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Abstract In a tandem wing configuration, the hindwing of-
ten operates in the wake of the forewing and, hence, its per-
formance is affected by the vortices shed by the forewing.
Changes in the phase angle between the flapping motions of
the fore and the hind wings, as well as the spacing between
them, can affect the resulting vortex/wing and vortex/vortex
interactions. This study uses 2D numerical simulations to in-
vestigate how these changes affect the leading dege vortexes
(LEV) generated by the hindwing and the resulting effect on
the lift and thrust coefficients as well as the efficiencies. The
tandem wing configuration was simulated using an incom-
pressible Navier—Stokes solver at a chord-based Reynolds
number of 5000. A harmonic single frequency sinusoidal
oscillation consisting of a combined pitch and plunge motion
was used for the flapping wing kinematics at a Strouhal num-
ber of 0.3. Four different spacings ranging from 0.1 chords
to 1 chord were tested at three different phase angles, 0°, 90°
and 180°. It was found that changes in the spacing and phase
angle affected the timing of the interaction between the vor-
tex shed from the forewing and the hindwing. Such an inter-
action affects the LEV formation on the hindwing and results
in changes in aerodynamic force production and efficiencies
of the hindwing. It is also observed that changing the phase
angle has a similar effect as changing the spacing. The re-
sults further show that at different spacings the peak force
generation occurs at different phase angles, as do the peak
efficiencies.
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1 Introduction

Dragonflies are capable flying insects that utilize two pairs
of independently actuated wings, with the hind set of wings
operating in the wake of the fore set of wings. They are
one of the fastest and most maneuverable flying insects, with
measured flight speeds of up to 10 m/s and instantaneous ac-
celerations up to 4g [1]. Tethered dragonflies have even been
measured producing up to 20 times their body weight in lift
forces [2]. Their impressive flight capabilities have gener-
ated interest in the study of flapping tandem wing configura-
tions as a basis for the design of micro air vehicles (MAVs)
that operate at similar Reynolds numbers.

A significant trait of the tandem wing arrangement is that
the hindwing interacts with the wake of the forewing. Exper-
iments by Schmidt have shown that placing a non-flapping
hindwing in the wake of a flapping forewing almost doubles
the propulsive efficiency as compared to a forewing flapping
alone [3]. Similar results were obtained by Bosch through
theoretical analysis and by Tuncer and Platzer using cacula-
tional fluid dynamics (CFD) analysis [4, 5].

Rather than employing a fixed set of hindwings, dragon-
flies flap both pairs of wings. Because both pairs of wings are
independently actuated, the dragonfly can adjust the phase
angle, i, between the flapping motions of the fore and the
hind wings. By observing dragonflies in flight, Alexander [6]
noted that they frequently make use of phase shifting; flap-
ping inphase (¢ = 0°) during takeoff or under maneuvers and
flapping out of phase in cruising flight. Further observations
by Ruppell [7], Azuma and Watanabe [8], and Thomas et
al. [9] have noticed similar behavior, and it has been postu-
lated that flapping inphase allows for high force production
while flapping out of phase allows for increased efficiency,
with the hindwing extracting energy from the wake of the
forewing [6, 10].

The correlation between the phase angle and flight mode
in dragonflies has led to a number of studies concerning the
relationship between the phase angle and the force produc-
tion of tandem flapping wing configurations, both experi-
mentally and computationally. Most studies have focused
on tandem wings in hovering motion [11-17]. Results by
Wang and Russell [14] and Lan and Sun [15] both show that
the maximum resultant force is produced when the wings
flap inphase, while Wang and Russell also show that the
highest efficiency is achieved when the wings flap with a
phase angle near 180°. Usherwood and Lehmann [11] ex-
perimentally demonstrated that certain phase angles increase
the efficiency of the tandem wing, but in their case, the max-
imum efficiency was achieved at ¢ = 90°. They concluded
that this increase in efficiency was due to energy extraction
of the hindwing from the wake of the forewing by remov-
ing swirl. Meanwhile, most of these studies show that the
lift of both the fore and the hind wings is noticeably re-
duced compared with that of a single wing at most phase
angles [11, 12, 15, 16].
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The relationship between force production and the phase
angle has also been studied for tandem wings in for-
ward flight experimentally [18-21] and numerically [22-24].
Studies by both Akhtar et al. [22] and Warkentin and Delau-
rier [18] showed that for certain phase angles, the propulsive
efficiency of the tandem wing arrangement was almost dou-
ble that of a single wing. This mirrors the results mentioned
earlier by Schmidt [3], Bosch [4] and Tuncer and Platzer [5].
Both Huang and Sun [23] and Wang and Sun [24] simu-
lated 3D tandem wings at different phase angles and advance
ratios, using a Navier—Stokes solver. Huang and Sun [23]
found that at all advance ratios, the lift and thrust coeffi-
cients of the tandem wing were nearly constant and equal
to that of a single wing when the hindwing led the forewing,
but when the forewing led the hindwing, they found that the
lift and thrust coefficients were noticeably reduced. Wang
and Sun [24] however, demonstrated that the resultant force
coefficient of the tandem configuration was noticeably lower
than that of a single wing at most of the tested phase angles
at all advance ratios. At each advance ratio, however, the re-
sultant force coefficient nearly equaled that of a single wing
at one of the tested phase angles, which increased from 0° to
90° as the advance ratio increased.

