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Hicrophotographs of an owi's wing showed the
comb to resemble a row of spanwise twisted airfoils oriented to form a cascade.
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& ~§§y§¥"xas iade-of the acFodynamic. Fun ction. of the. comblike. Fix=
Ftures found on. the leadmg edge of 6wl. mngs. wﬂ'i‘c‘?ophb'tcgg‘raﬁhs, of an. : 4
-owlis: wmg showed the comb o res;mble -a row of Spanwise twist éd Ir-
efo!:l‘s-:oriexjted:ftdxféim‘-é; éaS(:é‘d'ez Sioke Flow visuallznson testsron \an “
owl Wing: showed that the ﬁ.,omb acts as 3 cascade whlch 8 1] it the flow
'c)”fqéé« :;6: -t,ﬁj:"ﬁiﬁﬁr e ding ec.ge ina spanm<e direction. .~£iﬁd\§;vi_si;al}i.é {
zatlon expercments were run usmg flat plate and. c imbered airfosls mth 1
combs. in. a '.]‘ov\_i speed. three=dimensional wind- ;qnﬁel‘§, ‘Results: showed. Lnat g
the leading.-edge comb produced a. stationafy spanwise vortex that delays
Flow-separatisn at high angles of attack. The high 1ift device was fe- i
lated to the var‘fe,x {’ixft phenomena pbsgﬁvegi‘{z«dh delta wing afreraft. -~
The comb's small reiative size, simple struzture, and lack of foving
parts may make it '_a,ttfaE:EVg for aircraft u;se'.

s s s b AN, e

e e e = 4 W o e A




0 Shil
P RO i,
- , ‘ Py
i I L
4! s P
% ARl B “f.&l, A

Ty
N A e . g c4d g ~ o
B A R Tt e e P

Bt TR TR T
Rl A >

T R M ST

QE A AN ey

DN v

e i T N o o YA SR i
e PSR 5 R 5 e S A Sl

N . : R
T B SRS AT B i YA . EA SO " AN Y o O

GARAEIT3SE

o~ i. introductions A I

‘Putpose: e ' - T S SRR

Achleverent of ‘higher 11ft coefficients at extremély low airspeeds:

A is a problen of gfeat importance in.current STOL/VTOL aircraft develops
went, ‘In spite of intensive Teséarch. in this-area many of the current
and :proposeéd. hiyh 1ift systems suffér from-serious. shorteomings. Among. :

P

these.are excessive meclianical compléxity and-high: engine thrust penal-
ties. 1n view.of these.problens an ideal high Lift dévice ggpj;;g;bg e -
visioned 2= one having rio mvl.t)i; parts, o diFect usezv‘.t.’f engine thrust,
and negligible effect on hish speed perfornance: The high 1ift deviee

found on the wings of most species of owls desérves the ssrodynanicise's

N s PP RTSTREC L SOOI

attention in that It appears to have all of these ideal: qualities. A

L4

o previous wihd~tgﬁhei study -of an actual owl wing has identified the high :
1ift function of a comb=like cascade located on. the leading edge. ‘éée ‘g
cause of the Jimlited aature of the study, no detailed data was gathered §

on the flow mechanism or performgnge of the hfgﬁ 11ft device. The pur-
pose of this study was to identify the flow mechanism preéenf‘on the

— owl wing and to produce a sultabie analog or model of the device from
which performance data could be measured in the wind tunnel. Further,
recommendations are made as to the suitabiitty of this device for use

¥

on conventional airfolls.

. The gensral method of study followed guldel ines appropriate for a
blonics typa of investigation. The first step requirsd examining and
photographing the wings of live owls, obtaigtng components qf owl wings

for precise sectioning and measurement, and gatharing data on owl flight
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& (- feom biologists. an/-naturalists: Concurrentlys & Titerature: search-was

Bade to. gather avai!ab%e data ‘on aerodynamlc theory relevant to bfrd

ﬁl!ght@ Followi ng the: physncal study of the: owl-uing, enough data was -
avatlable to desagn and constrgct -3 msde! of ‘the. leadtng edgeﬂcomb.

This comb was. tested .on sevéral slmple alrfbnﬂs using flow. visual!za-
tfon technlques nnva fhreerdimensaona! wind tunnel. lns;ght galned In
the*flow vnsuallzat;on study suggested chahges in. the comb: model uAtil

& close dup!;cation -of ‘the f!ow over’the owl wingpwas attained. Several“

slursy, and ‘tufts. - The smoke tests proved to. be: themst :s;t;',cs'es’s‘fﬂ: and
vations. from the smoke visualization showed the fiow. field- to-have iany:

of gﬁe;@hétacteriStTEs‘asgbéiated«uﬂth~g§e—ig@diﬁg<edge'v@rtex~phéﬁomgné
observed on sharp leaﬂing.edged;dél;a\wihgs~qpera;§n§'§t high ahgit§'6f

attack. The literature 'search wa;«theh,direétgﬂ~t9yérda5tud!es in this

area and was successful in 19cating material tﬁaf,aided fn?exp]alnlﬁg

the fiow mechanism.

“-Background

The unusual configuration of the owl wing was First brought to the
attention of the aeronautical engineering community in 1934 when Lieu-
tenant Commander R.R. Graham, R.N. wrote an articls on the subjuct in

the Journal of the Royal Aeronautical Socletﬁ_(!). In this article en-

titled “"vhe Silent Flight of Owls' Graham describes the heoked comb:

“Thare Is a remarkably stiff, comb-ilke fringe on the
front margin of every feather that functions as a
jeading edge. The teeth of thls comb are extensions
of the barbs, or fibres, that form the front webb of
the feather. Thay vary In length and distance apart

LRI
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were used alnost exclusively in the Tatter stages of the study. Obsers = . 1.
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accordang to the siZe ¢ he: bxrd and to their: positlon
In .the: wing. The: 1drge‘ ‘of them are: h 0 e ln !ength

and’ 0575 mm: apart (l _ = ST e

This comb along: wath {he :ther pecul:aru*ies of the owt wlng was €onr
$1dered’ by Grahani as contrlbutfng to the oxl‘s qntte flibht. Jﬂﬁﬁh?ﬂ
«case of -the comb, he: groposes that tasmdxrsams quteéting 1s caused bv &
reduction- in flow velocity at the: slsaai.o‘éf efége:@f the wing. Following.
Grahap, a-brief 'één,si’dé;f?é‘t%ﬁ -Of the combfs possible effect on sound
generation iz ide by .August Raspet i ian: éiét:'icﬁi"e‘—;ﬁi.iSi-”if%h'eéf«f’ﬁ* ‘f%bﬁ

@nfft?édf“éfbphg$?cs @?’BT&&Z?I1QH§"'(Z§§ Raspet compares the combs

-‘qusm:-,,v*?f' vthfe'@mmgd tone. 15 a function: of z.t,.l,a.e.;;c,y,:ts;t;nd;er7s§§1@é§@;e‘r:~.x S dh

later-years. thé comion use.of varloiis types: of vortex-generators to

. delay flow seéparation on airfolls has promoted the theory that <¢9§3§'§:

functlon 14 this manner and.are not primarily intended for @erddynanie

quieting, E.Fs Blick of the University of Oklahoms stites i1n .an article.

entitied ""Bird Acvodynamics" thﬁtAstrafgbt'ﬁIRS-p;acgé ol the‘igadlng;r
edge of an airfoll in an- arrangement resémbiing the hocked-comb results
in an increase in 1ift (3). A recent NASA Technical Memorandum-also
shows that leading edge serrations resulil in significant Increases In
maximum 11ft coefficlent by generating chordwise oriented vortices {4).
The best presentation of the problem in engineering terms, however,

sppears in the book Struc.ure=Form-Movement by Heiarich Hertel (5).

