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Summary

Aerodynamic force generation and power requirements
in forward flight in a fruit fly with modeled wing motion
were studied using the method of computational fluid
dynamics. The Navier—Stokes equations were solved
numerically. The solution provided the flow velocity and
pressure fields, from which the vorticity wake structure
and the unsteady aerodynamic forces and torques were
obtained (the inertial torques due to the acceleration of the
wing-mass were computed analytically). From the flow-
structure and force information, insights were gained into
the unsteady aerodynamic force generation. On the basis
of the aerodynamic and inertial torques, the mechanical
power was obtained, and its properties were investigated.

The unsteady force mechanisms revealed previously for
hovering (i.e. delayed stall, rapid acceleration at the
beginning of the strokes and fast pitching-up rotation at
the end of the strokes) apply to forward flight. Even at
high advance ratios, e.g.J=0.53-0.66 { is the advance
ratio), the leading edge vortex does not shed (at such
advance ratios, the wing travels approximately 6.5 chord
lengths during the downstroke).

At low speeds J=0.13), the lift (vertical force) for weight
support is produced during both the down- and upstrokes
(the downstroke producing approximately 80% and the
upstroke producing approximately 20% of the mean lift),
and the lift is contributed mainly by the wing lift; the
thrust that overcomes the body drag is produced during
the upstroke, and it is contributed mainly by the wing
drag. At medium speeds J=0.27), the lift is mainly

produced during the downstroke and the thrust mainly
during the upstroke; both of them are contributed almost
equally by the wing lift and wing drag. At high speeds
(J=0.53), the |lift is mainly produced during the
downstroke and is mainly contributed by the wing drag;
the thrust is produced during both the down- and
upstrokes, and in the downstroke, is contributed by the
wing lift and in the upstroke, by the wing drag.

In forward flight, especially at medium and high flight
speeds, the work done during the downstroke is
significantly greater than during the upstroke. At advance
ratios J=0.13, 0.27 and 0.53, the work done during the
downstroke is approximately 1.6, 2.8 and 4.2 times as
much as that during the upstroke, respectively.

At J=0 (hovering), the body-mass-specific power is
approximately 29W kg1, at J=0.13 and 0.27, the power is
approximately 10% less than that of hovering; atJ=0.40,
the power is approximately the same as that of hovering;
when J is further increased, the power increases sharply.
The graph of power against flying speeds is approximately
J-shaped.

From the graph of power against flying speeds, it is
predicted that the insect usually flies at advance ratios
between zero and 0.4, and for fast flight, it would fly at an
advance ratio between 0.4 and 0.53.

Key words: fruit fly, forward flight, unsteady aerodynamics, power
requirement, computational fluid dynamics.

Introduction

It has been shown that quasi-steady analysis cannot predReynolds numbelRe range of a fruit fly wing and showed that

the aerodynamic forces and power requirements of insects lift was enhanced by the presence of a dynamic stall vortex, or
hovering (Ellington, 1984b,c) or forward flight (Dudley and leading-edge vortex (LEV). But lift enhancement was limited to
Ellington, 1990b; Willmott and Ellington, 1997b). Researchersonly 2—3 chord lengths of travel because of the shedding of the
have been working to shed light on the unsteady mechanisrh&V. For most insects, a wing section at a distance ofR).75
of aerodynamic force generation and predict satisfactorily thévhere R is wing length) from the wing base travels
power requirements in such cases. approximately 5.3 chord lengths during an up- or downstroke in

Dickinson and Gotz (1993) measured the aerodynamic forcémvering flight (Ellington, 1984b); in forward flight, the section
on an aerofoil started impulsively at a high angle of attack in theould travel an even larger distance during a downstroke.
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Ellington et al. (1996) performed flow visualization studiesstroke, it was found that the force peaks there were closely
on the hawkmotiManduca sextand a mechanical model of related to the acceleration. From the computed flow field, it
the hawkmoth, and discovered that on the flapping wings oflas observed that during the fast acceleration of the wing,
the insect, the LEV did not shed during the translational phasstrong vorticity was continuously generated on the lower wing
of either up- or downstroke. Analysis of the momentumsurface and shed at the trailing edge, while strong vorticity of
imparted to the fluid by the vortex wake showed that the LE\Opposite sign was continuously generated at the upper wing
could explain the high lift on the insect wings. This high lift surface. From vorticity dynamics theory (Wu, 1981), this
mechanism is called the delayed stall, or dynamic stallvould give rise to a large time rate of change of vorticity
mechanism (Ellington et al., 1996; Dickinson et al., 1999)moment and thus large forces. If the velocity due to the
This mechanism has been confirmed by computational fluigrevious strokes was directed towards the wing at the start of
dynamic analysis (Liu et al1998). By measuring the flow field the stroke, wake capture mechanism would also contribute to
near the wings and the aerodynamic force on the wings ofthe force peaks. But the computed results showed that the
mechanical model of the fruit frosophila melanogastdthe  velocity was directed downward. Therefore, the authors
Reof the fruit fly wing is 1-2 orders of magnitude smaller thansuggested that the large force peaks at the beginning of the
that of the hawkmoth), Birch and Dickinson (2001) found thastroke could be explained by the rapid generation of strong
the LEV did not shed in the translational phase of either uprorticity due to the fast translational acceleration of the wing.
or downstroke and that large lift was maintained in the phaséjowever, it should be noted that the computed flow field in
showing that the delayed stall mechanism is valid for a widéont of the wing at the start of a stroke is different from that
range ofRe visualized experimentally (Dickinson et al., 1999; the later

Dickinson et al. (1999) and Sane and Dickinson (2001¥hows the existence of wake capture effect and the former
conducted force measurement studies using the mechanickles not), and that although the computed forces are generally
model of the fruit fly and showed that in the case of advanced agreement with the measured, there are noticeable
rotation (wing rotation preceding the stroke reversal), irdiscrepancies around the stroke reversal [see the comparisons
addition to the large lift and drag during the translatory phasi Sun and Tang (2002b) and in the ‘validation’ section of the
of a stroke, large lift and drag peaks also occurred at theresent paper]. Thus there exists the possibility that the CFD
beginning and the end of the stroke (i.e. around the strol@mulations could not capture accurately all features of the
reversal). Dickinson et al. (1999) suggested that the forckow. During the fast pitching-up rotation near the end of the
peaks at the beginning of the stroke could be explained bstroke, it was also observed that new vorticity of large strength
the wake capture mechanism [an increase in the effectiugas produced. The authors suggested that the large force
fluid velocity due to vortex wake shed by the previous strok@eaks near the end of the stroke could be explained by the
(Dickinson, 1994)], those at the end of the stroke by theapid generation of strong vorticity due to the fast pitching-up
rotational circulation mechanism [the lift due to wing rotationrotation of the wing. Note that the rotational circulation
is related to the rotational circulation by the Kutta—Jukowskapproach (Dickinson et al., 1999; Sane and Dickinson, 2002)
equation and the rotational circulation is determined by thées a special case of the vorticity dynamics theory; under
Kutta condition as being proportional to the product of theconditions that the flow is quasi-steady and inviscid, the
rotation rate and the distance between rotation-axis and 0.#gjuations in the rotational circulation approach can be derived
chord position (Fung, 1969)]. They provided evidence for thérom the vorticity dynamics theory. Therefore, the above
wake capture by flow visualizations made at the start of axplanation for the wing rotation effects is complementary to
stroke and by force measurements after halting the wing #hat based on the rotational circulation approach.
the start of a stroke. Dickinson et al. (1999) and later, Sane As a result of the above works and numerous others (e.g.
and Dickinson (2002), assumed that the total force (lift an&¥ogel, 1966; Weis-Fogh, 1973; Ellington, 1984a,b, 1995;
drag) due to the wing rotation (rotational force) could beEnnos, 1989; Dudley and Ellington, 1990a,b; Willmott et al
related to the rotational circulation by the Kutta—Jukowskil997; Wang, 2000), we are now better able to understand how
equation, and using measured rotational force, theinsects produce large lift.
determined the rotational circulation as a function of the With the current understanding of the unsteady force
rotation rate and the rotation-axis position. Theproduction mechanisms, researchers have attempted to
experimentally determined rotational circulation agreedestimate the mechanical power of insect flight based on
reasonably well with that predicted by Fung’s theory (Fungunsteady aerodynamic forces. Sane and Dickinson (2001),
1969), providing evidence that force peaks near the end ofing the measured unsteady drag of a model fruit fly wing,
the stroke were due to rotational circulation. showed that the mechanical power for a fruit fly was