The dynamics by which the phase angle affects force
production is often associated with variations in the wing
vortex interactions between the fore and hind wings. Work
by Saharon and Luttgess [19-21] with a robotic tandem wing
configuration showed that adjustments in the phase angle
caused variations in the vortex interactions between the fore
and hind wings. While not measure forces, they hypothe-
sized that the variations in the vortex interactions could in-
fluence force generation. Such variation in the vortex inter-
actions has been linked to changes in the force production
by other sources [12,22,25]. Variation in force generation
due to vortex interactions with the hindwing would suggest
that other parameters could also affect force generation simi-
larly to the phase angle. Changes in the wing spacing and
advance ratio could both potentially alter the point in the
flapping cycle at which the hindwing interacts with vortices
shed from the forewing and in turn affect the force gener-
ation. Wang and Sun [24] showed that the phase angle at
which the resultant force peaked changed as the advance ra-
tio was increased, while Maybury and Lehmann [12] saw
that the phase angle at which peak lift production occurred
changed as the fore and hind wings were moved closer to-
gether, though neither of the two studies attempted to link
these changes in the force production specifically to altered
vortex interactions. Broering et al. [25] linked the variation
in force production of the hindwing to different vortex in-
teractions between the fore and the hind wings that altered
the leading edge vortex (LEV) generated by the hindwing
at different phase angles. It was also observed by Rival
et al. [26] that certain vortex interaction not only increased
thrust but also allowed the hindwing to extract energy from
the forewing. Finally, Lim and Tay simulated a tandem
configuration in forward flight at different phase angles as
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well as different spacings between the fore and hind wings.
They demonstrated that at an optimum spacing and phase an-
gle, the tandem wing has better performance than the single
wing. They also described how the variations in vortex inter-
actions between the two wings affected the force coefficients
and efficiencies [27].

In this study, the spacing between the fore and hind
wings is adjusted and its effect on the relationship among
the phase angle, force production and efficiency is investi-
gated using 2D numerical simulations. Three different phase
angles, 0°, 90°, and 180° (hindwing leading), are simulated
at four different wing spacings, 1.0c, 0.5¢, 0.25¢, 0.1¢. All
cases are simulated at a Reynolds number of 5000. The
shape of the airfoils is that of a flatplate with 5% chord thick-
ness and rounded edges. Comparisons are made to a sin-
gle wing flapping with the same kinematics and at the same
Reynolds number. The Strouhal number of the flapping wing
kinematics is 0.3 which falls into the range of 0.2 to 0.4
used by most natural fliers [28]. Specifically, the objective
of the study is to determine how changes in the wing spac-
ing affect the resulting vortex interaction between the fore
and hind wings and how that affects the force generation and
efficiency.

2 Research method

2.1 Numerical method

The flow field is described by the unsteady incompressible
form of the Navier—Stokes equations written in primitive-
variables

u,+ w-Vu+Vp =vAu, (1)
V-u=0, 2)

where u is the flow velocity, p is the pressure, v is the kine-
matic viscosity, and A represents the Poisson operator. To
avoid the checker-board instability problem associated with
direct discretization of the pressure term, the above equations
are rewritten in the following so called “velocity-pressure”
formulation [29],

u,+w-Vu+Vp—vAu =0, 3)

Ap—Vu-u, +VV-u,+Vo - u;) - C4(v)V-u =0. 4)

The new formulation is solved using the split-step ap-
proach which decouples the solution of the velocity variables
from that of the pressure. In the velocity-pressure formu-
lation the term C4(v)V-u is added to damp the divergence.
Spatial discretization was carried out over composite over-
set computational grids using a second order accurate central
difference. Time integration was performed by an Adams—
Bashforth—Moulton predictor-corrector method. For the pre-
dictor step we use a semi—implicit scheme which discretizes
the viscous terms using a Crank—Nicholson treatment and
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the convection terms using an Adam-Bashforth predictor-
corrector. The predictor step is

ul —u"

_3 n 1 n—1 P n
Ar —2fE 2fE + AuP + (1 — )Au", (5)

and the Adams—Moulton corrector step is

u- —u" 1 1
Ar = ng— 2f§+cyAu°+(1 - a)Au", (6)

where superscripts “p” and ‘“c” represent the predicted and
corrected values, respectively, and fg = —(u - V)u — Vp and
Au = vAu. « was set to 0.5, which gives a second order
Crank—Nicolson method. An iterative solver, PETSc, is used
to solve the discretized system of equations [30].

For the Reynolds number studied, 5 000, the flow was as-
sumed to be laminar and no turbulence model was employed.
While a Reynolds number of 5000 is too high to be consid-
ered purely laminar, several studies show only small differ-
ences in the force histories when a laminar model is used
compared to a turbulent model at Reynolds numbers below
60000 [31-34].

2.2 Overlapping moving grid method

The wing flapping motion leads to a moving boundary prob-
lem. A moving grid approach is needed to dynamically
update the computational grid to accommodate the wing
motion, and thus an overlapping moving grid method is
adopted [35]. This method enables the use of boundary-
conforming structured grids to achieve high quality repre-
sentation of the boundaries associated with the airfoil surface
while still allowing the use of Cartesian grids to represent the
flow field so that the efficiencies inherent to such grids can
be exploited.

In the overlapping grid method, interpolation points are
located in the overlapping region between different grids and
are used to couple the solutions. As the body moves, the grid
associated with the body moves with it, meaning that only
the interpolation points between overlapping grids should be
recalculated as opposed to the need to regenerate the whole
mesh.

