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Abstract

The purpose of present study is to investigate the influence of cross sectional
veins topology on the flow pattern and resulted aerodynamic performance of
an oscillating corrugated bio-inspired airfoil. To demonstrate the vein effects, a
cross section of the Ashena Cyanea wing is modeled with three configurations.
The air flow passing bio-airfoil is subjected to three Reynolds numbers of 1000,
5000, and 14000 and selected reduced frequencies (k) and angular amplitude
(A). The results show that as the Reynolds number increases the effects of
veins structure become more significant. The lift coefficients of the three stud-
ied bio-airfoils, over the range of Reynolds numbers, are close to each other
considered in this work. At the Reynolds numbers of 1000 and 5000, the thin
bio-airfoil has minimum drag coefficient and the drag coefficients of thick and
veined bio-airfoils are quite similar. The veins in the bio-airfoils increase the
drag coefficient significantly for the Reynolds numbers of 14000 compared to the
Reynolds number of 5000. Finally, the numerical simulations provide hysteresis
of lift and drag coefficients subjected to an increment for Reynolds number,
reduced frequency, and angular amplitude.
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1. INTRODUCTION

The flight of insects, especially dragonflies, has fascinated scientists with
particular focus on the investigation of their flight mechanism to design airfoils
with better aerodynamic performance [I]. Insects benefit from single or tan-
dem flapping wing configurations with a corrugated airfoil section which are
the main origins of their efficient aerodynamic and maneuver performance [2].
Srygley and Thomas [3] performed experiments to investigate the lift generation
mechanism of a butterfly during its free-flying maneuver. They observed that
it is composed of wake capturing, active and inactive upstrokes, generation of
leading-edge vortices, and rotation and “clap and fling” movements. Ellington
et al. [4] carried out visualizations of airflow around the wings of a Hawkmoth
Manduca Sexta. They found out that the leading-edge vortex formed during
the downstroke is one of the main sources of lift forces. The flight of dragonfly is
also studied by the researchers who are interested in understand and analyze its
mechanism and performance [B [0, [7, 8, @] [10]. Dragonflies are equipped with a
tandem wing configuration and fly at Reynolds numbers lower than 15000 [10].
They perform in-phase and out-of-phase wing flapping in take-off and forward
flight, respectively [B]. In-phase flapping produces high aerodynamic forces, on
the other hand, flapping out of phase results in a better flight efficiency [IT}[7,[9].

From structural viewpoint, the surface topography and cross-section (bio-
airfoils) of insect wings are corrugated with an irregular pattern [12]. Therefore,
flow patterns and wake regions around and behind a bio-airfoil are affected by
vortices formed within its surface cavities [I3]. Barnes and Visbal [I4] showed
that the flow transition occur at Reynolds numbers lower than 7500. Validation
of the aerodynamic performance of corrugated and smooth wings is a challenging
task. For this purpose, Levy and Seifert [I5] compared aerodynamic forces of a

simplified corrugated dragonfly wing section with an Eppler-E61 airfoil at fixed
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angles of attack. They demonstrated that the aerodynamic performance of the
corrugated airfoil is better than the Eppler-E61 airfoil. Vargas and Mittal [16]
numerically compared the performance of corrugated airfoil and flat plate at
Reynolds numbers from 500 to 10000. Their study showed that the flat plate
and corrugated airfoil performed better than the other at Reynolds numbers
lower than and above 5000, respectively. Tamai et al. [I7] investigated the
flow characteristics around corrugated and smooth airfoils at Reynolds number
of 34000. Their experiments revealed that the performance of the corrugated
airfoil is superior in preventing stall as compared to the smooth one. Meng
and Sun [18] studied the aerodynamic forces exerted on airfoil with different
corrugation and flat plate during a gliding motion at the Reynolds numbers
between 200 and 2400. They showed that the corrugation decreases the lift
force.