Here, the analysis considers shapu, size, orientation, and spplicabie
Reynolds number of the comb-wing system. Hertel makes the important

observation that the hooked comb does not resemble the vortex or tup-
bulence generators used on conventional airfolls becauss of the orien-

tation of the comb blades relative to tha alrfoll surface. The <one-
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aches is that the functnon of the comb ls am un-'

clusion. that Hertel ¢

s0lveéd ‘oroblen Tn. .‘flx_ijij@‘*d;y'nami’c’:sA "L(S‘)‘i Jn 1972:an- extené i‘«~ “d)'e ‘on

owl: fhght -was; made by RiA. Kroeger and others at the U,}\? Y of Ten~

v?essee Spac institute ’,(6‘;)@; Jhe study;, - entutled Lowx Spe d‘ od/natr.Scsj \

EEEEE v par e T e

‘?br: vU i‘tré,-‘é.Qu i'éﬁ ??‘;I:i'gﬁ‘t’ , W3S 3 abréa'di =éf?6rt Wh’os‘e ,”pui‘pb“s’e’- ‘was"z :tér;in‘e”a‘suré‘

%tha}qz contributed Lo noise: suppressson. -An omportant part of ‘the: study
o c.

A

ent*gred an: ghe hooked comb ‘com *guraum fand‘ nnvolved @ 'm’nd tunnel

;ggst -of :gn owil wWing. The :rcsg]-t; of this test showed that the comb de=

1ayed: ﬁigw’-s,_se‘aa‘cgtié,naqn the outer half of ~.§bﬁ*f9'!3h9;"upf to. éx,tire,im:elmgrgh:

ahglés. of atticks By probing: the flow fisld with tufts, 3 mapping 6f

the-stieamlines oyar the top ©' the. wings: was. obtained. This led :it.s?‘ the:

b s

discovery, that the: corib was. producing.a Vortex sheet at the wingfs Tead=

ing edge and. 83}(',eiétfin§, 'Spaﬁw‘iéé flow toward ‘the '*':tﬁgif:f'ﬁ;' The. data on
stream!tnes and the discovery -of the high Tift function: of the co bs

prqv,idgd‘ the ba%is -on which the present study :‘wés undertaken.
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ta, th w.ng Cancguratxon o {fé

The onfliguration of ithe-owl wing axhibits ife,‘atqiigé ‘common: to- most - f
- - o 7. L N »’/ ’i -

bifds, The skelefal stiuctiire consists of & linkage of bonzs that . -~ . i/

closel/ resenbles the-hiinary arms - Figue ¥ the ,.amégy can be Fol-

,,,,,, ! SRR
!eued ‘starzing with. the sholilder joent, progressing down the upper arn, S 4

‘énﬁ*fezmtaaxgggygt,;ﬁeawnti& JQ!ntg u‘board’of the wnist goint are " » Ty

- A
Vee s W

NP LIPS P T
(R - G AN AL AT D AP

bon i5 -controllable by the bird: that t,ermina.t‘e in ’fsét,hsrslro\ni,gp.tg,d,-‘:q.t

‘elynt angles to the diréction of flight. These feétﬁgfs:grgnggiﬁga%gbé-

T

v
o

primiry flight feathers. Taken as & gébupgihéysfofm-ameVablé~outeﬁ= l,— i

Aldes 2 athoy § - ametdun 2ia

port!on of the wsng that is often referred. ¢o col}ectively as tb manus. A’

The feathers of the fanys can -be moved 3ndependently or -as a- group by the:

ey,
e e S

tuscles. Filliag out the nemainlngvplanfqrm qf‘tbe yingxangw;hg‘se;og~
dary feathers. These afe held in place by the flésh or pstagium-Surrouns.

ding the bores of the foréarm. The patagium in~addi§ion:tovsééun{nguthév

secondary feathers also forms the .contour of the 1qulhg»eage of ‘the.

NP D NI

tnner portion of the wing: Projecting forward from the top of the wrist ‘ i

area are a grouping of two to three short feathers that act as a control-
lable aerodynamic “thumb". This feather system Is called the alula or
bastard wing and Is well éeva!oped on the owl., The physical shape of

the wing Is completed by the presence of covert vcathers which do not

- I et 2 e ¢

contribute to the planform of *he wing but give it additional contour or
thickness. The covert feathars are attached to the patagium botd above
and below the main flight feathers and concentrate,additional thickness

oa the wing in the region directly behind the leicding edge.

[P YU AUV NP KV S

The primary and secondary feathers form the wing planform and are of

special interest since they are also the wing's load carrying structure.
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T e i 5 4 et < R e i e o e oty e

LA ‘WAWH T e A <
L . These feathers are. composed of a central shaft wath vanes s surfaces ) vgzﬁ
fnnnlng.glqng most of its !vngth. The vane !s bu!!t up»of a serses of ’ ) {i
. paralle! rods or hmrbs that dre bound togethen along thg;r Iength by . E”f;%
' ) “ barbu!es. The. barbules functaon in armanner analogous to hook and eyee ‘, ?_:g
: »ﬁasteners,ou,fmore>closely, to .he Velcro tape use& as» fastener 10 ; fi
: uc!othtng. Thts feature 3Haws. the barbsxto foru & self-restoning; ?_32
—surface when: partedwby abnormal Togalk stresses. - — o ) i ‘E;‘fg
It is: obv!ous that ‘the: owl w:ng is & vazjable geometry dev!ce;whtch R ii bé
) lntegrates the bsrd‘s thrust and Tife progugqqg mechanisms as well as. | . =§
prov:ding -most of the.means for flight*contro], Iggsgffggtgrsvrgqgfré» ; %
ths“yingrt.gshén,s.e\z its ‘s,b.?pea\aqd»:co.nﬂgyrat‘lgn;:ani‘ to, change?roman B § {
»éQEIVéttbuéxpassfvéwrﬁfefésxtﬁﬁustn?edﬁiiémeﬁtsQAfttééet~’6ﬁéﬁtééégdn?‘ ;é é
-of wing»changes nog ‘under direct muscilar control of ‘the bird is thc - 1?
- ;aggpglgsglg,propgr;iqscofxthg fktgh;~fgathgrs, Aerodynamic forces act- . ?
15‘9*9# cﬁ@%év&@&ét‘S ¢an be resolved lnto ‘toﬁs_ion'al‘ ‘and' bending. mofments
#ctifg; on the shaft. 1n-flight bending moments-acting on the pfimary S
feathers of the manus cause the wingtip re/s:féft to bend upward and open |
Into a series of multipie airfoils. The orientatlon of these Individual § %
. airfoils is not in the plane of the wing and‘varles with the owl's flight ' g
condition. A close examination of the manus region In Figure 2 shows § %
that the first two primary feathers huve their vane planform specific- § é
i ally designed to accentuate the slot“effect: Bending effects on the : é
secondary feathers result in a change In the physical camber of the in- :? ‘
) board sections of the'wing. Torsional moments about the feather shafts ) §
. appear to play an Important part in controlling the poresity of the wing ?

surface. Thls porosity Is férmcd by the slots that open between the

filght feathers during the flapping or powered phases of fiight. The
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i ? o™ functton 2nd:: degree of thts poros:ty ls aot uell understood however,
;;g - several studces have been canducted in gh:s erIchy the. Russlans (7 8)
§§£~ ‘ E The owl wing possesses a number of charactenistics not genera!ly

fbund on other bnrd wsngs. The first of these is the hooked comb on..

