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lNltoDUCTlON

Wighr. hJ\ eJpfeireJ Dn mdy bbh6 ietsand rreev.n
.l.rrting lo be uqLl m lrrSc icl trdsports. \uch G the BeinS 747-
400, thc Mlll, and the European AirbB, but su.pdsingly
{'.Lle d" iFncr $l,o ire L{,J.ly rn t}r'ror-front oi rerorly-
rin,i., ri,,LDr.,r.,,\eb{u,'\1..*rut.!1, JJ.rnaSeofU,!.iJs
l h.n,.'\ l\F. lr du, lor lJ, t,,f r goril dr(orricilr'f bturiun
of holv rynig[ts vLorl, add due to mi*-onceptions such as
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"winglcrs wonl be effective on a silplanc which already has a
v.ry high aspect ra tio," or " lhey are usefd at low spe€d but the
drag pcrultt is too great at hith speed-" How mmy Nimbus 3
pilots fly w ithoul the 0.8 m.lcr tip Rhensions becaue rhc hith
specd perfoman(e of lhe 22.9 mctcr .pnn confiFririon i5

A very siEnilicaniportion oflhc dras ofa sii\tane is duc to
ttu trailing vo.tex systchgcn(.rated by thc win8 in pr ucing
lifr- 1l\is lift nd ucttl J ra6 typicnllyl n.corDts fo. more thi tr hria
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dred.aginclimbing tlight,m.l al,out20'X,nr cruisnrt f litht.l his
.e,l,r-,ml nfl ,n..ol id-., J J .idi. . l,e.lJ .J6\ r; rvtutl,
asp.ci ratio. ForexaDrple, flight tcst ddta shorvs that when the
Nimbus 3 is florvn a t a q.pi.al .lihbing lift c@fficient of 1 2, 70')'"
of the d..g is induce.l dJag.

AlJfoll tcsb h wind tunnels are .ondu.tcd with thc model
winS spanning the tururel to elimhrt thc iriiling voder sys
tenr,inef fectDrkint the test* ingapp.artdhavehfi niteaspect
latio. lt js tcmpting b put end pla tes on a finite wing to r.duce
ihe indu.cd {!ag dd attempts to do this have bcL'n mdc since
ihe early days of aviation. End plates c.n not elimhrtc rh.
tiailiig vortex system.INtea.1, the vorticity tlra soffrhecd6es
of ihe end plate, and whilc Ons wili rcduce the induced dftg
rmrqhdr. r Jop- -o,l $ec\p.n- oI. kin rri. rion..r. E nr'e

The diag of non-plmar lvings wis investigated by Clnrd.r
Co,r'h hoford lirrdFopdmu'.lupe $ J'<l ,pr'. Jl\., xcJ
r'om 11. h^nl. Some ol dre e.,lrr l0 m.l.r sp:b ,rlpl p.
tcnded to approimate io this shape due to wing b.nding, but
ellipti.al dihedrat is obeiously noi very practical from a .on-
sbuction point of view- This shape could be .ppronma ted by
bendinS thc wing tips up, dd this was done by the Ataflicg
BraurB.hwcig in ptrtting winglels on an ASW{9 as reportcd by
Udo Diesslef. He found that the one mctcr high wint tip
extetuions did inc.ea* the maxim@L/Dlrom39 to 41, bui
r.alized that the gain would have b.cn gieatci if the span had
simply been cxtended in the plane of the s nrg.

Modem workon winglets started wilh Ri.hard t!'hitcon$ ar
1.\ASA in 19761. He replaced the ineffi.i.nt .nd plates with
-rre.n\e iflinS.drf-.F\'odiv.dpddof d ewint\o.rr,ryJwJy
hum thpwir t bp produ.in6 mult:ple vorl.\ ro,e- in $e h dle.
I U"winSl.i lu-r.no,Lluldboul40 . or rJrehinttip.no,J.m.l
a heighl eq,.J Lo the !p (hord. Ihe c s ingl.r. wpre fomJ lo
reduce induced drat by 2010 when applcd to the KC 135
transport aircraft. The eff<tiven.ss of corse rcduced by the
p,ofile drdt o{ the $rglet it"el, ed M incred€ in winS
bendint G produced which redu..s ihe payload tlEt can be
cdmed. TtrF lJiter defed miy be off'(l by d redu(rion in
requircJ tu.j loall. Whjlcomb {omd thJi h nele6 w.re Jbout
bvice as effective as wing tip erteroions Fom the eme root
endhS momcnl. sd Lhb hd' bpen conrm.ed b) J nmb., of

