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ABSTRACT 

There has been much speculation about the significance 

of avian formation flight, yet it's purpose is still 

unknown. To explain the phenomenon, two hypotheses have 

been proposed. The first describes linear formations, such 

as vee formations, as a function of the visual, social and 

spacial needs of the particular bird. The second hypoth-

esis proposes that formation flight exists to conserve 

flight energy for the formation as a whole. The proposed 

conservation of flight energy is achieved by an overall 

reduction of in-flight drag, or by taking advantage of lift 

components of the vortex wake produced by the preceeding 

bird in the formation. 

To confirm basic aerodynamic considerations of 

flapping bird flight, and to clarify the sequential wing 

actions during such flight, a Budgerigar (Melopsittacus 

undulatus) was taught to fly in a wind tunnel. Airflow 

characteristics around the bird were made visible by 

directing a stream of chemical smoke into the tunnel. The 

bird was photographed during flight. 

The photographic flight data were used in conjunction 

with data on formation flight geometry to construct a 

hypothetical model of a five bird vee formation. The model 
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was subjected to analysis using standard aerodynamic 

principles to determine the extent of drag savings 

available to the birds in the formation. 

The reduction in aerodynamic drag was much less than 

previously hypothesized, and the use of a fixed wing 

analogy for flapping flight was determined as an oversim-

plication. Previous aerodynamic studies of formation 

flight are discussed and compared to the results of this 

study, and investigation methods are proposed for further 

work which may provide answers to the question of a 

possible aerodynamic advantage to formation flight. 
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INTRODUCTION 

This study was initiated to investigate the hypothesis 

that flapping avian wing aerodynamics as described by Cone 

(1968) would establish a more accurate basis from which to 

construct a vee formation flight model, than the fixed wing 

analogies presented by authors of previous studies. Specu-

lation about the significance of vee formation flight 

centers around two hypotheses. The first deals with purely 

social, physiological or behavioral reasons for the 

existence of vee formations. Forbush (1912) and Bent 

(1925) stated that vee flight formations allowed each bird 

room to work its wings and yet allow a clear view ahead. A 

variant of this view notes that the eyes of birds are 

fairly immobile and that the flight formations are 

necessary to keep the neighboring birds in view {Poncy, 

1941; Van Wormer, 1968; Heppner, 1974). 

The second hypothesis suggests that avian vee 

formation flight is a behavorial adaptation which allows 

the flock as a whole to conserve energy through the 

reduction of aerodynamic drag. 

Lissaman and Shollenberger (1970) and Hummel (1973), 

among others, have proposed that an overall reduction in 

flight energy could be achieved by birds flying in a vee 
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formation. Each succeeding bird in the formation would be 

in the rising component of the vortex wake of the bird or 

birds ahead. The theoretical models proposed by Lissaman 

and Shollenberger and by Hummel were not based upon aerody

namic data obtained from the study of flapping flight, but 

relied upon fixed wing analogies. 

This study presents a theoretical model of a vee 

formation flight of Canada Geese which refines Lissaman and 

Shollenberger (1970) and Hummel (1973) models. This model 

assumes that the vortex wake of each bird within the 

formation adheres to the principles of flapping wing 

aerodynamics as described by Cone (1968). 



LITERATURE REVIEW 

The Canada Goose was chosen to provide the basis for 

the vee formation flight model presented in this study. 

This bird is most typically associated with the formation 

flight phenomina, and adequate data are available on the 

geometry of its flight formations. 

The Canada Goose (Branta canadensis) is one of North 

America's largest waterfowl with an average wingspan of 

1.52 meters and a body weight of 3.74 kilograms (Ruthven 

and Zimmerman, 1965). Geese are strong, graceful flyers 

and can maintain a cruising speed of 56.3 to 85.3 kilo

meters per hour (Preston, 1892; Tucker and Schmidt-Koenig, 

1971) and can fly at top speeds of 96.5 kilometers per 

hour (Van Wormer, 1968). 

Canada Geese live in close knit family groups. The 

young are kept with the parents until the beginning of the 

new breeding season, and the parents mate for life 

(Delacour and Mayr, 1945; Elder and Elder, 1949; Beer, 

1958). 

The Atlantic Canada Goose migrates in the fall from 

its breeding grounds in southern Labrador, down the east 

coast of North America, to its wintering habitat in south

eastern United States and northeastern Mexico (Hanson, 1965). 
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Canada Geese migrate in large angular formations 

believed to be made up of numbers of families (Phillips, 

1910; Elder and Elder, 1949; Beer, 1958). Darling (1952) 

suggested that the social behavior of flocking, by virtue 

of its existence must have some survival value, but at 

present none has been shown. The formation of the flocks 

for migration may be due to several causes. Werth (1958) 

4 

proposed that flocking was an innate behavioral character

istic, while Lorenz (1937) stated that flocking is initi

ated by the white vee-shaped area on the rump of the goose, 

which acts as an automatic release. Emlen (1952) and 

Collias (1952) suggested that flocking is a result of the 

decline of gonadal hormone activity. Darling (1938) 

observed that as large flocks are forming before migration, 

frequent practice flights are undertaken which probably 

lead to a uniformity of mood and synchronization of flight 

patterns. 

The migration flights may cover more than two thousand 

miles (Hanson, 1965), but are not made all at once. The 

flocks move at a moderate pace, stopping at selected areas 

along the migration route to rest and feed. Non-stop 

flights may not last more than 8 to 10 hours. At 80 kilo

meters per hour, a 10 hour flight would carry the flock 800 

kilometers. Pennycuick (1969) mentioned that it would be 

interesting to investigate how long geese and swans, having 

high wing loadings, could fly at a given "fuel" load. 



5 

Flight energy expenditures for birds can be as much as 

eight times the resting metabolism (Raveling and La Febvre, 

1967); however the actual energy requirements may vary 

greatly from one species to another due to differences in 

size, weight, and flight speed (Pennycuick, 1969; Nisbet, 

1967; Schaefer, 1968). Energy for flight is obtained 

through the metabolism of fats (Tucker, 1971). One way to 

prepare for long migratory flights would be to engage in 

hyperphagia. Nisbet (1963), King and Farner (1965), and 

George and Berger (1966) noted that migratory fat 

deposition was primarily restricted to smal l passerine 

birds that migrate at night or over large ecological 

barriers such as seas or deserts. The larger migratory 

birds such as geese and swans have the same proportion of 

flight muscle to body weight as smaller birds (Greenewalt, 

1962), yet have higher wing loadings. It would seem that 

this combination of factors, including the h igher flight 

speeds, would dramatically increase the flight energy 

consumption and severely limit the non-stop flight range 

(Nisbet, 1967; Pennycuick, 1969). In fact, the opposite 

may be true. Schaefer (1968), after an analysis of bird 

aerodynamics, found that the power to weight ratio 

decreased very slowly from the smallest to the largest 

species, implying that the energy needed to fly a given 

distance is approximately inverse to the flight speed of 

the bird. It will be shown later that this observation 

also agrees with conventional fixed wing aerodynamics. 
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The flight mode a bird engages in may also serve to 

reduce the overall energy needs of migratory flight. Birds 

such as hawks and vultures conserve energy during flight by 

soaring on rising currents of air (Davis, 1896; Raspet, 

1950; Parrott, 1970). Long distances can be covered by 

utilizing alternate flapp i ng and soaring flight. Austin 

(1961) noted that cormorants utilize this method of flight. 

Geese, however, have not been observed using any method of 

flight other than continuous flapping. Pennycuick (1969) 

has suggested that flight energies might be reduced by 

flying in areas of rising air currents on the lee side of 

hills and mountain ranges. Flight over areas with high 

thermal activity would also benefit energy consumption 

during migratory flights. 

Any object that moves through a medium is impeded by 

drag. As a bird flies through the air a significant amount 

of the energy expended is used to overcome aerodynamic drag 

(Cone, 1968). The drag on a bird in flight is made up of 

two components; parasite drag and induced drag. Parasite 

drag is created by the resistance of a body moving through 

a fluid medium and has two main components, form drag and 

viscous drag. Form drag is a function of the streamlining 

of the form moving through the air. Viscous drag or skin 

friction varies with the viscosity of the fluid medium and 

the roughness of the surface of the moving body. The 

amount of parasite drag produced is directly proportional 

to the speed of flight, while the magnitude of induced drag 



is inversely proportional to flight speed (Dwinnell, 1949; 

Parkinson, 1944). Induced drag arises from the rearward 

inclination of the resultant lift vector on a lift 

producing body, and is present even for what aerospace 

engineers term a perfect fluid in which there is no 

parasite drag (Dwinnell, 1949). The magnitude of induced 

drag is dependent upon the wing shape, bird weight and the 
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flight speed. A large induced drag would be experienced by 

a heavy, slow flying bird with short, wide wings. 