Figure 1 shows a schematic of the overlapping grid used
for the tandem wing analysis. An O-type grid was gener-
ated around the airfoil using a hyperbolic grid generation
technique. A high resolution wake grid was used to cap-
ture the wake structures between the airfoils. The fine wake
grid and background grids are all of uniform density. The
airfoils have the smallest grid spacing, with each subsequent
grid having a larger grid spacing up to the coarse background
grid which has the largest grid spacing. The entire domain
is 20 chord lengths in the x and y directions with the tandem
configuration centered in the domain. For the inlet boundary
on the left a Dirichlet boundary condition (# = Uj) was as-
signed while on the right side, as well as the top and bottom,
a zero gauge pressure outlet condition was used.
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Fig. 1 Schematic of the computational grid and boundary condi-
tions used in the study (not shown to scale)

2.3 Tandem airfoil kinematics

The flapping kinematics used in the study was a combination
of sinusoidal pitching and plunging, with the pitch axis at
0.25c¢ from the leading edge. It was not the intent of the study
to exactly replicate dragonfly kinematics, which can vary
widely depending on the flight mode and trajectory [36], but
rather to study a tandem configuration undergoing simple pe-
riodic motion to reveal the pertinent wing/vortex and vor-
tex/vortex interaction features. The flapping kinematics used
were

at) = apcos2nft + Po + dp) + Aaye, @)
h(t) = hocosQmuft + ¢p), (8)

where «a(¢) is the pitching angle, A(?) is the plunging displace-
ment, 7 is time, f is the flapping frequency, a is the pitching
amplitude, hg is the plunging amplitude, ¢, is the phase for
pitch, a,. is the average angle of attack (AoA), and ¢, is the
phase for plunge. The parameters used in the kinematics for
the single, fore and hind wings are shown in Table 1.

Table 1 Values used for the parameters appearing in the
kinematic equations

Parameter Single/Fore Hind
ao/(°) 20 20
f/Hz 0.3 0.3
¢o/(°) 90 90

Qave/(°) 5 5
ho/c 0.5 0.5
én/ (%) 0 0, 90, 180
St 0.3 0.3
k 0.942 0.942

The chosen frequency and plunge amplitude result in
a Strouhal number of 0.3. The phase angle between pitch
and plunge, ¢,, was chosen to be 90° (pitch leading plunge)
which has been shown to be most efficient for flapping wings
from a number of sources [37,38]. The average angle of
attack was so set that a moderate value of cycle averaged
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lift was produced. The chord-based Reynolds number was
5000, which is in the middle range of Reynolds number
for dragonflies. The flapping Reynolds number, defined as
2nfhoc/v, was equal to 4712. The kinematic parameters
used for the single wing are the same as those used for the
fore and hind wings.

3 Results

3.1 Grid sensitivity analysis

The numerical code used for the analysis was validated in
a previous study [25]. A grid sensitivity analysis was per-
formed to determine the grid resolution necessary to pro-
vide accurate force data as well as to resolve the flow field
around the airfoils. The wall boundaries were spaced 20
chords lengths away from the airfoil, which was determined
to be sufficient in a previous study [25]. The same kine-
matics were used for a sensitivity analysis as were used for
the tandem wing cases, but only a single airfoil was used
for the sensitivity analysis. In the study we systematically
tested the effect of domain size and grid resolution of each
individual overlapping grid, but here we only report the re-
sults from different airfoil grid resolutions. Coarse, medium
and fine airfoil grid resolutions were tested respectively with
100x50, 150x75 and 200x100 grid lines in the circumfer-
ential and radial directions. A fourth type of grid was also
tested, with an airfoil grid that had the same grid resolution
as the medium grid (O-type grid in Fig. 1), but a smaller do-
main (fewer grid lines in the normal direction) and a finer
wake grid resolution. As will become clear, the fourth type
of grid is well suited to the tandem wing study.

Figure 2 shows the lift and thrust coefficients over a sin-
gle flapping cycle for different grid types. Changing the air-
foil grid resolution did not have a significant effect on the
force data, with a difference less than 2% between the cy-
cle averaged values for medium and fine grids. There was
also very little difference in the force data between the results
from the medium grid and the small airfoil grid, however, the
wake grid density had a large effect on the flow field. Fig-
ure 3 shows that the resulting vorticity contours depended
greatly on the grid type adopted. Using the medium wake
grid (Fig. 3a), the vortices dissipate quickly as they move
downstream; but the smaller sized airfoil grid with the fine
resolution wake grid produced even better results, showing
well defined vortex structures in the wake (Fig. 3c). Since
the hindwing performance can be significantly affected by
the shed vortices from the forewing, it is critical to capture
the vortex structure. Based on the sensitivity analysis, it was
decided to adopt the grid type that uses the smaller sized air-
foil grid and a fine resolution wake grid for the tandem wing
analysis.
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Fig. 2 Lift and thrust data for different grid types used in the sen-
sitivity analysis. a Lift; b Thrust
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Fig. 3 Vorticity contours for the different grid types used in the
sensitivity analysis. A fine wake grid can better resolve the wake
flow structure. a Medium resolution wake grid; b Fine resolution
wake grid and a smaller sized airfoil grid
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3.2 Aerodynamic force results

The lift, thrust and resultant coefficients were calculated for
each wing individually as

L
CL = : 9
LT 0.5pA02 ©
T
€T = 05pa02° (10)
VI2 + 12
R = ) spar2” (i

where Cr, Ct, and Cg are the lift, thrust and resultant force
coefficients, p is the fluid density, A is the planform area with
unit depth, U is the freestream velocity, and L and T are
the lift and thrust forces. Figure 4 shows the transient lift
and thrust coefficients only for the hindwing over a single
flapping cycle at different wing spacings for the three tested
phase angles, 0°, 90° and 180° (hindwing leading). The same
results for the single wing are also shown to serve as a base-
line. In the plots a cycle time, #/T, of 0% is the start of the
downstroke and 50% is the start of the upstroke.

