones, have seen a significant increase in their appli-
cations, ranging from surveillance to delivery services. A
specific type of UAVs that employ flapping wings for flight,
mimicking the flight mechanics of birds and insects, have
gained considerable interest [1, 2]. The study of the forces
on flapping wings is of paramount importance in the field of
UAVs. Not only it aids in understanding and improving the
flight mechanics of these vehicles but also paves the way for
innovative design and control strategies inspired by nature.
As the demand for efficient and versatile UAVs continues to
grow, the significance of studying the forces on flapping
wings will also increase. One primary reason for studying
the forces on flapping wings is to understand the flight
mechanics of these UAVs [3]. The forces acting on the wings

during the flapping cycle, which include lift, drag/thrust,
determine the flight characteristics of the UAV. By studying
these forces, we can gain insights into the stability,
maneuverability and efficiency of the UAV. Analyzing the
forces on flapping wings can aid in the design optimization
of these UAVs [4]. By understanding how different design
parameters such as wing shape, size, and flapping fre-
quency affect the forces on the wings, we can optimize these
parameters to improve the performance of the UAV. For
instance, we might be able to design wings that generate
more lift or reduce drag, thereby increasing the payload
capacity or energy efficiency of the UAV [5].

The forces on flapping wings are also essential for
developing control algorithms for these UAVs [6, 7]. These
algorithms need to account for the time variation of the
forces on the wings to accurately control the UAVs flight.
For example, by knowing the lift force generated by the
wings, the control algorithm can determine how much to
flap the wings to achieve a desired altitude for a given
payload, or the flapping power during sudden change in its
weight.
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The study of forces on flapping wings is also crucial for
structural analysis of these UAVs. The wings of a UAV are
subjected to various forces during flight, including aerody-
namic forces due to air flow, inertial forces due to accel-
eration, and gravitational forces. These forces can induce
stresses and strains in the wing material, which can lead
to deformation or even failure of the wing structure.
By studying these forces, we can predict the structural
response of the wings under different flight conditions and
ensure that the wings have sufficient strength and stiffness
to withstand these forces [8]. This can help in preventing
structural failures, improving the reliability and safety of
the UAVs.

The forces on flapping wings also have significant
implications for the design of flapping mechanisms. The
flapping mechanism is the component of the UAV that
generates the flapping motion of the wings. The design of
this mechanism needs to account for the forces on the
wings to ensure that it can generate the required flapping
motion without failure. Moreover, the forces on the wings
can affect the power requirements of the flapping mecha-
nism. By studying these forces, we can design more efficient
flapping mechanisms that minimize power consumption,
thereby extending the flight duration of the UAVs [9, 10].

Finally, studying the forces on flapping wings can
provide biomimetic insights, i.e. understanding how birds
and insects fly and applying these principles to improve the
design and control of flapping wing UAVs [11]. This
biomimetic approach has the potential to lead to innovative
solutions that enhance the performance of these UAVs
beyond what is achievable with traditional aeronautical
engineering approaches.

In [12], they focused on the effects of nonsinusoidal
heaving trajectory, nonsinusoidal pitching trajectory, and
the effective angle of attack on the energy extraction per-
formances of a flapping foil operating at low Reynolds
number ðRe ¼ 1100Þ. The study found that the best pro-
pulsive efficiency is obtained for sinusoidal paths, while
nonsinusoidal ones are found to slightly improve thrust and
lift forces.

The effect of nonsinusoidal trajectory on the propulsive
performances and the vortex shedding process behind a
flapping airfoil was investigated in [13]. A movement of a
rigid NACA0012 airfoil undergoing a combined heaving and
pitching motions at low Reynolds number (Re ¼ 11;000)
was considered. Although the maximum propulsive effi-
ciency is always achievable with sinusoidal kinematics,
nonsinusoidal kinematics are found to considerably
improve performance: A 110% increase of the thrust force
was obtained in the best studied case.

