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Abstract—Investigation of flow characteristics and force gen-
eration of flapping wings have received significant attention in
modern fluid dynamics due to emerging applications like bio-
inspired Micro Air Vehicles (MAVs) and energy harvesters. In
this study, aerodynamic characteristics of NACA 2412 airfoil in
plunging and pitching motion are simulated using an incom-
pressible Navier Stokes solver in varying Reynolds and Strouhal
numbers. The wake of the airfoil which is visualized using velocity
and pressure contour plots and aerodynamic force generation are
analyzed. A close agreement is obtained between numerically
simulated aerodynamic characteristics including wake structure
and forces in this study and experimental results in the literature.
The analysis discloses that wing-wake interaction enables a
dramatic increment in trust and lift forces up to 300%. Moreover,
aerodynamic forces generated in combined pitching and plunging
motion show a maximum of 225% increment from the numerical
sum of forces in the two sub-motion in some combinations
of Reynolds and Strouhal numbers, demonstrating the coupled
behaviour of plunging and pitching motions.

Index Terms—aerodynamics, airfoil, plunging, pitching, CFD

I. INTRODUCTION

Bird wings found in nature are unique for each species
and their motion kinematics are complex. The combination of
unique wing shape and complex kinematics allow birds to per-
form efficient flights and advanced maneuvers like hovering,
agile direction changes [1] [2] [3]. The motion of bird wings
can be viewed as a combination of pitching, plunging, heaving
and tilting sub-motions [4]. The overall wing motion becomes
even more sophisticated by the bending and morphing capabil-
ities of bird wings [5]. When observing the motion of a wing in
two dimensions, pitching and plunging motions are dominant
contributors. Depending on the flying condition, birds alter
the magnitude, frequency and phase difference between pitch
and plunge motions of their wings [6]. Understanding those
effect on flow characteristics and force generation is essential
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for number of emerging engineering applications including
efficient air travel, wind and tidal energy harvesting. [7]

Experimental and numerical investigations to uncover fluid
dynamic characteristics of wings with different kinematics in
different flow conditions have been carried out using numerous
methods [8] [9]. Numerical simulations of moving airfoils
have evolved significantly over the years. Garrick used the
assumptions of potential flow and small amplitude oscilla-
tion to determine the propulsive efficiency of pitching and
plunging flat-plate airfoil [10]. Linearized potential flow theory
do not accommodate the effect of airfoil camber and wake
development which decreases the accuracy. Garrick further
assumed that the Kutta condition is satisfied at the trailing
edge. However, this has a limited validity on plunging and
pitching airfoils as shown by McCroskey [11]. Investigation
using Unsteady Panel Method (UPM) by Basu and Hancock
[12] illuminated some of these limitations. Circulation is
recalculated every time step and vorticity is shed into the wake.
This allows the development of self-inducing velocities in the
wake. However, UPM also assumed Kutta condition at the
trailing edge and does not accommodate flow separation over
the airfoil surface .

In this investigation, Computational Fluid Dynamic (CFD)
is used to evaluate the effect of plunging and pitching motion
on aerodynamic forces in different Reynolds (Re) and Strouhal
numbers (St). Wake characteristics including the shape of the
wake, interaction of the vortices and aerodynamics forces are
comparatively analyzed. The objective of the analysis is to
develop cause and effect relation between vortex interaction
and aerodynamic forces and, thereby to asses the effect of
plunging and pitching motion on aerodynamics forces.

II. COMPUTATIONAL PROCEDURE

Control-volume based Navier Stokes solver of ANSYS
Fluent was used to simulate the airfoils in motion. The use of
NACA 2412 airfoil of chord length 0.1m was motivated due
to close resemblance of an average bird wing’s geometrical978-1-6654-8786-3/22/$31.00 ©2022-IEEE



characteristics in dimensions, camber and slenderness ratio
[13]. Since the Dynamic Mesh feature was selected to accom-
modate the wing motion within the domain, an unstructured
mesh with localized element sizes was employed [14]. The
elements in the vicinity the airfoil boundary were the smallest
while elements near the domain boundary were the largest,
having a gradual increment of mesh element size from the
airfoil to the domain boundary. In the pressure-based CFD
solver, Transition SST viscous model was selected considering
its robustness and high accuracy in external aerodynamic
simulation. SST model is a combination of k − ϵ in the free
stream and k − ω model near the walls [14]. Its formulation
eliminates weaknesses displayed by the pure k− ϵ and k− ω
models. Transition SST model is based on the coupling of SST
k − ω transport equation with two other transport equations,
one for the intermittency and the other for the transition onset
criteria, in terms of momentum-thickness Reynolds number
[15].

