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Abstract

Aerodynamic characteristics of hoverflies during hovering flight are studied with a three-
dimensional sharp-interface immersed boundary method. The wing ef-hoverfly—is modelled
with a rectangular generic wing, Simulations are conducted in two groups: One group of
simulations are conducted to determine the equilibrium kinematics of the wings with and
without alula; the other group of simulations are conducted to study the effects of pitching
phase differences between the wing and the alula on the performance of the wings. The
forces, aerodynamic power, efficiency and vortical structures are discussed in detail. It is
found that the wing without alula experiences Jarger angle of attack at equilibrium-fight.
This difference eauses 5% more aerodynamic power compared to the wing with alula. By
performing simulations of the wing without alula, and wings with alula flapping 45° ahead,
in phase with and 45° behind ef the wing, we find that the wing with alula flapping in phase
produces Jargest lift, but its efficiency is lowest. Vortical structure analysis shows that the
vortical structures of the wing with alula flapping 45° ahead are similar to those of the wing
without alula. The alula provides gtabilizing effect on the leading edge vortex for the wings
with alula flapping 45° ahead and in phase.
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1. Introduction

The mechanisms of insect flight have become a central issue for researchers and engi-
neers wishing to develop micro air vehicles (MAVs) with capabilities exceeding existing fixed
and rotary wing designs. Areas where aerial animals (such as bumblebees and hoverflies)
out-perform conventional man-made vehicles include high efficiency, maneuverability, sta-
bility, gust resistance and load capacity, and low noise signature. The aerodynamics differ
considerably between these animals and conventional fixed or rotary wing vehicles. These
differences may be attributed to the effects of the complex locomotion, Reynolds number,
and biomaterial properties (e.g. the-flexibility and the-inertia), and unsteady aerodynamics.
Therefore, great efforts have been made in the past few decades to study this subject (Shyy
et al., 2008, 2010; Wu, 2011; Deng et al., 2013).

Experimental measurements and observations have been performed to measure and/or

observe the biomaterial properties, morphology, kinematics, dynamics and-neuralsignal (Her-
tel, 1966; Ellington, 1984b,c; Dickinson and Lighton, 1995; Wootton, 1999; Dickinson and
Lighton, 2000; Wootton et al., 2003; Sane, 2003; Fry et al., 2003; losilevskii and Joel, 2013).

ingand-deviationmotions (Alexander, 1993; Vogel, 1994; Shyy et al., 2008). Based on the

observations and measurements of animal locomotion, simple models can be used inthe-ex-
periments to study the mechanisms (Ellington et al., 1996; Dickinson et al., 1999; Birch and
Dickinson, 2002; Prempraneerach et al., 2003; Triantafyllou et al., 2004). Theoretical anal-
yses have also been proposed to study biofluid dynamics of the animal flight. For example,
Lighthill (Lighthill, 1973) and Edwards and Cheng (Edwards and Cheng, 1981) presented the
two-dimensional inviscid analysis of the Weis-Fogh mechanism (Weis-Fogh, 1973) of insect
flight; Ellington (Ellington, 1984a,c) proposed a scheme to incorporate wing rotation with
translation in a quasi-steady model. The complex geometries, motions and flow fields make
both experimental measurements and theoretical analyses challenging. Numerical modelling

is an alternative to investigate this topic.

Hovering flight is the most demanding type of sustained locomotion, as it is the most

energetically expensive form of flight and it is very hard to remain stationary (Walker et al.,
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2010). The hoverfly ig noted for its excellent hovering flight skills. A notable morphological
feature of hewverfly is the alula, which is hinged at the base of the wings and accounts for up
to 10 per cent of the total wing area (Walker et al., 2012). Though the flapping kinematics
and aerodynamics of hoverflies have been studied by several researchers (see for example
Refs. (Walker et al., 2010; Mou et al., 2011; Mou and Sun, 2012; Walker et al., 2012)), the
effects of kinematies—and alula are still not well understood. By using high-speed camera
to record free-flying hoverflies and to analyze the relationship between—the alula flipping
and wing kinematics, Walker et al. (2012) hypothesized that the observed changes in the
aerodynamic forces are due to associated changes in wing kinematics (especially the change
in stroke angle) rather than the aerodynamic effects of the alula. However, it is difficult to
ascertain the aerodynamic contributions of the alula and all parameters that are changed

associated with alula flipping.

