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This paper presents a numerical study of the effects generated by the variation of
translation plane inclination angle on the aerodynamic performance (aerodynamic
forces, energy consumption, and wing flow structures). This inclination angle is called
B (suchas 90° < 3 < 0°). In our work, a two-dimensional NACA0012 airfoil will be
presented using Ansys Fluent commercial software based on the finite volumes
method (FVM).The numerical simulations are carried out using the experimental
results parameters. Symmetric wing flapping motions with different angles of the
stroke plane inclination B in conjunction with other kinematic parameters such as
oscillation amplitude (15° < Aa < 45°) and Reynolds number (1.35.105 < Re <
1.35) are examined to investigate the influence of these parameters on the energy
consumption of the NACA0012 profile. The governing parameters of the problem
under study are: the chord of the profile C, the initial angle of rotation o, , the
oscillation amplitude Aa, the reduced frequency k, Reynolds number Re = 1.35 X
103, flow velocity U, , turbulence intensity at the inlet is 0.08%, translation
amplitude A, and phase difference between the rotation and translation motion ¢
.The obtained numerical results were compared with the experimental data.
Moreover, vorticity and pressure contours for different values of angle 8 will be also
presented.

1. Introduction

The flight of insects always arouses astonishment: take-off in backward flight, landing on the back
of a leaf, hovering or fluttering in all kinds of ways. Their unequalled aerial performances remained
unexplained for a long time, because of their small size. It took the development of imaging and
computational techniques to gradually understand how insects fly.

Understanding the fundamental mechanisms of insect flight is crucial in practical applications for
the design of micro air vehicles (MAVs) and wind turbines. In recent years, many numerical and
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experimental studies have been conducted to investigate the aerodynamic performance of insects,
these studies mainly focus on thrust generation at different pitch and dive frequencies and on the
improvement of lift characteristics, flow development and leading-edge vortex (LEV) dynamics in
flapping motion.

Ahmad et al., [1] performed numerical simulations to investigate the effect of different mesh
parameters for accurately estimating the drag of a ground vehicle. A simplified car model at three
scales has been investigated and compared with results from the MIRA model wind tunnel. This study
shows that with mesh optimization it is possible using a PC to make accurate predictions of the drag
coefficient within 4% of the wind tunnel measured value. Abobaker et al., [2] numerically investigated
the effect of structured and unstructured mesh types on lift and drag coefficients. The numerical
results show that at the linear aerodynamic range, i.e. up to 8 degrees, structured and unstructured
grid follow experimental data with the same accuracy. For angles of attack higher than 8 degrees, the
unstructured mesh overestimates the experimental lift coefficient, while structured grid results are
closer to experimental data.

Abdulameer Shlash and Kog [3] investigated the flow and heat transfer of turbulent fluid flow
through channels with various vortex generator designs mathematically (triangular, half-circle, and
quarter circle) and the effect of geometrical factors such as step height (2, 3, 4, 5, and 6 mm) on the
flow and heat fields. The results showed that the skin friction coefficient and the surface Nu rise with
step height and reach their maximum value at 4 mm, according to the findings. Furthermore, as the
Re increases, so does the average Nu sum. At a step height of 4 mm, the quarter circle VG
outperforms the triangular VG in terms of thermal-hydraulic efficiency. The simulation results
conform well with those in the literature. Alias et al., [4] studied the effects of the gap ratio (G/D) of
a drilling riser with auxiliaries on the vortex shedding phenomenon on a fixed and freely vibrating
riser. The results show that the freely vibrating riser experienced higher lift and drag forces compared
to the fixed riser due to high frequencies of hydrodynamics forces fluctuations on the main cylinder.

Wernert et al., [5] studied experimentally and numerically, the deep dynamic stall of a NACA0012
airfoil in pitch, the comparison between experimental and numerical results was conducted for the
deep dynamic stall process which was studied in a low-speed open wind tunnel using PIV, laser sheet
visualizations and Navier — Stokes calculations, and the computational results were in agreement
with the experimental results. Anderson et al., [6] showed that high efficiency accompanied by thrust
development is associated with the generation of moderately strong leading-edge vortices, which
then merge with the leading-edge vortices and amalgamate with the trailing edge vorticity leading
to the formation of an inverted Karman vortex. Lee and Gerontakos [7] studied an experimental
analysis of the boundary layer characteristics and stall phenomena developing on a NACA 0012
oscillating profile at Re = 1,35 X 10° where small values of reduced frequency were required to
delay the onset of the various boundary layer events and to produce significant variations in the
amplitude of the C;, Cp, and C,, peaks. Wang et al., [8] study numerically the fluid flow around two
sinusoidal pitch NACA0012 airfoils in low Reynolds number regime (Re = 10°), with varying
frequencies and by using two URANS models such as the standard k — w model and the k — w SST
model with transition. The results are compared to experimental data where the k — w SST model
performs well and shows improvement over the standard k — w model and also the k — w SST
model can predict experimental data with reasonable accuracy.

