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INTRODUCTION

Aeronautical design can be
viewed frorn several vantages: detdil
design where one i€ concerned with
tne prccrse cnaraclerisl:cs of a s:n-
gl(-.omponenr in a partlcular air-
crart, !Igl!gi!el1 gsEjlg4 rn wlricn
lhe main concern is for the overall
charactetistics of a particular
type of aircraft, and finally the
desien survey ln }rhich lhe character-
:. ( i s ol several c'asses of f]yinB
device are compared to each olher.
It is useful to ])eriodically assune
this fatter polnir of view in order to
put the current state-of-the-art in
perspective, lo incfude new ini'orna-
tion vrhich mair have become available
and to make a generaf assessment of
the present and potentiaf perfornance
of a new cla6s of vehic-Les not pre-
vlously considered. Two notable ex-
arnples of ihi6 sorl ol exercise are
tno - oJ /o,1 ^rrna'r 

(1) ano C ate-
,anc (. ). Man) of tnese -luo'.s ana
a some{hat fimiled view covering a
jsnaff range of vehicle sizes, weights
and/or perfornrance.

The present paper is a briel
sunmart of a larger study (l) "tro."loaL i- ro Drosnnl - mooern o!6rlre/r
of the geornetrlc and energetic rela-
tions of a very wide spectrun of fLy-
ing devices coverin6 the range fron
smafl insecte to large jet transtorl
aircraft. The particufar focus ol
this sludy is on those rnachues which
lalf in the size, wei8ht and speed
transition r.egion betll'een nalural
fliers (birds, bats) and conventional
powered liqht aircraft. It is hoped
ttrat the potential for hunan llighl
in this poorfy studied reglon can'nu. o irl,1: a.-o ano olaced L1

A secondary goal of the general
study (J) ls to asserxble data on the
topic area fronr a wide variely of
sources, many of vhich are outside
the usual reafm of farnlfiarity to the
practicing engineer. As an exarnlfe'
a very large body of publiEhed 'rork
on !ne enerH Lics aro aerooJnafiic
parfornrn.- of !-ros a"o i1se.r. -Ls
accuixulating in the biolo8icaf Lilera-
ture and to the authorsr knovr'ledAe
ras no! oeen "/io..y puoli :z-q ln
aeronaulical journafs. Nature con-
tinues Lo provide a lvealth ol infor-
maLjo' a'ro insp-rat-on Ior Lh. en.:i-
neers and deslgners of nan-made de-
vice6 and in aeronautics thi€ i6
parLic r.La.ly t.uo n t1- raold y x-
paroinr -tie.,s or u-Lira-.-Ls'.r ( )
and motorless ffighl. Ior thi6 rea-
son, an up-lo-date surveY ol ihe
sorl presented here nay be tinely.

The ba6ic inspirations and moti-
/i(-o1 Ior u'o._ ak-Ln,t ln.s slrrv.J
re.( 1- papF|. o, Sn.n. on" f ) r. o
tiLe oook by Hertel (6). Further
study lead to dlscovery of the pubfi-
cations bv GabrielLi and von Karrna!
( ). :.-e;ralL ( , ..'r.tmanr, (ol,
. .n o -.i--Lsen \.0), Pr:nr '(lr),
naspet (12), and most imtortantly'
Pennycuick (U-2rr) and Tucher (2r-10).
)ata frorx these sources lorn lhe basis
of the naiura:L fliSht sysiems portion
of this 6tudJ.

Thc prinary cotcern of lhis studY
are those devicce one can classiiy as
ri1olJ-speeci". In practice this ilf
be taken to mean lhose deviccs lvhich
normally operaie ai sleedE below llach
O.2 and at Reynofds nunbers ,(bascd on

average !vin3 cnofd) befoir f0r, An
lnlortant onission in '.his su.veJ has

o .- ran e o: o r-l .rr-
pfanes. In adLiition the enlire tolic
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oi ornitroDics (ilappirA {ing fli8ht)
is treated onlv curGotilt. A sa,'r!fe
of iih{) ouantilabive data uscd in this
sLrvcv ;b PrFScntec in TEbLe '. Trn
:en-..;I Tial]r_enenls of represent 1-
I r- cx L^ro-ci or -icn Joc o' rcv cc
at'e sho,ln in FiSure 1.

Lol,v Speed Flyinq Devices

Hunan dreamc of lliSht have al-
lvaJs been encouraged by the natural
nooeLs pLaced ocfore th^rn. I! is ir':-
Etructive in judging the success of
nan-made flying machines to co pare
lhen against those developcd bY
nature. l{aturers fliers have the ad-
vantalie of havinf undergone develo!-
mental time scales of enornous dura-
tion, the humbli-nJ nauniLudeE of
vhicn are 6hown ln Lil,-ura 2. IurLi cr,
one 5:rouro keep in mino ,/elLJrs (iL)
obs.rva i ion; "rJirdc (elc.) slnply
dare not deviatc widely frotl soun.1
aerooynainj-c cesidn. ;'larure I iqui-
dates devi ationi.sls nuch nrore con-
sistently and dra€tically than does
any totalitarian dictatorrr.

Iive categorles of naturaf
lliers are of particular inierest in
tllrc survey: insects, soacina oirict
bar-. PrerdsaLrie and ..:mop j-LoL

txin; al-Dei*il-s c eu s. several
other types could be cited and the
inlercsted reaCer is referreC to
ilertel,rs book (6).

fhsects: UnderstandinB incect
i ligni--li--iEpo rtan L bccaute -L! na:
major human economic and hy4ientc im-
Dfication€. Detailod ffight porforn-
ince measuremcnts on onfy a lew typcs
of insects have been made, the nost
irxrreEsive invesliaation beins thal
on the desert l-ocust (lgElgqlgzg:q
are.:aria) b.l/ Jeist-Foi:h and Jenscn
lfTl;T). Vore, ( rJ) ha oon' iini lar'
?ori vrtLl lru i ( fl-es r D1060onila).