Work at Cranfeld6 in Englmd showed thatmultiple winglels,
which Spiln r called winS tip eils, were .vcn more efiective
thaD tlre Whit.omb winglet. Reduction in induced drag of as
much as 409' was measued in flight t slsofa"PARIS"smalljet

WINGLETS ONSAILPLANES

The firstp.oduction sailplare tohav. winglels was the F.ench
ASW-20 FP. Thee wingleis were 0.8 mete.s high on a ls metci
spd. Theor.tical studiesbaed on dre usual voriex pmcl meth-
odssho{'cd that evenhi8her winglets wouldbe moreef fe.tivt,
dd 0.8 eters s as choen as a pra.ti.al compromi$. ln fa.t,
they were p.obably too large ard suflered fron ilr pcnalty of
skin fti.tion d.ag athith speed, but dley were.ffc.ti\'.. Con
pa.ison flight tests caried outby thc British tcan ln prcpa.ation
for the 1981 World Champjonship sholr.d thai L\e ASW 20
lvidr winglets hrd a lowcr sint rate up to about 80 krrots, and
gieater sinl r:tc above that spe.d.

A kt ofWhit.omb sryle winslers 0-30 m hi,ah were fiited io ihe
aspect ratio 30 wnrgs of the two-pla.e vari.bl. gron,eby sil
plme "GEMINI" in 1981. No perfomance freasurements w ere
canied out, but cohpaison flights indicated an eisilynotjce
abl. inprovcm.rt in .limb pcfomd...

In 1983,D.k Brandtagr.cd iotryawingletonhisNimbus3.
This wbglct tr,dsaita.hcd in pl..c of th. 0.8 mcic. tjp c\tcnsion
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giving 22.9 meters sp.n and an aspect ratio of32. Thc win8llt
sas0.30Dr hith, only2.Tl,olsemi'spin. |light icsts:cn.ridd out
ondnsair.raftshowe.tittohave the sameperfonnan.casithad
siththc tipexteLsions to 24.5 metersspan,whi.hiscquivrlcnt
toa 13%in.rea*ineffeciiveaspeciratiodue to Ure{inglcts. L1
addiiion, ihewmglets grealtyimprov.dtlt roll rates-I-ogi.ally,
Uns Nimbc should h.ve beer perfomance at high speed ths
it had with the stddard tip extensions since wing tjp exiensiom
with a planformarea of 0.465squaremctcrsrv.reb.in6replaced
withwingletsurfacewl r a total plaifom lrci of0.07,1,1squ.re
meteF. RayGimmey proved the perfonnnnc. of this nncnft to
his own s.iisfaciion by llying with o0rr Nimbus 3 anc.rft nr
Nevada,mdhasfl own itinseveril U.S. N.tionalsConvctiiio6
and World Championshjps with the rlingleLs.

l he qu6iion ofwheilrr winglcts !vould b. effecti!e on a high
aspect.a tio wint appears to be ! nsrv.red by Urc.xpcrience 

'Lithth. Nimbu 3, ASW 20andGemnri.

ANALYSIS OF FLIGHTTEST RISULTS

Thereisareason.ble theoreticalbasisl fo. theassmption L\at
the pol.r fo. a sailpl.ne will be a quadrili. ovc! tl[ rnnge oI
flight speeds where the wing is in its "L.minar bu.ket." lo. a

eilplturewith.imb.i.hd\ginBnaps the 10! dragranges for a

*ries of flap scitings form an envebpe rvhe.e the quadoii.
polarjsvalid. This.nn be seen in li8ure1, trken tonr rcfe.cncc
9. Note the zero flap sctting fiis ih. cnv.lopc bct!ftu 85 and 1 10

kn/h md lies bclow thcdvclope athj8herand LorLerspeeds.
lxperimL'ntal rcsults tcnd io support L\e assumption th. i the

drag cGffici€nt car be repre*nted by lhe equilion:

c.= cb+ KC,

where C^, is the zero lift dJag c@ffi.ient ed K represents the lift
dcpLndmt part nude up of wing proAle drag, voriex d rag, and
emehlcrhr. n.eorag. \ plurofmed.ur<J CnJg,in.I C'$ ill
conJimthis,Hlzdor5hipi, i'lotudt.nd'h.,i',ll,F,nJ$L
pro\:devJuc-oI$,.o,uint CL.,,,J\l ,'pJ^ J," .r t'
o\ er lhe $hole rJrge. f fl ighr.pF.d ot ri, Ji,,,,fj. La. r.li .

d vdlueof mJ.imur tl,oe, il'o r' tivun b) 1...\p,. .. n.