Using the method of computational fluid dynamics (CFD)approximately twice as much as the previous estimate based
Sun and Tang (2002a) simulated the unsteady flow aroundom quasi-steady theory (Lehmann and Dickinson, 1997).
model fruit fly wing conducting flapping motions similar to Recently, Sun and Tang (2002b), through unsteady flow
that in the experiment of Dickinson et al. (1999). Different,simulation by the CFD method, studied the lift and power
but complementary, explanations for the force peaks wenmequirements of hovering flight in the fruit fly. Under
provided. By varying the acceleration at the beginning of @onditions where the mean lift balanced the insect weight, they
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computed the required mechanical power. With the computedsualization near the wings. It is of interest to investigate the
mechanical power and available metabolic data, a value of 0.fldbw around the flapping wings during forward flight in more
for the muscle efficiency was obtained, and was approximatelgetail. For the power requirements in forward flight, Ellington
twice as much as that estimated using the quasi-steady theatyal. (1990), measured the oxygen consumption of bumblebees
(0.09; Lehmann and Dickinson, 1997). and showed that the metabolic power changed little from
Though the above works on unsteady mechanisms of fordevering to intermediate flight speeds. Assuming that muscle
production and power requirements were primarily concernesfficiency was constant over different flight speeds, it was
with hovering flight, it is believed that the unsteadyconcluded that the mechanical power would vary with the
mechanisms of force production are also applicable to the cafight speed according to &shaped curve (Ellington et al.,
of forward flight. In fact, flow visualization experiments on the1990; Ellington, 1991). It is of great interest to calculate the
tethered hawkmoth (Ellington et al., 1996; Willmott et al.,mechanical power directly and to see how it varies with the
1997) have already shown that the delayed stall mechanisfiight speed.
operates at advance ratios ranging from 0 to 0.9. However, theWe here investigate these problems using a virtual fruit fly.
flow visualization results for the tethered insect were not s8ystematic kinematic data on free-flying fruit flies are not
clear-cut because of the difficulty in obtaining good flowavailable at present. Assumptions on the wing motion and its
variation with flight speed are made on the
7 basis of existing data from tethered and
z A free-flying fruit flies and some data
from other insects. The method of
Y,y computational fluid dynamics is used in the
study. In the method, the pressure and
\. -1~ - - = velocity fields around the flapping wing are
N 7 T~ obtained by solving the Navier—Stokes
7 N equations numerically; the lift and thrust
- N , .
, 4 0(1_, X and the torques due to the aerodynamic
<2\ forces are calculated based on the flow
Sm— s '\, B pressure and velocities. The inertial
/ > X torques due to the acceleration and rotation

of the wing-mass are calculated
/ . .

analytically. From the aerodynamic and

inertial torques, the mechanical power

Stroke plane required for the flight is calculated.

Materials and methods

The wing and the coordinate systems

The wing considered in the present
study is the same as that used in the study
of fruit fly lift and power requirements in
hovering flight (Sun and Tang, 2002b).
The planform of the wing is similar to that
of a fruit fly wing and the wing section is
: an ellipse whose thickness is 12% of the
. 3 x aerofoil chord length, and the radius of the
,/T 00 Cr leading and trailing edges is 0.2% of the

' ‘ aerofoil chord length. The radius of the

second moment of wing area, is 0.58&,
Stroke plane  where R is the wing length (the mean
flapping velocity at span locationis used
as reference velocity in the present study).

C

Ca

V,

0

Stroke plane \

Fig. 1. Sketches of the reference frames and wing moB¥ Zis an inertial frame, with
the XY plane in the horizontal planex'y'Z is another inertial frame, with théy plane in Three coordinate svstems are used. Two
stroke planeoxyzis a frame fixed on the wing, with tieaxis along the wing chord, and . . . y ’

they axis along the wing spa, positional angle of the wingpmin and @max Minimum are inertial coordinate Syst_en@?(YZand

and maximum positional angle, respectivelyangle of attack of the win@, stroke plane  9XYZ. For OXYZ the originO is at the
angle; Vo, free-stream velocity; an®, wing length.C. and Cr, coefficients of lift and wing base (see FigA); X andY form the
thrust, respectivelyC; andCy, coefficients of wing lift and wing drag, respectiveGg, x ~ horizontal planeXis in the direction of the
component ofy.. free stream velocity), and tizedirection is
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vertical. The coordinate systentx'y'Z has the same origin as |

the coordinate systel@XYZ itsy' axis coincides with th& G= 0.50U2S’ @)
axis, and it'x'y' plane coincides with the stroke plane (see

Fig. 1A,B). The third is the body-fixed coordinate systemz Ca = d’ 4)
It has the same origin as the two inertial coordinate system 0.5U%S’

but it rotates with the wing. Theaxis is parallel to the wing

chord and thg axis is on the pitching-rotation axis of the wing Cy= d 5)
(see FiglC). The free-stream velocity, which has the same 0.50U%S’

magnitude as the flight velocity, is denoted \ay, and the

h is the flui ityJ is the ref loci fi
stroke plane angle denoted pysee Fig1A). wherep is the fluid densitylJ is the reference velocity (defined

below), andS is the wing area. The formulae for the
aerodynamic and inertial torques and the mechanical power

Th? flow computatlon-method _were given in Sun and Tang (2002b) and will not be repeated
The flow equations and computational method used in thggre.

present study are the same as those in Sun and Tang (2002a,b). . . ) ]
Only an outline of the method is given here. The Navier—-Stokes Kinematics of the flapping wings
equations are solved using the algorithm developed by RogersAs noted by Dickinson et al. (1999), a down- or upstroke of
and Kwak (1990) and Rogers et al. (1991), which is based dn insect is typically divided into three portions: pitching-down
the method of artificial compressiblity. The algorithm uses d@otation and translational acceleration at the beginning of the
third-order flux-difference splitting technique for the convectivestroke, translation at constant speed and constant angle of
terms and the second-order central difference for the visco@stack during the middle of the stroke, and pitching-up rotation
terms. The time derivatives in the momentum equation arend translational deceleration at the end of the stroke. This
differenced using a second-order, three-point, backwardimplified flapping pattern is employed here. It is assumed that
difference formula. The algorithm is implicit and has secondthe geometric angle of attack and the duration of the upstroke
order spatial and time accuracy. are the same as that of the downstroke, respectively [Vogel's
observation (Vogel, 1967) shows that this is approximately
Evaluation of the aerodynamic forces, aerodynamic and true for tetheredDrosophila virilis in forward flight]. The
inertial torques and mechanical power flapping motion is modeled as follows. The azimuthal rotation

Once the Navier—Stokes equations are numerically solve@f the wing a_bout the’ axis, which is.normal to the .strolke
the fluid velocity components and pressure at discretized grifane (see FidlA), is called translation, and the pitching
points for each time step are available. The aerodynamic forcgatation of the wing near the end of a stroke and at the
and torques acting on the wing are calculated from the pressdp@ginning of the following stroke is called rotation or flip. The
and the viscous stress on the wing surface. The inertial torqui@nslational velocity is denoted by, which takes a constant
due to the acceleration of the wing-mass are calculate¢flue of Um except at the beginning and near the end of a

analytically. stroke. During the acceleration at the beginning of a stigke,
The wing lift | is the component of the total aerodynamiciS given by:

force perpendicular to the translational velocity of the wing ¢ = Ugsin[r(t—to)/ATq ; T0<T<[t0+ (AT/2)],