Birds that are not required to make long migratory 

flights or fly at high speeds for any distance may not need 

low drag wing and body configurations. Pheasants and quail 

have short stubby wings with unstreamlined bodies. The 

survival value of a low drag body form is insignificant in 

the habitats occupied by birds of this type. Passerines 

have body forms intermediate between low and high drag 

types. Most passerines are migratory, yet their life style 

and habitat dictate that they have relatively short wings 

for more maneuverable flight. Birds such as hawks and 

vultures fly at relatively slow speeds so that parasite 

drag is minimized. 

Soaring birds have characteristically efficient high

lift wings. High aspect ratio wings like those of the 

dynamic soaring birds produce a high lift to drag ratio. 

Savile (1957) suggested that the broad slotted wings 

of terrestrial soaring birds serve a dual purpose. The 

shorter, broader wing allows a more powerful flapping 
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stroke needed to maneuver around obstacles, while 

maintaining the same wing area. The slotted wing tips 

compensate for the loss of lift to drag efficiency by 

smoothing the air flow over the wing tips. Cone (1968) 

concluded, after an extensive theoretical aerodynamic 

analysis of flapping flight, that the spreading and flexing 

of the primary feathers during soaring or flapping flight 

allowed a gradual reduction of pressure differences between 

the upper and lower wing surfaces thereby helping to reduce 

the magnitude of the wing tip vortex induced drag. 

Birds that migrate over long distances at high speed 

have body forms that are adapted to creating the least 

amount of parasite and induced drag. Pennycuick (1969) 

pointed out that geese and swans have more streamlined 

bodies than most other birds, and their long, slender, 

pointed wings may be more efficient at minimizing induced 

drag at high speeds in flapping flight, than the square 

ended, slotted wings of static soaring birds. 

In the above discussion on drag reduction, the 

principles cited are primarily associated with fixed wing 

systems. To accurately measure the total aerodynamic 

properties of bird flight, one must investigate the aerody

namics of the flapping wing system. The flapping wing can 

be considered as a mechanical oscilator being driven at 

various frequencies (Greenewalt, 1960). Tucker (1966) 

suggested that such a resonant system can attain a given 

amplitude of oscillation with a minimum of energy input and 



could be a device for conserving energy in flapping wing 

bird flight. Brown (1953) stated that the flexible 

structures of a bird's wing can have no fixed aerodynamic 

properties due to the constantly changing forces on the 

wing. A flapping-wing bird is a non-rigid flight system 

and the center of gravity is constantly changing with the 

distribution of the mass (Cone, 1968). The induced drag 
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created by the flapping wing and the associated vortex wake 

are the most complicated features of the aerodynamics of 

flapping flight. Both Cone (1968) and Raspet (1950) have 

stated that birds may even be able to gain energy from the 

vortex wake. Cone theorized that the vortex wake produced 

during certain elements of the flapping cycle would result 

in either no induced drag or even negative induced drag 

(thrust). Cone suggested that the largest portion of drag 

produced during flapping flight was induced drag. Raspet 

(1960) proposed that further drag reduction could be 

achieved by the control of boundary layer vorticity using 

the selective porosity of bird feathers. Raspet noted that 

feathers were ten times more porous from top to bottom than 

in the other direction; this could minimize drag during the 

"recovery stroke" of the wing by reducing boundary layer 

turbulence. 

Linear flight formations, as described by Heppner 

(1974), have been considered by many authors (Munk, 1933; 

Storer, 1948; Geyr von Schweppenburg, 1952; Savile, 1957; 

Terres, 1968; Nachtigall, 1970; Lissaman and Shollenberger, 



1970; Hummel, 1974) as a probable means of conserving 

flight energy by utilizing energy normally lost to the 
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vortex wake. Forbush (1912), although little was known of 

aerodynamic principles at the time of writing, also foresaw 

some aerodynamic utility in formation flight though he 

described it as breaking or smoothing of the air by the 

leading bird in the flock. Bent (1925) and Van Wormer 

(1968) also describe this as a possible function of linear 

formation flight. 

Austin (1961) noted that vee or variations of the vee 

formations are used generally by large heavy birds that 

have high wing loadings. Birds such as geese, swans, 

cormorants, pelicans, flamingos, storks, herons, and the 

larger ducks might have to expand proportionally larger 

amounts of energy for migratory flights than smaller, 

lighter birds. For them, energy saved by formation flight, 

would be highly beneficial. 

Typical of the vortex use theories is that of Lissaman 

and Shollenberger (1970). Their hypothesis is based upon 

the geometry of the flight formation and the production of 

wing tip vortex wakes. The arrangement of birds in vee 

formations where the angle between the apex and legs varies 

b 0 0 etween 27 and over 90 (Gould, 1972) would allow each 

bird in the formation to fly within the upwash field 

created by the wing tip vortex of the bird ahead (see 

Figure 1). This would enable a flock of birds to fly a 

given distance with less power needed to generate the 
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lifting momentum than a bird flying the same distance alone 

(Lissaman and Shollenberger, 1970). Lissaman and 

Shollenberger have calculated that for an elliptically 

loaded wing (ie. equal downwash behind the wing throughout 

the span) the optimum vee formation would have a vee angle 

0 
of greater than 90 , becoming more swept at the end with a 

wing tip to wing tip spacing of less than one-tenth of the 

span. 

Using a method of radar tracking, Williams and 

Klonowski (1976) found a greater variation in vee angles 

between separate formations. The measured vee angles 

varied between 38° and 124°. The differences in measured 

and calculated vee angles as described by Gould and Heppner 

(1974) and those of Williams and Klonowski (1976) may be 

due to inherent differences in the data gathering 

techniques used by the authors. Gould and Heppner's 

optical technique enabled them to measure relatively small 

formations while Williams' radar technique could only 

resolve larger formations that may be too poorly organized 

at the apex to be measured by Gould and Heppner's optical 

method (Williams and Klonowski, 1976). 

Lissaman and Shollenberger (1970) pointed out that 

even the bird at the apex of the formation would receive a 

drag savings due to the upwash created by the birds behind, 

as described in Munk's (1933) stagger theorum. Hummel 

(1973) suggested that the geometry of the formations is 

most important. He stated that the individual at the apex 



Figure 1. A hypothetical vee formation of five 

birds showing the average vee angle and distance 

between birds along the arms of the formation, as 

described by Gould (1972). Distance X is 

determined by the flight speed and power stroke 

duration. Distance Y between vortex segments is 

determined by the flight speed and the time needed 

to complete the feathering, recovery and manus 

alignment phases of the flapping cycle. The 

dashed rectangles represent two complete vortex 

units created by bird b. during two flapping 

cycles. 
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of a straight-sided formation has the smallest reduction in 

flight power demand. Hummel suggested that by modifying 

the shape of the formation such that the lead birds are 

more closely abreast while those at the ends of the arms of 

the formation are further behind (Figure 2), a uniform 

distribution of flight power reduction would be achieved. 

Gould (1972) found that with Canada Geese, the apex angle 

was acute and that the arms of the vee were, for the most 

part, straight, while the vee formations observed by 

Williams and Klonowski (1976) more closely resemble the 

optimum formation configuration described by Lissaman a nd 

Shollenberger (1970) and Hummel (1973). 

While there is no empirical evidence to suggest that 

Lissaman and Shollenberger (1970) or Hummel's (1973) 

optimal flight formation would provide the even power 

reduction claimed, their theories are aerodynamically 

sound. Since such "opt i mal" flight formations are rarely 

maintained for long periods, if ever, in nature it might be 

assumed that geese may gain some aerodynamic advantage from 

formation flight, but cannot sustain the optimum flight 

conditions because of the difficulty in maintaining a rigid 

flight structure. They might also maintain linear 

formation flight primarily for social or communicative 

reasons. Some authors contended that flight formations 

serve purposes other than aerodynamic ones (Queeney, 1947; 

Franzisket, 1951; Hamilton, 1967), and offered the expla

nation that linear formation flight provided an area of 



Figure 2. Optimum formation configuration for 

equal distribution of drag reduction x
1 

and x
2 

are 

average distances between bird wing tips (Hummel, 

1973). 
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turbulence-free air to fly in, and yet maintained a high 

degree of visual contact with the rest of the flock and a 

clear view ahead. Franzisket (1951) argued that wing tip 

vortex energy was insignificant in its benefit to the 

17 

flock. Hamilton (1967) further proposed that the flight of 

large numbers of birds in one group enhanced the accuracy 

of navigation. A flock would take the direction preferred 

by the majority of the members. Keeton (1971) showed that 

single pigeons navigated as well as large groups flying 

together. However, it may be that the quality of the 

navigational abilities of pigeons in general are far 

superior to those of other birds. Heppner (1974) suggested 

that vee or echelon formations could be a method by which 

each bird in the formation could keep the image of 

neighboring birds in maximum resolution on the fovea. 