Two mechanisms are responsible for this effect; one is that the vortex pro-
duced at lower surface of the corrugated airfoils creates local low-pressure re-
gions on the lower surface of the wing. The other is that leading-edge-separation
layer pushed by the corrugation near the leading edge, therefore suction pres-
sure and lift are reduced. Flint et al. [13] studied the aerodynamic performance
of a pitching corrugated airfoil. They showed that the corrugated airfoil pro-
duces thrust force at Strouhal numbers above 0.4. At Strouhal numbers lower
than 0.4, the smooth airfoil has better aerodynamic performance. At Strouhal
numbers above 0.4, however, there is no data for smooth airfoil to compared
with corrugated airfoil. Kwok and Mittal [19] investigated experimentally the
aerodynamic performance of corrugated and smooth airfoils. They indicated
that the lift coefficients of smooth and corrugated airfoils are nearly the same.
Kim et al. [20] numerically investigated effect of the dragonfly wing corrugation
on gliding performance at Reynolds numbers 150, 1400, and 10000 and angles
attack from 0 to 40. Their results showed that the corrugation increased the lift
through all the angles of attack. The drag coefficient was not affected by the
surface corrugation. In comparison with a smooth wing, the higher lift force of a

corrugated wing was confirmed by [21], 22]. Murphy and Hu [23] performed mea-
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surements to compare the aerodynamic performance of a corrugated bio-airfoil
with a flat plate at Reynolds numbers between 58000 and 125000. They demon-
strated that the lift and drag coefficients of the corrugated bio-airfoil are higher
than those of flat plate. New et al. [24] experimentally compared the separa-
tion control behaviour of corrugated and NACAO0010 airfoils at Re=14000. The
results showed that the corrugated airfoils have better flow separation control
behavior.

Dragonfly wing consist of a membrane and veins, which varies along the
wing span [25], 22]. Rees and christopher [26] explored details of the wing veins
of a dragonfly. The investigation of structural characteristics of the corrugated
and smooth airfoils showed that a corrugated airfoil has superior performance in
terms of bending, deflection, and stress on the wing [25] 27]. Harbig et al. [2§]
numerically investigated the effect of wing camber on the flow structures and
aerodynamic force for insect-like wings. They indicated that the positively cam-
bered improves the aerodynamic performance of a flapping and rotating wing at
the Reynolds numbers lower than 1500. Harbig et al. [29] carried out numerical
experiments to study the effect of wing aspect ratio (AR) and Reynolds num-
ber on the flow structures over a bio-inspired wing. Their simulations showed
that an increment in the Reynolds number at an AR of 2.91 increases the lift
coefficient. Also, increasing the AR at Reynolds numbers from 120 to 1500 have
the same effects on the flow structures and results in an increase in the lift co-
efficient. Au et al. [30] numerically investigated the effect of the corrugation on
the aerodynamic performance of three dimensional camber wings at Reynolds
number of 18000. They demonstrated that the suggested corrugated wings
have lower aerodynamic forces and performance as compared to non-corrugated
wing. Kesel and Antonia [22] performed experiments to measure aerodynamic
forces of dragonfly wings with different cross sections at Reynolds numbers of
7880 to 10000. Their Results indicated that the orientation of the leading-edge
has no important role on the aerodynamic performance. Okamoto et al. [21]
investigated experimentally the effect of thickness, camber, and sharpness of

the leading edge on the aerodynamic performance at Reynolds numbers from
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Table 1: Geometrical dimensions of the bio-airfoil parameters illustrated in Fig. |I|

ti(mm) to(mm) 7 T2 ¢(mm) h(mm)
Thin 0.02 - 4.53 - 81 -
Thick - 0.762 - 5.49 81 -
Veined 0.02 - - 5.49 81 0.96

11000 to 15000. They showed that the airfoil with sharper leading edge, more
cambered profile and thinner, has better aerodynamic performance.

The present study is organized to investigate the effects of cross sectional
veins topology on the flow pattern and aerodynamic performance of an pitching
corrugated bio-airfoil. To demonstrate the vein effects, an airfoil section of
Ashena Cyanea wing is modeled by veined an un-veined. The Reynolds number
of the air flow passing bio-airfoil is set to 1000, 5000, and 14000 to study the
effects of vein topology in laminar and turbulent flows. The pitching reduced
frequency and amplitude are varied to expose probable vein effects in different

flight conditions.