In this work, a generic wing model is used to investigate the effects of the alula on the
equilibrium kinematics and the flight performance by using the sharp-interface immersed
boundary method Tian et al. (2014a). The equilibrium kinematics, forces, power requirement

and vortical structures are discussed in detail.

The rest of this paper is organized as follows. Section 2 describes the physical problem,
mathematical formulation and numerical method. The numerical results and discussion are

presented in Section 3. Finally, concluding remarks are provided in Section 4.

2. Physical problem and numerical method

2.1. Flapping motion of a wing

The physical problem considered here is shown in Fig. 1 where a generic wing strokes

in the stroke plane about the pivot point and pitches about the pitching axis. The-owver-
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For simplicity, the wing is modelled as a rectangle, with a hinged rectangular section at the base representing the alula (Fig. 1).


z
Wing model B »
Alula \

Pitching axis Pivot point

Figure 1: Definitions of the angles of the flapping wing. (z,y,z) are coordinates in a system with its origin
at the center between two wing pivot points, z-axis pointing to the side of the insect, and g-z plane coinciding

with the horizontal plane, The blue rectangle filled with dashed lines is the alula.

The Mjng motion is an important part of the simulations. Based on the observa-
tions (Walker et al., 2010; Mou et al., 2011), the flapping motion of a hoverfly wing during
hovering mainly consists of two parts:—the-stroke-and the pitching, which are denoted by
¢ and « (as shown in Fig. 1). The stroke motion is approximated by a simple harmonic
function

© = o + 0.5Psin(27 ft), (1)

where f is the frequency, g is the mean stroke angle, and ® is the maximum stroke angle.
The pitching angle takes a constant value at-themid position of the downstroke or upstroke.
The constant value is represented by ay for the downstroke and «, for the upstroke. Around
stroke reversal, the wing rotates and a changes with time. a during the supination at m-th

cycle is described by
At, .
a=ag+A(t—t) — . sin 27(t —t1)/At] ¢t <t <t + A, (2)
T

where At, is the time duration of wing pitching during the stroke reversal, t; is the time

4


graham
Cross-Out

graham
Inserted Text
w

graham
Cross-Out

graham
Inserted Text
empirical

graham
Cross-Out

graham
Inserted Text
components: stroking and

graham
Cross-Out

graham
Inserted Text
through the middle portion

graham
Cross-Out

graham
Inserted Text
This

graham
Inserted Text
body-fixed

graham
Inserted Text
the 

graham
Inserted Text
the 

graham
Inserted Text
,

graham
Inserted Text
the 

graham
Inserted Text
 at equilibrium


when the wing-pitching starts, and A is a constant determined by
A= (180" — ay, — ag)/At,, t = (m — )T + (T, (3)

where T is the flapping period, and ( is a number between 0 and 1. « during the pronation
at m-th cycle can be obtained by a similar method. Such descriptions are the same as those
used in Refs. (Xiong et al., 2008; Mou and Sun, 2012). From Fig. 1 and Eqs. (1)—(3), it is
noted that parameters ®, f, ¢, At,, ag,a,, @, the stroke plane angle 3, and body angle
v are required to describe the wing kinematics. The kinematics of alula can be described
by Egs (1) and (2) with a delay in phase. Three phase delays are considered: in-phase, 45°
ahead and pehind the wing.

2.2. Mathematical formulation

For mest-insects, the velocities of wing tips are much smaller than the acoustic velocity
of the fluid (Deng et al., 2013) and the fluid motion can be described by the incompressible

Navier—Stokes equations,

01),-

p— 4
o, (@
ov;  Ovjv; 1 op 9%v;
ot ox;  pox v dx3’ (5)

where v; is the velocity, p is the density, v is the kinematic viscosity, and p is the pressure.

In this work, the structure kinematics is prescribed, i.e.
vV=v, at X =Xy, (6)

where X, and v, are respectively the prescribed position and velocity of the boundary.

In this work, a sharp-interface immersed boundary method is used to solve the above

equations. Details of this method and its validation can be found in Appendix A.