(defined below), i.e. perpendicular to the stroke plane, and is (6)

positive when it is in the positiv& direction (see FiglB). The , . . )
wing dragd is the component of the total aerodynamic force"")rherf_a the non-dimensional translational speed of the wing
parallel to the translational velocity and is positive whentt =ui/u (U is +the reference velocity, defined belows, (the
directed opposite to the direction of the translational velocity of?@Ximum ofti)=Un/U, T=tU/c (t is dimensional timeg is the

the downstroke (see FitiC). (The wing drag is the force that M&an chord length the wing ants the non-dimensional time),
the insect must overcome for the translational motion of it30 IS the non-dimensional time at which the stroke starts and

wing and is relevant to the power requirement of flight.) Fhe T0+(A1/2) the time at which the acceleration at the beginning

component ofl is denoted ag, andd'=dcosp, wheregis the of the stroke finishesAt: is the duration of deceleration/
positional angle of the wing (éee Fif). Reéolving the wing acceleration around stroke reversal. Near the end of the stroke,

H — +__ H .
lift | and the forcel into theZ andX axes, we obtain the lit € wing decelerates fronf=Um to uf=0, according to:

(vertical force) and the thrudt respectively (see FidB,C): ., ... Om 0
L=lcoB+d'sinB and T=IsinB-d'cof3. The coefficients of the ut = Umsin O [T-T1 + (Aw/2)]0;
above force components are defined as follows: A 0
L <t + Aw2)], (7)
< 0.50U2S’ @) wherety is the non-dimensional time at which the deceleration
starts. The azimuth-rotational speed of the wing is related to
Cr= T @) u. Denoting the azimuthal-rotational speed @swe have
0.5U%S’ @T)=ud/r2. The geometric angle of attack of the wing is denoted
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by a. It also takes a constant value except at the beginning ¢vogel, 1967) showed that the stroke frequency was constant
near the end of a stroke. The constant value is denoted,by and the stroke amplitude varied with flight speed. But in
midstroke angle of attack. Around the stroke reveraal, tetheredD. melanogaster Lehmann and Dickinson (1997)
changes with time and the angular veloaityjs given by: showed that both frequency and stroke amplitude changed with
A e . flight force. In the present study, we examine three different
a*=0.500" {1 - COS[ZT(T_H)/AT(]L’ _ cases. (1) It is assumed that the stroke amplitude and stroke
T=T=(w+in), (8) frequency do not vary with flight speedb£150° and
where the non-dimensional formi;=d/U, do* is a constant, n=240s1). (2) The stroke amplitude is allowed to vary with
andtr is the non-dimensional time at which the rotation startsflight speed and is determined by force balance condition
At the non-dimensional time interval over which the rotation(frequency kept constanh=240s1). (3) The frequency is
lasts. In the time interval dfty, the wing rotates from=am  allowed to vary with flight speed and is determined by force
to a=180°-am. Therefore, whenm andAtr are specifiedgiot  balance condition (stroke amplitude kept consté@st] 50°).
can be determined (around the next stroke reversal, the wingam and remain to be determined. They are determined by
would rotate froma=180°-am to a=am, so the sign of the the force balance condition, i.e. mean lift is equal to insect
right-hand side of Equatid® should be reversed). It is weight and mean thrust is equal to the insect body drag. The
assumed that the axis of the pitching rotation is located @t 0.2veight of the insect is given above. The body drag in
from the leading edge of the wingi; is the wing rotation Drosophila virilis, as a function of body angle, was measured
duration (or flip duration). by Vogel (1966) for five flight speeds, ranging from 0.5 to
In the flapping motion described above, the referenc@.5ms=2L In the present study, we examine forward flight at
velocity U, the velocity at midstrok&m, the geometric angle these flight speeds and used Vogel's body-drag datdb[fig.
of attack at midstrokeam, the deceleration/acceleration Vogel, 1966). It is assumed the angle between the stroke plane
durationAtt, the wing rotation duratioAty, the flip timingtr, and the longitudinal body axis is constant [dat®fnsophila
the period of flapping cyclec and the stroke plane angle virilis in tethered flight (Vogel, 1967) and in other flies
must be specified. (Ellington, 1984a) show that this is approximately true]. On
Ennos (1989) made observations of free forward flight ofhe basis of Vogel's data Drosophila virilisin tethered flight,
two fruit flies Drosophila melanogasteone at advance ratio the body angle is related to stroke plane andleas follows
0.16 and the other at advance ratio 0.33. Ellington (1984g)Yogel, 1966):
made observations of free hovering flight of craneflies, X=68°—-f. 9)
hoverflies and droneflies (and many other insects). Their data
show that the deceleration/acceleration durafionand the
duration of wing rotatiomAt; are approximately 012, and
that wing rotation is symmetrical. It is assumed here th

ATt=0.18¢ andAt1,=0.24t¢ (these values were used in previous_ - - ce ratid is defined as=Vw/(URIr2), and in the present

work on fruit fly lift and power requirements in hovering flight; ; .
Sun and Tang, 2002b) and that the wing rotation is symmetricgfwy’ it ranged from 0.13 to 0.66 (wheq pre§ent|ng the results
. In later sections, some results for hovering flighf), are also

(as a resulttr may be determined). included)

To determine the reference velocity and some other '
parameters, data in the previous study on free hovering in ) ,
Drosophila virilis (Sun and Tang, 2002b) are used again here. Results and Discussion
These data were taken from Weis-Fogh (1972, 1973) and they Validation
are as follows: insect weight is 105N, wing lengthR is The code used here is the same as that in the study of fruit
0.3cm, area of both wing& is 0.058cn?, stroke amplitude>  fly lift generation and power requirements in hovering flight
is 150°, and stroke frequenay is 24Csl. The reference (Sun and Tang, 2002a,b). It is based on the flow computation
velocity is determined a$)(=2®nry)=218.7cms1 (for all method outlined above, and was developed by Lan and Sun
cases considered in the present study, the reference velocif2001a). It was verified by the analytical solutions of simple
reference length and reference time are fixed aBlows [boundary layer flow on a flat plate (Lan and Sun,
U=218.7cms, c=0.108cm andc/U=0.495¢1073s). 2001a); flow at the beginning of a suddenly started aerofoil

To determineUd, and t¢ (U/nc), data on how the stroke (Lan and Sun, 2001b)] and tested by measured steady-state
amplitude and stroke frequency vary with flight speed arg@ressure distributions on a wing (Lan and Sun, 2001a).
needed. They are not available for fruit flies in free flight. In earlier studies (Sun and Tang, 2002b), the code was tested
Studies on the free flight of bumblebees (Dudley and Ellingtorhy measured unsteady aerodynamic forces on a model fruit fly
1990a) and the hawkmoth (Willmott and Ellington, 1997a)wing in flapping motion (Dickinson et al., 1999; the wing
showed that for both insects, the stroke frequency wageometry was obtained from Prof. M. H. Dickinson). Three
constant. For bumblebees, the stroke amplitude did not vagases of wing rotation timing were considered (the stroke
significantly, but for the hawkmoth, the stroke amplitudeamplitude was 160° and the midstroke geometric angle of
varied with flight speed. Studies on tethebBrdsophila virilis  attack was 40°), but only the lift forces were compared. In a

The Reynolds numbeRe and the mean lift_coefficient

required for supporting the insect weighC w are
alculated as follows: RescUN=147 @=147cn?s);
Lw=1.96x10"°N/0.5pU25=1.15 p=1.23«103gcnr3). The
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recent paper by Sane and Dickinson (2001), both lift and drdgig. 2B,D), in the translational phase of the downstroke, the
on the same model wing are given for a wide range of wingomputed value agrees well with the measured; around the
kinematic parameters. Here, we make further comparisorsroke reversal, the computed peak values are smaller than the
between calculations and experiments, using the data of Sameasured; in the translational phase of the upstroke, the
and Dickinson (2001). The computed and measured lift andomputed value is a little less than the measured, but they are
drag coefficients are shown in F@y[for results in Fig2A,B,  in qualitative agreement (note that the value of the measured
the stroke amplitude is 60° and the midstroke geometric anglét coefficient in the upstroke is higher than that in the
of attack is 50°; for results in FigC,D, these parameters have downstroke). The above is also true in the lift coefficient
values of 180° and 50°, respectively; experimental data amomparisons in Sun and Tang (2002b) [see4figf Sun and

taken from fig3C,D of Sane and Dickinson (2001)].
The calculated drag coefficient agrees well with thehalf of the flapping cycle].

measured (see FigA,C).