2. BIO-AIRFOILS MODELS

Investigation of aerodynamic influences of longitudinal veins and bio-airfoil
thickness is carried out by three computational models of a rigid bio-inspired
corrugated airfoil. Figure [1| shows the corrugated bio-airfoil models inspired by
the Ashena Cyanea forewing at middle cross section [22]. The veined bio-airfoil
is the thin one with veins, and the thick bio-airfoil has the vein thickness. The
longitudinal dimension of veins is described by [26]. The geometrical parameters
of the bio-airfoils used are given in Table

Figure[2]illustrates the layout of domain and generated grid near and far from
the bio-airfoils. Flow domain consists of two sub-domains; outer (stationary)
and inner (pitching) domain separated by a sliding surface. The grid within in
viscous flow boundary layer is generated by quadrilaterals. The grid resolution

adjacent to the walls is adjusted to keep y* less than unity for the near wall
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Figure 1: The configuration and nomenclature of modeled bio-airfoils, (a) the overall geometry
of the bio-airfoils, (b) the details of the bio-airfoil sections, (c) the dimension parameter of

the vein section, and (d) the pitching direction of the bio-airfoil
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Figure 2: The computational domain and the grid around the bio-airfoils: (a) the flow domain,
(b) the sliding surface, (c) the quadrilateral cells near the sliding surface, and (d) the boundary

layer quadrilateral cells near the bio-airfoil surface

calculations in turbulence flow modeling.

3. THE NUMERICAL MODELING

The flow field around the pitching corrugated airfoil is modeled by the
unsteady incompressible form of continuity and Navier-Stokes flow equations.

These equations are written by primitive variables as follows:

V.Y =0 (1)

v Vp
WHV*.V)?:—? +ov2V (2)

where V}(u,v,w), p, p, and v are the flow velocity, pressure, density, and fluid
kinematic viscosity, respectively.

In this study, the two dimensional flow field around bio-inspired corrugated
airfoils are modeled using the Open Source Field Operation and Manipulation
Software, OpenFOAM. OpenFOAM provides an open source collection of nu-

merical solvers and utilities for flow and heat transfer. The pitching process
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of corrugated airfoils are modeled by the sliding mesh technique provided in
OpenFOAM using Arbitrary Mesh Interface (AMI).

The implemented boundary condition at the inlet boundary of domain are
fized value for velocity and zeroGradient for pressure fields. The zeroGradient
condition for velocity and fiexed value pressure are applied at the outlet bound-
ary of domain. The no-slip velocity and zeroGradient condition for the pressure
are imposed at the bio-airfoil surface. The cyclicAMI condition is implemented
for sliding surface between inner and outer domain. The cyclicAMI is Cou-
pling condition between a pair of patches that share the same outer bounds,
but whose inner construction may be dissimilar. The pimple DyMFoam solver
was used to perform computations for the current unsteady moving boundary
flow problem. The first order and second order discretization scheme are used
to discretize the time and space derivatives, respectively.

In general, the surface topography of insect wings and their sections (bio-
airfoils) are corrugated and irregular. In this regard, the flow transition occurs
at Reynolds number lower than 7500 [14]. It is indispensable to use appropri-
ate turbulence models to resolve large turbulent structures in time. Therefore,
the flow at Reynolds numbers of 1000, 5000, and 14000 are numerically sim-
ulated to study the aerodynamic characteristics of bio-airfoils in laminar and
turbulent flow regions. Non-linear eddy viscosity turbulence models (NLEVM)
superior predict the shedding of the dynamic-stall vortex around pitching air-
foil |31, B2]. The k — w SST facilitated by Scale-Adaptive Simulation (SAS)
turbulence modeling has been used as a pioneer model to carry out separated
flow calculations near the corrugated airfoil surface in present study. The k —w
SST-SAS handles unsteady flow structures well and is the highest fidelity tur-
bulence model available in a two-dimensional simulation. The SAS method uses
a RANS based model in regions of steady flow transitioning to an Large-Eddy
Simulation (LES) model through multiple stage of turbulent eddy resolution in
regions of unsteady flows. It behaves like LES in unsteady solutions but with
lower demand for local grid spacing. The concept behind this model is based

on the introduction of the von Karman length-scale into the turbulence scale
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equation. This information allows the SAS model to dynamically adjust to re-
solved structures in a URANS simulation. This results in a LES-like behavior in
unsteady regions and standard RANS behavior in stable regions, which signif-
icantly reduces computational expenses and demand for grid spacing required
to get a LES-like accuracy in the simulations [33], 34].