3. Results and discussion

In order to investigate the effects of the alula on the flight performance, a generic wing

model is employed in the simulations, as shown in Fig. 1. The wing chord length is ¢ =

>
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1.71mm, the wing length is L = 6.93mm, the pitching axis is located at quarter chord from
the leading ledge, the alula length along wing span is L, = 1.09mm, the gap between the
wing and alula is g, = 0.2mm, the pivot point is located at 0.94mm from the wing root.

These geometric parameters are eomparableto-thoseof the realistic hoverflies (Mou et al.,
2011).

The parameters of dry air at a pressure of one atmosphere and 15°C" are used for the fluid.
Specifically, p = 1.225g/cm? and v = 0.145cm?/s. The kinematic parameters presented in
Sec. 2.1 are set as follows: f = 186Hz, At, = 0.43T during supination and 0.377 during
pronation, ¢ = 0.277" during supination and 0.867" during pronation, v = 0, § = 0, and
® = 75.6° where T is the flapping period. Other parameters, ag4, a,, and g, are determined
by three restrictions: the wing provides a lift force equivalent to the hoverfly weight, and

the drag and the elevation moment are zero.

The computational domain is 31c x 31¢ x 33c. A nonuniform grid of 289 x 157 x 273
points is used. The minimum spacings in three directions are respectively Az = 0.0385¢,
Ay = 0.0333¢, and Az = 0.0278¢. Such choice is based on our previous studies (Tian et al.,
2013b,a, 2014a). In our simulations, we have conducted validations by varying computational
domain, mesh size and time step to make sure that the results presented in this work are
independent of these factors. To maintain CFL < 1.0 , 2000 time steps in one flapping cycle
are used. It takes about 20 hours to calculate a flapping cycle with 8 computational cores

on a workstation with Intel Xeon CPU E5-2600 with OpenMPI.

Two main topics will be discussed: (1) effects of alula on equilibrium kinematics, and
(2) effects of alula and its phase differences on wing performance. In the first topic, we first
determine the equilibrium kinematics for the wings with and without alula. Then we discuss
the aerodynamic performance for wings with and without alula at equilibrium kinematics.
In the second topic, both the wings with and without alula flap in the same kinematics, but
the alula has a phase difference of 45° ahead and, behind the wing.
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3.1. Effects of alula on equilibrium kinematics

3.1.1. Equilibrium paremeters for the wings with and without alula

In this section, simulations are conducted to find out the equilibrium parameters (ag, o,
and ¢g) at which the lift is equal to the hoverfly weight, the drag is zero and the pitching
moment is zero. The steps to achieve this are: (1) A case at a testing set of values of
ag, oy, and g is conducted , and the fluid dynamics is ealeulated; (2) The lift, drag and
moment are acquired. Based on thg aerodynamic information, the values of oy, a,, and ¢q
are adjusted and a new simulation is performed; and (3) This process is repeated until the
lift force equals the hoverfly weight, and the drag and the elevation moment are zero. For

each case, six flapping cycles are calculated.

Thirteen testing cases have-been performed for each wing before the equilibrium param-
eters arq determined. For the wing with alula, the equilibrium parameters are ay = 28.0°,
a, = 32.6° and ¢y = 7.0°. For the wing without alula, the equilibrium parameters are
ag = 29.5% a,, = 33.6° and ¢y = 7.0°. Fig. 2 shows the time histories of the stroke angle
and pitching angle at-equilibrivm flight-in a flapping cycle and pitching angle difference with
and without alula. It is noted that the wing without alula experiences a larger angle of
attack. The increase of the angle of attack is 1.5° during down stroke and is 1.0° during
upstroke. These observations can be explained as follows. The area of the wing without

alula is smaller. It will produce smalleg lift than the wing with alula af the same kinematics;

- To generate larger lift, the angle of attack
should pe larger. On the other hand, the increase of the angle of attack should maintain

the drag and moment restrictions, To dg, this, asymmetric increase of the angle of attack of

during upstroke and downstroke is required. The main-mechanism of lift increase by chang-

d LOR .zle here nhan

ereate—cireulation—asthewing moves. Further explanation will be made when the vortical

structures are discussed.
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Figure 2: Kinematics at equilibrium—flight: (a) stroke and pitching angles at equilibrium flight, and (b)
pitching angle difference between wings with and without alula. In the pictures, o, and «,, are respectively

the pitching angles of the wings with and without alula.