Amiralaei et al.,, [9-11] investigated the effects of unsteady flow and system’s parameters
(d, k and Re) on the instantaneous force coefficients and flow patterns on a 2D flow around a
NACAO0012 profile performing dynamic pitching motion at low Reynolds number (less than 5000).
The results show the substantial influence of the above-mentioned unsteady parameters on the
maximum lift and drag coefficients, these three parameters (d, k,and Re)are important for the
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aerodynamic characteristics. A higher reduced frequency widens the area of the hysteresis curves
and increases the maximum value of the lift coefficients. The change in amplitude generated a
difference in aerodynamic forces for the same angle of attack. At higher amplitude, strong leading
and trailing edge vortex effects occurred. Bhat and Govardhan [12] experimentally investigated the
limits of stall flutter of a low Reynolds number NACA 0012 airfoil by measuring the forces and flow
fields around the airfoil when forced to oscillate. These measurements indicated that for large
average angles of attack of the airfoil, there is a positive energy transfer to the airfoil over a reduced
frequency range, indicating that there is a possibility of airfoil excitation or stall flutter. Liu et al., [13]
investigated numerically the performance of aerodynamic profiles in pitch at high amplitudes. The
pitching motion delayed the initial incidence of the LEV, thereby enhancing the flutter. The amplitude
enhanced the maximum lift and stall incidence and had a significant effect on the hysteresis. Zakaria
etal., [14,15] investigated experimentally the flow field and lift enhancement of an NACAQ012 airfoil
subjected to dipping oscillations and proposed a frequency response method to predict the unsteady
aerodynamics of dipping oscillations of an airfoil. The results show that the increase in lift is caused
by the vortices coming off the leading edge. The lift amplitude was increased beyond the stall regime
when the reduced frequency was 0.7.

Sun and Tang [16] developed a computational model to examine the flapping motion of a fruit fly
in normal stationary flight mode. The problem is treated by solving numerically the Navier-Stokes
equations. This study indicated that rapid acceleration or rotation has a strong influence on the
instantaneous lift peaks that increase with higher translational velocity or rotation. Wang et al., [17]
studied the comparison of two-dimensional (2D) calculations and three-dimensional (3D)
experiments of a hovering wing undergoing sinusoidal motion along a horizontal stroke plane in
several qualitatively different kinematic models. In all cases, the calculated drag compares well with
the experiments. The calculated lift agrees in cases where the sinusoidal changes of the angle of
attack are symmetrical or advanced with respect to the experiments. But the results show that there
is no significant difference in force generation between the two-dimensional calculation and the
three-dimensional experiment. These numerical results suggest that three-dimensional simulations
are not necessarily necessary to explain the high lift generated during hovering.

Meile et al., [18] investigated experimentally and numerically the aerodynamic behaviour of the
Ahmed body with two different rearslant angles was investigated by wind tunnel experiments and
numerical simulations. one part of the study was focused on wind tunnel experiments to provide
reliable data on forces and moments at the same Reynolds number. The simulation results are in
good agreement with the measurements for symmetrical flow in both cases of the slant angle,
especially for the drag. Wang [19] studied the unsteady aerodynamics of two-dimensional wing
flapping in insect hovering with an inclined plane by solving the Navier-Stokes equations, the results
showed that two-dimensional hovering motion can generate sufficient lift to support the weight of
aninsect. Yu and Tong [20] investigated theoretically the effects of asymmetric durations of the down
stroke and upstroke in inclined forward flight to understand the physics of insect flows. The results
indicate that the asymmetric stroke with longer down stroke duration generates more thrust but
changes the lift and aerodynamic input power little. Gao and Lu [21] studied normal insect hovering
with a ground effect on unsteady forces and vortex structures, the goal of this study is to provide
physical insight for understanding the aerodynamics and flow structures for normal insect hovering.
Jardin et al., [22] investigated experimentally the effects of asymmetric flapping on wing motions
during inclined hovering. Asymmetry was introduced by differentiating between down stroke and
upstroke angles of attack. It was found that asymmetric flapping motions in inclined hovering were
particularly more efficient than normal flapping motions in hovering with horizontal plane of attack.
Sudhakar and Vengadesan [23] revealed the influence of kinematic parameters (Re, stroke
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amplitude, rotation timing and rotation duration) on force production of inclined hovering stroke.
The study focused on the influence of the aforementioned parameters on the unsteady aerodynamic
mechanisms of insect flight, namely delayed stall, rotational circulation, wake capture and added
mass. Furthermore, the significance of the study is Re that indicates that the proposed asymmetric
hovering mechanism for small insects may not work. Shanmugam and Sohn [24] conducted a
systematic study of a flapping wing in inclined plane hover for several parameter spaces: Pitch
amplitudes with other kinematic parameters such as stroke plane inclination (10° < 3 < 80°),
stroke amplitude(0.5 < Ao/c < 5), heave-pitch phase difference(—45° < ¢ <90°), and
Reynolds number (15.7 < Re < 10%) on the aerodynamic performance and vortex structures. The
results indicate that the pitch magnitude B has a significant effect on the aerodynamic performance.

