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Natural flight has always been the source of imagination for the Human being,
but reproducing the propulsive systems used by animals is indeed complex. New
challenges in today’s society have made biomimetics gain a lot of momentum because
of the high performance and versatility these systems possess when subjected to
the low Reynolds numbers effects. The main objective of the present work is the
computational study of the influence of the Reynolds number, frequency and amplitude
of the oscillatory movement of a NACAO0O012 airfoil in the aerodynamic performance for
a constant angle of attack over time. The thrust and power coefficients are obtained
which together are used to calculate the propulsive efficiency. The simulations were
performed using ANSYS Fluent with a RANS approach for Reynolds numbers between
8,500 and 34,000, reduced frequencies between 1 and 5, and Strouhal numbers
from 0.1 to 0.4. The aerodynamic parameters were widely explored as well as their
interaction, obtaining optimal operational condition zones for the different Reynolds
numbers studied.

Plunging, Airfoil, CFD, Aerodynamic coefficients, Biomimicry

U, Velocity y Airfoil vertical position
p Density y Airfoil vertical velocity
U Dynamic viscosity Re Reynolds number

c Aerodynamic chord k Reduced frequency

A Plunge amplitude h Nondimensional amplitude
f Plunge frequency St Strouhal number

T Period C, Drag coefficient

w Wake width C, Lift coefficient

a Angle of attack C, Thrust coefficient

& Airfoil effective trajectory angle @y Power coefficient

X Airfoil horizontal position n Propulsive efficiency
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When the flapping airfoil/wing mechanism was unveiled as a thrust production system,
the scientific community saw the possibility to investigate new aerodynamic phenomena
and develop newer systems that could improve substantially the way airplanes fly nowa-
days, which is still rather conservative [1]. However, in the first part of the 20" Century,
very little effort was made in terms of understanding and exploiting the aerodynamics
of living beings.

Animals such as insects [2], birds, small fishes, and even the big blue whale are
equipped with a spectacular propulsion system that was subjected to natural selection
processes over millions of years which inevitably offers a big advantage [3, 4].

Based on the phenomena seen in Nature, micro and nano aerial vehicles with indis-
pensable civil and military applications such as surveillance, espionage, atmospheric
weather monitoring, and catastrophe relief purposes [5] are being developed which offer
undeniable maneuverability and efficiency at lower length scales. The most advanced
MAVs (Micro Aerial Vehicles) related research projects define these vehicles as vehicles
with no length, width or height larger than 15cm, as declared in a Defense Advanced
Research Projects Agency (DARPA) program [6].

The flapping airfoil was firstly studied by Knoller & Verein [7] and Betz [8] that found
that while plunging an airfoil, an effective angle of attack, which changes sinusoidally
over time, would be created. As a result, an oscillatory aerodynamic force normal to the
relative velocity was generated which could be decomposed in lift and thrust forces as

shown in Figure 1.
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Figure 1: Flapping Airfoil Scheme.
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Katzmayr [9] experimentally verified the Knoller-Betz effect in an interesting way, by
placing a stationary airfoil into a sinusoidal wind stream and measuring an average
thrust. However, the Knoller and Betz theory was only based on the airfoil motion and

did not account for the vorticity shed downstream of the airfoil.

Thus, later in 1935, Karman & Burgers [10] successfully explained theoretically the
thrust generation mechanism based on the vortex shedding on the downstream side of
the airfoil and the orientation of the wake vortices. They modeled the wake of the flow
past bluff bodies at low Reynolds numbers by an infinite row of alternating vortices,
commonly known as von Karman vortex street which is always associated with the
production of drag. This typical configuration of wake vortices causes a momentum
deficit in the wake compared to the upstream flow and the body experiences drag. This

type of wake is commonly referred to as a drag producing wake.

In contrast, the flow past a flapping flat plate or airfoil (pure plunging, pitching or both
combined) may produce a wake where vortices induce a velocity ora momentum surplus
in the wake compared to the upstream flow which creates a jet-like flow that generates
a propulsive force explained by Newton’s third law of motion. All these concepts were
further studied by Freymuth [11] using flow visualization of both plunging and pitching
motions.

Firstly, studying the aerodynamics of plunging and pitching airfoils offered a better
understanding regarding the flutter and gust-response effects, which are based only
on the analysis of the lifting forces [12, 13]. Oscillating airfoils also opened new ways to
study the impact of the dynamic stall on helicopter and propeller blades performance
and how impactful is the wake created by a foregoing blade on the following blades
[14].