A6 thc dinensional data in (8)
indicates, j-nsects come in a bewifdel-
inA array of sizcs and shapes and tne
Lj,t: Led ocrlorm3nc' uar a oresently
available does not Permit Saneral
statemcnts to bc nace about hou afl
insects iLy, A iev observations can

be nade, hoyrever. lveis-l'ogh and Jen-
sen have 6hovn that the motion of the
locu.:l wj.ng lhro rgn ea h clcle ,Ls
quite conplex and analyses based on
assurnplions of girnpLe harmonic motion
are not adequate. ileis-Fo8h further
noted that itrsect nuscfes are renarh-
ably eIfic.L-l)L al tnouch the prop.r
v€-ue (v.neLrer 1,r d or ,0%)requjrcs
considerable quaL ficaLion. An in-
teresiing aspect of insect flj.ght is
itE dependence on atmospherlc molion,
The book by chauvin (15) on this
topic is nosl iflumlnating. Insects
basically operate ih c106e proximily
to the giound and are usually found
at hiah altitudes (AGL) only when
bfown lhere by the wind. Herlel (6)
presents 6one Sood Lnlornation on the
structure and forn of insect win8s,

Birds: Bird flighi has been lhe
subJect of serlo\rs scientilic inquiry
for eevetal centuries. Unlortunately,
tirere renains as nuch mythology as
hard ciata on many aspects of bird
ffight performance. The ,,vhoLe toplc
defied brief exposition, howcver, ahd
the nain discussion here must be
lindtcd to those birds whose fIiAht
behavior i6 ol nost i.mloediate interest
in hunan flight (i.e. soaring birds).
The nrosl recent major attenpt to for-
nulale a detailed quantitative theory
ot the flappjnA fl.ighL of bird is that
ly Conc (J,r). 'fh- simplcr analJsrs bJ
TucKer (28) appears ad.quaLe for maJ(-
ing preliininary estlnates, houever.

Soaring birds have been watched
rvith a$'e 6ince the emerAence ot nxan
ano a EooC oisc!., Lon ol ea-cly invcs-
tigatlons of their perlornance has
be;n presented by cone (J7, J8). of
6reat technical interest j.s the nalor
difference6 in wing planforn between
Iarfie .tancl soarinr bjrds and thFlr
naritime dlvelling counterparl6.
ligure , €hows the naturo of this dif-
ference in conparing the shapes of two
of the farfjest existing exarlles of
(hesc _Jpec. lh. acro.Jna*ic d._:6n
of the albatross can be eaaily Srasped
j r Lhe -Llghr oi .11ooern aeroivn3r-c
Ln-ory. la-.1 vu rures, nr..ns and
caites arc knoL'/n ac verJ ellicienl
gorrin8 birds and yet they uniformly
have broad \,r'ind_$ lrith aspcct ralios
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TABLE I VEHICLE CHARACTERISTiCS

,)

l/inE l,Iirg Aspec
snan Ar.a Rf,E ro

cruise !q p€lw
$Peed rr ol]s)(n/s) (1.r/ks) /N-n)

lnseccs:

2. BuL;;irry
(?a!i1lio)

(schisroc.rca)
4. BLue Dr.gorfLy

(4$4!e)

0.013 2x
1o-5

0.082 3.6x
1o-3 1 s7

ro-3 5.00.10 1.85

lo-5

LOI

5.9

0.82

0.8

2.0 166

1,5

4.15 al

10

26,34

a

11 ,32

6

!4!n:

Gr2lr!!rt3)
6. ruldnr perret.

€lll!rl-5)
7- llack v,,l rurc

Gq!!ji!:)
wu1t. (-ct!:)

9, Riippel's CriIf.
vuLt. (qE)

10. Hand. a Lbitross
(piomedae)

0.65 0.06u- 5.7-
0,25 0.038 r.6
r.09 0.102 r t.7
L.:12 0.u2l 5.41.44 A.364 ).1

2.2 0.69 7,0

2.5 0.8t 7.55
1,5 0,60 20.4
3_45 0,725 16.5

0.4

4.725

2.34

5.4

7.5
9.?

6?-
1A2

6t.5
t4

7 b.5

88.5
r50
132

12.4 6 2.5 0. t85+

7?.2 o. L2O+
12.5 0.08E15 0.015

r:r (u.64tio.066

r4,5 o.a62520 o,o;o16 0.052

tl
72

l5

t6

!4 q:

ll. Dog-faced !at
(Rousetrus)

0.46 r 0.04 5.32
o.554 0.05J 5.42

20,6-
2t _2

8 o,tso l7

Iterosaur:
7 4.2 11.5
t.6 1.6 72.5

16
r1.3

31- 9 0.05 0I o-og7

Ail.nophilous !g{:
0.15 6.2 3 l.6l
0.115 5-3 2-65 1.15-4 0.311

50
6

15. Iipperf.mance
"Q!i.ksiLver B

17. VoLmer.lensen

6.53 tA.4 2.36

9.15 lA,15 2.'o5

9.75 14,9 6.!,

lt,1 15.r5 8-15

81.5
31
Lr!

100

4:1.5

108

65.IJ

91

l0 0.25

9,8 0.143

lo o.l
9 0.1
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TABLE l. VTHICLE CHARACTERISTICS (Cont'd)

s dtiChc in srouod effect al 3 o heighc

+ ?@e!-off elide

'H ltalf lueL weighE

Note: all nmbered data poinEs on Fiaures

Uing Alng Aspec

:!i" 1:ii *'-
Crujse -P4 ?e /h:J
speed M CLSJfmls) (Ir/!r?) rx-n)

}{d-Pdrered Aircraft:

37.5 55.8 25.2

16.7 4t!.6 1A.2

t32

240

L21

35.7

42.2

21.9

a^^ 14-1- n-028
( 8.7) (17.r) (0.012)
g.zs'*rl.tt* o.o:1""
(e.2).(17.r.{ (0.nl0I
7 . 4 5 

_ ^ I I . 0 " ' 0 . 0 I l
(8.0) (13.8) (0.027)

52

52

lgler !lie!:
15 l2tl 18.6 300 11 2 0-032 55

Satlplanes:

r26
23. SchenFp-Hirth

"std. Ci!r!s"'
AS Ir,12

25. WC

12.2 14,9 l0

15 10.0 22,5

13.:, 13,0 2i.8
18.6 10.25 31.8
t9.o 15,1 22,1

210

333

4L2

500

178

326

llL

:r00

21.6 39.5 0-0155

16.2 2r,6 0.A?6\

24.6 22.6 A-02ir
30.5

2f .6 0.o23V

56

l

essl A:Le-U!!'