REL YRR e

the lead;ng edge of the furst and second pramary»feathers. Figures 3

R

A e
5

and [ show the comb pos:tuon .on the first)prlmary feather. The .comb

PN
e\‘“s.g‘a

is formed byrthe ends of the barbs that rad:ate fram*thewshaft of the

P
Sl

Y
LGNS (S )

feathers. «oward “the. extremtty of the. barbs, the barbiules. that norma!ly

‘h91§~$h§»V@"¢“§999§h9£5:ﬁ?FS ?ﬁ@ﬁ3119w”theﬁtibvbf31h§‘bétbs‘§9‘§RTS$

- ’§§6h§~tnéf¥«aﬁfs{ It <an be seen that the barbs taper sharply. at. the

the

7 ends andlretasn t@e barbules on. the outboardﬁsgde. The si g,gf
Individual b¥a¢e5<ofhthe»éomb~tha” ”S»fdrméd'VéFFés wlth»the~siieréﬁd‘
spec!es of owl as well as. wsth ‘the. posation -along the $haft of ‘the. fear

;hgna RepresentatSVy d:mensions are 2 mn. for the separated poition. of

o} wiﬁg JSwthé?friqging'that occurs In the vanes that make up the
tratling .edge portions of the wing. This Is shawn in Figure 5. Instead
of binding the vané together out to the apex of the barbs, the ?arbules
agaln release their hold and the resulting separation of the barbs forms
a discontinuous surface. The appearance of the separated barbs is guite
different from that of the leading edge comb. On:the trailing edge the
barbs form soft, flexible streamers from which minute barbule filaments
radlate in all directions. The finat charaeter!stic is the downy upper
surface en the portions of the vanes that come in contact with adjacent
feathers during flight. f&e contrast between downy and smooth areas on
the upper vane surfaces is shown in Figures 6 and 7. Recause the downy

surfaces are present only in areas of physical centact, It Is presumed

'ﬁhé‘barb\and~9«7'mma between barb tips (5). A second pgculiarstv of the.
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5 DS R |
e 3 N i - . N : g G
E"; 4, Litersture Survey:of Test Dats:
E% - . The Study of ‘owl Flight by Kroeger (6) contains a great dead of i
%;gv , ) -data on the aeradynamic ﬁgrféfmaﬁgex9f5the 1hdiviégar:dg?iééscpfgsent AE
?i 'o?:g6676wilﬁiﬁg; Thgfﬁgfé relevant pp,tbé:ﬁpéked“cqmﬁngfbbfgm falls in ié
E? * ;»7 t&&mﬁndw@ﬂsiT&%a@yﬁfmmatﬁgﬁfaQMEJWI 4%
i 7 - - N : N
%iﬁ ‘wWing, water tunnel gests‘6?"3'bdbkegfcth'apéﬁpgi §ﬁd’£f¢gA£Tigh§,gx- %
é% ) .perimgnts‘usihg'?ivé owls: ~£éch-ofvthéﬁg‘éxﬁgniﬁeﬁfsiisxdi$én§sed:wi;h; %
{g' respect to their‘cdhtr?butiéns to ;he understanding of tﬁé‘fuﬂction of %
% the hookedh;omb. i | - %
%
% ¥§nd Tunne] Test gz_OW? Miqg %
3? - A small bwf:wing was placed in a low speed wind tunnel and the é
z% flaw over the wing studied with smoke visualization and tufts. Kroeger § ;
%.% found that the smoke flow over the outer half of the wing varied with , g ‘
E;% angle of attack. As shown in Figures 8 and 9, the flow over the wing ‘% 2
;i turned inboard at.low angles of attack and outboard at high angles of % %
;é attack. An examination of tie flow pattern on the upper wing surface ;
:; also revealed marked variatlonsﬁwith angle of attack. At low angles ?
‘;é of attack, the streamlines were primarily chordwise and no effect of
f% the leading edge comb on the flow fiald coﬁ!d be seen. At high angles
| of attack, the comb created a spanwise flow toward the wingtip. This %
spanwise flow is shown in the surface stream!ine sketch of Figure 10. .
in addition to creating this spanwise flow component, the combs gene-
. rated a vortex sheet at the wing leading edge. This vortex sheet extei-
ded from the bastard wing at mid-span out to the tgp of the first primary

feathar.

The action of the vortex sheet sppeared to delay flow separa-

tion on the outer half of the wing to an angle of attack in excess of

14
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_“””TM%%mmawéwwumﬁ;;m*mwmw, gu,wuan f-w,.7;,,¢M<,~;,,%%»“u”w;7;Tmﬁﬁ,mwwgymW%gfggggg%g;
o ‘ ‘ h ‘ ' - - o
_ 30 degregs. When. the. comb was remgved from -fﬁe‘ .I‘ééd}hg‘;:ed'g'e‘, thewing ! g
) stéiledxat»$,ﬁhéﬁwioJéruéngie o att ack and 3 maopxng of'the §urfice b 52
flow. (thure il) xncxcated that the spanw:se Ve tex: sheet Was. absent.‘ ‘ : ," ié
Kroeger reponted~tbg;§;hg qgms‘sreffgcg on tﬁeﬂf!gwfﬁsgldnw€gohiqblyf ";g
# nghree dimensional. As shawa in Figure 12, éhg:;ﬁrﬁfhé;éf’théiﬁlo§i %
through the comb. 5. highest At the: wing surface and decfeases with in-
} creasing. distaice from the-wing surface until | the ﬂz’“ is -éﬁé?ifdi!is;g at | ';. ;j
_ the comb tips. No deformation-of ;he comb cccurred during these tésts ,%
in 'spite of the,small-rglatiyg.sizgaqf the Iadividual teeth, ‘In ex= - li
plaining the overali flow field on the upper qingwsugfacé, Kroeger sugs i %
, gests. that the vortex sheet and the unusual gduhgg#fbg;;ihg~f&ow:flelﬁs ,‘ﬂjé
) at mid-chord are created by the mutual action oéukhefhobked cbmb;pthg g
- bastard wing, and the slotted wingtip. . é
Water Tunnel Expgr%mgnt é
Kroeger attempted to duplicate the vortex sheet flow created by § é
the comb system in a small water tunne{. The shape shown In Figure 13 § E
proved successful. The comb was made of .0014 shim stock and each of § g
the blades were twisted until the tips had a zero angle of gttack with g
respect to the free stream. Although the analog appeared to create a §
vortex sheet downstream of the comb, no tests were conducted to measure é
its function as a high lift device. ' %
Free Flight Test of Live Owls | :
‘ A Barred owl (Strix varia allenl) was used in Kroeger's light
. tests. The owl wos constrained to fly a relatively fixed flight path

and measurements were taken by means of photographs. By computing velo-

city and gllde angle during the aliding portions of the owi's flight,

17
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werage Reynolds n..ur.ber and L/D »values were obtaf &t a Reynolds

nunber of approxmate.y 14.3 X 105 Kroeger reponts the ow!'s gﬂatng

<

UD‘ to be on the order of two.

pared*to raported values of !6 toé 20 for a soaring biack Euzza'df (

<dge-‘conb: failed ‘to: produce any: not cable change ih fl tght perfomnce.f_ .

