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INTRODUCTTON
Whgs are used to provide lift for flighi in ihe atmo

sphere.Liftcanbeachjevedbywingshavingalmostany
anfoil sectior! but the drag ofwings is very sensitive to
profile and extremely criiical io efficierlt flight. Whilc
providing essential lifi, wirgs are also responsible for
producing well over half of the drag of currcnt sail'
planes wliich have relatively efficieni wnrgs.rThe pur'
to-c ol lhi.d r-.u..:on i- ro.Lrrnm..rrzp prr. L crl r' . r-l'L
r, l. h^w w.nt, worl for lho"e who o".iBn. L,ui.J Jnd
Lrse them io fly-

Inspiration for this effortwas provjded by countless
articles about wings which l bclievc arc confusing and
p, rh.rp, d,l.r1 p,,,ts,,.. b,\,,,,,e rl-c) n i\ cnB:,,cer:, I
re, hniqup- d phy.r.rlpl. nIrr.rr ir -u, h r u.'r r.r,'
distort our ulldel.standhg.
FUNDAMENTAL PREMISES

Thefirsipointtobe made isihatwints fl ythrouSh air;
ajr.loesnot llo$' pastwints.ln flighi, air moves out of
the way as thewing passes through.

Almost cvcry acrodynanics treatise talks aboui "f lo$'
over thewjng" and this visualization crcates problcnN
wiihphysical understandings. ThoseIamiliarwith aero
dynamics will say thatwhether thewing p.rsses throLlgh
air or the air flows past the wing, ihe forces and mo
nrents will bc thc samc, and they are right. Thc $ring
obviously produces cffccis on the air, and ifchanges in
ord:rion- or ll,e "rr JILer the p,'..r-c of tl,e u rr; .rrc

dcr.rmin.d rl,.v cdnbp rplrled lo tor.p. lh.rl tl.e.'ll
produced ontheiving.Itis also tr!e that excellent rlight
simulations can be achieved in h'nrd tuturels where
acc uraie, .luantitntive mcasurcmcnts can be madewith
floi{s past a stationary nroclel.

Hoi\'ever, many nrisconccptiols nbollt ihe forces ou
wngs hive resultc.i from incorreci interpretations of
therelaiivefl oiveffecis. You havchcard stntemenislike.
"Themolecules florving o! cr thc uPper surfacemusi go
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faster to reach the trailing edge at thc samc tinc as the
onesflow nrgpastthe1o$'er," for insia'rce. And tlrereare
those irho talk of "circulation around thc wing," and
down$ ash and vortices "which affecttheliftand drag."
Common scnse tells us that fl{rw.locs not reallv circLr
ldredrourd J b inp rn fl rol,r. r'orrn.r h n.r tur'n(1.'for lh,l
m.tier. Thcse staicndrts dcrivc from analytical meth
ods dc\elopcd to prcdict acrodyrranic effecis. For ex
,nrp e ..rpriL.r! "'r'c,r,dll "l h) -ut,r:n,p,..ird

\ ircul,rrng dllo .rr ,.rl flos ne'd' lor:''.rnI d ir r i.c.d
fluids that calculations can .lctermhe local pressures
and v cloci ties on the slrrfaces of two-dimerrsional shapes.
Thus, thccirculation nppcars tobe coupled wiih lifi.Ii is
certainly true that measllrements of \-ortices and
dorvnwash can beused k) infer forces on h'ings. While
useful engnreering tecluiq ues, they do not expla i'1 wlra i
physically happ€ned b prodtlce lilt and drag. Quile
often conditiols arc nrcptly prescntcd in a manner thai
mi.e..r.r.F..,nJ/ F, t,,rnrplr...,ru.rng L.r1 m, n.,rnd
'-eqLrpnt.\ rr.lFJ, r.i ,,'g': ,.' .'- wcll it r' rl'e'e
pitfalls that are, I hope, avojclecl, by scparatnrg thc
physical causes and effects.

Alihough seenrinitl] vcry diffcrmt, airnndhoney are
both fl(ids, both have properties such as dcnsiiy and
v'scosily, and boih obcy thc same physical la$s, al
ll,.ugh rl,rir dFr.rl\ .,r,J \r',.^rl) \,'1u,. ,rL.luil,
.l,rrcre,, ll'r- r,.,r.i rob.lr.\. uuth is n,urtioneJ bc
crLrsc fricinD forces ona rvnrg arevery important, and
eYeryonc can acccf i the fa ct tltn t fric tbn dr.r8 !vould be
high ifr \a'mg $'ere flyint throuth honey. A ternr cilled
Reynolds Number, namcd aftcr the scicntist who, in
18i4'?, explained the relationslrip betwccn shcnr forces,
fl uid properties i nd flo$, cond iti(nrs P rovidntt a erody
nnmiijstia basis for takin,{differentde,$liyarid vjscos
ily conditiorls i to account. Such relatiorships affcct
, u.,nr r.'l,v.n ulr bur ..r' r.. r.r....1 loLrnJer 'l,r.d
rng thL br'j pi.tu tu Jb, 'ul h,,$ h r.HS h !r l.
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FLUIO FOBCES ON WINGS

ONLY TWO TYPES OF FOFCES

PRESSUBE. ACTING NOAMAL TO SUBFACES

FRICTION, ACTING TANGENT TO SURFACES

FICURE 1.