Heppner pointed out that the eyes of birds which are 

generally associated with linear formations are relatively 

immobile. A bird with its head pointed in the direction of 

flight, sees areas of clearest vision ahead and to either 

side, Hanson (1965) reported that vocalization during 

flight may serve to maintain contact and keep the flock 

together. His hypothesis suggests that visual communi

cation may not play as important a role in formation flight 

as previously thought. 

Another condition often imposed on the wing tip energy 

theory of linear formation flight is that some sort of wing 

beat phase relationship must be demonstrated by successive 



18 

birds in formation. Geyr von Schweppenburg (1952) stated 

that a wing beat phase relationship was necessary for the 

formation to achieve any aerodynamic advantage from linear 

formation flight. Geyr von Schweppenburg suggested that if 

the wing tip vortex were to be used to minimize induced 

drag, the vortex must be encountered by the wing of the 

following bird during a power stroke. If the vortex is 

encountered during the recovery stroke the advantage is 

wasted because no induced drag is generated by the aerody

namically unloaded outer section of the wing. Nachtigall 

(1970) demonstrated a precise phase relationship in the 

wing beats of geese flying in vee formations using film 

analysis techniques. Nachtigall found that the farther out 

along the arms of the vee formation the geese are located, 

the later their wings achieve a given stroke position. The 

difference in stroke between immediate neighbors remained 

more or less constant. The bird at the apex generally 

established the wing beat rhythm for the formation, 

however, Nachtigall (1970) observed as many as five 

separate phase relationships within a single large vee 

formation, each operating in a separate section of the 

formation. Gould (1972) and Berger (1972), using cline 

film analysis, were not able to find a constant wing beat 

phase relationship in Canada Geese and therefore concluded 

that any aerodynamic facilitation from linear formation 

flight was unlikely. The question of wing beat phase 

relationships is still unresolved; the conflicting evidence 



19 

may be due to inadequate analysis techniques. The use of 

modern computer analysis in conjunction with oscillation 

theory and improved data acquisition techniques may be the 

best way to resolve the question. A phase relationship may 

not be necessary for the utilization of wing tip vortex 

energy. 

Poncy (1941) based his hypothesis concerning vee 

formation angles on the anatomical form of the birds. 

Poncy stated that after many years of observation the vee 

angles observed were due to the ability of the bird to see 

past its wing tips to remain in contact with the other 

birds in the formation. He illustrated this with drawings 

of three different formations. The neck length to wing 

spread ratio for Avocet (Recurvirostra avocetta) results in 

an obtuse vee angle due to the short necks of these birds. 

Great Cormorants (Phalacrocorax carbo) with necks longer 

than the Avocet, form vee formations with less obtuse 

angles. The Greater Flamingo (Phoenicopterus ruber) with 

its long neck forms a vee angle of almost 90°. All angles, 

Poncy stated, are directly influenced by the neck length 

and amount of room for wing flapping. It is not known how 

Poncy measured the angles of the formations he observed. 

Gould (1972) and Heppner (1974) suggested that 

measurements of actual air flow conditions around the wings 

of birds in fl?pping flight would be .needed to determine if 

the wing tip vortex geometry and forces involved, were 

adequate to support the vortex energy capture theory of vee 
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formation flight. Heppner (1974) suggested Tucker's (1968) 

techniques of flying birds in wind tunnels might be adapted 

to this end. Brown (1952) used the wind tunnel to measure 

the lift produced by a portion of a bird's wing at 

different angles of attack. Brown's results showed that 

the bird's wing was highly resistant to stalling because 

the individual feathers were allowed to maintain their 

angle of attack as the wing was rotated in the air stream. 

Eliassen (1963) showed the importance of the ventral wing 

surface as a metabolic heat radiator by training a bird to 

glide in a wind tunnel. A walking or running mammal 

expends 10 to 15 times more energy to cover a given 

distance than a bird of the same size does (Tucker, 1971). 

Some birds may be even more efficient than machines; the 

Canada Goose may be able to fly on less energy pound for 

pound than a jet transport. Le Page (1923) investigated 

the aerodynamics of a stuffed Pariah Kite in a wind tunnel; 

and Feldmann (1944) used a plaster model of a gull to 

investigate the lift to drag ratios of birds. Parrot 

(1970) investigated the aerodynamics of a living Black 

Vulture trained to fly in a wind tunnel as did Tucker and 

Parrot (1970) with the Lagger Falcon. Schnitzler (1972) 

used the wind tunnel to investigate the flight speeds of 

the White-crowned Sparrow. 

The aerodynamics of flapping bird flight can be 

explained in terms used for modern fixed wing aerodynamics 

(Cone, 1968). However, this method is accurate only for 
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the most general of calculations of aerodynamic parameters. 

A true mathematical picture would involve an exceedingly 

complex analysis and integration of all the physical and 

aerodynamic characteristics of the bird as a whole during 

flapping flight. The many questions that are associated 

with the formation flight of birds such as the Canada 

Goose, especially those concerning the use of vortex wake 

energy while in formation flight, can only be answered by a 

thorough analysis of flapping wing aerodynamics. Providing 

an accurate and detailed mathematical model for flapping 

flight may prove to be beyond present technology, however a 

representation of the air flow around and behind a flapping 

wing could be demonstrated by adapting F. N. M. Brown's 

(1952) method of flow visualization using smoke streams in 

a wind tunnel, with Tucker's (1966) wind tunnel techniques. 



Data Acquisition 

Methods and Materials 

Wind Tunnel Experimentation 

Investigation of the hypothesis of energy conservation 

as a function of linear formation flight hinges upon two 

main areas of information: the aerodynamic character of 

the vortex wake of a flapping bird; and the geometry of the 

flight formation. 

The essence of this investigation and the basis for 

all data analysis is the formulation of an accurate aerody-

namic model of flapping flight. To confirm some of the 

aspects of the nature of a flapping wing system as 

described by Cone (1968), the flapping flight of a 

Budgerigar {Melopsittacus undulatus) was photographed while 

the bird flew in a wind tunnel. 

The Budgerigar was trained to fly in a wind tunnel, by 

placing the bird in a 50 x 76 cm. Plexiglas flight chamber, 

the front, bottom and rear of which was screened in with 

parallel 1 mm. copper wires (Figure 3). The wires were 

connected to a Sears electronic fence charger through a 

series of resistors to selectively lower the current. 

The birds were initially trained to sit only on a 

Perch offered through the bottom of the chamber. After 
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Figure 3. Plexiglas flight cage showing how the 

electrified copper wires are inserted to cover the 

open cage ends and bottom. 

A. Open ended Plexiglass box. 

B. 1 mm. copper wire electrified grid. Wires 

pass over open ends and along the bottom of the 

cage. 

C. Wooden hold down legs. 
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this was accomplished, the chamber was placed into the 

working section of the wind tunnel. The bird was allowed 

to remain on the perch while the tunnel was run up to a 

speed of approximately 9 meters per second. The perch was 

removed and the bird was not allowed to land in the chamber 

until the perch was returned. After about 2 to 3 hours of 

training spread out over several days the birds were well 

trained and flew whenever the perch was removed. After the 

initial training the birds were exercised every day for 

longer and longer periods of time, until they could fly 

continuously for periods up to 20 minutes. 

The wind tunnel was 13.7 meters long with a 3.6 meter 

square entrance heading down to a 75 cm. x 75 cm. working 

section with Plexiglas doors on each side. The tunnel was 

of Fiberglas and wood construction. Three layers of 3 mm. 

mesh screening separated by approximately 30 cm. were used 

to break up turbulance as air entered the tunnel. In the 

exit duct a 107.9 cm. x 21 BD Axivane fan was driven by a 

25 h.p. G. E. 5CA326El Kinamatic D.C. motor through a belt 

system. Wind speed was controlled by varying the armature 

voltage. A Thermosystem, Inc., Model 4100 air flow meter 

was used to measure the flow velocity (Figure 4). 

To visualize the air flow around and behind the wing, 

a smoke stream was introduced through the tunnel entrance 

by placing a smoke distribution pipe immediately in front 

of the mesh screens. The smoke was produced by burning a 3 

minute Safe Vue white smoke candle in a five gallon metal 



Figure 4. 

tunnel with: 

Side view of the experimental wind 

smoke generator and manifold A, mesh 

screening B, airspeed detector C, flight cage with 

perch D, motor E, and fan F. 
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can. Compressed air forced the smoke out of the can to the 

pipe. 

The bird was photographed during flight against a 

black background using a 35 mm. camera and electronic flash 

system. 



A Review of Applicable Aerodynamic Principles 

Circulation and Lift 

Figure 5 represents the flow around a section profile 

of a wing of infinite length. The section is moving 

through the air at velocity V and meeting the oncoming flow 

at an angle of attack 0(. Due to the characteristics of 

the airfoil and the angle of attack, the pressure on the 

upper wing surface is less than that on the bottom surface. 