This result. tended to. Indxcate that the qu aerodynamic' Qapabﬂity of .

- <
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B . GRU/AEL2376 g
2 Be’ AV Physical’ Sharsreriatics of tul Wings ;.
B "SE’E’Z?‘ Feét_vres S B A
§ u s ‘ : Owls are classnf:ed In the: buolog(ca} order stragafomes. ﬁqs‘g,(
;;’ o « of" the mbers of th:s order bave the. hocked comb confxguratton. For f[,
» i o / thxs irvestzgation two species of ;hve ow‘< were studied, the . grzat o 3
§ ) horned ol (bubo it n.@nu,s‘) and: :;he\.,b,amfow =(f?)'t.9”»§-u?§)-“ ‘Tb?’i?lél!"' . “';A %
§ - forms of z,the\m:wings:»até» shown. in Figures: 14 and 1 5. ~:n=:5~oth;~,,h°{gg, ‘ “%
E ~ graphs ‘the hooked €omd is‘~plam1y v:slble #n. the f:rst pnmary feather, §
- % The mng,of the great horned. owl is héld in a posatzon close ‘td:-that 4
% observed in gliding flight. The outline of the wmg shows it to have, . ﬂf,,,;_
% )  an yfhr"té‘éé‘é;;&‘ mboard s;cgion mth an - e!l uptu:ally shaped tip or- manus 1;
j g ‘”g;i fi. Also, :‘;hg individual: priwary feathers .éx_hib‘i; ‘e_!.l«"‘s’_pt}'cja‘;}i *:i‘bs«;
T The bastard wing 1s Tocated at the approxinate aid-polnt of the lead-
:’ - ing edge and is faired: into the surrounding covert or contour feathers. i%
i ‘The covert feathers, e"spéci‘a!iy on the inne;' wing, are extremely light ;%
7 and downy. This characteristic lends credence to the theory held by ' ;;
' several authors that the coverts form a compliant surface that funcg~ j
: tions to delay boundary layer tranmsition (5,9). This ability of a i
compliant surface.to delay transition has been established by Kramer :
{10). Several flights of the great horned owl were observed. The owl ) g i
was induced to fl;' between elevated perches in an outdoor eaclosure ‘ f
40 feet long. On most of the flights the owl-flew directly ovar the ﬁ
3 observer at heights of 2-3 feet. A number of characteristizs were
: noted during the flights:
1. The owl has an extremely long glide phase during
which the wing remalns relatively fixed in planform .
S : 21
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'éﬁdmswééﬁz F:gure Ik*sbows the wing held 1n q po;i ?'

*close R that‘observed In: f!ight%

2. The ‘bagtard. wang was held slughtly qpenfand swept ﬁbrward

tup s!ots:wenefclearlyLW|slb}e;

&, - The g!ida JQg!e was approx:mately 15 degrees. ‘ - -

AN

Ryl SRS

§;j;0pen:ngs were : not v;sib!e«between the 5econdary feachers

=during the glxd!ng phase.

wing Measuremenxs

p M‘.\m..

dynam:c character:stscs. The wang Was\for éd- :nto a g!:ding ccnfigura-*

tion and thé measurement ‘1n Table i tékgrj. smce the welght of‘ the

-owl was not availéﬁf¢~7t Qgs computed quhgfths wing: loadlng va{ue typi-

- cal of this species (I1). The flight Réynoids number was based 6n ‘the.

chord length taken at mid=span and a velocity of 25 ft/sec. Theaw}hg
loading value of .837 ibf/ftz‘ls close govthéi m¢550red for other pre=~
dator birds such as havks but is véry low compared to conventional alr;
craft. By compar!;on, the‘U-ldS Hello Courler aircraft which is .cap-
ab!; of excellent STOL performance has a wing loading of 14.7 1bf/ft2
(12). Figures 18 and 19 show the wing sections that were taken at re-
presentative positions along the span. All the sections resemble cori~
ventional airfoils in that they can be dascribed by distributing a
thickness envelope over a camber line, Section 1 was taken In the
reglion between the wing root and the wrist area. This represents the
thickest part of the wing and is highly cambcred. Section 2 taken be-

tween the wrist and the end of the region covered by covert feathers

24.

3. The deflection of ‘the: prtnary feathers ‘was. small but:the L ';jg;i
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*%» e ‘ R Table 1

;§}§ . ) Heasureméqts_égﬁseieﬁéd»éféat?ﬂbrﬁédaowl'?iﬁg

2 : . L

":é )

E b .. Veight, 1b® . 1.7

Wing area%*, in2 ' 7 68,
‘ Wing Span; in - 48.0

T -
.l

Wing. sweep angle, deg. | '3
Chord at half span, in 0.
Wing lcading, 1b/ft? 0.64

Wing aspect ratio 5.8

-~ Table i1

0wl Wing Section Measurements

i
~RETES

Chord Camber Max. leading

1 9.7 Mic .32¢ .08¢c,

8.5 .09¢ Jibe .07¢c

B e AR K AL S b
DT T S

90‘. -08C ai‘lc OOBC

=3
W N

8.1 08¢ .5lc .02¢

Section {c), in Camber Position Thickness Edge Radius

+03¢
03¢
shawp

sharp

*aight calculated from wing loading value of reference 5.
**ing area includes the body area intercepted by the wing.
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Figure 19
Sectlon 5. Position of Tip Feathers Under Aero-
elastic Ueflection During Gliding Flight
remzins Tairly thick but has reduced camber. A nmarked change in shape
occurs in sections 3 and 4. These sections are located in the manus
region where the surface is composed of only the primsry feathers.
Poth sections have sharp leading edges, low relative camber, and small
thlckness.-“Ousboard of section & the wing breaks Into a sarles of
wmiltiple alrfolls. The relative positions of fﬁese airfoil sections
arg shown in Figure 19. Considering the structure of the wing, changes
in the geometry of the inboard sections durihg gliding flight should be
relatively small. Table I! lists thé sestion values of camber, maximum
thickness, and leading edge radius. Using these values, the following

corments can be mada:
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C GAM/AET36 Co L
o~ ‘ Y. $ection ) has a-maximin canber of 14% which is much. -

. - higher than on conventional airfoils where valuis -
T Ly AT -

rarelﬁ»egégéd‘hz. This~highxgambe:'sugggsﬁé high.

ot
Py

_ section c,m < and large pitching moments (13}.
2.',5:;€h¢ns 3 éﬁﬁ % have thicknésses below the mini~
mum value of 43 usg§t1;~g§y¢n.asra.st?pc;urai Timit
in preliminavy afrcraft.dé;igp (34).

3. The maximum thickness on section & is‘fécgtgd be~

LA A S ARl
4 o RN AR PR, 44

hind mid: chord .suggesting a large percentage of

A gy e s et

laminar flow.