The pilot simulation was executed with a mesh and time-
step arrangement such that it would avoid negative mesh
area error, common in Dynamic Mesh simulations. The wing
motion kinematics for the pilot simulation was set at the
upper limits of the kinematics parameters under investigation.
Kinematic parameters and other related information about the
pilot simulation are in table 1. Reynolds number and Strouhal
number ranges for the investigation are selected following
Taylor et al [16] and B.W. Tobalske [6] where kinematics of
birds were investigated using more than forty species of birds.
They concluded that a clear majority of birds fly in the Re
number range 1× 103 - 1× 105 and Strouhal number of their
wing motion varies between 0.2 and 0.4.

TABLE I
PARAMETERS USED IN THE PILOT SIMULATION

Wing chord length 100 mm
Reynolds number (Re) 1× 105

Inlet flow velocity 9.7 ms−1

Strouhal number (St) 0.4
Plunge amplitude 50 mm
Pitch amplitude 15o

Plunge and pitch frequency 77.3 Hz

A. Mesh and Time Step Optimization

To validate the mesh and time step selection used for the
simulations, an iterative optimization process was followed.
The time series results of the aerodynamic forces were com-
pared among the simulations of different mesh arrangements.
With comparative analysis of the results and time consumed
for the simulation, the most computationally efficient mesh
arrangement was selected to be used for the rest of the
simulations. A similar method was followed for the time step
optimization as well.

B. Qualitative and Quantitative Validations

The simulation procedure was validated using both qualita-
tive and quantitative comparisons. For the qualitative compar-

TABLE II
INFORMATION ON THE THREE MESH ARRANGEMENTS USED FOR THE

OPTIMIZATION

Parameter Mesh α Mesh β Mesh γ
Number of elements 4.6× 106 1.5× 106 2.9× 105

Minimum element size
(m)

5× 10−5 1× 10−4 2× 10−4

Maximum element size
(m)

2.5×10−3 5× 10−3 1× 10−2

Computational time taken
per cycle (processor hours)

1.3 3.4 20

Fig. 1. Comparison between experimental results from Platzer and simulated
wake

ison, experimental results of Lai and Platzer were used [17].
The experimental study investigated the the jet characteristics
of a plunging NACA 0012 airfoil and their results were
recreated computationally in this study. The mesh and time-
step section is followed by the optimization process described
above and simulation settings were kept identical to that of
the pilot simulation. The rising plume wake structures created
by the interaction of the counter-rotating vortices are visible
in the velocity contour of the simulated wake. Vortices are
shed in every half-cycle of the airfoil motion and they are
subsequently carried downstream. Simulated wake also agrees
with the detailed analysis done by Young and Lai [18] on the
results of the investigation by Lai and Platzer [17].

For the quantitative validation, the experimental results
by Jones et al was recreated computationally [19]. In that
experiment work, a NACA 0014 airfoil was subjected to
sinusoidal plunging motion in different reduced frequencies.
For the validation, simulations in the two-dimensional domain
were carried out to replicate a few selected experimental
scenarios. The computed thrust force values are compared
with the experimentally measured values. Experimental
results are presented in two Reynolds number ranges
therefore, two sets of simulations were carried out with



varying reduced frequencies from 0.4 to 0.8. One set of
simulations at Re=3 × 104 and the other at Re=4 × 104.
Deviations between the experimental and computational thrust
values are calculated by comparing the linear regression lines
for each data set. The results show a 0.33 percent average
percentile deviation between the corresponding experimental
and CFD results. Based on that, the accuracy of the CFD
simulations can be concluded satisfactory as given in table III.