PA-18"suler cub"

310E

10.76 16,58 7-q

10.2 L6.8 6.2

10_9 t6_ 3 1.3

t417

2190

830

1320

12 t51 A.09

43 192 0-075

56 209 0.071

Jet Transporls:

DC- 9-20

B-707-120

B-141

74.4 t., . 8.7

t+4.4 274 7.2

59,6 511 6.95

t,22-

2.4

4204

5400

r90 580 0.05 5

210 :2t 0-059

240 420 0-059

rnd 10-13 correspond rJ the eniries
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oRIHoPIERA (Locurr. Gro..hopp.. t

o00NATA { oroOoirly )

OIPTEaA (FrY, otquito )

LEPTDOPTEaA ( B!rt.rtrr I M.rh)

HYME OPT€RA (AEEI WO.P) ffi
FIGURE I (a).

Typi ca 1 lnsect
Comparlson of
!linq P l anforms

{

t

FIGURE ] (b)
and Bat

. Typical gird
Ui ng Planforns

cofEoPTERA (a..rre,
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FIGURE I (c) Pterosaur and Animophilous Seed

alate n.-.&r..

Configurations

Hang Gl ider Pl anforms
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F I GURE i (d)
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FTGURE 'l (e). Man
Size and

Powered A i rcra ft and Sai'lplane
Pl anforn Conparison

WEYERIO6E / RAF
.OIJMBO,'MERCURY'

HATFI€LO
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l6tnrosr/s .dt tarni!')

FIGIJRE 2 Evol ut i ond rY Tine Scale

FIGURE 3. Planform ComParison
of Large Lar d and
Sea Soari ng Birds

-atoon a\ce-o:. or : -:tl ve',r
i"... ni"ror IeaIners v]h;c" a_o ,lold
r, a spra.) o arranrl oar r v,l i le 01r-
in-:1t iovr -P'e. ne a'l.ral lunc-
Lion o.f (l i. p 'rjon arrtrgem^nr bhoi/r
'' F'grre t, i-main_ 'n .uo.ecL ^-
"orc ieoar' s.:rnulareo oy ne 'ork ol
Rasnet (12) in the 195ors. RasPet
can be credited Nith altempting to
;ahe lhe first detaifed neasurements
o cna perlormal ce of an. olrind
hir.ls b! chasina black vultures
{4..r'o\;s "-raru-) 

in 3 sar.planc ot
.no,i o-orlorman.e. llf. pe creo!teu
rnc \,u'l rre ?irn a fiaximlm dlioe
"i,,o o lJ 1L c sPeeo al . "A/8. t"

^tt.itut"a this aplarentfy spectacu-
Lar rerformance to a number of Pos-

"lnfi l"cto.s including a siSnificant
increa€e in effective aspecl ratio
due to the spfaYed Plnion feathers
and the possibifitv lhat the feathers
in aeneral lrovided drag redllcing
bouidary l,ayer controf.

2\



FIGURE 4. condor (GYmnosYPs
californius) in a Lol]v SPeed Glide
-tll. -'a; Poth IonL'ol Devices

(feet) Extended

Later rvind tunnef lests of live
birds (includine a black vulture) bv
Tucker and parrot (lO,f9) and neasur+
ments nade by Pennycuick (Lr, 16' 2J,
24) usine Raspetrs technique luith an
AS-K-tlr molor glider 6how that las-
o-.Lts L,/I va-,re or lJ v/as faf oo
oDLimistic. a more r'ea]i-ri' vaLu'
oe-nr aooui -', al( no L-. Parro. rs
olra oarricLfarlv! can ar6o be 'r ' i-
cizedl Knowfedgeable authorities
(40) continue to Publi6h RasPetrs
oriAinaf data. The questions raised
bv Ihis controversv are fascinating
airo sno,]l-a yiefd t,o caneful theoretl-
ca ar1./s: . ,r naJ L1'n be d'6i.-
do-- to apprJ r.cnanrc-f eqLrva-I-nls
of the vultures pinion6 to a variely
ol LrLL-a-. qr t nl,raJ carr"-no a'.-
craf I v/hose operationaf requirements
are similar to those of lhe bird.

InaIv^ie- ar d oca rremcn s oll saa
soar;rP b:ros .PP rr in (.1 \, (1'),
( :/), i,, / ' t-21 .no (-') - of senpraf
interest here is the conmon use of
rao caL v:rr,aol' t'ome r^J lecl'niquc6
oy o:ros. Tne w:n' s PI'-d- ar'o
,i"r.." ,"""neen.nL a- oi/ rr e bird
to Aieatly alier both it€ wing sPan
and area to natch a Aiven ffight
condition. The exanlle ol lhe fufr,rar

TECHNICAL SOARING. VOL. III, NO

s'rotn -Ln figLl_' 1r aeoonsLraLes 'he
exr-ea- o-l r;is capaoilitv. This Iea-
rure afso ma]{es accurate SeomeLrjc
.ize aescriptio"s of birds difficult'

FIGURE 5. Variable GeometrY
L.Pdbi ilY ol Lhe l-ulm.r

PFi.el {Fulmari s )

A nlrrnber ol lhe internal adaPta-
tlons to maximize a birdrs flYing
ability are of interest. '/ielty (rI,
44) has outfined nxanY of these and
p-rhapE moal :nl.r s :nl' ro n'en- -
;-.-.. is Lhe oe.a:Iea s ruct r_' ol
bird skeletonF, This aspect ls also
discussed by lterlel (6). Pennycuick
r-Lo. I r) t .s exrFr' :v, ly exrr'r'd th'
-rr;n^Li ol rr;-r-on (Colunba) n 1s
and flighl nuscLes and has found thai
analoeous to the exarnpfe of several
fiberelass saifplanes r the structure
has an uftinxate load lactor substan-
.ra. rJ in -rc s of 6,rrr6nb l--gb!
-o1ds {n i c'r coi lo reafrsF.Lca.l,,.'
imlosed upon it. ,thelher this is the
case vith other birds remains an otrjen
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question. A final, potentialfy fas-
cinating unanE,xered question are the
possible functions of the feathers.
As an exarple, Galvao (45) has 6ug-
Sested that feathers may act a6,
anong other thlngs, acoustic darnpers
,vhich dela) rran-itio'r'n Lhe win6
boundary layer.