FLUID FORCES ON WINGS
I lre nl't.,..1 ettert.'r', h ins,rc thc drre( I r-.ult ot

r.nl) ttlo tl pes of flurd torles:
1) I'rcssure, which alwiys acts normal to the surfacc,

and
2) I rirti, n. h hr lr d.w.'y..,(r,.rlon,t dr,,rrrL, F
I el n'F illu. r..,re wrrh..nu. rnpleJ.t, lrcr,.,nd h ilh

,lrm,.m,,,d \ouol p . rrplp-)c.U l,Jrneo londitso.
fir.r.l,,ol, Lr w.nt ir c.,*,,e.lion p.r...ncthrouth Jir.
lIlDLrr l) \ ^" u illnole rlre nre,,urc ' 

etd rFtrq.i.nred
by,^r, ",. , lI 'r rorm.)lr,, tr e,Lrrtr, e Ird fn, a'on rurc, .
acting tangena b the surface. Whilc there are hrc.ac
tions betwccn these effects as discussed later, they can
!1lh"LBhr, ".t*odi-rin, I i\nc.ot rorre'ir J Nrr8
FRICTION AFFECTS PRESSURE FORCES

Scientists have dctcrnrined that prcssures along the
surfare.of a moving body val) according to irs sliape.
T}edifi' rcrrerrr pre..u, -on upperJnd l;r\ver, rrtrc,.l
n w rrg.pr,dr, e lrit Br.t l,^w i.'Jr.ra, lhpnFr f.', e n lhF
Jir(cuon ^f lrShl ,r",. tnrl by tne.i:'
around the shnpc? In 1744, a fluid phystaiat named

FESOLUTION OF FOFICES INTO
LIFT AND DBAG COMPONENTS

FIGURE 3.

D \lcnbert pror, d tl'.rr rr n 
'lr:d 

produ. ed r(. fr,.t on
Jl"ng J b^d) rlrr pr,..ure, hould \Jn drurrd il -o
lL,ri. Jlor,8 thed .. trorror moLun,.r'r. rh;.umm.,lronol
l^r.,* (.,u rJ hy p,.--ures wuuld 1.,n. e.. ther, t'y pro
d u, Irg rr, r p u..ure drre tl iBu c )) . Ihr. plr.r ornenon
l,,. b..r re..nlrnncd br ", renri.r. rg.rri and agrin.
although there is no'hon viscous" or"invjscid,,iluid
tvillr \vL)i.h lo m,rl, J pe e.l e\p, r eIl I hi. rcar.,rt
"bl. f n.l,nt,nd F\pu,,nFnt. wlrl,,cJt fl urd. icd, t,ow
( \, r, lo llrF Jw.,'L-e..lhJl 

'rictron 
L du"e" d r,r.: direLLtr

)nJ.,l ", Jirp. I,p,e .,,,e,w1.i, h :nrlucn, e Irr !rr,t dr"j
A surf"ce passing through a fluid encoulters a streai,

ing force bctlveen the fluid and the surface. As said
e.,rlier.lhr ..lre., r)g t.i!u,rl\vJ\. d. t-J .,IA the.urtrLc,
dnJ \.,re- hillr llrL ,.noirior-,,f tl'e tLrid Jl J lo.d^
f'..n1. lt hJ- b,,i, .l ohr e\p, rimpntJlly rh.,t .'rcrrJn
.,--c cau.c. tlre flrr d ne.'r I' c surlJ.e t. d,\ plerdte r. il
.li. l, l., rhe.urldce. dr"t.i tir,g th,. .,tpJre.t rcr,dv
,,,-n.,,h,rp, orrhebody lh,.;,re.r :.d,..,.bedb) rhq
l, r l-oundJryL,)rr.,,gr\enin, loqllenrdct.ri in.o0I
Lrr t rndll.'t r ruru. , ontorrr ir5. rrr help.Fd u.e bound

FBICTION AFFECTS PFESSUFE FORCES

oaLEuBER]_S PARADOX 0763)

A €ODY MOVING THROUGH A FAICTIONLESS FTUIO I]AS T]O OflAG

= 
.):

FAlcTION CAlJSES BO]JNDARY

SOUSOARY I-AYEF CHANGES APPAFEIII SHAPE OF A]NFOIL

ANO AFFECTS PNESSURE O]STRIBLITION

FICURE 2.
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EFFECT OF WING THICKNESS ON STRUCTURE

LAHTNAR FLOW WN6 SaCnO{
AND CAALE HAVE SAIIE ONAG

IEEAMS CAII CARRY BENDING
ANO SURFACE fLOWS C$] AE

FIGURE 5.

dr) 1ay'r dr!,h llr ,nd ,epdrJri.I but "urrd. F ta, tion
lor.F.,rnd rre..ure lor.c- nro,rlw.,). rnrprrFldted. -lill,
I rr proper qnd u\rlLl ru (on-rder prF+urI ior. e- jrd
rlrp rri, lion for. e, sepdrdlrl\ Jnd l,ow lhpir e uLl-
combine rvhen describing the physical forces acting on
wings. Phillips provided interesting hsiSht into pres-
.ure fr:.li.n dr.,l; 

'pl.rlion.hip, rId -hohpd lxlrrr,
p.,l(r.tiJl for produ.inS frL*.urp il,nr-r u\inB J rr\r
bound-rry lrlercontroL.'
RESOLUTION OF FORCES INTO COMPONENTS

I ,r ihorouqlx r.--. ler U. Lrle J qur( l. lool ar .r ,imp.e
dlgrrm.i" d rFmirrder or"ow r\e\l^r..rrb, .rrvrdpo
into two compone!rts.

