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I AASTRACI
lve sohr for optirndl conbinalions of glide sptds md

. banglcsth.tmirnmizetheglideslopeitarirbit.iiryan8lc
ioth.rvn nlurga constantcourse headin8. h ihisgeneral
.,, S.io{\1.,p, rnd1in,i/.rhunistn- Jrs.r\'..,.Jtiorulpn'b
lun, \,,th t\'th grdplncnlsd nunleri, rl $luliob the BEphi-rrl .' l,,ri. ns.rr.,,l'lirn,db) trngcn! I h'tringof lhcJlont-
.( u rse coln ponent ol thc gliJc polir ;or nny .o[sL] nt cross-
N ind .o r pur.ni. I he nuncri.r l solu tn)ns rre obtaincd bv
na.J{:J ,[rilio,Ls Nith i lrlnr {.ries c\rusior rlnul .'n
u,.,r\ rh. rJ,,tx",,,,rh(.s\',,,j,r"ri. t,,',,',,fl'*,,.tt..,*-'i'ur
.omponrrli Thc,- s()lutions ruvcJl th.t spceds t(!fly h s(.
. r' r, .:t, s,,,I.,.''J.IL..)I \ i.,.'{ f,,l,,tr.rl-.r'd
r.,'lN,hi,,n',t.in,,r,,,,,,.1,, r.,.,\.'.,1 I.,rlt.sl.F.d(ErrJ.,
r,.1, l,. u\', :.,I' Lrr!" r.,l'.'.ri.I:o4lr1nn,r..ird,
.1 l .l' . \ .l'r,.. ."$r., 1 .,(;'r':..r1,{1." f

L..L,l-,rtl ,, , ' 1.,1.,'n1,.),r'..
, 'r,l .t',.1 l..rri. rl Nrst,}."i" r., t nr1't il. fl,nrl
,,1.,\ I,!rll. nt,,tiin\ llr.r n,(1i.i1,.i .traals lo'fl) renrnr

invnriant with altihde. Witlin a lcc waR lield, it is sho$ n
thrl th(gliJcslotF bctwcenan\' two po,nrs 

's 
nr ir im i/.J by

rn orthogondl s(.nF of con\lsl caurse Blidcs Pnf,4dinq
cro.swin,l rhroLrtsh rer(!rsof lijrJnJdrk. rlywil\',,r;xu$l
the win.l through regions of sink.

Tho s.,htions wcre also u$d to mmputc thc flattest pos-
sible glide slopes thnt n.y bc adrieved across tlle spectrum
.t rr('l ! I .,1\iilpl.nc\ urrl. .r Lrri, yute\h.,. .11L1.
r., iD. h \.A f.a.r1J llut .rr", r '.ft. ,Jl .b .rn'l l \'\vir F
ldd'rB\ lr,\c in iJnr.rsinE J.l\r',lJtsF wilh nr1,.FinX
tailwi' and d nnnrishing.rosst! i.(l coorpon.rt tk)\cvcr,
'j i. . \. r titc . d .lt y ,l ..r 1:jl ,.1 s.rl. i ,. ..'..r:
heidwn rnJrrosswtr componerrts.SpL{d-t(tsfl}r, il\!rg
couR str.\]s scgreg.rtcd a..ordinB to $n,g loidnrt rrilh
l,'il!',dnfti \!{.,t. r, \<wi'\l , ,,mpL'ne"t'. t'Lrl \.,ri,J i,,
.,1{ty $,r , di,rA \,. {\- r .lii! r" hr.l.lN ,.- 1r,l
(l ,r.:lir'F n.lJ\. I n Ir.1(li' ' ll'.r.|.Ftu.g,v.]s- "1...1 l,'
a.tv.r rtalj('oas for r ll oblique henJx in.ls, direrl.r6ss ir s,
i..i crcn nr sl ro! rg ot lique t., ilw iids.



IINOMENCLATURE

n = wine area lt
A,B, = flight path wey points
A',B',G = flight parh way points
a,b,c = gUde polar coefficients at alt;tude

e,6,e = glid,e polar coefficieots at sea

CD = quadratic drag coefficient
Cr,t = quadntic induced dmg coefficient
Ce,e = quadmtic profile drag coeff;cient
CL = quadntic lift coefficienr
d,, f, = resolvent cubic parameters for

iterative general solution

4, fo = resolvent cubic peramcters for
weak crosswinds

1(l = profile drag factor

4 = induced drag factor

4 = glide polar factor due to profile drag

K4 = glide polar factor due to ;nduced
drag

L/D = iDverse glidc slope
L/ D* = inverse glide slope due to speed-

to-fly
L/D(u=
U+6U) = inverse glide slope due to speed-

to-fly errors
I = wing cord, nautical mi.
m = gross wejght, tb
n = integral iDdex Dumber
p" = second order coefficient for general

iterative case

po = second-order coefficient for weak
crosswinds

qh = first-order coelficient for general
iterative case

qo = first-order coefficient for weak
crosswinds

R - Rossby radius of deformal;ons, n.mi.
r, = zero-order coefficient for general

iterutive case

= zero order coefficient for weak

= air mass s;nk rate. kt
= speed-to-fly altilude, kt
= speed to fly at sea levei in still a;r,

kt
= indicaled speed 1o-tly, kl
= general speed-to-fly for nth wind

increment, kt
= speed to fly in weak cross*inds, kt
= horizontal component of gl;de

velocity relat;ve !o air at altitude. kt
= horizonl:ll component of glide

velocity relative to air at sea level, kt
= sfall speed, kl
= wind speed, kt
= weak wind speed, kt
= ve.t;cal component of glide velocity

relative to air at altitude, relative
sinking spccd in knots

= vertical component of glide velocily
reletive to air at sea level, relative
sinking speed in knots

= position along flight paih relative to
any givcn \i ay point

= wind angle relative to course line
= crab angle relaiive to course line
= profile drag exponent
= speed-to-fly error. kt
= wind speed increment, (t
= relative squared crosswind velocity

difference. kt
= min;mum giide slope in still air at sea

Ievel

= wave length, n. mi.

= density at altirude, stug/ ft3
= density at sea level, sluS/ft3
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III INTRODI](-TIc)N
The fiEt ireatment of the problem of the Alide speed thar

r I imi/." t}eBl,de \lo|e in r movirs Jtmo.plpra was du.
l, \4d{ re.rd) (lo<ldnd lq82). l he$uiioN fuve -ine ben
rcI, rreJ tor. ".prdiGfty." vdcC rrdy'".risind ts ort wr-
vdlid tor J. onvecti! e dtmcphere h h hich rpB,ons ufrLir,s
d,,d ,ialins JiJ katurdte hornonlrttv wirh dre wind. H;
'|.cd-. ny \.lJriotu were lhu" indcpcndenl of rhe hrd
.peed rd delemined uLiquely by thc rJte ot vertirdl JiJ
nd\s muvpDr.nr sd rhc sLide polar in siiU dir Jr spJ levet

sub"equ.n ). Rei,hmff r fq7\ dnd la78l rd kLerhcr
rla8c) ro.Eid.red the effu.6 on BLde.lulf, minirurrion
s hen reFuGofrisingorsinlinsJirdonot rrareldtc h irh the
s indu\.rthpground Such r conditiun is N?i.aUy encou-
rprFd n borh h) dro{aticdnd non-hydrosrdric td.sa\ p\, rerlil (lq8)). Kuclhcr cons,dered onlv the cds ol cLd6
d.re.rl\ hrth the wind ReichmaM prvnted i graFhicat
orihoEunal/dtion lor' lumpoldm' when lhF wiJid ;rt d
.ngle ro thc. ourr herding However, the lcdio6 ruru' e of
rhh rpprNch rc\ulled in otJy a rew e\dmple illu.rrahore,
h,lh thp, omplpte rafri,y of sped lo fl) "otuiioc dJ rhe
opnmJl .rJb dgle. ,emdinins ttrs"olved. l\pI y', $me
,rriLil r8 depz rru 6 from M a( iFadv'son$intfindin8 were
ur o\ prpd bv both JuthoN h lhe cJ\c ol a direr rJlwhd_
Spr"d.to fly wa' foud to bedependenron the wind \pepd
w ilh r\p fla I tc,r Blide rloper a.hipved for tai_lw ind) a I -peeds
l.-' lhd, r lhe MJ.Creadt ,ped+Gny. 1\#irner also con5,d
e-ed rhe d"rrrdarron in slidc .lope at hish albh,des. He
r oncluded rhat tie ptu, tice of bd[isiing ro hrBh h in8 to.r.t
ir B. id d i..ld ! dhSeouss,n, c the redu.;d Jrdetuiq } lxBh
r.r,ludp' hd. abe;dv effectivel\ rai*d the *ins load;g
., ns.dcr Jbly. l he r. red*in relrhve-inlinpsrleEsat $e;
hi6Fe vir8 lording\(dmot b..ompeNt; in downwind
glde. b*uu*"low rpeeds tefl) ar;requi,ed.

