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Summary

Some falcons, such as peregrined=dlco peregrinug, During pull out at top speed from a vertical dive, the 1 kg
attack their prey in the air at the end of high-speed dives ideal falcon can generate a lift force 18 times its own weight
and are thought to be the fastest of animals. Estimates of by reducing its wing span, compared with a lift force of 1.7
their top speed in a dive range up to 157 nT§ although  times its weight at full wing span. The falcon loses 60 m of
speeds this high have never been accurately measured. This altitude while pulling out of the dive, and lift and loss of
study investigates the aerodynamic and gravitational forces altitude both decrease as the angle of the dive decreases.
on ‘ideal falcons’ and uses a mathematical model to The 1kg falcon can slow down in a dive by increasing its
calculate speed and acceleration during diving. ldeal parasite drag and the angle of attack of its wings. Both lift
falcons have body masses of 0.5-2.0kg and morphological and drag increase with angle of attack, but the falcon can
and aerodynamic properties based on those measured for cancel the increased lift by holding its wings in a cupped
real falcons. position so that part of the lift is directed laterally. The

The top speeds reached during a dive depend on the increased drag of wings producing maximum lift is
mass of the bird and the angle and duration of the dive. great enough to decelerate the falcon atl.5 times the
Given enough time, ideal falcons can reach top speeds of acceleration of gravity at a dive angle of 45° and a speed
89-112mst in a vertical dive, the higher speed for the of 41ms? (0.5 times top speed).
heaviest bird, when the parasite drag coefficient has avalue = Real falcons can control their speeds in a dive by
of 0.18. This value was measured for low-speed flight, and changing their drag and by choosing the length of the dive.
it could plausibly decline to 0.07 at high speeds. Top speeds They would encounter both advantages and disadvantages
then would be 138-174 m3. by diving at the top speeds of ideal falcons, and whether

An ideal falcon diving at angles between 15 and 90 ° with they achieve those speeds remains to be investigated.

a mass of 1kg reaches 95% of top speed after travelling

approximately 1200 m. The time and altitude loss to reach

95 % of top speed range from 38s and 322m at 15° to 16 s Key words: peregrine falcorkalco peregrinus bird, flight, diving,
and 1140 m at 90 °, respectively. mathematical modelling, acceleration, speed.

Introduction

Many birds of prey attack from a high-speed dive: a fixed- While these estimates may be correct, their accuracy is
wing glide along a steep, straight path. This behavior isinknown because the speed of a diving falcon is difficult to
particularly characteristic of peregrineBalco peregrinuy measure. The required instrumentation is complex, and the
falcons that strike other birds in the air, often after a spectaculdive is a brief, rare event that takes place at unpredictable
dive that begins hundreds of meters above the prey (Cadaaces and times, usually at a long distance from the observer.
1982). Prior to a dive, a peregrine typically accelerates bjlerstam (1987) used radar to overcome these difficulties, and
beating its wings, and then begins the dive by folding its winghe measured diving speeds of no more than 39rinsa
and steepening its flight path to an angle that ranges froperegrine. Clark (1995) doubts that diving speeds exceed
approximately 15° from horizontal to near vertical. The bird41 ms?.
accelerates during the dive at the expense of potential The speeds reached in a dive are constrained by the
energy and may reach what are thought to be the highesérodynamic properties of the bird, the angle of the dive, the
speeds attained by animals — estimates of top speeds rangeagpeleration of gravity and the space and time available for
to 157ms! (351 mileshl) (Brown, 1976; Clark, 1995; acceleration; and an analysis of these variables can set the
Dement’ev, 1951; Hantge, 1968; Lawson, 1930; Mebs, 1973imits of which falcons are capable. Several mathematical
Orton, 1975; Savage, 1992; Tucker and Parrott, 1970). models for gliding flight are available (Pennycuick, 1871
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1975, 1989; Tucker, 1987), and Alerstam (1987) modified one
of them for diving flight. None of the models, however,
accounts for acceleration during the dive or during the
subsequent pull out.

This paper introduces a mathematical model for the diving
performance of mathematically defined ‘ideal falcons’, named
after the useful ‘ideal gas’ of physical chemistry. Ideal falcons
have a range of body masses, morphological characteristics
and aerodynamic properties that are similar to those of their
real counterparts, and the model answers the following
guestions about them. How fast can they go in a dive? How
much time and altitude do they need to accelerate? What
effects does the angle of the dive have on acceleration? How
much aerodynamic force can they produce to pull out of a dive,
and how much altitude do they lose in the pull out? How much >
can they control their speed in a dive?

The answers to these questions provide a framework fFig- 1. The typical shape of a peregrine in a fast, steep dive.
evaluating the diving performance of real falcons in nature, bu. ) i i i
they do not necessarily describe real falcons. The aerodynamjcBirds can glide faster still by steepening the glide path and
forces on ideal falcons are extrapolations based ofi€Xing their wings even more until, at some point, they are
measurements at speeds less than one-fifth of those that id8&ing- For want of a convention that identifies the onset of

falcons can achieve, and ideal falcons may assume shapes $fn9, | shall describe a bird as diving when its wing span is
which no measurements on a real bird exist. Ideal falcons ha

{gss than 70% of maximum and its glide path is straight. A

the over-riding virtue that they are products of mathematicafi'd pulling out of a dive iso not diving, even though its wing
relationships that can be examined, tested and modified as ngf2" May be less than 70% of maximum, because it does not
experimental data accumulate. follow a straight glide path.