Since we define the lift axis as pcrpcndicular to the
linc of fliglrt .rnd lhF (1r.rg J\i. J. pJrJllFl to th. LrF ot
fliSlrt. ihe ,umm.,li.n ot prr..uie.rnd rrili^- l,,r,e
componenis on: wing alonS these axes ire, b)' defini
rion. JFi,'d) r.,nr. lrrl "nJ dr.,B. 'l rllL B ng.

Again,Iremind you that pressure forccsprovide the
lift and that friciion produces drag direcily, bui also
modrfrp.tl,.nr',.ur, d -r. rbur.onwhi.l, J (t,t otl,hL

Increases in angle of attack procluce proporijonal
.rr rea.', irr I ft ur,r I flos "epr r rr...r, \, ur I or t) fi. Jl
Jrri.rl- tj\rc L h.rnBF in litr.,,:trL rcrli, bptw,. n n. d.r, J
r1.12 lor c.,,1, dFgrpe.hJnBc iL,r,!'p or Jt..,.l lt r-
inieresting thri changes in lift with anralc of athrck
. lunRr- Jrerl,.,. me ro' LI or. dmb.rd \vrn$.p, tror..
' il tr-ure 4. ,c.l..rr lilr .ncfirtre.rr. ,rre plor.,,1
-b.,rn.l .hJnBc. ir J ble ot .rlr.,.l rp iu rr.r,im.rm
values, for a flatplate and for typical NACA 4 ,5 , and

Thc ilat plate achieves mnximum lifi at the lo$csi
ar]gle. Thickersections, includint thosewith naps, pro
ducc higher maximum lift valuis it higher aiBlis of
aitack wjth the same lhcar trcnLl. Unlika the flaapla!c,
cambered secti(Ds nray conihue io produce higherlift
values aftcr some separaiion occurs, although ihe lift
n Jy noL corlinue l, r ir, rr,- 1 n.. rlr w,lh Inr r..:(: 

'J,,rlrofJll,,k A..luw .,l.,tpl. r;..r.^rl) pr.Ju.,
Irft vrlup ab..-r lr.,lt tl .rt ol , nnnn., l!

,"n,bercd Ji.l.'l.,.lror fhe.l,Jrprc,,,t ,,rh t F
l{'.,dinr.,,,dr..,,r,n-edtF- nnL-,,.. ,1, ,im, n, ft \epl
ratjon occurs on thc upper surface of an airfoil $,iih a

rormded trailing edge at lowcr anstes of attack thnn
h hen iire tr.lrling udB( rs shJrF.

\ irlr rc{ npo Ilowl, Jq, ,,i, rrnl-er Jr.l brrrrd,r\
L,\ rr,- e, l- rn:, I (.rt:,.tr^I-h.'\pL',,j,d..,l,.ped
io produce more lift and not nruch more drag ihan ihin
se' lrJrr. VJ r.'blu.JD'berir, tl,erormof n-,D-...! ed.ilv
rn\ rpd. e lhe lirl ul J gr\ pll .rrrt.rl .rr' . rd J hJ.t ti rF:.
.'nd n,ultr e emFnt flJp.wl,, l,.,l.otr.'n-lJtct,,irr rcJ-e
\vIcrrei. Jn f r'^ id.rlrr.plrnre,.r"nru,' lrfr.. J w,,B
with mDderrt;.inrber

While the first consideration nr the selcctioll of an
.'irtor i. lrft llre ne.t Jnd,r \F.\ rmnortJr.t rr.,d, ..l
, or,iJer.rti,rr i, dr.,q. J- tl..s limir . tlri lute.peFJ ll "rrirrmum6lrde..,,8lc tlr"p,'n, rerlurrerl rorpr.'pul-
.ror,. rrrd tF, nrcr-llpftniFrr\.r tlt h rnA.or irodu(-
rng lrti.
EFFECTS OFWING THICKNESS ON STRUCTURES

Mnknrgaircraftlightenough yci strongenough to fly
tvr. ll , fr .l rnJtor. l,.,llen8, ,,l .,, r, r -u 1.. Jl eISirh r:.
Not knowing about or atpreciaiifts the rclcv;nce of
D'Al.'mbcrt's rindings about drag, earlv designers
thought ihin $'inssl\'eren€cessarv ancl iirvas clea; thai
thnr wings coul.l noi bc made st;ong enough wjlhout
external bracnrg.