Lr d,cpre+nlpdper rhe-peed len) prcblem is rrdred tor
llc c.rprulc.r.e ufEhd.s rlonS (otutdr cou.€ heddinB\ dt
i Jrb.rturyrrAie totir.wnd ro' dysiven Jlr,h,de.OptimJt
fl rBh I parh5 fu r crNins lFe w" r * ai "hown to re.,uj r from m
or Inogo,ul :erie- of( o'rstrr.nJ.se ALidps flown dui5s ind
It!ourh 

'ctiorBofLft &d alonS the wsd rluouSh rFgior-or
sink. The ort]rcgonal component glides flown along the wind
rr. E.\pmed bv the .hs{.al speedrefly thio'), re
R.i.Jmrnn rla78J. fte (roswnJ orthosoDl cumf;n.nt
SIid,- Jrp J pirt'cuhr , J5e nt rhc Bener;l $lLrion ror dn
drbiir.,q hhd direcriol, r\ rredomitul.. oui-ide the lcc
hJ!.lipl.1. Herc.|Ped-rGny ,s po*J J" J \ rriJrional prJb-
l. mb,r €d on raeJsLmphonll-di U,ewind r.eld !Jri6 Jowty
o\.rBmpl,y i. all.nstl--c,,les.haruct.rtti.ot leewd!p.r'o
Ro -Ly $a\c. ln 5ecr on lV d Ar.'ph.., so.uiioI to rt,c
v, , ,, ,o, Jl probl.m t dev.lop.d ro,,.J the . unccpt oi d
'.' mpo.ircJlongcoJ,*pohr devel.p,dhulrlncoriShil
Kuapobrcnr on(epl,but c.psded ro.nr ludc. ompurrLon5
o'thcuptinrl, rab Jntle lhe tuU ta J.y ot.peed iofl y md
.orir 

'1. 
r"I' Jhgle.olutiotu. rp tiren toud in.r, iion V by

,". J.d lftr,,l,Jn. of the hdr<pndearar f-m, of E"DeEd t,;
l) .,-l',irun. Ihp rtuir iIry of 

' 
he* "olLt.un\ ro val,dr,on in

w;d.r'e.d oirc tior' .'ir ma...nl rrd tuel*level serrm-
i,1J ,,,.r. iioh Vl. Ih.resu'r'rrcrl$u,eJ nS€lhun\llro
explore the capabilities rd speed-Gny requirements for a
widc range of production ellplnnes in a number of criticrl
lvave sarul8 srtu.hons.
IVFORMULATION

Cons ider glides pe ormed at 1 g load fa.tor across afield
of le rvavcs in such a manner that a colrsiant course head n1t
L n.. ir'lrir,.JLe'htp,,.,',yh\uJrbrlJ.r) po,.r-(A. t. ia d,'
I J , 1J, rr,,r e t .t .t ", ou, tr, .'d.' B."ni 4 rins, \. brl, -i
,r'.,r'b r n ru rh. wiIJ wl .,*.n.eJbvd,.hohr ir IrEurc

VOLUAJE XVI, NO. 1

L Ifthe hortor,r,,lcompunpnr oftl.eBlide v.tociry retdii\. ro
thF air n u, then ,t mu"t be direcred Jr $me caab dste 0 ,n
order to ruinrd n con5ldt , our-e headins b€twee; LA,B).lhecaab gle is thusAivorby:

p = si! 1i lrllrsin,l (r)

\ /hilc r-rJversind thF lN wJve 6eld, reR,on5ofn\ir,e noB
lUIr) w,I beFncoutpred alon8 rhp upwGd phGcor ile t.c
B d\ ecrs6.anddermdhgfl owGinl) JonA rhedownwind
phdrs. tf, rtheverii'al \ eldirycompol.ntot thcdirmJ$bi
S.whchshall b. rdlen as posirivF in ihedoMhJrd dirc.rion
in d Edeian 6mc. It the verti\al comoonenr or rhe elidc
velG;ty rFLahve lo thea; is w (po,;iivedoMwdrd), rh.; rhc
inveseglide.lopell /Dl wid; respect tos Eulerid rrMe
sucn as the srobd wil b€

.' ""1 .- "r

Here \sDd b lhe croswnd compoFntj vco-o is rhp
lrilh md compo'rnr: rd uft p i' rnc "lon8 .ou,- ., {npu
ncnt of the gtide vclftrt).

CONSTA\'l C0IiFSL- :_TliATlicIES tTtH LEa t{AVF:S

- :!:it li \,.' il:iir -

FIGURE 1. Schematic of cr6 coutrywave flights

Suppo* a lee wave field li.s berween the two arbitiarv
pohts (A,n). The lee wave field siructurG the air mnss snll
rates nr altemtivc para el bands havnls ]riKh cross srream
roherenr e a.d i-igrJlmpd schcmJti.aU\ nr I iqur. L BeL.'Lr
olth! leitu,e,nn u rhoeorul*ne- ot cotuld j;t . ou$ gld..
!F ds rhF mitrimun gLdF Jope bers pen rr) h,o p.jt-
(A,B), hrrdrp €pJrJt, d bv\ome shedmw;ee! sion.It 6
.l.Jr hom rn5Fi.tiu,r of.ituJr,on 2 rhll .haitht Lhe glidc.
h ith J.-J,r{L Ii lwind.d 0.8r\eiherr\immpo*ibl.l
D,or rlaltc,r dliJ. \lopeJ wh;,r ente,,rA the lr.;Jvc. Jlnns
rA.B\ u, \hentrJ\.rngrhe ce *Jie field Jlor'g, \ Bi
Ih;+ NuAlid*r 

'n 
L, ioi, Fd by i d;,s r.,o.,h ir o grd.J.

.oNiut col,rr headna (B',A'), utilizin| lee wavc lili io
achicvc an lrfinite l-ll) whenS J -w.I lowever, sullicientlv
lun;.ru-hidSl.dr,,.J,inr,r .pr, JLt {.,r'..\la.\ ...
r.ulJlrv. y-p. ,l .c \"riJli.tur'ur rLs,nc.,t. n.\.I Jr
wave genelatilg moantain5 often delroy ihc r1c.cssary
c.os.s stream cohercnce of the lee wave field.If ttr ulinriate
goal is significartly far downwind, $y G in Figurc 1, thcn



.1.s.d.onrrrr,o.u..8iidp .'..F ' /ELrwil b.,,m,.' 
'irc\ itJblc prr tof.r.sq.ountr) sn iGsy

Ih.t,ubl"aof of tiini/ir'c gl,dp(..eh cd.'r orr8l.lorl'.
$i,d ur h d, {B C) in f.au. l..rpp-.,F lo \d\u h c fir.r
b,. endomsr"pFi. alll f.r a fc$ ..1., lcd..N+ b) HJ a ( lob t

w r-h .ub..qu"r I elnbordtior . by R,..m.ltui (1f,,/. ft, .

method irvolves a vector projection of tlt giide polar alorE
tl'..our+ lir'.. /B.C) for i SivFn,lu'.wind.on,porr1,t.
v n,'. I^t lr,o.rnm- l}pElidepo.Jr inii.lJrr.\aApp,,'
di. Lir,roJrehhonb.ih.'r'J ved.. al(on'p,,ncnl^f rh.jld.
\e,\ity. w.drd t\crlont.our.omp.,r.n,'f thpAl,d"
ve J,iq.L'o.p.royielJlh.' Kur.p.lrr., or rluFr.ou,r
polar." Figute 2a gives examples of a number of these a long
course polars for a practical rdgc of crossh ind coftponents

"n. oJ, rFred in $ d\. tu8hl\ 'l he, ro-.wind , ompon.nt r.-
,nJi, .un.rdnlo\prpJcl,oflh.-I.nA..,.r-epoldr- thc.J*
o'r /ero cro-w:nd ,umponpnl cotrp.po,,J- ro lhr .nll d r

pnl.rr dpriveJ in Appc.d,. i Huwc\er lh. , rJb ssle. p
v,,rip-.^ntrJo,bly r oa8 ea.l- of tlle cunc" u I r8rie )r
Aiong-.oure polars like Figure 2a cd orny re$lve dre .iab
egle after proje.iing ftom a given point along a he of
consimt sir* rate, w, to the corresponding point on ftc siill
air pol& iI order to .{etemine the glide speed, u e.t then
invokiigequaiion 1io calculate p.