. Morphology and aerodynamic characteristics of ideal

Types of gliding falcons

Gliding birds hold their wings at a range of spans, depending Morphological characteristics and the glide path
on speed. At low speeds, they spread their wings fully and they . . , S

. o ; Ideal falcons (or simply ‘falcons’ to distinguish them from
progressively reduce their wing span as speed increases. In : .

! : L real falcons) have mass and are bilaterally symmetrical.
steep, high-speed dives, they may hold their wings almost h | is th ds f he tio of the beak
close to the body as they do while perched (Fig. 1). The presentey. ave a ong_a>§|st at extends from the tip of the beak to

e the tip of the tail in the plane of symmetry, and planes

study uses yvm.g shan o d'Stmgw.Sh diving from two OtheEaerpendicular to the long axis cut a falcon’s body into cross
types of gliding: soaring and flex gliding.

. N ' . . .sections that vary in area and width along the long axis. The

Soaring’ is often defined as a process in which a bir : : . ;

oo . . LT : . area of the cross section with the maximum area (exclusive of
maintains or gains altitude by flying in air that is moving

. . ; . fhe wings) isS, and the width of the cross section with the
upwards or accelerating although, in the ornlthologmamaximum width (including the wings) is the wing sganA
literature, the term describes a bird with near-maximum wing : . ) :

alcon with a given mass has a fixed valu&gabut can adjust

span and a spread tail. For example, gliding birds often gai . ) -
altitude in a thermal by circling slowly with their wings at go%ff](;/vt;ng)span between maximum and minimum vahigg
min)-

or more of full span. To achieve these spans, they swing theerS the wing span varies, the surface area of the wiaigs (

wings forwards and spread their tails to counteract the resultinaﬁSO varies between maximum and minimum val 6
H L&ﬁ,l X

pitching moment. This behavior can be seen in birds gliding Irf]indSN,min)- Swis the projected area of the wings on the plane

nature, and Tucker (1992) investigated it in a Harris han%hat is perpendicular to the plane of symmetry and contains the

(Parabuteo unicinctystrained to glide in a wind tunnel. | . : ) : -
. S ; ._long axis. Wing area includes the projected area of the bird’s
At speeds higher than those for soaring (in the ormthologma{fody between the wings

sense), the tail folds and, over a range of speeds, a bird “aMyith one exception, the wings of falcons have no dihedral,

glide along a path inclined at a minimum angle to thel.e. the chord lines of the wings intersect the plane for the

horizontal. The wings flex and wing span decreases to . . o X
approximately 70% of maximum at the high-speed end of thiErOJected area of the wings. A chord line is the line between the

range (Tucker and Parrott, 1970; Tucker and Heine 1990eading and trailing edges of a wing section cut by a pl_ane
where the bird is ‘flex gliding.’ Birds of prey typicall); flex arallel to the pla_ne of symmetry. The lengths of_the chord lines
glide when they glide off at high speed in a constant direction™” along the wing span, and the mean length is the ctjord (

after gaining altitude by circling in thermals while soaring. €= Sw,maxbmax. 1)
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The exception is that ideal falcons, like real falcons (Fig. 1) F
may cup their wings around the body (see Fig. 6). The bottol
surfaces of the cupped wings face the sides of the body,
when perched, but with a space between the wings and t
body. The present paper refers to cupped wings only in tt
discussion of the control of diving speeds.

As a falcon glides, a position vectd?) (traces out its glide
path through space as tintg gasses. A position in space is a
point on orthogonalx,y coordinates, since space is two-
dimensional in this study. The falcon moves along the glid:
path at velocitydP/dt=V, a vector with component& andVy,
and the glide path while diving is a straight line inclined at ar
angle 9) to the horizontak axis.

There is no wind, so a diving falcon glides in an inertial
frame of reference at air spe&and may accelerate by
changing speed but not direction. During the pull out from ¢
dive, the falcon accelerates by changing direction but nc
speed. W

The present paper uses the common convention of definir
yas a loss in altitude, and orienting #endy axes with values
on they axis increasing in a downward directionvalues y
increase towards the right, aBdncreases as the glide path
rotates in a clockwise direction (Fig. 2).

L

X
0
Wsind

Glide path

Wcosb

Fig. 2. Gravitational and aerodynamic force vectors (bold lines) and
their components for a bird gliding to the right on a glide path inclined

Aerodynamic and gravitational forces and shape at angled to the horizontal. The gravitational vector has magnitude

A gliding falcon experiences two types of force: a constanW and a componem/cos that is balanced by the lift componebj (

itati | f iaht d iabl d ic f of the aerodynamic force, which has magnitkdand a direction
gravitational force (weight) and a variable aerodynamic orc'given by anglep. The drag componenbj of the aerodynamic force

generated by the air flowing over the body and wings. Weigtyoes not balance the gravitational compori@king, so the bird
is directed vertically downwards and has magnitWequal  ccelerates to the right.

