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The effects of advance ratio and the wing’s aspect ratio on the structure of the leading-
edge vortex (LEV) that forms on flapping and rotating wings under insect-like flight
conditions are not well understood. However, recent studies have indicated that they
could play a role in determining the stable attachment of the LEV. In this study, a
numerical model of a flapping wing at insect Reynolds numbers is used to explore
the effects of these parameters on the characteristics and stability of the LEV. The
word ‘stability’ is used here to describe whether the LEV was attached throughout the
stroke or if it was shed. It is demonstrated that increasing the advance ratio enhances
vorticity production at the leading edge during the downstroke, and this results in
more rapid growth of the LEV for non-zero advance ratios. Increasing the wing aspect
ratio was found to have the effect of shortening the wing’s chord length relative to
the LEV’s size. These two effects combined determine the stability of the LEV. For
high advance ratios and large aspect ratios, the LEV was observed to quickly grow to
envelop the entire wing during the early stages of the downstroke. Continued rotation
of the wing resulted in the LEV being eventually shed as part of a vortex loop that
peels away from the wing’s tip. The shedding of the LEV for high-aspect-ratio wings
at non-zero advance ratios leads to reduced aerodynamic performance of these wings,
which helps to explain why a number of insect species have evolved to have low-
aspect-ratio wings.
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1. Introduction

Current interest in developing micro-air-vehicles (MAVs) has motivated significant
research into the aerodynamics of flapping and rotating wings in an attempt to
understand the mechanisms that insects and birds use to fly. Research into the
aerodynamics of insect flight has revealed that insects employ a number of unsteady
mechanisms. These include delayed stall (Ellington et al. 1996), rapid pitch rotation
(Dickinson, Lehmann & Sane 1999), wake capture (Dickinson et al. 1999) and clap
and fling (Weis-Fogh 1973). However, the delayed stall mechanism, associated with
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the formation of a coherent leading-edge vortex (LEV), is regarded as being primarily
responsible for the elevated lift coefficients that are required for insect flight (Sane
2003).

For hovering flight, the LEV forms at the beginning of each half-stroke and
remains attached to the wing throughout the half-stroke (Ellington et al. 1996). This
stable attachment provides the wing with additional circulation and enhanced lift
(Ellington et al. 1996; Usherwood & Ellington 2002; Birch, Dickson & Dickinson
2004). Owing to the wing’s rotation, the LEV is three-dimensional in structure and
is often accompanied by a strong spanwise flow that acts from the wing root to
tip (Birch & Dickinson 2001; Birch et al. 2004; Poelma, Dickson & Dickinson
2006). The attachment of the LEV throughout a half-stroke is essential for the wing’s
performance, but the mechanism that stabilises the LEV is not well understood.
Here the word ‘stable’ and its derivatives are used to describe whether the LEV
remains attached throughout the stroke (stable) or if it is shed (unstable), as it is
commonly used in the flapping wing literature (e.g. Ellington et al. 1996; Lentink
& Dickinson 2009; Shyy et al. 2010). It is not to be confused with ‘flow stability’
in the classical sense that relates to the growth or decay of perturbations. Some
studies have suggested that the spanwise flow stabilises the LEV by draining vorticity
generated at the leading edge into the tip vortex (Maxworthy 1979; Ellington et al.
1996; van den Berg & Ellington 1997). However, for a translating wing at insect
Reynolds numbers, generating a spanwise velocity through wing sweep alone is not
sufficient to maintain an attached LEV (Lentink & Dickinson 2009; Beem, Rival &
Triantafyllou 2012). Curiously though, wing sweep on a rotating wing can be used
to modulate the LEV strength and possibly its stability (Rival & Wong 2013; Wong,
Kriegseis & Rival 2013). Birch & Dickinson (2001) and Cheng et al. (2013) have
suggested that it is the downwash velocity that is created by the tip vortex and wake
vorticity that stabilises the LEV, as it limits the strength of the LEV by convecting
and tilting vorticity into other components. Finally, the stability of the LEV has
been related to the wing’s rotation, as the LEV is unstable for a two-dimensional
translating wing (Dickinson & Gotz 1993) but is stable for a revolving wing (Lentink
& Dickinson 2009). Thus, Lentink & Dickinson (2009) have proposed that it is the
low-Rossby-number (Ro) propeller-like rotation of the wing that stabilises the LEV,
owing to the large rotational accelerations that are produced.

The low-Rossby-number hypothesis of Lentink & Dickinson (2009) suggests that
the LEV would become unstable at some point under forward flight conditions (high
Rossby numbers). However, the change in the LEV’s characteristics with flight speed
is not well understood. Ellington (1984b) used the advance ratio (J) to define the
flight speed of an insect relative to its wing-tip flapping velocity. Ellington (1999)
reported that, as the advance ratio increases, the downstroke increasingly dominates
the force balance owing to the increased relative velocity seen by the wing. Dickson
& Dickinson (2004) investigated this further by measuring the aerodynamic forces
on a wing that combined a revolving motion with a uniform free-stream velocity
that acted in the plane of the wing’s rotation. They showed that the aerodynamic
forces are non-constant for non-zero advance ratios, where they varied with both the
advance ratio and the wing’s rotation angle. They suggested that this variation in
aerodynamic forces could be characterised by a single variable (at a constant angle
of attack), the tip velocity ratio. Nagai et al. (2009) conducted both numerical and
experimental investigations into the effect of advance ratio using a flapping bumblebee
wing, whose stroke plane was set at 45° to a uniform free-stream flow. They found
a similar variation in lift and drag coefficients as Dickson & Dickinson (2004)
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and demonstrated that at mid-downstroke the LEV was larger for higher advance
ratios, but remained attached to the wing for all the advance ratios that were tested.
Conversely, the LEV was smaller during the upstroke for increasing advance ratios
and only formed on the outer part of the wing as a result of the locally reversed flow
in the inner part of the wing. Bross, Ozen & Rockwell (2013) undertook a particle
image velocimetry (PIV) experiment on a rotating wing in a uniform free-stream flow
that was perpendicular to the wing’s rotation plane. They found that, if the effective
angle of attack is matched, then similar LEV structures are generated over a range
of advance ratios.

The low-Rossby-number hypothesis also linked the wing’s aspect ratio to the
LEV’s stability, as the Rossby number equalled the aspect ratio for hovering flight
(Lentink & Dickinson 2009). This indicated that the LEV could become unstable for
high-aspect-ratio wings. However, in a previous study we demonstrated that the LEV
remained attached over a range of wing aspect ratios under hovering flight conditions
and that similar LEV structures could be produced if the flow field is scaled using
the wing’s span (Harbig, Sheridan & Thompson 2013). This scaling results in a
span-based Reynolds number (Rer) and Rossby number. While this study showed that
the wing’s aspect ratio does not influence LEV stability for hovering flight, it is still
possible that the LEV could become unstable at higher advance ratios. Therefore, an
investigation into the effect of aspect ratio at non-zero advance ratios is required.

This paper describes an investigation into the effect of aspect ratio and advance
ratio on the characteristics and stability of the LEV for flapping wings at insect
Reynolds numbers. A numerical model of a fruit-fly wing undergoing a simplified
flapping motion is first presented and the time evolution of the LEV structure
throughout a flapping cycle under hovering conditions is highlighted. The changes in
the characteristics of the LEV with advance ratio are then explored at a span-based
Reynolds number of 613, with particular emphasis being given to the downstroke.
This model is extended to wings of different aspect ratio, and the effect of advance
ratio and aspect ratio on the stability of the LEV is discussed. The effects of advance
ratio and aspect ratio at a span-based Reynolds number of 7668 are also investigated,
and it is shown that stability of the LEV is still dependent on these parameters at
this Reynolds number. Finally, the results of our study are discussed in relation to
LEV stability theories.

2. Numerical method

The flow over a flapping wing is modelled by the Navier—Stokes equations cast
in a non-inertial rotating frame of reference and combined with the continuity
constraint. In order to minimise numerical error, the ‘alternate rotation model’ was
used, whereby the velocity in the advection and transient terms of the momentum
equation was modified to involve the absolute frame velocity rather than the relative
frame velocity. The equations that were solved were written in the form

apuabs
ot

4+ V. (puuy) =—Vp+V .1 —0pR xu—pR x (2 xr) (2.1)
and
V.u=0. (2.2)

Here, p is the fluid density, # and u,, are the velocity vectors in the rotating and
absolute frames, respectively, p is the pressure, 2 is the rotational velocity vector, r
is the location vector and T is the stress tensor, which is defined as

T=pu(Vu+ (Vu)' — %IV - u), (2.3)
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with p the fluid viscosity and I the identity matrix. The angular acceleration of the
fluid is included in the transient term as u.,, — u + £ x r, and the Coriolis and
centrifugal terms are the last two terms, respectively, in (2.1). These equations were
solved directly using the commercial finite-volume-based code ANSYS CFX. The
formally second-order-accurate specified blend factor scheme (with 8 = 1) was used
for spatial discretisation, and a second-order backward Euler scheme for the time
evolution terms.