Bernoulli's equation for incompressible fluids demonstrates 

that the air flows faster in the low pressure area and 

slower in the high pressure area. The result is a velocity 

of v on the upper surface and VL on the lower surface 
u 

(v1<.v<vu). The resulting velocity difference can be 

thought of as the result of a vortex of strength origi-

nating within the center of the profile and running span-

wise normal to the opposing air flow. A vortex is a core 

of air or fluid rotating as though it were a solid; and 

around which air or fluid flows in concentric circles 

(Houghton and Brock, 1960). The Kutta-Joukowsky law 

indicates that lift is proportional to the circulation 

where circulation is defined as "the line integral of the 

tangential velocity component round any closed circuit in 

the fluid" (Houghton and Brock, 1960). 
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Increasing pressure 



Figure 5. A cross section of an airfoil showing 

stream lines and relative airflow velocities above 

and below the wing section which result from the 

influence of the bound vortex with a circulation 

of I1 . 

v is the velocity of the undisturbed air. 

v is the velocity of the air flowing over the 
u 

airfoil. 

VL is the velocity flowing under the airfoil. 
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differences result in increasing the circulation and 

therefore the lift. 

Wing Vortex Systems 

32 

As described above, the flow around a wing can be 

thought of as the result of a vortex running spanwise 

through the wing; in fact the wing itself could be thought 

of as a single vortex, called a bound vortex. In reality, 

a vortex segment of finite length could not exist. Since 

the interior pressure is lower than the surrounding 

pressure, air would flow in the free ends and the vortex 

would be destroyed. This is the essence of Helmholtz's 

theorem of vortex continuity. To persist, the vortex ends 

would either have to be sealed off by solid plates at the 

ends or form a continuous vortex with no free ends similar 

to a smoke ring. Because large fixed physical barriers 

cannot be placed at the ends of wings, the wing vortex or 

bound vortex as it is called, must form a continuous 

circuit. 

The pressure on the upper wing surf ace in motion is 

lower than the surrounding atmosphere, while the pressure 

on the lower surface is greater. As a result air has a 

tendency to flow toward the center of the wing on the top 

surface, and the air on the lower surface either flows 

inward at a lesser velocity or flows outward toward the 

Wing tips. These opposing flows come in contact at the 

trailing edge of the wing to form small longitudinal 



Figure 6. A top view of a wing with hypo-

thetical spanwise bound and longitudinal trailing 

vortex filaments forming a horseshoe vortex 

pattern. (Adapted from Houghton and Brock, 1960) 
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(streamwise) vortices di st r i bute d along the whole span. 

The small vortices coale sce into two large trailing 

vortices each with a tot al circuiation equal to the bound 

vortex. This vortex sys tem is referred to as a horseshoe 

vortex {Figure 6) . A re sul t of a wing being of finite 

length is that the press ure diff e rential between top and 

bottom must decrease tow ards the wing tips, creating a 

corresponding decrease i n circul a tion of the bound vortex 

and its associated lift. To ma in tain a constant vortex 

circulation balance thro ughout t h e horseshoe, the circu

lation of the trailing v or tices is strongest at the tips 

and diminishes toward th e center of the wing. 

At this point three sides o f a rectangular vortex 
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system have been describ ed . To c lose the circuit, a fourth 

vortex must exist. When a wing i s accelerated from rest, 

circulation and its asso ciated lift is not generated 

immediately. Instead ai r pressu r e builds on the lower wing 

surface and begins to fl ow along the bottom surface and 

around the sharp trailin g edge to the upper surface. The 

acceleration and change in direction are great enough to 

cause the flow to break fr ee, fo r ming a series of vortices 

whose total circulation is equa l to the bound and trailing 

vortices. Once the air along the top of the wing has 

accelerated to a constan t veloc i ty, no more starting 

Vortices are shed from the wing. These initial vortices 

may combine to form a si ng le v or t ex with a rotation 

opposite that of the bou nd vorte x and is called a 
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"starting" vortex (see Figure 6-B). Similarly, when the 

wing is decelerated from a constant velocity to zero, the 

circulation of the bound vortex must decrease to zero. To 

accomplish this, component vortices making up the total 

bound vortex are shed from the wing at a rate that is 

proportional to the rate of deceleration. If the wing 

decelerates to zero at a high rate, the vortices shed will 

form a single stopping vortex equal in circulation and 

direction to the previously bound vortex. 

Wing Forces and Trailing Vortex Drag 

The influence on the flow of air around the wing 

caused by the wing vortex system results in an overall 

downwash downstream of the wing. Figure 7 shows the down-

wash magnitude around the wing caused by the trailing 

vortices. Figure 7-B illustrates the combined effects of 

bound vortex and the trailing vortices and Figure 7-C shows 

the vertical velocities at the wing tips due to the 

trailing vortices. 

Induced Drag 

The consequences of downwash are twofold. First, as a 

result of Newton's third law of motion, lift is propor-

tional to the amount of air displaced downward. Secondly, 

the downwash creates an aerodynamic drag called induced 

drag. Figure 8 shows a typical wing section moving at 

velocity V and angle of attacko( . As a result of the 

downwash velocity W the air flow passing the wing is 



Figure 6-B. Hypothetical single vortex segment 

shed from a flapping wing during a power stroke 

showing circulation directions: 

a. Bound or stopping vortex. 

b. and c. Wing tip trailing vortices. 

d. Starting vortex. 

e. Direction of flight. 
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Figure 7. A cross section of an airfoil moving 

through a fluid. The arrows represent downwash 

velocities arising from the influence of the 

trailing vortex circulation. Each arrow 

represents the vertical magnatude of the downwash 

velocity at points up and downstream of the air-

foil section. (Adapted from Dwinnell, 1949) 
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Figure 7-B. A airfoil cross section with arrows 

illustrating the relative vertical air velocities 

induced both up and downstream as a result of the 

influences of the bound and trailing vortices. 

a = Bound vortex circulation. 

(Adapted from Dwinnell, 1949) 
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Figure 7-C. A rear view of the trailing edge of 

a fixed wing in flight. The arrows represent the 

vertical air velocities at each wing tip and along 

the span due to the influence of the trailing 

vortices. 

a. Trailing vortex circulation. 

b. Wing span. 

(Adapted from Dwinnell, 1949) 
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Figure 8. Flow conditions and forces at a section 

of a three-dimensional wing. Di is the magnitude 

of the induced drag, V is the wing velocity,""' is 

the downwash velocity, o<. the angle of attack,~ 

resultant downwash angle, Lt is the total lift 

produced and L is the resultant lift. 
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deflected downward at an angle e , the downwash angle. The 

total lift vector L can be resolved into the aerodynamic 
t 

forces L and Di respectively. L is the vertical lift and 

Di is induced drag force. A finite airfoil spins the 

airflow near the wing tips into what eventually become the 

trailing vortices. To generate these vortices kinetic 

energy is removed from the airfoil system and is left 

behind. The loss of this vortex energy is manifest e d as a 

vortex drag or induced drag (Houghton and Brock, 1960). 

Flapping Wing Aerodynamics 

Cone (1968) provides data that can be used to 

formulate a model to which the above aerodynamic pr i nc i ples 

can be applied. The flapping cycle of a fast flyin g b i rd 

can be described in four distinct phases. 

1. The power stroke is the phase where the aerody-

namic forces on the wing are producing both lift an d 

thrust, and begins at the instant the wings become f ully 

loaded aerodynamically and are being accelerated forward 

and downward relative to the body. The power stroke ends 

when the wing pinions become aerodynamically unload e d and 

the manus begins to align with the direction of fli g ht. 

2. The feathering transition phase commences when the 

inner wing begins to rise and the manus aligns with the 

flight direction. This phase ends when the manus i s fully 

unloaded and aligned with the airflow and begins to move 

rearward as the wing is lifted up and back relative to the 

body. 
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3. The recovery stroke starts at the termination of 

the feathering transition stage and is the method whereby 

the wing is brought into position for the next power stroke 

as rapidly as possible. The manus is collapsed and moved 

rearward relative to the body and is hanging almost perpen-

dicular to the inner wing. The inner wing is raised to its 

highest elevation and at the termination of the recovery 

phase the manus is ready to be snapped into alignment with 

the inner wing. 

4. The manus-alignment transition phase covers the 

period between the time where the inner wing has reached 

its uppermost movement and the beginning of the power 

stroke. During this phase the manus is snapped into 

alignment with the inner wing, simultaneously becoming 

fully loaded. This phase takes place very rapidly. 

During all phases other than the power stroke, the 

bird wing is essentially unloaded, except for the inner 

position of the wing which may maintain a weak aerodynamic 

load during the feathering, recovery, and alignment phases. 

The resulting vortex wake produced by the inner wing during 

these phases would be extremely weak in comparison to the 

wake produced by the whole wing during the power stroke. 