For the lift coefficient (see

Tang (2002b); there the downstroke was plotted as the second

The above comparisons show that although the CFD
simulations might not capture accurately all the flow features
around the stroke reversal, the agreement of the aerodynamic
force coefficients between the computational and experimental

0'4: Downstroke Upstroke simulations is reasonably good. We think that the present CFD
Cdculation method can calculate the unsteady aerodynamic forces and
--o-- Experiment g torques of the model insect wing with reasonable accuracy.

Fig. 2. Comparison of the calculated and measureddify &nd drag
(Ca) coefficients. The experimental data are reproduced fro

0.25 05

0.5
/e

025
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In the above calculations, the computational grid has
dimensions 98109x71 in the normal direction, around the
wing section and in the spanwise direction, respectively. The
normal grid spacing at the wall was 0.002. The outer boundary
was set at 10 chord lengths from the wing. The time step was
0.02. Detailed studies of the numerical variables such as grid
size, domain size, time step, etc., were conducted in our
previous work on the unsteady lift mechanism of a flapping
fruit fly wing (Sun and Tang, 2002a,b), where it was shown
that the above values for the numerical variables were
appropriate for the flow calculation. Therefore, in the following
calculation, the same set of numerical variables is used.

Force balance in forward flight

Since we wished to study the aerodynamic force and power
requirements for balanced flight, we first investigated the force
balance. In the study of hovering flight by Sun and Tang
(2002b), there was no body drag. The stroke plane was
assumed to be horizontfd50) and the mean thrust was zero,
therefore the horizontal force was balanced. The midstroke
angle of attaclam was adjusted such that the weight of the
insect was balanced by the mean lift.

In forward flight, the body drag is not zero and the stroke
plane is tilted forward to produce thrust. At a given flight speed
or advance ratio, for different valuesagf andf3, the mean lift
and mean thrust are different (the stroke amplitddand
stroke frequency were assumed to be constant) andf3 at
a given flight speed are determined using the force balance
condition (mean lift equals the weight and mean thrust equals
the body drag).

The calculation procedure is as follows. A flight speed is
specified. A set of values farm and 3 is guessed; the flow

quations are solved and the corresponding mean lift and thrust

fig. 3C,D of Sane and Dickinson (2001). (A,B) The midstroke anglésoefﬁdentsc'- andCr are calculated. The body drag for the

of attack am is 50° and stroke amplitud®y is 60°. (C,D) The
midstroke angle of attaakm is 50° and stroke amplitude, is 180°.

given flight speed and body angle (body angle is relat¢d to
by Equatior®) is obtained from Vogel (1966). THeL was

1, non-dimensional timexe, non-dimensional period of one flapping compared withCLw and the mean thrust (=@82SCr) is

cycle.

compared with the body drag.O_fL is not equal taC w or the
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Table 1Mean lift CL) and thrust Cr) coefficients, midstroke angle of attamk, stroke plane anglg, body angle( and
coefficient of work per cycléw as functions of advance ratib

J CL Cr am(deg.) PB(deg) X (deg.) Cw Civt Gt Civ,r Gw,r

0 1.16 0.03 36 0 68 12.91 12.51 -0.75 0.40 -1.82

0.13 1.16 0.04 32 16.5 51.5 11.50 10.90 -0.46 0.60 ~1.40
0.27 1.16 0.09 34 29 39 11.47 10.93 -0.43 0.53 -1.32
0.40 1.15 0.15 435 455 225 13.58 13.37 -0.70 0.21 ~1.69
0.53 1.15 0.20 56 60 8 18.21 18.16 -0.93 0.05 -1.80

am, B vary with flight speed; stroke amplitude=150°; stroke frequenay=240 s and non-dimensional periag=8.42.

CivtandCyyy, coefficients of positive and negative work for translation, respecti@jy;andCy ;, coefficients of positive and negative
work for rotation, respectively.

mean thrust is not equal to the body drag, th@randp are  and upstroke contribute to the mean lift, but approximately
adjusted [the gradients @fi. (andCr) with respect tmm and  75% of it is from the downstroke. Negative thrust is produced
B are used as markers for adjustingy and (]; and the in the downstroke and positive thrust in the upstroke, but the
calculations are repeated until the magnitudes of differencamount of the positive thrust in the upstroke is larger than that
betweerCL andCrw and betweelCt and body drag (divided of negative thrust in the downstroke, resulting in a positive
by 0.5U2S) are less than 0.01. mean thrust. Therefore, the mean thrust is contributed by the
The calculated results for four forward flight speeds areipstroke (the downstroke has negative contribution).
shown in Tabld (the results for hovering flight are also At medium flight speed JE0.27), CL is large in the
included). It is seen thdl. is close to 1.15, as it should be. downstroke but very small in the upstroke, so the mean lift is
Ctincreases almost linearly with flight speed, as does the bodwgainly contributed by the downstroke. Similar to the case of
drag. (For a fixed body angle, the drag would increase moitew speed, the mean thrust is contributed by the upstroke (the
rapidly than linearly with flight speed; but here the body anglelownstroke has negative contribution).
decreased with flight speed. is close to that that of hovering At high flight speedJ=0.53),C_ in the downstroke is even
flight at small and medium speed$(@.13, 0.27;V»=0.5, larger, andC_ in the upstroke is negative but is of small
1.0ms™) but increases to large values at higher speds. magnitude. Therefore, the mean lift is contributed by the
increases_almost linearly with flight speed. From the ratialownstroke (the upstroke has negative contribution). Positive
betweenCt andCr, the orientation of the total force vector thrust is produced in the downstroke (because in this case, the
can be calculated. At hoverin@+0, and the total force vector stroke plane angle is larges60°), and relatively large positive
is vertical; at medium speed=0.27;V»=1.0ms™), B=29°, thrust is produced in the upstroke; approximately 74% of the
and the total force vector tilts forward by 4.4°; at high speednean thrust is from the upstroke.
(J=0.53;V»=2.0m s1), B=60°, and the total force vector tilts  The lift and thrust coefficientsC{ and Cr, respectively)
forward by 10°. shown above are the results of the wing lift and wing drag
It should be noted that calculated results are not given faroefficients C and Cq, respectively). In fact, only the'
J=0.66 orVw.=2.5ms1 (at which flight speed body drag is component oiCq (Cy; see FiglB,C) contributes taC. and
available). At this flight speed, no matter haw and3 are  Cr (Cq is relevant to the aerodynamic power of the wing).
adjusted, enough lift cannot be obtained. (As will be seefihe correspondingCi, Cq and Cg values are shown in
below, at this flight speed, if the stroke amplitude is increasedrig. 3D-F.
enough lift can be obtained, but the power required would be At low speed J=0.13), as shown above, 75% and 25% of

very large.) the mean lift are contributed by the downstroke and the
upstroke, respectively. In most of the downstroke, the
The generation of the lift and thrust magnitudes o€ andCq are approximately the same. Sirfce
Here, we investigate how the lift and the thrust on the insed$ not very large §=16.5°), the major part o€ is from C,
are generated. and approximately 20% @, is from Cq. In the upstrokeCy
has negative contribution t6.. Also as shown above, the
The lift (vertical force) and thrust mean thrust is contributed by the upstroke; in the upstroke, it

Fig. 3B,C gives the lift C.) and thrust Cr) coefficients is Cy that gives the major portion of the thrust, a@d
versus non-dimensional time in a flapping cycle for five contributes approximately 20% &¥r. Therefore, it can be
advance ratios]=0, 0.13, 0.27, 0.40 and 0.534=0, 0.5, 1.0, stated that the mean lift is contributed by the wing lift of both
1.5 and 2.0ns™Y). (The mean values of the force coefficientsthe down- and upstrokes (the contribution of downstroke is
have been given in Table) approximately three times as large as that of upstroke), and that