to mg wherem is body mass and is the magnitude of
gravitational acceleration (9.81 r?sn this study). Weight has
components that are parallel and perpendicular to the glicgeed. For example, birds can change their drag by changing
path:Wsin® andWcos, respectively (Fig. 2). the angle of attack of the wings, the wing span and the position
The aerodynamic force has a magnitude and direction thaf the feet (Pennycuick, 1981 Tucker, 1987, 1988). They
varies withV and the shape of the bird’s body — in particular,may also change drag by cupping their wings or by changing
with the angle of attack of the wing. The angle of attack is théhe orientation of their long axis relative to the glide path. A
angle between a chord line and the projection of the glide patphape factor’ is a shape feature that has been defined as a
on the vertical plane that contains the chord line. quantity, such as wing span or angle of attack.
Since a diving falcon follows a straight glide path, it has no _ )
acceleration in a direction perpendicular to the glide path, and Performance and velocity polar diagrams
the perpendicular component of the aerodynamic force must The performance diagram (Fig. 3A) showg plotted
sum to zero with the perpendicular component of thégdainstVe, and is the conventional way of describing the
gravitational force. In contrast, the parallel components of thequilibrium gliding performance of birds. This study uses a
aerodynamic and gravitational forces may not sum to zero, fiansformation of the performance diagram — the velocity polar
which case the falcon accelerates along the glide path. diagram — to describe both equilibrium and non-equilibrium
The perpendicu|ar and para||e| aerodynamic Componen@Ving in falcons, and | shall summarize the features of the

multiplied by -1 are lift () and drag ), respectively. Pperformance diagram (see Tucker, 1987, 1988, for a complete
Therefore, during diving: analysis) as an introduction to the velocity polar diagram.

: The relationship betweew, andVe depends on drag since,
L=Wecos, @ 4t equilibrium:
dV/dt=gsind - D/m. ©) D=Wsing, (4)

When drag equals the parallel weight component, the falcon ilnd

at equilibrium and moves along the glide path at constant Spe‘?‘ﬂerefore

Ve. Otherwise, it is not at equilibrium and accelerates. '
The term ‘shape’ refers to any dimension or orientation of Vy=DVe/W. ©)

the falcon that influences the aerodynamic force at a given For many manufactured gliders, drag is a single-valued

sind=Vy/Ve. (5)
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A maximum performance, andVe=Ve. The maximum
Ve performance curve showdy plotted againstVg, and the
minimum performance line describes birds in vertical dives;
i.e. WW=Ve, drag is maximum for eackle and drag equals
aximum performance weight. The straight lines through the origin in Fig. 3A indicate
arve 15° different directions of the glide path.

Performance area The velocity polar diagram (Fig. 3B) contains the same
information as the performance diagram, but shéyvslotted
againsiVx, rather thaVe. Vx andVy are the components of the

y Minimum —— 30° velocity vector V, which can be visualized on the polar
performance line diagram as the resultant of the two componéwtsrom 6 =
some minimum glide angle to 90° describes the maximum
45° performance curve, and the minimum performance line lies
along thevy axis. The performance area between the maximum
60° performance curve and thg axis is greatly expanded at large
values of 8, compared with the performance diagram
75° (Fig. 3A). Straight lines through the origin in Fig. 3B indicate
different directions of the glide path, and constant valuas of
appear as circular arcs whekandVy have the same scale.

In this study, the velocity polar diagram describes both
equilibrium and non-equilibrium gliding. At given valuestof
andt, the bird may be accelerating at sp&edr may be at
equilibrium if drag equald\Vsing. At equilibrium, the bird’'s
speed is eitheYe, if less than the maximum for that value of
0, or VE, if at the maximum.

One can envision a bird on the polar diagram moving slowly
at the beginning of its dive along a glide path that has the same
direction as the vectoy. As the bird accelerates, its drag
increases until drag is equal WsinG, and then speed is
constant at eitheve or Vg, depending on body shape.

The mathematical model

The mathematical model describes equilibrium gliding and
two types of non-equilibrium gliding: diving, during whiéh
is constant and speed varies, and the pull out from a dive,
during which speed is constant addaries. The part of the

Fig. 3. A performance diagram (A) and a velocity polar diagram (B)Eodel for equilibrium gliding is taken from Tucker (1987), and

for a gliding bird. Both diagrams show the same information, but plo s f ilibri lidi Th ¢ fi
different quantities on the horizontal axes. The thin lines show th € parts for non-equilibrium giiding are new. The next section

direction of the glide path for different glide path angleSee text Summarizes the model for equilibrium gliding at maximum
for an explanation of the maximum performance curve, the minimurR€rformance and establishes the relationships used in the
performance line and the performance aveaequilibrium speedvy, analysis of non-equilibrium diving and the pull out from the
horizontal component of velocity through the aWy, vertical  dive.

component of velocity through the air.

Equilibrium gliding at maximum performance

function of Ve in normal, straight-line flight, and the  For a bird to glide at maximum performance (and sjvegd
performance diagram is simply a curved line, also known ai$ must shape itself to meet two constraints: the wings must
the ‘glide polar’ (Pennycuick, 1989). Gliding birds, however,produce lift equal tdVco®, and the body and wings must have
can have a range of drag (éB)dvalues for a givele, because minimum drag atVe. Tucker (1987, 1988) analyzed the
they can change their shape — particularly their wing span. Asriables that influence shape, lift and drayeatalues of less

a result, their performance diagrams are areas bounded by t#an 30 m3!, and this paper extends that analysis to higher and
curves: the maximum performance curve (or ‘superpolar’non-equilibrium speeds. The summary below introduces the
Pennycuick, 1989) and the minimum performance line, theariables and the relationships between them that are relevant
area enclosed by these lines being the performance area. A biodthis study.