The aerodynamic coefficients of pitching bio-airfoils are calculated at reduced
frequencies (k) between 1.24, 2.48 and 4.96, and angular amplitude (A) between
A=25° A=5° and A = 10°. It is worth mentioning that the pitching axis
is at the quarter-chord of the bio-airfoils. The Reynolds number and reduced

frequency (k) are defined as:

Uc
_7fc

where U, ¢, and f are the free stream velocity, airfoil chord length, and frequency
of oscillation, respectively.

In an iterative numerical algorithm, the Courant number (C) threshold is
essentially enforced by the relative propagation of the physical and numerical
solution information. The Courant number in a computational cell is defined

as:

UAt
C= A (5)

where At is the simulation time-step and Ah is the minimum height (character-
istic length) of the grid cells. In present study, all simulations have been carried
out by a Courant number below than one.

Pitch angle, a, is calculated from follow equation:
a = Asin(2w ft) (6)

where A, and t are angular amplitude and time, respectively. The lift and drag

coefficients, C, and Cp, are computed using the following formulas:

fy
Cr = 7
L %pUQC ( )
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fa
Cp = 8
P (8)

where f, and f, are the fluid flow force along x and y coordinates. Pressure

Coefficient, Cp, is calculated from follow equation:

p pOO
C, = 9
P %plm 9)

where p and p., are pressures at the point of interest and the far field, respec-

tively. The friction Coefficient, C'y, is calculated from the following equation:

Tw
Cy = 10

where 7, is the wall shear stress.

4. RESULTS AND DISCUSSION

In order to validate the numerical experiments of the current study, a ge-
ometry of bio-airfoil was created and the obtained results have been validated
against those of Flint et al. [I3]. They had performed a set of experimental
tests to validate their numerical modeling qualitatively. Here, the results of
the current study have been compared to their numerical simulation results.
Figure [3| shows the lift and drag coefficients predicted for the flow around pitch-
ing bio-airfoil with & = 2.48, A = 20°. The comparison between lift and drag
coefficients presented in Fig. [3] shows that the present numerical results are in

excellent agreement with those of Flint et al. [13].

4.1. The Grid Independence of Solution

In order to investigate the effects of mesh resolution on the numerical re-
sults, the flow computations are performed on three meshes with about 115k,
230k, and 350k cells around veined bio-airfoil. A case has been identified to
examine the grid independence, where the Reynolds number, reduced frequency
and pitching amplitude are Re = 14000, k = 4.96, A = 10°, respectively. A high

Reynolds number case has been chosen to ensure that the resolution of the grid

10
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Figure 3: Comparison of lift and drag coefficients calculated from the present flow simulations

with the validated results reported by [13] at k = 2.48, A = 20°

is sufficient to resolve the turbulence effects within the air flow field. Figure [4]
demonstrates calculated lift coefficient, C',, and drag coefficient, Cp, during a
period of pitching cycle on three grid resolutions. The numerical results un-
surprisingly indicate that the grid with 115k cells has lower accuracy compared
to grids with 230k and 350k cells. On the other hand, the numerical results
carried out from the flow computations on grids with 230k and 350k cells are
acceptably close to each other. As it is seen, the difference between the force
coefficients estimated on 350k and 230k grids is significantly lower than those
between 115k and 230k.