As seen in Fig3B,C, at low flight speed}€0.13),C_ inthe  the mean thrust is contributed mainly by #h€omponent of
upstroke is smaller than that in the downstroke; both dowrthe wing drag of the upstroke.
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At medium flight speed)€0.27), as shown above, the meansmall part of the mean thrust is contributed by the wing lift of
lift is contributed mainly by the downstroke and the mearthe downstroke.
thrust is contributed by the upstroke. In the downstrGkand
Cq have same sign and are approximately of the samEhe mechanism of the generation of the wing lift and drag
magnitude (around 1.8), and in the upstroke,is mostly The mechanisms of unsteady force production by the model
positive andCq is negative, and they are also approximatelyfruit fly wing in the case of hovering flight were studied by
of the same magnitude. Noting thhis about 30°, it can be Dickinson et al. (1999) and Sun and Tang (2002a). It was
stated that the mean lift is contributed almost equally by thehown that (for symmetrical rotation) the peakCinand the
wing lift and thex component of the wing drag of the dip in C; at the beginning of a down- or upstroke (Se@nd
downstroke, and that the mean thrust is contributed almo€§ly for J=0 in Fig.3D,E) were due to the combined effects of
equally by the wing lift and th& component of the wing drag acceleration and rotation of the wing; the la@eand Cqg
of the upstroke. (around 1.2) during the translational phase of the down- or
At high flight speed J=0.53; am=56°, 3=60°), based on upstroke were due to the delayed stall mechanism, and the
similar analysis, it can be stated that the mean lift ipeaks inC; andCq near the end of the down- or upstroke were
contributed mainly by the theé component of the wing drag due to the pitching-up rotation of the wing.
of the downstroke (note the similarity betwe@n in Fig. 3F In the case of forward flight, as shown in B®,E, theC
andC in Fig. 3B during the downstroke), and that a relativelyand Cyq peaks near the end of the strokes andChpeak and
large part of the mean thrust is contributed by e C dip at the beginning of the strokes still exist and are similar
component of the wing drag of the upstroke and a relativelio those in the case of hovering flight. This is because at the

A Downstroke Upstroke

L L L L 1 L L L L L L L L 1 L L L ] I
0 0.25 0.5 0.75 1 g
0 0.25 0.5 0.75 1
C
: F
2F ar
= : 2+
5ol §§@
: (3’
_2:_ 0
L. L L L 1 L L L L L L L L 1 L L L L ] -
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Ut 0 0.25 0.5 0.75 1
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tc

Fig. 3. Non-dimensional angular velocity of pitching rotatithand azimuthal rotatiogp* (A), lift coefficient C_ (B), thrust coefficientCr (C),
wing lift coefficientC; (D), wing drag coefficien€q (E) andx' component of wing drag coefficie@ (F) versustime during one cycle for five
advance ratiod. 1¢, non-dimensional period of one flapping cydgenon-dimensional time (midstroke angle of attagkand stroke plane
anglep vary with flight speed; stroke amplitud®=150°).
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beginning or the end of a stroke,
positional angle of the wing is eitt
near@min Or @max (see FiglC) where
the component of the free-stre
velocity that is normal to the wir
span is small, and as a result the f
stream velocity has very limited eff
on the force production of the wi
there. The difference in size of 1
peaks for various advance ratios w
mainly caused by the difference
rotation rate of the wing. Therefo
the force production mechanisms
the beginning and near end of
strokes in forward flight are the sa
as that in hovering flight.

We now consideC; andCq in the
translatory phase of the down-
upstroke (the middle 64% of t
down- or upstroke). In order to as:
the analysis of the force coefficier
the contours of the non-dimensio
spanwise component of vorticity
mid-span location are given
Figs4—-6 for J=0, 0.27 and 0.5
respectively, and the correspond
sectional streamline plots (seen in
body-fixed frameoxy? are given i
Figs7-9.

For the case of medium flight spe
(J=0.27; B=29°; am=34°), during ths
translatory phase of the downstr
(t=0.09~0.41c), similar to the case
hovering, bothC, and Cq maintair
large and almost constant values |
Fig.3D,E). From FighB-D (anc
Fig.8A-C), it is seen that during tt
period, the LEV does not she
Therefore, maintaining the larg€
and Cq during this period is due
the delayed stall mechanismC
is approximately 2.1 and Cqg
approximately 1.8. Both are larg
than in hovering flight (approximate
1.4 and 1.2, respectively). This
because during the downstroke
forward flight, due to the free-stre:
velocity, the wing sees a relati
velocity that has a larger magnitt N .
and a slightly smaller effective an
of attack (theZ component 0fVew e

acting to decrease the, effect Fig. 4. (A-H) Vorticity plots at half-wing length at various times during one cycle (advance
angle of attack). During th 5, J=0). 1, non-dimensional timege, non-dimensional period of one cycte;angle of attack
translatory phase of the upstrc  of wing. Solid and broken lines indicate positive and negative vorticity, respectively. The
(1=0.59~0.91¢), both C; and Cq are  magnitude of the non-dimensional vorticity at the outer contour is 1 and the contour interval is
much smaller than that of hoveri _ 1. (A-D), downstroke; (E-H), upstroke.
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flight. This is because during the upstroke, the wing seesthe downstroke). Comparing the streamline plotsf@.27 in
relative velocity that has a smaller magnitude and a smalléfig. 8D—F and that fod=0 in Fig.7D-F, it is seen that the
effective angle of attack (in the upstroke, since the magnitudgreamlines in front of the wing f3=0.27 have a much smaller
of the relative velocity is small, the samiecomponent o  angle of attack than that fal=0. From Fig5D-F, it is
causes a greater decrease in effective angle of attack thaniriteresting to see that during the upstroke of forward flight, due
to the smaller effective angle of attack, the
A vorticity on the upper surface of the wing is only
' a little different from that on the lower surface.

For the case of high flight speed=0.53;
=60°;a0m=56°), during the translatory phase of
the downstroketE0.09~0.41¢), even largeC
and Cq are maintained. As seen in F&GB-D
(and Fig.9A-C), the LEV does not shed, and
again, maintaining the largg andCq is due to
the delayed stall mechanism. Becausg is
large in this case (56°fGq is larger thanC.
During the translatory phase of the upstroke,
both C; andCgq are small, for the same reason as
given above for the case ad=0.27. (In
Fig. 9D—F, it is seen that during this period, the
streamlines in front of the wing are almost
aligned with the wing chord, i.e. the effective
angle of attack is very small.)

It should be noted that the effective angle of
attack varies during a downstroke or upstroke.
For example, in FigZ (J=0), during the
downstroke (Fig7A-C), the effective angle of
attack is small at the early part of the stroke
(Fig. 7A), and becomes larger in the later part
of the stroke (Fig7B,C); the same is true during
the upstroke (FigrD—F). (Similar variation of
effective angle of attack during a down- or
upstroke can be seen in F@§s9). This is
because, as explained in Birch and Dickinson
(2001) and Sun and Tang (2002a), during the
stroke reversal the wing rotation induced a
downwash, which decreased the effective angle
of attack of the wing in the early part of the
following stroke.

The above discussion helps to explain the
negativeC, at the early part of the upstroke in
the cases of higher advance ratios (BIg,
J=0.27-0.53). At higher advance ratid3,is
relatively large, and so is the ‘downwash’
velocity due toVe. This ‘downwash’ velocity
together with the induced downwash velocity by
wing rotation makes the effective angle of attack
to be around zero (see Figb, 9D,E), resulting
in the negativeC,.

Finally, we consider the wing dra@q (see

Fig.5. (A—H) Vorticity plots at half-wing length at various times during one cycIeF'g' 3E). At low and medium flight speeds

(advance ratia)=0.27).t is 60°, non-dimensional time; is 60°, non-dimensional (J:0'3j3’ 0'27){ in the downstroke, .the
period of one cyclep, angle of attack of wing. Solid and broken lines indicatemagnitude ofCq is larger than that of hovering
positive and negative vorticity, respectively. The magnitude of the non-dimensioddF0), Yet in the upstroke it is slightly smaller
vorticity at the outer contour is 1 and the contour interval is 1. (A-D), downstrok#an that of hovering, indicating that the average
(E-H), upstroke. of the magnitude o€q over a flapping cycle is
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a little smaller than that of hovering. Butath
flight speed §=0.53), in the downstroke, t
magnitude ofCq is much larger than that
hovering, and in the upstroke, it is only a li
smaller than that of hovering, indicating that
average of the magnitude Gf over a cycle i
much larger than that of hovering. Since
aerodynamic power is mainly determinedCy
(the inertial power foDrosophilais relatively
small; Sun and Tang, 2002b), it is foreseen
the mechanical power at low and medium fl
speeds is a little smaller that of hovering
increases rapidly at higher flight speeds.