2.1. Geometry and kinematics

The wing was modelled as a rigid plate with square edges with a thickness of 3 %
of the mean chord and the planform shape was based on a generic fruit-fly wing
(Drosophila melanogaster). The wing was scaled to have a wing span of 2.47 mm
and an aspect ratio of 2.91, similar to that of an actual fly’s wing (Zanker 1990). This
wing shape was stretched to produce wings of different aspect ratios between 2.91 and
7.28 to reflect the variety seen in nature (for examples, see Ellington (1984a) and Shyy
et al. (2010)). An example of the fruit-fly wing is presented in figure 1, as well as
the coordinate system used in this model.

In this study a ‘normal hovering’ (Weis-Fogh 1973) type of kinematics was used
as a simplification of a real insect’s flapping stroke, where the wing’s stroke plane
is horizontal. The wing’s motion can be described by the temporal variation of
two kinematic angles: the stroke position angle ¢(#), and the angle of incidence
a;(t). These angles are depicted in figure 1, where the stroke position angle is the
angle between the z-axis and the mid-stroke line, and the angle of incidence is the
angle between the wing’s chord line and the stroke plane’s normal vector (y-axis).
Figure 2(a) shows the temporal variation of these two kinematic angles over the
first 1.25 cycles. A dimensionless time (#*) is also defined that varies between zero
and one for each flapping cycle, where the upstroke is between 0 < r* < 0.5 and
the downstroke is between 0.5 < r* < 1. A schematic of the wing’s motion is also
shown in figure 2(b), which highlights the relative motion of the wing for the up-
and downstrokes compared to the free-stream velocity V. Insects that use this type of
flapping kinematics for hovering flight typically tilt their wing’s stroke plane in order
to produce thrust to achieve forward flight (e.g. Dudley & Ellington 1990; Willmott
& Ellington 1997). The amount of stroke plane tilt that is required at a particular
flight speed depends on the thrust that is required to overcome the insect’s body drag,
and can be quite large for high advance ratios. Additionally, under these forward
flight conditions, the wing’s angle of attack is no longer constant along the wing’s
span due to the component of free-stream velocity that acts normal to the stroke
plane. Insects also adjust their wing’s pitch angle kinematics to fit the advance ratio
and stroke plane angle (Ellington 1999; Sun 2003). The degree to which the wing’s
angle of attack and stroke plane angle vary with advance ratio depends on the insect.
As this study was of a more general nature, a simplification was made whereby all
simulations were run with a horizontal stroke plane and constant wing kinematics,
regardless of the advance ratio. This was done to simplify the analysis, as it allowed
a constant stroke plane angle with advance ratio and for the wing’s angle of attack
to remain constant between advance ratios and along the wing’s span.

The wing’s kinematics consisted of a rotation about its base (y-axis), where the
wing’s stroke position ¢(#) followed a smoothed triangular motion (see figure 2).
A smoothed triangular motion has been used previously to simulate a fruit-fly’s
hovering stroke (Sane & Dickinson 2001; Poelma et al. 2006) and allowed a more
direct comparison to a previously reported impulsively started rotating wing model
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Stroke plane

FIGURE 1. Schematic of fly wing geometry, kinematic angles and coordinate system. The
origin of the coordinate system is located at the wing’s root. The coordinate system rotates
with the wing’s stroke position (about the y-axis), but not the wing’s pitch rotation (z-axis).
Thus the zx-plane defines the wing’s stroke plane, with the z-axis aligned with the wing’s
span and the y-axis points vertically.

(Harbig et al. 2013) than a sinusoidal motion. The wing’s stroke position was
described by (2.4), where ¢ is the time from mid-downstroke,
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The constant rotational velocity of the wing (£2) during the up- and downstroke
is dependent on the peak-to-peak amplitude (@) of the wing’s stroke and can be
calculated by the function 2 = ®/(T/2 — t, + 4t,/n?), where T is the period of a
flapping cycle and ¢, is half the stroke reversal time, i.e. around stroke reversal the
function is smoothed over a period of 2¢.. In order to completely define ¢(¢), values
for the flapping frequency n, peak-to-peak amplitude and stroke reversal time are
required. Values of n =218 Hz and & = 140° were chosen and are representative of
a real fruit-fly’s kinematics (Fry, Sayaman & Dickinson 2005). A stroke reversal time
of 16 % of the flapping period was used, i.e. 2t, =0.16T.

The wing’s angle of incidence «;(f) varied according to a smoothed trapezoidal
motion (see figure 2). Note that for clarity o;(f) is not the wing angle of attack o.
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FIGURE 2. Wing kinematics plots. (a) Time variation of kinematic angles for the first 1.25
cycles. Dimensionless time (#*) is also shown at the top, where =0 at the beginning of
the upstroke. Solid line is the stroke position angle ¢(f) and dashed line is the angle of
incidence «;(t). (b) Schematic of the wing’s motion and free-stream velocity (V).

The time variation of «;(¢) is described by
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where o is the angle of attack at mid-downstroke and was equal to 45°, #; and
t, are given by (2.5) and (2.6), respectively, and ¢, is half the flip reversal time.
Equation (2.7) was written such that the wing’s pitch rotation occurred symmetrically
around stroke reversal and 2f, was set to 16 % of the flapping period so that the
duration of the wing’s flip occurred over the same period as stroke reversal. The
wing’s pitch rotation axis was the z-axis, which was located at 21.5 % of the wing’s
maximum chord referenced from the leading edge.

In an earlier study we demonstrated that, by scaling the flow using the wing’s
span as the characteristic length, Reynolds-number effects can be decoupled from
aspect-ratio effects when comparing results between differently shaped wings (Harbig
et al. 2013). Therefore, this scaling is adopted here and the Reynolds number was
calculated using the average velocity at the wing tip (U,,) and the wing’s span (R).



The role of advance ratio and aspect ratio in flapping flight 77

This Reynolds number represents an approximate average over the entire flapping
cycle, as the effect of the free-stream velocity V on U, over a complete flapping
cycle averages out to zero. Two span-based Reynolds numbers, of 613 and 7668,
were considered in this study, which correspond to fruit-fly and house-fly scales,
respectively. Changing the Reynolds number between simulations was achieved by
altering the fluid’s viscosity.

Owing to the change in the relative velocity experienced by the wing at non-zero
advance ratios (see § 3.2.1), the ‘instantaneous’ Reynolds number varies throughout a
flapping cycle. The variation in Reynolds number is equal to +JReg, where Rey is
the time-averaged Reynolds number as described above. Thus, the higher the advance
ratio, the larger the change in instantaneous Reynolds number over the cycle. This
variation in instantaneous Reynolds number will occur on a real insect as it increases
its flight speed and therefore it is a natural part of the problem. Other studies have
shown that there are Reynolds-number effects within this range (e.g. Birch et al. 2004;
Aono, Liang & Liu 2008). These Reynolds-number effects can be observed in our
results, but they appear to be minor compared to other effects that advance ratio has
on the flow structures, which will be discussed below.

The advance ratio is defined as J =V /(2®nR) (Ellington 1984b), which is the ratio
of the insect’s flight speed to the average velocity at the wing’s tip due to its rotation.
The free-stream velocity was perpendicular to the mid-stroke line (see figure 1) and
was adjusted to achieve the desired advance ratio. The wing was initially at rest in
quiescent fluid. At the start of the simulation the free-stream velocity was applied
to the domain boundary (see §2.2) and the wing’s motion was started from mid-
downstroke. The simulation was run for four complete flapping cycles. Comparison
of the aerodynamic forces between the third and fourth cycles showed an average
variation of only 2.8 %. Therefore the solution was deemed to have stabilised and the
results of the fourth cycle were recorded.

2.2. Domain set-up

Two computational domains were employed to construct the flow field for this model,
an outer ‘stationary’ domain and an inner ‘rotating’ domain (see figure 3). The outer
domain consisted of a cube with sides of 18 times the wing’s span in length. In this
domain, the Navier—Stokes equations were solved in an inertial frame that moved at
the insect’s flight speed V, i.e. (2.1) and (2.2) with the rotational terms removed and
where u = u,,,. The stationary domain was aligned with the free-stream flow such
that four of the faces were parallel to the free stream and two were perpendicular.
The parallel faces were assigned free-slip wall boundary conditions (U, = 0), while
the free-stream velocity was prescribed uniformly across the upstream face and the
average pressure across the downstream boundary was set to zero gauge pressure.
These boundary conditions were applied when J > 0; however, for the hovering
simulations, when J = 0, the fluid was allowed to flow into or out of all six faces
with the average pressure across each boundary set to zero gauge pressure.

The rotating domain was spherical in shape, with a diameter seven times the wing’s
span, and was located in the centre of the stationary domain. The wing was located
in this domain such that its base was situated on the centre point of the domain.
This domain rotated about the wing’s rotation axis (y-axis) according to (2.4), and
as such the fluid dynamic equations were solved in a non-inertial rotating frame of
reference ((2.1) and (2.2)). A no-slip boundary condition was applied on the wing’s
surface and a general grid interface (GGI) connection was applied between the rotating
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FIGURE 3. (Colour online) Computational domain and imposed boundary conditions for
when J > 0. When J = 0 the boundary condition on all six outer faces is an average
pressure of zero gauge pressure. The stationary domain is shown in light grey, the rotating
domain is in grey and the wing is in dark grey (blue online).

and stationary domains to allow fluid flow between the two. The GGI connection
uses a physically based intersection algorithm to connect the grid topology across
the interface. A control surface approach is then applied to perform the connection.
By using this approach, strict conservation is maintained of the surface fluxes (mass,
momentum, energy, etc.) for all equations across the interface.