TABLE III
AVERAGE PERCENTILE DEVIATION BETWEEN EXPERIMENTAL AND CFD

RESULTS

Ex : Re <
4× 104, A = 17.4

Ex : 2× 104 <
Re < 4× 104, A =

17.4
CFD : Re =
3× 104, A=17.4

0.33% 1.44%

CFD : Re =
4× 104, A=17.4

0.73% 0.33%

C. Parametric Analysis

After the mesh and time step optimization and quantitative
and qualitative validation, CFD simulations for the parametric
analysis were initiated. The main objective was to identify the
effect of pitch and plunge motion on the aerodynamic forces of
drag and lift. To cover the Re and St number ranges in which
birds fly mostly, simulations were divided into six groups.
Information about each group is given in table IV. Based on
the Re and St number values, variables including free-stream
velocity, motion frequency and simulation time-step were
calculated. Amplitudes for pitching and plunging motion were
selected based on data collected by Taylor [16] and Tobalske
[6]. Those are respectively 15° and 0.05m (0.5× Chord length)
for the entire series of simulations. For each group three
simulations were conducted with pitching only, plunging only
and the combination of both sub-motions. Therefore, totally
18 simulations are conducted to generated both quantitative
and qualitative of the analysis. Each simulation was run for 12
airfoil motion cycles and results for the analysis were collected
after the drag and lift forces attain periodic variation indicating
the end of transient phase.

TABLE IV
ARRANGEMENT OF GROUPS USED FOR THE PARAMETRIC ANALYSIS

SIMULATION SERIES

Re = 1× 104 Re = 1× 105

St = 0.4 Group a Group b
St = 0.3 Group c Group d
St = 0.2 Group e Group f

III. RESULTS AND DISCUSSION

A. Relation between Wake Structure and Aerodynamics Forces

The scenario under discussion is flapping airfoil in
Re = 1 × 105 and St = 0.4. For the analysis, a single cycle

Fig. 2. Mean Thrust Coefficient vs Reduced Frequency variation for experi-
mental and CFD investigations using NACA 0014 airfoil

of flapping airfoil motion was selected. The selection was
done by avoiding underdeveloped flow fields at the beginning
of the simulation for a better average representation of the
flow condition. For the discussion, Negative drag force is
considered as the thrust force and the following terms are used.

TAθ/LAθ : Thrust/ Lift force in plunging and pitching motion
TA/LA : Thrust/ Lift force in plunging motion
Tθ/Lθ : Thrust/ Lift force in pitching motion
tN : Non-dimentional Time

At tN=0 in Fig. 3a, airfoil is at its peak plunge and pitch
amplitudes. A counterclockwise Leading Edge Vortex (LEV)
recently detached from the underside of the leading during the
previous upstroke is still visible. A clockwise Trailing Edge
Vortex (TEV) is seen to stay below the airfoil. In this instance,
TAθ > TA > Tθ, but in lift forces, LA > LAθ > Lθ.

The detached LEV has moved to the trailing edge at
tN=0.100 as shown in Fig. 3b, . It is a counterclockwise
vortex same as the newly formed TEV generated during
the down-stroke. Combination of the two vortices creates
a larger single vortex. This merging happened for the next
100 time steps. Coinciding with the union of the vortices, a
dramatic increment of around 300% in both TAθ and LAθ is
observed. This produce the maximum TAθ at tN=0.240 (See
Fig. 4c).The resultant counterclockwise vortex is interacting
with the existing clockwise vortex formed in the previous
upstroke. This interaction between counter-rotating vortices
near the trailing edge affects the flow field around the airfoil.
According to TAθ and LAθ results, this effect persists until
tN=0.260. After that, the effect reduces rapidly
LAθ becomes negative while reducing gradually at

tN=0.440. However, TAθ starts to increase at this stage
creating a local minimum. In the velocity contour (Fig. 3d),
the LEV is observed to be enlarging with the down-stroke
motion. At the End of the down-stroke, TAθ has started
to gradually increase but LAθ is still decreasing without a



Fig. 3. Velocity contours of the flow field around NACA 2412 in plunging
and pitching motion at Re = 1× 105 and St = 0.4

Fig. 4. Drag Force, Lift Force, Plunge Amplitude and Pitch Amplitude vs
Non-dimensional time variation for case of Re = 1× 105 and St = 0.4

significant deviation in the rate of change. In this instance,
the LEV on the top of the airfoil is fully developed. During
the next 100 time steps, the LEV is warped by the upstroke
motion of the airfoil.
TAθ produces a local maximum at tN=0.690 and LAθ

reaches its local minimum at tN=0.720. The corresponding
velocity contours are given respectively in Fig. 3f and Fig.
3g. During this period, LEV completes the transfer from the
top side of the airfoil to the bottom. This could cause the
change in the LAθ, Lθ, LA values to increase following the
minimum.