Abdul Aziz et al., [25] numerically investigated the power from micro hydropower generation
through conical gravitational water vortex turbine (GWVT) via SOLIDWORKS flow simulation. Two
different turbine orientations were simulated i.e., vertical and horizontal at different blade angle
designs i.e., 25° 45°, 75°, 90°, and 120° and with different number of blades i.e., 8, 12, and 18 while
forces were harnessed at tangential (z-axis) direction. The simulation results showed that it was
possible to run and produce force from conical GWVT design in a fully enclosed system. It was found
that vertical turbine orientation produced a slightly higher force than horizontally orientated turbine,
using 12 runner blades at 90° angles where the distributed forces were 15.31IN and 14.12N
respectively, at tangential (z-axis) direction. Rival et al.,, [26] investigated experimentally and
numerically the energy recovery of leading edge vortices (LEV) and trailing edge vortices (TEV) in a
tandem blade configuration at Re = 3 X 10° and k = 0.25. For phase differences of 0°, 30°
and 60° a normal force was generated during the upstroke, which helped to reduce energy
consumption.

In this paper, we use a numerical model to study the flapping motion of an NACA0012 airfoil,
the main objective is to evaluate the effect of varying the inclined stroke-plane hovering along the
angle B on the behavior of forces (lift, moment and energy coefficients) and the flow around
an NACA0012 airfoil. Based on the experimental parameters chosen from Lee and Gerontakos [3],
the flow around the NACAO0012 airfoil is solved in two dimensions using the industry
code CFDANSYS Fluent16.2. By comparing the simulation results, it is possible to determine the
optimal angle of the inclined stroke plane B to improve the hovering efficiency of the NACA0012
profile in flapping motion.

2. Numerical Simulation Methodology
2.1 Numerical Method and Mathematical Formulation

The governing equations to study the flapping motion and the flow around an aerodynamic

profile NACA0012 (as shown in figure 1) are the two-dimensional Navier — Stokes equations and
they are given by the following relations:

ou - _1 2
at+u.Vu— pr+vVu (1)

V.u=0 (2)
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The ANSYS Fluent 16.2 fluid dynamics solver was used to simulate the aerodynamic forces and
flow fields under constant free-flow velocity with different unsteady and kinematic parameters. The
governing equations were discretized based on the finite volume method. The standard k — w
turbulence model was chosen, due to the incompressible flow, the pressure-based Navier — Strokes
solution algorithm was chosen and the Semi-Implicit Method for Pressure Linked Equations
Consistent (SIMPLEC) algorithm was applied for the pressure-velocity coupling, while a second-
order scheme was used for the spatial discretization of the simulations performed. The convergence
criteria for the residuals were 1073.

The geometry and kinematics of the flapping airfoil in hovering flight on the horizontal, inclined
and vertical planes are illustrated in Figure 1.

In particular, the flapping motion of the airfoil is combined with a translation and a rotation in a
stroke plane with an angle of inclination that can be described as follows:

A(t) = A,,,cos(2mft)(cosp, sinf) (3)
a(t) = ay + Aa2uft + @) (4)

where A(t) and a (t) are the translational displacement and rotation angle respectively, f is the
frequency, the chord length of the airfoil is ¢, A,, and Aa are the translational and rotational
amplitudes, respectively, ¢ is the phase difference between the translation and rotation motion, «,
is the initial mean angle of attack, time is t, and S is the inclination angle of the stroke plane. The
translational velocity is simply a harmonic function of time and the rotation occurs around the
geometric center of rotation which is at the point 0.25¢ from the leading edge of the profile.

To identify the characteristics and shape of the fluid flow around a hovering profile, there are
mainly two dimensionless parameters, namely the Reynolds number and the reduced frequency, the
Reynolds number is defined as follows:

P Uresc
Re = ——— 5
e p (5)
where p is the density of the fluid[Kg/m3], c is the chord length of the profile [m], u is the dynamic
viscosity of the fluid [Kg/m.s] and U ,..s is the reference velocity [m/s] which is defined as the
maximum translational speed of the wing:

__ 2mAnp

Uref T (6)

where T = % is the flapping period.
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The reduced frequency is defined as follows:

_ mfc
K - Uref (7)

where f is the flapping frequency.
The components of the force on the profile are calculated by:

_ Fr, _ Fp — Mz
= 0.5pUref’c’ Cp = 0.5pUpef?c’ Cu 0.5pUref?c? (8)
where F; , F, and M, are the lift, drag and momentum forces respectively.