Flapping Wing Vortices 

Cone (1968) described the vortex wake of a flapping 

wing as the periodic aerodynamic forces occuring on the 

wing during the power stroke. Using a typical Canada Goose 



49 

as an example, in the initiation of the power stroke in 

fast flight, the wings are raised to approximately 55° 

above the horizontal and inclined rearward about 10° to 20° 

from the transverse vertical place. The aerodynamic 

loading of the wing occurs extremely rapidly; as a result, 

a definite starting vortex would be shed into the wake. 

During the wing acceleration, trailing vortices stream from 

the wing tips with a circulation proportional to the lift 

on the wing. At the end of the power stroke the wings are 

angled about 30° below the horizontal and inclined forward 

about 10° to 20° from the vertical plane. As the outer 

wing sections decelerate the bound vortex is shed, forming 

a stopping vortex. Due to the absence of circulation on 

the outer wing during the feathering transition and 

recovery strokes, there will be essentially no vortex wake 

shed during this period. 

Figure 9 is a graphic illustration of the vortex wake 

described by Cone that is shed during the power stroke of a 

flapping wing. Path AB is the path traced by the center 

line of the bird and Path A'B' is traced by a point midway 

along a semi-span. 

Since the geometry and intensity of the flapping wing 

vortex wake changes periodically during the flapping cycle, 

a fixed wing vortex analogy superimposed upon this complex 

system as described by Lissamann and Shollenburger (1971) 

and Hummel (1973) may result in an inaccurate oversimplifi

cation. 



Figure 9. A graphic three-dimensional represen-

tation of a complete vortex segment created during 

a flapping wing power stroke. Path A-B represents 

the movement of the bird's body. Line A'-B' 

represents the path taken by a point midway in the 

right hand semispan during the power stroke. The 

cross hatching represents individual transverse 

and longitudinal vortex filaments. The arrows 

show the direction of vortex circulation for the 

starting, stopping and wing tip trailing vortices. 
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Biot-Sevart Law 

It can be noted in Figure 8 that the magnitude of 

induced drag is directly proportional to the downwash 

velocity, D. 
i 

LxW 
v 

Each component of the vortex wake shed 

by a formation of birds would induce changes in the down-

wash velocity for each bird in the formation. If the sum 

of the vortex induced velocities are opposite to the down-

wash velocity, the vortex drag will be reduced without any 

corresponding reduction in lift. The Biot-Sevart Law can 

be used to calculate the resultant of the combined 

influences of all the vortex segments in a formation of 

birds on the downwash of any bird in the formation. Figure 

10 illustrates how the induced velocity at any point P is 

calculated as a result of a finite vortex with length AB 

and circulation!'. Quantitative data on the nature of the 

circulation along the wing of a bird in flapping flight are 

not available at this time. As a result any investigation 

of flapping wing aerodynamic properties must be based upon 

a simplified hypothetical model. 



Figure 10. An illustration of the use of the 

Biot-Sevart equation to calculate the induced air 

velocity v at point p as a result of the influence 

of the vortex segment A B at a distance h and with 

a circulation of r . 
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p 

c: 

V= 4""* h ( cosoe + cos'{3) 



Model Parameters 

With the flight formation geometry data from Gould 

(1972) and data on flapping wing aerodynamics from Cone 

(1968) supported by the wind tunnel photographs, a good 

approximation of a typical Canada Goose vee formation can 

be described. 

For this study a hypothetical vee formation of 5 geese 

with a simplified flapping wing action was analyzed to 

approximate the total reduction in aerodynamic drag exper-

ienced by the formation as compared to individually flying 

birds. 

Gould (1972) and Williams and Klonowski (1976) found 

that the vee formation angles were highly variable, ranging 

from 27° to over 90° in the formations observed. Gould 

0 
found the average vee angle to be 34 . The mean distance 

between birds along the legs of the formations was 4.1 

meters (Figure 1). The hypothetical formation represents 5 

typical Canada Geese, each weighing 3.2 kg. with a wing 

span of 1.52 meters, an aspect ratio (ratio of span to 

width of wing) of 6, flying straight and level at a cruising 

speed of 54 km. per hour, with an average flapping rate of 

4 beats per second. 
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The vee formation model proposed in this study is an 

outgrowth of both vee formation geometry and an adaptation 

of conventional aerodynamic theory applied to the flapping 

wing system, resulting in a hybrid semi-rigid theoretical 

wing system. The following discussion traces the evolution 

of this model wing system based upon the description of 

Cone (1968). 

To provide adequate simplification for mathematical 

analysis and yet maintain the basic similarities to the 

avian flapping wing, an oscilating, fixed wing model was 

designed for this study. The primary variations between 

the model and an actual bird wing are the absence of the 

rotation of the wing semispans around the humerus joint, 

and the rigid wing structure of the model. 

The omission of the above two factors in the model and 

their relation to the accuracy of the results will be 

discussed below. 

The theoretical wing model retains the ability to 

imitate the four flapping cycle sequences described above, 

and produces an equivalent lift at the same average 

velocity as would an actual flapping goose wing. 

The flapping sequence with the hypothetical wing model 

begins with the power stroke. The entire wing is 

accelerated downward and forward relative to a fixed point 

on the body of the bird. It is assumed that the relative 

Wing velocity and average angle of attack of the model wing 

system are similar to those of an actual flapping wing. At 
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the end of the power stroke the wing rotates around its 

longitudinal axis to a point where the wing is completely 

feathered or unloaded and is then recovered to its starting 

position, ready to begin a consecutive power stroke. 

Figure 11 illustrates the path of the wing from A' and B' 

during a power stroke as the model bird moves from point A 

to B. 

On an actual bird, the two semispans are rotated in 

unison from the humerus joint in a forward and downward 

direction during the power stroke. The distribution of air 

circulation along the wing semispans varies from the base 

of the wing to the tip as a result of the change in the 

velocity of the air flow over the wing from base to tip, 

much like the variation of flow over a rotating propeller 

blade. The modeled bird wing would theoretically maintain 

a constant flow over the entire wing, but the total circu

lation is assumed to remain equal to that of an actual bird 

wing. 

The angle in Figure 11 is assumed to be approximately 

the same for both the model and the actual bird since it 

determines the ratio of lift to thrust. The vortex wake 

produced by the model wing system in straight level flight 

would appear as a series equally spaced vortex loops or 

rectangles of length A'B' each inclined at some angle to 

the horizontal. The velocities induced in the region of a 

Wing by the vortex wakes of other birds in a formation are 

only effective in reducing the induced drag during the time 



Figure 11. An illustration of the wing action 

described in the hypothetical flapping wing model. 

Point A represents the bird center of gravity and 

point A' is in the center of the wing cross 

section representing the starting position of the 

hypothetical wing. Points B and B' represent 

respectively the positions of the body center of 

gravity and the wing cross section after 

completing a power stroke. The angle¢ represents 

the inclination of the resultant vortex to the 

phase of flight. 
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when the wing is producing lift, ie. during the power 

stroke. Vortex or induced drag is proportional to the lift 

produced by a wing, therefore the drag reducing effect of 

formation flight is beneficial only during the power stroke 

while the wing is producing lift. The theoretical wing is 

always ·moving parallel to and in the same plane with the 

vortex wakes of the other birds in the formation during the 

power stroke. (It is assumed that all birds in the 

formation move in the same plane.) If the air flow was 

observed from a reference point on the wing, all air 

movement and vortex influence would be experienced in the 

same plane, allowing the model wing and vortex system to be 

evaluated as if it were a flat two dimensional system. 

Mathematical Analysis of Theoretical Flight Formation 

Th e analysis of wake segments on any single bird in 

the mod e l was limited to only that portion of the total 

wake system that produced a change in the downwash velocity 

of 1 percent or greater. It was further assumed that the 

wing is ellipically loaded during th~ power stroke, so that 

the value of the downwash remains constant across the span. 

The ana l ysis of vortex influences on the total formation 

drag is calculated for each bird, and the totals averaged. 

It was also assumed that there was no wing beat phase 

relatio n ship between the birds in the formation. 

Model An alysis 

Th e analysis of the hypothetical formation was 



Table 1. 

Table of Assumptions 

Assumptions for the formation flight model: 

1. No vortex wake is shed from the wing during 
the recovery stroke. 

2. The vee formation maintains its geometry. 

3. No wing beat phase relationship is maintained 
within the formation. 

4. The wings of each bird in the formation are 
elliptically loaded during the power stroke. 

5. Avian aerodynamics conform to conventional 
aerodynamic theory and associated physical 
principles are transferable. 
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accomplished in three stages. The first stage sums the 

influences of each trailing vortex segment on all birds in 

the formation. 

