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induced downwash of the two wings has not merged across the body,
whose drag component still persists, even at x/c=10.

The velocity defect was accompanied by chains of opposite-signed
patches of vorticity, but we cannot say whether these were shed at
the body or whether they developed as free shear-layer instabilities
in the wake. Similarly, the possible contribution of the tail towards
the wake structure is not easily ascertained. While the tail area is
reduced in stable, steady, level flight, small control movements, and
their subsequent wake signature, cannot be ruled out.

Gliding flight
A small number of individual frames showed a wake generated
during brief, intermittent gliding phases. The central velocity defect
behind the body in Fig.·6A is not unlike that seen behind the body
in flapping flight, but the far field is much more regular, with a
weak global downward flow. The mid-wing section in Fig.·6B is
dominated by a global downward motion, which can be predicted
as a consequence of lift on the wings. The downflow is deflected
slightly to the left, and associated with strips of opposite-signed
spanwise vorticity. This local defect profile must come from the
friction drag on the wing section.

Quantitative wake analysis
Fig.·4 shows that the wake of the swift consists of almost continuous
shedding of wake vortices throughout the wingbeat, implying that
the strength of the circulation on the wing, the bound vortex, is
also changing continuously. The phenomenon can be quantified,

and U=8.4·m·s–1 can be used as an example. The circulation at
different phases of the wingbeat was measured by splitting the data
at each spanwise location into five discrete phases of the wingbeat:
phase 1 is the end of the upstroke; phase 2 is mid-upstroke; phase
3 is the lower turning point between down- and upstroke; phase 4
is mid-downstroke; and phase 5 is the beginning of the downstroke.
Frames were sorted by phases that correspond to a tiling, from left
to right, of subwindows covering the ensemble velocity fields such
as those shown in Fig.·4. The results appear in Fig.·7A–D. The
circulation deposited into the wake in each phase matched a change
of circulation of the bound vortex on the wing, with positive wake
circulation corresponding to an increase in wing circulation
magnitude and negative wake circulation implying a decrease. At
all four locations, from body to wingtip, the downstroke is
dominated by positive circulation and the upstroke was dominated
by negative circulation, consistent with the idea that absolute
circulation in the bound vortex accumulates during the downstroke
and diminishes during the upstroke. At each location, the maximum
positive wake circulation occured at mid-downstroke (phase 4) and
the strongest negative circulation occured at mid-upstroke (phase
2).

The peak positive circulations at phase 4 (mid-downstroke) in
panels A–C of Fig.·7 all have similar values, suggesting that the
circulation variation along the wing was small. The positive wake
circulation dropped sharply in the transition from phase 4 to phase
3, over the second half of the downstroke. This was followed by
the most rapid rise in negative circulation (at all spanwise locations)

Fig.·5. �y(x,z) for outboard cuts through the edge of wingtip vortices on the
upstroke (A) and downstroke (B).

Fig.·6. �y(x,z) for wakes generated during short gliding phases: (A) body
(LR in Fig.·2) and (B) mid-hand (Y in Fig.·2).
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from phase 3 to phase 2, the beginning of the upstroke. The wake
behind the outer wing (Fig.·7B,C) had a higher increase in negative
circulation than the inner wing (Fig.·7A). Although the relatively

unflexed wing appeared to remain aerodynamically active during
the upstroke, the outer wing appeared to be more lightly loaded.

The body–tail-generated drag wake (Fig.·7D) had a higher
strength cross-stream vorticity than the wing sections. Variation of
circulation magnitude with phase similar to that for the wing sections
was seen, but the amplitude of the variation was much less.
Alongside the observed undulation of the centreline wake (Fig.·4D),
the data suggest a coupling of some kind between the body wake
vortices and the spanwise vorticity shed from the wing. The data
are too far downstream of the body to say more.