Bat6: Bats represent an inpor-
tant clas6 of naiuraf flier, but for
a variety of reasons their aerodyna-
nics have been relatively poorly
studied to date. The nost important
references on this topic at preEent
are (17) and (46). Aside fron the
fact thai bats are nammals, they ex-
hibii many of the internal fllnctional
adaltatlon6 (hofloi// bones, highly
efficlent respiratory systero, etc. )
co0rnon in birds.

the nost stxiking technical dif-
ference betvreen birds and bats i6 that
of Lhe foim and sLr rcLLre ol lhpir
lvings. The stretched menbrane surface
of the bat winB supported by the
enorrnousfy elongated trfinger bonesrl
contrasts starkfy with the finely
contoured and feathered sur{ace of
bird rvings. Pennycuick (f7), however,
has sho!r'n that the aerodynadic effi-
c:.icy or rhe bal and Lbe p:geo1 :'r
Aliding flight are generaffy quite
sinifar although there are lnportant
detaifcd diilerenceG. These refale to
dif fering operationaf requirements and
the basic mechanicaf structures of the
wiD8lr The structure of the bat does
not pernxit it to change its wing 6pan
in flight lo the extent a blrd can
lllithoul suffering coflapse of the en-
tire liftlnEt surface. 0n the other
hand, the bat, by virtue of its ar-
ticulating rrfingerstr can radically
alter the canber and aerodynanic
twisl of its .ring. A bird has rela-
tively Ur0ited capabilities in this
re6pect. The nenbranous surface of
the batr6 ryin6 ls of interest also,
possessing a quallty like I'elastic
s6€r sucke_ir vrh.cn a i Low6 !ne s,r- n
to renain taut in all normal ffight
confiS!ration6.

BljIgSe!-Ig: The prenistorjc
flying reptiles of the order B!9!-
!?-!19 navo causeo con!-o/ersv evec

since the discovery of their first
fos6il, rena.ins in the late l8th cer-
tury. Rangina in 6ize frod that of a
6ma11 sparrolq to the gigaltic
Pleraroclgtq (47) v,i l $ing6 spanning
np-To-B rd, Lne enlire group has olien
been disnxisEed as aerodynanically
crude and prinative. Thi6 assessment
i8nores the fact that the order v/as
sufficientfy viabfe to have eristed
for foo roillion years. one of the
fundanLental queEtions about the
plerosaurs has been: How dld they
operate and i4 vhat environDxent?
Recent analysis by Whitfield and
Brarnwell (48) and operational ex-
perience with Rogallo han8 l,llin€!
g]lders (49) cast considerabfe aight
on this €ubject.

Aninophilous Seed6: The final
category of naturaf flier considered
here is the range of I'flying seedEtr.
A Aood discussion on these i6 pre-
=ei."o o.r \ercel (o). or paflicr-rlar
interest, both iechnically and his-
torically, is the seed of the Javan
pafn, Zi4lig macrocarpa (6, 49, 5o),

Iive types of nran-rnade fow 6pe-.d
llyln6 macn-Lnes are cons-dcreo ir
lhis survey: hang Afiders, nan-
powered aircraft, sa:Llplanes, motor
aliders, and General Aviation (fighl,
powered) aircraft. In additlon, sone
LJpj caf da!a on leL lranspor a; .-
craft. In addition, sone typical
data on jet translort aircraft are
incfuded to tie down the upper eni of
the size/lveight 6pectrum, despite lhe
fact that these aircrafl are in no
way rrlow speedr' tJpe6.

!!gl€ Gfiders: Hang gliders have
the distinction of being the first
type of aircrafl to introduce humans
to aerodynarnlcaffJ supported flighl.
iiJhile an apparenl anachronism now,
the sporl of hang gfiding has very
recenlly becone a rapidly growing
branch of sDort aviation. TechnicaL
aEpects and numerous relerences are
cited in (4).

Man-Po ered 4lMgl!: A variety
ol hunan poivered flight schenes have
been lroposed (rI, t2), but almost
aff hardware cleve-Lopnent lrithin the
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last iilteen years has been guided by
the reouirenents of the British
Kr-mer'Conpet:l ion.'le trsuc"FSsl,llrl
MPArs buiLt in lhis period have been
unllornxly huge, extrenefy light
veiqhtr very fraglle machines, de-
6i/'neo ro exllolL oennficial r'du._
Lions ,Lr :nsuceo oraA un:]e flying in
ground effect.

SailDlanes: The devefoPment ol
tle n6d?iilliEtr perf ornance f iber-
slass sa:1p.Lane is perhaps tne oa. or
human trlunph in low-speed ffight.
No sina.P r;cenL pLollcar ion aoe-
q.alelt oe6cri,'6 lhe lulI nisLorr o"
. oar:na and sailP.e_c oev'lopmen'.
The be;t sources ol recent infornation
o,1 LDe sub.i"cL ace SOARING nagazrne
(Lhe iournaL o.l Lhe Soaring So.ielJ
ol Aniricr), i s B. iLjst ounlprpar(
SAIJ,PLAI\L A1'lD GLtDlN,. !ne S'viss
,ournal AERO--RLVUE a^d l5t, t\, tr).
Or oarL iEi'i5r-vEIia in apprecLar ,n€.
rne currenL sLaLe ot.'ai plal' deve--
opoent are the results of the exlen-
sive ftight tests conducted by Bikle
(56), ana von Laurson ard Zachet (57).

Motor Gfiders: Motor sfiders ar€
saifpTEnEE 6i-gffers fitted with
snalf engines intended nainfy to pro-
viale them with a self-launching and
retrieval capability. Pelformance of
current exanples ol thi6 type can best
be iudAed from the lfiSht teet resulls
obt;in;d bJ zacher reported in (55).