At about the same time as Kadrman & Burgers, Garrick [15] applied Theodorsen’s
inviscid, incompressible, oscillatory, flat-plate theory [16] to the determination of the
thrust force and showed that plunging airfoils generate thrust over the whole frequency
range and the thrust produced by the airfoil’'s motion was approximately proportional to
the square of kh, whereas pitching airfoils do so only with frequencies above a certain
critical value and as a function of the pivot location, for example, an airfoil pitching
about a point 0.25¢ from the leading edge, the critical reduced frequency value would
be about 3.25. It should be noted that Garrick considered potential flow which does
not take into consideration the viscous effects and only represents small amplitude
oscillations. Nevertheless, the use of inviscid methods is not absurd when considering
a satisfactorily large Reynolds number and reduced angles of attack as suggested by
Platzer et al. [6].
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Flapping airfoils, more specifically plunging airfoils, have been also analyzed by Lai
& Platzer [17], Lewin & Haj-Hariri [18] and Young [19], where the wake structures were
intensively studied, such as the vortex-pair shedding that represent the transition from
the drag producing wake to the thrust producing inverted von Karmén vortex street.
Young & Lai[20] concluded that this type of wake structure was caused by the interaction
between bluff-body type natural shedding from the trailing edge and the motion of the

airfoil.

In 1996, Tuncer & Platzer [21] used a Navier-Stokes code to estimate the thrust force
and propulsive efficiency for a flow passing a NACA 0012 undergoing pure plunging
motion (for Re = 3 x 10%). With the same objective as Schmidt [22], these two authors
have also studied the flapping/stationary airfoil combination.

Over the following year, Jones & Platzer [23] presented their results using a 2D
incompressible unsteady panel method (UPM) to investigate if the effect of varying the
airfoil’s thickness would have any influence on the flow over different airfoil sections
undergoing pure plunging motion. They finally found that this parameter does not
have an impactful effect on thrust generation and propulsive efficiency in the range
of frequencies (k = 0.01-10) and amplitudes (h = 0.1- 0.4) tested.

Tuncer et al [24] using a 2D compressible Navier-Stokes solver studied the flow
around an airfoil undergoing pure plunging motion at Re = 10°. They verified that the
maximum achievable thrust depends directly on kh losing this dependency after a
critical value where dynamic stall starts occurring due to the weak resistance that a
laminar boundary layer has to separate. Additionally, it was argued that for optimal
propulsive efficiency, it is advantageous to operate in the low frequency and large
amplitude range.

The plunging motion was further investigated by Young & Lai [25, 26] that found
the impact of the several parameters governing this problem, especially the Strouhal
number which showed that maximum thrust and optimum efficiency take place at the

near dynamic stall boundary.

However, for lower Reynolds numbers, the problem becomes more complicated
because efficient thrust generation is achieved by shedding from both leading and
trailing edges.

Interested in finding which flying conditions animals operate in, Taylor et al [27]
dedicated their studies to forty two species of birds, bats and insects in cruise flight and
verified that these creatures fly within a limited range of Strouhal numbers between 0.2

and 0.4, concluding that this parameter is a possible indicator of the flapping conditions
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that provide the most efficient flight, being essential to characterize the flight of several
natural flyers, regardless of their scale.

As previously mentioned, the flapping mechanism is typically correlated with thrust
production since it can, in some conditions, positively change the wake momentum and
because of that, it is important to evaluate not only the generated force but also the
propulsive efficiency which is the ratio between the generated power, —DU_, and the

power supply is given by —Ly. The propulsive efficiency is then defined as

n= C—°° (1)
P
where
. 1 t+At
= C,dt (2)
t
and
_ 1 t+At
=T , yCdt (3)

In these two last equations, a is the mean thrust coefficient, C, is the drag coefficient,

C,; is the lift coefficient and C_P is the mean power coefficient.

The present work studied numerically, the flapping airfoil problem, in particular, the
plunging motion which has not been yet subjected to sufficiently detailed studies when
compared with the combined plunging and pitching. Hence, the present work aims at
studying the influence of flight velocity, the motion’s frequency, and amplitude to fulfill
this gap and help to understand the generation of thrust and what combinations in
the operating domain are energetically adequate to a vehicle that uses the flapping
mechanism as its mean of motion.

The influence of the mentioned parameters will be evaluated using the typical dimen-
sionless quantities for a flapping airfoil: the reduced frequency, k, the non-dimensional

amplitude, A, Strouhal number, and the Reynolds number, shown in Table 1.

TABLE 1: Dimensionless Parameters.