The continuous shedding of vorticity into the wake means that
no distinct starting or stopping vortices are identifiable, at any point
in the wake. In the Introduction, 
0 and 
1 were introduced as likely
limiting values of the wake circulation strengths for wakes composed
of rectangular wakes (
0) or discrete, pulsed loops (
1). In practice,
however, although the swift generates a wake that might most closely
be approximated by a constantly growing rectangular area, the most
coherent and strongest vortices could well be trailing wingtip
vortices, whose properties are not readily measured in streamwise
slices. Fig.·8 shows that the peak circulation of the strongest patches
of spanwise vorticity were always significantly less than either
reference circulation value. In fact, the strongest vortices were those
associated with the body wake. In summary, there were no abrupt
changes in circulation on the wing that make it possible to construct
a meaningful discrete vortex model of the wake, given the
measurements available. We must therefore search for an alternative.

DISCUSSION
Flight characteristics

Both swifts in this study were juveniles and their first flight in the
wind tunnel was also their first flight in life. Juvenile swifts leaving
their nests must be prepared for constant, day-and-night flight from
the moment they drop over the edge. They exercise their flight
muscles in the nest prior to fledging, but have no chance to practice
the actual technique of flying (Lack, 1956). This could potentially
be an explanation for why the swifts of this study so quickly learned
to fly in the wind tunnel. Their capacity for controlled and stable
flight was the most obvious difference compared with descriptions
of other species presented in previous studies, which normally have
required lengthy training prior to the actual experiments (e.g. Park
et al., 2001; Spedding et al., 2003b; Hedenström et al., 2006a; Rosén
et al., 2007). The next obvious difference was the extremely narrow
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range of speeds at which the birds would fly. Below approximately
7.5·m·s–1 the birds seemed unable to sustain stable flight, but dropped
to the floor of the test section within a few seconds. A swift flying
relaxed and at a natural flight speed flies with its feet held up close
to the body and completely tucked in under the feathers (P.H.,
unpublished obervation). When the swifts of this study were
exposed to airspeeds from 7.5 to 9·m·s–1 this was the case, but when
the wind speed exceeded 9·m·s–1 the feet were extended, indicating
that the flight speed was in some way troublesome. The range of
natural flapping flight speeds for swifts may be narrow compared
with those of other similar-sized bird species.

Wingbeat kinematics
The swift beats its wings at a similar angular velocity at each flight
speed. The only direct response to the higher flight speed is an
extension of the wingbeat by increasing the shoulder-to-wingtip angle
of the upper turning point, resulting in increased wingbeat amplitude.
Since the angular velocity does not vary significantly, the downstroke
duration, Td, increases. In the case of the swift, Td always exceeds
Tu, in contrast with findings for passerines where Tu>Td (e.g. Rosén
et al., 2007; Hedenström et al., 2006a; Rosén et al., 2004; Park et
al., 2001). The barn swallows of Park et al. (Park et al., 2001)
increased their flight speed by increasing angular velocity and
decreasing Td over 8–9.2·m·s–1. The curve of f(U) was quadratic over
the entire range of flight speeds (4–14·m·s–1) with a minimum close
to 9·m·s–1, but around this minimum (7–11·m·s–1) f varied little. A
study on robins (Erithacus rubecula) showed that the wingbeat
frequency and wingbeat amplitude increased slightly (although
statistically insignificantly) with increasing flight speed (Hedenström
et al., 2006a). A house martin (Delichon urbica) showed, like the
swift, a decrease in wingbeat frequency with increasing flight speed,
but a decreasing downstroke duration (Rosén et al., 2007). The rufous
hummingbird (Selasphorus rufus) adapts to increasing U in a wind
tunnel by varying both amplitude and wing angular velocity, keeping
f almost constant at 42·Hz (Tobalske et al., 2007).