gliding at a givenVe has minimum drag whe® is at a Dynamic pressureayf appears repeatedly in the equations for
minimum, in which case the bird has equilibrium speed dift and drag:
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g=0.50V2, (7)  Taken together, these changes result in minimum drag when
where the density of airp) is equal to 1.23kgnd in this falcons hold their wings at maximum span at slow speeds and

study — the value for the standard atmosphere at sea level aqed( their wings to Qecrease wing span as speed increases, just
temperature of 15°C (von Mises, 1959). as real falcons do in nature and in a wind tunnel (Tucker and

Reynolds number R@ influences the drag coefficients Parrott, 1970). _ _
(defined below) on which drag depends: The ma_themaﬂcal model fmds maximum .performance
curves for ideal falcons by setting the partial derivadivéob
Re=pdV/u, (8)  to 0, and findindmin andbo. Both are functionsf) of V:
whered is a specified distance dimension on the falconpand Drmin=f1(V), (13)
is the viscosity of air. In the standard atmosphere described
above forp, p=17.8x10%kgm1s. p, d, p and the turbulence bo=f2(V), (14)
of the air are all constant for a falcon in this study, and dragjith the provision thalbo may not exceetimax. Tucker (1987)
coefficients are functions only & and a falcon’s shape. describes these functions and an iterative procedure for finding
The lift component,, together wittSy andq, define the lift  maximum performance curves for gliding birds, and Thomas
coefficientCy: (1996) uses a similar procedure for finding the minimum power

CL=L/(qSy), 9) required for flapping flight.

which, in turn, determines the profile drag -coefficient Non-equilibrium gliding
(discussed below). In a dive at a given angle, the only Shaﬁﬁving

factor that influence€. is the wing span, sindeis constant
(equation 2) anéy varies with wing span.

Drag is the sum of three terms: induced drag, which resul
from lift production; profile drag, which is the drag of the
wings minus the induced drag; and parasite drag, which resu
from the body exclusive of the wings. dv/dt =gsind —f1(V)/m. (15)

The shape factor for induced drdg)(is wing span:

During non-equilibrium diving, a falcon accelerates along a
I$5traight glide path inclined at angleto the horizontal and
adjusts its wing span arth parto keep drag to a minimum at
ﬁzgch speed. From equations 3 and 13,

The solution to this differential equation can be found by
Di=1.1L%/(Tyk?). (10)  numerical methods and gives the speed of the falcon as time

The shape factor for profile dr is also wing span: varies:
p p abdy) g sp V=alt). (16)

Dpr=aSCopr, (11) . N
_ o ) ) At each speedy has a particular value, and the relationship
because the profile drag coefficie@b(pr) is a function ofCL betweerbg and V:

and, therefore, ob. Cp pr is also a function oRewhen the

distance variable foReis the chordg (Tucker, 1987). bo=fa(V), 17)
The shape factor for parasite draBp4) is the cross- can be found by combining equations 14 and 16. The distance
sectional areasy) of the body: (s) that the falcon travels as time varies can be found by
Dpar=9SCb par, (12) nrjm((ejricz; i.ntegration of equation 16, and the falcon’s loss of
: - altitude §) Is:
and$, and the parasite drag coeffici€i parare constants for y=Ssing. (18)

a falcon of a given mas€p,pardepends on the position of the
feet and tail and the alignment of the long axis of the body witff he functionsfi—{4 depend on mass-related characteristics of
the glide path. Ideal falcons control their shapes to minimiz&leal falcons, described in a later section. A computer program
Cb,parWhen gliding at maximum performance. for the calculations is available from the author.
Cbp,paralso depends oRe It declines with increasinBein .
various manufactured bodies and probably does so in reBHll out from a dive
birds. For example, Prandtl and Tietjens (1957, p. 101) report Ideal falcons pull out of a dive by gliding at constant speed
a decline inCp par of more than half for a birdlike body over along a circular arc until the glide path is horizontal. These
a range oRethat applies to falcons. Although the model keepsharacteristics simplify the analysis of the pull out, but they
Cb,parconstant aRechanges, this study gives some examplegrescribe an altitude dropdy) during the pull out that is
of the effects of lowCp parvalues on diving performance. probably greater than that required by real falcons. Real falcons
DragD is the sum of equations 10, 11 and 12 and, at a givetecrease their speed during pull out, and they need not follow
speed, is a function @fthat has a minimunDmin) at sparbp. @ circular path. Both factors reduftg, but an analysis of them
For example, if a falcon increases its wing span, induced drag beyond the scope of this study.
decreases, but profile drag increases owing to the increase inA falcon that follows an arc of radius(Fig. 4) adjusts its
Swv. However, the increase By decrease€| which, in turn, shape to generate a constant, centripetal force component
decrease<Cp,pr and mitigates the increase in profile drag.(m\2/r) directed towards the center of the arc. This component
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Fig. 4. The arc followed by an ideal falcon pulling out of a dive from
a dive path inclined at angBg. During the pull outf declines from
B0 to 0, and the falcon loses altitudg while remaining a constant
distancer from the center of the arc. 0L 1 L L 1]
0 0.1 0.2 0.3 0.4
. . . o b/bmax
is the difference between lift and the gravitational force
componentVcos. Therefore: Fig. 5. Dimensionless lift for maximum torquerf and lift () for
maximumCy at different dimensionless wing spambmaxfor a 1kg
r= m\/zl(Ll—VV) ] (19) ideal falcon at a speed of 100M.sThe wings can produce lift with

tolerable torque only in the region that is beneath both curves, and the

since the denominator is constant dmel; when 6=0. In ) . ! A
curves intersect at the span)(for maximum lift. W, body weight.