The maximum difference in the pressure distribution around the bio-airfoil
has been adopted as an indicator for the accuracy of the simulations. The max-
imum difference was observed at higher angles, and higher frequencies. Thus,
the grid dependence study has been performed for a case with the highest of
these parameters. The maximum difference in the pressure coefficients has been

calculated using (L) norm as defined below:

Lo = maw(lcp,iGl - Cp,iG2|7 |Cp,iG3 - Cp,iG2|) (11)

Where, Cp,ial is the pressure coefficient at point i on the bio-airfoil for
the simulation using grid 1 (350k cells). C’p,iGQ and priGS are indicating the

simulations using 230k and 115k grids, respectively. Figure |5[shows the upper

11
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Figure 4: The drag (left) and lift (right) coefficients of the veined bio-airfoil calculated on

grids with three resolutions at kK = 4.96 and A = 10°.

and lower surface distribution of pressure coefficient in pitch angle of 10° and
—10°. The pressure distribution of the case shown in Figure 5| has a maximum
discrepancy at x/c=0.206. The relative (Lo,) norm for pressure distribution
of Figure [5| has a reduction factor of 1.8 when comparing the difference in the
solutions for 115k and 230k with the one for 230k and 350k.

To quantify the uncertainty of the simulations, a grid convergence index
(GCI) has been evaluated. GCI, as suggested by Roache [35], provides an error
band for the CFD simulations and it can be an indicator to justify the resolution
of the grid in a particular problem. The maximum lift coefficient (Cy,, ) within
a cycle has been used to study the convergence of the simulations on different
grids. The convergence study has been carried out for the veined bio-airfoil.
man for G1, G2 and G3 grids are 10.11, 10.17 and 10.29,
respectively. The GCI is estimated at 4.93% for G2, which is an indicator for

The values of the (7,

the uncertainty of the simulation when using G2 grid. The uncertainty is a
combination of factors such as grid stretching, grid quality, non-linearities in
the solution and turbulence modeling. The detailed calculation of the GCI is

provided in[Appendix_A] Thus, the mesh with 230k cells is employed to simulate

air flow around pitching bio-airfoils throughout the present study.

12
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Figure 5: The pressure coefficient on the veined bio-airfoil surface calculated on three grid

resolutions at pitch angles of —10° (left) and 10° (right)

4.2. The Effects of Angular Amplitude

In this section, the effects of angular amplitude on the aerodynamic coef-
ficients of pitching bio-airfoils are investigated. The dynamic hysteresis of lift
and drag coefficients calculated at different angular amplitude and Reynolds
numbers are shown in Figs [6}[8]

As shown in Fig. [6] the lift coefficients are approximately the same at
Re=1000 and A= 10°. This has also been obtained for A= 2.5° and 5°. The
thin bio-airfoil has minimum drag coefficient. The drag coefficient of thick and
veined bio-airfoils are close to each other. As is observed, as the angular am-
plitude increases, there is an ability for producing propulsive force. As shown
in Fig. [7] the thin bio-airfoil has the least drag coefficient at Re=5000 such as
Re=1000. On the other hand, the bio-airfoil lift coefficients are the same at
Re=5000. At Reynolds number of 14000, as shown in Fig. [§] the lift an drag
coeflicients of bio-airfoils are different. The veined and thin bio-airfoils produce
maximum and minimum drag forces, respectively. Fig. [8| shows that as the an-
gular amplitude increases, the difference between the bio-airfoil lift coefficients
is reduced.

The total drag force exerted on the flapping bio-airfoils is a result of pres-
sure and friction forces. To assess the pressure and friction forces acting on

the pitching bio-airfoils, the dynamic hysteresis pressure and friction drag coef-

13
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ficients of bio-airfoils calculated at & = 2.48, A = 10°, and Reynolds numbers
of 1000, 5000, and 14000 are shown in Fig. 0] The veined bio-airfoil shows
maximum pressure drag coefficient, and minimum friction drag coefficient. The
pressure and friction drag coefficients of the thin bio-airfoil are minimum and
maximum, respectively. The friction drag coefficient decreases as the Reynolds
numbers increases from 1000 to 14000 at a fixed reduced frequency and angular
amplitude. On the other hand, pressure drag coefficient of bio-airfoil decreases
with an increment in Reynolds numbers from 1000 to 5000 and increases with
as the Reynolds number reaches to 14000. The numerical results show that the
drag force is mostly exerted through the pressure forces in turbulent flow, i.e.
Re = 14000. On the other hand, both the friction and pressure forces play an
important role in producing drag force in laminar flow regime, i.e. Re = 1000.