3.1.2. Forces at equilibrium parameters

Here we discuss the forces produced by both wings with and without alula. Fig. 3 shows
the time histories of the lift coefficient C7,, the drag coefficient C'p, the side force coefficient
Cs and the elevation moment coefficient C;. Cp, Cp, and Cg are respectively the forces
in y,  and z directions scaled by 0.5pU%cL where U is the mean tip velocity. C); is the
jmoment about the center of mass of the hoverfly in the z direction scaled by 0.5pU2Lc?.
Here we use the same area to scale forces due to the fact that the direct contribution of alula
(force on alula) is less than 0.2% compared to that of the whole wing. Five observations
are made. First, there are lift peaks af translational periods (near ¢/7'=4 and 4.5) and
pitching reversals (near t/T = 4.3 and 4.8). The contribution of the translational motion
is much larger compared to the pitching motion. Second, near the end of each stroke (near
t/T = 4.25 and 4.75), there is a lift loss which is caused by the induced flow interacting
with the wing. Third, the mean lift coefficient is about 1.372 for the wing with alula and
1.380 for the wing without alula. Based on the experiments in Ref. (Mou et al., 2011), the

lift coefficient of each wing is 1.372 so that a pair of wings can support the hoverfly for
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hovering flight. The result here is less than 0.6% different from the experimental result.
Fourth, the mean values of Cp and ), are respectively less than 0.03 and 0.05. Such errors
are reasonable when simulations are conducted to seek equilibrium kinematics (Mou et al.,
2011). As we only simulate one wing, the mean value of Cg is not zero. It is balanced
by another wing. Finally, the difference of the force histories between the wings with and
without alula is not significant. The difference appears mainly near the translational stroke
period. The translational upstroke compensates for the lift drop during downstroke, as
shown in Fig. 3(a). Similagy compensation mechanism is observed drag and moment, This is

the advantage of asymmetric increase of the angle of attack.
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| ——Wing with alula
| - - - -Wing without alula

—Wing with alula
- - - -Wing without alula

2+~ - - -Wing without alula -
4k

| ——Wing with alula 6l Wing with alula
- - - - Wing without alula
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Figure 3: Time histories of the force coefficients on the wings with and without alula: (a) lift coefficient, (b)

drag coeflicient, (c) side force coefficient, and (d) elevation moment coefficient.

3.1.3. Aerodynamic power at equilibrium paremeters

Another important quantity to measure the flight performance of an insect is the aero-

dynamic power, which is shown in Fig. 4. The mean

aerodynamic power coefficient is 1.811

for the wing with alula and 1.897 for the wing without alula. The wing without alula needs

5% more power compared to the wing with alula. The maximum stroke angle is the same for

10


graham
Cross-Out


both cases. To adjust the kinematics, the wing without alula increases its angle of attack to
compensate for the lift drop because of the smaller area. As shown in Fig. 3(a), the lift force
of the wing without alula is larger iy 4 < ¢/T" < 4.08, and 4.48 < ¢/T" < 4.58 compared to
that of the wing with alula. The larger forces in these regions cause the dominant increase of
the power requirement. There is a power decrease i 4.58 < t/7T < 4.6—But such decrease is
much smaller compared to the increase during the translational strokes. Fhg power increase

is observed for hawkmoth with damaged wings during hovering flight Fernédndez et al. (2017).

-—— Wing with alula
- - - - Wing without alula

Figure 4: Time histories of aerodynamic power coefficient.

3.1.4. Vortical structures at equilibrium parameters

The vortical structures in the near field of a flapping wing ig closely related to the forces
of the wing (Wu et al., 2006; Deng et al., 2013). Therefore, it is necessary to investigate
the vortical structures around the flapping wings. Fig. 5 shows the vortical structures of the
wings with and without alula at four instants during a flapping cycle. Similar to the realistic
hoverfly case (see Sec. A.2), the distinguished flow features associated with flapping wings
are identified for both wings with and without alula. Overall, the vortical structures for
both wings are very similar, but three minor differences are observed. The first observation

is that the leading edge and root vortices are shifted outward along the rotation axis and

11
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weaker for the wing without alula, see Fig. 5 at 37'/4. This is the major reason that the lift
reduction afterwards. The second observation is that the leading edge vortex for the wing
with alula is more stable compared to that of the wing without alula. This is demonstrated
in Fig. 5 at 17'/4 and 3T'/4, where the leading edge vortex near the wing root for the wing
with alula is stronger and closer to the leading edge. The last observation is that there is a
RVB (root vortical beam) in the wing without alula, as shown in Fig. 5 at 07°/4. The RVB

provides a positive contribution to the lift compensating lift loss near ¢/T = 4.6.