The wingbeat frequency measured for this swift ranged from 8.3
to 9.1·Hz, overlapping a predicted value of 8.9·Hz from a semi-
empirical relationship derived by Pennycuick (Pennycuick, 1996) as:

f = m3/8g1/2b–23/24S–1/3�–3/8 , (5)

where m is the mass of the bird, g is the gravitational acceleration,
b is the wingspan, S is the wing area and � is the air density. Variable
values were based on the morphology of this specific bird (see
Table·1) and �=1.19·kg·m–3. These f values are slightly higher than
those derived from the radar studies of Bäckman and Alerstam
(Bäckman and Alerstam, 2001; Bäckman and Alerstam, 2002), who
found a frequency range of 7.0 to 8.3·Hz, and Bruderer and
Weitnauer (Bruderer and Weitnauer, 1971), who observed a range
of 6 to 8·Hz.

The span ratio, R, was higher in the swift compared with that in
previously studied species in the wind tunnel. It did not change
significantly with flight speed but remained at approximately 0.7.
Hence, the swift flexes its wings relatively little during the upstroke,
which is consistent with visual observation of swifts in free flight
(P.H., unpublished observations). Over the same range of absolute
flight speeds, 0.2�R�0.3 for the barn swallow (Park et al., 2001),
R=0.4 for the thrush nightingale (Rosén et al., 2004), R=0.4 for the
robin (Hedenström et al., 2006a) and R=0.3–0.4 for the house martin
(Rosén et al., 2007). From data on mid-downstroke and -upstroke
wingspan presented in Tobalske et al. (Tobalske et al., 2003),
estimates of span ratios for ringed turtle doves (Streptopelia risoria),
budgerigars (Melopsittacus undulatus), cockatiels (Nymphicus

hollandicus) and black-billed magpies (Pica hudsonia) can be derived.
Span ratios at 9·m·s–1 for these birds were approximately 0.6, 0.5, 0.4
and 0.3 for the ringed turtle doves, the budgerigars, the cockatiels
and the magpies, respectively. The rufous hummingbird of Tobalske
et al. (Tobalske et al., 2007) reduces R from 0.98 at U=0·m·s–1 to 0.9
at U=12·m·s–1, and so while the hummingbird also has relatively little
wing flexion on upstroke, the opposing trend of R(U) cautions against
generalizing the swift results to all rigid-winged birds.

Wake topology
The swift wake shows no obvious similarities to the ladder wake
even though the swift has been proposed to be a candidate for this
wake type (Pennycuick, 1988; Pennycuick, 1989). The ladder wake
model supposes that the circulation changes abruptly between down-
and upstroke with the shedding of a distinct vortex in each of the
upper and lower turning points, but this was not found in the swift.
The wake shows both similarities and differences compared with
those of previously examined passerine species.

The continuous shedding of spanwise vorticity is similar to the
wake structure of the thrush nightingale, robin and house martin in
cruising flight (Spedding et al., 2003b; Hedenström et al., 2006a;
Rosén et al., 2007), but here the change in sign is much more regular
and systematic (Fig.·4), with positive vorticity shed on the
downstroke, transitioning to negatively signed vorticity in the
trailing wake from the upstroke. The transition is gradual, with its
mid-point at the lower turning point. As an example, the contrasting
spatial variation of net wake circulation in the swift and thrush
nightingale is shown in Fig.·9. The thrush nightingale circulations
at both medium and high flight speeds are relatively sharply peaked
at phases 1 and 3, at the upper and lower wingstroke turning points.
By contrast, the swift-generated wake circulations vary more
gradually, and the negative peak is not at the lower turning point,
but in mid-upstroke, at phase 2. These studies are based on far-
wake data only and so the mechanisms underlying the continuous
shedding of spanwise vorticity in the swift cannot easily be traced
back to the local wing motions or aerodynamics. There could be
continuous changes in several concomitant or isolated properties
such as local angle of attack, camber, wing section geometry and/or
relative velocity. However, the contrast between the two species in
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Fig.·9. The variation in normalized circulation over the five wingbeat phases
for the swift and for the thrush nightingale (TN) at two flight speeds, U=7
and 10·m·s–1, that describe medium- and high-speed flight, respectively, in
wind tunnel conditions. The swift data come from Fig.·7A and the thrush
nightingale data from the database described in Spedding et al. (Spedding
et al., 2003b). The data from both species come from the inner wing.
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Fig.·9 is consistent with larger amplitude variations in wings that
flex significantly during the upstroke.