Another study [14] found that when the pitching ampli-
tude was small, the trapezoidal pitching profile could indeed
improve the mean output power coefficient of the flapping

foil. However, when the pitching amplitude was larger
than the optimal value, the nonsinusoidal pitching motion
negatively contributed to the propulsion performance.

Aim of this study is to quantify the aerodynamic and
propulsive performance of a plunging airfoil using two-peak
waveform kinematics. Superposition of fast and slow sinu-
soidal waves creates four inflection points per cycle, that
generates additional Trailing Edge Vortices (TEVs) that
affects the flow field and, consequently, the aerodynamic
loads on the airfoil. The aerodynamic performance of the
proposed waveform is studied on a plunging NACA 0012
airfoil in terms of lift, thrust and power coefficients and
propulsive efficiency. Then, it is followed by a comparison
with the performance using regular sinusoidal waveform
plunging with the same flight and plunging characteristics
to quantify the new waveform performance. The benefits
are quantified by means of creating regression models for
each performance parameter. Also, the time variation of the
coefficients are presented. The paper is structured as fol-
lows. The study methodology is stated in Sec. 2 and the
resultant aerodynamic and propulsive performance is dis-
cussed in Sec. 3, followed by a comparison between the
performance of the proposed waveform and the sinusoidal
one using regression modeling in Sec. 4, and the work is
concluded in Sec. 5. Understanding the effect of generating a
second TEV within the regular flapping cycle, and is effect
on the propulsive performance is the main objective of this
paper.

2. Methodology and Problem Formulation

2.1. Plunging kinematics and the proposed
waveform

Plunging motion refers to the vertical motion of the entire
airfoil parallel to the flow direction. This motion can be
described as a periodic upward and downward translation
of the airfoil. In fluid mechanics, plunging motion affects the
flow structure by causing changes in the effective angle of
attack, resulting in variations in lift and drag forces. Most
of studies implement a sinusoidal motion in the vertical
direction as

yðtÞ ¼ A� sinð2�ftÞ; ð1Þ
where y(t) is the vertical position of the airfoil, A is the
motion maximum amplitude in meters, and f is the
dimensional frequency of the plunging motion, in Hertz.

In this study, a new waveform is proposed, in which it is
formed from a superposition between the main sinusoidal
wave and a N-times faster sinusoidal one and weighted by
the parameter �. In the present case, the fast wave has a
three times faster frequency and the weighting parameter
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varies from 1.0 to 0.3, as shown in Eq. (2). Figure 1 shows
the family of studied waveforms side by side with the
regular sine waveform for the means of comparison. The
time and amplitude in this figure are nondimensionalized
based on the periodic time of the flapping cycle and the
plunging maximum amplitude, respectively, and all waves
have the same periodic time and peak-to-peak amplitude. It
shall be noted that when � is set to unity, the equation
returns to Eq. (1).

yðtÞ ¼ A½� sinð2�ftÞ þ ð1� �Þ sinðN � 2�ftÞ�: ð2Þ

Since this proposed waveform is obtained from two si-
nusoidal waves, then this composite waveform is sinusoi-
dal, continuous, harmonic and differentiable up to any
order. By making the function smooth we overcome the
issue of getting undefined values of velocity or acceleration
naturally without need of additional smoothing or compli-
cated blending functions. These features lead to simpler
implementation in terms of the mechanical design of the
flapping system [15].

A unique feature of this proposed waveform is the
presence of two peaks each half cycle, with smooth transi-
tion between them, governed by the weighting factor �
where it varies from 1.0 (pure sine) to 0.3. This allows us to
understand clearly the effect of generating a second TEV
within the regular flapping cycle, and its effect on the pro-
pulsive performance.

2.2. Problem formulation

NACA 0012 airfoil undergoing pure plunging motion is
studied in the numerical analysis. The nondimensional
plunging amplitude (h) and reduced frequency (k) are

defined in Eqs. (3) and (4), respectively, as follows:

h ¼ A=C; ð3Þ

k ¼ 2�fC

Uo
; ð4Þ

where C is the airfoil chord, f is the plunging frequency and
Uo is the free stream velocity. Reynolds number is defined
based on the free stream velocity and chord as the char-
acteristic speed and length scales.