To obtain a sjmult co6 graphi..rl solution for both ihc
speed to fly and the optimal clab ansle in a slide skewed
relative io the wind direction, we nrtrodu.c a new type of

a long courr polar in Figu rc 2b. I Ier-" ihe sin ktrrg speed, !v, is
ca lculatcd as a furciion of ih. along{outse speed;ucosll, for
constdrr crab angles. Thereforc, ihc aion8-.olrse pohrs n,
Iiguie2b.an only satislv the consiant.our-- ltad jig con.1i
tion *t fDilh in eq udtbn 1 if the crcsswind com poncn I varlcs
continuously alonB each cune. IJy them{'lv.s thc{.rc noi
parti.ula.lvusful cuncs oiit.ombnre.l with those nr Fig
Jre/.,l, ),"ldll-. .o,npo.ilpJ..ng-.or.r" p.Lr1 t 1..H,
IiEJ r- I.', d4 H.r..lh."lonA,ou.-p,,|Jr.f ,,.., -',
crosswind components are plotted as solid ljncs b hile the
alo,rg cour* polals for conslant crab an8les nre plotted as
dashcd Lnres. The nlong cou.se pola$ for a vanshing cross-
wild.omponent dd crab angle, 

"sino = p = 0 are idcnlicaly
rl,. -lrll .rrr elrdp pol,rr dF,.\ed in Al'p.I.,.\ L

t ^ i J.rtr,re tiie nrptliodo,.r\ h :rh rhi-. omp;. rc, . { .
cour* ool,r. ^n.,d", rt e p'"t "- "r".t.""" gt,.t. " ri -
db+n.; ol L'l b.r--') ;"',1' tlrr , :n fi;ur. I \. L'.
windsp€ed, v = 72 knots, and a $'ild ansle, u = 56'. The w inrl
ve€ior may therefore be d(ompo--r:t into a tdil( in(1 ccnnp.ts
ntrl,\\!\c 10L,olr.ddJ,ro -hu d.^rr",n",,, ., 0
h0b,ol-. Ac..rdinBluFiu"r un2. heolji rl,c1tr,- ^,'t. I

axis of the nlong course polar by thc tailwiid compo ent,
vcosoindicaied by ihe elid cnch in Fisure 3- 'l he flattesl
gli.le slope is given by a tangert line proj(ied frod the offset
of the tailw;rd codponentto the corespondingatonS coorse
pohr lor" 

"O 
lnol. ror.wind rorp, aenl.d. inJi, rr.J L,) l,n

dotl.d U,'e iir figur. 1. Tl,. td8rr F ml indi.dl, l b. lh
hiangle is tlt along{ours speed, ucospgiving the flaiicst
p.r$ible glidc slopc for a 72 knot windspeed ard 56' wnrd
ugle. Ior rhe actual sFed to fly, we notc thc st* r.te
correspondnrS b ihi-s nlong course speed and projcci along
diireor.o'Frrnt\in] r.r'.totlp J lliIl.,l"r ti-i..o, t.,l
'in] rdl.prui.' tiu, i.ird:.rt.dh\lh.durJr.1,1,, 'I ;.,3, while the codespondint speed io-fly of 68 kRris is n i

"Jrcd by J.quirp. Io f,nd lFcrprimJl r r JbsAl. \.mr l) L'd
hhich ol drr Jlon8roure polrr\ ror coa.tJnl , rJb Jrtl"
(dashed cury6) pass thJough ihe tangent point of the
along . our*;ol.u forcororrt.r.\.wrd cnhtun!1 t \$l d
lil,.) In thi., se. thJr.on-rml (rabanrlecL^ rh oJld Lron.
just to the left of the 60" clre indicated in FiBure 3, o.63". For
(laiiv, t\e dlonq rour* oolJr for J .o.-la;t b l' .,db dnr.c
has been "nirrii from ilgure t. Ii we .otuiJcr rl, ...,;e
problem nJrr.,.rma...inl.intdl d rJl"of LcL,.r. f,B,,e I

dle tanSent ploiting procedure remaiN the sne e\c€pi thr t
dr pointof projection isnow displacedtrelow thehorizonial
J\tby Lclnot . l henewsol JnonEivp5J fr"tcr"J.' .J .'h
U - 76 lnols. rnd a -maller oprim,l crJb rrslc. ll ;)'.

The graphical elutiois for the speed io lly and thc opti
mal crab mgle using the composite alongrour* polars are
urtul for J t.w 5elecled e\arDle,, dd for mdcr J.,rrr. 'ihow the . hrra. r.ri.ric\ ot rlrc + l J.r pnlrr iflr.n. c rh:
prricuhr tururc of lho€ <oiu lions. Howev, r. tl-u. JpproJJh
is higHy inefficientand impracti.al for software appli.atio$
in real-time air data computers or ror generaiing l@k-up
tables for a wide rdrge of possible of windspeeds and d irec'
tions. Mor.o\cr, the curves seneraied in Fisures 3 and ,1 nre
ba*d on the siill air polai at *a level. Consqucntlt il is
ne.essaiy to generate ad.titio,lal s€ts of compositc alont-
couM polars foi ea.h altitude re8ime, based upor the ilii,
tude .orre.tion to the still air polzir s€t fodh in App.{d ix 1.

The ody way to .ircumvenl this corplication is tc, eqlrip thc
r plrc*idrJnon-.JrrJd...mopn"1ledv.li.nh rr,.\l .l'
reais lod s i n in. rca',nb altir rde ol a f 

'. 
ror. qu:. r^ .) p

seel ng(197,1).Then the indicated speeds to flywouldbc
eqai\alentfo thoseat sea level fo!dyaltitu.le. Asan alt('ma'
ti\-e to drR difficulii.s, weple*nt thc followingDum€rical
variatioml elLrlioE to the gcncral spccd-tcfly proble at
u arbitraly mgle to thc wind.

,F [ar i 
'] 

\ .:i i \ _ :r ft I :r j\ tj:L i

i/

--i / .'

,/

FICURE 2: a) Along course polaN of a Nimbus IIb for
constantcrosswind components- Thezerocrosswind com-
poneni (fine solid) conesponds to the still air pola'
b)Composiic along-course polars or a Nimbrs IIb for
constant crab an8les., The zero crab angle o.ve (fine
soljd) correspondsio the still air polar.
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I cOI1l'j0:jllli Al,Or\'C -COl-JltljI PO],/\RS ( NIMDUS I]b )

FIC URE3i Compciie- along course poln rs of a Ninrbus IIb u scd to find the speed -to-fly and .rnb .ngle in a 72 hoi obljq ue
l...lh r1d blow n; rl qb d.grrp\ ru Ipii,Lr ' linp

r\l.0NG COLIRSE POI,ARS ( NIMDIIS Ilb

,{l.oNC ClrLrllSE slliED. I cos f (kls)
rlE^DviND CoMPoNENT ( [t3 )

:-

I
J
z

3

t

!