Insects also fly with comparatively rigid wings, having no distal
joints or articulations, although passive elastic deformation makes
them significantly non-planar. The wake of a hawkmoth (Manduca
sexta) has certain characteristics similar to those of previously
studied passerines such as the thrush nightingale, with intermediate
wake formations between isolated vortex loops and constant
circulation wakes (Bomphrey, 2006). The composite wake of the
hawkmoth flying at 3.5·m·s–1 shows continuous shedding of
spanwise vorticity but, unlike the swift, both the down- and upstroke
generate a mix of positive and negative vorticity. Furthermore, a
part of the hawkmoth wake appears to form a distinct vortex loop
(Bomphrey et al., 2006), which is not found in the swift wake.

A schematic summary of the three-dimensional swift wake
topology is given in Fig.·10. The picture is a somewhat stylized
summary of information from qualitative and quantitative spanwise
vorticity distributions at different locations along the wing, combined
with the measured kinematics. Cylinders in hues of red denote
positive circulation and cylinders in hues of blue represent negative
circulation. The distribution of the circulation intensity is based on
data in Fig.·7. The green trailing, streamwise vortices are drawn by
inference from figures such as Fig. 5.

Force balance
The continuous shedding of spanwise vortices illustrated in Fig.·10
cannot be adequately modelled by discrete vortex loop models
derived either from the power-glider or from a pulsed ring generator,
so neither reference circulations 
0 or 
1 are very useful (Fig.·8).
Here we present an empirical model that integrates the accumulated
wake circulation changes over the wingspan and over one wake
wavelength. The completeness of the modelling effort can then be
checked by comparing the calculated integrated vertical force with
the known weight of the swift.

The continuous change model
The measured wake contains a time history of the circulation changes
on the wing. In order to calculate the total integrated circulation we
must add one further assumption about the absolute circulation value
at some point. As a starting estimate, we shall assume that the

circulation falls to zero at the end of the upstroke. This is a consistent
interpretation of the very weak vorticity in phases 1 and 5 in Fig.·4,
but others are possible and we must await further support from the
force balance calculation itself. The net circulation (positive minus
the absolute value of negative) found in each phase from the
beginning of the downstroke to the end of the upstroke can be added
to derive the accumulated circulation in the bound vortex and
subsequently the vertical and horizontal impulse.

The measured wake circulations have been discretized at four
spanwise locations and over five time intervals or wake phases (as
shown in Fig.·7, for example). At the jth spanwise location, a local
span section of width bj can be identified, and then the vertical
impulse, Iz, for that segment, over the phases comprising the
downstroke part of the wake is:

where the j indices are LR, X, Y, Z for the locations noted in Fig.·2.
The local span-lengths, bj, are measured from the centreline out to
the wingtip. Each phase of the wake covers 1/5th of its wavelength
�, and 
5 to 
3 are the total accumulated circulations in phases 5
to 3, proceeding in order from the beginning of the downstroke to
the lower turning point. 
3 marks the transition from downstroke
to upstroke and appears also in the equivalent calculation of the
upstroke wake impulse:

The upstroke spans are reduced uniformly by the span ratio, R. If
a more detailed, localized, accounting of the wing flexion were
required, then it could be written directly into specific values for
bj, or into localized corrections, Rj.