12
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Figure 5: Vortical structures of the wings with alula (a) and without alula (b) at four instants during a

flapping cycle. From top to bottom are respectively for 07'/4, 1T/4, 2T /4 and 3T/4.
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3.2. Effects of phase differences on wing performance

In Sec. 3.1, effects of the alula on the equilibrium kinematics have been discussed by
considering two wings with and without alula. For the wing with alula, the alula flaps in
phase with the wing. In this section, we will discuss effects of phase differences between the
alula and the wing on wing performance. Four cases, wing without alula, wings with the
alula flapping in phase, 45° ahead, and 45° behind the wing, are investigated. All cases are
conducted at the same kinematics as that of the wing with alula at equilibrium-fight, i.e.
ag = 28.0° a,, = 32.6° and ¢y = 7.0°. By doing this, a continuous approximation is adopted

to model the flipped and flat modes (Walker et al., 2012).

3.2.1. Forces and power

Figs. 6 and 7 show the time histories of the force coefficients and aerodynamic power
coefficient for the wing without alula and the wings with alula flapping in different phases.
From these figures, several interesting observations are made. First, the mean lift coefficients
for the wings with the alula flapping in phase, 45° ahead, and 45° behind the wing and wing
without alula are respectively 1.372, 1.359, 1.334 and 1.331. }-showsthatthe wing with
alula flapping in phase produces largest lift. Second, at the translational periods (mid
downstroke, ¢/T = 4.0, and mid upstroke, t/T° = 4.5), the wing with alula flapping 45°
ahead produces Jargest lift, followed by the wing with alula flapping in phase, the wing
with alula flapping 45° behind, and the wing without alula producing smallest lift. This
observation can be explained by the contribution of the alula with different phases. The
alula flapping 45° ahead experiences larger angle of attack, followed by the one flapping in
phase and the one flapping 45° behind. Similar to the discussion in Sec. 3.1, the alula with a
larger angle of attack will produces larger lift. In addition, the 45°-ahead flapping alula acts
as a device to form a downward bow deformation. Similar observation has been made for the
force coefficient in the x direction, Cp. Third, the-wingwith alula flapping 45° behind has
profound effect on the force generation at the beginning of the stroke, see Fig.6 at t/T = 4.4
and t/T = 4.9. This is caused by the larger rotation angle of the alula during supination
and pronation. Finally, the mean power coefficients for the wings with the alula flapping in

phase, 45° ahead and 45° behind the wing and wing without alula are respectively 1.806,

14
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1.801, 1.832 and 1.789. The efficiencies measured by the power coefficients divided by the
lift coefficients for the wings with the alula flapping in phase, 45° ahead and 45° behind the
wing and wing without alula are respectively 0.760, 0.755, 0.728 and 0.744. Therefore, at the
same kinematics considered here, the efficiency of the wing with alula flapping in phase is
lowest and the wing with alula flapping 45° behind has the highest efficiency. The difference
between the best performance and worst performance is about 4%. The force production
could be enhanced by using machine learning algorithms to tune the alula kinematics or

optimizing parameters.
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Figure 6: Time histories of the force coefficients for the wing without alula and the wings with alula flapping

in different phases: (a) lift coefficient, (b) drag coeflicient, (c) side force coefficient, and (d) elevation moment

coefficient.
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Figure 7: Time histories of aerodynamic power coeflicient for the wing without alula and the wings with

alula flapping in different phases.