The stationary and rotating domains were meshed using an unstructured tetrahedral
mesh with a region of triangular prism elements near the wing’s surface to resolve
the velocity gradients in this area. This boundary-layer mesh was generated using
23 layers with a growth rate of 1.2 and a maximum thickness of 0.12¢, where ¢ is
the wing’s mean chord length. The rotating domain was constructed using two non-
conformal mesh regions that consisted of a smaller sphere of diameter 3.5 times the
wing’s span concentrically located inside the larger sphere. The mesh inside the small
sphere was fixed to the wing and was allowed to rotate about the wing’s spanwise
axis (z-axis) according to (2.7). Thus an additional GGI connection was applied on
the interface of the large and small spheres to enable the sliding mesh interface.

2.3. Validation

Mesh and time-step resolution studies were conducted to ensure that numerical errors
were below an acceptable level. The grid convergence index (GCI) method (Roache
1998) was used to estimate the level of numerical error. These validation studies were
performed using the fruit-fly wing (AR =2.91) at a span-based Reynolds number of
7668 and for an advance ratio of zero. Mesh resolution was explored using three grids
that were generated by halving the element size on the wing’s surface and in the
surrounding fluid zones. The flow field was calculated on each mesh and the variation
of the lift and drag coefficients throughout the fourth flapping cycle were compared.
The average relative error (€) over the flapping cycle was used to calculate the GCI
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Mesh  Surface size Elements (million) Cy Cp

€ GCI (%) € GCI (%)
3 0.02857¢ 4.099 — 9.27 — 10.6
2 0.01449¢ 9.991 0.0339 5.04 0.0336 6.41
1 0.00725¢ 49.26 0.0268 1.69 0.0305 2.60

TABLE 1. Mesh resolution study at Rep = 7668.

and was computed from

_ 1
=1y

&y "
i=1 fl i

where m is the number of time steps per cycle, and f, and f; are the solution values
at time step i on the coarse and fine grids, respectively. The average relative error
and corresponding GCI values for both the lift and drag coefficients are shown in
table 1. The GCI was found to be 2.6 % for mesh 1. This mesh offered a significant
improvement in numerical error over the intermediate mesh and was therefore selected
for this study. A similar approach was used for the time-step resolution study whereby
the simulation was run three times and each time the time step was halved. This
yielded a GCI of 2% using a time step of At=T/(4®P).

With the grid and time-step sizes selected, a simulation with slightly different
kinematics was constructed in order to compare our numerical results to the
experimental force measurements of Sane & Dickinson (2001). Sane & Dickinson
(2001) used a dynamically scaled model of a fruit-fly wing to study how changes in
wing kinematics influence the aerodynamic forces acting on the wing throughout the
flapping cycle. A set of these experimental results was used as a point of comparison
to validate the numerical model. The kinematics consisted of a smoothed triangular
motion for the wing’s stroke position and a smoothed trapezoidal motion for the
wing’s angle of incidence with a flip duration of 16 % of the flapping period. The
peak-to-peak amplitude was 180° and the angle of attack of the wing at mid-stroke
was 50°.

Sane & Dickinson (2001) did not specify an exact Reynolds number for this
experiment, as it varied between the different kinematic motions considered; however,
they stated that it was in the range of 100. Nonetheless, we estimated the Reynolds
number, based on the mean wing chord length, to be 110 using their wing’s geometry
and fluid’s kinematic viscosity for this particular set of kinematics. This Reynolds
number was matched in the computational model.

The comparison between the experimental and numerical lift and drag coefficients
over the flapping cycle is shown in figure 4. The lift and drag coefficients were
calculated as C, = 2L/ (,ol_]fgS) and Cp = 2D/ (,o[_]fgS), respectively, where S is the
wing area, L is the aerodynamic force acting in the y-direction and D is the force
opposing the wing’s rotation in the zx-plane. The aerodynamic forces are plotted
as a function of dimensionless time (#*) from the beginning of the upstroke. Note
that Sane & Dickinson (2001) estimated the contribution of added mass to their
force measurements and found that added-mass effects were only a small proportion
of the net aerodynamic force. Furthermore, they decided that both added-mass
and aerodynamic contributions are biologically relevant, and therefore chose not to
subtract the added-mass estimates from the measured force traces. The experimental
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FIGURE 4. Variation of the lift and drag coefficients over a flapping cycle (@ = 180,
ap = 50°, Re, = 110). Comparison of the current study with the experimental results of
Sane & Dickinson (2001).

data shown in figure 4 therefore include added-mass effects. The numerical data
also have added-mass effects, and, because the wing is geometrically similar and is
undergoing an identical flapping motion, the added-mass effects will be comparable
between the experimental and numerical data.

Both the experiment and the numerical model were performed in hovering
conditions, and therefore the variation in aerodynamic forces is symmetric for both the
upstroke (0 < * < 0.5) and downstroke (0.5 < * < 1.0) for the numerical simulations.
Some asymmetry can be observed in the experimental results, particularly in the lift
coefficient measurements, which Sane & Dickinson (2001) suggest is due to ‘small
asymmetries in the stroke pattern introduced by the gearbox of the model’. Overall,
better agreement is seen between the numerical and experimental results for the
upstroke, where the average lift coefficient is 1.81 % lower and the drag coefficient
is 0.38% higher than the experimental values. This is compared to 17.43 and
7.12 % lower for the mean lift and drag coefficients, respectively, for the downstroke.
Nonetheless, the variation in the aerodynamic forces is consistent throughout the
cycle. The peaks in aerodynamic forces, both before and after each stroke reversal
due to rapid pitch rotation and wake capture, respectively, are clearly seen in the
numerical data. The timing of the force peak after stroke reversal, associated with
wake capture, is in good agreement with the experimental results. However, the rapid
pitch rotation force peak is slightly delayed compared to the experimental results.
This suggests that there may be a difference in kinematics in this portion of the
flapping cycle in which the experimental wing begins its pitch rotation earlier in the
cycle compared to the numerical model.

3. Results at low Reynolds number
3.1. Hovering

A number of studies have investigated the vortex structures that form over a
flapping wing under hovering conditions (e.g. Poelma et al. 2006; Aono et al
2008; Liu & Aono 2009; Jardin, Farcy & David 2012). The change in flow
structures over the wing throughout the downstroke for our simulations at zero
advance ratio is shown in figure 5 (also see supplementary movie 1 available at



The role of advance ratio and aspect ratio in flapping flight 81

(e)
* =0.50 " =0.83

$=70.0° ¢ =—24.3°

(b) o))
" =0.90
¢ =—46.4°

(©) (g
t*=0.60
¢ =46.4°

*=0.96
=—63.7°

TEV,,

SV

(d) (h)
*=1.00
¢ =—70.0°

FIGURE 5. (Colour online) Stationary view of the wing’s motion (clockwise rotation) and
the generated flow structures during the downstroke for hovering conditions (J =0, AR=
291, Reg = 613). Vortex structures are visualised by iso-Q surfaces shaded (coloured
online) by spanwise vorticity to indicate direction: mid grey (green online) is positive
and dark grey (blue online) is negative. The sequence progresses from (a) to (h). See
also supplementary movie 1.
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http://dx.doi.org/10.1017/jfm.2014.262). The vortex structures are visualised using
iso-surfaces of Q criterion, which is the second invariant of the velocity gradient
tensor (Hunt, Wray & Moin 1988). The Q criterion is a measure of the magnitude
of rotation rate relative to strain rate in a fluid. Positive values of Q represent areas
where the local magnitude of rotation in the fluid dominates relative to strain and
therefore can be used to highlight vortical structures. The formation of flow structures
observed here is comparable to that reported in these earlier studies, and, owing to
the symmetric flapping kinematics, this flow pattern is repeated for the upstroke but
with the vortex structures having opposite directions of rotation.

At the beginning of the downstroke (#* = 0.5), the LEVy and tip vortex (TVy)
system from the previous upstroke can be seen, along with the rotational starting
vortex (RSV) that is created by the pitch rotation of the wing. This RSV is shed from
the wing as it continues its pitch rotation and the LEV, is also shed as the wing
reverses its direction (* = 0.54). At this point, a horseshoe-shaped vortex is formed
around the wing comprising a new LEVp, TV and trailing-edge vortex (TEVp). As
the wing’s motion continues, this horseshoe vortex grows in size, particularly towards
the wing’s tip, which results in a conically shaped LEV. The previously shed LEVy
and TVy from the upstroke are swept underneath the wing and the newly formed
TEV) is shed from the wing (#* =0.6). These vortex structures are left behind in the
wake of the wing as it continues to rotate. From about #* ~ 0.83 the flow structures
on the wing remain more or less steady until the wing begins its pitch up at the end
of the stroke, at which point a new RSV is created at the trailing edge.