The energy consumption is determined by:

P(t) = —[Friap - A@®) + M . (D)] (9)

where Fpq,, is the resultant of the flapping force in the stroke direction, A(t) is the translation
velocity, M is the rotation moment with respect to the pitch point and a(t) the rotation velocity of
the airfoil.

The energy coefficient is defined by:

__ P®
c

T 05pUresic (10)

2.2 Mesh Generation and Boundary Condition

The computational domain used for the simulations has a circular shape as shown in Figure 2 and
contains an inner zone called 21 of 20c diameter of the profile rotation points and an outer
zone Q2 of 25c¢ diameter. A mesh of structured quadrilateral cells are used in the inner area Q1 to
encompass all the motion of the profile which moves according to the predefined Eqs. (3) and (4)
with user-defined functions (UDF) witch are developed and attached to the Fluent solver to control
the dynamic motion of the mesh., while a mesh of unstructured triangular cells are used in the outer
(12 area to meet the requirement of remeshing the grid at each time step, with a velocity input as a
boundary condition at T; and no pressure gradient at the T, output.

(a) (b)
Fig. 2. Diagram of the model geometry: (a) the boundaries around the computational
domain, (b) the close-up view of the mesh near the wing surface
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2.3 Validation of CFD Solver

To examine the efficiency and reliability of the numerical code, a pitch oscillation motion of the
NACA0012 airfoil was calculated. This pitching motion was governed by the sinusoidal
equation: a(t) = 10" + 15°(2nft + ¢) with a reduced frequency of k = 0.05, the Reynolds
number of Re = 1.35 x 105, the flow velocity U,, = 14 m/s, the pitch axis is located 0.25¢ from the
leading edge, and the rate of inlet turbulence intensity is 0.08%. The standard k — w turbulence
model was applied. The obtained numerical results were compared with the experimental data of
Lee and Gerontakos [3]. The computational results presented in Figures 3(a) and (b) are in agreement
with the experimental results for both lift and drag coefficients.

—=s— Lee and Gerontakos [3] = Lee and Gerontakos [3]
—— Present model 0.7 ] *  Present model
2.0
0.6
1.5 0 054
= (&)
e =
£ 1.0 g 041
o k2]
% E 0.3 -~
o 0.54 O ....-
(&) o 0.2 r
= © e
—
0.0 O o4 “".5’""
 iiianxttfaae”
0.0 1
-0.5
-0.1

-10 I5 é é 1‘0 1‘5 2‘0 2‘5 -10 -|5 6 é 1‘0 1‘5 2‘0 2‘5 3‘0
a(deg) a(deg)
(a) (b)
Fig. 3. (a) Validation of the lift coefficient (CL) according to the angle of attack (b) Validation of the drag
coefficient (CD) according to the angle of attack

3. Results and Discussion
3.1 Effect of Plane B

The present study is carried out to evaluate the effects the translational stroke plane variation
along the angle B on the force behavior (lift, moment and energy coefficients) and flow around an
NACAO0012 airfoil in hovering. This study based on the experimental parameters chosen by Lee and
Gerontakos [3], the parameters used here are given as follows: the chord of the profile c = 0.15cm,
the initial angle of rotation @y = 10°, the oscillation amplitude Aa=15°, the reduced frequency k =
0.05, Reynolds number Re = 1.35 x 105, flow velocity U, = 14m/s , turbulence intensity at the
inlet is 0.08%, translation amplitude A,, = 3¢ and phase difference between the rotation and
translation motion ¢ = 0.

In this case two special cases were studied:

I.  The first case, where 3 € [90° 50°] corresponds to hovering along a vertical plane (B =
90°) and an inclined stroke plane similar to dragonfly wing motion;

Il.  The second case, where 8 € [45°,0°] corresponds to hovering along an inclined stroke plane
and a horizontal plane ( = 0°).

3.1.1 Effect of plane in the Case B €[90°, 45°]
We present in Figure 4(a), the time traces of the lift coefficient (C;) at five different 3 angles

where 3 = 90°,80°,70°,60°, and 50°.It is observed that there is an influence of 3 on the maximum
and minimum peaks of the lift coefficient(C;), in which the maximum lift coefficient C;,,,, and
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minimum lift coefficient Cj,,;, increases as the increase of 3 except for the case where the value of
maximum lift coefficient C;,,,4, Of B=90° is lower than the value of maximum lift coefficient Cp,,0x
of B = 70°. It can be seen that the change of [8 has a significant impact on the lift coefficient.

The effects of § on Cl,,,4, and cly,;, are presented in Table 1, which shows that the variation of
both coefficients Cl,,,, and Cl,,;, are higher.