Reynolds Number Re Reduced Frequency k Non-dimensional Strouhal Number St
Amplitude A
U 2 2fA tan(maxa,,,)
Re:pmc k=77:_fc h:é St:Lz—eff
H U, c U, b4
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The general flapping airfoil problem has been vastly investigated using several CFD
methods. In the turbulence modeling field, some authors have studied the effective-
ness of some turbulent models in representing the flow characteristics but at the
same time, it appears that there is a lack of understanding regarding the influence
of turbulence on this subject, since the vast majority of published research assumes the
flow around flapping airfoils to be laminar. In the present work, a Reynolds Averaged
Navier-Stokes (RANS) formulation was used to predict the effects of turbulence on
the aerodynamic performance. The Shear-Stress Transport k — @ model was selected
to access its capability in predicting the flow surrounding a plunging airfoil, since it
shows, based on already published work, a superior capability in representing the flow
surrounding oscillatory airfoils. The flow field is then obtained by solving the continuity
and momentum averaged equations, which can be written in a Cartesian tensor form
as

a_p N 0 (pu,-)

ot 0x;

1

=0 @

and

0 (pw)  Olouy) _ op , o [ <0ui Lo 25“@>]+a<"’”'”f> )

= — |u —_— _ ;

ot 0x; ox;  0x; ox; dx; 3 Yox 0x;
respectively. In this study, the symmetrical airfoil NACAOO12 is being used to simulate
the plunging motion and analyze the flow configurations created by it. The airfoil’s

motion is described by the equation
y(t) = Acos(2xft) 6)
and its velocity is given by
y(t) = =2x fAsin Qxf1) 7)

where A and f are respectively the motion’s amplitude and frequency, respectively.
The whole numerical process was achieved with ANSYS in which includes the
DesignModeler, AnsysMeshing and Fluent software. The mesh was designed to have
two main zones with an interface separating them. This decision allowed the creation
of a structured mesh around the airfoil and an unstructured grid in the airfoil’s far-field.
Hence, the mesh zone containing the NACAO0O012 acts as a rigid body that moves with
the airfoil, meaning that it is not subjected to any mesh update calculation, a process
that would waste computation time. The outside zone is set to be a deformable region

with a larger element size that effectively reduces the computational demand.
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After the generation process of the mesh, the computational boundaries were treated
in order to achieve a valid solution. In this problem, four boundaries needed to be
treated, being these the inlet, outlet, upper and lower walls and airfoil. The inlet was
subjected to aninlet velocity boundary condition where the flow velocity was prescribed,
and information required by the turbulence models was given. On the outlet, the outflow
boundary condition was applied, which extrapolates the required information from the
interior of the computational domain. The remaining boundaries are walls, although with
different characteristics, since the airfoil is treated as a wall where the no-slip condition
is imposed and, the upper and lower walls are considered to have no shear stress which
removes the boundary layer effects that otherwise would appear.

Due to the unsteady characteristics of this problem and airfoil’s harmonic motion, it
was imperative to activate the dynamic mesh. Within this feature, two methods were
selected, being these the spring-based smoothing method and local remeshing. The
first one idealizes the mesh as a network of interconnected springs and allows the
mesh to deform due to the airfoil’s motion. The local remeshing method ensures that
the mesh quality would not degrade over time, by controlling the cells’ skewness.

Regarding solution methods, and particularly the spatial discretization, the gradients
were evaluated using the Least Squares Cell-Based scheme and the pressure interpo-
lation was made with PRESTO! (PREssure STaggering Option), while the momentum,
turbulent kinetic energy, and specific dissipation rate were discretized using the QUICK
scheme, which is the fusion of a central differencing scheme and second-order upwind
scheme. With respect to the transient formulation and knowing beforehand that the
dynamic mesh feature was activated, the first order implicit method was the only scheme
available. In terms of pressure correction, the pressure-velocity coupling scheme used
is PISO (Pressure-Implicit with Splitting of Operators) that is highly recommended for all
transient flow calculations [28].

The solution initialization was achieved using the hybrid initialization feature of Fluent.
This initialization is a collection of recipes and boundary interpolation methods which
solves the Laplace equation to produce a velocity and pressure field that smoothly
connects high- and low-pressure values in the computational domain.

After each initialization, the mesh was adapted to ensure that y* was between 0 and
1, since when using a turbulence model, it is fundamental to guarantee that the effects
of the flow close to the walls are well represented.

As the airfoil was positioned on the center of the internal zone that corresponds to
the absolute zero of the referential, the airfoil would initiate its movement with maximum

velocity based on equation 7. Thus, to counteract this effect which substantially reduces
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convergence time, the airfoil’s motion was subdivided into three segments as shown

below.