The results in Fig. 4 illustrate the significant effect that
changing the phase angle or wing spacing can have on the
lift and thrust generation of the hindwing. The effect of the
phase angle is considered first. At 0° phase angle, the lift and
thrust amplitudes of the hindwing at each spacing are much
higher than that in the single wing case. When the phase an-
gle is 90°, the hindwing has higher force amplitudes than the
single wing at the small spacings but not at the large spacing
of 1.0c. Finally, at 180° phase lag, the hindwing has higher
force amplitudes than the single wing through the upstroke
but lower force amplitudes during the downstroke for small
spacings. At the largest spacing, however, the hindwing has
significantly lower force amplitudes than the single wing.

Next, the impact of the wing spacing is considered. In
general, increasing the wing spacing causes a phase lag in
both lift and thrust generation. This trend is shown clearly
in the case where the fore and hind wings flap with a 90°
phase lag. Both the lift and thrust show a clear phase lag
in the timing of the lift and thrust generation as the spac-
ing is increased from 0.1c to 1.0c. There is also a trend of
increase in lift and thrust amplitudes as the spacing is de-
creased. The 180° phase case shows nearly the same trend
as the 90° phase case. There is a phase lag in both the lift
and thrust as the spacing is increased from 0.1c to 0.5¢, just
as at 90°, but increasing the spacing to 1.0c does not show the
same trend in the phase lag. The 180° case also exhibits in-
creases in the peak lift and thrust as the spacing is decreased,
similar to the 90° case. The trends observed in the 90° and
180° cases are not as evident for the 0° case. While the 0°
case exhibits phase lag in the timing of the force generation
as the spacing is decreased, it is inconsistent. Also, the peak
lift and thrust magnitudes do not show the same increasing
trend as observed in the 90° and 180° cases when the spacing
is decreased.
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Fig. 4 Transient lift and thrust coefficients for the hindwing over a single flapping cycle compared to that for a single wing. Each graph
shows the lift or thrust at a single phase angle for the four tested spacings. a 0° phase lift; b 0° phase thrust; ¢ 90° phase lift; d 90° phase

thrust; e 180° phase lift; f 180° phase thrust

3.3 Flow visualization results

The behavior observed in the force data can be explained by
analyzing the vorticity contours for each case. Specifically,
examining how changes in the phase angle and wing spacing
changes the timing of vortex interactions during the flapping
cycle of the hindwing. Figures 5-7 show the vorticity con-
tours at different spacings for the 90°, 180° and 0° cases,
respectively. For the sake of brevity, the vorticity contours
are only shown for one half of the cycle (upstroke for the
90° and 180° cases and downstroke for the 0° case) as the
upstroke and downstroke exhibit nearly symmetric results.
Figure 5 illustrates how changes in the wing spacing af-
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fect the timing of the vortex/wing and vortex/vortex interac-
tions and how the interactions influence LEV formation dur-
ing the upstroke of the hindwing when the wings flap with
90° phase lag. During the upstroke, the hindwing passes
through a vortex shed from the trailing edge of the forewing.
At closer spacings this interaction occurs in the first half of
the upstroke (68% cycle time). As the spacing is increased,
this vortex interaction is delayed, due to the increased time
necessary for the vortex to convect to the hindwing, and oc-
curs later in the upstroke. This delay in the vortex interac-
tion is clearly observed as a phase lag in the transient lift and
thrust data shown in Figs. 4c and 4d.
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Fig. 5 The vorticity contours around the single wing and the 90° phase angle tandem configuration at different spacings. The large spacing
delays and weakens the vortex/wing interaction. The first row shows the single and hind wings during the upstroke at 68% cycle time while
the second row shows the single and hind wings at 89% cycle time. Arrows indicate the stroke direction. a Single, /T = 68%; b 0.25¢,
t/T = 68%;¢0.5¢,t/T = 68%;d 1.0c, t/T = 68%; e Single, t/T = 89%;£0.25¢, t/T = 89%; g 0.5¢, t/T = 89%; h 1.0c, t/T = 89%
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Fig. 6 The vorticity contours around the single wing and the 180° phase angle tandem configuration at different spacings. The vortex/wing
interaction is delayed compared to the 90° phase angle tandem configuration case. The first row shows the single and hind wings during the
upstroke at 81% cycle time while the second row shows the single and hind wings at 2% cycle time. Arrows indicate the stroke direction.
a Single, t/T = 81%; b 0.25¢, t/T = 81%; ¢ 0.50c, t/T = 81%; d 1.0c, t/T = 81%; e Single, t/T = 2%; f 0.25¢, t/T = 2%; g 0.5c,
t/T =2%;h 1.0c,t/T =2%
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Fig. 7 The vorticity contours around the single wing and the 0° tandem configuration at different spacings. The first row shows the single
and hind wings during the downstroke at 4% cycle time while the second row shows the single and hind wings at 25% cycle time. Arrows
indicate the stroke direction. a Single, t/T = 4%; b 0.1c, t/T = 4%; ¢ 0.5¢, t/T = 4%; d 1.0c, t/T = 4%; e Single, t/T = 25%; £ 0.1c,
t/T =25%;80.5¢,t/T =25%;h 1.0c, t/T = 25%
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The timing of the interaction between the hindwing and
vortex shed from the forewing has a noticeable effect on the
LEV formation around the hindwing. The bottom row of
Fig. 5 shows the vorticity contours when the hindwing is at
89% cycle, just before stroke reversal, after the vortex inter-
action has occurred. The rotation of the shed vortex is the
same as the rotation of the LEV that forms on the bottom
of the hindwing (counterclockwise, CCW), which reinforces
the LEV generation. At closer spacings, the vortex interac-
tion is stronger because the vortex shed from the forewing
has less time to dissipate before interacting with the hind-
wing. This results in larger LEV generation by the hindwing,
which corresponds to the increased peak in the transient lift
and thrust data as the spacing is decreased. The increased
peak in the transient force data can be observed in Figs. 4c
and 4d. In the downstroke, the same interaction and phase
lag is observed, except that the vortex shed from the forewing
and the LEV generated by the hindwing are both clockwise
(CW).