3.2. Effect of advance ratio

3.2.1. Aerodynamic forces

The effect of advance ratio is generally to create an asymmetry between the
upstroke and the downstroke. This can be seen in both the aerodynamic forces and
flow structures that are generated for each half-stroke. This asymmetry is induced by
the change in relative velocity experienced by the wing, where the relative velocity is
increased during the downstroke but is reduced for the upstroke (Dickson & Dickinson
2004). Increasing the advance ratio increases this imbalance and thus for high advance
ratios the aerodynamic forces are much larger for the downstroke compared to the
upstroke (Ellington 1999; Dickson & Dickinson 2004; Nagai et al. 2009). This can be
seen in figure 6, which shows the variation in lift and drag coefficients throughout the
cycle at J =0, 0.25 and 0.5. The aerodynamic force coefficients are reduced during
the upstroke (0 < ¢* < 0.5) but are augmented during the downstroke (0.5 < < 1.0)
for increasing advance ratio. Note that the coefficients here are calculated using the
average flapping velocity at the radius of gyration (l_],g), and therefore the effect of
the free-stream velocity is not incorporated into the calculation of the coefficients, as
it averages out to zero over a complete flapping cycle.

Nagai et al. (2009) reported that advance ratio changes the effectiveness of the pitch
rotation and wake capture mechanisms, which can also be seen in our simulations.
Outside of these stroke reversal periods, the wing produces approximately constant
lift and drag coefficients under hovering conditions (J = 0). For non-zero advance
ratios, the aerodynamic forces are no longer constant and vary throughout each half-
stroke such that there is a minimum around mid-upstroke and a maximum around mid-
downstroke. This was first observed by Dickson & Dickinson (2004) in their rotating
wing experiments where they demonstrated that the aerodynamic forces depended on
both the advance ratio and the wing’s stroke position.
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FIGURE 6. Change in lift and drag coefficients throughout a flapping cycle with advance
ratio. Results are for the AR=2.91 wing at Rep =613 and the lift and drag coefficients
are based on average flapping velocity at the radius of gyration (U,,).

FIGURE 7. Time variation of the relative velocity at the wing’s radius of gyration
throughout a flapping cycle for different advance ratios.

Dickson & Dickinson (2004) suggested that the variation in aerodynamic forces
could be accounted for by using the wing-tip velocity ratio, which they defined
as the ratio of the chordwise components of flow velocity at the wing tip due to
translation and revolution. The tip velocity ratio varies between —J at mid-upstroke
and J at mid-downstroke. Using this ratio in the calculation of the lift and drag
coefficients effectively computes a force coefficient that is based on the instantaneous
relative velocity seen by the wing. For our simulations, the time variation in relative
velocity at a particular spanwise location (r) is given by U; = r|d¢(¢)/dt| = V cos ¢ (),
where the two velocity components are added together for the downstroke and are
subtracted for the upstroke. The variation in this velocity throughout the wing’s stroke
for different advance ratios is presented in figure 7. The U; value is positive when the
velocity is in the opposite direction to the wing’s motion. Increasing the advance ratio
results in higher relative velocities experienced by the wing during the downstroke
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FIGURE 8. Change in instantaneous lift and drag coefficients throughout a flapping cycle
with advance ratio. Results are for the AR=2.91 wing at Reg =613 and the lift and drag
coefficients are calculated using the instantaneous velocity at the radius of gyration (Uj;).

and lower velocities for the upstroke. However, owing to the variation in the angle
between the wing and the free-stream velocity, the relative velocity also changes such
that it is a maximum at mid-downstroke and a minimum at mid-upstroke.

To test Dickson & Dickinson’s (2004) idea on a typical flapping wing motion, we
recalculated the lift and drag coefficients for our simulations using the instantaneous
relative velocity. This was computed at the wing’s radius of gyration (r =0.57R), so
that the force coefficients returned the same values for /=0 as calculated previously.
The variations in the instantaneous lift and drag coefficients are shown in figure 8,
where the lift and drag coefficients are labelled as C;; and Cp;, respectively, to
denote the use of U;. Note that here we approximated the relative velocity to be
U;~rS2 £ Vcos¢(t), where §2 is the rotational velocity of the wing at mid-stroke as
defined in §2.1. This was done to avoid excessive spikes in the coefficients around
stroke reversal where the velocities are low. Figure 8 reveals that the instantaneous lift
and drag coefficients are more comparable during the downstroke between advance
ratios, but there is still some variation in coefficients outside of the stroke reversal
times. This can be seen particularly in the instantaneous lift coefficient, which reduces
by 18.6 % between r* = 0.6 and 0.9 for J = 0.5 but increases by 20.4 and 18.9 %
for /=0 and 0.25, respectively. Note that over this period (0.6 <" < 0.9) the wing
is rotating at a constant rotational velocity and at a constant angle of attack, as
in Dickson & Dickinson’s (2004) experiment. For the upstroke the instantaneous
lift and drag coefficients vary markedly with advance ratio. Thus, the use of the
instantaneous velocity to collapse the force coefficients does not seem to apply for a
normal flapping motion. This is likely to be due to the wing’s acceleration and the
re-establishment of the flow structures which are introduced by the flapping motion
due to stroke reversal. These transient effects were purposely avoided in Dickson
& Dickinson’s (2004) rotating wing experiment. This highlights that the change in
aerodynamic forces throughout a typical flapping cycle at non-zero advance ratios
(figure 6) is not purely due to the relative velocity experienced by the wing, but
also incorporates a change in flow structures that alter the wing’s performance. The
variations in vortex structures during the up- and downstrokes for non-zero advance
ratios are investigated below.
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FIGURE 9. Time variation of (a) magnitude of LEV circulation (|I%|/U,R) and
(b) average spanwise velocity within the LEV (w/U,) at 25% span throughout the

downstroke (AR =2.91, Rep=0613).

3.2.2. Downstroke flow structures

The added relative velocity seen by the wing during the downstroke at non-zero
advance ratios causes an increase in the growth rate of circulation of the LEV.
This can be seen in figure 9(a), which shows the time variation in circulation of
the LEV at 25% span (for comparison with figure 21 later). This was calculated
by integrating the vorticity within an area defined by a contour of the Q criterion.
Figure 9(a) reveals a much more rapid increase in the LEV circulation for higher
advance ratios, particularly in the early to mid-downstroke. Owing to the wing’s
rotation, a spanwise velocity is generated that acts from the wing’s root to tip. This
spanwise flow drains vorticity generated at the leading edge into the tip vortex
(Ellington et al. 1996; Lentink & Dickinson 2009), and therefore the time evolution
of circulation of the LEV is dependent on the balance between vorticity generation
at the leading edge and vorticity transport due to the spanwise component of velocity.
An increased rate of accumulation of circulation in the LEV is caused either by an
increase in vorticity generation or by a reduction in vorticity transport. Figure 9(b)
shows the average spanwise velocity within the vortex core, which demonstrates that
during the early to mid-downstroke there is increased vorticity transport with advance
ratio. Thus, the increase in circulation seen in figure 9(a) must be due to enhanced
vorticity production at the leading edge as a result of the increased relative velocity
experienced by the wing, and this increased production must outweigh the increased
vorticity transport.

To investigate this further, the generation of vorticity near the wing’s leading edge
was assessed. Vorticity is generated at the boundary between the wing’s surface and
the fluid due to tangential pressure gradients and the tangential acceleration of the
wing’s surface (Morton 1984). The generated vorticity is then diffused into the fluid
and advected around the leading edge, into the LEV. The method used to calculate the
two production mechanisms is detailed in appendix A, and the results of this analysis
are presented in figure 10, where the vorticity production is given as the temporal
gradient of LEV circulation per unit span that is due to the generated vorticity.
Figure 10(a) shows the influence that the tangential pressure gradient has on the
production of vorticity at the leading edge throughout the downstroke at 25 % span.
During the period of constant-velocity rotation, the pressure gradient, and therefore
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FIGURE 10. Change in vorticity generation throughout the downstroke for different
advance ratios at 25 % span. The vorticity generation is plotted as the time rate of change
of circulation due to vorticity production per unit span (d/;/df). (a) The component due
to the tangential pressure gradient on the wing’s surface. (b) The component due to the
tangential acceleration of the wing’s surface. Appendix A details the calculation of these
two quantities.

the generated vorticity, increases with increasing advance ratio. Furthermore, the
production of vorticity follows a similar curve to the relative velocity, which leads
to maximum vorticity production occurring around mid-downstroke for non-zero
advance ratios. The vorticity generation due to the wing’s acceleration is plotted in
figure 10(b). Here the wing’s acceleration produces negative vorticity for the first half
of the downstroke and positive vorticity for the second half. However, the magnitude
of the rate of generated circulation due to the wing’s acceleration is four orders of
magnitude lower than that due to tangential pressure gradients. Hence, the pressure
gradients around the wing’s leading edge dominate the generation of vorticity and
the overall vorticity generation follows the curves shown in figure 10(a). This further
demonstrates that increasing the advance ratio, and therefore the relative velocity,
causes increased production of vorticity during the downstroke, which leads to an
increased rate of accumulation of circulation in the LEV.