[EERR

In order to model the hooked comb, its exact shape and orienta~
e tion was studied. Since the comb is too small to inspect without maénl*
fication, a laboratory comparator was used to select sections for micro-
photography. A 35 mm single lens reflex camera with beliows attachments
giving negative magnifications of 10-30X was found to be sultable.
Hicrophotographs of the comb are presented in Figures 20 through 26.

h Flgure 20 shows a top view of the comb system magnified 30X. Even at
this high magnification, the surface formed by the barbuies appears to
be falrly solid except Vor the fringing at the tips. Separation of the
barbules from the adjolining barb occirs some distance prior to the be-
ginning of the taper in the outer portion of the comb. Because of this,
the barbule surface overlaps the adjoining barb for ' short distance,

This characteristic cannot be fabricated in a mode! cur from a flat

sheet. Figures 2! and 22 show the comb from the direction of the free

stream when the wing Is at an angle of attack of 30 degrees. in
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e Ao v e b e e e - .
T e e e we v n o - by
-

B AR Wk W e AN Wl St oty S A S B ¢ <
. voam PPN




%
4
{>
¥
v
>
3
r
¥
%
+
!
N
.

cm/ae 73-6 o -

Figure 21 3 cascade is formed by the barbules which: rescible a.Series

of individual blades and turn the flow. :wafa“' ‘t‘h‘e"wihs’i tip. If the
individual barbule sunfaces.are assumed to be relac:vely lmpermeab!e,

the ability .of the cascade-to turp the f!ow'may be qutte ‘high, A\pnl-

mary variab!e in cascade geometry i's blade so!td;ty, def aned as the

ratio between blade chord !engthxaﬁd'bladqv,egaratzqn. In this cascade

the solidity is quite high in thé base tégion and tapers -of § toward the

. tf@ as the barbule chord length decreases.

Flgure 22 shows the shape of the barbs on the underside of the
wing surface. The shgpe remains rectangular until veaching tke comb
where it changes sharply andfbecomes cylindrical. A critical parameter
in specifying theﬂorieniation of the barbs is the angle at which they
radiate from the vane axis. This value is approximateiy 25 degrees
and varies little along the span of the feather. This contrasts with
the large variations in barb angle present on a flight feather without
the hocked comb. Further insight Into the shape of the individual
blades or barbule surfaces can be gained by sectioning a single barb
from a leading edge primary feather and photographing it from scveral
angles. The photographs in Figures 23 through 26 show the barb in the
top, left side, and two oblique views. (The hole appearing In all
views was made by a pin during sectiening.) The top and side views
show the twist of the barb along its axis. No twist could be seen in

the barbule surface about the barb axis.

Conclusions
A number of concluslions were made after considering the .wlis

wing structure and aerodynamlic performance:
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g S wasm-é LT L
R SR - “T -
£ f%“iti;?.f*‘ R Ts The great borned owl uas cupaule of digher»glid~ e
%g g,: T - ‘» ang va!ues of (L[ﬁ) than reported by Kroeger.>?
%:f %"; ) - Thls may suggest why Kroeger s remaval of the
i ; - A lcad;ng edge comb faxied to céuse a change sn the ;
:; %— o , . owlts gladlng performance.\ _ A o ;é
’;’ % - 2: The bastard w:ng as used during gizdlng fl!ghtn ; ‘ —,;%
- § 7 é;' Except for ‘the tip regfon, ‘thé wing. could. be con= j%
?’ ) sideréd:-an unbroken surface during the ‘9l iding, ) ‘%
%h »phase, » , ) %
é' - k, The wing sectlons in the region of the ;émb are :

‘thin and -have sharp leading edges.

5.7 The hbokéd comb shape with the exception of the

RNPPE T AN DN

\ N N
USRI RPDPE R A

barbuie Gverlap In the base region can be fabri-

cated from a flat sheet.

6. An inmportant parameter in constructing the combd

appears to be the 25 degree angle at which the

axls of the barb radiates from the feather vane. ;

e
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T ¥ Experimental: Equipment and: Hodel Description

. I . e Se e TeE L - .o - . N
i L R TN SR LA i e P2 AR TR T e T e T T T ] T Ll Do

SU A T e ent A e

ol MigdTeprets - Lo

N Twowindtﬁnne!s wéfé.‘gvs'gi@‘f dijﬂ_‘r{g‘;thcx@uﬁs; of ?ﬁis_sgfiﬁfa‘ 5@{:‘
" of themrkwas done. i n the 3°foottur’nel ' bé)o;égiﬁg: to. ‘tjag AFF!sghc
’ 'byﬁa@fbs-tébo?étéﬁy. Tﬁjsﬂtgaaéf;Is,an;obéh~g$?éu£z;A¢19§ed tést secs.
tion unit. capsble of valcities up to 30 ft/sec. The physical Tayout
- of -thé tunnel {Eignrg 27) consists of a:w@gdéh\tgbe’mégsuh{ng.s fgei in.
'dtéme:er-and*ibﬁ éégt ioné; Thguéiéflgw.fs‘;pntrbllgﬁ35y~é variable
speed DC. motor-installed at the exit of the tunnel. The motor drives
a three-bladed propéller located behi;d adjustable guide vanes that re-
duce undésirable rotational velocities in the tesf section. Turbulence
redqctléh is accomplished by use of a removable honeycomb section p{aced
in the tunnel entrance. The test section is viewed through a large
piexiglass window on the right wall of the tunnel and accessibility to
models is afforded by a port on top. During this test the tunnel was
equipped with a commercially manufactured smoke generator called the
“Cloud Maker" (Testing Mrchines Inc.). 'This unit produces a thick white
smoke by evaporating mineral oll. A high pressure bottle oé carbon
“ dloxide Is used to force the smoke into a glass jar which acts as a
reservolr, From the reservoir the smoke is injected into the tunnel
through a rubber tube connected to a 3-foot section of 3/16" diameter
stainless steel tubing. To obtain multiple smoke streams, a second
tunnel was used briefly. The tunnel belonged to the AF Aerospace Re-
search Laboratory (Figure 28). It consists of a closed section, open
clreult unit with a 1! K 1! square test cross sectlion. Alr enters the

tunnel through ten screens and is contracted in a nozzle before reaching
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[A]

- GIRELISE

the test section. Air flow 15 inducéd by a fan driven by.a % hp cons
“stant speed wotor, ‘!eiocttv is ¢§5§?d§?§d by ia;si'}as.tlﬂé' louvers in thsi
fan section: . siioke is generated by evap‘qfa,ting"kgquéﬁ@ using an €lec=
tric heating élément: The siske i5 ijected into the tunnel through 7
pipes placed in front of the ept?aﬁéé sétééns, vBé;apsea@f the -multiple
screens and. the high. contraction ragigy¢f‘t§é-gpiilg, extréiely low

- turbulence flow is prodiced. in the tést :séction.

>

Pictures -of the smoke flow patterns rquired a very high speed
fiim. The film was Polaro?d Type 57 with an ASA 3000 speed. The. camera
was a Braf!gx 4X5 used in conjunction with a high intensity stroboscopic
iight source. Best results were obtained with camera settings of f16

at 17100 sec. .

Airfoils. Three airfoil shapes were used In the experiment. All
were cul, from .065" aluminum sheet and hid sharpened leading edges., The
planform and camber oévthe models are shown in Fféure 29, Model A was
a flat plate with an elliptically shaped tip. Model B was similar in
planform but had circular arc camber. Model C was cambered only on the
forward position of the wing and had a rectangular shaped tip. The
models were supported in the tunnel by the st!pg system shown in Figure
27. To minimize interference effects of the mounting and provide an end
plate for the wing root, a 10" x 10" aluminum plate could be attached to
the'scing at the wing root.