Power required

As shown above, at a given flight spe
whenam and3 were properly chosen, the ins
produced enough lift and thrust to suppor
weight and to overcome the body di
respectively. We calculated the power requ
for production of the above lift and thrust,
investigated its properties and how it val
with the flight speed.

As expressed in equati@® of Sun and Tar
(2002b), the aerodynamic power consists of
parts, one due to the aerodynamic torque
translation and the other to the aerodyn:
torque for rotation. The coefficients of th
two torques,Cq,at and Cg.a; are shown i
Fig. 10A,B (for clarity, only the results fak=0,
0.27 and 0.53 are showrfg,atis much large
thanCq,a,r TheCq,atcurve is similar in shay
to the Cy curve shown in Fig3E, for obviou:
reasons.

The inertial power also consists of two p
(see equatioB5 of Sun and Tang, 2002b). 1
coefficients of the inertial torques for translat
(Co,i) and for rotation Co,ir) are shown i
Fig. 10C,D. Cq,it does not vary with fligt
speed since the translational motion of the \
is the same for all flight speedg,ir at J=0.53
is smaller than that &at=0 and 0.13, because
J=0.53, am is larger and the angle rotatec
stroke reversal is smaller, thd$ is smaller.

With the above results for the aerodyna
and inertial torque coefficients, the po\
coefficients can be computed us
equation®#t1-43 of Sun and Tang (2002b).
coefficients of power for translatiorCg ) anc
for rotation Cp,) are plotted against the nc
dimensional time in Figll. Throughout
flapping cycle, the magnitude @ptis muck
larger than that oCp . Cpt varies with fligh

Fig. 6. (A—H) Vorticity plots at half-wing length at various times during one cycle
(advance rati@)=0.53).1 is 60°, non-dimensional time&; is 60°, non-dimensional

: . period of one cyclep, angle of attack of wing. Solid and broken lines indicate
speed in the same way as the wing ! positive and negative vorticity, respectively. The magnitude of the non-dimensional
coefficientCq does. That is, at low to medit  yorticity at the outer contour is 1 and the contour interval is 1. (A-D), downstroke;
flight speedsJ=0.13-0.27), the average Gt  (E—H), upstroke.
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ver a flapping cycle is a little smaller than that of hoveringrequirement at low to medium speeds is a little smaller than
but at high flight speedl€0.53), the average @pis much that of hovering, and becomes much larger at higher speeds.
larger than that of hovering. This indicates that the power From Fig.11 it is also seen that at hoveridg@), Cptis the

Fig.7. Sectional strea pI at half-w g length a s during o y I (adval nd:e(])a non-
dimensional per df angle o f ack of w g(h p I rvlfh ming s li f h Ift r right of
aplo ) ( C), d ( ) upst

Fig. 8. Sectional stream I pI at half-w gI ngth at ous s during o I (d ante0raip.T, mensional timeg, non-
dimensional period of one cycle; angle o f ack of w g(h p I terval fh ngstreamllnescanb n from the left or right of

a plot). (A—C), downstro ( F), upst
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same during the down- and upstrokes, but at forward flightjissipated as heat and sound by some form of an end stop, then
especially at medium and high speeds0(27-0.53),Cpt it can be ignored in the power budget. The second is that in the
during the downstroke is much larger th@n: during the period of negative work, the excess energy can be stored by an
upstroke. AtJ=0.13, 0.27 and 0.53, average value€wfover elastic element, and this energy can then be released when the
the downstroke are approximately 1.6, 2.6 and 3.5 times aging does positive work. The third is that the flight muscles
much as that over the upstroke, respectively. This indicates théd negative work (i.e. they are stretched while developing
in forward flight, the flight muscle of the insect must dotension, instead of contracting as in ‘positive’ work) but the
significantly more work during the downstroke than during thenegative work uses much less metabolic energy than an
upstroke. equivalent amount of positive work. In the previous work on

IntegratingCp tover the part of a wingbeat cycle where it ishovering flight (Sun and Tang, 2002b), out of these three
positive gives the coefficient of positive work for translation,possibilities,Cy was calculated based on the assumption that
which is represented W@y 1. IntegratingCp t over the part of the muscles act as an end stop, i.e.:
the cycle where it is negative gives the coefficient of ‘negative’ Co= G 4 Ch (11)
work for ‘braking’ the wing in this part of the cycle, which is W W AW
represented byCw; Similar integration ofCp, gives the Sun and Tang (2002b) pointed out that for the insect
coefficients of positive and negative work for rotation; andconsidered, the negative work is much smaller than the positive
they are denoted @y  andCw,r, respectively. The results of work andCy calculated by considering the other possibilities
the integration are shown in Talle would not be very different from that by Equatibh This is

The mass specific power, repressedPbyis defined as the also true here, as seen from the value€wfi~ + Cw,r in
mean mechanical power over a flapping cycle divided by th&ablel. Therefore, in the present study, Equafiénis

mass of the inseeh, and it can be written as follows: employed for calculation dw.
P~ The calculated results @ are also given in Table. With
* — 3 =
P = 0.5pU%§ x (Cu/te) /m = 9.81) x (Cultc) / CLw ’(10) Cw known, the specific poweP* was computed using

Equationl0, and is plotted against flight speed in B .(see
whereCy is the coefficient of work per cycle. the circles in the figure). Ag=0.13 and 0.27P* is only
When calculatingCw, one needs to consider how the approximately 10% smaller than that of hoveringJ=@.40,
negative work fits into the power budget (Ellington, 1984c)P* is about the same as that of hovering; bul=8.53,P* is
There are three possibilities (Ellington, 1984c; Weis-Foghapproximately 41% larger than that of hovering. As foreseen
1972, 1973). One is that the negative power is simplabove (on the basis of the variation@f with flight speed),

A 1=0.12, 0=56° B 1=0.%5t, a=56° C 1=038t, a=56°

D 1=0621, a=124° E 1=0751, a=124°

-

%

Fig. 9. Sectional streamline plots at half-wing length at various times during one cycle (advan&edr&8d.t, non-dimensional timeayg, non-
dimensional period of one cycle; angle of attack of wing (the spatial interval of the incoming streamlines can be seen from the left or right of
a plot). (A—C), downstroke; (D—F), upstroke.
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Fig. 10. Aerodynamic torque coefficients for translati®o,at (A) and for
rotation Co,ar (B) and inertial torque coefficients for translati@q,i: (C)

the power requirement at low to intermediate speeds is
a little smaller than that of hovering, and it increases
rapidly at higher flight speeds.

The case of stroke amplitude and stroke plane angle

varying with flight speed

In the above calculations, the midstroke angle of
attack of the wingim and the stroke plane and@levere
allowed to vary with flight speed but the stroke
amplitude @ and stroke frequency were assumed
constant. In this section, we considered the case in
which the stroke amplitud® and stroke plane angfe
were allowed to vary with flight speed bug andn
were assumed constant. Vogel (1967) observed that the
geometrical angle of attack ddrosophila virilis in
tethered flight did not vary with flight speed, and that it
was between 40° and 50° (see figof Vogel, 1967);
here we tookom as 46.5°. (Other parameters were the
same as in the above case.)

For a given flight speedp and 3 were chosen such
that the lift and thrust balanced the insect weight and the
body drag, respectively. The calculation procedure was
similar to that in the case af, andp varying with flight
speed (see above).

The calculatec., Ct, ® andf as functions of flight
speed or advance ratio are shown in Table is seen,
as whenam and 3 vary with flight speedp increases
almost linearly with flight speed, and in both caés
almost the same (compare tfievalues in Tabl2 and
Tablel). ® is close to that of hovering flight at low
flight speedsJ=0.13, 0.27) but increases to large values
at higher speedsp varies with flight speed in the same
way a0m did in the case aim andp varying with flight
speed. (As seen Talle we again only have results up
to J=0.53. At a higher flight speed=0.66, no matter
how ® and 3 were adjusted, enough lift could not be
obtained.)