Owing to the low Reynolds number and therefore high viscous diffusion, the higher
LEV circulation for non-zero advance ratios results in an increase in the size of the
LEV. This can be seen in figure 11, which illustrates the change in spanwise vorticity
at one instant during the downstroke (#* = 0.75) for three advance ratios. Figure 11
shows that there is a larger region of negative vorticity with increasing advance ratio.
This larger LEV structure is consistent with the higher LEV circulation shown in
figure 9(a). Furthermore, the growth in the LEV’s size with advance ratio can also be
seen in figure 12, which illustrates the three-dimensional change in vortex structures
near the wing at three instances during the downstroke for three advance ratios. The
left column is for a hovering (J =0) aspect-ratio 2.91 wing, and the middle and right
columns are for advance ratios of 0.25 and 0.5, respectively, at the same aspect ratio.
Figure 12 shows that, at each point in the downstroke, the higher the advance ratio,
the larger the LEV. The tip and root vortices also enlarge with increasing advance
ratio, and all the vortex structures continue to develop as the wing progresses through
the downstroke. The increased growth rate of the LEV and TV leads to these vortices
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FIGURE 11. (Colour online) Spanwise vorticity contours at mid-downstroke (* =0.75) at

50% span for three advance ratios (AR =2.91, Regx =613): (a) J=0, (b) J=0.25 and
(c) J=0.5. The solid line is a single contour of the Q criterion that was used in figure 12.
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FIGURE 12. (Colour online) Flow structures during the downstroke for J =0 (left), J =
0.25 (middle) and J=0.5 (right). Images are taken perpendicular to the wing’s top surface
and are shown for early downstroke (top), mid-downstroke (middle) and late downstroke
(bottom) (AR=2.91, Regr=0613). Vortex structures are visualised by iso-Q surfaces shaded
(coloured online) by spanwise vorticity to indicate direction: mid grey (green online) is
positive and dark grey (blue online) is negative. See also supplementary movies 1 and 2
for the /=0 and J=0.5 cases, respectively.

becoming so large for high advance ratios that they almost completely cover the entire
wing in the latter stages of the downstroke (e.g. * =0.9,J =0.5).

When the LEV becomes too large, the flow no longer reattaches to the wing’s top
surface. This can be seen in the images in figure 13(a), which depict the change in
two-dimensional streamlines throughout the downstroke at 50 % span for the J=0.5
case. Early in the downstroke, when the LEV is small, the flow separates from the
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FIGURE 13. (Colour online) Flow topology images throughout the downstroke for the
AR =291 wing at J=0.5 and Reg =613. (a) Two-dimensional streamlines at 50 % span.
‘S’ marks the half saddle point on the wing’s top surface and the inset in the bottom
image displays a close-up of the flow topology at the wing’s trailing edge. (b) Surface
streamlines.

leading edge but reattaches to the wing just downstream of the LEV, as demonstrated
by the half saddle point on the top surface of the wing. As the wing moves through
the downstroke, the LEV enlarges and this pushes the reattachment point towards the
trailing edge. Eventually the saddle point reaches the trailing edge (#* = 0.75) and
the flow no longer reattaches to the wing. This leads to a breakdown of the Kutta
condition and the formation of a TEV (¢* = 0.90).

Figure 13(b) shows the surface streamlines on the wing’s top surface. During the
early part of the downstroke, a positive bifurcation line extends from the wing root
to tip, which is associated with the reattachment of the flow downstream of the LEV.
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FIGURE 14. Time variation of the magnitude of total LEV circulation (|1%|/U,R) at 60 %
span throughout the upstroke (AR =2.91, Reg=0613).

Because the LEV is conical in shape, as it grows in size the flow reattachment first
reaches the trailing edge near the wing tip. As it continues to enlarge and the TV
extends from the wing tip, the bifurcation line is shifted towards the trailing edge and
the wing’s root. This results in the bifurcation line reaching the trailing edge earlier
along the wing’s span, which indicates that the flow does not reattach to the wing over
a larger proportion of the wing’s span. By the end of the downstroke (*=0.9), almost
the entire wing experiences fully separated flow. The significance of this finding will
be discussed further in §§ 3.4 and 3.5.

3.2.3. Upstroke flow structures

The variation in relative velocity for the upstroke is the opposite to the downstroke
in that it decreases with increasing advance ratio. Figure 7 illustrates that for the
upstroke (0 < ¢ < 0.5) the velocity experienced by the wing is not only reduced
for higher advance ratios, but also varies throughout the upstroke such that it is
a maximum just before and after each stroke reversal, and it is a minimum at
mid-upstroke. This therefore leads to both an overall reduction in vorticity generation
at the leading edge with increasing advance ratio and a significant drop in vorticity
production around mid-upstroke for non-zero advance ratios. The higher the advance
ratio, the larger the variation in vorticity production throughout the upstroke.

This results in a significant variation in the circulation of the LEV throughout
the upstroke for non-zero advance ratios. This is highlighted in figure 14, which
shows the variation in LEV circulation at 60 % span for three advance ratios. For
the hovering case, the time variation in LEV circulation is the same as for the
downstroke, although note that the circulation is higher in figure 14 than in figure 9,
as the former is calculated further out along the wing’s span. A 60 % wing span was
chosen for figure 14 for the upstroke, as the flow becomes locally reversed at high
advance ratios at 25 % span. Here the LEV’s circulation increases during the early to
mid-upstroke and then flattens out to become approximately constant towards the end
of the stroke. Increasing the advance ratio results in an initial increase in the growth
rate of circulation in the early part of the stroke due to the enhanced wake capture
mechanism observed for the upstroke with increasing advance ratio (see figure 6).
However, as the wing approaches mid-upstroke, the circulation in the LEV rapidly
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FIGURE 15. (Colour online) Flow structures during the upstroke for J =0 (left), J =
0.25 (middle) and J = 0.5 (right). Images are taken perpendicular to the wing’s surface
and are shown for early upstroke (top), mid-upstroke (middle) and late upstroke (bottom)
(AR=2.91, Reg =613). Vortex structures are visualised by iso-Q surfaces shaded (coloured
online) by spanwise vorticity to indicate direction: mid grey (green online) is positive and
dark grey (blue online) is negative. Faded vortex structures are left over from the previous
downstroke and are behind the wing.

drops as the vorticity production reduces. After mid-upstroke the LEV’s circulation
grows again as the relative velocity and vorticity generation increase.

The time variation in vorticity generation and LEV circulation causes a substantial
change in the vortex structures around the wing during the upstroke for non-zero
advance ratios. Figure 15 depicts the change in vortex structures near the wing at
three instances during the upstroke for three advance ratios. The left column is for
a hovering (J =0) aspect-ratio 2.91 wing, which demonstrates that the upstroke flow
structures are identical to the downstroke except with opposite sign of rotation. The
middle and right columns are for advance ratios of 0.25 and 0.5, respectively. As the
free-stream velocity is acting with the wing’s rotation, a region of reversed flow is
created near the wing’s root, and thus the LEV is restricted to being in the outer part
of the wing for non-zero advance ratios. In the early upstroke (* = 0.1), the LEV
is larger due to the enhanced wake capture mechanism. However, by middle to late
upstroke the LEV is smaller for larger advance ratios. Increasing the advance ratio
also allows the tip vortex and wake structures to remain close to the wing.

At an advance ratio of 0.5, the iso-Q surface representing the LEV can be seen to
split, revealing a dual LEV structure. This dual vortex structure was only observed
at this advance ratio and must be due to the very low relative velocity around mid-
upstroke at this advance ratio. Around mid-upstroke, the low relative velocity causes
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FIGURE 16. (Colour online) Vortex structures at mid-downstroke (r* = 0.75) for three
aspect-ratio wings (J =0, Reg = 613): (a) AR =291, (b) AR =5.10 and (c) AR =
7.28. Images are taken perpendicular to the wing’s top surface and vortex structures are
visualised by iso-Q surfaces shaded (coloured online) by spanwise vorticity to indicate
direction: mid grey (green online) is positive and dark grey (blue online) is negative.

both low vorticity generation and a low advection velocity. This allows the LEV that
is created from wake capture earlier in the stroke to break away from the leading
edge. A new LEV is created behind it, resulting in the dual vortex structure. As the
downstream LEV is no longer fed vorticity from the leading edge, it quickly cross-
annihilates with a region of opposite-sign vorticity on the wing’s surface and possibly
with the tip vortex due to its close proximity. Hence by the late upstroke (#*=0.4) the
downstream LEV has gone, leaving only the smaller LEV near the leading edge. This
variation in flow structures throughout the upstroke explains the significant change in
instantaneous force coefficients observed in figure 8.

3.3. Effect of aspect ratio

Here we consider the effect of aspect ratio at an advance ratio of zero; however, the
effect of aspect ratio applies equally to other flight speeds. Figure 16 shows the vortex
structures near the wing at mid-downstroke for three different aspect-ratio wings. As
was found in an earlier study (Harbig et al. 2013) and can also be seen here, by
scaling the flow using a span-based Reynolds number, a very similar vortex structure
is created over each of the different aspect-ratio wings. Figure 16 demonstrates that
the size of the LEV is approximately constant relative to the wing’s span between each
aspect-ratio wing. Thus, modifying the wing’s aspect ratio can be seen as effectively
changing the wing’s chord length relative to a fixed LEV size. This leads to the LEV
being much larger in proportion to the wing for higher aspect ratios.

It does not matter how the wing’s aspect ratio is changed (by stretching the wing in
either the chordwise or spanwise directions), this condition is still met if the flow is
scaled using the span-based Reynolds number. If the span-based Reynolds number is
not maintained, and either the conventional chord-based Reynolds number is used or
no scaling is made, then increasing the aspect ratio still leads to a larger LEV relative
to the wing’s size but it also includes a change in the structure of the LEV due to an
alteration of the span-based Reynolds number (Harbig et al. 2013).