Similar to Fig. 5, Fig. 6 shows the vorticity contours
at different spacings for the 180° phase case during the up-
stroke. In this case, the hindwing passes through the vortex
shed by the forewing, as in the 90° case, but the vortex in-
teraction occurs significantly later in the upstroke due to the
larger phase angle. At the closest spacings, the hindwing
starts to interact with the shed vortex in the second half of
the upstroke, at 81% of cycle compared to 68% of cycle for
the 90° case. As the spacing is increased this interaction is
delayed, which corresponds to the phase lag in the force data
shown in Figs. 4e and 4f. This behavior is similar to that
observed in the 90° case. At 180° phase lag, however, when
the wing spacing is increased to 1.0c, the vortex interaction
is delayed until after stroke reversal, which allows the start
of LEV formation on top of the hindwing. The delay is re-
flected in the force data shown in Figs. 4e and 4f, in which
the 1.0c spacing shows dramatically different pattern from
that for other spacings.

The timing of the vortex interaction has large implica-
tions on the LEV generation of the hindwing. These im-
plications can be observed in Figs. 6e—6h by comparing the
LEVs on the hindwings. At the closest spacings, the hind-
wing passes through the shed vortex before stroke reversal,
which serves to reinforce the LEV formation at the bottom of
the hindwing (both vortices have the same rotation, CCW).
As the spacing is increased, the vortex interaction becomes
weaker as the vortex shed from the forewing has more time
to dissipate before interacting with the hindwing, resulting
in weaker LEV generation. This corresponds to lower peak
lift and thrust observed in the force data as the spacing is in-
creased, as observed in Figs. 4e and 4f. At the spacing of
1.0c, the interaction is delayed until stroke reversal, where
the hindwing starts to form a CW LEV on top. The interac-
tion with the CCW shed vortex dampens out the CW LEV
and quickens its shedding, which results in extremely low
lift and thrust production observed for this case in Figs. 4e
and 4f. As with the 90° case, the results for downstroke are
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symmetrical to that for upstroke except that the rotation of
the vortices are reversed.

Figure 7 shows the vorticity contours at the tested spac-
ings for the 0° phase case during the downstroke. The re-
sults are shown for the downstroke rather than the upstroke
because the vortex interaction is easier to observe. Similar
to the 90° and 180° cases, the hindwing passes through the
vortex shed from the trailing edge of the forewing and the
interaction is delayed as the spacing is increased. Because
the fore and hind wings flap with 0° phase lag, at the smaller
spacings, the two wings remain in close proximity to each
other throughout the entire cycle. At the 1.0c and 0.5¢, the
interaction between the CW shed vortex and the hindwing
reinforces the formation of the CW LEV on the hindwing,
which results in increased peak lift and thrust. At the clos-
est spacings, however, a jet forms between the two plates,
which quickens the LEV shedding and results in a smaller
and elongated LEV at the closest spacings. This behavior is
most obvious when the spacing is decreased to 0.1c (which is
shown in Fig. 7, rather than 0.25¢). Figure 8 shows the ver-
tical velocity profile of this jet (between the trailing edge of
the forewing and the leading edge of the hindwing) for the
0.1c and 1.0c cases at 12% cycle time (the first half of the
downstroke). It is clear that at the closer spacing the vertical
velocity component of the jet is much stronger. The weak-
ened LEV production at the closest spacings explains why
the peak lift and thrust does not continue to increase when
the spacing is decreased as in the 90° and 180° cases.
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— 0.lc
021 F —10c

Vertical velocity component
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0 0.2 0.4 0.6 0.8 1.0
Normalized wing gap spacing