Hooked Comb, The best fabrication results were attained with 004"

brass shim stock, which Is easily cut with small scissors and can be shapad

40
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using tweezes. The first design (Figure 30} was constructed by laying

 off.a series of paraldel linés oriented at a 25.degreé angle to the

leadiag édge. The blades formed. by- these lines were then-given .dn.

. elliptical taper. The second desigh répresents an attempt to Induce .2
hook shape into the comb. To produce the hook, circulas arcs -are drawn

from positions spééified'ih~the dimensions of Figare 31.. The two €ombs.

of each type illustrate the différent shapes that .can be obxaiﬂéd by
variation of the specified dimensions. Table 111 gives the dimencions
of the combs that were used in théhtests. As the table shows, the most
successful combs were quite small and difficult to fabricate. To 3id
in working wiuh‘such small dimensions, arcs were drawn with a 4 x 0
Rapidograph pen and the parallel lines were applied from dry transfer

sheets.

Procedure

Every effort wes made to keep the hooked comb and wing models as’
simple as possible. in the previous sections s number of other devices
on the owl wing were identified which could contribute to the mechanism
that delays flow separation. Two of the devices were considered for
model testing. These were the bastard wing and the slotted wing tip.
The bastard wing was modeled with a small winglet cut from shim stock
which could be fastened at various positions and angles to the wing
surface with modeling ¢lay. The slotted wing tip may also be signifi-
cant but was not studied .aere because of the difficulties involved In
duplicating Its aeroelastic bending and vibration characteristics.

0f the three types of flow visualizatlion methods attempted, only

one was successful. A slurry made with titanium dioxide and kerosene
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*%podel 7 is constiucted using clrcular arcs.
1




sy &Eﬁ.’w“kt

Canh Sl NV

MY (o *‘?‘W—‘Mﬂ'wa e A A o

\‘\ A

/cwawz% a ‘

- - Ty

;waxed hccordnng to tﬁe xnstructions of reference 15 dId nsC. nge con~‘

i:stéﬁt rgsyltspbecausg‘p‘ the low. spéed- range of thé wind’ tunnels.
Tufts applied divectly to the upper wing surface gave no information
on flow.behavior above the spanwise vortex region existing behind. the

comb:  The use of smoka ‘was succes<ful in. showing the effect of the combs

1a Tgs;:gacbzwzng,mgdelAwgthoug theﬂcqmb,;ggéched=

and.-record stalling-anglé of attack.

i

2. Test wing with comb instalfed.
a. Check Tlow through the comb for spanwise

turning at high angies of attack. ©

A

b. Check for stationary vortex sheet aft of
the comb.
Z. Test wing with comb and bastard wing installied

and record stalling angle of attack.
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The results of the experiment are grouped in thrée-parts; -Part %

represents the preliminary observations of the-comb's. effect of-the
flow Field at the: Jow tunnél speed of 5 Ft/sec. Part 2 Shows the high

Fift function.of the comb .at increased tunnel speeds-of 13 ft/sec,. and

part 3 Felates the comb. flow Field to that éreated by Spanwise Blowing:

across the wing:. ‘ -

,,,,,

The pre!ihinélelbw spéed tests weré conducted using: the flat plate

wing (A). The first five comb models were glued to the upper surface of

-

the wing with the comb blades extending forward over -the sharpened 1ead~

fng edge. The low tunnel speed of 5 ft/sec was used to obtain coherent
smoke ‘patterns so that detailed streaml ine behavior ;duid‘ﬁg obsénvéd.
Smoke flow over the wing prior to fitting the combs (Figure 32} showed
that the streamlines procecd directly chordwise. With the combs instal~
led, the flow pattern changes noticeably. At low angles of attacl,
{(Figure 33) the flow through the comb continues chordwise but exhlbits
considerable stagnation on the wing surface Indicating some reduction In
flow velocity. At high angies of attack near 30 degrees (Figure 34),

the comb turns the flow spanwise toward the wing tip. if the comb ex~
tznds n the wing tip, the flow through the comb becwmzs entrained in a
stationary vorvex core that moves laterally across the wing and rolls up
in the trailing tip vortex (Figure 35). Placing the-winglet at mid-span
(Figure 36) destroyed the vortex. Instsad of moving spanwise the flov

moved Into the region just under the winglet and stagnated. This was

Tikely caused by the winglet Inducing attached flow in this area whlle
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_ the rest of the fiaa of fne Lpper wing surféce remazncd #u!ly separated. ) f *;

. \ 5
.' A .
o . R P N
s . : PURERL:
ey PIRLAY
& T G ir .
L "

pore e W
N
:‘\‘«(ﬁ;i“ NURARNGN3 bt I} SR M\«g’mm&mﬁ«m}i VIR

lncreas.ng tunrel velocxzy did ot cause attached f!ow a: angles of " : ;1Si:§
atgackifbgvg~;ne giainnxxng:saa}l; lnstead -3 c!asssca! vartex stregg <'f>mf4 ,_}?
was periodicdlly shed from. the 1éading edge ~(E!9f§riép.3.7),a~ ‘!e;:&?tignsf in :
<o, tuist and-winglet oF lentation caused nd; changes Tn the observed
f?bWiﬁétfe?th The §tatfohény'véiféQmexiﬁtéd*dnivaﬁénrthévangnas

fuf!y separated and the wxnglet ‘was. not znsta!!ed. 76u813§¢,§u§~t§§.

pre]in;nary ‘tests a comb with untapered blades was trsed. ‘Nga§t§§26ﬁ~ . ;élé
o ary vortex was created by thts:coaftgyrat1pn and it was discontinued. . ?
f?i None of the comb models were successful in Inéreasing the stalling fézg
?;% _éng!evofréttéck of the fjat p}até wing (A)ioff;he Tully .cambered wing » é
~t.§.“* {8) using tunnel speeds up to the maximun availgpiezq? 36::ft/sec. At 1§_§
Z@i - this point in the eéxperiment, new insight into the theory of the comb ;? %
:;:% operation suggested two changes whiéh proved successful. Tag first was z §
'%;i to more closely model the bionic geometriF~ratia of comb blade length % é
é%% to Qing ¢hord. Wing C in combination w%th comb 6 or 7 reduced this ;,%
}jé ratio to 2.5% which approximated more closely the value of 1.8% measured | é
f? on the ow! wing. Second, a sharper leading edge was meade by fastening é
the comb to the bottom surface of the wing. This allowed the .0C4" shim i é
;t stock at the base of the comb to become the wingl!eading edge. The tests é :
E? of these wing/comb combinations proved successful in delaying flow sepa~ § %
éi ration to a marked degree. Ko difference In performance could be de- % i
E? duced between the two comb models even though they differed greatly in |
,f . . shape and solidity. At a.tunneE speed of 15 ft/sec, the stalllng angle
of attack was delayed from 22 degrees to 30 degrees. Stall could be :
48
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further delayed up to 35 degrees: zf ;hedbastard wxng wé§‘m§untéd33nwgﬁg:

wing; The optxnum -pésition .ar ‘the. bastard wxng was ,‘mid?épéﬁkwiih~é

lt‘.t

fbrward sweep of &5 degrees and raised .rom tbe wung surface 30 degrees.
utng perfornarce was' very sensitxve to changes in Bastard: wang sweep.