,\tnNc colltsE sft ), u cos p (

HE^DnrND CoMP0NTNT ( krs )

t'l

I
t
i
I

! r(;Lil.t h 1: a ,jtr,5jt.,,l,f,1l .oo I s! t,,l.rr {,f. Ni,nl)!s 1tL) ust.l to Iind th. sp.cd-to fly and crntr argle in a 72 knot obli.tuc
r.r r j i(1\il r I FL.t\,'1.inl



V NUMERICAL VARIATIONAL SOLUTIONS

With equation 2 e\pres*d nr t.rms uf cqu.rtion 25 nr
Ap,.ndr\ LIhe,n'"eBlid..l.p.,.r, J,. .d rod"p"n.l.,. e
...oLr \dn.,ble-. u \. o.5 (orequ.r l). in.rere, lJl
changes h L/D are expr6*d as:

!../d. a !r!)j!. a!.a;!t.,. - i!+1r.,r., lt-Jir r,

Now, each of the vdiables in equa ticD 3 cheges with incre
mental.huges iD position along ihe fli8ht path dx a.cordjng
to chala.teristic length s.ales. l he niJ mass sirk raics vaD
over distancd conparabLe io the wavc lcngih, O(l/2ft), of
ip lp. *J\., D,. wiad .p+d .,rJ d.rc iion\JD '^.rrL,"

lo*e.rmodelengrh<.'l.,ofll,eLl p. , h . cl no-- r) pr Jll)
u'. hu ,L'v i.d rr ol d.form.,tiun. O(lr) 1. d,- u.-. d L' Cdl
,la^.)J. {); tJ'" oth.r l,'nd.lh"ho,,/^, lrl..mpor'.n ofUr
ql d. \.lo. rry ' dn vJry ovpr or J.n.. . uf onl) J f, '. ' oll
leneths, O(nl), where n - 5accordhE to B6u md Hancock
(1978). Therefore, the relative sizes of ihe tem$ in eqmtion 3

11:t'r d. = !r!4- ,1 * i" = q+)

+j!r :: d ' .l?ir j)

l h, ,, n,. ini,n t\.,,o-t5-f.ou.,t-or,t0nr. 1..!'",,.- '
\1,..l'h.'rd lliA,l/,"1 .'".u'--",. r'.r .,..rb. A .'
particular case of equnibn 11, the specd to fly soluftD h a

direct heddwl\.t or taihvind (o = 0), w h ich correspon.ts to thc

sraphi.al rsultby tinilent plolinrg duc to Kuetine. (1985), is

rrjr( ;r r1l::j 1- /:

For a generil $hrtion to cquaiion 9 a redcd iterrtic'r is
besu ftonr the weak crosslviid solution U, fo. scnne sn,n l1

wno!o.ed\ - \ Urlh'.,.1 ir.,'ti\/JFrl hc-c'firIn
",'a,i,""a i".r.jp.,t ,". -" , ,r,r-ll1 b1 rrSr lh"aLm.n..rl
.ompuhiion"fo,.'rr) E vFn Jef nrrpbsd orr J I -),ur * i".
"\pib,un.r(Lr \'.;nr .60rl $.'ped loflyrl, r,.n
lrom lh n,cuuu-,l.rurr.n. U U " BJ l\i' n,,-Prr.1
slrenre, the Seneral specd-to-fly equation for the nth itera

1",'1

.\ | 2; ,': .!,i )'"\

!. -,1 .] .:

;;..;lr ,r' !i r "'r

...-",.,r" ","^".;,"j :,-,.rrl r: Cri : :,,:

" i:'l:; l]l' i : ,' ,,1

L' lhpJtmuspl-ere.l{ or l00n m ). whereJ' I -{l( lU a.h.l
'orhydroiJri' lmr are.r I O(l n.mi.) tornon-hydro'lJl-.
FeFJ\.-. nrsdre irmen-€(orpJrcd to dr. winScurd, i.
Thereforc, chanses in t-lD wiihtspe.t to wind speed,
direction, md air m6s sink rate are negligible compared to
rhoce wrdr r6pe.t to, hu8., ia tlrde.|ped over rv in, rrt
-enlal dnu,..d\. Hcn.e, hr.p€?d lo ny. U. wl,iJ, mJ\i-
mizes the L/D over d\e groud, is siven to O(2riillr) accu-

r r/.,r( rr i' ,; r rr'r

*lrcren l,/.t..,r1-t ^, \.roisd\ r. n5' H.n,
th. sc|c'Jl-p*d tu t y -olutron for.,ry gir.r' h i ,d p-''l
and arbitrary d is tivcn by

h.,.r.J ,. 2-r,/p. "t^.I . )-r,:l ,l r)i q -t,^, a
. 2, t Ar",i,r\phlni.mj'uiir,Arui l-lorqlJl .a I r.'-"l-.
thm zerc and consequently hive no physical significance.

\,.I NI^4ERICAL RESUL'I'S

Theseneialspeed t(}flyelutios for arbitra rywin.t speed
anddirectjonwere.omputedbetweentheTiio nn.l30Gmb
lr\ ct by - eJcd .lerar,on. Ging pqurn.n' l4 I7. l l-e.^m
puranors uere b,*d or rr mtrlla.led \rmt': . TIh 8l d.
po.d J. co,d nts lo AppFrdi\ L the onfulnlu,bl'h.,1
h.r..lepF.l in b.lh lh" p.{lr\. do ne5rri\. s,,,J d,-F
r,.n.u-ingircrelh nl'.15v l0 Lror ThFtrr."d , n ,

*lec,dL'pr"fnr.r.etnqmps,i..rJlrl.r'ri\c -J,.1 .r,.
L* Ju c ll c.p"pJ l.'lly.qu.,l-.r l".lJ 

",','i 
1,.-,, ulr, l

root..,ncl't rr, o..ir..Lle b hJ -Ju* J, d.f'c.l, l'r . .,
ships tEbreen speed tcfly, optimal crab argle, aii Duss
noven\ents, and altitude effects on thc glide folar. lhe
spe.d-to fly and opiimal crab angle dePenden e on th..Lnld
rp"ed and irrectror 

' 
is compuled il LgJr" c I.r 1h.700- n'[,

lovelrrd 'n 
I gurp b lnr lhe J00 mb l.vcl. ll.{ on'pLl.r

oon. a"-unrc nb nel verti.,,lnroiion in rhcarno.pl . r . 
q

as would sencrauybe the case during long glides hetrle€n
wave senaratins moutain-s. Negativc wind speeds corlc
,ponJr^ l,"rorrrro'. wll"rc.r. t('.riv" v - l ' "riil*.no. lor.rr".rrl'a-glc-d".o..lcvIri,,,.t. . r 

"

llquation8 yields the genera I speed-to-flycquation for glicles
skelved relative to $e wind, which may be wditcn as

-., - ,""r ..'."?,-:_; s,",". (. s ,ate!!rq)r

- icosq!'rr v:srrrr rls q=o (e

The tr $endental nature of the general spe€d io fly equa-
tion (equation 9) f.ll('ws from the fact that sped to fly is a
t,.rcroir of th' , r. '.',r;1"bywryolpquJriotu2.u,d8.aad.rrbsBleL.inh,,, 1r,,,r'roncf.pmd-lo flyd.rrqu,-e,iL')
equJlion L Andl)nc $l,,tion- Io c,luJiion a ati.e ia the
.'-) mproiic.imir ufrn ,nderrLtFl) cmJU cro ss ind. !'n'Po
rerr.t-1" r'irc.f.r hl,i,hllp.pepdrGflvu U'8i\in
bv,

4,aLri ,.ra -. =r

I 1..s,2nljsn,ii,,n..sEr/-l
:" - rzjrsrra/ar

?" = v.r/d/.i.'.