Fig. 8 The profile of the vertical velocity component taken between

the trailing edge of the forewing and the leading edge of the hind-

wing. The results shown are for a wing spacing of 0.1c¢ and 1.0c¢

with the x-axis normalized by the wing spacing

3.4 Effect of vortex interaction on Cp

The effect of the vortex interaction on the pressure distri-
bution around the airfoil is shown in Fig. 9. The y-axis is
reversed so that the top of the curve corresponds to the top of
the airfoil (negative pressure) and vice versa. Figure 9 com-
pares the pressure distribution around the airfoil of both the
single wing a and the hindwing at a phase angle of 0° and a
wing spacing of 0.5¢ b immediately before and immediately
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after the vortex interaction during the downstroke, which is
the vortex interaction shown in Fig. 7. The hindwing shows
a large increase in suction at the top of the leading edge that
corresponds to its passing of the vortex shed by the forewing.
There is no observable increase in suction for the single wing
at the same point in the cycle.

a —-20
— Before vortex interaction
—L5 - After vortex interaction
—1.0
—0.5 . I
) 0 /
osl
1.0
1.5
2.0 . - s :
0 0.2 0.4 0.6 0.8 1.0
Chordwise position
b -20
— Before vortex interaction
—L5 T~ After vortex interaction

02 04 06 08 10
Chordwise position

Fig. 9 There is a large increase in suction on the top of the leading
edge of the hindwing that is associated with its passing through the
vortex shed by the forewing. There is no observable increase for
the single wing

3.5 Effect of phase angle vs. spacing

Figure 10 compares the transient lift and thrust history for
the 0° phase angle case at 1.0c with that for the 90° case at
1.0c and 0.25¢. Despite the difference in phase angle, the
0° case at 1.0c and the 90° case at 0.25¢ exhibit remark-
ably similar force histories. These two cases show nearly
the same trend in lift and thrust generation (hence vortex and
wing interactions) while the only difference between them
is in peak lift and thrust production. This reveals that, in
terms of force generation, decreasing the wing spacing has
an effect opposite to that of increasing the phase angle. In
this case, decreasing the baseline spacing from 1.0c to 0.25¢
while also increasing the baseline phase angle from 0° to
90° generates similar results as compared with the baseline.
However, when the phase angle is increased from 0° to 90°
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while keeping the spacing constant at 1.0c, there is a signif-
icant change in the transient lift and thrust coefficient com-
pared to the other two cases.
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Fig. 10 Comparison of the lift and thrust over a single flapping
cycle for the 0° hindwing at 1.0c with that for the 90° hindwing at
1.0c and 0.25¢. a Lift; b Thrust

Figure 11 is similar to Fig. 10, except it compares the
force history for the 90° phase angle case at 1.0c with that
for the 180° case at 1.0c and 0.25¢. Again, the resulting
force histories are very similar when the phase angle is in-
creased by 90° while simultaneously decreasing the spacing
from 1.0c to 0.25¢. The two cases (90° at 1.0c and 180° at
0.25¢) show similar timing in force generation, but different
magnitudes of peak lift and thrust. Like Fig. 10, increasing
the phase angle from 0° (1.0¢) to 90° (1.0c) causes a shift in
force histories. However, decreasing the spacing from 1.0c
(90°) to 0.25¢ (90°) will offset the shift. This shows that
increasing the phase angle has an effect opposite to that of
decreasing the spacing.

Examining the vorticity contours reveals the reason why
the force histories are nearly the same between certain differ-
ent cases. Figure 12 compares the vorticity contours between
the 0° and 90° cases at different spacings during the upstroke.
For these specific cases, the hindwing passes through the
vortex shed from the forewing at nearly the same time dur-
ing the upstroke, resulting in similar LEV generation on the
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hindwing. Specifically, the timing of LEV generation and
shedding is approximately the same between the two cases
despite the difference in spacing and phase angle. This cor-
responds to the similar force histories observed in Fig. 11.
There are slight differences in the size of the LEV, which
results in difference in the peak lift and thrust observed be-
tween the two cases.

a 4 -
—90° phase, 1.0c spacingl]
3 ===180° phase, 0.25¢ spacigg
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- 2 ]
[
5 r 0 Sl
;g
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b 15
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===180° phase, 0.25¢ spacing
o 1.0 = 180° phase, 1.0c spacing
)
g
5 0.5
=)
o
8
e 0
172}
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—0.5
—1.0 . . . .
0 0.2 0.4 0.6 0.8 1.0

Cycle time #/T

Fig. 11 Comparison of the lift and thrust over a single flapping
cycle for the 90° hindwing at 1.0c with that for the 180° hindwing
at 1.0c and 0.25c¢. a Lift; b Thrust

Fig. 12 Comparison of the vorticity contours for the 0° hindwing
at 1.0c with that for the 90° hindwing at 0.25¢ and 0.1c. Despite
the parameter difference, the vortex structures on the hind wing are
very similar. The contours were taken during the upstroke at 65%
and 86% of the cycle time. Arrows indicate the stroke direction.
a 90°, 0.25¢, t/T = 65%; b 0°, 1.0c, t/T = 65%; ¢ 90°, 0.25c,
t/T =86%;d0°,1.0c, t/T = 86%
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Figure 13 shows similar results to Fig. 12 for the 180°
and 90° cases. For these two cases, although the phase an-
gle and spacing are not the same, the timing of the vortex
interaction between the fore and hind wings during the up-
stroke of the hindwing is nearly identical. This results in
comparable LEV formation on the hindwing and the result-
ing similarities in the transient lift and thrust data between
the 90° and 180° cases, as shown in Fig. 11. As with the 0°
and 90° cases, there are slight differences in the size of the
LEV generated, which result in differences observed in the
peak lift and thrust.