3.4. Leading-edge vortex stability

In this section, we first consider a case in which the effects of advance ratio and
aspect ratio are combined. We found that at high aspect ratios and high advance
ratios the LEV becomes unstable and is shed from the wing during the downstroke.
An example of this can be seen in figure 17, which shows the change in spanwise
vorticity during the early stages of the downstroke at 70 % span for an AR =7.28 wing
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FIGURE 17. (Colour online) Spanwise vorticity contours at 70 % span for AR=7.28 wing
at J = 0.5 and Reg = 613. The solid line is a single contour of the Q criterion. The
sequence progresses from (a) to (f).

at J/ =0.5. The black lines are a single contour of the Q criterion. At the beginning
of the downstroke (* = 0.54) the LEV and TEV form. The TEV is soon shed from
the wing and the LEV quickly grows to become as large as the wing’s chord length.
At this point (#* = 0.64) the flow can no longer reattach to the wing’s top surface.
The Kutta condition breaks down and vorticity forms at the trailing edge. As the wing
continues through the downstroke, the LEV is eventually shed into the wake (#*=0.71)
and the TEV grows in size.

This process is remarkably similar to the initial flow patterns created by a translating
wing, as described by Dickinson & Gotz (1993) from their two-dimensional wing
towing tank experiments. However, figure 18 (see also supplementary movie 3) shows
a three-dimensional view of this shedding process, which illustrates that it is not two-
dimensional. Figure 18 reveals that the LEV and TEV form part of a vortex loop
that is shed from the wing. In the early stages of the downstroke (#* =0.6) the TEV,
is shed from the wing and the LEV, quickly grows to envelop the entire wing. The
LEV, and TEV, are connected by the TV to form a ring vortex that extends back
to the wing’s root. As the wing continues to rotate, the LEV, peels away from the
outer part of the wing and a new TEV, begins to form. By mid-stroke (#* = 0.75)
LEV, has completely shed from the outer 50 % of the wing. For this aspect-ratio
wing, at this advance ratio, the shedding of the LEV seems to be confined to the
outer half of the wing. A new LEV, has begun to form in its place and the second
TEV, has separated from the wing near the wing tip. The shed LEV, and TEV, form
a counter-rotating vortex pair in the wake of the wing and are part of a vortex loop
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FIGURE 18. (Colour online) Stationary view of the wing’s motion (clockwise rotation) and
the generated flow structures during the downstroke for an AR="7.28 wing at J=0.5 and
Rer =613. Vortex structures are visualised by iso-Q surfaces shaded (coloured online) by
spanwise vorticity to indicate direction: mid grey (green online) is positive and dark grey
(blue online) is negative. The sequence progresses from (a) to (f). See also supplementary
movie 3.

that remains connected to the wing. Note that the change in grey scale (colour) of
LEV, and TEV, in figure 18 at r*=0.83 is due to their change in orientation relative
to the wing and not due to a change in sign.

For this particular case, this shedding process is repeated two more times before the
end of the downstroke, where LEV, and TEV, are shed from the wing as part of a
vortex loop that peels away from the wing tip with the TEV leading the detachment. A
third vortex loop is formed, consisting of LEV; and TEV;, and it is also shed before
the end of the wing’s motion.

It was found that under hovering conditions (J/ = 0) the LEV remains attached to
the wing for a variety of aspect ratios. However, at high advance ratios the LEV is
stable for low-aspect-ratio wings (figure 12) but is unstable for large-aspect-ratio wings
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FIGURE 19. Stability of the LEV for a range of AR and J at Reg =613. Symbols denote
cases where LEV shedding is (A) and is not (e) observed during the downstroke. The
dashed line represents the approximate boundary between the two states.

(figure 18). Therefore, the stability of the LEV is dependent upon both the advance
ratio and the wing’s aspect ratio. This relationship is shown in figure 19, which maps
the stability of the LEV from our simulations. It can be seen that, for a particular
aspect ratio, if the advance ratio is increased, the LEV can become unstable. Likewise,
for a constant advance ratio, if the wing aspect ratio is increased to be large enough,
the LEV can become unstable.

For a two-dimensional translating wing, the LEV becomes unstable once it grows
too large for the wing, such that the flow can no longer reattach to the wing’s top
surface (Dickinson & Gotz 1993). When this occurs, the Kutta condition breaks
down and a trailing-edge vortex forms. If the wing continues its motion, the LEV
is eventually shed and the wing is said to have stalled. The stability of the LEV is
therefore related to the size of the LEV relative to the wing’s chord length. Figures 17
and 18 depict this same shedding process for our simulations but it is now modified
to be three-dimensional due to the wing’s rotation and finite span.

In §3.2.2 we revealed that increasing the advance ratio increased the growth rate
of the LEV, and in § 3.3 we showed that increasing the wing aspect ratio effectively
shortens the wing’s chord. Both of these parameters has the same end effect of
creating a LEV that is a larger proportion of the wing’s chord length. Therefore,
combining these two mechanisms together can cause situations in which the LEV
becomes too large for the wing. The higher the advance ratio or aspect ratio, the
earlier in the downstroke that the LEV becomes as large as the wing’s chord length,
and thus the LEV can be shed if there is sufficient rotation left in the downstroke. In
figure 19, the points below the line represent cases where the LEV is either smaller
than the wing’s chord length or just reaches a comparable size late in the downstroke.
Points above the line constitute instances when the LEV becomes as large as the
wing’s chord earlier in the downstroke and thus the LEV is shed before the end of
the downstroke. The further above and to the right of the line, the more unstable the
LEV is, which can lead to it being shed multiple times.

Thus, the stability of the LEV is dependent on the growth rate of the LEV
(determined by J) and the relative size of the LEV compared to the wing’s chord
length (determined by AR).
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3.5. Aerodynamic performance

In this section, the effect of LEV stability on the wing’s aerodynamic performance
is discussed. Dickinson & Gotz (1993) reported that, for their two-dimensional
translating wing, the lift force decreased as the Kutta condition broke down and a
TEV formed, as the wing became less effective at imparting a steady downward
momentum to the fluid (Sane 2003). After the LEV was shed from the wing, the
time-averaged lift had reached a minimum and the wing was said to have stalled.
This observation from a two-dimensional flow can be applied to our flapping wing
simulations to explain the variation in wing performance.

In §3.2.1 it was shown that the instantaneous lift coefficient decreased throughout
the downstroke at an advance ratio of 0.5, but increased for lower advance ratios
(figure 8). In §3.2.2 it was found that, for this high-advance-ratio case, a larger
proportion of the wing developed fully separated flow as the LEV grew and the wing
moved through the downstroke (figure 13). Thus the gradual reduction in instantaneous
lift coefficient throughout the downstroke is due to the wing becoming less effective
at producing lift in the region of the wing that experiences fully separated flow. As
this region enlarges, the wing’s overall performance drops. At lower advance ratios
the LEV growth is slower and hence less of the wing experiences fully separated
flow and a loss in performance.

This idea can be extended further to understand the effect of aspect ratio on the
wing’s performance. Figure 20(a,b) shows the variation in average lift and drag
coefficients, respectively, with aspect ratio for three advance ratios. The white open
symbols are the average values during the downstroke, the black filled symbols are
for the upstroke and the grey filled symbols are the average values over the whole
flapping cycle. Figure 20(a,b) demonstrates that the force coefficients are increased
with increasing advance ratio for the downstroke but are reduced for the upstroke
due to the change in relative velocity. At a particular advance ratio, the aerodynamic
forces are roughly constant for the upstroke over a range of aspect ratios. However,
for the downstroke the aerodynamic forces reduce with increasing aspect ratio. This
variation in aerodynamic forces can be explained by the development of separated
flow across the wing. Figure 13 illustrates that, for the AR =2.91 wing at J = 0.5,
almost the entire wing experiences fully separated flow late in the downstroke. As
explained in §3.3, increasing the wing aspect ratio effectively shortens the wing’s
chord length and thus this state is reached earlier in the downstroke for higher aspect
ratios. Therefore, higher aspect ratios have lower aerodynamic performance over a
greater proportion of the downstroke. Furthermore, in § 3.4 it was shown that higher
aspect ratios can shed the LEV from the outer part of the wing and this further
reduces lift. Consequently, higher-aspect-ratio wings have lower average aerodynamic
forces over the downstroke. This effect is more pronounced for higher advance ratios
due to the increased growth rate of the LEV.

The lower aerodynamic forces associated with higher aspect ratios leads to these
wings having reduced aerodynamic performance during the downstroke. As the
downstroke dominates the force balance at non-zero advance ratios, this leads to a
reduction in the overall wing performance for higher aspect ratios. This can be seen
in figure 20(c,d), which plots the full cycle average values of the lift on drag ratio
(C./Cp) and power factor (Ci/ 2 /Cp), respectively, over a range of aspect ratios. The
power factor is inversely proportional to the power required to generate a certain
amount of lift (Wang 2008) and therefore maximising it maximises aerodynamic
performance. Figure 20(d) shows that aspect ratios of 3—4 have increased power
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FIGURE 20. Aerodynamic force graphs (Rep = 613); average (a) lift coefficient, (b) drag
coefficient, (c¢) lift on drag ratio and (d) power factor. White open symbols are average
values for the downstroke, black filled symbols are for the upstroke and grey filled
symbols are the average values over the full flapping cycle.

factors compared to higher aspect ratios. This highlights that lower-aspect-ratio wings
out-perform high aspect ratios under insect-like flight regimes, as they are able to
maintain a smaller attached LEV over a wider range of advance ratios.