.iti''""=''

The speed to fly equation thus collapses to anordinary cdb,c
equation for wi a k crosswinds, yielding the following soll,

TECHNICAL SOARIIIG



..NR lmc h thc sme --nse as the s trd angle (headwinds),
shcrers neg.tivc crab dgles deviate from the..rl,.e hre
asainst thc rLhd ansle (tnilwtr\.ls). The fastest and slowcst
speeds to fly nrise fion gLides direcily aganEt and wilh the
whd (tt= 0), rspcctively. lhe sp€ed i(>fly in a direct.ross-
lvi,id (d = 90') is a slmmetri. futttion about zero wntl sped
and is sloNerih.n n1l otherheadwind ca*sardfasierdrdr.il
othe. tiihvnld ca*s Allremaidngpossible.rosswnrdsohr
titDs are iri.rmediaie behreen ihese t o ert.emes, with
snrnll .lilferenccs anrons oblique BLi.tes nrto the wind, bui
sitnific.ntly fnstc. specds-tefly foi il.rcising crosswn,.l
. t. n,,l h ll-ll Fsino l..,prl,r,lrn.l.r...,\ ''o .,

, ,,n' v,L,l,I',Hh,,rrJ,Er'o o0"r'r'. . \u. urnjv, .,

gljd. slop.s ipparcnlly result frun keeprg ihe.nb anglc
snrill,lcss tha'r O(.15').I ].n.e, the speeLls to ny durnrgob
L r rlJ, ., rl,rl,Hsiao ,.,.r\ b:rhirL,..Frid.r.*-
itindco fo,r(lrt nro.de. tonrnintair thccour* lhc( iihoul
r.so.in,g to e\..dnrgly la.ge cratr .nglcs.

Ir.onr c.nnPi risons of Frgurcs 5n in.l dr it is interestin8to
Inrd th.t the indicated spftdtcfly (hr--.i on pit n staiic
'i l- J .)r, n'. \.,i.- hirl' 'lrl,rJ. I^r u l grr.r srrd
.p,. l. 'd rli , r.r . ll- . .lle. r hr ',,r 1{.rlcrJ h\
V '. r"... ! '.o! 'rJ l^A), ,,r,,".,1\. .lJ$ , 

',1i...t, 
i

.,i :f,r!Lls "i.r.rqrire.{.rt higher nltihrdcs for anv.oNtint
non zrro rvind specd r.Bar.{l.ss of.lircction.In pnrctice, ihe
!tli.lilv of this stat$rent relies on the ab$lce ol r !.rtical
..;..1, .,:.r r....npi..l.'r F.,.1,,.1'.., ,., 1r L.ill
\i l ..Ji.rr.,r' ]r'"., r..l n. rl ,. '),f\..1t,'-r '
.b.) l.mB s soluiFn, e:c (lill (1982). lI lhe lee 1r.!e fiellls
olr.\ Ln,g'ssoluiiolr,the the nronr.ntunr llu\ otthe wiftl

VOLUI'"4E XVI NA 1

!,1 .lr la l1,l
liitr lllil:rl': Lll), Lr (lils )

rclrains coNtani, an.l the win.1 speed will in.,ease rvith
altitu.le as thc sqeue root of tft de.-sitt iatb, (p/ p)LI. Under
.^rJ:li.n-f^rI.,,b--'uthr'. 5c,,.1rr.-J .f...1.t*n)
.rnd. rrbo;1 .r,JIr"n.'n u' Jrir'r \ i h..1,r-dp. LF..'n
b. dcuu,.d fr u,, 

' 
I :8Jre. 5 J, J o ,n wh(h. r,r cIn'pl. . rln

i,,dh.rt-d.pee,l t ' Ity.trdcrab ngl" h o0lnor wlrd-J 7n0-
mb are.ompa rable io ihose required in 91.6 knotwinds at thc

Iirur.. q. d,J 6..l,nw llp mJ\ mJn' r,*- b p ,n!, -
tl 'lc lJp - l Dr if. ." r "dl-cr.r, " r, peFd r, r v 

'.,1
1I n,..1.,.b.,';. .r.'|J-u'..1.(-1,'rl).rr.rg,.. lu r'J

dmditid$should be.voidedsin.. th.l./Dfrlls.aiidrcphi
.illy from 17.7 nr sdllan tu less th.n 15 fo th. Ninrlrus Iib
with90 hot hca.lwinds nt 3{)0 db.ltisalsonppn,entthit
strtrrg .ross{ inds cx.ri a ,-vcre d.griddrnnr oI the gli.1e
slope nr ih., absrn.e of iift Con\ersell, a iil] knot d;r..t
Lrilw; at 70(,1 n,Lr o. a 9l 6 knot tailtLind at 300' lrlr rlili
;rpro\'€ the L/l) f.om 47.7 jn still nir to 92.7. Ag.!r, if.
\.rtical wn tradientis pre*ni ('li.h obcys Long's solu
.i,.,.t'r-r. th..1... in.Lm po-.ibt.r,!,.rf 8l J..1,,.pr. ..r r
invadant wiih altihldc. Ifon thc oihcr h.rnd. aiinsalrlnr
l.ye. isencountc.c.l in rvhi.h therLin.ls donoi ;rcr€.se !Lilh
altih&lL', fl.r I t{ Eli.le slopes are ach ie\ ed tor n,1v gi! cr tailLr iRl
an.l {:lir...tior it loser altitudcs Jf it is nc.cssaN to flv if .
dirc.t crosss;ld through an n,sL,l.rtion lnver, llaticr gljde
slopcsrvillbcr.hieledntlrighcrnltjhLlcsforanv gn.ir!irrt
speed Ihis is duc io th. fa.i thai hiBli.'r cff..i^r rriig
loJdi,,Es it hi8her.Ltitudes arc an .dvaniag. for sil!ii ons
requi,i,rg prnchnticlr pcrl.,rmin.!., as nr a h...lwfJ or i
strong c(,ssrviir1, bu t r dis.irivi nhge rvhll gli.l trrB :l.n l 

" 
i (

,,l]\\irtjll it lN',,. t:i, (r t) t:l,r),1
L" Irr,i'

(rr" l\i,\ ( iir l,',N(;l,ll

I
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FIGURES:a)Speed tcfly h tlt absence ofliftas a frnction oi wind speed and direciion at the 700'mb level, ( 10,000 ft ]vlsl ),
tr) Orrtimalcrab anglc in ihc absen.e of llfl as a function ol wind speed and.lireciion at the 700 mb level (10,000 ft MSL);
.) l\'1.ximunr obi.inableL/Dh thcabscnceofliftdsa functio,r oIwnld speed and directionaiihcT00-mblevet(10,000\{Sl.).
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FIcURE 6: a) Speed-to'fly in ilre abselce of llftas a functio o f wind speed a.d dir.. tion at th. 300-mb level (13,000 ft
MSI-); b) Optimal .rab angle nr the absen e of liJt as a tunction of wind speed and directioi ai thc 700'n1b lcrcl (10,u00

ft MSL); c)Maximum obiahable L/D in the absence of lilt.s a function of ('in.i spced and direction at ilr 300jIb Icvcl
(33,000 ftMSL).

sped-to flv is less than best L/ D speed for siil arr.
Iiglrc\ tJ Jnd b sh.w lle elre.l ol \e,i(Jl .,r _.F.