To obtain the sum of the vortex induced vertical air 

velocities at each bird in the formation, the Biot-Sevart 

equation was applied to each trailing vortex segment in the 

formation. First, the vortex circulation value was calcu-

lated from the value of total lift using the equation 

1) r L 
1t' I 4 f' vb 

This equation gives the circulation value at the center 

of an elliptically loaded wing. L = total lift which is 

approximated by dividing the weight of the bird by COS ~ as 

shown in Figure 11, and then the result by .54. The later 

operation increases the lift magnitude to that provided 

only during the power stroke, since the power stroke lasts 

an average of 54 percent of the flapping cycle (Cone, 

1968). The value of JJ is the density of air at standard 

temperature and pressure at sea level. v is the velocity 

of air flowing over the wings and b is the wing span. The 

circulation as calculated is 6.717 m
2
/sec. The induced 

updraft caused by the trailing vortex wake is calculated at 

a point in the center of each wing in the formation using 

the Biot-Sevart equations. The downwash velocity for any 

bird in the formation is approximated by 

2) = r /2b 
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Figure 12 diagramatically illustrates the typical 

measurements needed to calculate the resultant induced 

velocity at point p on bird B due to the combined influ-

ences of trailing vortices 1 and 2 from bird A. The 

rotation of vortex 1 produces a downwash at point p while 

vortex 2 produces an upwash, so the net influence will be 

an upwash because of the proximity of vortex 2 to point p. 

The second stage in calculating the total drag 

reduction for a vee formation of geese is to sum the influ-

ences of all starting and stopping vortex segments on each 

bird in the formation. Figure 13 gives a typical example 

of the method used. The difference between the total 

induced upwash and downwash for the formation as a whole is 

used to compute the total drag savings. 

After the average reduction in downwash is computed 

for any bird in the formation, the percent reduction of 

induced drag is found by the comparison of Di for a single 

bird and the mean Di for a bird in formation. 

3) Di = 1: t° iu.(' cl~ =J" f _g_ . r ./1-<~e)i d\.t .... 4..t _J 

4) 

integration results in Di =JI.ff 4 (Haughton and 
8 

Brock, 1960) where Di is the approximate induced drag 

for a single bird. 

The relationship 

Di L W (mean) 
v 

gives the induced drag for the average bird in the 

theoretical formation. 



Figure 12. Representation of the method of calcu-

lation of the net upwash caused by trailing 

vortices 1 and 2 from bird A's wing tips on point 

p at the center of bird B's wing span. Equation 

a. calculates the effects of vortex 1, equation b. 

calculates the effects of vortex 2, and c. 

represents the net total upwash. 
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a. v, - . 
_[' (cos~. +l) 

411' h, 

b. v,_ = f' (cos ~ +l) 
411' h2. :l. 

c. v = (V2 - v,) 
tot. 



Figure 13. An illustration showing the variables 

used in the Biot-Sevart equation for calculating 

the induced vertical air velocity at point p as a 

result of vortex 1. A. is the Biot-Sevart 

equation. B. shows the substitution of linear 

measurements for cosCX.. and~ . C. represents the 

Biot-Sevart equation with the substitutions. 
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a. v_ = 4 ~ h (cos P< - cos .j3 ) 

x -y b . c 0 s o( = • c 0 s ~ = ;::::=:=:=:::;: 
'\f h2. + x2 ,..; h'z + y2. 

r . /_ x -y ) 
c. V = 4-rrh ~h2 + xz. -vhz. + y:L 



Results 

Wind Tunnel Photographs 

Photographs 1-6 on the subsequent pages illustrate the 

results interpreted from the wind tunnel experiments. 

Photograph #1 shows the Budgerigar at the end of the 

recovery stroke, just prior to manus alignment. The 

unflexed character of the primary feathers and their 

streamlining with the air flow indicate that the outer wing 

at this point in the flapping cycle is unloaded. The inner 

wing is providing little or no residual lift. 

Photographs 2, 3 and 4 show the progression of the 

power stroke. In photograph 2, the manus has just snapped 

into alignment and the entire wing should be almost fully 

loaded, as indicated by the upward bending at the tip of 

the primaries. It is at this point in the flapping cycle 

that a starting vortex is shed into the wake behind the 

bird. Photograph 3 shows the wing one-half way through the 

power stroke. Maximum lift and thrust are being produced 

at this point. The primary feathers are strongly flexed 

due to the high aerodynamic loading. 

Photograph 4 is particularly significant in that the 

downwash is clearly shown behind the bird. Measurements 

from the photograph shows the angle to be between 10° and 
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15° from horizontal. The downwash illustrated in photo-

graph 4 sugges t s the existance of a rearward inclined 

resultant lift vector on a flapping wing during flight. A 

rearward inclined lift vector would result from the 

influence of a vortex induced drag. The outer portion of 

the wings at this point are in the process of deceleration 

and feathering. The bound vortex would be shed into the 

wake to for m the stopping vortex. 

Photographs 5 and 6 depict sequences during the 

recovery stroke. The feathering transition continues in 

photograph 5, while the outer wing surfaces begin to trail 

rearward. In photograph 6, outer wing is completely 

unloaded and aligned with the air stream. The inner wing 

is being raised to begin another power stroke. It can be 

noticed that there is no observable angle of attack on the 

inner, indicating little or no lift is being produced. 

The r e sults of the mathematical analysis of the vee 

formation model are tabulated on Table 2. The letters in 

column 1 refer to the relative positions of the birds as 

shown in F i gure 1. For example: the first entry refers to 

originatin g bird A as the bird producing the vortices and 

bird B as t he bird experiencing the effect of the vortices. 

Column 3 0 £ the first entry shows the total updraft 

Velocity e x perienced by bird B as a result of the wing tip 

vortices fr om bird A. Column 4 indicates that in the five 

bird format ion this type of influence occurs on four 

separate o ccasions. Bird A's effect on B. Bird Bon 
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bird D. Bird A on bird C and bird C on bird D. The last 

column corrects the value shown in column 3 to reflect the 

intermittant nature of the vortex wake. (The vortex is 

only present 54 percent of the time.) Each succeeding 

entry shows the values calculated using the Biot-Sevart 

equations for each type of influence situation within the 

formation. 

The mean updraft value for a bird in the formation is 

calculated by multiplying column 4 times column 5 and 

calculating the mean value of all influences. The average 

updraft experienced by a bird in the hypothetical formation 

is 0.078 m/sec. The downwash value for a hypothetical bird 

in solitary flight is calculated using equation 2, and is 

0.671 m/sec. The average percent reduction in downwash for 

any bird in the formation is: mean formation updraft/ 

solitary bird downdraft x 100 = 11.6 percent reduction in 

downdraft velocity for the formation. Since downdraft 

velocity and induced drag are directly proportional an 11.6 

percent decrease in induced drag is realized by the forma

tion as a whole. 
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Table 2 

Calculated Updraft Values Due to Vortex Wake Effects on Birds in Vee Formation 
(Refer to Figure 1) 

1 2 

Vortex Originating Effected 
Segment Bird Bird 

Wing tip. A B 

A E 

B E 

B c 

D E 

Stopping, A B 
starting. 

A E 

B A 

E A 

c D 

D c 

Mean updraft for bird in formation. 0.078 m/sec. 
Downwash for bird in formation. 0.591 m/sec. 

3 4 5 

Calculated Corrected 
Updraft Number of Updraft Values 

Velocit_l. m/s Occurrences Column 3 x .54 

0. 3611 4 0.195 

0.072 2 0.039 

0.032 2 0.017 

0.035 2 0.019 

0.008 2 0.005 

0.0 4 o.o 

o.o 2 o.o 

o.o 4 o.o 

o.o 2 o.o 

o.o 2 o.o 

o.o 2 o.o 

Solitary bird downwash. 0.671 m/sec. 
Percent reduction of Di for bird in formation. 11.6 

....... 

....... 



Discussion and Conclusions 

The results from the analysis of the hypothetical 

formation flight model indicate that the five-bird vee 

formation of Canada Geese, in straight and level fast 

flight, the formation would experience 11.6 percent less 

induced drag than a similar bird in solitary flight. Gould 

(1972) and Williams and Klonowski (1976) observed that 

formations of this type are seldom fixed in their geometry, 

with little persistance in formation shape, angle and with 

constant shifts in bird position. In actual flight 

formations an increase in either vee angle or distance 

between individuals in a formation would increase overall 

formation drag, while drag reduction would be enhanced by a 

smaller vee angle and less distance between individual 

birds. Since formation flight is the rule rather than the 

exception, the elasticity of such formations may be assumed 

to be an equilibrium type of oscillation between the 

optimum drag reduction configuration and the need for 

flight maneuvering room. 