,encraf Av ia-i on Aircra lt:
Lietrtl powerea Ercraft cover a v/ide
range of size, 6hape and performancet
although the criticisix has been
levefed that the basic technofogy of
the field has nol changed very nuch 1r
Lna -rst Lwanr/ yAars. P106]l^0-s is
being r0ade in several areas, however'
incfuding provision of sloll ca])abili-
tie6 in sone types, Alno6t any
generaf aviation reference ( e.g.
Janers All the V/ortdts Aircraft)con-'[?]iiex r enElie-i at a o,'-;EZifnes n
this category.

eua} i rari vP ComPari_ons

The quantltative comparisons
made in this study involve three basic
areas: geo!0etric size/weiAht, steady
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fevef fliaht perfornance (e.9. speed,
ghae angie), and pover/energy con-
sunpllon.

Pe.fornance: The donxinant fluid
ovnafllc scai" par^aoo!er ir -oi!-speeoIli6h is -ne Reynolds number (baseo
here on average wing chord and aver-
age resultart speed or sinxply flight
6peed depending on vhether the device
i; glidlng or flapping its lrl/ines).
The range of average Reynolds nunber
versus ffi8ht speed for some typical
insects through 1i8ht powered aircraft
is shovrn in FiSure 6, The siSnifi-
cance of liSure 6 is enhanced by con-
sideration of basic airloil perfor-
dance a6 a functlon of Reynolds num-
oer. Fidurp ? slow_ rhe varia.ion in
naximun section lift-drag ratio over
rhe range 10' < Rr < I0' Ior a vari'LY
of laninar and turbulent airfoils be-
Ainning with the er lf knovm data of
ihon and swart (58). It is inxportant
to note that due to faninar separation
the perfoflrance of the snooth airfoils
of conventional contour deteriorates
vioLentLy belo{ Rn values in the re-
a;on ol l0'. Th" classrc rereten'e
on airfoil characteristics in thi6
range is the book by schnitz (59).
Olher trends in alrfoil perfornance
vrith leynolds nunber are a general- de-
crease in naxir0un section lift coef-
ficient ard increase in drag lvith de-
creasing Rn values. The general pro-
blen of airfoif performance at Rn

vrlucs relo'v abour 7 x -LO' ano rn
unsteaoy ILow (repres^nrati /e of
fL3pping friAhL) na- oeen relativelJ
poorly investigated and a good deal
of clariflcatioD i6 still. required.
A representative sarnpling of for,,-
speeo airfoirs fo- various appl:ca-
tions is shown in liSure B.

Of maior intere6t in this survey
-!s the r:Efative gliding performance
or low-speeo fliers. ligure o -s a
sanple of various test and analytic
results, presented in the usual sail-
plane fornnat (i.e. sink rate versus
horizontal speed) for fheht in
sti1] air under standard sea level
conditions.
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REYNOLOS NUMAER R^ I V'/'

FIGURT 7. Variation in ilaximun Airfoil Section Lift-Drag Ratio
with Reynolds Number
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FIGURE 6. Variation ln Average llling Reynolds Number with Flight Speed
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HAN G GLIDERS DIRDS IlAN - POI,I E RE D A] RCRAFT SAILPLANES

-'._-

d'98-i-.,.--

FIGURE 9. StiII
Several Natural

Ai r
and

Sea Level

a44u^." __-....-

FIGURE 8. Representative Low-Speed Airfoils

Glide Polars for
Fl yi nq Devi ces
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Siz. aJ .'.eign : l/irn r.ne puo-
Iica. i oF-oi--ln!- mElEi \ e coflpi tat i ons
b! Crearrr!a.l (8) lnd larlman (9), a
farge body of data now exists on the
relalion betrveen geometrlc size (v/ing
sPan a1d '1rea, aso"c ratlo, Ia:l
area, atc.) a1o w-igh 6 (610 s, wjr d,nuscle and internaf organ) for nearly
Lh. .n i_e ranAe of ar :na. I -iers.
This basic data can be suppfemented
by the huAe bodv of data available on
man-ixade aircraft in the nany stand-
ard aeronauticaf relerences citedpreviously, to provide a corxprehen-
6ive survey of the full range of fly-
ing .ievices. Using creenwaftts for-
na as rl . oa 1. , rno /ar:a .on ^nvring slan and iving area luitir loaded
nass for the range oi devices fisled
in Table l, are presenled in ligures
l0 and fl. Tho considerabfe relatlve
uniformity of ihe data for birds and
bats contrasts r,/ilh the sub€tanliaf
scatter of the data for insects, each
of thesa froups i'epresentin6 vlable
lornrs of llying nlachine. The appar-
entfy anonafous behavior of the dala
on hur"r'r-birds and m.n-poLlar^o a:r-
craft shoufd also be noted.

Lner '-!i s: lr n" t.r era-I
. L . o, -i--liiidEno ratio.ir -vsr -ys, .o
Eingle sin])le index can lrovide a
conplele mea€ure of the refativeicoslit of operation of dev:Lces a6
dissinilar a6 cov/sr subrnarines and
'' a oul -i. Ol "a. or impo_tarc- .-

i e -r .dy or In. reLa- .F - .c-Lpr .J

of alf lypea of focomotion, hovrever,
is the arnount end ratc of energy con-
sunltion rcquired io sustain ii.
Severaf aulhors, notably Cabrielli
and von Kanixan (7) ano Tucker (26,
28, 29), have e:ilensivefy enploye.l
the basicaf ly non-dinensional indexrrenergy consumed per unit deight ])er
J" it d . ?nce t-?. -Ieci!, j1 ..iro -s
of ihe diflerent no'Jes of travel. In
the caEe of steady notion, thi€ lnie:.

(r) ,b -

terms in lhe index anci unilorrn con-
paiicons are nade. Ior exanple, care
musl be ijahen when conDarinq natural
and man-nadc Ccvice€ to deiine lyhich
values ol polrei' are bcin8 u6ed; uhe-
lher nel or externaf. The .{eneral
relation bellreen ihe tivo is:

{2) I =P/n+P

Aircraft (,rith 'trhe lossible exceltion
oI nan-po,,vered tJpes) Co not havc a''L^-e rner:r.o ic ra er'(P ):-n. r-
. I ,,o-ooL_. .v ..,...1cy f4) I.o-,
. a., ai ri [. 1 L c . o._t-o1 -. ir e,/
FroDeller systcn, accounirin€ for both
the propeller elficiency and lhc
lhormal cfficicnci ol the unil, nay_re subslanlially difierelt lrom thai
o .-- ,:o - m- c.. o, o-ro. in
corxlarin:j flyinA sJslens in steaCy
level fliflht, the index @ has the
ad.litional signlficance :(.\ o"=k= TV

= J = tvrr-.