Table 1
Summary of the effect of B on the maximum and minimum lift
coefficients

Lift Coefficient [ =90° 80° 70° 60° 50°
Crmax 1.20703 1.23246 1.21793 1.16291 1.09113
Crmin 0.84399 0.73389 0.65759 0.62609 0.6162

The variation of moment coefficient (Cy,) as a function of time is non-sinusoidal in the cases of
B =90°and = 80° while it is almost sinusoidal in the cases of B = 70°, 60° and 50°, as shown
in Figure 4(b), and it is noticed that the magnitudes of moment coefficients during the pitching
motion increased significantly when decreasing the plane 3.

The energy consumption performance of a rotating and translating profile along a plane (8 is
directly related to the variation of C; and Cy, coefficients, as shown in Eq. (9). Figure 5(a) shows
that the energy transfer coefficient (E;) as a function of time increases with increasing of B,
indicating that the greater inclination of the plane 3, the energy consumption is greater.

—— B=90°
1.3+ —p=80"
ad — B=70°"
1.24 [ |——pB=60°
o — B=50°
£ 3 B
= 111 S 31
e £
- o
g 1.04 }__) 2
S @
% 09 8
2 8
5 0.84 E
(o]
= 04
0.7 4
0.6 N iy
T T T T T T T T T T . ] T
0.0 05 1.0 15 20 25 0.0 05 1.0 15 20 25
Time (s) Time (s)

(@) (b)
Fig. 4. (a) Lift coefficient (C_L) as a function of time (s) for cases of B =90°, 80°, 70°, 60° and 50° at the
rotation axis 0.25c (b) Moment coefficient (Cy;) as a function of time (s) for cases of g =90°, 80°, 70°,
60° and 50° at the rotation axis 0.25c.
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Fig. 5. (a) The time history of energy coefficient (E) for the cases of § = 90°, 80°, 70°, 60° and 50° at
the rotation axis 0.25c (b) The time history of energy coefficient (E) for the cases of B = 90°, 80°, 70°,
60° and 50° at the rotation axis 0.5c (c) The time history of energy coefficient (E) for the cases of f =

90°, 80°, 70°, 60° and 50° at the rotation axis 0.25c (d) Average energy coefficient (E;) as a function of
[ for different axis of rotation at 0.5¢, 0.25c and Oc

The effects of B on CE,,,,, and CE,,,;,are presented in Table 2, which shows that the variation of
both coefficients CE,,,, and CE,,;, are higher.

Table 2
Summary of the effect of f on the maximum and minimum energy coefficients

Energy coefficient B =90° 80° 70° 60° 50°
CEax 0.26956 0.22549 0.19133 0.16587 0.15296
CEpin -0.35737 -0.36484  -0.34147  -0.29278  -0.22242

However, the energy transfer coefficient (E;) which was shown in Figure 5(a), indicates that in
each case of 3, there are portions of the cycle of the flapping motion of the NACA0012 profile where
energy is supplied to the profile (E. > 0),and parts of the cycle where energy is taken away from
the profile (E; < 0), for which the case of B = 90°is taken, it is evident from this case that the
energy coefficient reaches a maximum value E¢;, 4, Of 0.26956 at a = 24.36° during the upstroke,
and then monotonically decreases to a minimum value E¢;,;,, of —0.35737 at « = —4.88° during
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the downstroke, indicating that the maximum energy transfer coefficient E;p,q, increases by
increasing B while the minimum energy transfer coefficient E,,;,, decreases by increasing p.

Furthermore, for the effect of the rotation axis variation of the profile on the energy transfer
coefficient (E.) with the variation of the plane ,we find that the traces of the energy transfer
coefficient (E;) (Figures 5(a)-(c)) for the rotation axes at 0.25c¢, 0.5¢ and Oc respectively shows the
same trend and similar behavior ,as well as, the variation of the energy transfer coefficient (E;) for
the rotation axes at 0.5c and Oc is almost identical, but the variation of the energy transfer coefficient
(E() for the rotation axis at 0.25c was more vary than that of the last two axis, this indicates that
the effect of the rotation axis at 0.25c on the variation of the energy transfer coefficient (E.) is quite
obvious than that of the two rotation axis at 0.5c and Oc as can be seen from Table 3.

Table 3

Summary of the effect of § on the maximum and minimum energy coefficients for
the rotational axes at 0.5C and 0C

Energy coefficient B =90° 80° 70° 60° 50°
CE,... 0.26417 0.18676 0.16273 0.15402 0.22014
CEn, -0.36431 -0.34738 -0.29527 -0.22091 -0.37106
CE,.., 0.27007 0.22861 0.19344 0.16769 0.14782
CE,.., -0.37023 -0.37886 -0.35562 -0.29918 -0.22423

Axis of rotation: 0.5¢

Axis of rotation: Oc

The time-averaged energy transfer (E.) is shown in Figure 5(d), which represents the net
energy transfer to the profile, this plot is made to evaluate the effects of the rotational axis location
on the average energy coefficient (E.) as a function of 3.