The central question regarding the aerodynamic 

advantage of formation flight is whether or not the 

reduction of induced drag would in turn result in a signi-

ficant reduction in flight power requirements. 
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My analysis 
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suggests that it may not. Cone (1968) stated that induced 

drag was the most significant portion of the total aerody

namic drag experienced by a bird in flapping flight, and 

therefore the most significant in terms of the total 

portion of energy used to overcome its effect. The model 

used in this study to calculate the vortex drag reduction 

was, for the purpose of necessary simplification, an 

oscillating rigid wing. The results are therefore based on 

a non-flexible wing structure. Cone's analysis of induced 

drag produced by the elastic bird wing indicates a rela

tively high aerodynamic efficiency for the flapping wing, 

which in all probability is considerably more efficient 

than a fixed wing of the same span, traveling at the same 

body speed and producing the same lift. Cone lists and 

discusses five factors associated with the flapping wing, 

which contribute to the reduction of the induced drag. 

1. Reduction in starting and stopping drags. The starting 

drag can be reduced due to the proximity of the wings at 

the beginning of the power stroke, which results in the 

partial reduction of the starting vortex of each semispan. 

The starting vortices of each semispan are mirror images of 

each other and therefore cancel each other when in close 

proximity. Stopping drag is lessened by the updraft 

created in the wing vicinity by the shed stopping vortex, 

as the wing decelerates. 2 • The curved vortex sheet wake 

lengthens the distance between the vortex wake elements and 

the wing, reducing the induced velocities at the wing. 



3. The relatively high aerodynamic velocity of the wing 

during the power stroke produced a given lift with a low 

wing circulation value, and hence a low induced drag. 

80 

4. The spreading and flexing of the pinion feathers dimin

ishes the local intensity of the vortex by spreading it 

over a wider area. 5 • The unloading of the outer wing 

during the recovery stroke eliminates their vortex induced 

drag during part of the flapping cycle. 

The aerodynamic model proposed in this study was 

designed to conform as closely as possible with the mathe-

matical flapping wing model of Cone (1968). The model is 

capable of reproducing three of the five drag reducing 

factors mentioned by Cone, but only two are included in 

this study. The curved vortex sheet wake factor, and the 

flexability of the wing structure and the reduction of 

starting and stopping vortex drags could be included in the 

calculation of the induced drag produced by the model, but 

the mathematics involved are beyond the scope of this 

study. The high aerodynamic velocity of the wing during 

the power stroke was included in the analysis, as was the 

unloading of the outer wing during the recovery stroke. 

Until sufficient data become available, the actual 

values for the induced drag of a flapping wing cannot be 

obtained. One of the objectives of this study was to 

investigate means by which such data could be obtained. By 

the utilization of a combination of techniques such as air 

flow visualization, high speed photography, and wind tunnel 
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analysis, a satisfactory method could be worked out to 

obtain the needed data. One such procedure would involve 

the measurement of vortex circulation using air flow 

visualization in a wind tunnel. This study found that the 

use of smoke streams as described by Brown (1952) was 

unsatisfactory for all but the most general observation of 

flow direction. Because of the nebulus character of the 

smoke, it was not possible to determine the speed and 

direction of the air flow around discreet sections of the 

wing. The air flow indicator must be resolvable into indi-

vidual particles so that their speed and direction could be 

tracked. Small solid or bubble-like particles of known 

mass and aerodynamic characteristics could be injected 

upstream of a bird flying in the test section of the 

tunnel. The progress of individual particles could be 

tracked by the use of dual stroboscopically controlled 

narrow focal plane cameras mounted to photograph vertically 

and horizontally. The intersection of the focal planes 

would provide a small area of known coordinates through 

which the particle could be tracked. Analysis of sets of 

photographs would provide direction and speed data of 

selected air flows over the wing and in the wake. Circu-

lation and downwash velocity values could be obtained by 

this method. The metabolism of the bird could be 

determined by the method described by Tucker (1968). The 

average updraft for a formation of birds would be calcu

lated using the wind tunnel data and the Biot-Sevart 
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equations. To obtain the energy savings for a formation of 

birds an artificial updraft could be produced in the tunnel 

by either injecting a vertical air flow, or tilting the 

tunnel until the vertical component of the airflow matches 

the value of the induced updraft velocity. Measurement of 

the metabolism of the bird flying in the adjusted 

environment would provide a comparison of flight energy 

requirements of a bird in solitary flight as opposed to 

formation flight. 

Another method of measuring the aerodynamic character

istics of the avian wing during flapping flight would be to 

utilize a modification of the laser anemometry techniques 

described in Appendix A. Laser anemometry was developed 

for the National Aeronautics and Space Administration to 

detect air turbulence and was intended for use at airports 

to measure and track trailing vortexes. It is a laser-

Doppler system that measures air movement by computer 

analysis of laser light reflected from atmospheric dust 

particles, and can be modified to measure air flow around 

subjects in wind tunnels. 

In normal use the laser intensities would be too 

strong for animal subjects. However, if the distances 

between the laser source and the subject were kept to 45 

cm. or less, a low power helium-neon laser could be used in 

conjunction with a photon-correlation signal processing 

method to eliminate the danger of burning the test animal. 

(Robert E. Bower, pers. comm.) 
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Laser anemometry appears to be the most promising 

method of analysing the air flow around live wind tunnel 

subjects since it exerts no external influence on the test 

subject. Drawbacks of system complexity and cost would 

restrict its use as a universal research tool. 

In their analysis of the aerodynamic advantages of 

formation flight, Lissaman and Shollenberger (1970) found 

that a vee formation of birds had approximately 71 percent 

more range than a single bird. If this figure is inter

preted as a measurement of energy savings, it represents a 

much greater saving than that predicted in my study. 

Lissaman and Shollenberger considered the bird to be a 

fixed wing vehicle of the same geometry. When Lissaman and 

Shollenberger's fixed wing analogy was applied to the model 

structure used in this study, a total induced drag 

reduction of only 21.5 percent was calculated for the model 

five bird formation. The 21.5 percent reduction was calcu-

lated using the uncorrected downwash values as shown in 

column 3 of Table 2. These values represent the influences 

of a continuous vortex wake as would be present behind a 

fixed wing traveling at a constant speed. The mean updraft 

value for a formation would be .145 m/sec. Reduction in 

induced drag would be .145 m/sec./.671 m/sec. x 100 = 21.5 

percent. Since Lissaman and Shollenberger did not state 

their method of calculating the drag reduction, the differ

ences in their results and the results of this study cannot 

be reconciled at this time. In steady-state fixed wing 



flight, thrust must equal drag, so the 21.5 percent 

reduction in drag would convert directly to a similar 

savings in flight energy requirements or an extension of 

flight range. In flapping flight, excess thrust is 

produced during the power stroke to accelerate the bird 

forward. The excess thrust makes it difficult to 

determine, in the absence of experimental data, the 

proportion of the total flight energy needed to overcome 

the induced drag created during the power stroke. 

Lissaman and Shollenberger's (1970) paper does not 

take into account the fact that a flapping wing produces 

both lift and thrust simultaneously. Instead they treat 
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the avian wing as if it were only producing lift, which may 

account for the difference in their predictions as compared 

to those of my study. Considering the dissimilarities 

between flapping bird flight and fixed wing flight, as 

mentioned earlier in this paper, the use of a fixed wing 

analogy for formation flight analysis in birds may 

represent an oversimplification. 

In his paper on the power reduction in formation 

flight, Hummel (1973), to the contrary, stated that the 

fixed wing is an adequate simplification for the flapping 

wing. Lissaman and Shollenberger (1970) assumed that fixed 

wing and flapping wing flight are similar in power 

requirements, and therefore must be similar aerodynam-

ically. Hummel (1973) acknowledged some aerodynamic 

disparency between the two flight modes. He, however, 
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reconciled these differences by assuming that a full 

aerodynamic load is carried by the inner portion of the 

wings during the recovery stroke, so that the mean lift 

distribution over the entire wing remains fairly constant. 

This view is opposite to arguments put forth in my study 

and that of Cone (1968), and would result in unnecessary 

energy consumption while reducing the overall efficiency of 

the power stroke. 

Although several authors suggest that a substantial 

amount of lift is maintained by the inner wing during the 

recovery stroke (Hummel, 1973; Brown, 1952), the opposite 

situation would provide the most advantageous conditions 

for flapping flight. It would seem logical that lift be 

kept to an absolute minimum during the recovery stroke for 

the following reasons. To conserve flight energy it would 

be advantageous to allow the wing to return passively to 

its starting position. This could be done by allowing the 

center of gravity of the body to drop as the wings are 

raised. This type of action has been observed in 

Buderigars flying in the wind tunnel and the author has 

observed the behavior in Herring Gulls flying close along

side a boat. As a result of this type of flight behavior, 

the inner wing would become partially or completely 

unloaded. The second reason for maintaining reduced lift 

on the inner wing would be to keep drag to a minimum. To 

increase the effectiveness of the subsequent power strokes, 

the majority of the forward velocity of the bird must be 
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maintained along with a minimum of altitude loss. The drag 

created by an active recovery stroke would reduce the 

efficiency of the subsequent power stroke. Two possible 

modes of flight are available to the bird during the 

recovery stroke sequence. The first is described above as 

a passive recovery of the wing structure in preparation for 

the next power stroke. In this mode very little lift is 

produced, and therefore only a small amount of drag. The 

second mode would be an active recovery stroke which would 

generate enough lift to maintain the bird at the same 

altitude. Hummel (1972) subscribes to this method of wing 

recovery with the inner wing carrying the total aerodynamic 

load. If this were the case the increased angle of attack 

necessary would produce a backward tilting lift vector, 

which would result in a negative thrust or drag that would 

tend to nullify any benefit the extra energy expenditure 

during the recovery stroke might provide. (Figure 14) 

As shown in Table 2, the wing tip vortex wake elements 

are the only part of the wake system that creates a net 

upwash in the formation. The transverse stopping and 

starting wake segments shed periodically by the bird wing 

during flapping flight produce no net influence on the 

formation. They are equal in circulation, but opposite in 

rotation, and thereby cancel each others influence. 