In the 100 time-steps from tN=0.720 to 0.820, TAθ has
reduced from 80N to -5N. Looking at the velocity contours in
Fig. 3h, during that time LEV has completed its transition from
the top side to the underside of the airfoil. The detachment of
LEV from the leading edge of the airfoil seems to increase TAθ

which creates a local minimum. The detached LEV moves
towards the trailing edge along the underside of the airfoil
from tN=0.820 to 1.00. During that period, TAθ is gradually
increasing.

B. Effect of Sub-Motions on Aerodynamic Force Generation

The decomposition of the motion was done to better un-
derstand the effect of each sub-motion on the aerodynamic
forces generated in a moving airfoil. In Fig. 5, CD and CL

variation of each group from table IV are plotted against non-
dimensional time for a single motion cycle of the airfoil. It is
observed that aerodynamic forces generated in the combined
motion are different from the numerical sum of the forces in
the two sub-motions.

According to Sane and Dickinson [20], Sane [21], Lehmann
[22], this is a result of a combination of aerodynamic phenom-
ena. The added-mass effect is one such phenomenon and it oc-
curs when the airfoil is being accelerated or decelerated during
a stroke reversal. The greatest acceleration and deceleration
are experienced by the air closest to the airfoil surface. This
imbalance of inertial forces generate pressure forces that act
on the airfoil which could enhance the favorable aerodynamic
forces. Rotational circulation is another contributor to the
deviation of forces. Rotation of the airfoil generates circulation
in the surrounding air in addition to the circulation that
generates initial lift forces. Depending on the phase difference
between the plunge and pitch motions, rotational circulation
could enhance or diminish the aerodynamic forces [1]. Wing
wake interaction is identified as a major contributor to the
uniqueness of the time-series variation of aerodynamic forces
in each group. Interaction between the vortices in the wake and
the wing creates velocity and pressure variation as discussed
in the previous section. These variations not only directly
affect the aerodynamic forces but also affect the detachment
of succeeding vortices.

From Fig. 5, it is clear that ”Group a” showcases the greatest
increment of thrust force and lift force in the combined motion.
At its peak of thrust generation, the combined motion provides
225% increment than the numerical sum of trust coefficients
from the two sub-motions. This coupling effect reduces with



Fig. 5. Drag Coefficient (CD) and Lift Coefficient (CL) vs Non-dimensional time (tN ) variation of the parametric analysis simulation groups (dashed lines
indicate the average values)

increasing Re values in St = 0.4 and diminishes when St
value reaches 0.3 and 0.2. Even though average CD and CL

values decrease with increasing Re values at St = 0.4, average
CD and CL values increase with increasing Re values in St =
0.3 and St = 0.2 groups. This behavior is a testament to the
complexity of the aerodynamics in flapping airfoils.

IV. CONCLUSIONS

For this study, it is observed that the relationship between
the wake structures of the airfoil and aerodynamics forces
is direct and immediate. Maximum values for both drag and
lift forces are observed when the detached counterclockwise
vortex from leading edge interacts with the newly formed
vortex at trailing edge of the airfoil during down-stroke. In
this instance, nearly 300% increment in both TAθ and LAθ are
observed. The effect plunging and pitching motion have on the
aerodynamic force generation is concluded to be dependent on
both Re and St. CL and CD values of all combined motion
scenarios are different from the numerical sum of those coef-
ficients in individual sub motion. Combination of the motions

has the greatest effect on both CD and CL at St=0.4. To
obtain a generalized relationship between the non-dimensional
parameters and the aerodynamic forces, further analysis of
higher resolution is required based on both numerical and
experimental methods.
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