ll,e po*errrrl L'errlir. ,,i.r'p,m.rnins w.n nnt u r

oer-IJUJ r, r,, l, ngr nF..r- mo-r r0rld ir I \nr. e \eol
tlrp Lr. Irlr.rlJ,rn, I,,1. e, oL.d proJu,L ,. nru. h dnrS
r. J J,jc,p r'onolwi d Tlr'\ r, br.r.edb.pl.,r! \vJ,
the answcr for the Writhtbrothcrs as illusiratedby the
picture oltheirfirstgli.ler nr ligure 5, atrd forotirers for
along timc aftenLard. lt$ asoriy.fterdesjgners fhally
urrd, r.rooJ ll,..l pn,p, rl\ , , i lnu FJ ll,i. lFr Irirrd \ .
troll- -llowirB r l, .r. l -tr.rr lr.re-, r.J d pr.dlce nrLr. lr
ioberdr"ts vJlu,*.,nJ gre.,lFrlirl tl-.rn ll,r: -c. tr.r.\v lr
extcrnal bracing, thai cantilevcrcd structures began kl
be uscd for wiDgs. A thicker wjn,a mav look heai'i€r kl
a layman,butsince whgs are not solid, the greatcr spar
depth of l thjckcr section allows lighkrr wings of the
.,r, b.nd.,,t d,,J lr'., .l,enE.l, A,,J ,i au c\rr)
'.u ,, .n ll,p ,.r. r-ll . L, l, , -.rrroun,ele.-irr;.ri
1oac], ihe relaiionship bchveen $1ng l{ eightand Llrat is
still fundanrentnlly important.
ETFECT OF WINC THICKNESS
ON LIFT AND DRAG

Whilc thicker wints providc lithter structures, ihey
obviously havc more wetted surfice arca. ivloving air
outofthJh'ay ofa thick.rlving wjth nowsticknrg t;thc
surface tends to promoic separation and.rffect surfacc
TrF* ur,.. \vL rc lpr,J..,rir.rr...t Ld ,E llo$.!rr
JernJ\nJmr i-1 1,.'\,.l. l, r'n.reJlros.lr..g. ,.r.,.,r'
h. . Fr,rl ...rll) m, J. r.,l, d b\ , ,-.rul .l--"p IS ,,, r ,,

airfoil, and this science has offere.l opportunities for
stiknrtrnprovcmcnts in lilt/dragcfficirncics of wings
thii Are slritnblv thi.k for stnrctliral integriiy.

In liturc 6 a f.mil)' of lamnrar flow aiinrils having
thicknesses from 6'll to 21'X, oI the cho.d arc shown,
alorg rvjth the nrcreascs in maxinlunr liii and mi jmunr
.lrag as affecied b\, thc Lhickness.6 It is obvious
lh.,li' -rl,i,f.,r,rl) ^r.'rr oil. \Fryrl,ir.,atr, I.-re
I .' .r. d,'.d frr lr plr I fr . Id rl,,l tl e Jr. ! f, r,lt)for increasiig thickrress is nol severe uirtil the
ihickncss bcconres great. SLrltablc $,i11s structLrres
rvith ihickness/chord ratios from 12'r, to 18'n, are
comnlonly usc.l ioLlal.
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EFFECYS OF WING THICKNESS
ON LIFT ANO DSAG

tr_rtE.rj=- =._:_:- t:-=t'FTffiF"-'ffi__'ffir.-rl
*;, ,,.-r* ni'-

FIGURE 6.

rLAPS CHANCE CAMBEIT
Thc curvalure on thc surfnccs of rvings is kno*'!r irs

c.rnrber'. lrr dr,,.rrl1 J.1)..ur\Jrurr:,urbothllreutfer
.)nd loiver surtnc.s looked cp.rr.tllcltun esof trtrring
vanes, as it was tl\ouglrt that such iNn, curvocl shapes
werc most suitnbl','for Irroducing lifi. Wha I rvas lea mcd
fromairfoilstodiesNasthaitheliftis riosily.rffectedby
the camber on ihc upper s(rfacc and that the lower
su'face need not be corrcavc to achieve hiSh lift.

The Wright brothcrs uscd rvnrg-warlrinH as a way of
changing ca mber nnd prolidtng for roll control. Flaps
onthe trailinScdijesof wings,c.rllcd nilcrons, werelater
.rdopt,d as u srrr,pler f,rnr of inmb(r ,hrnginB for
(i1rtrol, and nrc \Lrll rn use hrdJt (fisute 7).

O'r l,i8lr p, 'forlu,)(/ Blid.,s ind rircrdft, fl ps Jre
useJ t(,1\plFn,,rirrJrn I.rmrrr.tr il' w, rtd lotvdr'r1 t :tlu's
,'ver .r r. r.le rdrte , I fli6ht :peeJ-, ler'prng tl,e pr,,file
drag coefficients n€arly constant a! various spccds by
adjusting the carrber of ihe wnrg tlrrolrshout thc oper-
aling speed range. Incrersnlg drc canbcrat low spccds
ill.wj the wir't t.' rprn.rir rn tl ,lin,.nnrfl'.tv,l.,wdrdg
.n1AIp ('f Jtt.'.| regi,n, and reduc"rB c.rnrh.r.'t lri8h
:peeds r 1.,, allow- | ,nur,rr n' 'w .rnJ lJw d r.4 \.rh,e ..'

nh.hcnelit\ ot usr"g v.rn.'bl' n,)p {lli'rBs to impro!r'

FLAPS CHANGE CAMBEF
Af!€c1uru!_Q8AG

LOW SPIEOS FEOUIBE XIGH CTtrE€F
xrGHSPEEOS{€EOr€SSCA 6fR

fLAPSCAANCE CAMSEF TO PFOVIDS ss

hminar flow u'ing perforrn.rn.:c rverc knorvn for rnany
v{arrsbcfore ncgativo settings wcre 

'!idely 
uscd.