The lift (vertical force) and thrust coefficients (and
Ct) versusnon-dimensional time for various advance

and for rotatiorCq ir (D) versustime in one cycle for various advance ratiosratios are shown in Fig.3B,C. They are similar to their
J. T, non-dimensional timag, non-dimensional period of one cycle.

counterparts in the case @f, andf3 varying with flight

Table 2.Mean lift (CL) and thrust Cr) coefficients, stroke amplitud®, stroke plane anglg, body angley and coefficient of
work per cycleCy as functions of advance ratio

J CL Cr ®(deg.) PB(deg.) X (deg.) Cw Civit Cwt Civr Cw.r

0 1.15 0.03 135 0 68 14.09 13.99 -0.99 0.10 -1.98
0.13 1.15 0.04 129 18.5 49.5 12.67 12.56 -0.74 0.11 -1.66
0.27 1.15 0.08 131 345 335 12.01 11.89 —-0.68 0.12 -1.55
0.40 1.15 0.14 145 47 21 13.63 13.49 -0.75 0.14 -1.69
0.53 1.16 0.20 165 53 15 17.57 17.41 -0.97 0.16 -2.05

®, B vary with flight speedam=46.5°,n=240 s and non-dimensional periad=8.42.
Cw.tandCy, coefficients of positive and negative work for translation, respecti@jy;andCy , coefficients of positive and negative
work for rotation, respectively.
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the mean lift is contributed by the downstroke, and the
mean thrust is contributed by the upstroke (the
downstroke has negative contribution). At high flight
speed {=0.53), the mean lift is contributed by the
downstroke (the upstroke has a small negative
contribution), and the mean thrust is contributed almost
equally by the down- and upstrokes (in the casenof
andp varying with flight speed, at high flight speed, the
upstroke has relatively large contribution to the mean
thrust).

| The wing lift and drag coefficient$C(, Cw and Cq)

1 versusnon-dimensional time for various advance ratios
are shown in Figl3D—F, and are also similar to their
counterparts in the case @f, andf3 varying with flight
speed (see Fig@D-F). Using the flow field information
(vorticity contours and streamline patterns around the

wing), it was shown that the mechanisms operating in
the generation of| andCq in the present case were the
| same as that in the caseonf andf3 varying with flight
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speed.
The coefficients of power for translation and for

Fig. 11 Coefficients of power for translatid@p ¢ (A) and for rotationCp
(B) versugtime in one cycle for various advance ratios, non-dimensional

time; 1¢, non-dimensional period of one cycle (midstroke angle of attack

and stroke plane angfevary with flight speed; stroke amplitude=150°).

rotationversusnon-dimensional time are shown Figt;
again they are very similar to their counterparts in the
case ofom andp varying with flight speed (see Fifj1).

At low speed §=0.13), medium speed<£0.27) and high

speed (see FigB,C). At low flight speedJe0.13), both the
lift but The coefficients of work per cycleCg), calculated in the

down- and upstrokes contribute to the mean

speed J=0.53), the average values @bt over the
downstroke are approximately 1.6, 2.8 and 4.2 times as
large as that over the upstroke, respectively.

approximately 80% of the mean lift is from the downstroke;same way as in last section, are shown in T2bl&ith Cy,
the mean thrust is contributed by the upstroke (the downstrokbke specific poweP* was computed and the results shown

has negative contribution). At medium flight spedd0(27),
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Fig. 12. Body-mass-specific pow&* versusadvance ratiod. am,
midstroke angle of attacl, stroke angle®, stroke amplituden,
stroke frequency.

Fig. 12 (triangles). It is seen th&* in the present case is
approximately the same as that in the casencdndf varying
with flight speed.

The case of stroke frequency and stroke plane angle varying
with flight speed

In this section, we consider the case in which the stroke
frequencyn and stroke plane angBewere allowed to vary with
flight speed ¢m and ® were assumed constamtn=46.5°,
®=150°; other parameters were the same as in the above two
cases).

For a given flight speed, and3 were chosen such that lift
and thrust balance the insect weight and body drag,
respectively. The calculation procedure was similar to that in
the case ofp andp varying with flight speed).

The calculatedC,, C, n, B andCy as functions of advance
ratio are shown in Tabf&. (Similar to the above two cases, we
have results up t3=0.53. AtJ=0.66, no matter how andf3
were adjusted, enough lift could not be obtained.) Comparing
the results in Tab!d8 (n varying with flight speed) and in
Table2 (@ varying with flight speed) shows thawaries with
flight speed in the same waydgsloes in their respective cases.
Note that at each of the advance ratios (or flight speeds)
consideredn® is approximately the same for the two cases.
This shows that (in the range @ andn considered in the



3080 M. Sun and J. H. Wu

Table 3.Mean lift CL) and thrust Cr) coefficients, stroke frequennyand non-dimensional periord), stroke plane anglg,
body angley and coefficient of work per cyc&y as functions of advance ratib

J CL Cr n(s? Tc B(deg.) X (deg.) Cw Gt Cwt Civr Cw.r

0 1.14 0.02 216 9.32 0 68 15.54 15.49 -0.52 0.05 -1.17
0.13 1.14 0.06 208 9.72 18 50 14.87 14.81 -0.39 0.06 -0.99
0.27 1.15 0.08 210 9.58 31 37 14.03 13.98 -0.28 0.05 -0.79
0.40 1.16 0.15 232 8.68 46 22 14.29 14.21 -0.29 0.08 -0.85
0.53 1.14 0.19 264 7.62 58 10 15.44 15.26 -0.36 0.18 -1.00

n, B vary with flight speedgm=46.5°;,®=150°.

Cw.tandCy, coefficients of positive and negative work for translation, respecti@jy;andCy , coefficients of positive and negative
work for rotation, respectively.

1- A Downstroke

0 0.25 0.5 0.75 1

0 0.25 0.5 0.75 1

{
N

- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L L
0 0.25 0.5 0.75 1 0

0.25 0.5 0.75 1
/1¢

TTc

Fig. 13. Non-dimensional angular velocity of pitching rotatithand azimuthal rotatio* (A), lift coefficient CL (B), thrust coefficienCr
(C), wing lift coefficientC; (D), wing drag coefficienCq (E) andx component of wing drag coefficie@y (F) versustime during one cycle

for five advance ratiod 1¢, non-dimensional period of one flapping cyalenon-dimensional time (stroke amplitudbeand stroke plane angle
B vary with flight speed; midstroke angle of attagk=46.5°; stroke frequenay=240s-1).

present study), the insect can change disor n by aerodynamic force is approximately proportional to the square

approximately the same percentage to produce a similar changkthe translational velocity of the wing, which is proportional
of aerodynamic force. The reason for this is obvious: théo n®.
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A when the wing traveled a large distance during
3 downstroke (more than 6 chord lengths), the LEV did not
shed in the translatory phase of the stroke. In the present
work, we show that this also true for the model fruit fly
I . wing. At high speedsJ€0.53, 0.66), a wing section at
21 half-wing length travels approximately 6.5 chord lengths

I during downstroke and the LEV did not shed. Here, chord
0 lengths travelled during downstrokiy, is approximately

i Vv v estimated by the following formula:

L L L NAd = 0.5PR/c+ Vocof3/2nc = 0.5PR/c+ JCOPPR/C .
0 0.25 0.5 0.75 1 (12)

[elo/o]ele]

UIBNI=
WONW

Cpt

For example, using data of the model fruit widg=(50°,
B R/c=3), whenJ=0.53 and3=53°,\q is 6.6.
1E ‘ The present results complement the flow visualization
. OF7/— T on the hawkmoth in two ways. One is that the wings of
& \ the hawkmoth and that of the fruit fly operated at Reynolds
numbers of about 4000 and 100, respectively, and the
o ‘0_'25‘ o5 ‘0.|75 — 1 Reynolds number of most insects are between these two
values; this indicates that the delayed stall mechanism
applies to most insects in both hovering and forward flight.
Fig. 14. Coefficients of power for translati@p, (A) and for rotatiorCpt  The other is that the flow visualization pictures for the
(B) versustime in one cycle for various advance ratidst, non-  tethered hawkmoth were not so clearcut because of the
dimensional time;tc, non-dimensional period of one cycle (stroke difficulty in obtaining good flow visualization near the
amplitude® and stroke plane ange vary with flight speed; midstroke wings of the insect, but the present CFD-visualized LEV
angle of attackin=46.5°; stroke frequenay=240s~). was clear. [Liu et al. (1998) presented CFD-visualized
LEV on a model wing of the hawkmoth, but only for the
case of hovering flight.]