-pc.d*lGn) Jr d utnmJl r, 'b Jabl , a
d,rert ,,,-{v,n,l, Jl 0re cOG mL, lc\'1. Lr -l ord dir".l
cro$winds i{ith rdpidly sinknrS air, thc speds-to-fl',' arc
sirnificantly less than thecorrespon.ting q uartcrnB hcad$'nrl
cases nr figurc 7a but ale significnntly greate. th.n the
cofuspondlr8 Lrilwnrdca*s Forlveak direct.ross!viilds (\'
< 30 krols) ttrcre is little change h speeLl b fly w ith n,..ens
int o. decreasing ('ind spced, sjic. mosi of thc coD,p.fsa
iion is .lone with the .rab anglc. U ik. all oth.r cascs
considered, the opiinai crab angle for st.ong.liBJ crcss
{nrds(v>60knots)d@s dced exceed 45'nr non sn*nrs

I i,Lr., 7- "Nl 8-,l,oh the mJxiaun .trla,lrhle,'..,1 *
B iJ; rlnl., - b,rh t' rh' Jl nri t.F. ,,.ri.r' rn q[rrr.r:r q
headrvnrds ud iailwilds and in di rect .rosswinds, rcsp.c-
,\,1). Jt rlr'(n n',.1,\cl. 1h, ,. r,yrt.'r,.' , r' 1. ,.1 ,

..r.r 'dr'.,,.. l..|c,J l^fl!..,J, pli,,,-l.,..L. .El r

.ording to Figures 7., 7b,lln .rnd 8b. ()nc firtls thni slc*vl\
risirgajr,S= 1 krot, yields im prcssivc L/llforboih !ho,,ij
it'.rrr,r.B r'.1 ^ 'J. Ilr--.,., "\'ll . \ 'trro-h, 'r- I D ll0 llq.\', l ..', ,,
hed.l$ iids .l.sra.lc ihc I / I) to < I (l reAirdl.ss of llic !cr1i.. I

ai.massnrctior!s,se.Irigurc7c. ln fnct, the nrve,s! glid.sl(I,c
n tHsc.seis rlnrostasbad for8knotsofai. n,isssink rs il
wouLd bc for ro,r sinking air. Ihc dc'lradntion in I ,/l) f(ir
.lrongo.r,.r.,J $,.d-l.^h.\ irr,l'll. "". -pIb-' '
l. rh,..1., .. r .1 inrhe",l$,,,J- l..il$ in.l .rnJ.ii'. r'.
winds, rny r. ie ofsinLnlt of the r ir mrss.xcrts i pronouf..J

mininum rclaiive sinkinS speeds with the whd, kc Jcnkns
dldwdyl (1990).

I ieurp:7r rd b shos . oml,ulaiior- Jt "p*d l', fll n.J
opti:r.., ab J ngle- ror the..' ;.r qurr.rnglrJdh J 'J"i.l
tailwinds at the 5Ul mb level when vertical airnlbsnuve-
,"cn 5drccn.oLnte,ed LonroJr0106JrE:now,,forDartru
hr .,rmr.s ,trll 1116 or -1.0 ! r 8.0 lnos. a wl,uld be
typicnlly en.ohtered while travc$nrg mouliahs in field s o t
lecw. vF .C^mpulJhorslor iJim '*r i"in8 fu.rer lh 'r ll'
'irr,drr 

.m,,,n'Jr re.ili\p.,.lft-|Fpd,'ren.rpo. rl,l.
b".rJyr JJl"of ferpeh.,rl r.l n i-,'. ldpv, d.rt r'-lJrr oI
hr*ened.le noi.v- v lnrh lx. hth" orobl, n,l,-.rolbc, r
.urc,l! p..ed by equal,.n A. ll,. frol,l, n, irr Il,is 'J*
bc, "n'e.ore ur rr. rihS.Lmb rJ lc lor whi.rr th. "p' 

po

r-flFU J Olhetu ,+. rh..ppHd tcfl) .oI ri iotu in f iS
ures 7a and tt reqone one to sprd up in snrking air ancl tc,

slolv down lnnsingair, snnihr toMa.Crc.ldy drcory. How
ever, un ll ke MacCrearty's original resulLs, dre spmds'tefly
fordny givenairnsssinkraicare dependentuponthervii.l
speed,requirnrgf asier glides foraheadwnld cohponeninnd
slorver Btides witha iailwhd.omponent. ltegn.dless of th.
airnralssnrkrate,speeds-t(!fl yinstrongquarteringtajlwinds
tcnd to nrcrease slightly with nueasing whd spcc.t h order
lo pn \"r E.ideJ.p. degr,o-t nn- r'.uhurg from . ... '
slveLy Inrge crab angl€,q45'). This Bultis a dodifi.nlion
to Kuettner'soriginal downwild shate8y. Lrstrong q!a.ter-
ins headwjn.ts ;ith a rapid ly sinking i ir mass onc finds nr
Fisure 7a thnt rather large speeds to fly, ()(200 knots), ire
.cquned thaiexc€d thc shuciural load l;nits ofmost sil
planes. In t hot rislng d;. wiih a quartering tajhv;\d, the

TECHNICAL SAARING



rllli .ttrN lNVr llrt.t rllt)l ill) 'l 5I'I:I]D 1T) FI,Y
'lllUii xlLl SPlillD, IJ ( Lls )
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i,
a.

FICURET:a)Speed-to fly in quartering winds with vertical ail mass notioN at the 500-mb level (18,000 ft MSL); b) Optimal
crnb an8les in quartering rvindswithverticat air mssmoiion-s at the 500 mb level (18,000 ftMSL)i c) Maximum obtainable
L/D in qualtering winds with vertical ai mass notion at the 500-mb level (1&000 ftMSL).

:rFl itD 10 I l-Y
'IlllJI.ilLlt SlDiil lj ( lils )

tNilta,\ltiD ,\iR.jPEtiIr Lr, ( Ltr! )

FICURE 8:a)Speed'tcfly in dnectcrosswjndswith verticalair massmotions at the 500 mb level (18,000 ftMSL);b) Optimal
c.nb nn8les in direct crosswinds wi th vcrti.al air mass motion at dr 500 mb level (18,000 fi MSL); c) Maxjnunr obta;rable
L/l) in diiect c.osswinds with verticnl air mass motions at ihc 500-mb l.vel (18,000 ft MSL).
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fo. the lower lnrit To turther resolve the sizc sp.c tr!n, s .
h.lude.aL.ulatio sfortheS.he pp HinhNimbusl1L)(2tl6
m or 66.6 ft. span), .md lhe S.hwe;zer 1 36 (u.1 m o..16.2 ft.
.pr,'). A.u,"p",J ,ve -L', J y,.f "nd,,'j u,o, pl J .,. '..l,Jr ,. r"r"ti. -fu rl'.*d!...,6i.si\pIiILbl, l.lip;., l\.
we find ihat longer rvnlg spaN render Hgkr aspcct raiios.

We shall dis.uss ou .omparative calculaiio[s of L\esc
ai.cra fi under hdo distinct seis of cir.msialces: 1) obliqu.
downwild or upwnr.t glidcssu.h as (B,G) in ligure 1;and 2)
directcrosslvind glidessuch asA', B') in }risurc l performcd
in re absn.e ofwa!'e lili. Comparisons forglides perlomed
.tirectly $'jth or ag.instthewind such as (A,B') or (A',B)!l
Iiarre 1, are ndequiely presented in Reichmann (1975)nnd
Kuettner (1.185).
A) oblique DoMwind rnd Upwind Clides

Ilgure 9 gives cdlcul.tions for the speed to ily .equi.r
mcnts an.:l maximum obtahable ii\erse glide sloFs in the
ab*n.c of lifi (S=0), at thc 50G i$ lcvel nr quDrternrg
hcadwinds md tailwinds. lhc.alculaiioN aie bas.d upon
the quadratic apfroiination to unballasted tliLle pol. r f.n
ca.h s.iiplrrc nr on sizc spc.tium, ns derlved inAtIlrrli\
l. CeneraU y, we find that flatter glide slopes, and thus, grcat r
' ro - . ou,lru di lr..., Jre J, hjr\"'l ,.:lh rLjp ,c. ., p" I

r.rli... .{.€ l,.L'lc l. f't pc-form rn.. -,1!,
wilheith€r;rreastrS lailwind conrponent or d;Djnishi,,s
crosswindcomponent.Ilowever,theultrD high.rsp!:ct.!tios
(28 33) of open class sailpla €s appea. io Bile Lrp . sl,lll,t
pof^r,r-r,",o\.',,lJr, rJlla no,',"u.l r ".. p'r..r.
l) t l'\.f lc m.l, , r '. inf , t'.. .-i pl.r"-Lr h",r, , . t
strong heidwin.l components. l'he ihrcshold !vi;.1 sPred for
lhF lc cr' rd. itr. , ,r.r,.'* ..|:Er' ) \\,,' , , ' 'l

a:,
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FIGURE e: a) Speeds'to-fly forproduction sailplanes iI quartcrjng wnrds wiihout lift, S + 0 at thc 500-mb lcvcl (18,000 ft
MSL). Calculations are based upon unballasted wing loadings with a 200lb pilot and chute, b) Optimal crab anglcs for
production sa ilplanes in qria rtering winds r!iihout lift, S = 0 at thc 500-mb levcl (18,000 ft MSL). Calculations are bascd upon
unballasted wing loadings with a 200 lb pilot and .hu te, c) Maxim um obtainable L/D for p.oduc tion sailplan.s in.tu.ui.rirlB
witulswithout lift, S= 0, ai ihe500-mb level, (18,000 ft MSt-). Calculations are based rpon unballasted wing loadhts !ritll
a 200 lb pilotand chuie-

r"du, ioni,, I/D,omo,rpd lorl'e.r.e: d.\4u!.rrtl ,!
p.rforun..lo..o curidumgllchr.l icF brol\.rr.rm., *
sink. Very little addihorul los dcus lor S >4 hots.