Obviously, it was observed from the Figure 5(d) that the average energy coefficient (E;) is
completely negative with the three axis of rotation for all values of  (where 3 = 90°, 80°, 70°, 60°
and 50°), and it is observed that the two cases of the axis of rotation that are fixed at 0.5c and 0C of
the chord, the average energy coefficientm is strongly negative compared to the first case fixed
at 0.25c . In Figure 5(d), it is also observed that the average energy transfer coefficient (E;)
gradually decreases with the decrease of [3 and reaches a minimum value at § = 70° and starts to
increase strongly reaching its largest value at § = 50°, and the curves also show that at § = 70° the
energy consumption (energy which is taken away from the profile) is higher than energies
consumption for the other angles such as § = 90°, 80°, 60° and 50°.

3.1.2 Effect of plane in the case 8 € [45°, 0°]

Figure 6(a) represented the lift coefficients (C;) versus time at six different planes according to 3
where 3 = 45°, 40°, 30°, 20°, 10°, and 0°. From this graph (Figure 6(a)) it was found that the
influence of B on the minimum peaks of the lift coefficient Cj,,i, is greater than the influence of B
on the maximum peaks of the lift coefficient C},,4, in Which the values of the maximum peaks of the
lift coefficient Cp,q, are almost identical for different values of B, while the values of the minimum
peaks of the lift coefficient C;,,;, increase more highly by the decrease the values of (.

Figure 6(b) Shows that the variation of moment coefficient (Cy,) with time is almost sinusoidal
in the cases of B = 45°and B = 40°, while, in the cases of B = 30°, 20°, 10° and 0° this variation
is non-sinusoidal, and it is also noticed that the magnitudes of moment coefficients during the
pitching motion decreases significantly when increasing 3. The change of the minimum moment
coefficient Cpspmin Was more significant than that of the maximum moment coefficient Cynax-
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The effects of f on Cl,,,,, and Cl,,;, are presented in Table 4, which shows that the variation of
minimum lift coefficient is higher than that observed for Cl,,,,,. Table 4 presented below summarize
the effects of angle plane 8 on the maximum and minimum lift coefficients.

0.5

0.0

Lift Coefficient (CL)
Moment Coefficient (Cm)
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Fig. 6. (a) Lift coefficient (C;) as a function of time (s) for cases of p =45°, 40°, 30°, 20°,10° and 0° at
the rotation axis 0.25c (b) Moment coefficient (C,,) as a function of time (s) for cases of § =45°, 40°,
30°, 20°,10° and 0° at the rotation axis 0.25c

Table 4

Summary of the effect of f on the maximum and minimum lift coefficients
Lift Coefficient [p=45° 30° 40° 20° 10° 0°
Crmax 1.06096 1.03797 1.01654 1.02027 1.05689 1.11634
Crmin 0.79833 0.66471 0.34263 -0.02435 -0.42474 -0.82823

The energy transfer coefficient (E;) as a function of time for the cases of § = 45°, 40°, 30°,
20°,10° and 0° with the rotation axis 0.25c are shown in Figure7(a), as observed, it was noticed that
the energy transfer coefficient (E) increases by the increase of 3, which indicates that the effect of
plane 3 on energy consumption is more significant and noticeable.
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Fig. 7. (a) The time history of energy coefficient (E.) for the cases of § = 45°, 40°, 30°, 20°, 10° and 0°
at the rotation axis 0.25c (b) The time history of energy coefficient (E.) for the cases of B = 45°, 40°,
30°, 20°, 10° and 0° at the rotation axis 0.5c (c) The time history of energy coefficient (E.) for the
cases of B = 45°, 40°, 30°, 20°, 10° and 0° at the rotation axis 0.25c (d) Average energy coefficient
(E¢) as a function of f for different axis of rotation at 0.5c, 0.25¢ and Oc

However, Figure 7(a) shows that there are portions of the flapping motion cycle of the
NACA0012 profile where energy is supplied to the profile (E. > 0), and parts of the cycle where
energy is taken away from the profile (E; < 0),and it can be seen that with the increase of f3, the
maximum energy transfer coefficient E,,,, increases slightly with closer values and the minimum
energy transfer coefficient E.,,;, increases significantly, this means that (3 has little effect on the
maximum peaks of the energy transfer coefficient and has great effect on the minimum peaks of the
energy transfer coefficient, Moreover it was noticed that the case in which f = 20°,10° and 0° had
two maximum and minimum peaks ,which appeared almost at the same time, this indicates that
has a great effect on the energy transfer coefficient (E.) during this motion especially on the cases
of B = 20°,10° and 0°.

The effects of B on CE,,,, and CE,,;,, are presented in Table 5, which shows that the variation
of the coefficient CE,,;, is higher than the variation of CE,;, .