For the h and k combination used, the instantaneous and
time-averaged lift, thrust and power coefficients and the
propulsive efficiency parameters are calculated according
to:

�CT ¼ � 1
T

Z tþT

t
CDðTÞdt; ð5Þ

�CP ¼ � 1
TUo

Z tþT

t
CLðTÞy: ðTÞdt; ð6Þ

�P ¼
�CT
�CP

; ð7Þ

where �CT and �CP are the time average thrust and power
coefficients, CDðtÞ and CLðtÞ are the instantaneous drag and
lift coefficients, T is time period in seconds, y

: ðTÞ is the
plunging velocity, and �P is the propulsive efficiency. All
the parameters and definitions follow the standard ones
mentioned in [16].

2.3. Computational setup

A plunging NACA 0012 airfoil with 10-cm chord at zero
angle of attack is simulated using ANSYS CFX 18. The airfoil
is treated as a moving boundary inside the domain and

Fig. 1. Waveforms of the plunging motion for different values of the weighting parameter �.
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Mesh Deformation technique is adopted. The Reynolds
number is set to be 20,000, which makes the far field
velocity is 3.09m/s. The results of this value of Reynolds
number is qualitatively similar to a wide range of Reynolds
numbers [17]. The airfoil is plunging with nondimensional
peak-to-peak amplitude of 0.15 and reduced frequency of 4,
corresponding to 0.015m and 19.67Hz in the dimensional
form. For this simulation SST turbulence model is utilized.
Both CFL and Yþ are in order of unity in all cases.

The domain size is studied to ensure that the numerical
results are least dependent on the boundaries. The domain

height varies from 10 to 18 chord lengths and the domain
width is changed from 11 to 23 chord lengths. It is shown
that the lift coefficient change is within 2% in both cases, as
shown in Fig. 2.

The domain is selected to be a rectangle with dimensions
of 21 C width and 20 C height and the airfoil is located at
the center, as shown in Fig. 3. The mesh in the region
around the airfoil is focused to capture the physics more
accurately, as shown in Fig. 4. The used mesh in the analysis
has 1.7 million nodes and 24,800 elements. Mesh cells are
structured around in the airfoil vicinity to ensure that Yþ is
in order of unity.

Three time steps are studied to stand on the most suit-
able one, where the plunging period is divided into 100, 200
and 400 steps per period. In this test, a nonsinusoidal
waveform is used to ensure that the time discretization is
robust enough the plunging waveform follows Eq. (8).

yðtÞ ¼ A½0:8sinð2�ftÞ þ 0:2sinð6�ftÞ�: ð8Þ
As shown in Fig. 5, the three discretization steps produce

identical results. Consequently, the 100 steps per cycle is to
be used hereafter.

In order to validate the present setup, a benchmark case
is simulated and compared to Young and Lai [18]. In this
case, the reduced frequency is 4 and the nondimensional
plunge amplitude is 0.15, and Reynolds number is 20,000.
By comparing the present setup with [18], the results show
good agreement as shown in Fig. 6, where the error in lift
and thrust coefficients are 1% and 2% in the mean values,
respectively.

3. Results

3.1. Flow field behavior

The flow field behavior is studied in terms of the vortex
structure created by the proposed waveform for different

(a)

(b)

Fig. 2. Lift and drag coefficients variation with domain (a) height
and (b) width.

Fig. 3. The computational domain showing the dimensions and the boundary conditions.
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(a) (b)

Fig. 5. Variation of (a) lift and (b) drag coefficients with time steps per cycle.

(a) (b)

Fig. 6. Validation of (a) lift and (b) drag coefficients variation with flapping cycle compared to Young and Lai [18].