Changes in rodt mountxng angle with the w!ng surface seemed to have wuch

1

 léss effect. o
A close study of tﬁe srmoke flow p!ctures gave consxderable anszght

inte the: flov- éechanxsm reésponsible for creattng the hxgh !xf: behav;or.
Pictures of the w:ag thho@t~£he comb instslled éstabl:shqd the stall%
ing angle -of attack to be near 22 degrees (Figure 38). The stall was
characteristically abrupt with no sign of transition of oscillatioa.

At angles of attack well: obow the stalfk (Fiéurc 39), the Tiow was fblly
separated at the leading édge. Installing the comb produced no chgngés
fh flow behavior on the wing at angles of attack below 22 degrees. As
the ungle of attack approacﬁed'the 22 degrees, however, increasing
separation was evident at the wfng trailing edge (Figures 40-41), As
angle of attack Increased above 22 degrees, the flow first tecame
’strongly reattached at the trailing edge (Fng}e 42) and then the vortex
region at the leading edge began to grow progressively larger (Figures
43-44). Hoving the smoke probe toward the wingtip (Figure 45) showed
the vortex region was now smaller in size and of greater intensity. In
the regions where the vortex was strong an apparent stagnation point

was formed by the smcke flow impinglng on the wing surface directly
behind the vortex region. As the wing approached the stalling angle of
attack (Flgure 46), separation was evident at the traillng edge. Stall
occurred abruptly (Figure 47) much in the same manner as the plaln wing.

The nature of the vortex core wcs examined by injecting smoke into the

kg
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wlng 51 ’“ae r.:ode! reestaba :shed the vort flox’fleld at ang!es of
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\attack up to 3% degrees (F igures 1\9-5!) Agam, seperatzm is evi déigt.
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. - .- at the trauhng ‘edge Just prior to stall. - oL ‘ - .

: : : At ‘the. gb_ﬁg;iusion; 5_?‘ the: ¢§p_ér'ithght,' & -small cm :ying,lw_'as, ‘tested: In

1 ) the smoke tunnel ‘to compare its performance mth that. -of the model. A

similar vortex: region was ohscrved ofi. the owl: wmg and the staﬂing angle,
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Smoke Flow on Basic Wing Model A
¢ = 15°, V=5 ft/sec

Flgure 32.
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Wing A Fitted with Comb ¢
a= 5,V =58 ft/sec

Figure 33.
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a = 30° V = 15 ft/sec

Figure 47.
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The fxowfaew séen.on 3 wing: equipped wi t§~'$9éii§¢1‘$9‘ 'bl‘é@f‘ié?"é"é’l
Peais to be the same as that produced by the coib, An afr jet vas in=
igéljgd\ggifhé'1paéingnédge:of‘w£n§ C.. ?hg-]e;‘éxis'y§£~éfién§eézép§ﬁ5‘
wfggvéﬁdipbggﬁérqﬁbi qf‘gﬁgfﬁro§ Were ﬁ33§ with ﬁhd'ﬁitﬁqgiféjégrngfsg .
an.angle. of éxt§§k~gglz.abo?e Qpims:~wiag«s;gii. 'Tﬁe;ges;fyggxgéédhcé
ted in. the .ﬁ.fsl-—‘w;nd tunnel which could ‘xirévi‘s!é*m@!-ﬂsi‘r‘e smoke: streams. -
Figure 52 shows the.wing fully stalled. {The-al7 hose obsciires the

streanlings in. the upper left corner of the pictures) In Figuré: 53 the

TbloWihg {s -on and the vortex reéfoh s cieafly outlined by the smoke

~

streams. No further tes;slwérgirunzés excellent pictures of spapwise
blowing were available for further study ié_?efefencgs 16, 17 and 8.

Theory -

Vortex Lift. It appears that the comb generates a spéﬁwise Jeading

edge vortex shegt/whlch leads to the high 1ift characteristics observed

in the flow visualization experiments. This vortex sheet s composed of
leading-edge-separated vortex filaments that are formed when the flow is
unable to negotlate the sharp leading edge of the airf>il and separates.

Unsyept wings with sharp leading edges shed this vorticity as a periodic

vortex street similar to that observed behind bluff bodies. Figure 37

is an excellent example of the vortex street generated by the test wing
before the comb was perfected; As the airfoill is swept back in the flow
field, the flow changes character. The vortices do net periodically
shed from the wing surface but roll up Into what is termed a vortex
sheet. Figure 5% shows a diagram from Maltby (19) of the vortex sheet
Qroduced by a delta wing operating at an angle of attack., In the sketch,

the leading~edge-separated vortex distribution Is represented by discrete
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filafients beginning at, the leading edge and :rolll {ig p t6 form-a sur>

(@)

fage, This sdrface is the so-called vortex sheet and i -seen 16 ens

¢lose & core of rotating fluid that grows in size and. strength as it 14

-

flows, stréamwise-along the upper wing QQ§%aCe. The preseénce of this
stationary vortex sheet on the upper wing surface creates a -low pres=
sure reglon of separated flow under the outer flow field. EXperiménts -

have shown that the outer flow fieid flows smoothly over the separated: )

v
P4

T2
P
&
o
<
€
b}

asctaches W e wiag surface just behind the vortex sheet

(20). The 1ift forces produced by a delta wing are characterized by a
non-1inear variation with angle of attack. Figure 55 shows typical lift
« 7w oior wings with aspect ratios of .5, 1.0, and 2.0. in -1 ihr;e
cases the slope of the !%ft curve increases with angle of attack until

€. is reached, Following Polhamus (21), the 1ift forces are separa-
max

ted Into two components. The first Is the conventional linear 1ift ob-
tained by a solution of the ideal flow about the airfoil. The second

component is‘termed non-linear or vortex lift and Is identified by Pol~-

. RO
S R

&

hamus as the force resulting from the low pressure field created on the
wing surface in the area of the separated flow containing the vortex

sheet. Comparison of the increments of 1ift produced by each component

shows two trends. The flrst is the Increase in vortex 1ift as angle of p
attack Is increased. This can be attributed to the increased vortex .%
shedding which produces lower pressures in the separated region. The 3
second trend is the Increase in the ratio of.vortex lift to linear lift E
%;, as the aspect ratio decreases. This Is explalned by noting that lower- g
E% ing the aspect ratio of the delta wing implies greater sweep which in- 3
%f creases the fraction of wing area that is in contact with the vortex E
;f ' sheet. Stall does not usually occur on the delta or swept wing in the 3
r 6l
4 ;
5 E
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nornal manner. The decrease .in- CL after reachtng CL~ % is typlca!iy

L)

J,‘.,gqu%"fg,; "
1
%
?

gradual and s accompanied by a 1arge increase .In the. drag force. Thev )

i)

vt
S

mechanisn involved. is thought to be a breakdown ‘of the ordered flow in

‘%; : .

%?} " . the: vortex region that occurs first at the wing trai!ang edge ahd travels
. F .

Ey: forward as thRe aagle of attack is increased. above c (20) The well

% . 9 Lma > W

¥ ) :

§‘ -estab!ished‘flowmpat;era observed or, ‘the -delta wlngiapbearsrtq‘cgsemble
A . : .y Y -

%? that found on the unswept wing equipped with the leading edge comb.

& J : : o : 2 .

%g The three elements that allow the vortex sheet to form.on the delta wing
3 _

L{i are seen as: (a) the existence of leading-edge-separated vortices, (b) .-

g o

E§§ 3 spanwise velocity component, and (c) a favorable pressure gradient on'
..S 0

g@; the wing surface to prevent vortex breakdown or bursting. In compari~

i%i. son, the experiments with the unswept wing/comb combination show that:

2 !