The calculation includes the circulation contribution from the
body wake (Fig.·7D), whose vortex wake signature is not easily
extracted from that of the wing root. However, even though the
wake vortices are as strong, or stronger than their counterparts further
out on the wing, their net effect is approximately zero because there
are equal amounts of positively and negatively signed vorticity. If
the circulation increment is instead calculated from interpolating
the LX and RX components across the body, the numerical result
is the same within the calculation uncertainty.

Now the total impulse of a wake tiled by rectangular elements
(Iz,rect) of area bj(�/5) (or bj(�/5)R for the upstroke) is the sum of
the downstroke and upstroke components over all span stations:

The wake geometry is better approximated by elliptical shapes on
both the down- and upstroke (Fig.·11), and so the wake area, and
its impulse, should be modified by the area ratio of an ellipse to a
rectangle, which is 	/4. Since we use the wingspan as a measure
of wake width (rather than the wake measurements themselves,
which are too sparsely distributed in the spanwise direction) then
an improved measure of the actual width for an elliptically loaded
wing is 2b(	/4) (Milne-Thompson, 1966) and so the final total
vertical impulse is:

	2
 Iz = Iz,rect .

16
(9) 

j

(Iz,d,j + Iz,u,j) ,     j � {LR,X,Y,Z} .Iz,rect = (8) �


3 + 
2 + 
1  Iz,u,j = �2bjR .
2

�

5
(7) 

⎛
⎜
⎝

⎞
⎟
⎠


3 
5 + 
4 +  Iz,d,j = �2bj ,
2

�

5
(6) 

⎛
⎜
⎝

⎞
⎟
⎠

P. Henningsson, G. R. Spedding and A. Hedenström

Fig.·10. Three-dimensional wake structure of the swift in cruising flight. The
image frame is as if the bird flew obliquely from right to left and slightly into
the paper, leaving the trace of one wingbeat in still air, starting at the upper
turning point. Green tubes show the wingtip vortices, cylinders in shades of
red are spanwise vortices with positive circulation and cylinders in shades
of blue have negative circulation. The colour intensities and tube diameters
are proportional to the strengths of each component. The geometry is
deduced from a combination of wingbeat kinematics and streamwise plane
section data.
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Substituting measured wake circulation values yields Iz=0.047·Ns.
The uncertainty in estimating Iz is dominated by the uncertainty in

 values. These form a population of repeated measurements of the
same kind and so a total relative uncertainty in Iz can be estimated
from the root mean square:

where j is the same index over span stations {LR,X,Y,Z}, np=5 is
the number of wingbeat phases and ns=4 is the number of spanwise
stations. 
Iz/Iz=0.3, and so the result for Iz can be written
Iz=0.05±0.015·Ns (mean ± s.d.). In level, unaccelerated flight, Iz

supports the weight W for a time T, and WT=0.044±0.003·Ns. Within
experimental uncertainty WT=Iz and the wake-based calculation
gives a result that is consistent with the observed experiment – that
is, the bird flies level. Indirectly, therefore, the initial assumption
that the circulation on the wing drops to zero at the end of the
upstroke is also supported.

The approximate balance of forces implies, but does not prove,
that vortex-induced flows measured in the wake are sufficient to
explain the forces from the beating wing. As noted in the
Introduction, additional terms could still be encountered from
acceleration of the vortex elements themselves, leading to a
contribution from the vortex added-mass. Dabiri (Dabiri, 2005)
proposed a vortex–wake ratio, Wa, as a measure of the importance
of flow unsteadiness when such terms might be important, with a
corrected formulation in Dabiri et al. (Dabiri et al., 2006). Wa is
proportional to the difference between the true convection of a vortex
structure and its own self-induced velocity (the velocity it would
have in the absence of external influences) and can be estimated

⎡
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from the wake data in experiments like these. Hedenström et al.
(Hedenström et al., 2006b) estimated Wa for a thrush nightingale
at its slowest flight speed of 4·m·s–1, when unsteady effects are most
likely to be important, and found that Wa=0.06, about 7 times less
than the suggested threshold criterion. In the swift wake, there are
no strong, single coherent wake structures and no simple description
of line vortices (such as rings) can be given. The unsteady, time-
varying terms describing the wake evolution will be smaller still,
and added mass terms can be ignored. Such is the case in the far
wake described here, and we await further studies of the near-wake
dynamics when the question can be re-examined.