AERODYNAMIC D[VELOPMEN f S
T\. mo<l signifi..rll di<,o!.r'e<.!nJ in\rslrts co,\.

(, ri'1d llrc pr.)o:,.,1.rppli..,li,'11ol .,irforl h\ l,n(tloEi!.
o,.1rrrcJ dufl'r8 llle I'rJ0's dnd lq40's lhrouBh the *f-

'or 
trol..iunlrsrs.rndsn8rrE r ..)tllrcl an;lei Mcm'r iil

A.Jonautical Irboratory ofthe NACA, now known as
llrc\AcALrnsl(j Res,.,rch, ' n{er. Conlribrlind l^ lhc
u"efLr lr*s of Lheir lvo' k wiu h( publn ar:or) u{ rcp,'rts
des.ribing methods and findings in n very systematic
manner.5 Notablc are NACA Report 824 entitled Sr,/r'
nry oJ A i rhil Da t aby Abbott,Von Docnhof f andStiv€rs

d,,leJ lo15h. Jnd J bonl ultirl"J fr"t'/yd'W;rX SA /;.,r.
by Abbolt and Von Doenhoff publ,shed in 1q49. Cer'
man scientists itichard Epplcrand Franz X. Wortmann
expandcd NACA mcthods s'ith sp€cial considerations
for lrrw -pucd arriorls rnd mJde.ilinifi.:tnl r, lribu-
trons to rhc mellrods for desibnlrg Lrmrtu! llow.rirk,ils
",r" Sighard Hocrner collected data fron manysources
., Jgr..,rlyl" lpcdcngincer.hrtl,hi"ref, rr.rh, nrnrcri-
:rls'r'rOthers har e m.rde rnrpo(nnl,rJJilronc.bulbJic
laminnr aurodynnmics mcihods and applications havc
bpn( filed trcatly lr,)m lhc ell')rl{ reported by lheer
rr'-e.rr. hers. I'crh,'p. n1",1 inrponant werc tlr'ir f-nd-
ings about horv thewing section orairfoil, irrcluding its
contolrr and surface roughness, nrnuence lift and drag

LIFT AND DRAG RELATIONSHIPS
As indicirted earlier, the fact that the lift of a two'

dimcnsional wirg varicsdircctly withangle of attack is
fascinnting in its snnpLcity. Thc chinges h lifi with
changcs irr anglc of attack for wirgs of fhite span are
diffcrentforeach aspect ratio, ad the lowertlt ratio, the
l!'ss tllc lift increases with inc(Lrses in angle ofattack.

on.( llrcsr frnLlings.,botrl lrft h,r'< h, Ln e\fhin,rl.
tl() rpp(,rrl',gic l rdrft eusy k'drc('pl.Theprii,crp.'l
dil li.ultyc('me-whFir tr) rirB tu rurdclst.inLI air inil:l',rpe
cftecison drag. l'art of the problem isduc to the many
krrms that have bccn uscd in describin8 it. "Profil.J'
drag is used to dcscribedragthat includesbothpressure
and frictidr effcrts; this is what an expernncnter m€a-
sures on a two-dimelrsidul wing modcl. "Induced"
drag is somctimcs called the "dragdue k' lift," bccause
it i . rr'1.,r' d lu lh(' flow. round lhL .ndi nf r firrle h ing
h l'i, h rs pr,du(lnS lifr, .'nd cdn e cJlculrled rppro),i-
m.,t,lr l,,.r s iriic.l lirlrle "p.r '.'rr.l.,.p(, trati,'. rrtlr lrft
is larolvrt- A somcwhnt vernacularbutdcscriptive forrr
ofdrit is "crud" or "pa'asitc" dragpro.luced by joints,
ri! ethcads, gaps, wavircss nnd:rtifn.tsof manofnctur-
ing.1-heleakage of flow through gnps nro nd ailerons
irrd pn Lroer.,ri<- lilc.rnr( 11i,.rir,rnir(11 l.rh. f r,,bc- rs

s.'m(.li"x\(nlh.d par.rsrlcdrdB. Ard lhcn tl'enr rs"i'rl.'-
ffrencr" drng for ir ternciio ns b. twecn wings and bod-
ics or tails and th(' likc lvhich issonretimcs ref crred to as
'bnoll,cping or .rJJ.r.vL drn)- lhrrei-u\erl.,l lll
s.,me ol lir\'se Jr.1g dcfinrlir'ns alld rnort require i'nl.F
tr ' l,,ti.rr ,rnd .Lrn)nr.rtio,r h) obt.un tlrc l.lil drJt. This
ir \1hy rrnr<r berinB tlrF "inrpl FI'\"ic ,l.r.tdsst.,ted
errlrer ln.lps our i'r\igh': L,"lr' nre--r're nrd fri(1ion
firrces iffcct thc lift ancl the drag, rlo mrttcr what caoscs

friction drn8 is directly rolated to surface arci. Fri.-
tiond lng is rcd ucod by 