addition,L1 is the maximum lift that the falcon can produce at

speedV, because the falcon minimizéy, and therefore, )
during pull out. However, the wings at short spans may not have enough area

Ay depends on the anglégf of the glide path at the o Pproduce.r, since the maximum lift that they can produce is:

beginning of the arc. From Fig. 4: L=1.69Sw, (23)
Ay=r(1-cosHo). (20)  where 1.6 is the maximum value Gf for ideal falcons. At
Combining equations 19 and 20: some spanbg), the maximum lift that the wings can produce
B equalsLt (Fig. 5), in which case,=L1. by may be found by
Ay =mVZ(1-coBo)/(L1=W). (21)  equatingLt andL, substituting forSy from equation 25 and
At first glance, one might think that the falcon could achieveearranging:
maximum lift during pull out by maximizin€,, wing span b1 = (bmax—bmin) [Lo/(L.69Sw.ma)] Y2+ brmin. (24)

and wing area, as it does at low speeds. However, at high . ) ) ]
speeds, the lift on the wings in this configuration wouldSubstitutingb: for bin equation 22 yields1=Lt; and withlL,
generate intolerable torque around the shoulder joints. THB hand.Ay can be calculated from equation 21.

falcon can reduce_z this torque by flexing i_ts wings to a shortekqntrol of speed in a dive

span with less wing area, thereby reducing both the moment

. . An ideal falcon controls its speed in a dive by increasing
arm for the torque and the lift on the wings. At some span, th . : : :
. . s . rag by various means (see above). This section considers only
torque is the maximum tolerable when the lift is maximum for

the wing area associated with that span, amtls. The an increase in drag generated by the wings; i.e. profile and

. . : induced drag.
following analysis shows how to find; and compute the . .
o The falcon can increase these two types of drag at a given
minimum value ofAy needed for a pull out.

In ideal falcons, the center of lift on one wing is at a pointSpeed by increasing the angle of attack of the wings, but a

midway between the wing tip and the shoulder joint. ThereforéJrObIem arises. an increase in the_ angle of at_tack of an
. unstalled wing also increases lift, yet lift must remain constant
the moment arm for the torque around the shoulder joint whe . : : .
. . . . at a given dive angle (equation 2). The falcon overcomes this

the wings have maximum spanlgix—bmin)/4. The maximum . 2 : o
) . ; constraint by cupping its wings so that the projection of each
torque that the falcon can tolerate with maximum wing span iS . .
) . . . wing on the plane of symmetry has substantial area. As a result,
Lo(Bmas-brmin)/8, whereLo/2 is the maximum lift on one wing. . o, ing “oroduces an aerodynamic force component that is

At spans less thaomax, the moment arm for the torque on one gp y P

T . : perpendicular to drag and has a lateral component (Fig. 6).
wing 1S © bm'”)/4.’ .and the lift ) from both wings at During vector addition, the lateral components cancel, and the
maximum torque is:

falcon can increase both angle of attack and drag with no
L= Lo(bmax—bmin)/(b — bmin). (22)  change in_.
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T ‘ Table 1.Mass-related characteristics of ideal falcons
\ / Q C K Base datum
brmax 1.218mkgl’3 1/3 1.01m*
- — bmin 0.0844 mkg'/3 1/3 0.07 m**
Sw,max 0.192 n?kg=2/3 2/3 0.132 né*
S 0.00838 Mkg2/3 2/3 0.00669 ri+*
Cb,par 0.18 0 0.18***
Fig. 6. A head-on view of a falcon with cupped wings. The arrowsq 1.79 1 See text

show the directions of force components on unit areas of the wing
at certain points. The vector sum of all of these components over tl  *Falco jugger ** Falco jugger width between the shoulder joints;
wing area is lift. *** Falco peregrinus

A mass-related characteristQ may be calculated from the

Not enough is known to allow accurate calculation of thecOnStant< zndKWith_ the eq”_aﬂorQ:r%”f(' . . ,
drag of falcons with cupped wings but, for heuristic purposes M, Mass Bmax, MAXIMUM WING Spafbmin, MNIMUM Wing span,
| shall use the equations for drag already given and allow Sumax Maximum wing areas, maximum cross-sectional area of
a i _g yg body; Cp,par, parasite drag coefficieritp, maximum lift at maximum
_to have any value up to |ts. maximum. If_the cho@emesultg _spanig, gravitational acceleration.
in more lift than that specified in equation 2, the extra lift is
understood to be lateral components that cancel.

Ideal falcons can produce a maximum lifg of 1. AV at
maximum wing span, in which case the torque around the

Mass-related characteristics of ideal falcons shoulder joint is the maximum tolerable. This value Ifer
Ideal falcons are geometrically similar in shape and havE°Mes from measurements of the maximum weight that Harris’

body masses between 0.5 and 2.0kg, corresponding to a smafWwks could carry at slow speed (an estimated I@ms

male peregrine and a large, female gyrfalcdfaldo (Pennycuicket al. 1989), and it is also consistent with the

rusticolug, respectively. Given the body mass of an ideafmaximum weight-carr_ying abilities at take-off of _other birds
falcon, all of the aerodynamic characteristics that influenci'@t have 25% of their body mass made up of flight muscles
gliding performance in this study can be calculated fronfMarden, 1987, 1990).