The continuously varying wake circulation, and its implied
continuous variation of loading on the wing itself points to a wing
that generates thrust not by flexing greatly on the upstroke, but by
reducing the local aerodynamic angle of attack. This rigid-wing
wake, and the quite simple kinematics that produce it, make the
numerical modelling much different from that of previously studied
birds. The simple empirical integration model presented here is self-
consistent and suggests that a more sophisticated wake model with
constantly varying spanwise and streamwise vorticity, somewhat
analogous to Prandtl’s horseshoe vortex model (Prandtl and Tietjens,
1934) but following a slowly varying wing path, could be successful
too. The unsteady lifting-line model of Phlips et al. (Phlips et al.,
1981) has a prescribed wake geometry that is quite similar to that
assumed here, as does that of Hall et al. (Hall et al., 1997), where
the wake geometry is that produced by the time-varying wing
circulation distribution, which minimizes the power consumption.
The wakes in both studies are qualitatively similar to the one
modelled here (Figs·10, 11), partly because the swift wing is
relatively rigid.

Hall et al. (Hall et al., 1997) predicted a trade-off between flapping
amplitude and flapping frequency, with a ridge of optimum power
requirements from amplitudes �h=35° at kb=4 to �h=20° at kb=10,
where �h=(�u + �d)/2 and kb is a reduced frequency based on span,
reading:

in our notation. However, kb for the swift never reaches the values
predicted by Hall et al., varying from 2.2 to 2.7. Flapping amplitudes
are also significantly higher, with �h�55° being typical, and the
model does not predict the kinematics observed here. Phlips et al.
(Phlips et al., 1981) did not perform an optimization study but
investigated the propulsive efficiency while varying independent
parameters prescribed by a particular kinematics/wake. They also
describe a balance between flapping amplitude and frequency, and
reported that time-averaged unsteady effects were only beneficial
when the equivalent frequency parameter kb>2. While this criterion
is met by the swifts, the modelling effect of collecting together vortex
elements at the extremes of the wingbeat, we now see, is not
supported by the data.

In both cases, further quantitative progress might depend more
on the correct modelling of viscous terms, most particularly the drag
on the wings and body, which is difficult to measure and predict
even for steady wings at this Reynolds number, Re (Spedding et
al., 2008).

Estimating drag and L/D ratio
The measurement of wing and body drag in animal flight is
notoriously difficult, and the sensible outcome of the model with
respect to weight support encourages its extension to the estimation
of horizontal forces from the wake properties, as in Hedenström et
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Fig.·11. Approximating the wake shape by ellipses. Flight direction is from
right to left, and wingtip traces are viewed from the side (A) and above (B).
Heavy lines denote ellipses fitted to the down- and upstroke wake
geometry. The ellipses are seen from above in B and obliquely from the
side in C, and their projection onto the horizontal plane is shown in D.
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al. (Hedenström et al., 2006a). Let us suppose that the identified
wake structure (Fig.·4A–C) accounted for in the calculations above
is distinct from the drag wakes that also must be present (i.e. Fig.·4D,
Fig.·6). Projecting the ellipses of down- and upstroke (Fig.·11) onto
the vertical (rather than horizontal) plane yields the impulse directed
in the horizontal direction, analogous to Eqns 6 and 7, as:

and

for the downstroke and upstroke, respectively, where A is the
wingbeat amplitude. The net horizontal impulse, defined as positive
in the direction of flight, comes from the difference between the
down- and upstroke components over all span locations:

The same correction is made for wake shape and span efficiency,
and so the net horizontal force is:

Since flight speed is constant, the net forward force is equal and
opposite to the total drag, D, on the wings and body.