'naintnnring 
linrinar flo$'condiFIGURET.
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tions as long as possible, as drag $'ith laminar flo$, is
lp-.lhrn tlrJl\\ illr rurL', rl, rtnow I Jmrr,rr flos i!c,5rcr
to rnanrtain if the surfacc pressu res along thc surface . re
decreasing in thcdirection offlow, w.lich occursaslong
as the win8 con rues to increase h thickness. Obvi:
ously this favomble pressure gradicnt condition cannoi
bemaintainc.l to ihe trailingea8e and lvhereitchanges,
transitiol to trirbulent flow is more likelv. Atverv ld
.tccds. boundJr] ldycr lr,r .llron lrom lJ rir,I t; t r

bulpnl n ,ry n.'1o., Lrrdrrts. ll\..rnd.rpl! ir.meuon lno\vn
.,. J lrmrnjr \Fpnr.rri^n buoble rnJ! .rpf,., lhr-
bubble mr1 rn. rl'... d r.rq rno.e th.rn a jrrelt 

r r. rr.rtron
to turbulent cond i iions, and iurbLlatols atsuch a loca-
tion which produce drag dircctly, butcause transiiicnl,
are able to reduce drlg.

Forprp..ur.drJSLorFrderdlion,. lh, Jir forldenEnFr'-
.h.,llentp r. to minimi/. i,o,,ndJri tdyFr gn,h rl, .,,,d
d.hv ,efJr.,lio. .r- lonc.r. p,,,,ib1,. Optrmr./inB tl,,
,h.,pir,r of irfloil. i. b.inr d,,1c bptLpr a. rFli cd .,L,,
lyticat methods are combined !\'ithbetter experimental
rc.rlt-. cpD \ rnt difl .il d,rt., prcpp-l] requ rc,.,,n-i,i.
(rruu oI l1.p de.rred .per. lrr 6 . urJrlron5 tl F \virrD
area necessary to meet thc liftSoals, the shape or plan
forrnof lheui[d.lhcwI F oodyiur.trrre.rh.rrpi ),,r
d.l, ri.l.. \..rn.J th. prob"ble Jpfli,. r ., nf, onlrol .L
tr.c. rnd flrp.orrrnrb,J-. hJns,,rE dp\ i, e .

EFFECTS OF SPAN AND SHAPE
hic5. or rrrrte.pan luv. (rd,tre,t-'.du.cJ b)

ditu,en.e. r'r p-e-:urF. rl'.r, .,rd bereJth ll'F $.nB
(Figure 8). Thesc cffects are most pronounced at lo '
speeds, as when climbing underhiih liftconditi(ns.i

\pnn lo.rd nt. tlr.,t .rre ellrpl.. .rl hrvu b,1 n - rowr, tu
produce efic:"nt l;ri J[d d rrE. r.rrd, Ipri-ric. JId Jl .u
rpnd l.'produ(, efii.ienl.rllilFver,tr ucrurc-th.,t tJp"r
r' pl-nform rILl rhi.l nc.. t.B.,rJ thp l:p- n,. hcJr .ir'd

ending momenl, dimini.lr. l uper r rl:o- I, rr h i16. h.,\
ing a tip chord aboui half ihat of tlre root har:e been
iour d to be good Al,o .s,. pb.,.l tFnd.lo r,rm fl,,h
oLrlwdrd rnd f.'rw.,ro sheen lerrd. l. drr(cl noh" in
b^rrd. lrr rp"-|'S.wcepba. Lr..,r tlrL I'p r,".beer roU cl
tobe bcncficial for reducing tip Losscs.
EFFECT OF SIMPLE WING TtP SHAPES

Perhaps the simplcst !vn1g 6p is made by snnply
choppingoff fi cend of a wing,leavingedgesunrounded.

EFFECT OF SIMPLE WNG TIP SHAPES
ON LIFT AND DRAG

fril
FIGURE 9.

Wlrile noi preiiy, such t'pshavebeenfourd robebetter
Lhrn m rrrl in u r.. t ,rr n 'u,,JpJ r.p\ h ts1,, I rru*ure Jrrr-Jm llr- l, {\, r .u.t ,, c fl^$ - e r.rl) r,. rl! upper. ur.d. "L'ec.,u\' ll'e. ur\ ed pnd,,t lI nlnq..llow- b-unJ:r)
lJie, -rr,rr relJl;!^li luq .ppp,l- to'i"m rlrr rrt , hro ib
ll,F .rrrtr. ,nd n,!l e llrp l rr^ (l :t, r oJ Jl'r- rpLru, c.
tlrc Lrii but does not redu.c thu d rJE.

Tllrr.heen.lr,.nIhr p\tpflmenlr'' rlut, .rmpe
LJrp.de.l rip. \vitl. plJrior n, \lr rp-J b) I,r.. nt,n
imagnrary planeataboui 15 dcrlrccs throush the 1olver
and uppersurfacesofthewjrg, inhibits thc flolv around
thc tip. I h\.e i[c]Lrded :r picture of a bird wing-til
(Figure 10), kr remnrdyou ihatnnturchasbeen showing
ushow to designwiftg tips n,r a 1onJ.t tjme. Thisbozzar;
w:n! fr.l,rrud r. -h,ppd over.,ll lilu I', .l..,rp r.l e\
.rmp'i : ,,-d n-u,. lro' e.,, h inJiId,,.,t fc.rlt,;r, s1t'i.1,
h,,. J lrp of rl. owr. i..rl ,' J -ned ll .'t hi,)
HOW WINCLETS REDUCF DRA(l