several constants (Table 1) derived from aerodynamic
measurements on two real falcons: a lagdeaico jugge)

(body mass 0.570kg) (Tucker and Parrott, 1970) and a DI_Vmg performgr_me of |deal_ falcons .
peregrine (body mass 0.713kg) (Tucker, 1990). The questions about diving posed in the Introduction can
Wing area varies linearly with wing sp'an: now be answered for ideal falcons, and this section answers

them for selected sets of variables. First, it shows the effects
Sw= Sw,max(0 =~ bmin)/(bmax—Bmin) . (25)  of body mass by describing the diving performance of a large
This relationship is similar to those measured in real hawkand small falcon at the ends of the mass range, and then it
(Tucker and Heine, 1990; Tucker and Parrott, 1970). Thehows the effects of glide angles of 15, 30, 45 and 90° on the
smallest wing span that a falcon can have in flight issd ~ Performance of a falcon with a mass comparable to that of a
which is larger thatmin. large peregrine, 1kg. It also describes pull out from dives and
The lift and profile drag coefficients of a manufactured wingthe effects of cupped wings on acceleration during a dive.
of fixed span are related as angle of attack varies, and Tucker
(1987) showed that there is also a relationship between these The effect of body mass
coefficients in birds gliding at minimum angles with a range During equilibrium gliding aVe, wing span declines rapidly
of speeds and wing spans. The relationship depen@samd  With speed for both the large and small falcons (Fig. 7). Diving
Cpypar Since calculation ofCppr involves subtraction of commences at speeds of 15-20# shen wing span drops

parasite drag from total drag. below 0. DBmax
For ideal falcons: The larger falcon has a highée than the smaller one at a

given value of@ (Fig. 8). For both birdsVg is high during
Cp,pr=0.0512-0.084C, +0.079Z, 2 (26) diving even at small values 6f VE=Vmaxat 6=90°, but even

for values ofC_ between 0.53 and 1.65 Re=1(P, based on in a shallow dive whef=20°, Vg is greater than O\&nax, by

d=c. Cp,pr does not change whe decreases below 0.53 at 8=45°, Ve is greater than O\nax

a given value oRe Equation 26 is derived from data for the The VmaxVvalues in Fig. 8 are very high by the standards of

laggar (Tucker, 1987), witB, andCp,parfrom Table 1. terrestrial animals. The larger falcon can reach speeds more
Cp,pr varies withRe in ideal falcons, and Tucker (1987) than three times higher than the fastest running animal. Few

shows how to calculat€p pr at Revalues other than 20Re  wheeled vehicles can reach speeds of 108ymsr can many

affectsCp,pronly up to arRevalue of 51C° and has no effect light, propeller-driven airplanes in level flight.

at higher values. The values folWe in Fig. 8 are conservative, because they are
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Fig. 7. Dimensionless wing spab&maxof ideal falcons with masses Fig.- 9. The speed/ at different timestj for ideal falcons that dive
of 0.5 and 2.0kg, gliding at equilibrium at different speddslong &t an anglé of 45° and reach 95% of the equilibrium spagdor .
maximum performance curves. this angle. The falcons have masses of 0.5 and 2kg, and begin their

dives at a speed of 15m#s

based on a value of 0.18 f0b parthat does not change wige

If Cp parwere to drop to 0.07 &eincreases, as it does for some The large and small falcons take 18s and 23s to acce!erate

manufactured objects (see section on parasite dfag)would oM 15ms? to 0.95/g, and drop 679m and 1078 m while

be 138 and 174 nifor the small and large falcons, respectively.d0ing so. These times and distances are surprisingly large and
During non-equilibrium diving, the large and small falconsSUggest _that real falcons in most circumstances WI|| seldqm be

accelerate along a glide path inclined at 45°. The curve3en diving at speeds closevi If starting the dive in the air,

(Figs 9, 10) that illustrate non-equilibrium diving end at thethey would be at such high altitudes that they would be difficult

time taken to accelerate from 15mh g0 0.95/g, sinceV

approache¥g asymptotically. o[ . . T T .
200 7
£ 400 iy
20 >
7]
% 600 7
40 g 05kg
a- =
g 60 < 800 | 1
>>~.
80 1000 |- .
2kg
100 1200 ! ! ! ! 1]
0 5 10 15 20 25
120 Time, t (s)

Fig. 8. The maximum performance curves and minimum performancFig. 10. The loss in altitudg) at different times for ideal falcons that
lines in a velocity polar diagram for ideal falcons with masses of 0.'dive at an angl® of 45° and reach 95 % of the equilibrium spé&éd

and 2.0kg.Vy, Vy, horizontal and vertical components of velocity, for this angle. The falcons have masses of 0.5 and 2kg, and begin
respectively; see also Fig. 3B. their dives at a speed of 15ms
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Fig. 11. The speed/j at different timest] for an ideal falcon diving  Fig. 12. The loss in altitudeyX at different times for an ideal falcon

at different inclination® and reaching 95 % of the equilibrium speed diving at different inclination® and reaching 95 % of the equilibrium

VE for each angle. The falcon has a mass of 1.0kg and begins tspeedVe for each angle. The falcon has a mass of 1.0kg and begins
dives at a speed of 15mis the dives at a speed of 15m.s

to see with the unaided eye. If perched, they would have to lspan. The acceleration during pull out may also be high — more
on a mountain or a cliff, as the world’s tallest structure (arthan an order of magnitude above that of grawjy The ratio
antenna tower) is only 623 m high (Crystal, 1997). An observesf acceleration to gravitational acceleration is the ratibidb
could expect to see only part of the dive at close range, sint® minus 1.

the distance traveled during the dive is long, 1.4 times the drop
in altitude for a 45° dive.