It has been reported that a wing beat phase relation

ship is necessary in order for formation flight to provide 

an aerodynamic advantage (Geyr von Schweppenburg, 1952; 
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Nachtigall, 1970). The analysis done in this study was 

based upon the assumption that there was no wing beat phase 

relationship operating in the formation. The results 

indicate that in spite of this condition an 11.6 percent 

reduction in induced drag could be realized. 

If Nachtigall's (1970) data are correct, induced 

formation drag would be further reduced from that shown 

above. The increased drag reduction attainable if a wing 

beat phase relationship existed in the formation would 

result from the fact that each bird would adjust its 

flapping rate to ensure that each power stroke occurred 

just as vortex wake segment of the bird ahead was at its 

closest proximity. Since conflicting data exist concerning 

wing beat relationships, a careful study of the analysis 

techniques used in previous studies and of formation flight 

photographs may resolve the question. It is interesting to 

note that data used for the flight formation geometry in 

this study, which represent the mean formation angle and 

bird separation distances of the vee formations observed by 

Gould (1972), favor the adoption of a wing beat phase 

relationship. At a flight speed of 15 meters per second 

the distance each bird covers during a single flapping 

cycle is almost exactly the distance between consecutive 

birds along the arms of the vee formation. Each bird is 

one flapping cycle apart. This would indicate that if a 

phase relationship was operating within a formation, the 



phase would be 180° between adjacent birds in an average 

formation. 
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The hypothetical flapping flight model presented in 

this study is an attempt to refine to the next level of 

sophistication the formation flight models presented by the 

authors of the papers discussed above. It still only 

crudely approximates the extremely complicated aerodynamic 

processes occurring during actual flapping formation 

flight. Immediate enhancement of the models' effectiveness 

could be gained by including the effects of the curved 

vortex wake segments. 

The most significant feature of the flapping wing in 

the character of the vortex wake is the effect of the 

pinion feathers. Cone (1968) described the influence of 

the pinions as the most significant factor in the reduction 

of induced aerodynamic drag. Accurate modeling of their 

influence must wait until more experimental data is 

available. 

Although previous studies and this one have demon

strated that definite aerodynamic advantages are available 

to birds in vee formation flight, the significance that 

this advantage has on the energy requirements during long 

migratory flights has not been determined. Future studies 

in this area should address themselves not only to the 

aerodynamic characteristics of the flapping wing, but also 

to the flight energy requirements of fast flying waterfowl 

such as the Canada Goose. Investigation of flight 
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Figure 14. Profile wing sections illustrating 

the lift drag and thrust vectors: 

a. total lift 

b. resultant lift 

c. thrust or drag 

d. wing movement 

e. bird movement 

1. Power stroke. 

2. Theoretical active recovery stroke. 
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formation geometry has been done by Gould (1972) and 

Williams and Klonowski (1976), however more extensive 

observation of formation flight is needed to confirm the 

data and to provide additional data on both the horizontal 

and vertical distribution of birds within formations. 

The most supportable hypothesis concerning the 

function of linear formation flight in water birds is based 

upon a balance of several motivating factors, the reduction 

of aerodynamic drag and the need to maintain flock unity 

during migratory flight. The requirement for flock unity 

may be based upon several criteria as mentioned earlier in 

this study, that of increased navigational ability, 

maintenance of family units, mutual protection, increased 

likelihood that the flock will obtain sufficient feeding 

areas during migration. 

With the confirmation of Cone's (1968) flapping flight 

wing sequences using the wind tunnel photographs, the 

credibility of his mathematical analysis of the vortex wake 

structure of a bird in flapping flight, is enhanced to the 

point that it would be the preferred basis for an analysis 

of vortex wake-induced effects in a vee flight formation of 

Canada Geese. 
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laser-Doppler system has been 
ned to detect air turbu lence 
s intended for use at airports 
asure and !rack aircrafl !railing 
xes . Laser-Doppler systems 

tion similarly lo radar. but 
use of their much shorter 
length. they can detect very 

I particles such as atmospheric 
. Since there is always dust in 
1mosphere. these systems 

be used lo measure air 
men! by tracking the airborne 

cles. 
block diagram of !he system 

wn. The light from a laser 
es through an interferometer 

serves as a reference signal; it 
n steered 10 !he area of interest 
mirroJ. The reflected light is 
d up by the mirror and is 
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returned to the interferometer . The 
output of !he detector is a hertcr 
dyned signal which is routed 1::> the 
signal-processing electronics where 
i1 is filtered and integrated. 

The remainder ol the electronics 
processes the signal for display and 
controls the laser scan. The scanning 
controller coordinates the range 
focus and the beam-steering mirror . 

The velocity processor contains 
particle-velocity discrimination logic . 
and provides velocity parameters 
(such as average and peak vortex 
velocities) as functions of position. 
These data are used by the data/ 
algorithm processor to give the 
position of a vortex center as a 
function of time. The final velocity 
data may be displayed as functions 
of time. elevation, and range. 

This work was done by Robert M 
Huffake1 of Marshall Space Flight 
Center. For furthe1 info1mation. 
write: 
Technology Utilization Officer 
Marshall Space Flight Center 
Code AT01 
Marshall Space Flight Center, 
Alabama 35812 
Reference: MFS-23155 

Inquiries concerning rights for the 
commercial use of this invention 
should be addressed to: 
Patent Counsel 
Marshall Space Flight Center 
CodeCC01 
Marshall Space Flight Center, 
Alabama 35812 



J. INTRODUCTION 

The Marshall Space Flight Center has developed Laser Doppler Systems 
for the measurement of atmospheric winds and turbulence. These systems 
have been proven as accurate remote wind velocity sensors. Because of 
interest in the systems by the Federal Aviation Administration for use 
as an aircraft trailing vortex detection and measuring system, an inter
agency agreement was signed betveen NASA and the FAA to modify and improve 
the existing Laser Doppler Systems. The systems are in use at the John 
F. Kennedy International Airport New York (KIA), to track the vortices 
generated by aircraft in the approach corridor lane of runway 31 ~(Fig. 1). 

The basic Laser Doppler System consists of a very stable single 
frequency C02 laser, a Mach-Zehnder interferometer, transmit-receive 
optics, infrared detector, a versatile range-angle scanner, velocity
frequency analyzer, data-algorithm processor, and display. The laser 
beam is directed optically and focused at the point of interest in the 
atmosphere. The aerosol particles, always present in the atmosphere, 
scatter some of the transmitted radiation in all directions, and since the 
particles move with ~he atmosphere, the frequency of the scattered light 
is doppler shifted from the frequency of the directed beam. Receiving 
optics collect the back scattered radiation and directs it onto an infra
red detector where it is mixed with a small portion of the original beam. 
The total radiation seen by the detector fluctuates at a beat frequency 
which is a measure of the wind velocity at the point of interest. The 
Laser Doppler System measures the wind velocity.component which is in 
the direction of the sensor line-of-sight {along the laser beam) •. 

The principle is the same as in conve~tional doppler radars. The 
primary difference is the wavelength. The wavelength of conventional 
radars is of the order of centimeters whereas the C02 la~er wavelength 
is 10 microns. -- Conventional radar can detect scattering "from large objects 
{tens of centimeters). The Laser Doppler System sees objects of 1 micron 
in size corresponding to the dust in the atmosphere. 

The airport configuration of this system consists of two scanning 
laser doppler system units, scanning in range and ~levation perpendicular 
to the landing corridor. The two units are located approximately 800 
feet apart and approximately 400 feet from the centerline of the landing 
corridor. At the JFK International Airport, they are positioned near the 
middle marker, 2500 feet from the end of the runway. 

A vertical plane across the approach corridor is scanned in order 
to determine the tracks of the aircraft vortices. These detected vortices 
are monitored and displayed as they move across the scan plane. The 
tang ential velocity profile of the vortex is also measured and recorded 
for later data evaluation. 
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