Undcrhigh load conditnDs, nanybird lving tips and
indivjdual tip fe.lthcrs bcnLl Lrpward to forn whglcts.
nre\ Jre,.rl,eJ wirE.l. L,,..ru.F ll,F),r. wn.rll I i-s-
Jr drhL' fr^du.plrfldnJdrJq u-tlrL, brDwrts,' nr)
help the performance ofsliders undcr s.rnc c;ndiiions
because thcirlilt, lvhich mostly ncts to$,ard thecenterof
rl'eqliJFr "1., 1,.,., i, s.,'. l, ^ nfonFnt rl,.,t pr..du,e-
th' usi (fjgure ll)

Byplacnrijrvintletsproperly nr thc air flowing around
the tip, the iringlet uses thatchange in ilow ctireciion h)
allow its forwarcl lift or thrust componcnt to recover
some of the perfornance thatwouldbe lost h nrduced
drag. In somc cases, winsleis also tend io direct flow
r'' cr llrc outboJrJ er,J .n -,ila.r, , ,rJ reD,/ le.rlv im
tn J, r' L.rrlr"l .r. r lin't . lrnrL,:rH tli;lrr. l

hrr'-lel- otl.r lh- T,,,1 pr,,rnr-. to. -p,Ur lirrit,,l
r.nJ:guralior, I l, h. I Al ir.,rrdar.l rrrd ls-rncr, r

classes of gliders.Thcaddiiiotr of s inglets1\'hichdonot
violntc thc I5 meier limit offer a few ljofits of improve
ment jn maxnnum lift/d.ag ratio, lvhich occLlrs at lorv
speed, high lificonclitions,but theirbencfits decreaseas
speed increases and ihe angle of attack necessary to
producelift decreases. The sp( ed nt lvhich !vinglet drag
b,r Ja,, .!'r,lFr rlIr rl,rlfu.l r.J lr.,d,-oll $ l,i. lrmu.t
be,orr.rJFred Tl-p le.irr,h, ll, rr-, -h,h.rl,rrp ll,e
n1aximum clrag benefits it 1(r' speeds withouthurting

EFFECTS OF SPAN/CHOFIO FATIO ON
LIFI AND ORAG

cclPAFETwowNcswtrH^RElr1@$'fr.

,?- 0 :sod

t r-- -
7/2 \i .sa n

FTCURE 8.
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FICURE 10.

POTENTIAL FLOW THEOBY FOA LIFT

FIGURE 12.

rhp I'rrl,.nF d pu i.rrr..,,. e I L, .,rFl,er rhrt, r,, r L t,,'rl,tne.fF,,r.'rl,,h .l.epJ..'.$1,., . l,n,b..,t r1,,,,,,i,
beneficial winglets nre.

TherFi.,rl...J .lrurtLr-l',.,-,r,hlr) hindl,r. r l't,r
otf-r m,ri',.,r,,1 ll,d. i. t'., Lr.LlrrJt rlrir tl.|5relle.r
Llocs not in.rease LIre s'ing rcoi bcndins monrent as
much as dircct span extensions rvould. Iamight there
forc bc possible b make a lighter l{nrg usu1g.lvinglets
rlr.,n or. $rt . l,,rger.p.ir,. th,.ro:,rorr,'err,ir ,r
\\in8l,r. r.,r,l hp,orr,i.i, cd ,r.rerrrl r. lrus"rer, .r-
fl u tter possibili iies m.rybe worscncd oil thin wnrgs by
the trvistinJl Lcndencv of$ inslets.

lcr. d,, u..rnn,rr h n[lpl.1,.,-b,,rdL1 le,iJt -l-
lJ n'11 .p. oLrr m.,r' qlid,,. h r\p.1,.h "',,',.o "p,i,,pro|jde contnct with the tround. A downhrrncJ tip
produces n lili vccior ai{ai from ihe centerlinc'of thc
.Ii r..fl iL .r rhL nopo.i.- "n rlr' Lrplufl,-J h ir dl, r
Ats.rir ' , ll, LJturi ,.r u er"n:pJ,, ,', tlr"- .,r/ rr,
so.rrrrg bir d5 $ riLr du\vIiur Dcd wrngtiF\
ENGINEERINC METHODS RET,ATED
TO PTIYSICAL FACTORS'n ll-r i-,r. du, tru r rr q., .ndr,.rr,.l tr'.,t mi..,, ,., p
tions aboui phvsical effects may h:r!c been causecl 6y
m ix irg entnreering nreth ocls uio thc e\ planations abou t

HOW WINGLETS FIEDIJCE DRAG

'\
l\\ i,2-J I I coMPoNrM.! l il I I I MUsrB.cF.arLF |HANpFor,.r'r- i1ff 1

nff

1,.,h wl t- w' 1"o. \.rr- her,,r, \.rns. BFr, L',,r r,
Uuid plr\ -h i.r-,l,\,1,,pe.l m.rl-,,J. io' dp.. flb:rrd rl,.w.
.,,,d rhF phy .i Jl -pl"t,on,l-.p- bprs, e,, d, ,,,,ri. :. f re"
',rr,..rnd len p, r.. ure- W;r.r h,r- - n'o.l :mpo;r.,r I
fluiJ drd il- tr: r-purl wJ- ur Ererr imPl,iJrrc.. Illp..
.rxdr,- Led lu tr, Ji.,o\eriF.,rt pjir ,il,lp. Bolernir tllrrd low,rrd Jr Jl\tr..,l rr,Jtn.,r. ror..,lirl.,l|,i
r.l.,li,rrJrp- ror tl.\ - rn prp.- d J ,lr.,r.Iel-. 11,-.i
I J:d nhv,r. - nril..;p1. . h e-e \ pry h,lpf,rlro - r rl) rcro-
d\ rr"n-.. i.r,. J.,r low.pFed,.,rrropl,.r\ F. I \, rv.irrr By
.'ppl\ rnE lhF tlr-^r , .of.uper.rrp,,. orm.rgil.rr! lir .