IhN'oluhon.sFrp\cni,.d nrc- nrshr-.yJ., 
'kr. 

h, no
hd")ltl'ro0lir'brLi, h ln.h n -pdd to llyr, -oABc,c rh.h n
bctwe.n the 70& Md 3m- mb levels. I he loss i. I-ll) due to
my given speed-tefly error wis foun.{ to be $eater at lower
altitudcs for both qualt ring tailwnrds and direct c.oss
wnrds. Iurthemore, fly;ng too slowly produ.ed a sreater
degadation nr L/D thm flying too fast- SFed to r'ly effors
had a gieater advere impact in quarterins tailwinds $m h
direct .rosswinds. However, in either ca*, the speed l(>fly
erors resultins ftom flyhr t@ slowly diminished the L/D
by l5 points or mor.. nrcr.lor.. rp..d {o fly err.r. wl!.h
n',umuldl"uver lonS.roscourrn b.,\.l1i8hl\r"p,F+nl
signilicant glide slope degradatioE wlri.h hay lasult ii
l]mecessry md potdti. y dangerous losses in alttude o.

VN COMf ARATIVE ANALYSIS

IIere,we invoke the mmerical variationalsolution liom
fie Nmcri.al Variational Solutions to exFlore the pe.for
m rcecapabilitiesardspeed to flyrequirenlentsofprodu.
tion aircrafi across a ratherbroad spech'um ofwnrg spans. At
ll'e up|e-liTjl uf rl-rl "pe. hLm he.orbid"rll-, .'Jn,pl..f
ll, t henpp Hirln Nimbb IlL h,rh J wir'g.pr, l 2l.i m
(8O.1fi ) fte lowcr linr r"boundedl.yln. qhhc;arl-2.
whoewh8spmisonly 12.2m(40.0ft ).rndremi.ldleof our
size spectrlun Iies ihe raiher diver*' bn,rd of l5 meter a.d
steddd class racers. Wc shall brackct dxs ban.t rvith ihc
Rolladen Schneider I.96 for the uppe. l;m;tard th€ C.ob I 02
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]VLAX]ML1I

TTIICKNESS

MINLWI]'M

LOADING

NT,in2
(lblft2)

wI\c
IOA'ING

NT, ml
(lb, ft:)

\{INIV!n{
SINK
F.{TE

(kt]l )

212
(j.69)

i l0
(6.1r)

309
(6.16)

2 t-]
I5.7I )

2t:
(i.0r)

tl0
(4 l8)

l{J.1r6 )

t0.32
(0.2:6)

l,l.16
10.i02)

Li.0l
(0.311)

ti 9.1

10.ril)

:0.97
(0.113)

\ inbus IIt 21.i
(80.i )

106
{6;.6)

\imbus Il

LS6 15.0
(.19.:)

li 0

119. r )

(i.!rb l0:

t1.r
i.16.: r

1:.1
1.10 0)

TABLE 1i Phvsical and perlorman.e chara.ier;stics ofselected production saitplanes.

ollrq,., \,r.' g,nAhum(0(nur,f.rn.0!tpqfcpt-erdsindr.,
,bo,,r 60 lnots for "r.r decrpe Fr.,dw nd. tbr^btl,,r
hpJdwur.l, F, ! c.. .i llF.. ilx-e. hotJ- rtre mr^imm rr
\eNAlidc J^p-JLl 

',d?d wrth loq n,p^ | r.,riu" (1..- lhia
lR) a,. r' r J, L,b.) p,ro,. nr, i p^tpn' :.lr <|rrrpr.r if Lnd
irs,i,.\r-e 1.r h rthin$r.di-,,,1, F,lrhc!;eu,d.r,r,rhe

Ii is irtcres&rg to cxamine thc renLlencics ofspeed-refly
and .'ptirnal..nb anglcs !vhich N.ur aooss the si"i spe.ir(;
d.',rtot,lr,rL" JnwLrJ.'nddowr.w,o i.iu.-ntt--Jbrn.L
of If /\ J' +Iitur, o. ln.rrorBqJ;tprir,Bt-F,,oNir,u.
U'.-p ., at\.r In].r.,r.tiltcpn..i, .p,;d ,n nr loo..theszc
.o, r', n'.!. rl' lcJircr.rllhr\ I'tr]-.i1, 1F...hu.E.rFqUir.
n; $.1,,81.". r .r,rc<l.anorn.rl,lsr.r,b.u.r"., r" l,btr I
R"m.'-l, bh. rlc"p"ed leflv Jnd opimrt. ;ibr,a.A*Ji-r
;'r-ir,l.hvodi.rin..Broup. lorw.,.orr"rrfingri;,rJu ;d.
.'r,d 1.,, lturrr,,,rJrJilwn,t,. tlx.+};.esJiion{\- \ro
oc.unn respon*towingloa.ling,widr the towwing badhg
'i,.tuf(rr *-thr.',.|b. t, )t.mir.e.,tow .pF.t Fg.,,JL
'.opt u"p.\-grc;.rtrn'ipoe.'rinbcI, LIl) hJ"p,.nd,1.
.l J,F,1 I r.'l . rr I'.'\ muT obr,, . rtrl" iI\ e.\,r.id,.. tol,-

B) Dir.dCrosswind Clides
< n" ^l'e r,ro.oL*nFou,,,.1q,,p;t.d,-.,rFruLr,dr^

l- i I ir dir", I . 'J-h.rd tl .r"" lr't$ ;o .fmd..o, I ,r-
ticular behavnn arc slightly different. Ir fisure t0i,-rve
calall.te size variatiorl in thc marimum obtr;atrtc inlerse
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glide slopes for di.ect crosswinds at rhe 500 mb tevet in thc
absen e of lift (S=0). For weak ro moderaie crosswinds (less
ihin b0 ln^lt rl.r. p\,,t, a prosrA.i!e imDrovement irL
Bl de"ffi.i.rr ) wirhin, r.r.'ri,.i, r ruro. esl rc c -o** int
velo.ib c'..ed- ou lnor .. dre,c i: J Rr"du"l rcv.-,,rtor tnis
lr.,,d J, $r u trl hiElr J-pcct turio;edoms. c i, !1.!ey
-,vcrvp\, ft ded b\ r. per fomo. 

". 
itmor. modrr"re".r. r

rJno-. Abo\.. r.$$ r'J \L,eed, uf 70 L,,.F. rl ,. .s hiler
rr. ng. J -.. rub.ts. 

' "lienl JJv ,, t..e., rFr the np,1,.t. -
lhF rl. Fr; . ou,* .rr"pJ- n Jl /co ;y . .". . .'ol:. nr .1. t.'

.ped ro fl1 urJ cpnmrl. ,.1, J rt. Jr;.. 
"t. 

Lt,led in I reu-c
'0bl^rd r.. t.ro.-q r d.ur r . .00 mb levr- lh. -, ort ,

raourd \pecd. llarr J-F dr \ie\.d J. lhe nu.rm Jn, n\ cri
Bl,de.iotc . rl.Ll 

'r' 
d m f,x c lOJ. I or weat to noderdre

' ro*$ind-p-eo.' n"-rh,r.'-Ul o.-)$e,ind Ur.rt rher'oni..-,.".tr, d. r E,r8rr. r.usht) into rwo uaoLp.-.,..d ni
luh ilgl.rdiaE Arrr.,.l * ho\ lo.,dinr,dl. ta-tt -nbtL.7
fC tend to 8.oup iogether at relatively;lowcr atong coursc
,pe.d\ ll.Jr rho{E:.r1, , rl", h lb. +.r"xJrdt"..;. .1,,I
rJlr.., -d\in m. 