Fig. 4. Computational domain and grid.

Performance of Airfoil Plunging Using Sinusoidal Waves Superposition 161

December 5, 2025 12:07:32pm WSPC/284-US 2550088 ISSN: 2301-3850



values of the weighting factor, as shown in Fig. 7. The
regular pattern of reverse von Karman sheet appears
clearly in case of � ¼ 1:0. Then, for � ¼ 0:9 a small vortex
appears close to the main vortex sheet, known as 2Po
structure, and decays quickly downstream. Further reduc-
tion in �, reaching 0.8, the vortices become organized in
pairs (2P structure [19] nomenclature). By further reduc-
tion in � small vortices appear close to the vortex pairs
(dipoles) (� ¼ 0:7), then these vortices intensify and merge
with the dipoles (� ¼ 0:6) making a concave vortex sur-
rounding an opposite-signed vortex. Starting from � ¼ 0:5
the concave cortex deforms to look like V shape surrounding

the opposite-signed vortex. This pattern is preserved until
� ¼ 0:3, except for the vortices become closer to each other.

3.2. Instantaneous aerodynamic coefficients

Four parameters are considered hereafter, namely, lift,
drag/thrust, friction and power coefficients, as shown in
Figs. 8–11. The drag coefficient has six peaks, symmetric
around the period center (angle of 180�), where the peak
amplitude is inversely proportional to �. In other words,
the further from sine, the more thrust achieved. The first
peak shows a deviation as � decreases, leading to achieve

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 7. Vorticity contours for the sinusoidal waves superposition waveforms at different weighting factors, (a) � ¼ 1, (b) � ¼ 0:9,
(c) � ¼ 0:8, (d) � ¼ 0:7, (e) � ¼ 0:6, (f) � ¼ 0:5, (g) � ¼ 0:4 and (h) � ¼ 0:3.
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Fig. 8. The instantaneous drag coefficient for the proposed waveforms.

Fig. 9. The instantaneous lift coefficient for the proposed waveforms.

Fig. 10. The instantaneous power coefficient for the proposed waveforms.
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maximum instantaneous thrust earlier. Besides, the peaks
in the vicinity of flapping angles 0� and 180� are much
higher compared to the other peaks. This is due to the
stronger TEV generated during the up-and downstroke.

The instantaneous lift coefficient shows six inflection
points, with peaks inversely proportional to �. The first and
fourth peaks show small kink at � of 0.5 and less, indicating
some interactions related with the Leading Edge Vortices
(LEVs).

The power coefficient shows 12 inflection points, the max-
imum ones are these in the vicinity of the flapping angle of 0�

and 180�, as those of the drag coefficient. The peaks increase as
the waveform moves apart of the regular sine waveform.

Considering friction drag, it shows similar behavior to
the total drag coefficient in terms of number of peaks and
the symmetry about the period center. Regarding its

maximumvalue, it increases rapidly reaching 0.16 at� ¼ 0:3,
compared to 0.05 in the regular sinusoidal case. Besides, the
mean friction coefficient and the peaks of each case are dis-
tinct from each other, indicating the large effect of the
weightings parameter � on the friction. This occurs because
of intensifying the LEvs and TEVs around the airfoil. Yet,
these suggestions shall be studied with further details.

3.3. Mean aerodynamic coefficients

The time-averaged aerodynamic and propulsive perfor-
mance parameters are studied for the Sinusoidal Waves
Superposition waveform, with variation of the weighting
parameter � from 1.0 to 0.3. It is found that as � increases
(the local minimum between the two peaks of the waveform
close to the nondimensional times 0.25 and 0.75 in Fig. 1)

Fig. 11. The instantaneous friction drag coefficient for the proposed waveforms.