1.0 [T T T T T T]
Effect of dive angle
This section describes the effect of dive angle on 0s L )
acceleration during diving by a 1kg falcon. As the glide angle '
steepens, the falcon accelerates faster from 1%t $.95/¢
(Fig. 11), and the vertical drop also increases (Fig. 12). 06

The total distance traveled while accelerating to \3:95 Tod dag

nearly independent of dive angle — within 6% of the mean
value of 1211 m. That is, if the falcon intends to reach its prey
at 0.95/g, it must start the dive at approximately 1200 m from 0.4
the prey, no matter what the dive angle. If the parasite drag
coefficient were 0.07 rather than 0.18, the mean distance

D/D

traveled would increase nearly 2.5-fold to 2964 m. 02 Parasite .
Almost all of the drag aV¥e is parasite drag (Fig. 13). For

example, at the start of a 45° dive by a 1kg falcon, — Profile

approximately one-quarter of the drag is parasite drag. As the ok . Jnduced . .

1
bird accelerates, this proportion increases to approximately 0 0.2 0.4 0.6 0.8 10
90 %, while profile and parasite drag remain nearly constant. VIV
E

Fig. 13. Dimensionless dragd{Dmay at different dimensionless

The pull out from a dive speeds\(/Vg) for a 1 kg ideal falcon accelerating along a glide path
. . E
Table 2 shows the performance of the 1kg ideal falcon puIIIn‘inclined at 45° to the horizontal. Three components of total drag

out of dives atVg at various angles. The falcon achievesinguced, profile and parasite) are plotted cumulatively so that they
remarkably high values of lift with flexed wings — more than aradd up to total drag/e is 82.9m sl and total draglima) at this speed
order of magnitude above its maximum lift with maximum wingis 6.94 N.
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Table 2.Altitude loss during pull out by a 1kg ideal falcon might choose to keep their speeds well beldmby altering

from dives at various angles and speeds their shapes to increase drag or by starting their dives close to
% Ve Dy r the prey. At high speeds, the falcon may injure itself when it
(degrees) (m3) (m) (M)  bibmax Lilo LW strikes the prey, and a slower prey could out-maneuver the

falcon by turning more sharply. To reach high speeds, the

ég g‘? gg ﬂ? 8% é‘? 1;? falcon would have to begin its ine a long .distan(.:e frpm .its
45 83 14.7 50.1 017 8.8 15.0 prey and would have to end a high-speed dive while still high
90 101 60.2 60.2 0.16 108 18.3 enough above the ground to pull out.

90 155  90.6 90.6 0.13 16.5 28.0 A falcon might have trouble seeing its prey at the beginning

of a dive that ends at a speed of W85A 1kg ideal falcon
8o, dive angleVe, speeday, altitude loss during pull out; radius ~ with a parasite drag coefficient of 0.18 requires approximately
of the pull out pathb:, wing span for maximum lift during the pull 1200 m to accelerate to 0M5 no matter what the dive angle,
out; bmax, maximum wing sparto, the maximum lift with maximum — and a human with excellent eyesight could barely see the
wing span, is 1W, whereW is body weight; and.1, the maximum  fa|con as a speck against the sky at this distance. Even though
lift during pull out. _ _ a 1kg falcon may have a visual acuity up to twice that of
The Vg values in the first four rows are for a parasite draghumans (Miller, 1979; Reymond, 1987), for it to see prey less
coefficient of 0.18, and that in the last row is for a parasite dra?h half i N ' di ! f 120’0 . K
coefficient of 0.07. an half its size at a distance o m against a non-sky
background would be a remarkable feat.
The falcon would be even less likely to reach U@ the
_ ) ) vicinity of the prey if the falcon’s parasite drag coefficient
Ideal falcons with cupped wings can hold their speedgopped to 0.07 at higRe In that case, the falcon would have

constant or even decelerate strongly, merely by adjusting thg begin its dive more than 2900 m away, which is probably
angle of attack of the wings. For example, the 1kg falcong iner than it can see its prey.

diving at an angle of 45° at a speed of\@g41ms) with The values foy in Table 2 show that a falcon diving at

min_imum (_jrag, is acce!erating; and it gould stop acceleratingigh values olVe needs to be careful when approaching prey
by increasing drag tasind. It could achieve this drag solely 473, giq crashing into the ground. It could approach high-flying
by increasing its lift coefficient to 0.77 and extending its Wings,;rys safely in a dive, but it would have to begin pulling out
to a span of 0.3¥ax a value that generates the maximumyes,re it could safely approach low-flying birds. The falcon
tolerable torque around the shoulder joints (equation 24). 514 have to support its head against large forces during the