3.2.2. Vortical structures

The vortical structures of the wings with alula flapping (a) 45° ahead, (b) 45° behind,
and (c) the wing without alula are shown in Fig. 8. It is noted that the vortical structures
of the wing without alula are almost the same as those shown in Fig. 5(b), which means
that the difference between the equilibrium kinematics of both wings in Sec. 3.1 does not
significantly affect the flow field. The vortical structures of the wing with alula flapping 45°
ahead are similar to those of the wing without alula. A notable difference is that the leading
edge vortex of the wing with alula flapping 45° ahead is more stable, as shown in Fig. 8(a)
and (c) at t/T = 3/4. Such similarity is demonstrated in Fig. 6(a), where the lift coefficients

of these two cases are closer compared to other cases as shown by the inset.
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Figure 8: Vortical structures of the wings with alula flapping (a) 45° ahead, (b) 45° behind, and (c) the
wing without alula. From top to bottom are respectively for 07'/4, 1T/4, 2T /4 and 3T/4.
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4. Concluding remarks

In this paper, a recently developed flow solver based on the sharp-interface immersed
boundary method has been first introduced. The flow field around a realistic hoverfly with
prescribed kinematics during hovering flight; has been conducted to validate the selver;

Aerodynamic characteristics of generic wings during hovering flight have been presented.
Simulations have been conducted in two groups: One group of simulations have been con-
ducted to determined the equilibrium kinematics of the wings with and without alula; The
other group of simulations have been conducted to study the effects of pitching phase dif-
ferences between the wing and the alula on the performance of the wings. The lift, drag,
side force, aerodynamic power, efficiency and vortical structures are discussed in detail. It
is found that the wing without alula experiences, larger angle of attack at equilibrium Hight
and requires 5% more aerodynamic power compared to the wing with alula. The wing with
alula flapping in phase produces the largest lift, but its efficiency is lowest. Vortical struc-
ture analysis shows that the vortical structures of the wing with alula flapping 45° ahead
are similar to those of the wing without alula and the alula provides gtabilizing effect on the
leading edge vortex for the wings with alula flapping 45° ahead and in phase. The results
suggest that if is a promising method to produce high lift by enhancing and stabilizing lead-
ing edge vortex. It is observed that the RVB (root vortical beam) appears in all cases except
the one with alula in phase which generates largest lift. The RVB has positive contribution
to lift production. This is a reasonable aerodynamic explanation that the hoverfly rapidly
switches plula-moving medes. Further effort should be made to clarify the RVB role and its
interaction with the hoverfly body.
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A. Numerical method and validation

A.1. Numerical method

The numerical method used in this work is based on an immersed-boundary method
initially developed in Ref. (Mittal et al., 2008) and later improved in Refs. (Luo et al., 2012;
Tian et al., 2014a). Only a brief introduction of the method is provided here. The Navier-
Stokes equations are discretized on a nonuniform Cartesian, The momentum equation is
integrated in time using the three-step projection method. In the first substep, an advection-
diffusion equation is solved in the absence of the pressure, and an intermediate velocity
field is obtained. In this step, both the nonlinear advection terms and the viscous terms
are discretized using the Crank—Nicolson scheme to improve the numerical stability. The
spatial derivatives are discretized by a second-order central scheme. The discretized system
is solved by using the Gauss—Siedel line relaxation method for the linearized system and
using successive substitution for nonlinear iterations. In the second substep, a projection
function is solved as an approximation of the pressure, and in the third substep, the velocity

is updated by applying divergence-free condition.

The special treatment at the fluid-solid interface is the improved second-order sharp-
interface immersed boundary method (Luo et al., 2012; Tian et al., 2014a). It retains the
sharp-interface representation of the solid body surface and employs local flow reconstruction
to facilitate the finite-difference discretization near the boundary. Fig. 9 shows the two-
dimensional schematics of this method. When the standard second-order central difference
scheme is used to discretize the Navier—Stokes equations in the fluid region, incomplete
stencils are encountered near the interface. Specifically, on the nodes immediately next to
the interface, as the (i,7) point in Fig. 9(a), the finite-difference stencil will involve nodes
that are located inside the solid body, as (i—1, j) and (7, j —1). Two methods can be used to
calculate the variables of (7, j). In the first method, the variables of (i, j) can be interpolated
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by using the interpolation stencil shown in Fig. 9(a). A body intercept (BI) point can be
found by projecting the (7, j) onto the boundary along the surface normal. The variable, ¢,
in the local area around (i, j) is approximated by ¢ = ayzy + asx + azy + a4, where ay, as, as
and a4 can be determined by using the values on BI, together with (i + 1, 7), (¢,7 + 1), and
(i4+1,j+41). Then the value on (4, j) can be obtained by ¢; ; = an:l Bm'pm Where @, is one
of the 4 data points. In the second method, we first apply the extrapolation, and then use
finite-difference method. As shown in Fig. 9(b), to calculate the value on (i, j), the values
on (i—1,7) and (i, j — 1) are first extrapolated, and then that on (i, j) is calculated by using
the finite-difference method. Take (7 — 1, j) as an example, the BI point can be determined
by the same way as the interpolation. The image point (IP) can be found by taking the
symmetrical point about the boundary. The value on IP can be determined by using the
shaded stencil, i.e. the values at previous time step on BI, (i, 7), (¢,j+ 1), and (i — 1,7+ 1).
n+tl