In steady horizontal motion there is no net horizontal momentum
in the wake, and the local velocity defects caused by friction and
pressure drag on the wings and body will be exactly balanced by
the net thrust. In making analytical models (e.g. Rayner 1979a;
Phlips et al., 1981; Spedding, 1987) it is common to construct a
wake composed of relatively few vortex elements and to suppose
that the net forward momentum flux in this wake balances the
viscous drag, which itself is not explicitly modelled. Similarly, one
might imagine that the simple wake models derived from
experiments such as these represent the thrust wake generated by
the wings, but not the drag component. As a very simple example,
Fig.·10 and Eqns 11–14 do not include the observed body drag wake
patterns seen in Fig.·6A. Note that Eqns 11 and 12 use amplitudes
from kinematics and not from the observed wake geometry. The
latter could be used but are known with less certainty as the self-
induced wake deformations would complicate simple geometric
measures. The idea that the identified wake structure corresponds
to a pattern that balances a separate drag component is plausible
but difficult to test because accounting for all components of the
wake would require tracing their origin back to particular events on
the wings and body.

Making the assumption above, Eqn 14 can now be used to
calculate the drag of the whole bird in flight, and for the swift this
value is D=Fx=0.029·N. In steady flight, the lift, L, is equal to the
weight, L=W=0.383·N, and so at a flight speed U=8.4·m·s–1, the
effective L/D=13.3.

A similar approach (with the same assumptions) gave L/D=7.5
for a robin in flapping flight at 9·m·s–1 (Hedenström et al., 2006a).
The higher L/D for the swift suggests that the aerodynamic design
of the swift is better optimized for energy-efficient flight, and the
streamlined body and the high aspect ratio wings are obvious
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morphological indicators that would make such a finding
unsurprising. The L/D estimate applies only to the specific flight
speed for which it is measured, and even though the bird was allowed
to fly at its preferred flight speed, this does not necessarily
correspond to the maximum L/D. Further, we may note that L/D
for flapping flight is not obviously related to the same quantity for
gliding flight. Due to the flapping motion, both extra lift and extra
drag are expected, but their relative change is not known. Previous
estimates of L/D in gliding flight are 12.6 for a jackdaw (Rosén and
Hedenström, 2001) and 10.9 for a Harris’ hawk (Tucker and Heine,
1990). These birds both have less streamlined bodies and lower
aspect ratio wings than the swift but have almost as high an L/D in
gliding as does the swift in flapping flight. L/D for the gliding swift
may yet be higher still, and DPIV studies of the steady gliding flight
of swifts are planned. Lentink et al. (Lentink et al., 2007) measured
the lift and drag forces of preserved swift wings with varying sweep
and at different airspeeds, and L/D of the swift wing–body assembly
was approximately equal to 10 at U=9·m·s–1. L/D at each fixed sweep
angle was a very sensitive function of flight speed. Although care
was taken to allow passive deformation in response to the
aerodynamic loading, working with inanimate animal parts is
always problematic and the higher measurement from flapping flight
suggests that the free gliding value could rather be higher still.

Based on the same assumptions as for the L/D estimate, one may
also define time-averaged lift and drag coefficients for the entire
wing/body assembly as: 