Fig. 13 Comparison of the vorticity contours for the 0° hindwing at
1.0c with that for the 90° hindwing at 0.25¢ and 0.1c¢. Again, vortex
structures on the hindwing are very similar, despite the parameter
difference. The contours were taken during the upstroke at 77%
and 98% of the cycle time. Arrows indicate the stroke direction.
a 180°, 0.25¢, t/T = 77%; b 90°, 1.0c, t/T = 77%; ¢ 180°, 0.25c¢,
t/T =98%;d 90°, 1.0c, t/T = 98%

3.6 Cycle averaged force results

The cycle averaged lift, thrust and resultant coefficients were
calculated over a single flapping cycle for the hindwing at
each phase angle, and plotted versus the spacing. These,
along with the time averaged power coefficient and lift and
propulsive efficiencies, are shown in Fig. 14. The cycle
averged power coefficient, which is a nondimensional mea-
surement of the power required to actuate the wing during a
single flapping cycle, was calculated using

1 T
Co= o spnur fo [~(LV) - (Mw)}dr,

where Cp is the power coefficient, p is the fluid density, A
is the planform area with unit depth, U is the flow velocity,
T is the flapping period, L is the instantaneous lift force, V/
is the instantaneous wing vertical velocity, M is the instan-
taneous pitching moment, and w is the instantaneous rota-
tional velocity. In Eq. (12) the power coefficient Cp is de-
fined such that a positive Cp represents power output by the
system and negative Cp is power put back into the system.
As discussed by Broering et al. [25], it is impractical for the
wing to regenerate power during the flapping cycle, the cal-
culation of Cp was modified such that when the integrand

12)
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was negative it was changed to zero for the integration. So
when the force opposes the motion, positive actuation power
is required, and when the force is coincident with the mo-
tion, zero actuation power is required (rather than negative
actuation power). Further references to Cp refer to this mod-
ified Cp. In the cases studied, the power contributed by the

moment term was negligible compared to the lift term. The
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lift and propulsive efficiencies, were calculated using
Cr
= , 13
U (13)
Cp
= , 14
no Cp (14)

where 77p is the propulsive efficiency, Crt is the thrust coeffi-
cient, i is the lift efficiency, and C is the lift coefficient.
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Fig. 14 Cycle averaged lift, thrust, resultant and power coefficients as well as the lift and propulsive efficiencies for the hindwing. The
results are graphed vs. the spacing for the three phase angles (0°, 90°, 180°) and compared to that for the single wing. a Lift; b Thrust;

¢ Resultant; d Power; e Lift efficiency; f Propulsive efficiency
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Figure 14 demonstrates how the phase angle and spacing
affect the cycle averaged force production and power con-
sumption, as well as the efficiencies. The results for a single
wing are also included to provide a baseline comparison. As
shown in Fig. 14a, the hindwing has a lower lift coefficient
than a single wing at all tested cases. For the 0° and 180°
phase angles, the lift coefficient decreases as the spacing is
decreased, but for the 90° phase angle case, the lift coeffi-
cient increases as the spacing decreases.

The hindwing in the 0° and 90° cases consistently have a
significantly higher thrust coefficient (Fig. 14b) than a single
wing, while the 180° hindwing has a much lower thrust co-
efficient than a single wing, and actually produces net drag
at the farthest two spacings (0.5¢ and 1.0c). The 90° cases
shows the most significant change in the thrust coefficient
as the spacing is changed, rising nearly linearly from 0.07
at 1.0c to 0.82 at 0.1c. The 0° case shows a peak in the
thrust coefficient at 0.5¢ and then a noticeable decrease as
the spacing is further increased, while the 180° case shows
a minimum thrust coefficient at 0.5¢ and then a significant
rise in the thrust coefficient as the spacing is decreased. The
resultant force coefficient (Fig. 14c) and power coefficient
(Fig. 14d) at each phase angle shows a similar trend to that
observed for the thrust coefficient, except that the resultant
coefficient in all cases is lower than the resultant coefficient
for a single wing (due to the low lift production of the hind-
wing in all cases), except for the resultant coefficient for the
90° hindwing at 0.1c.

In terms of efficiency, the 180° case has the highest lift
efficiency at each spacing (but still less than a single wing)
while the 0° case has the lowest, except at a spacing of 0.1¢
where the 90° case has the highest lift efficiency. The 0° and
90° cases exhibit the highest propulsive efficiencies (higher
than that for a single wing) while the 180° case has the lowest
(Iess than that for a single wing). The propulsive efficiency
of the 0° case is nearly constant at all spacings while the 90°
case shows a significant increase in efficiency with decreas-
ing spacing. The 180° hindwing has a negative propulsive
efficiency at the largest two spacings (net drag production),

a 124
1.0 1 x\ o * X

S 0.8
% —__ —
2061 e & =
famm)
8 ¢ Single
S 0.4 o
=) - -+ 0° phase
= 02 4 90° phase

: - 180° phase

0

0 0.2 0.4 0.6 0.8 1.0
Wing spacing (fraction of chord length)

T. M. Broering, Y.-S. Lian

with a minimum at 0.5¢, but its efficiency increases to just
slightly less than that of the single wing at 0.1c.