A/05T, t <0.5T
y=49o, 0.5T<t<T (8)

2z fAsin Qaft), t>T

where T = 1/f. The first segment corresponds to the movement of the airfoil from
the origin to the position y = A with constant speed during half of the period. In the
other half of the period, the airfoil has zero velocity which contributes to achieve a fast
stabilization of the final solution. After this 2"¢ segment, the airfoil is submitted to the
harmonic movement expressed by equation 6.

Due to the boundary conditions, solution initialization and nonlinearity which char-
acterizes the Navier-Stokes equations, it was observed that the flow configuration
would stabilize after analyzing at least five periods, always maintaining all residuals
below 1073, The numerical validation started by performing a boundary location, mesh
independence (verified for 62469 cells/52394 nodes) and time step independence
(verified for 200 points oscillation period) studies with Re =17,000 h=0.5and k=2.5
and, continued with the comparison of preliminary results with those already published
on the literature, presented in [26], in order to guarantee that the results were not

affected by the numerical formulation.

The processing and analysis of the data were made recurring to scripts developed
in C language, whose aim was to obtain the averaged aerodynamic coefficients and

propulsive efficiency.

This section shows the results concerning the influence of Reynolds number, motion’s
amplitude, frequency and the Strouhal number on the flapping mechanism. Graphics of
thrust and power coefficients, as well as propulsive efficiency, will be shown as functions
of relevant parameters. The pure plunging NACAOO12 airfoil was firstly tested with a Re
= 8,500 with 1<k<5, 0.1<5t<0.4, and h never surpassing 0.5.

In Figure 2, the thrust coefficient is shown in the kh plane. In the contour plot, it is
noteworthy that the C, value is growing faster than the Strouhal number with respect
to k, a phenomenon that becomes evident for a nondimensional amplitude higher than

0.3. The same behavior is not exhibited by the power coefficient which has its isolines
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almost parallel to the ones that represent a constant Strouhal number. Bearing in mind
that there is a correspondence between St and the maximum angle of attack then there
must be an implicit relationship between the required power supply to maintain the

oscillatory movement and the maximum effective angle of attack to which the airfoil is

subjected.
n
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Figure 2: Thrust (C,) and Power coefficients (Cp) and propulsive efficiency (4) at Re = 8,500.

Regarding the influence of the Strouhal number on the thrust and power coefficients,

were obtained the following correlations:

C,(S1) = —0.051 4 0.462.51 + 2.6685t> (R* = 0.87) 9)

Cp(St) = 0.543—-8.4715t + 52.5851* (R* = 0.96) (10)

with 0.1<St<0.4. The coefficient of determination of the C, approximation is under 0.90
which once again reinforces the fact that the isolines of the thrust coefficient are not
entirely parallel. The consolidation of C, and C, results in the propulsive efficiency
shown in Figure 2 (right), which has a peculiar distribution in the kh plane since it does
not depend only on the reduced frequency or nondimensional amplitude alone but
rather on the combination of both. Thus, the maximum efficiency zone is encountered
in the vicinity of a Strouhal number of 0.15 that unfortunately is incompatible with the
maximum thrust coefficient area, reaching a maximum value of 0.23. It is also important
to note that with a Reynolds number of 8,500, the plunging motion is aerodynamically
more efficient at lower nondimensional amplitudes and higher reduced frequencies.

The airfoil was also tested with a Reynolds number of 17,000, keeping the previously
mentioned parameters in the same range. The results show a similar distribution of the
thrust coefficient, power coefficient, and propulsive efficiency, shown in Figure 3.

In respect to the influence of the Strouhal number on the thrust and power coefficients

for a Reynolds number of 17,000, were obtained the following correlations:

C,(S1) = —0.029 4+ 0.312.57 + 3.5845#> (R* = 0.88) (1)
Cp(St) = 1.371-20.14S51 + 113.057> (R?> = 0.96) (12)
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Figure 3: Thrust (C,) and Power coefficients (C,) and propulsive efficiency () at Re = 17,000.

with 0.1<5t<0.4.

Although the analysis of the coefficients is of importance, it is also imperative to verify
what happens in terms of the thrust force and the required power. Denoting 1and 2 as
the Re = 8,500 and 17,000 conditions, respectively, the thrust and power gain may be
expressed by the equations 13 and 14.