(a) leading~edge-separated vortices exist at the sharp leading edge of

TITTRER

the wing, (b} spanwise velocities are produced at the wing leading edge

LY

by the mechanical turning action of the cascade-like comb, and (c) a

favorable spanwise pressure gradient exists at high angles of attack
because of the vortex sheet created by the flow around the sharp wing

tip reglon. It should be noted that the existence of the tip vortex

R T T

alone can contrinute sizable non~linear 1ift Increments—--especially on

e A R

4

rectangular wings of very low aspect ratic. Reference 1k shows this

s
¥

increment to be expressed as,

o o - (b %

A ~ € a?

where C1 represents a coefficient that is based on aspect ratio and

et e e we e

planform. A graph of this effect Is shown in Figure 56.

Spanwise Blowing. An excellent analogy exists between the flow

, field produéed by the hooked comb and the effect of spanwise blowing

T e st
e oM i ap P e A B s A eI A T S BT AR
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3cross an unswept rectangular

wlag. Dixon (15) and others

conducted $panwise blowing
tests on a wing siﬁﬁiér:;q
_ those tested in tﬁlslétudy
apd,rgéo:ts Flow p;tte?ns
cioselywresgﬁb1ihg<those

found in the comb izsts.

‘Dixon’s model was a flat

B 3
1 ‘2 3
A

plate with a sharpened

leading edge and had an Figure 56. Non-linear Wing-tip Lift

for Several Planforms (14)
air jet locatsd at the

quarter chord positicn of

the wing root criented to blow spanwise across the wing. Flgure 57
shows a cross section sketch of the streamlines created by the jet at
an angle of attack well above the normal flat plate stall. The unique
characteristic o7 this two~dimensional view is the apparent stagnation
point that forms on the top of the wing surface Just behind the leading
edge vortex shaet, ¥hen the oyera!! three-dimensional flow field is
considered, thi; point represents a line of division between the flow
entrained in the vortex and the exterlor field. Figure 58 shows the
resulting streamlines on the upper wing surfa;e obtained by Dixon using
3 slurry for flow vlsualfzation. The'"herring bone'" appearance of the
stream! ines near the leading edge is like that obtained !n similar tests
of delta wings (19). While the line of division between the two types
of flow i3 not strictly o stagnation line, there Is no streamsise com-

porent of veleclty and the spanwise velocity is relatively smail, This

67
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g ] : T ! B ‘
g % 'S ‘analogy offers an explanation :
' of the unusual line of stag- L ' : ) §
. nation réported by Kroeger g
1 : ) : » 7
* on the owl wing {6). S
"g 5 ' ﬁixgn!s~expefimen£§ ‘i%
} e 37
i glve some :Indication of the 1
, S ] . B
f*»i non-linear 1ift values . - . - ;?f
;;5 achleved by spanwise biow~ %
SN ’ - Figure 57. Two-Dimensional Stream- N
. ing. Figure 59 shows the lines with Spanwise g
; - Slowing (16) 3
: 1ift curves obtained for e
S T ’ : o4
Z varlous degrees of blowing. The blowing coefficient is defined as: 5»%
‘75 . ‘ . %
- - : Cp = |
. qs £
1 | 3
& -+ where S represents the wing surface area. To represent the Increment L
‘if : - of 1ift actually produced by the spanwise blowing, an additional! curve : :
wﬁ%‘ has been supaerimposed to show the non-linear 1ift due to tip effces.. i
e b
3 This was computed using the method of reference 14. L
~%i§ Bastard Wing. The comb exper ‘ment also considered the effects E
:;; of the bastard wing on the Vlow field as it was previously assumed to ?
. be working in conjunction with the comb. including & small winglet at ;
% ‘

mid-span did result in higher values of stalling argle of attack in
the smoke visualization experiments. This was unusual performance if
the winglet Is considered to be functioning only as a conventional
leading edge slat. In addition to the slat effect, however, a vortex
field Is produced by the bastard wing. This Is shown In Flgure 60.

The forward sweep of the winglet produces 3 ieading edge vortex sheet

63
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’ da whb;é;sgnsg of fétatign,is~ N L o -
! counter-clockwise. ooking
£

i upstréam.” The conventional . T L o
! o T — - .

s e ‘ ) T TN Y r <]
i : tralling edge vortex system | ™ ToSme SN P . é?) ;
§ Is seen to have the opposit — S Jet

i : s seen to have the opposite [—~—— o, ;
| Considering its  ° =
N sense. onsiderin S i ST R ' g o
: " »——""'/" / e /f . P
: small relative size, it is el Lol oo ” é%

. possible that the bastard / : C %%
T Figure 58. Three-Dimensional Surface di
wing operates in conjunc-~ Flow Marked with Slurry (16) V&
o tion with its vortex field :

N
Aot

B Y L, BUEr T AL O

to produce a spanwise fence to oppose the propagation of separated
flow from the root area of the main wing. At any rate, the unusual

pa counter~rotating flow field described by Kroeger (6) is likely due to

. the presence of the bastard wing.
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Flgure 88. Lift Curves Obtalred for Various
Degrees of Blowing (16)
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Leading Edge

Trailing Edge

vortex Sheet

Vortex Sheets Generated by the Bastard Wing
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Figure 60.
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Vil. Conclusions. and Recommendations

Tae results of the study of the owl wing and the experiments with

the hooked comb:suﬁéeSt the following qonc!usfons:

1. The hooked comb present on the owl wing works in conjunce

2.

3

tion with a sharp leading edge to produce ncn-linear lift
on the‘oute: half of the wing. T !
A working modél of the comb system can be made from sheet
qétal. The critical parameters in the comb construction

are thought to be:

a. A comb blade length to wing chord ratio near
1.8%.

b. Sianting the comb blades at a 25 degree angle
relative to the wing leading edge. This slant
is toward the wingtip.

¢. The individual blades must be tapered.

The comb turns the flow only at high angles of attack. At
flight angles of attack, the comb prevents an extreme.y
smal} drag profile.

The smali relative si.2 of the comb (1.8%) makes It
attractive for use as an aircraft high 1ift device.

It Is specifically suited for aircraft pessessing un~
swept wings with sharp leading edges.

The flow Field created by spanwise blowing is very

similar to the flow field created by the hooked comb.

The bastard wing, extended on the upper surface of the

owl wing during gliding flight, may act as a fence to
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delay outward propagation of flow separation feve. ihe
thick and- highly camberéé:winé root sections.

7. Potential applicatiénsiof the comb's principle of
operation can be envisioned in the fields of fluidics
and combustibnnchambé?<désign. Several fluidic ﬁei
vices g!;eady developcdiqse”sepaféQgﬂ‘flbw:to alter
the performance of a nozzle. In turbojet engines,
shorter combustion chambe} design hinges in part on
ihproveg means of combining the air/fuel mixture.

The hooked comb deserves consideration in both these
-applications as it appears to be the first unpowered
device reported in the literature that creates a

stationary vortex sheet oriented at right angles to

the direction of flow.

The following recommendations are made:

{. Further wind tunnel tests should be conducted using a
hooked comb model to measure aerodynamic forces and
refine the concept of non-linéar lift.

2.

Larger models should be conslidered for any new wind
tunnel tests as the small relative size of the comb

makes accur=te fabrication difficult.
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