It is interesting to note how changes in the spacing affect
the relationship between phase angle and force production.
At the largest spacing, 1.0c, the hindwing at 0° phase lag pro-
duces the largest lift and thrust coefficients, while the hind-
wing at 180° phase lag produces the smallest with the 90°
hindwing falling in between the two. As the spacing is de-
creased, the lift and thrust coefficients rise for the 90° hind-
wing and fall for the 0° hindwing. At a spacing of 0.1c, the
180° hindwing still produces the smallest lift and thrust co-
efficients, but the 90° hindwing has the largest lift and thrust
coeflicients, while the 0° hindwing falls between the two.
This certainly shows that the relationship between the phase
angle and the force production is not consistent, but altered
as the wing spacing alters.

Time averaged values of the force and power coefficients
were also averaged between the fore and hind wings in order
to determine the results for the tandem configuration as an
integrated system. These results were also plotted for each
phase angle versus the spacing in Fig. 15 to show the effect
of phase angle and spacing on the performance of the en-
tire system. For this comparison, the lift thrust and resultant
coefficients were calculated using

Lr+ L
= rro (15)
0.50(Af + Ay)U?
T+ Ty
Cr = , 16
T 0.50(AF + Ag)U? (16)
Lg + Ly)? + (Tg + Ty)?
Ca = V(Lg + Ly)? + (Ts + Tr) (17

0.5p(Ar + ApU2

where L, T, and A are the lift, thrust, and planform area, and
the subscripts “F” and “H” denote the fore and hind wings,
respectively. Since the combined force production of the tan-
dem configuration is normalized by the planform area of both
wings, the lift, thrust and resultant coefficients can be com-
pared to the same results for a single wing.
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Fig. 15 Cycle averaged lift, thrust, resultant and power coefficients as well as the lift and propulsive efficiency averaged between the fore
and hind wings. The results are graphed vs. the spacing for the three phase angles and compared to that of the single wing. a Lift; b Thrust;

¢ Resultant; d Power; e Lift efficiency; f Propulsive efficiency
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Fig. 15 Cycle averaged lift, thrust, resultant and power coefficients as well as the lift and propulsive efficiency averaged between the fore
and hind wings. The results are graphed vs. the spacing for the three phase angles and compared to that of the single wing. a Lift; b Thrust;
¢ Resultant; d Power; e Lift efficiency; f Propulsive efficiency (continued)

The averaged results of the fore and hind wings show the
same trends observed for the hindwing in Fig. 14. At a spac-
ing of 1.0c, the 0° case produces the largest lift and thrust
coefficients while the 180° case produces the smallest and
the 90° falls between the two. As the spacing is decreased,
the lift and thrust coefficients increase significantly for the
90° case until at a spacing of 0.1c¢, the 90° produces the most
lift and thrust and the 0° case falls in the middle. In terms of
efficiency the 180° has the highest lift efficiency at all spac-
ings (still below the lift efficiency of a single wing), while the
0° case has the lowest. The 0° case has the highest propul-
sive efficiency at all spacings, while the 180° case has the
lowest. The 0° case at all four spacings, and the 90° at the
smallest three spacings have a higher propulsive efficiency
than the single wing while at all four spacings, the 180° case
has a lower propulsive efficiency than the single wing.

4 Conclusion

A numerical investigation had been conducted to clarify the
effects of phase lag and spacing on the vortex/wing and vor-
tex/vortex interactions, as well as the force generation and ef-
ficiencies of a tandem wing configuration with emphasis laid
on the hindwing. The results from this study suggest that the
force production and efficiency of the hindwing are heavily

influenced by its interaction with the wake of the forewing,
and that the nature of this interaction can be controlled by
adjusting both the phase angle and the spacing between the
fore and hind wings. For the kinematics and flow conditions
used in this paper, both the phase angle and spacing affect
the specific timing at which the hindwing passes through the
vortex shed from the forewing.

The interaction between the shed vortex and the hind-
wing also influences the LEV generation of the hindwing.
Changes in the phase angle or spacing affect the timing of
this interaction which, in turn, affects the timing of the gen-
eration and shedding of the LEV on the hindwing. The inter-
action between the shed vortex and the LEV can be described
as constructive or destructive. Nearly every case studied in
this paper exhibits constructive vortex interaction, where the
directions of rotation of the shed vortex and the LEV are
the same. This interaction reinforces the LEV and results in
larger and stronger LEV formation compared with the case
of single wing with no interaction. Only one case studied
here exhibits destructive vortex interaction and that is the
180° case with 1.0c spacing. In this case, the directions of
rotation of the shed vortex and LEV were opposite to each
other. This dampens the LEV formation and quickens the
shedding, resulting in the formation of a smaller LEV com-
pared with the case of single wing without interaction. Un-
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like previous studies, which typically show that peak resul-
tant forces are generated at 0° phase angle and peak power
efficiency occurs out of phase, our study shows that at differ-
ent spacings the peak force generation and peak efficiencies
occur at different phase angles.

The timing of the LEV generation and shedding corre-
sponds to the phase lag observed in the lift and thrust data
associated with changes in the spacing and phase angle while
the size of the LEV generated corresponds to the peak lift and
thrust production. This suggests that changes in the phase
angle and spacing can be used to control the force produc-
tion and efficiency of the hindwing by controlling its LEV
formation. Both the phase angle and spacing were observed
to have similar effects on the force production, which corre-
sponded to similarities in the LEV formation and shedding.
Specifically, for the cases studied, an increase in the phase
angle of 90° was observed to have an effect similar to an de-
crease in the spacing of 0.75¢. This specific correspondence
is almost assuredly a function of the flight speed and flapping
kinematics used in the study.
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