Table 5

Summary of the effect of f on the maximum and minimum energy coefficients
Energy coefficient [§ =45° 40° 30°. 20°. 10° 0°
CE,qx 0.14971 0.15142 0.15753 0.15967 0.15991 0.15554
CE, .in -0.18368 -0.14648 -0.0842 -0.04379 -0.01962 -0.02558

Figures 7(a)-(c) represent the energy transfer coefficient (E) for the rotational axes at 0.25¢,0.5¢
and Oc respectively, these results are obtained just to study the effect of the variation of the wing
rotation axis on the energy transfer coefficient (E;) under the variation of the plane 3, we find that
the traces of the energy transfer coefficient(E;) (Figures 2(a) — (c)) for the rotation axes at 0.25c,
0.5c and Oc respectively shows the same trend and similar behavior as well as the variation of the
energy transfer coefficient (E;) for the rotation axes at 0.25c and Oc is almost identical, but the
variation of the energy transfer coefficient (E.) for the rotation axis at 0. 5c was higher than that of
the last two axes, this indicates that the effect of the rotation axis at 0.5c on the variation of the
energy transfer coefficient (E;) is quite obvious than that of the two rotation axes at 0.25c and Oc
as can be seen from the Table 6.

92



CFD Letters
Volume 14, Issue 8 (2022) 81-99

Table 6
Summary of the effect of  on the maximum and minimum energy coefficients for the rotational
axes at 0.5c and Oc

Energy coefficient B =45° 40° 30° 20° 10° 0°

Axis of rotation: CE ax 0.15839 0.16093 0.16609 0.17019 0.16807 0.15404
0.5¢ CEin -0.1801  -0.14286 -0.07879 -0.04003 -0.01757 -0.0273
Axis of rotation: CEax 0.14647 0.14823 0.15196 0.15453 0.16000 0.15656
Oc CEpin -0.18483 -0.14648 -0.08435 -0.04373 -0.01954 -0.02408

The time-averaged energy transfer (E;) is shown in Figure 7(c). Obviously, it was observed from
this figure that the average energy coefficient (E.) in all cases of B = 45°, 40°, 30°, 20°,10° and 0°
with the three-rotation axis 0.25c, 0.5c and Oc is completely positive, but it is negative for the plane
B = 45°. Itis also observed in this plot that the average energy transfer coefficientm for the three
rotation axis increases gradually with the decrease of B and reaches a maximum value until the value
of B = 10°,s0 from these results and those of the first case where 3 varies between 90° and 50°, it
was noticed that the average energy coefficientm decreases significantly with the decrease of
until reaching the angle § = 70°and starts to increase strongly reaching its greatest value at § = 10°,
moreover the net energy transfer to the wing is negative (energy is taken away from the airfoil) for
the case of B =90°, 80°, 70°,60°, 50° and 45° and becomes positive (energy is supplied to the
airfoil) for the case of f = 40°, 30°, 20°,10° and 0°.

3.2 The Effect of Re and Aa on the Energy Coefficient for Planes (B=10° And B=90°)

Figures 8(a) and (b) shows the energy coefficient (E.) versus time for two cases of 3 ( = 10°
and B = 90°) corresponding to several Reynolds numbers: (Re=1.35.10°, Re = 1.93.10°, Re =
3.85.10°, Re = 7.72.10°,Re = 10.10°%, Re = 13.5.10°) at the 0.25c rotation axis. It is clear from
this figure that the hysteresis curves of the energy coefficients decrease by increasing the Reynolds
number for both cases of B (B = 10° and f = 90°), which means that the variation of Reynolds
number R, has a more significant effect on the energy consumption.
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Fig. 8. (a) The time history of energy coefficient (E) for different Reynolds numbers at § = 10° (b) The
time history of energy coefficient (E.) for different Reynolds numbers at § = 90°

The effect of oscillation amplitude (Aa) which varies from 15° to 40° with an interval of 5° on
the energy consumption is studied in this section as shown in Figures 9(a) and (b), for the two cases
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of B (B = 10° and B = 90°), at Re=1.35.10° and rotation axis 0.25c, it can be seen from this figure
that the oscillation amplitude (Aa) influences the maximum and minimum peaks of the coefficient
energy coefficient (E;) of the hovering wing differently under different planes [5. For the plane 3 =
10°, there are two maximum peaks and two minimum peaks during the upstroke and down stroke
of the wing, in which a minimum peak of the energy coefficient is higher than that of the maximum
peaks.
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Fig. 9. (a) The time history of energy coefficient (E.) for different oscillation amplitudes at § = 10°
(b) The time history of energy coefficient (E.) for different oscillation amplitudes at § = 90°

On the other hand, for the plane f = 90°, it is observed that there is one maximum and one
minimum peak for the oscillation amplitudes (Aa = 15° and Aa = 20°) and two maximum and
minimum peaks for the other oscillation amplitudes (Aa = 25°,Aa = 30°,Aa = 35° and Aa = 40°),
this new peak is induced by a large vortex that started to form inside the NACA0012 profile during
the down stroke. Obviously, it is important to note that the increasing oscillation amplitude (Aa)
affects the energy consumption of the NACA0012 profile during the translational and rotational
motion with the variation of the plane f3.