L/D"",=

which is repre*ntative ofdata tlkcn froh thr entire ni6ht p01a.
rathei thm jst a few poi,rrs nea. the speed for Lrest L/ D.

Ior example, flighttest data on the Nimbus 3 measure.l by dre
DF{-II, as published in lh. book "Scgcnugz.u6e" bv P€ier L
Selingerq,is shown plotted in Fipre 2. t his data his vcry [iU.
eatter and dcs in fact show good Linearity. Th. inalysis of this
lriFh'hos-CG 0.00/0-,dX 0.ul2for"l Lr - 5.1.D. \r
b6il /D,pccdfreJi'r.,, n.(h.irJ,"teo.r$ec,, 8 l,t \e .,,
reference 9) and 5.1.6:1 is only 2s mm per s(ond. Thc morc
coM,!-h!e !-lue deflv-d fro,n |n, sloL. po..r ,.r\' i.
better measure of overall performan.e and a dorc rcliablc

!,rJplsol.,..g.il-ra;nLgr". r'u 1"l_oh d l1.. 2-r.o
r < <, \iTh- t ( Jnl,a,oi', lo82r !.n I l-l_. 2.u...1i. Nirr',- t
with winglets (Nlarsden, l98s)? both sholv good lincariiy. A
compaison ofihe val!es produccd is:

c,,.. K l_l),-,.

0 0alt5 0nt37 .19.i
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oLArrN DES NUdSUS I, rF5396

rLUCllAsS' -RUIST rssE+90XC- 49rI<C, C/S -29.5 (C/M

uc rx 23121.3.32 lN r LEN

0,0
o.2

1.0

1,.2

1.4

2.2

2.6

2.8

1.0

1,2

3.6

c." r./D_..

DC 600 0.0081 0.0189 40.3

DC 600 0.0080 0.017,1 42.)

WNlc i-ltse winSleis provide less nnpro\enrent than in the
cr$ of the N imbus 3, ferformance 6anr is distjncdy hcasurable
ddwor Nhjle. The dai. rnalysis sho*s es*ntiaDy no m.a-
suoblc ln.rcase in C,)., and an 8.61, nrcre.* nr the effective

15T,IE'T!ItSPAN RULE

Ithrsbeensuggcsicd ra{wjnglctsviolateihenrtentolthe15
nr.icr.liss, inelf..tb.nr6morcsprnttmrd upatiheend of ihe
\!nrg'r. Thc lvinglet experinents {ith an ASW'19 at
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Gleitflugpolare des Nimbus 3 mit 24,5 m Spannweite
(gemessen von der DFVLR).

FICURE 1. RI]SUI-TS FROM'SEGEI-ILUGZEUGE'.

'l he* results indi.at a 20% reduction in the value of K due io
i'inglets, for a knal Bain in L/ D-., of 4 poinls. liigue 5 shows a
. on pJa,o,' .l Ll-e.e l{u puln,'. .one,lpd lo th. rmp winS
loadlrg of 32.2k9lm'.lhered@snotappeartobe any sipifi
cant diffcr.nce in high speed perform ce.

A similar malysis of flight t€sts rsults published by R.H.
Johsonll for thc DC-600 with md without wjlSlels js as

tsraurs.hweig Universiiy were i6t that .oncepC. However,
winSletsarequiiedifferentfromverti.alsp extensions.They
fthction by dividing the wing tip vortex up into mLrltiple
vortic6, md require a discontinuity in chord at the wing tip -
winglet jNction. A wingletjs a drat reductron device much like
nrbulator hols o. a rellactable udercaniage.

The intent to limii cost by the 15 mete. sp limit is sbll valid
with winslets,because a winslet cd only provide d in.rehent
of$Jtr.du.l on AhiLlel..,nmJlFJ l mFln pJnequir-
lenliniiduceddrag to lT mete6, forerample,buinot equiva
lent 10 25 Dreters no matter how big they a.e. lvirglets ..e
iih.icntly fairly small ard snrce it is.ourielproductive to make
d rm ld,d-r, 'l y pru\ 'Jc .M .f1. .6v, p.,lomd.. . rpr. r.-
ment s ith a limited cost.