I'ror eqn. (l) iL i6 clear that coin-
larisons oi fLying ievic€s are only
neaningful ii the crrieria for caf-
culatin8 O are unifornx (1.e. condi-
lion ol rnaximun L/D, nd iroun lorrer
requared, maxinum po,ver available,
etc. and the corresoondinfl speed ai
rvhich it occur6). turlhen, one rnust
a _..J._ ke.p .. L b , /rc
beinf conpared nay har, c been lrde-
siSnedrrfor vcry di fferenl ororatlotal
requirements (e.A. pigeons ancl jet
iran.rports ) . llespile thc6e qualifi-
cation6 and lindlations, tne O para-
meier can be a uscfuf basis for fim-
ited rrecononicrr comparison.

l'olfowing lucker (26, 28) and
usiriA data lron Tabfe 1. vafues of
niniroum (optimun) nct transportation
. or o". (on r .. F .n^, on ot foao.o
,'eight (half fuef v/eiAht for powerec'L
aircraft) are shovrn in I'igure i2.
'lhe Doints in Flgure 12 re!,resenting
l . Ar. 1: -ra are oa.. d o crJise
-J-l co,-ufiprton a, . a rr 6 coi rr-

o at L/D .1ax. ar s-a I. v , ass-rn-
ing Lhe fuel has an energy content of

The index O proves lo
conlarison parameter,
is laker in Cefininf

be an eflcctive
Drovided care

ihe constituenl
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I ICUqL 10. Vdridr'on ir l,ling Span wi 'h loaded lr4dss

Variat ior i'r l.lin9 A"ea kiLh Lodded l4dss

3'

!q! -.:' I :- -aL44.'/''/''
' I /&jrt!r ,-< 8

--27.
' '.;/ gt'*

zeio\ a$\ .,r-,/,,/v:,?,,,--"\t -. -j*=-- ''

-"a:4

,--i,-"'

i!'!'.d;,'h r.r..

r'"

FIGURE ]'I
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-l
ic

lo

to

-2
to

-Lo,lo0 Kcal,/ks. lquivalent data ior
sailpfanes l'ra€ been constructed by
assunxing each is fitted with a drag-
Iess, weightless !o,erplant with the
sanre nel eificiency as those in lhe
Gan, Av. rrachines. For Eeneraf conx-
o.flsorI n6 orr', oonIrn cl.r.6-
tron -cnmior-\i ,.. n ( r0) o. .'w:mff rs
(lish) and bircs,/insecls are lndi-
'at-,. Co1!ariso . oased o1 r1inimtlr

\Oe /._e or.-'1teo '' :grre I-
\1-16 4 o- o.Lrd ..1 "; ( nLs.1. i-
assur4ed to be 2o?z (23). The basal
mclabolism raies for the birds and
nan ar€ tahen (,rhere olhcr data are

to3

M (k9)

14i n i mum Net Transport Economy

(4) Po = 6.15 na'724

Po = -.7i na'72J

Po = J 't6 ^a'714

unavaifable) from Lasiewski and laN_
son (60). Tnese values are:

to to5

FIGI]RE ] 2

MA 55

Variation in
wi th

lasserine birds

birds

( except bals)

ttunb.r.d polD l. r.4.. to
.nl.l.. ln Tqbr. L

Fl l. r. .qtr. (8)

&!q !!1!q!

14 g{, Avlorlot

3t

Ir.! !" 9r!!

S.llplonsr
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o.

FIGURE i 3

Analysis and Discussion

The combinaLion ol Figures 9
lhrouflh fl preccnl a Seneral over-
vieli ol lhe reLative 6ize and rrcruiserr
performance. Seveial volunes vaould
be requirec tc analyze in detail the
6iiriLar'1lies and differcnces in lhese
davice6 and colrefate size, shape and
perfornance with the 6pccific opera-
tional rcquiremenL eacir js interdFo
to saticf)". lluch of tho basic data
for such a study dces not yet exlst
or is ai iest inconxpLete.

'j\o sinole analyses of the dat"a
!r6J.1reu :1 Lhic . .-vey a.e of -1-
terest. The llr6t is to exanlne :he
consequences ol the g93gI9-gg!9 E
and to cox!.parc these viLh the data in
Fiduie 10 and f]. Thc second irj to
aLlempt to theoretically verify the
stalistical relation due to Tucker
(26) shovrn in Figure 12.

Squaxe-Cube Lav/; A connon ap-
proach to evaLuaiing data like that
presented ir lj-es. 10 and ll i6 to
apply the sinp.le ttsouare-cube lav/rr
the foundations of {hich were set by
the aviation lioneer Cayley. A good

Variation in ltlinimum External
(Drag-Lift Ratio) Loaded Mass

Transport Eco nomy

crillque of this 6inphstlc but et-
lective Iawrr has be.n providcd by
Cleveland (2). The squale-cube faw
staLeE lhat thc surface area and
r'/eight of goonetricaLly simlfar ob-jects increase a-s the square and cube
of sor0e characleristic linear d-i-ncn-
sion respectiv ely. Afplication of
such a rule to conllex objects Like
llJine nachines, even ,r/hen geonetri-
cally sinilai, i.r' of questionabfe
val-idity.

The basic law 6!ecilies:
(5) b-l ii- -iir

5-!' of ;-'N't)
'!l-!'b-']l'')
AR=constant=b'./S

The generaf trend in the Cata in
Figure lO and 11 is in ro\r6h a6reernent
w ith LbF 6quare-cube predictroxs:

(b) b M!/ '

/'' 
.-:: 

'* 2., ve| 2+r. 5o'g!!g

3l

s = 0.\65 e/3
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A .rinilar rreyc-baflrr fit
data by gchaid+--iliefse:l

(ro) on ^ 1".-
Us:Ln{_r TuchertE procecure
(2) and (46) and 4 = 0.2
sponding O. value basei

(r?) c^ D

'= l;;;.'
too - oo Ei -t

(14) @u=

(r5) (a) o."-

c- c,( "/2-r) fu]|"/zII I[-I
*c: cl

tii

", = "" (,;)"/' ,

^ i .--.1 (no Rn

i:L=o i

s,;r4/7 aJ'2/7 ,;j-t/z

flatplate,a=f/2)

s.,ro,/19 AR-8'/19
3-

( turb. ffat pfate,
a - t/5)

ol sinifar
( lo ) sav,. r

(9
(28), oqns.