Then ¢}, ; = 2¢%; — p7p. Therefore, ¢;

i~ can be updated by the finite-difference method.

In the practice, the numerical oscillations in the moving boundary problems associated with
the sudden change of the stencils can be effectively reduced by applying the hybrid scheme
of these two methods. Iteration is required in the cases where the points used to interpolate
the unknown values are in the solid region or immediately next to the interface. Thethis
method is second order accurate in space. The versatility of it has been demonstrated by its
applications in several problems including fish swimming, insect/bird flight and vocal fold
vibration in our previous publications (Tian et al., 2012, 2013b,a, 2014a,b; Shahzad et al.,
2016).
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Figure 9: Two-dimensional schematics illustrating the sharp-interface immersed boundary method: (a)

interpolation stencil, and (b) extrapolation stencil.

A.2. Validation

The solver used here has been validated by using simple geometries and kinematics in our
previous work (Tian et al., 2012, 2013b,a, 2014a,b; Shahzad et al., 2016). In this work, we
further validate our solver by applying it to predict the flow field around a realistic hoverfly

with prescribed kinematics. In this application, the hoverfly body motion and the wing

deformation were measured by 4
University of Oxdford {Walker et al., 2010, 2012) Specifically, four high-speed digital video
cameras were used to reconstruct the motion of approximately 22 points on each wing using
photogrammetric techniques. In each flapping cycle, about 26 frames were reconstructed.
The cubic spline interpolation ig employed to generate the kinematic input for the solver

introduced in Sec. A.1. Seven cycles were considered.

22


graham
Inserted Text
as 

graham
Cross-Out

graham
Inserted Text
(

graham
Cross-Out

graham
Inserted Text
C

graham
Cross-Out

graham
Inserted Text
was


—— Present
---- Tobing

Figure 10: Lift force of the left wing of a realistic hoverfly with prescribed kinematics. The result from

Tobing (2014) is shown in the picture for comparison.

The Reynolds number based on the average wing tip velocity (Uy;,) and the wing chord
length (¢) is about 883. The computational domain is 26¢ x 30c x 27¢. A nonuniform grid
of 293 x 357 x 253 points is used. The minimum spacing is Az = Ay = Az = 0.04c. In
one flapping cycle, 1000 time steps are applied. The lift force of the left wing is shown
in Fig. 10. For comparison, the result predicted by Fluent (ANSYS version 14.0) (Tobing,
2014) is shown in the picture. It is found that the present result agrees well with that in
the reference. Fig. 11 shows the vortical structures at four instants during the fifth flapping
cycle. Here the vortical structure is characterized by the isosurface using the @-criterion
defined in Ref. (Hunt et al., 1988). The distinguished flow features associated with flapping
wings, such as the leading-edge vortex, the trailing-edge vortex, the tip vortex, and the
spanwise flow (Shyy et al., 2010; Deng et al., 2013; Tian et al., 2014a) can be captured
by the present flow solver. The validated results here can be used as benchmark case for
the future development of methods for complex flows. In future studies, we will investigate
the wing-body, wing-wing, and wing-alula interactions and discuss the flight performance in
terms of aerodynamic forces and power. In Sec. 3, we will discuss details of the aerodynamic

effects of alula by using a generic wing model.
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Figure 11: Vortical structures of a realistic hoverfly with prescribed kinematics at four instants during the
fifth flapping cycle: (a) mid-upstroke, (b) end of upstroke, (¢) mid-downstroke, and (d) end of downstroke.
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