4. Results at high Reynolds number

It is well known that the characteristics of the LEV change with Reynolds number.
As the Reynolds number is increased, the LEV forms a much tighter spiral structure
compared to at low Reynolds numbers, and a strong axial velocity develops in its core
(Birch et al. 2004; Liu & Aono 2009). The LEV is often observed to break down at
some point along the wing’s span (Lu, Shen & Lai 2006; Lentink & Dickinson 2009;
Venkata & Jones 2013). A second co-rotating LEV structure has also been reported
to form as the primary LEV develops with Reynolds number (Lu et al. 2006). This
vortex forms between the leading edge and the primary LEV, which results in a dual
LEV structure. All of these changes in flow structure are observed in our simulations
as the Reynolds number is increased from 613 to 7668, including the formation of
the dual LEV structure. For more detailed information on the change in flow structure
with Reynolds number seen in our simulations, see Harbig er al. (2013). In this section
the effects of advance ratio and aspect ratio are investigated at the higher Reynolds
number of 7668.
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FIGURE 21. LEV graphs at Reg =7668 for the AR=2.91 wing. (@) Time variation of the
magnitude of total LEV circulation (|I3|/U,R) at 25% span throughout the downstroke.
Open circles show the point in the downstroke at which the breakdown point of the LEV
reaches 25 % span. Note that 25 % span was chosen for this graph in order to avoid LEV
breakdown as much as possible. (b) Variation in the spanwise location of LEV breakdown
(r/R) throughout the downstroke.

4.1. Effect of advance ratio

The effect of advance ratio at the higher Reynolds number is essentially the same as
at the lower Reynolds number. The added free-stream velocity reduces the relative
velocity experienced by the wing for the upstroke and increases it for the downstroke.
The increased relative velocity for the downstroke enhances vorticity production,
which leads to an increased growth rate of LEV circulation with increasing advance
ratio. This can be seen in figure 21(a), which shows the LEV circulation at 25 %
span throughout the downstroke for three advance ratios.

At this Reynolds number, however, the increased circulation of the LEV does not
result in a larger LEV structure due to viscous diffusion, as the effect of viscosity
is markedly reduced due to the higher Reynolds number. Instead, the increased
circulation leads to an earlier breakdown of the primary LEV. Vortex breakdown
is an abrupt change in the structure of a vortex with a marked retardation of the
flow in the axial direction (Hall 1972). When a vortex breaks down, the vortex core
expands downstream of the breakdown point and the flow within it becomes turbulent
(Leibovich 1978). This can be seen in figure 22, which shows the change in the
vortex structures at three instants during the downstroke for J =0, 0.25 and 0.5. At
each point in the downstroke (e.g. t* =0.75), the spanwise position of the breakdown
location of the LEV moves towards the wing root with increasing advance ratio.
When the LEV breaks down, the vortex core rapidly expands in size and a region of
unsteady flow is generated across the rest of the wing’s span. Thus the growth of the
LEV appears to be through vortex breakdown at this Reynolds number, rather than
viscous diffusion.

Breakdown is observed to occur once a critical swirl ratio or swirl angle is reached,
which is calculated from the ratio of the azimuthal velocity to the axial velocity in
the vortex (Hall 1972). As the size of the LEV upstream of the breakdown point does
not change significantly with advance ratio at this Reynolds number, the increased
circulation results in an increase in the azimuthal velocity in the vortex core. This
increases the swirl ratio and leads to the LEV breaking down closer to the wing’s
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FIGURE 22. (Colour online) Flow structures during the downstroke for J = 0 (left),
J = 0.25 (middle) and J = 0.5 (right). Images are taken perpendicular to the wing’s
top surface and are shown for early downstroke (top), mid-downstroke (middle) and late
downstroke (bottom) (AR =2.91, Rer =7668). Vortex structures are visualised by iso-Q
surfaces shaded (coloured online) by spanwise vorticity to indicate direction: mid grey
(green online) is positive and dark grey (blue online) is negative. See also supplementary
movies 4 and 5 for the /=0 and J=0.5 cases, respectively.

root. Thus, the increased growth rate of circulation for non-zero advance ratios during
the downstroke results in the breakdown location moving from the wing tip to the
wing root more rapidly for higher advance ratios. This is shown in figure 21(b) and
can also be seen in figure 22. Under hovering conditions, the LEV begins to break
down near the wing tip at approximately #* = 0.64. The breakdown location slowly
moves towards the wing’s root as the LEV circulation builds, and by the end of
the downstroke the spanwise breakdown position is approximately 65 % wing span.
Increasing the advance ratio increases the rate at which the breakdown point moves
towards the wing’s root, and as such the breakdown location is closer to the wing’s
root by the end of the downstroke for higher advance ratios. At an advance ratio of
0.5, late in the downstroke the breakdown location is very close to the wing’s root,
and therefore a coherent LEV structure can no longer be seen on the wing, as all of
the flow within the vortex has become unsteady (figure 22, *=0.9, J=0.5). The burst
LEV structure once again can be seen to cover almost all of the wing at this point
in the downstroke for high advance ratios. Hence, the increased circulation associated
with higher advance ratios does still lead to an expansion of the LEV, but it is through
vortex breakdown.

4.2. Effect of aspect ratio

The effect of wing aspect ratio at the higher span-based Reynolds number is the
same as at the lower Reynolds number, where increasing the aspect ratio shortens the
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FIGURE 23. (Colour online) Stationary view of the wing’s motion (clockwise rotation)
and the generated flow structures during the downstroke for an AR =7.28 wing at J=0.5
and Rep = 7668. Vortex structures are visualised by iso-Q surfaces shaded (coloured
online) by spanwise vorticity to indicate direction: mid grey (green online) is positive
and dark grey (blue online) is negative. The sequence progresses from (a) to (f). See
also supplementary movie 6.

wing’s chord length relative to the LEV’s size. When the LEV breaks down, the vortex
rapidly grows in size, and therefore combining this with a larger aspect ratio can result
in vortex shedding. This can be seen in figure 23, which shows the vortex structures
during the downstroke for the high-aspect-ratio (AR = 7.28) high-advance-ratio (J =
0.5) case at Rep = 7668 (see also supplementary movie 6). At the beginning of the
downstroke (r*=0.6), the vortex loop consisting of the LEV, TV and TEV can be seen.
As the wing moves through the downstroke, the LEV breaks down, initially near the
wing tip, but it rapidly moves towards the wing’s root from then on. As it does so,
the TV also moves in towards the root. This creates a very similar counter-rotating
vortex pair in the wake of the wing (#* = 0.75) as was seen at the lower Reynolds
number (see figure 18), which suggests that the LEV is again shed from the outer part
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of the wing for this case. Beyond the breakdown point, the flow is highly unsteady
and, instead of large coherent vortex loops being shed from the wing, many smaller
vortex structures are shed from both the leading and trailing edges. Towards the end
of the downstroke, the LEV has completely burst, resulting in a flow that resembles
highly unsteady separated flow. Hence, the LEV appears to be shed from the wing for
this case.

In addition, at this advance ratio but for the lower-aspect-ratio wing, the LEV is not
shed (see right-hand column of figure 22). Instead, the burst LEV structure closely
resembles the LEV from the same case at the lower Reynolds number (figure 12).

Therefore, the stability of the LEV is again dependent on both the wing’s aspect
ratio and advance ratio in the same way as described in § 3.4, except that at this higher
Reynolds number when shedding does occur it is not observed as a coherent structure
due to the breakdown of the LEV and the unsteady flow that this creates.

5. Discussion

As highlighted in the Introduction, a number of different theories have been
proposed as to how the stability of the LEV is maintained on insect wings. These
include spanwise vorticity transport due to the spanwise component of velocity
(Maxworthy 1979; Ellington et al. 1996; van den Berg & Ellington 1997), vortex
tilting due to the downwash velocity (Birch & Dickinson 2001; Cheng et al. 2013)
and rotational accelerations due to the low-Rossby-number rotation of the wing
(Lentink & Dickinson 2009). These hypotheses generally attempt to explain the
mechanism through which the growth of the LEV is controlled. In this paper, we
did not directly test any of these theories, but we have shown that the LEV becomes
unstable and is shed from the wing under certain conditions that are dictated by the
advance ratio and wing’s aspect ratio. The advance ratio controls the growth rate of
the LEV during the downstroke, while the aspect ratio defines the maximum size that
the LEV can become before flow separation occurs and the Kutta condition breaks
down.

As LEV stability is partly determined by the advance ratio, which is a measure
of the wing’s rotation relative to its translation, a comment on the conformity of our
results with the low-Rossby-number hypothesis of Lentink & Dickinson (2009) can
be made. In an earlier study (Harbig er al. 2013), it was demonstrated that, when
the span-based scaling is used, the Rossby number is equal to Ro=U,,/$2R. Letting
U, = 2R £V, where the velocities are summed for the downstroke and subtracted
for the upstroke, results in Ro =1+ V/22R ~ 1 £ J. Thus, the Rossby number is
dependent on the advance ratio. It is equal to one for hovering flight, but is increased
during the downstroke and reduced during the upstroke for non-zero advance ratios.
Applying the low-Rossby-number hypothesis of Lentink & Dickinson (2009) predicts
that the LEV would be unstable during the downstroke at high advance ratios. This
prediction matches our findings, and therefore our results support the low-Rossby-
number theory, at least in a general sense. However, the details of this theory have
not been tested. The wing’s rotation generates rotational accelerations and a spanwise
pressure gradient that together produce the spanwise velocity, which is one candidate
for LEV stability. However, whether the Coriolis acceleration itself directly provides
stability for the LEV, as proposed by Lentink & Dickinson (2009), has not been
confirmed.