1 2 2
T, LpU2,sC, U,C
Ap=2=2 22 =2 "2 € [4.58,7.60] (13)
n Eono,ISCt,l Uw,lct,l
P, %pUi 2SCP,2 Ui 2CP 2
Ap=-2= ’ = 227”2 17.62,9.13] (14)

B P, B %pUi,lSCP’l B Ui’lcp’]
The results show a considerable increase in power consumption as well as in the thrust
force that is approximately six times higher when compared to the previous condition.
The propulsive efficiency increase is the major difference which may indicate that the
plunging movement is more efficient at higher Reynolds numbers.

The Reynolds number was further increased to a maximum tested value of 34,000. In
this operating regime, the upper limit of the Strouhal range was limited to 0.2 since no
clear advantage was seen in terms of achieving better aerodynamic performance. An
interesting fact is that at this operating condition, the thrust coefficient isolines become
equidistant to the constant St curves, becoming evident that in this situation, the isolines
of C,, St and C, are all doubtlessly parallel. Due to this turn of events, the maximum
propulsive efficiency region was translated to the left, as seen in Figure 4 (right) and,
because of that, an additional zone (k < 1) was considered to better understand the
aerodynamic performance in low reduced frequencies.

The influence of the Strouhal number on the thrust and power coefficients for the

actual number of Reynolds is also studied, obtaining the correlations:

C,(S1) = —0.059 4+ 0.671.5t + 3.64351> (R* = 0.96) (15)
Cp(St) = 0.587—12.7151 + 146.551> (R> = 0.99) (16)
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Figure 4: Thrust and power coefficients as a function of k and h with Re = 34,000.

with 0.1<S5t<0.2. The coefficient of determination regarding the C, approximation
improved significantly in comparison with the previously tested numbers of Reynolds,
which corroborates the fact that the isolines of C, became parallel with the Strouhal
number. Employing equations 13 and 14 and now represented by 1 and 2 are the Re =

17,000 and 34,000 conditions, respectively, the thrust and power gain are

Ay € [4.46,5.66]

Ap €[7.77,8.28]

Overall, from a Reynolds number of 8,500 to 34,000 the generated thrust force
increased [21.1,47.3] times and the required power massively grown approximately
[60.9,73.0] times. Globally, the propulsive efficiency increased in comparison to the
previous case (Re = 17,000) which again suggests that the pure plunging motion is
favored while operating at relatively high Reynolds numbers. Although animals use
plunging and pitching combined, the results presented in this section are very much
in concordance with what is seen in nature, considering that smaller animals tend to
operate at high reduced frequencies and low nondimensional amplitudes while bigger

animals do the exact opposite.

Nature has been the main source of concepts that inspire the systems developed by
engineers whose, since the beginning of time, understood that it is powered by evo-
lution mechanisms that tend to offer optimized solutions regarding the environmental
conditions. These mechanisms directly affect animals, from the smallest insect to the
big blue whale, that over millions of years, made them very well adapted to their habitat
and to the way they move.

In this work, the flapping airfoil problem was investigated, utilizing a NACA0012, by

studying the influence of several parameters such as motion frequency and amplitude,
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the Reynolds number and the Strouhal number. Thrust, lift and power coefficients, as well
as the propulsive efficiency, were the selected parameters to analyze the aerodynamic

performance.

The results indicate that the power coefficient isolines demonstrated to be almost
parallel to the hyperbolas representing constant Strouhal numbers, a phenomenon not
verified for the thrust coefficient, except for the Re = 34,000 case. It was also seen that
higher frequencies and amplitudes propitiate higher thrust forces as well as required
power while, in terms of propulsive efficiency, for the Re = 8,500 and 17,000 cases, higher
reduced frequencies and lower amplitudes are preferred and for the Re = 34,000 case,
higher amplitudes and lower reduced frequencies are favored. The results highlight and
confirm at a certain extent that the Strouhal number is not adequate or satisfactory to
characterize the fluid flow since a constant St gives an infinity of combinations (k, h)
but was seen to be an interesting parameter that offers some correlations about the
aerodynamic performance, especially for higher Reynolds numbers.

The physical phenomena underlying the flapping airfoil and flapping wing mecha-
nisms have been extensively studied in these last years which resulted in a greater
insight regarding the thrust generation but unfortunately, much more needs to be
investigated to efficiently develop and produce vehicles with these propulsive systems.
One way to improve research would be by testing different geometries with different
materials in order to understand how geometrical parameters such as the aerodynamic
chord, camber, and thickness can influence the aerodynamic performance and how
materials with different properties (flexibility, porosity) may improve the flapping mech-
anism and put us closer to developing animal-like structures. Subjecting these structures

to different types of flapping is also a way needed to be explored.
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