where q=�U2/2 is the dynamic pressure and S is the wing planform
area (given in Table·1). The required/measured CL=0.61, which is
readily obtained in well-designed wings at these Reynolds numbers
(Re=Uc/�, where c is the mean chord length and � is the kinematic
viscosity; for U=8.4·m·s–1, Re=2.2�104) but higher than the value
of approximately 0.4 inferred from wake measurements of other
species flying close to their preferred flight speed (Spedding et al.,
2008). Defined as above, CD=0.05. Caution is required in comparing
CD values because the reference area must (1) be specified precisely,
and (2) be the same between cases. Here we use wing planform
area simply for convenience. Alternatives include total wetted
surface area and projected frontal surface area, neither of which is
readily calculated from the data available. The Lentink et al. (Lentink
et al., 2007) experiments measured lift:drag polars of pairs of fixed
swift wings glued together, calculated a drag coefficient from the
force balance measurements and then added a drag coefficient for
the body. Since the wing calculation used S as the reference area,
the measurements are roughly comparable to those given here. The
wing pairs occupied a family of lift:drag polars with varying sweep
angle, and for the CL=0.6 calculated here, values of CD ranged from
0.045–0.08. Our value of 0.05 lies at the lower end of the range,
even though it was calculated for flapping flight.

Cost and benefit of the flight style
During downstroke the forward force is Ix,d/T=0.07·N and during
the upstroke the opposite force is Ix,u/T=0.04·N. Thus, the
counteracting negative thrust during the upstroke is approximately
60% of the thrust generated during the downstroke, implying that
the active upstroke is expensive from a thrust generation point of
view. However, similar calculations show that the lift produced
during the upstroke is also 60% of that produced during the
downstroke. This relatively high upstroke contribution to the lift

 CL = , (15) 
L

qS
 CD = ,

D

qS
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may be why the active upstroke is favoured despite the cost in
reduced thrust. Moreover, there could be benefits in control and
manoeuvrability if a large part of the wing is always active, and
agility may well be as important in the ecological balance as steady
flight efficiency.

CONCLUDING REMARKS
Swifts are renowned for their extreme aerial lifestyle, and also for
their curved, relatively inflexible wings. The lunate planform has
been shown to be efficient in analytical models of unsteady, low
amplitude propulsion (Lighthill, 1970; Cheng and Murillo, 1984;
Karpouzian et al., 1990), originally applied to bony fish, sharks,
whales and dolphins. The rigidity of the wings may indicate an
attempt to maintain this efficient shape in straight and turning flight.
Because the wings do not flex on the upstroke as in many other
birds of comparable size, their wakes are different too, reflecting
an upstroke that seems to be a slightly feathered (local incidence
angles on the wing are reduced to reduce the magnitude of the forces)
version of the downstroke.

The almost continuous shedding of spanwise vorticity into the
wake is very different from that of birds studied thus far, and requires
a different empirical model of the vortex wake. The simple
integration of the wake components presented here appears to be
successful in accounting for the gross, time-averaged forces in steady
flight. Although it is still difficult to deduce wing properties from
these far-wake measurements, the estimated effective L/D=13.3 is
quite respectable for flapping flight at these Reynolds numbers, and
is higher than yet measured for any other live bird.

The variation of local wing loading by variation in local angle
of attack of a comparatively rigid wing is much more similar to
something that might be emulated when constructing a micro air
vehicle (MAV), where excess flexibility can lead to prediction and
resonance problems (e.g. Shyy et al., 1999; Lian and Shyy, 2007).
Not only is the basic mechanical design easier but also the reduced
amplitude of variation of the aerodynamic forces leads to much
easier design for stable flight. MAV-sized ornithopters may be more
swift-like than any other bird studied so far.

LIST OF ABBREVIATIONS AND SYMBOLS
A wingbeat amplitude
b wing semispan
bj width of local span section
c mean wing chord
CD coefficient of drag
CL coefficient of lift
D drag force
f wingbeat frequency
g gravitational acceleration
Ix horizontal wake impulse
Iz vertical wake impulse
L lift force
m mass of the bird
q dynamic pressure
R span ratio
S wing area
Se projected area of wake ellipse
T wingbeat period
Td downstroke duration
U flight speed
W body weight

 circulation

0 reference circulation for weight support in steady gliding flight

1 reference circulation for weight support by downstroke vortex

loop
� stroke angle

� wake wavelength
� air density

Subscripts u and d indicate upstroke and downstroke, respectively.
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