Regardless of the mechanism through which the growth of the LEV is controlled,
the shedding of the LEV is clearly a modification of the same delayed stall process
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seen on a two-dimensional translating wing (Dickinson & Gotz 1993). We have
demonstrated that the time it takes for the LEV to reach the critical size of one
chord length depends on both the advance ratio and the wing’s aspect ratio. If this
time scale is shorter than the half-stroke period, then the LEV can be shed. Therefore,
it can also be ascertained that the LEV stability would be dependent on the wing’s
stroke amplitude, as this determines the absolute size that the LEV can reach by
the end of the downstroke. While different stroke amplitudes have not been tested
here, changing the amplitude while maintaining a constant rotational velocity can be
viewed as altering the half-stroke period (i.e. the flapping frequency must also change).
Smaller amplitudes would therefore limit the vortex size and thus allow the LEV to
remain attached to the wing for higher advance ratios and for larger aspect ratios. The
idea that the LEV stability is dependent on the relative time scales of the delayed
stall mechanism compared to the flapping motion has been proposed previously
(Wang 2005), based on two-dimensional flapping wing simulations. Furthermore, as
the wing’s performance is affected by the LEV’s stability, smaller stroke amplitudes
may improve the aerodynamic performance of larger-aspect-ratio wings.

Finally, a comment needs to be made on the assumption of a constant stroke
plane angle with flight speed that was made in the set-up of these simulations. As
explained in §2.1, this assumption was made in order to simplify the analysis by
taking out some of the complexity associated with including a variation in stroke
plane angle with advance ratio. However, insects tilt their stroke plane significantly
in order to achieve forward flight. In our simulations the stroke plane angle was set
to 0°, which has also been used by Dickson & Dickinson (2004). Other studies have
investigated the effect of advance ratio at different stroke plane angles. Nagai et al.
(2009) studied a flapping bumblebee wing (AR~ 3) for advance ratios of 0 <J <0.47
at a stroke plane angle of 45°. They observed a large but stable LEV formed during
the downstroke. Gopalakrishnan & Tafti (2010) computed the flow around a flapping
AR =4 plate at J =0.5 where the free-stream flow was perpendicular to the wing’s
stroke plane. They reported that the LEV was shed from the outer part of the wing
mid-way through the downstroke. Bross ef al. (2013) also investigated the effect of
advance ratio at a stroke plane angle of 90°. They used PIV to measure the flow
around a rotating AR =2 plate. They found that the LEV was stable for all advance
ratios tested (0 < J < 0.537), but they also observed that the streamline patterns
departed from an attached flow state for large values of advance ratio and rotation
angles. Combining all these observations together, we conclude that the effects of
advance ratio and wing aspect ratio in determining the stability of the LEV are likely
to apply to other stroke plane angles, and thus also to the flight of real insects.
However, further investigation is warranted, especially considering the additional
complexity that a varying non-zero stroke plane angle adds to the problem.

6. Conclusion

In this paper we have investigated the change in the LEV characteristics throughout
a simulated flapping cycle over a range of aspect ratios and advance ratios using a
numerical model of a flapping fruit-fly wing. Owing to the symmetric flapping
kinematics between the up- and downstrokes, under hovering flight the vortex
structures that are created for each half-stroke are identical, except with opposite
signs of rotation. However, at non-zero advance ratios the change in relative velocity
experienced by the wing for each half-stroke leads to very different vortex structures
being created between the up- and downstrokes.
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It was demonstrated that the relative velocity affected vorticity production on the
wing. For the upstroke the relative velocity was reduced with increasing advance
ratio, which resulted in less vorticity generation, particularly around mid-upstroke.
This created smaller and weaker LEV structures for the upstroke at high advance
ratios, that were confined to the outer portion of the wing owing to a region of
reversed flow at the wing’s root. For the downstroke, the relative velocity was
increased with increasing advance ratio, which caused enhanced vorticity production.
At low span-based Reynolds numbers, this resulted in a larger and stronger LEV being
formed at higher advance ratios, where the LEV rapidly grew in size throughout the
downstroke.

It was found that changing the wing aspect ratio had the effect of shortening the
wing’s chord length relative to the LEV’s size. When the effects of wing aspect ratio
and advance ratio were combined, the LEV quickly grew to envelop the entire wing
during the downstroke and eventually it was shed as part of a vortex loop that peeled
away from the wing’s tip. Thus, the stability of the LEV is dependent on both the
advance ratio and wing aspect ratio, which control the growth rate of the LEV and
the relative size of the LEV compared to the wing’s chord length, respectively. The
higher the aspect ratio or advance ratio, the more unstable the LEV becomes. This
helps to explain why many insects have evolved to have low-aspect-ratio wings, as
low aspect ratios avoid LEV shedding over a wider range of advance ratios.

Indeed, it was shown that the mean downstroke lift coefficient reduces as the wing
aspect ratio is increased. This was due to the wing stalling, and therefore becoming
less effective at producing lift, when the LEV became too large and was shed from the
wing. Low-aspect-ratio wings therefore outperformed higher aspect ratios, particularly
at non-zero advance ratios. Hence, MAV designers who wish to employ an insect-like
flapping wing mechanism should use low-aspect-ratio wings for optimal aerodynamic
efficiency over a wide range of flight speeds.

At higher span-based Reynolds numbers, the primary LEV was observed to break
down at some point along the wing’s span. Beyond the breakdown point, the LEV
expands in size and the flow within the vortex core is highly unsteady. During the
downstroke, the increased LEV circulation for non-zero advance ratios was found to
cause the LEV to break down earlier along the wing’s span. This created a burst
LEV structure that closely resembled the LEV from the lower Reynolds number,
except that the flow was now unsteady due to the LEV breakdown. At high advance
ratios and high aspect ratios, the burst LEV was shed from the wing, resulting in
a region of highly unsteady separated flow being developed on the wing. Thus, a
similar dependence of the LEV stability on the advance ratio and aspect ratio was
observed at this Reynolds number, except that the growth of the LEV is through
vortex breakdown rather than viscous diffusion. Hence the findings of this study are
likely to apply across a wide range of Reynolds numbers.
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FIGURE 24. Schematic of a typical two-dimensional streamline pattern at one point along
the wing’s span.

Appendix A. Vorticity generation

Vorticity is generated at the boundary between a body’s surface and the fluid. The
flux of vorticity from these boundaries, as reported by Morton (1984), is given by

—v(n-Vo)=—p 'mxV)p—nxa, (A1)

where v is the kinematic viscosity, n is the wall unit normal vector, @ is the vorticity
vector and a is the acceleration vector of the boundary. This equation is evaluated at
the surface and shows that vorticity is generated from tangential pressure gradients
and the tangential acceleration of the boundary (Morton 1984).

We used (A1) to estimate the vorticity being generated at one spanwise location on
the wing’s surface for our flapping wing simulations. Figure 24 presents a schematic
of a typical two-dimensional streamline pattern of the flow around a flapping wing.
The flow stagnates on the wing’s lower surface at A. The fluid above A flows over
the leading edge, while the fluid below A travels along the underside of the wing.
Therefore, any vorticity that is generated between A and C is advected over the
leading edge and into the LEV. By integrating (A 1) along the wing’s surface from
A to C, the time rate of change of LEV circulation per unit span can be calculated
that is due to the generation of vorticity. This results in

dr. €9 B du, ¢ du;
d;:pl/A £ds+/A dtsin(loz,-|)ds—/B ?cos(lom)ds. (A2)

The first term on the right-hand side of (A?2) is the vorticity generation due to the
pressure gradient, and the other two terms account for the vorticity generation due to
the tangential acceleration of the wing’s bottom surface and leading edge, respectively.
As we are primarily interested in the generation of vorticity outside of the stroke
reversal, the acceleration of the wing’s surface due to the pitch rotation of the wing
has been neglected. The acceleration of each point on the wing’s surface can therefore
be approximated as the time rate of change of the relative velocity at that spanwise
location (i.e. a=dU;/dr). As the wing’s acceleration is in the x-direction, this needs to
be modified to calculate the component that acts tangentially to each surface. Hence
the use of sin(|o;|) and cos(|e;|) in (A 2), where «; is given by (2.7). Equation (A 2)
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has been written for the downstroke and in terms of the coordinate system shown in
figure 1. Therefore a negative pressure gradient results in the generation of negative
vorticity, and a positive time rate of change of U; causes positive vorticity to be
generated on the wing’s bottom surface and negative vorticity to be generated on
the leading edge. For the upstroke this description of vorticity generation is reversed,
owing to the change in orientation of the wing, and therefore the time rate of change
of circulation is the negative of (A?2).

Equation (A2) was evaluated at 25% span for the downstroke, and the results
are presented in figure 10, where figure 10(a) is the computed value of the pressure
gradient term and figure 10(b) is the sum of the acceleration terms.
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