, Jr-rnd, . r. ul"r fl.$. llrpy\vcr, Jbl, ro.lr,igr.r:,,fe,
\v.llr, rnb, r h I r. I . uuld pr,"ru, e li rl its,rri t2l.

Alllh,,.,r.,1\tr..,ll(lx,i,trh.dpfpn.l,,n.rn,p.r.)rn8
J ,Inptro,r\ rLJ,,ut thc flL|d, 'IJ pr.,,e-'e. .u(F J,
.r -,' n'nrin(on,pr' "rblp,,'vr-idfl, .l..r.J;'Fnrr.,p!
intcractions. Matlrcnratic.rlly.lekrrmined lift depcids
on the assumed circulaton,lnci ;t is conrnon foiaero
d)'namicists todiscuss circul.1iior effectsonliftbccause
of this method.

T].F.:Irpl,.r h r) r^, n\ .r rn lr r. t. :T,u, reprc.
sure taps all over a i{ing capablc ol measuring locat
static prcssures for e:rch sm;rU element of the wing
surface (Figure 13). Thcsunrmationorintcgraiionof rhi

ENGINEEAING METHOOS FIELATEO'TO

LrFr.IpdA car.cuL^re LFr. lir srNs

!E4s!!F sruE^M MoMEN.ruM

DEAC . rr. .

FICURE 1].
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\'erucal prossurcs tinres ih( ir rclcvaniarers l\'ouid give
rlr' lill l.r l' , -rlir- h..)g Nol. rh ,l n,' . . ,r1. r"..
.l.br,h-J.\.-, rl)or.r; ..o .id,r'dI'rlr: lr'
surc clistributbn-integration method.

Thc laws presented by Newton concerninS conserva-
tion of mass, nomcntun and enerty are useful for
calculaiing changes in the fluid streatn, and thc "$,akc
rikc" tcchnique is often used to d eterm ine thc drag of an
airfoil sccin)n, as it gives a good approrimation of the
profile drng, itrcll,ding boih friction and pressure ef

If thc momentum is measured bcfore $,ing passate
and the turning or dolvnwash angle downstrcam of thc
r\'ins is determincd, tlis momentrlm change due to thc
lun rtJr,Sl, c.,r L', r'l edlolrrl. I...if,.r ..
mucheasier to talkaboutqrlrlitativelv ihan to nrcisure,

KEY I'OINTS SUMMARY
Tn closnrg, iiishumblyacknowledgcLl that thissimple

irc.liise falls lnrshortof providingcomplete insight inLo
ihccomplexphysical phenomcna in!olvcd int{ing/iir
jnter.rctions In n.ldiiion to having nuch more to leanl,
bookscoul.lbewritten abouilvhaiiskno$,t]Atbest, this
.rttempt to prescni phvsical effects nr sl'nple ierms ma)

"lfr''er'.'ur.'q.lell.r'tft . r'or'^l lrJ\. r-,1 \
te$ lr\ t' 'rnt\ Jrr r€strtcJ fnr rcfc,rnce.

1. Wings are for providinit lift wiih thc loh'est
drag. It is ensY io obtain lift; the challenge is to do so
r\'ith the lo('cst drag. Wings produce more than lialf
llr. d r ,J] o' .'rr. r.rit f, 'r r .r' I llig]rl . o-drLrnr-

? I'r.ssure.nd fri.tion arc tlrc onlv fluid lorces
actinS on rvhgs. They produce all thc lift and all the
dr.rE.,rd, ,u., ,rll ll,c.lownh J J, \ ont ' -.,r.d. rl ' r
infirer". .r, rhc,rir rrrroLrtr w. r.h lh' s:rE rl 't l irl .' tlr. r, ..r r,,l prr''rre rre.,ior..'n.rn,rl
b the line of night, and is due to the cliffercntial
between thc pr.'ssures on the upp{rr and lower wint

4. Viscous effects cause frictron dra8 on all sur
fi&rs i[ rno\ rnc cor]t-r.t \vith fluirt

) I ri. r:.,n..ru-c. fl. h " pJr.,li' n rpou. F.. lt nd

6. l-Lrps changc camber and affect both lifi and

7. Wr - lrp .l-,rp" rr.il'rFrh e b.tlr . ll ' d J|d
c. Wr"tslFl. prodr,. dr,r$ r" ir,lrolp oer','r

mance they must produceoff seiting liftad/or thrust

J t "" """r', r n'et,,o,r rql..'irA ' Jrr-"- ..rr I .f
fccts can be confuscd with physical f,rctors.
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