VAP

The specific poweP* is given in Fig.12 (see the squares
in the figure).P* is almost the same as that in the other twoThe aerodynamic and energetic roles of the down- and
cases. upstrokes
. Dudley and Ellington (1990a,b) systematically studied the
An additional case kinematics, lift and power requirements of forward flight in
In the above analyses, we considered three cases whiere pumblebees. On the basis of wing kinematics and quasi-
B, ® andn varied with flight speed. In the first cases andB  steady aerodynamic theory, they demonstrated that the
varied with flight speed an@ andn were constant®=150°,  downstoke progressively became more important in
n=240s1); in the second cas®,andp varied with flight speed  production of the lift (vertical force) as flight speed increased.
andam andn were constaniom=46.5°,n=240s%); in the third ~ They considered that quantitative treatment of the relative
case,n and 3 varied with flight speed andm and ® were  contributions to the thrust generation of the downstroke and
constant §m=46.5°®=150°). In all the three cases, when theypstroke was not possible at the time, because the condition
advance ratio was increasedt®.66 V/=2.5ms™), enough  of horizontal force balance could not be satisfied in the
lift to balance the weight could not be obtained. For referenc@nalysis. In a subsequent paper by Ellington (1995), on the
we conducted an additional calculation)a.66, in whichd, basis of a further ana|ysis of the data from Dud|ey and
am andp could be adjustedh(fixed as 24G™). Ellington (1990a), it was demonstrated that, as the advance
It was shown that whe®=160°,am=71° and3=70°, the lift  ratios increased, the downstroke would increasingly dominate
and thrust balanced the weight and the body drag, respectivelyeight support, and that the upstroke contributed thrust at all
The thrust coefficienCr was 0.27; the body angjewas —2°.  speeds but its contribution decreased with increasing forward
The specific poweP* was included in Figl2 (see the dotin speed, a trend that was offset by an increasing thrust
the figure); it is about three times as large as that of hoveringemponent from the downstroke force.
and it is believed that the insect does not ﬂy at such a Speed’rhe present results on the aerodynamic roles of the down-
for flights of long duration. and upstrokes of therosophila virilisin forward flight are in
, . agreement with those of bumblebees by Dudley and Ellington
Comparisons between the present results and previous dat"(‘l990a,b) and Ellington (1995), although the results for
LEV and delayed stall mechanism in forward flight bumblebees were based on steady-state aerodynamic analysis.
Flow visualization on tethered hawkmoth (Ellington et al  In previous studies on power requirements of forward flight
1996; Willmott et al., 1997) showed that even at high speedsf insects, to the author’'s knowledge, the relative contributions
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to the mechanical power of the downstroke and the upstroke
were not mentioned (only the mean power over a flapping
cycle was presented). The present study (seelBigd4) Cq
showed that although in hovering with a horizontal strokeCq:
plane the work done in the downstroke was the same as that@n
the upstroke, in forward flight, even at low flight speed, theC_
work done in the downstroke was considerably more than th&i.
done in the upstroke. In the cas@&nd® varying with flight CLw
speed, at advance ratid@s0.13, 0.27 and 0.53, the work done
in the downstroke was approximately 1.6, 2.8 and 4.2 times &
much as that in the upstroke. Cpit
CQ,a,r

Graph of mechanical power against flight speed Co.at

approximatelyJ-shaped

The measured oxygen consumption of bumblebees andGyiir
hummingbird in forward flight showed little dependence ofCq;it
metabolic power on speed from hovering to intermediat€r
speeds, and for the hummingbird, a sharp increase at high@g
speeds (measurement for bumblebees at higher speeds are @t;
available; for a review, see Ellington, 1991). If the muscleCw r
efficiency of the animals is assumed constant over variouSy
speeds, the mechanical power would vary with spee@w
according to aJ-shaped curve (Ellington et al., 1990; d
Ellington, 1991). d

From results of the present study, this is approximately trué
for fruit fly Drosophila virilis. As illustrated in Figl2, at |
hovering, the body mass-specific poviRéris approximately L
29W kg%, atJ=0.13 and 0.279* is only approximately 10% m
less than that of hovering; &t0.4,P* is almost the same as n
that of hovering; but whed is furthered increased* has a
sharp increase (a=0.53, P* is approximately 40% larger
than that of hovering, and dt0.66, P* is approximately p
150% larger than that of hovering). That is, the graph of thé*
specific power against flight speed is approximatdly r2

shaped. R
Re
Speed for fast flight S

From Fig.13, it is seen that ak=0.4, the power is a little &
larger than that at lower speeds and is almost the same as that
of hovering, and afterwards the power increases sharply. This
indicates that the insect would usually fly at advance ratiost
between 0 and 0.4, and that for fast flight, it would fly at ang
advance ratio around 0.4. (Flying at higher advance ratios
would be very energy-demanding.) No data are available fdd
Drosophila virilis in free forward flight; there exist some Um
data for Drosophila melanogastethowever Ennos (1989)
observed D. melanogasterflying at J=0.33. Marden et U
al. (1997) showed that the upper limit Bf melanogaster Ve

flight speed was around 0.8%sl The corresponding X, Y, Z

advance ratio is around 0.32, estimated using the measured

(Ennos, 1989) stroke angle (150°) and stroke frequency, Yy, Z

(254s1) of free flying D. melanogaster(wing length

R=2 mm). David (1978) recorded a maximum advance ratic, vy, z
of about 0.4 forD. melanogastelin experimental setting. «
The present computed results are consistent with thegen
observations. d

O,d,0

List of symbols

mean chord length

wing drag coefficient

x'-component of the wing drag coefficient

wing lift coefficient

lift coefficient

mean lift coefficient

mean lift coefficient for supporting the insect
weight

coefficient of power for rotation

coefficient of power for translation

coefficient of aerodynamic torque for rotation

coefficient of aerodynamic torque for
translation

coefficient of inertial torque for rotation

coefficient of inertial torque for translation

mean thrust coefficient

coefficient of work per cycle

coefficient of positive work for rotation

coefficient of negative work for rotation

coefficient of positive work for translation

coefficient of negative work for translation

wing drag

x'-component of the wing drag

advance ratio

wing lift

lift

mass of the insect

flapping frequency

origins of the two inertial frames of reference
and the non-inertial frame of reference

non-dimensional fluid pressure

body mass-specific power

radius of the second moment of wing area

wing length

Reynolds number

area of one wing

area of a wing pair

time

thrust

translational velocity of the wing

non-dimensional translational velocity of the
wing

reference velocity

midstroke translational velocity of wing (or
maximum ofj1)

maximum ofuf

free-stream velocity

coordinates in inertial frame of referenceir
vertical direction)

coordinates in inertial frame of referenee (
perpendicular to stroke plane)

coordinates in non-inertial frame of reference

geometric angle of attack

midstroke geometric angle of attack

angular velocity of pitching rotation



a* non-dimensional angular velocity of pitching
rotation

do* a constant

B stroke plane angle

Aty duration of deceleration/acceleration around stroke
reversal (non- dimensional)

ATy duration of wing rotation or flip duration (non-
dimensional)

Nd chord lengths traveled by a wing section at half-
wing length during downstroke

Vv kinematic viscosity

p density of fluid

T non-dimensional time

To time when a stroke starts (non-dimensional)

T1 time when translational deceleration starts (non-
dimensional)

Tr time when pitching rotation starts (non-
dimensional)

Tc period of one flapping cycle (hon-dimensional)

) stroke amplitude

[0} azimuthal or positional angle

[0) angular velocity of azimuthal rotation

o non-dimensional angular velocity of azimuthal
rotation

X body angle
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