on eqn. (9)

(11) oe - 6/t")-t - 'r-o'135

C^ = K/rr

The optimum vafue of Oe can be

tound very sinrpfy by diffexentiation
or eqn, ( / ) or "rore .-eoar .lJ oJ a
irivial allfication of geometric pro-
granming (5r). The generaf result is:

+ / \)/t_-(r;) o" r lgsl"- "
\"/

, -, /). --i.R - l1-a\,1 '' - *
t 4-a'\/

To test this resuft, conslder the nu-
nor'.rl aIr-. co..-spor,lrn ,o vari-
ous scafing nxodefs (i.e. crag scafes
as a Lamlnar and turbufenl flat pfate
and there is no Rn €cafing):

Accoroing tc lhe siflpfe cquare-cube
(1'/ithout accounl tahen of lln scalc
efiecis), the quanlily P/ilV shou-Ld
oe conElanl. The lolfo inEr simlLe
ena.y. s. -o . on- I Lrn or '"
discrepancy and on ti{ures 12 and
1l in generaf.

Assune the drag of lhe vehicfe
can be exprossci approximaiefy by:

'o".H
(sw,/s)

1ln

Lhen in c
(T ; I, L

-T
teady ' IeveL ffight (l) ou* -

( lan.

(c) oe -
tlt-I/19

S

!=!=:!=I?LCI
cDo

CL

* xcLz
rAR

_.+
'= l#Fl
Cnn = Ko Fn-a

Ilumcri a. va.Las or eqn' L6 assumLn.
-to. sea -ev-. conoi' ions, sw/s = '.t
ano "/n - 0.J8 a.. PlorLed in fi"ure
lJ. 'lhe vafues oblained with the
as Lrnp. :oi -. oc a = I/t (rurb. L1,.
pld e) are s". 1 -o be i4 good aoree-
x.r .rLro . ' 

a soari.n, gllq dala :n
laore I. (esulLS s:"l1:-ar to Lhose in
^qn. ( to) ca. oe oora'n.o oi rectly
f-on n q ra_e-.uoe fax ana ysis by
a6suning a conctanl value of aspect
ratio and the scaling favls specified.
It i6 tenrptin8 to extend the analysis
by adding a conelraint involving

RN=V;=VSvvb

(Sw,/s )

=[*4'

t#l-
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several entire classes ol devlce
Le.L. rns cls) c_- ,v.Ld.Iy scar lpr6,
roor"r Lni, aTaraPe o' ('.q. MP,'l t: )

cLusler far fron lhe average. The
oreral- . rr'.e - or 'np -np'L lavr :1
lrerlictlna lhe basic trend indicates
ihat the rufe has 6or1e merit, ho,tever.
I{uch of the devialion and scatter can
be altributed to a cornbinsllon of
op^-a(rora.r 6LrL rurar anl o-rfor'i,-
aicb r-q riror- .s i/1:cl mak' s'l.rcL
comDarison sub.iect to nunerous quali-
iic;lions. It is interestint to note
that the points represenlin8 butter-
!. ics. z,Lnor ia. P-eranooon an I hanq
l:oer= a'Li c"ro io l.-r afone lh'

' 
/1'fine r = M' . Si/'ila^

ines calr oe arr\r con1L..-nr se1
soarina birds and sailpfanes' and
bees, iigeons ancl tiAht aircralt"
lrrlne_. L'la_8e oe. ar'o'l or lra
I,1l A a-oup ilron Lhe aver'16e rs par.lv
"" or"lneo ov rne facL L al 'leso
'" ,in-.- ".i oe Lancd r/i ,l Fv ran J

low load factors (usually on the
order of 2) anal fLy at extrenefy fov
sDeed in (no vindl conditions very
ciose to the ground. There is no
alparent naluiaf counterpart to the
leir. fne defeat of the square-cube
1a,{ in the case of large lransPort
aircraft is vell discusEed by cleve-
land (2).

The un-con6tralned square-cube
lar, DreoicL- rnar vling loaoinP (I/s)

""ouio scafe a- lno cuoe roo. ol Lne
we-en L. cre'nwa-LLrf oaLa suoport
Lhi; in a-neral ano PennJcuickrs
."i" n" Eou.ine vurrures ( 1,2')
suoDorr th's v;riatj on in remaraaDle
o.ili1. creenwalr arso s'ro{s tbaI
w;np te:enL for naEural .lLiers \'aries

"s s_/- with 6urPrisin6fJ IiIIle
6caLLer. Th^ consequence of ln:6 can
be shovn 4,3 follovrs:

sI\7j $ru = L'r1n8 we18nr - ocu =

It can be reaoify 6hown (2) lhat in-
crease of the tiickness,/chord ratio
\,rith vleight to tlLe f,/9 pov/er is
"rac .ll I e con L on r.o tired io
keep the anfiular 49.lll9gll9t1 of the
ning constant ii the skin thickness
oI the wing ritorsion box" varies ac-
cordine lo lhe square-cube Larv (i.e,
to the cube rool of lvei!:hl), !-urLhcr
mechanical consequences oi the square"
cube lair are describcd in (2,5,-8,
18,20).