W]NG ROOT BENDING MOMENTS

A \vind.r -nnt,. th."p wi.. loJJ Jj Jriburion o.r r wint.
rendtin6 inhore load.aricd by ihc wing tips. There ls iyplcally
a 5% in.r.a$ in wing root bendlng momcnl. A.ldlrg more
sh u.tualmatcriil to.ompcrBaicfor L\isaddliional lord r!ould
add about 1% to th..mpty wcight of ihc aircraft, r fairly
nc8liEible amolurt on a sailplinc. Ii fJci, r$st slilpldc F inBs
.rc dcsigncd on thc basls ofstiftr.ss u.lircsoncwhalconscr
vative jn a.bal shength. Some compirative shdies of dre
.rliiivc cffr.tivcncss oI wirglcis and sP;n extensions on ihe
basis of cquatln.rcasc !r wlrg rootben.ling monreni f ound ihe
i'nrElets b L.c (N6lny hvi.c as cffcctive !s n i!iig sp.n.xlor
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t#wINcLETS MARSDDN (t985)
-o4 e!-e-r'fo ItlNClf?".S JjHNSON (1982)



PROIILEDRAC

lvhgleLs idd io tlre wcttL'd arca of ihe rv ift ind as ! rcsult, the
winglet skin friciion drag d.tracts liom drejJ cflcctiveness in
.educ toverallaircraft .tag.Flightiestres!lls{ilhwl\Alcrsof
the sizeukdon the Nihbus3Tand DC-60Ojrshow the Iossin
high speed perfommce isbarely detc.liblc. CrlcLdation of the
tdalcont bution to dr.g from winglets i,rdi.at s tlrat the.t.ag
rcdu.tion should be positive dohn b a liftcoefficient ofabout
0 25 (170 krn /h. for a wing loadjnE of 34.2 kg /mr).

HANDLING

l:\t.,irn..hiUr \vi, rlcr'on.Jilphne\ir'li,rle l\,r wing-
1'I rpndro'.1-dup J,,floh ov., d,, tip*.bn,'orrhehJ'9.
providinS lmprovcd rol ra tes and less tmd.n.y to d.op a wing
Jl . " L l r r 'o +. J*.. windh L, m. le no del."t.lo.c -ndn8e r;
d.rF.'iorJl . ibi.iD be. Ju € rl.y.,.," "ri\Fly \,' rti t or 1.,
Aih -znIT rhe Jire. hon. L l"ol:b wJ, rcJ J.pJ J htrl, s hi+
was just noticeable. lhe Nimbus 3 with wnrglets on drc 22.9
n,, rH, \pir l-J, mu.h imf r ^\, J roll rJre,olrp.r.J to Lle 21. 1

CONCLUSIONS

'I hr'e F J EooJ u.Jl ot rrLdble e.perimcnLJ .vidFnce Urdr

^,18lrl\.d in.,Fd\c {, pl.nF pcrf;md,e q rth meJ"u.Ll
inprovements of 2 to 5 points in glidcratio. Addnrg winglets to
dn e.i\tin8 \r,lplr. h iU n.re rr Iiirr:.LiJnJ;gwhrhi5
most important at high sp.cd. However, {ith prop.rly de
signed winglets, the spL{d at which skir fricrion dra6 or the
wingletscancels out the induced draqreduciionis well above
normal .rdsing speed, and even aihigrrer speds the drag
bcrcmmt is aL.nost t@ snEll to measue.

Thc .on.ept behind the 15 m.id span limita tion is not vio
la ted by winglcls because winglets ody provide a finiie perfor-
man.e in.reaF. Wintlets are irl\c!.nuy small in size whi.h
limits both ih.t cost and the.ost of supportint structu.s. In
.J_ J'I. pprforms.e inn(Jsedue ro:n.r, i+J.pdn L Lmr, d
onl\ by weishl, structual problems Dd co+.

Ivntlptsprovio.d, b.ld,'ti,linprov, m-nt irae,odyr,-r.
ern.,Fn.) $:riour nn irc,pa'er wirg,prr.borl, rorrirop"n
class cak rvhere span is linited by shutu.al consideiatioAs,
and for 15 mcier and Standard Classes where there is m arbi-

Winglets arc particularly athactive for reirofit on the mmy
di, c Jft whi.h rL.-Jv hdve -l-o, t 5f n.\tcn-i.tu, -uch Js lhr
ASW-20, N.rLu,. VenrJs, DC b00. lS r. lor F.ampte. fte
winglets alow the low spe.d advdtage of the spmextesion to
L,e r.'J:nc- $ tule dt il-e csc rim- teepirt rl,e hi8h "prdrd vn laEe ot the shorter spn.
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