3.3 The Effect of Aa on Vortex Structures and Profile Pressure for Two Planes (f = 10° And 8 = 90°)

Figures 10 and 11 shows the vorticity and pressure contours respectively for two cases of the
plane 3, one corresponding to the plane § = 10°, and another corresponding to = 90° at the
rotation axis 0.25c for different angles of attack of the upstroke motion (ax = 14.96°, a = 21.19°)
and the down stroke motion (a = 04.98°, a = —04.99°) with Reynolds number Re =1.35.10°. In
all cases of 3, using two oscillation amplitudes (Aa = 15°, Aax = 30°), we will study the effect of
oscillation amplitude on the vorticity and pressure contour fields.

The rotation of the aerodynamic profile during translation at the oscillation amplitude(Aa =
15°) (Figure 10.) leads to the beginning of the formation of leading and trailing edge vortices (LEV
and TEV) in the upstroke, and no formation of vortices in the down stroke concerning the case of § =
10°, while the second case of B = 90°, the leading and trailing edge vortices (LEV and TEV) are not
clear and distinct and the flow remains fully attached to the profile in the upstroke and down stroke.
This is due to the fact that the angle of oscillation amplitude (Aa = 15°)is not sufficient for the
formation of vortices for the case of f = 90°, unlike the first case of § = 10°. From comparison
between these two cases, it is observed that the variation of the inclined stroke plane had a more
significant effect on the forces and vorticity fields, as can be observed in these contours(Figure 10).
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Fig. 10. Vorticity and pressure contours re;pectiverly for two cases from the plane (B = 10° and 3 = 90°) at
the oscillation amplitude (Aa = 15°).
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The pressure distribution (Figure 10), which shows that in the first case where § = 10°,
corresponding to the upstroke, there is a region of high pressure at the leading edge of the lower
part of the airfoil undergoes a decrease in flow velocity and also there is a region of low pressure at
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the upper surface with a stall phenomenon which will be generated in this part, while for the down
stroke, the pressure decreases in the lower and upper part of the airfoil.

In the second case of B = 90° (Figure 10), there is a region of high pressure at the leading edge
of the lower part of the airfoil with a relatively low pressure at the upper part of the airfoil, this
explains the highest peaks of the lift coefficient at the plane = 90°.

For the amplitude of oscillations (Aa = 30°) (Figure 11 ) it is observed that the flow structures
at different stages of leading edge and trailing edge vortex development (LEV and TEV) in the
upstroke and down stroke are very large and clear compared to the oscillation amplitude (Aa =
15°), which indicates that the variation of oscillation amplitude (Aa) has a more significant effect on
the vorticity and pressure fields with the variation of stroke plane 3.

4. Conclusions

Two-dimensional numerical simulations using Ansys Fluent commercial software were
performed for a flapping NACA0012 airfoil in hovering flight. These numerical simulations have been
carried out in order to study the effect of varying the angle plane 8 on the aerodynamic performance
of a flapping NACA0012 airfoil (Aerodynamic forces, energy consumption and wing flow structures).
Furthermore, the goal of this work is to study the effect of other kinematic parameters such as
oscillation amplitude (Aa) and Reynolds number on the energy consumption of a NACA0012 profile
during flapping motion under plane 3 change. The obtained numerical results were compared with
the experimental data of Lee and Gerontakos [3]. This comparison revealed that numerical results
are in agreement with the experimental results for lift and drag coefficients. Furthermore, the results
obtained show that the change in translation plane 8 has a significant influence on the aerodynamic
characteristics of the profile during flapping motion and on the flow fields, and from these results it
is observed that a relatively large increase in the energy coefficient with the increase of the plane 3,
in addition, the change of the rotation axis slightly influences on the energy coefficient with the
change of the plane 3, as it can be seen that the maximum energy coefficient E,,4, is obtained for
the plane 3 = 90° and the minimum energy coefficient E,,;, is obtained at § = 10°, on the other
hand, the maximum average energy coefficient is obtained at f = 10° and the minimum average
coefficient is obtained at = 70° which indicates that the variation of the plane 8 has a significant
effect on the energy coefficient (E;) and the average energy coefficient (E;).

The increase of Reynolds number Re and oscillation amplitude (Aa) also influence on the energy
coefficient with the variation of plane 5 in which, the energy coefficient decreases by the increase of
Reynolds number Re and increases by the increase of oscillation amplitude (Aa), and it is also found
that the change of Reynolds number Re and oscillation amplitude (Aa) have a significant impact on
the flow structures and vortex development.
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