Analyses of lho !9ti9l434gg con-
soquences of lhc square-cube lar,t arc
o pn nrl-r' o) l. k o a o.r. i1
Uor iluid Cynarnic scafe effecis. Ior
eramlrfe, r""ilh no account tahen oi iln
scafing, the fa!,' speciiios thal at a
given (conslanl) filt coefficieni 'lhe levef iliaht slreed vhich is r,ro-
lortionaf to the square root ol the
lrin6 ,LoadinA should thLrs scafe as iho
I/6 po,xt of thc rleiiihl. Pcnnycuick
(20) presents cata on birds roughly
supporrin8 such a rule. He then
sholvs iha'L lhc lolver lglgilg! for
level lfiaht varies \tith rrel4ht to
the ?/6 pover. ;{artnan (9) and
creenvafl (.1) both shoiv that the
flight nuscle eiSht of variorls
tJtes ol birds is a nearlY constant
percentade ol their lotal iveight.
hL6, j c- Dowor clqu:r'o \rr e. a

.t.e 7/6 po!r.r oI v/':6h , bul po-.p'
availabfe or1ly increases direclly
ivith r'teiAht, the maximun nas€ a fly-
anf b;rcl (o^ rn ral\ can arts r '.
,.i,riLe,y t1 -c (ro aool-r _ .-.
rc o-or. ro P-nnycd c
liouever, specialization of thc struc-
ture to naxinize soaring abilitJ, for
exanple, ndAht afloiv thls linxit to be
raisod to that of lhe estinated 20 kg
oi the Ffeistocene vuliure Teritornis

fo_ a vari Ly ol rea-on^
Ti;:--ini rs oo no, n--e.s.r'-J app LJ

to the case of huixan lovered fliShl
Qo, 52) .

olii.oum llneraotics: Tucker (:5 )
has found that, on the basis of a
-Linireo arornt of oala, ,no miniou"
O lor I'v,nA anlmals appea_. to
sca-e accoroinf Lo l]e relr 'ol:

o Pn

Therefore,

s1/i (Greemart )

t_sz/t*w4/9
ve_sr/6_nr/9

(B)

(e) + 
= 0.998 ,,t_o.227 ,
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llci-11/aspLct rc1-io cc-L.tron- co eqx.
(It) cn.r rnuc obtaln eqns. jL^e ( l6)
sibh only .,!re16ht and a.rea ratio ap-
pearin8 explicitly. Such an anafysis
ha6 been attenpted bul appears un-
juGtified with the present sinplistic
rilodef becauEe lt containc no state-
nenL of operational requirement
(speci fically, it cannot differen-
tiale betireen the geonetries of birds
likc the afbatross and the vulture).
'-nc lolfoj,:nfl concfusio.s ca, be
orav/n frorn eqn. (to) and t1g. 1l

I. Ionc of the eqi6. (l{') pre-
dict the iil exponent -0.18i
resultins lrom Tuckerr s
ana IJs is, howcver cqn. lbc
lit6 the soarin6 bird data,
Dresenlcd in lable I vrhen
iealistlc values of sw,/s and
K are used. The biid data
in Table 1 also fall {ithin
the standard deviation of
Tuckerr s slatisticaf analy-

2. Vr'ithorit data on lhe gltlile
perforhance of inaects, it
'is no' possib.le to lest eqn.
(-16) aAain-L Tuc'{arr-thL:. -
tical iit in thi6 reaion. A
value of svr/S quite dlfferent
from 2.5 is requlred to
ttdescriberr insect geonetry.

ji. Tne varucs of OF PredictFd
by eqn. 16 do not a8ree wi.th
the sailplane poinle. The
sailplane data indicate
that sailplenes scale accord-
ing lo €ome vafue of q inter-
nediate betvreen a turbufent
and laninar flat Plate. This
i6 to be expected 6ince sa1l-
planes are the one type of
machine ovet r,vhi ch 6ubstan-
tlal xeglon€ of laminar ffow
can exist.

4. In connoction vith (J) above,
it is probabfe that eqn.
16(b) ha6 loeaning onfy ovorc6
the range Io/<Rn<J x 10

corr:esPonalins to lkg<M<fo'kg
(depending on aspect ratio).

The curve corrcsponding to
Ai - 30: cqn. 1(o) i1 lrr-
ure 1J can be interpreted as
the aplroximate lo,{er bound
of rlyjnn derices of roa.o1-
able geonetry whose boundary
fayer ls entirefy laninar.

5. SinDle staristical. data fit' Ilk'e eqn. (9)-(1L) explain
very little by thenselvee and
anafyses uhlch lgnore fluid
mechanicaf 6callng ellecls
and oDcraiional considera-
t-Lon. may bc inco.ccct and/or
isfeaCins.

Throe flnal observations based
Irigures 9, f2 and 1l can bc ioade:

f. llang glLder lerfornance ha6
not begun to approach its
thcoretical potentiaf. The
degree to vhich econonic and
othei operational considera-
iions nay hincier fulfilling
this potenllal is unclear alpresent. The exarnple of
Pteranodon is encouraging,
however.

2. Doth [16ure f2 and .' in.ll-
caie that llPA desi8ners have
done a renarkably good job
of r[eetj.ng extraordinarify
dif ficult design requirenents
and linitations. Present
MPArs appear to operate, on
an ener8y consuoDt ion ba6is,
about as r e1l as could be
hoped. The Beonetric penal-
ties involved ar'e {re1l denon-
strated by Flgure6 lO and 11,
hovever.

,. General Aviation aircraft
appear to be unnecessarily
inefficient judged by the
criteria uced in this Eurvey.

conclusions

This paper has presented a brief
survey of the geonetric and energetic
characterj,stics of a range of flying
devices coverinS tweLve orders of
nagnitude in veigit. It has been
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8. Greenwalt, C. H.: "Dlnenslonal
Relationships for Flylnq ln1na]s".
Snl ..son ""t 14:sc, o11.. Vo].
t4T.-m; E

aho$n that there 1s substantlal
general pattern anal order in t;e data
presenled, howeverr there exl3l at
feaat as many detailed dlfferences and
anomolies between vafiolrs types of
I ylng oevl e as her- ar- ilmi I 11-
ties. The picture presenteal renalns,
1n rnany partlcular8r incomplete and/
or lnconcfusive. one factor appears
clearfy, however: Explana!1ons of
fl1ght phenonena baaed on analyses
which do not accounl for the coupllng
beLureen aerodynamics ( fundarnenLal
fluid nechanlcs), structural and ma-
t erlal characteristics, and operaiilon-
al requlrenent and constraints are noL
adequate.

Nalrure continues to be a rich
source of lnsplratlon to the deslgner
and engineer - partlcufarly to tho8e
ln the fleld of ultra-flght aeronau-
tics. It has been a rnaJol goal of
this survey to preaent an lntroductlon
to A broad range of inlornatlon whlch
may be of vallre in future research.
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ADDENDU14

Slnce the preparation of this
paper, two major publicatlons on
Pterosauria have appeared which, t'hife
not seriousfy altering any of the
above naterial, add very signlflcanlly
io knovledge about this poorly under-
sNood branch of natural flight.
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