Figure[10]illustrates the pressure coefficient distribution along the bio-airfoil
at pitch-down (clockwise rotation) and pitch-up situations. The pressure dis-
tribution along airfoil surfaces are approximately the same at laminar flow
(Re = 1000) and different at turbulent flow (Re = 14000) regimes.

Figure[TT]shows the flow pattern around three modeled bio-airfoils at selected
pitch angles of —2.5, 0, and 2.5 degrees and the Reynolds numbers of 1000 (left)
and 14000 (right). At the pitch angle of zero, the flow pattern are illustrated
for the pitch up and pitch down situations. The flow pattern are demonstrated
using resolved streamlines on a background colored by the pressure contours.
At Reynolds number of 1000 (laminar flow), the pressure field and vortices
formed around the modeled bio-airfoils are similar. In other words, the vein
structures and bio-airfoil thickness do not significantly influence the pressure
and velocity fields around the bio-airfoils. The hysteresis loops plotted for lift
and drag coeflicients at Re = 1000 are verified by the the flow patterns in this
Figure (see Figs |§| and E[) On the other hand, there are significant differences
between the resolved pressure fields and vortices around modeled bio-airfoils at
fully turbulent flow regime, i.e. Reynolds number of 14000.

Figure shows the flow pattern in the corrugation (left) and around the
leading-edge (right) of three modeled bio-airfoils at selected pitch angle of -2.5
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Figure 9: The pressure and friction drag coefficients at k=2.48, A = 2.5°, and three Reynolds
numbers
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Figure 10:  Surface pressure coefficient of bio-airfoils calculated at k=2.48, A=2.5°  and

different Reynolds numbers
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Figure 11: The streamlines and pressure contour within airflow around bio-airfoils calculated

at k=2.48, A=2.5° and different Reynolds numbers and pitch angles
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Figure 12: The streamlines and pressure contour within airflow: (Left)in the corrugations;

(Right) around leading-edge of bio-airfoils calculated at k=2.48, A=2.5°, and Re=14000

degrees and the Reynolds numbers of 14000. The flow pattern is different in the
corrugations of the three different bio-airfoils. Sooraj et al. [36] demonstrated
that vortices separation and merging in the corrugation affect pressure varia-
tion around the airfoil. Furthermore, the formed vortex below the leading-edge
of the veined bio-airfoil, as pointed to in Fig. [[2] decreases the suction pres-
sure. Therefore, the pressure difference between upper and lower surfaces of
the veined bio-airfoil is lower than those for thin and thick. This demonstrates
that as the upstream velocity (flight speed) increases the flow structures around
the veined bio-airfoils exerts lower pressure force than those of thin and thick
ones. Furthermore, as the Reynolds number increases the vein structures do

not increase the friction drag with respect to the two other modeled bio-airfoils

(see Fig. [9)

4.3. The Effects of Reduced Frequency

The modeled pitching bio-airfoils are subjected to different oscillation fre-
quencies. In this section, the effects of reduced frequency on the aerodynamic
performance of pitching airfoils are investigated. The dynamic hysteresis of the
lift and drag coefficients calculated at selected reduced frequencies and Reynolds

numbers of 1000, 5000, and 14000 are demonstrated in Figs [13] to respec-
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tively. There are three fundamental mechanism that govern aerodynamic efforts
acting on the pitching airfoil and which are: leading-edge vortex (force Fyortes),
added mass reaction (force F,,) and leading edge vortex convection and inter-

action with the wing (wake capture force F,.) [37]:
F = Fyortex + Fam + Fuc (12)

The Strouhal number (St.) defined as:

_fe

St. =
Uo

(13)

For St. < 0.1, leading edge vortex force becomes dominant; for 0.1 < St. < 0.5,
added mass force competes with the wake capture force; for St. > 0.5, added
mass force becomes dominant. In the present study the reduced frequencies of
1.24, 2.48, and 4.96 have been used. The proportional Strouhal number (St.) of
these reduced frequencies are 0.39, 0.79, and 1.58, respectively. Therefore the
effect of added mass reaction is dominant at reduced frequencies of 2.48 and
4.96, while for the lower St., added mass and the wake capture lift generation
mechanisms are comparable. Added mass is a result of force applied by an
accelerating wing on the fluid in its vicinity. Andro and Laurent [37] defined
this reaction force as:

Fam = 7p19j'luida (14)

Where # is the volume of the fluid displaced by the wing oscillation and a is the
acceleration of airfoil. In our case a(t) = —Aw?sin(wt)e,, therefore the added

mass force is:

Fam = —pﬂfluidAWQSin(OJt)ez (15)

The force due to added mass reaction is proportional to w?, therefore it incre-
ment by increasing of reduced frequency.

In Fig. the lift coefficient of three modeled bio-airfoils is approximated
with the same values at reduced frequency of k=4.96 and Re=1000. The calcu-

lated lift coefficients are following the same trends for k=1.24 and 2.48 at laminar
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Figure 13: Hysteresis of lift and drag coefficients calculated at Re=1000, A=10°, and selected

reduced frequencies
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Figure 14: Hysteresis of lift and drag coefficients calculated at Re=5000, A=10°, and selected

reduced frequencies

flow regime (Re=1000). On the other hand, the thin bio-airfoil has minimum
drag coefficient and the drag coefficient of thick and veined bio-airfoils are pre-
dicted close to each other. As is observed, as the reduced frequency increases,
there is a possibility for producing propulsive (negative drag) force.

At Re=5000 (Fig. , the lift coefficient are similarly obtained for thin,
thick, and veined airfoils. With respect to Re=1000, there are more differences
between drag coefficients of modeled airfoils at Re=5000. The numerical sim-
ulations demonstrate that the aerodynamic loads exerted on the veined airfoil
are almost the same as one calculated for the thin and thick ones.

At the Reynolds number of 14000, the lift coefficient is not altered by shape
of bio-airfoils at different reduced frequencies. However, the drag coefficient of
bio-airfoils are much more different at selected reduced frequencies (see Fig. .

In this regard, as the reduce frequency decreased, the difference between drag
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Figure 15:  Hysteresis of lift and drag coefficients calculated at Re=14000, A=10°, and

selected reduced frequencies
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coeflicient increases. Moreover, the lowest and highest drag forces are calculated

for thin and veined bio-airfoil models, respectively.

4.4. Parametric Study of Veined Bio-Airfoil

In this section, the effects of reduced frequency, angular amplitude, and
Reynolds number on the lift and drag coefficient of pitching veined bio-airfoil
at different Reynolds numbers have been investigated. Flint et al. [I3] showed
that the formation and shedding vortices formed inside the bio-airfoil have the
most effect on the drag and lift coefficients.

Figure [16| demonstrates the effect of reduced frequency on the dynamic hys-
teresis in lift and drag coeflicients of veined airfoil estimated at A=10° and
different Reynolds numbers. As in expected, increasing the reduced frequency
results increment in absolute value of Cp, and Cp at most fixed pitch angles
and Reynolds numbers.

Figure [17] shows the effect of angular amplitude on the dynamic hysteresis
in lift and drag coefficients of veined bio-airfoil estimated at k=2.48 and dif-
ferent Reynolds numbers. At a fixed reduced frequency and Reynolds number,
increasing oscillation amplitude results increment in absolute value of Cp, and
Ch.

The main outcome revealed from the Cp plots is the effects of change of
pitching amplitude and reduced frequency on the propulsion performance of
pitching veined bio-airfoil. As is observed from the results, as the angular ampli-
tude or reduced frequency increases, there is an ability for producing propulsive
force.

Figure 18| demonstrates the variation of the Cp, maximum instantaneous

lift coefficient within a cycle) with angular amplitude and reduced frequency.
The results show that as the reduced frequency increases the variation of the
Cr,... With k tends to be quadratic. Nevertheless as the angular amplitude
increases, the variation of the Cp, . with k remains close to linear. This can

be attributed to the effects of added mass mechanism which becomes more

significant at higher reduced frequency.
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Figure 16: Lift and Drag coefficients of veined bio-airfoil calculated at A=10°, and different

Reynolds numbers and reduced frequencies
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Figure 17: Lift and Drag coefficients of veined bio-airfoil calculated at k=2.48, and different

Reynolds numbers and angular amplitudes
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Figure |19 shows the effect of Reynolds numbers on the dynamic hysteresis

in lift and drag coefficients of veined bio-airfoil estimated at A=10°, k=4.96.