T_he falcpn could decelerate (n_ega_ttive _acceleratiOﬁ;Lﬁg pull out, and perhaps the neckless, tear-drop shape of a falcon
by increasingC, to 1.6 and reducing its wing span to MR8 in a dive serves this purpose

to keep torque at the maximum tolerable level. This is a large
deceleration by human standards, not reached during even

violent maneuvers in automobiles. Automobiles on a level road Other models for equilibrium gliding

can generate maximum accelerations that are equal to theFig. 14 shows the predictions of four models for equilibrium
frictional coefficient between the tires and the road whemliving by falcons with a mass of 1kg at an air density of
acceleration is expressed as a multiplg.dfor example, the 1.23kgn3. The models yield markedly different results, even
maximum deceleration during braking on a high-friction roadhough they share a common origin in a model introduced by
is —0.8g (Limpert, 1992); and a deceleration-¢fg feels like ~ Pennycuick (1974, 1975) that partitions total drag into
sitting, restrained by seat belts, in an automobile hanginmpduced drag and other drag. The following text and Table 3

Control of speed in a dive

vertically from its rear bumper. summarize the models and explain why they vyield different
results.
. . Alerstam’s model (1987) is similar to Pennycuick’s original
Discussion model with the addition of allowing lift to vary wit. The
Advantages and disadvantages of high speeds wings have maximum span at all glide angles, and the value

The foregoing analysis shows that ideal falcons can readRr Cp praccounts for the drag of both the wings and the body.
speeds near 100 msor more, and suggests that real falconsSince this value is high compared with other measurements of
in nature could also reach these speeds. Indeed, falcons h&mpr andCp pa;, and the area of the wings is always maximum,
incentives to approach prey at high speeds: they reach the pitég values foWe are probably lower than those that real falcons
quickly, they have a better chance of overtaking it and they catould achieve.
strike it harder if they do overtake it. In addition, high speed Tucker’'s model (1987) is the one used in the present study
could render a falcon nearly invisible to its prey, just as théor equilibrium diving by an ideal falcon, and it has the most
tips of propellers on light airplanes are nearly invisible whervariables: wing span, lift an@p pr vary with 8. Profile and
the airplane is idling on the runway. The propeller tips movearasite drag are separate quantities, and the moderate value
at approximately 100 nt&in this case. for Cp,par cOmes from measurements on a model peregrine

However, high speeds also have disadvantages, and falcdiatcon body (Tucker, 1990V values are conservative, as
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These models suggest that real falcons in a dive could reach
speeds of 100 ntsand perhaps more than 150Th 8Vhether
real falcons allow themselves to reach such speeds, and
whether they tolerate the large accelerations during diving and
pull out that ideal falcons do, will have to be determined by

V, (s
20 40 60 80 100 120 140 160
20
40
60
% 80 b
E bo
> 100 b1
Pmax
120 Bmin
14 ¢
0 CD,par
Co pr
160 ’
CL

Fig. 14. Maximum performance curves and minimum performancé
lines in a velocity polar diagram for a diving 1kg falcon calculatedD
using four different models (AL87, Alerstam, 1987; TU87, Tucker,Di

1987; PN89, Pennycuick, 1989; PN96, Pennyceichl. 1996). See  Dmin
text for descriptions of the model®x, Vy, horizontal and vertical Dmax
components of velocity, respectively. Dpar
Dpr
d
Cb,par probably decreases as speed increases, as mentionedrin
the section on Drag. f

Pennycuick’s (1989) model allows wing span, but not lift org
Cb,pr, to vary with®. Constant lift causes the induced drag toK
be too large at high values 6f but the main reason for the L
low VE values is a high value f&p,par compared with other Lt
measurements of this quantity (Tucker, 1990). The values fdr
Ve are somewhat higher than those for Alerstam’s (1987).1
model because wing span decreases as speed increases. m

Pennycuicket al. (1996) suggest tha€ppar should be P
reduced to one-sixth of the value used in his 1989 model. Thg
1996 model in Fig. 14 is the 1989 model with this changeq
which greatly increaseé:. VE values for all of the models are Re
quite sensitive to Epar Since most of the drag ¥ for diving  r
falcons is parasite drag (Fig. 13). t

S

. . Sw
Table 3.Values of selected variables, and the maximum Sw.max
speed reached in a vertical dive, for four mathematical '

. SN,min
models of diving s
L Vimax \
b/bmax  (N) Cb,pr Cp,par(msl) Vv
Alerstam (1987) 1 WsiP@ 0023 - 68 VE
Tucker (1987) 0.161 Wsin6 0.036-0.012 0.18 101 Ve
Pennycuick (1989) 0H W 0.014 030 73 Vmax
Pennycuicket al (1996) 0.051 W 0.014 0.05 164 Vx,Vy
w
b, wing span during divéimax, maximum wing spart;, lift; Cp,pr, XY

profile drag coefficient;Cppar, parasite drag coefficientVmax \Y
maximum speed in a vertical dive), body weight;8, dive angle. 9

future measurements.

List of symbols
wing span
wing span for minimum drag
wing span for maximum lift
maximum wing span
minimum wing span
a coefficient
parasite drag coefficient
profile drag coefficient
lift coefficient
length of mean chord line
total drag
induced drag
minimum drag
maximum drag
parasite drag
profile drag
reference length forRg
magnitude of aerodynamic force
a mathematical function
magnitude of acceleration due to gravity
a constant
lift
lift for maximum torque
maximum lift at maximum span
maximum lift
body mass
position vector
a quantity
dynamic pressure
Reynolds number
radius of an arc
time
maximum cross-sectional area of the body
projected area of wings
maximumSy
minimum Sy
distance
velocity vector
speed through the air
equilibrium speed at maximum performance
equilibrium speed
maximum speed in a vertical dive
components of velocity through the air
magnitude of body weight
spatial coordinates
altitude drop
inclination of the glide path
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