(a) (b)

Fig. 12. Variation of the weighting parameter � and its effect on (a) lift, (b) thrust, (c) power and (d) propulsive efficiency. The dotted
lines represent the regression model to depict its relative accuracy.
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the airfoil is subjected to stronger lift forces, and produces
higher thrust and more power is required. Yet, the rate of
power than the increment in thrust, leading ultimately to
reduction in propulsive efficiency, as shown in Fig. 12. One
interesting point here is that this proposed waveform can
increase the thrust by 135% with 5% reduction in effi-
ciency, and 200% with reduction less than 8% in efficiency.
This can help in designing a flapping drone with speed
booster without much reduction in efficiency.

In this figure, the time averaging over the plunging pe-
riod is used in thrust and power coefficients, while the Root
Mean Squared (RMS) averaging is used for the lift coeffi-
cient. This is used because the airfoil is symmetric and the
flow has no angle of attack, so the time average of the lift
coefficient equals to zero. For such a reason, the RMS av-
eraging is utilized, although it gives very high values, as
shown in Fig. 12(a).

4. Linear Regression Modelling

Aim of developing a regression model is to allow the flight
controller of the drone to estimate the required parameters
for the desired performance instantaneously through one
simple equation with minimum computational power. The
fine tuning of the exact parameters is to be obtained later
by whatever control law utilized by the flight controller.
This will simplify the performance prediction of the FWUAV
without any need to calculate each and every case of the
present flapping waveform, so the flight controller can es-
timate the FWUAV performance in the real time using just
one more equation. This will enhance the performance by
enabling the flight controller to vary the flapping pattern
according to the instantaneous situation during the flight.

This work models the behavior of plunging using the
sinusoidal waves superposition waveform as a function of
the weighting factor, �. This factor is to be controlled
mechanically through a set of gears or a similar mechanism,
but this is out of the scope of the present work. Using
polynomial functions, it is found that the RMS lift (Eq. (9)),
mean thrust (Eq. (10)) and power (Eq. (11)) coefficients
and the propulsive efficiency (Eq. (12)) fit well and can
create an accurate model as shown, with accuracy of 99.8%,
99.7%, 100% and 97.1%, respectively, based on R2
parameter.

CL;RMSð�Þ ¼ 1:7132� �2 � 4:4179� �þ 2:8785; ð9Þ
CTð�Þ ¼ �5:9943� �2 � 279:73� �þ 307:78; ð10Þ
CPð�Þ ¼ 15:707� �2 � 34:223� �þ 19:216; ð11Þ

�propð�Þ ¼ 0:8302� �3 � 1:4304� �2 þ 0:8847�þ 0:0004:

ð12Þ
The propulsive efficiency has the minimum accuracy as
expected because it is the ratio between thrust and power
coefficients as shown in Eq. (7). If the models of the thrust
and power coefficients are divided, then a more accurate
model can be obtained for the propulsive efficiency. Yet, this
model is not considered here because it takes more
computational time.

5. Summary and Conclusion

The aerodynamic and propulsive performance of Sinusoidal
Waves Superposition plunging waveform is studied.
This proposed waveform creates additional trailing edge
vortices and control their strength. This is realized by

(c) (d)

Fig. 12. (Continued )
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super-positioning between the main sinusoidal wave and a
three-times faster sinusoidal one and weighted by the pa-
rameter �. The performance parameters are quantified in
terms of lift, drag, thrust, power coefficients and the pro-
pulsive efficiency. Both time-dependent and time-averaged
performance are studied, and the wake pattern is depicted.

Regarding the time-averaged performance, as the addi-
tional trailing edge vortices intensify, the lift, thrust and
power coefficients increase without much effect occurs in the
propulsive efficiency. Quantitatively speaking, 135% and
200% increment in thrust can occur with reduction less than
5% and 8% in efficiency, which can lead to manufacturing a
flapping drone with speed booster without considerable
penalty in efficiency.

Regression modeling for the aerodynamic and propulsive
efficiency is conducted to estimate them based on the weight
of the faster wave. The regression model is studied to enable
the flight controller to estimate the required parameters for
the required performance instantaneously with minimum
computational power. Accuracy of 97% is achieved.
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