Lift Coefficient of veined bio-airfoil are approximately the same at all Reynolds

numbers. In laminar flow, increasing Reynolds number results decrement in

375

to turbulent flow.

Cp. The Drag coefficient of the bio-airfoils increased by moving from laminar

T
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Lift and Drag coefficients of veined bio-airfoil calculated at A=10°, k=4.96 and

different Reynolds numbers
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5. SUMMARY AND CONCLUSIONS

In the framework of numerical simulation of air flow around a pitching cor-
rugated bio-airfoil, it is required to study the effects of longitudinal veins topol-
ogy on the aerodynamic characteristics of pitching bio-airfoils. In present study,
the influence of cross sectional veins topology on the flow pattern and resulted
aerodynamic performance of an oscillating corrugated bio-inspired airfoil was
investigated. For this reason, the middle cross section of Ashena Cyanea wing
was modeled with three configurations. The air flow passing bio-airfoil was
subjected to three Reynolds numbers of 1000, 5000, and 14000 and selected
reduced frequencies (k) and angular amplitude (A). The lift coefficients of the
three studied bio-airfoils, over the range of Reynolds numbers, are close to each
other considered in this work. At the Reynolds numbers of 1000 and 5000, the
thin bio-airfoil has minimum drag coefficient and the drag coefficients of thick
and veined bio-airfoils are quite similar. The veins in the bio-airfoils increase
the drag coefficient significantly for the Reynolds numbers of 14000 compared
to the Reynolds number of 5000. The hysteresis of lift and drag coefficients
were provided through an increment for Reynolds number, reduced frequency,

and angular amplitude.

Appendix A. Grid Convergence Index

Grid convergence index (GCI), as suggested by Roache [35], provides an
error band for the CFD simulations and it can be an indicator to justify the
resolution of the grid in a particular problem. The GCI for the grids defined as:

Fs|€mn|
Tmnp - ]- ’

GOl = (A1)

where F is a factor of safety. The factor of safety is considered to be Fs; = 3 for
comparisons of two grids and Fy = 1.25 for comparisons over three or more grids.
Index n and m is level of the grid, which 1, 2, and 3 shows the fine, medium, and

coarse grid, respectively. The relative error (¢) and the grid refinement ratio (r)
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is defined as:
_ fn _ fm

€mn - f
m

(A.2)

ol~

Tmn = (%—:) (A.3)

where f is the CFD solution parameter, N is number of the grid cells, and D
is dimension of the problem.

The order of grid convergence (p) involves the behavior of the solution error
defined as the difference between the discrete solution (f(h)), and the exact
solution (fezact):

E = f(h) — fepaet = CH? + HO.T (A.4)

where C' is a constant, p is the order of convergence, h is some measure of grid
spacing, and H.O.T is higher-order terms.
If the refinement ratio between the fine and medium grid (r12) is not equal

to that between medium and coarse grid (r23), p is defined as [35]:
(Tlgp — 1)(7,23;0 — 1)812 + (7,2317 — 1)812 — (Tlgp — 1)523 = 0 (A5)

where ¢,,,, defined as:

Emn = fm — fn (A.6)
The Richardson extrapolation can be used to calculate the exact solution:

fi— f
fexact%fl + 7’112p _21 (A?)

The maximum lift coefficient (Cl,,q,) within a cycle has been used to study
the convergence of the simulations on different grids. The convergence study
has been carried out for the veined bio-airfoil. The values of the Cl,,,, for fine
(350k cells), medium (230k cells) and coarse grids (115k cells) are 10.11, 10.17,
and 10.29, respectively. In this regard, p = 0.677, €12 = 0.006, eo3 = 0.012,
r12 = 1.233, ro3 = 1.414, GCI5 = 4.93%, GCIy3 = 5.68%, and Clpaz.,.., =
9.72.
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