'\ 
er$gl.Je Jul p L, Jr.nr d r. . ., r,

h,.J. {LT..,'p- 1.. 80 } n^F) th.. r'.,,A cou .,. ./p. .. . .

o,d",, J.., rd ,;t^rlp,".urirrw. ,g r'. oo.. - 1.,...
,^8,,ir rl. .ord,1,, a i- irr.1 e. r vpo.;.,\ n1,,, r \,.- ., Et d-
Jopp lh i,'-;'.r.""t..1r."-pe"dJ t. |..,. h.,rJ
"fi ur8 J.,. r, ru.-h i1d -FFrd\ (sn to -u lnJt\1...'.r $ f cr-
lh., rJ\,'191, .-l r.i^nberatutoJt.,Fr,,,.*iirrrr,.i,.nr...
quen tly, fu.thcr.orrectioN to ma;rtain cour; h.dd ing !v ith
in.rensjng wiid speed are .ccomplished by flying iastcr,



d.crcisng aspcct wint loadnr8s. ConkLlrntly, ih..riti..l
d.sign consideraiions for nnxnniznrB.ross country d isluc.
nr eitherobliqur:or diJc.t dorvnrvild $ ave fLights shoukl t).
fcrk.l o nuxdrizinB aspc.i ratio whilc m.intnini,rg t]t
lowest possible r!nrg loading.

The rg.egation of speedio-fly and aloDg colusc spee,l
accordnlg to wing loa.tnS foi lailwjnd o! Ncak crosssind
components isalsoa low spcc.t phcnomena doDrnrnted by
nlduced draS effccis. The quest for highe. aspect rriios to
minih,/e,id'..ed dr-g.rL{ 1, rd" lu irrrFd-L h,nS loJd,, 6
c-p.\ idll) in ll e ab+n.e ol, dvr 

" 
cd, ompo-rre. /\.,,'br

fl5 rdL,,.b lt )ror od.rrl-' .uNirJinof J f i.ed $ inE'pdn
(Ls or I ae polnr.Flr! i.nl, rJ b c\.F d.le,pJ tJ\ rhc $,,rt
.undins ac. ordu g lo FquJhor 24 .u. h lhrl hi6F 1 { inb
.oroind' Ei\e h,gher I id. spc"d. o\cr l\p e, ti,p fu 'Higher glide speeds in fie low speed portion of the poLar ir
tum dnninish the nlduced draa tem in equatidt 2l and
iherebyiDprove gli.te effici.ncics. Tkrefore, thehith wnrg
loading aircraft musi fly faster to achieve mniimun elfi
c,pn(_y; ti,.loh .pecd pur tiun o,lhe polir. l l_ F,.l'r',d
'n thp rF.ull\ j l.,L,l. I h hprp rae aith be,l I l ' .fe r' .i,'
fomd to .orclatc with high wing loadings.

ln roors h.Jdsind. and cro--h nd-. dr' .pc"d-lcnj
{lutioE rcquire Ltili/dtion of l\e }ugh.pped porr.c r ot tl_.
pcLJr. Hcre llF profile drig l.rn n equrrion r2l\ ' oIirol-
Derforms.c , hJrJ, ipr ish... 5inre l\e ,nd'r..J dr.,e Frr
b".om^.nall ll-ea:perl rJl.oe.crr. r l]mim.'l rJ\or'Ll.
cffect. hEtead, fie win8 thlckness becones the controlLig
1".'rlh$ilp in rhp p,ufiled-JE'.,. or.Kl. " V', Dll.
\l o1r. I 'cdpArce.f$t.hEU ,tion' (ln, JirluilrL h ' u;)
innarjhizingtheextentof hminarbour arylalersatsohas
..aimpurl'Fr"'fF.l.'. the-/FuI h.profrl.dr.'ts. p. n, r'r.
lJ tne bou d' y,arer-cri l'. n'.' rrru.cd. lr,r'"rov'- r1,.
entue airfoil, ihen ihe profile dragexponcnt approa.hcs thc
lhForii.dl rr.,mJ- ^i | /).,rd o.pro(l.ur-t.o[iL,L-
',on.r.d'..n\nrg,p..d in' re$..Jnl) "-lh" p. .v ,. f
ihe glidesped. If, on dreotkrhmd, theboundaty hyersrte
,\ e ywhrr" ru,b,,lcnl o!or'hr .jrfoil n"n rl'c p.ufi ," Jrrs
e'ponpnlatp-o.r l-e. I 5.rd lh.profil"drJtsdl ren,. on
llcsituint.peeJ 6-ows m^r, rJpr.Jry J" ll'c 2 spoN.rof rh.
sLid. "ped Inadditiontoll-r-er rfn,l fJ.l^r.^f ':.ln...udshape,dreprofiledragiemnlequdtionzaLsode.r.iscs
with hcreasing wnla loadinB. therefore, the loss of ihc
pcrform.ur e rorar Uge .I oyen . , -- - rrlpL '.. r, ri..q
l' ,an intl rno cro..wId -ox,oonlnL- i5 dur Lo - lombr u
tion offactors: 1) they are deriviiLg a minimal advutagc froni
thejrhishaspectratios,while; 2) theya!.s'fiering ft on thick
nirfoils ncccssry for adequate bendin8 strength al lligh
,cp.,r rJl-o.(Nin'bu. llb),or')$errwingl. dL'gi roolou
rN.n'bLs Ill,. ( learlv. 

'he 
tjrirJ IJ lorcouldL'c.orp.l"db\

bJld.tinE. Con*qu;fy. tor cr.*wird r:r e fligl r. or fc
spccd tiidgles where lets must be flown iito lhe wiid, ihc
lendnrs order desisn cdieda is a thin, modem airfoil (LS6)
whichimploys advmced pressure r€loverybuckcLs orbomd'
rr) Lr ycr .oD tlo I to minimize p rofL le d rr g

l.,.l,r.nnii " 1,. ll. r.ff.: l, i,,,cr--r. lv ol'l,oL r \ r,d s -
calculaie in l-iture I 1 ihe rnaxinom obia'imble nivcrsc gl;d e
. , p... Ji ruunJ- s ia)i Lu.rdrr'g- u tlr .' )ln ll ;il' t .,t J
p..i.r' nul. \. NU' llror rl h.lBro s.i;l .

ll,er.1..,',o..Jl pcrforrr"Jfur.p"n.'.,d I' 1e, r,,.
.lr*".dmpe.!l,J,, g,,,llp.,L,,n,.oil:f irrh,'-UJnJ'. I

wiih winds blolv;ng at 60 degrecs :.ro$ thc cou.se line.
Naturally ballasteci configuations achlele higher ;nvcrsa
glide slopcs thm thos€ which are unballastc.t when flynig
inl,' a I€-'dh xrd.o!.Doncnt lhe lr n eLcrJ.n ,,.. ,r" , r

.honA h."dh,.d. i'+;ll pr, t'nr. b r .' r *',.1, 1,.1"-
thrcshold windspeed (80 krois)dd to a greatly dirninished
deBrec. Snlceboththe NimbusIII anct L96 have companbly

,.i

.L!

FTGURE 10: a) Maximlm obtainableL/D for produciion
sailplanesin direct.rosswinds * iihout lift,S = 0, aiihe 500-
mb levei (18,000 ft MSL). Calculations are based (pon
unballastedwingloadingswith a 200lbpilotand chute; b)
Maximm obtainable along .ourse speeds forproduction
sailplanesindirectcrosswindswithout lif t,S = 0, at dre500-
nb level (1&000 ft MSL). CaLculations are based upon
unballasted wing loadinSs with a 200lb piloi and chute.

giving a sub*qumt ilcrea* n1 along cours€ sp€e.1. In the
,eBmeof scJl ro moJprJle. r6'* ind'(le-- lhan'0 (nor )
Lhi.ped*tofl 1 renrain eldh!"lyconnJ, i,{..huL,t-ub..-
q-cnt in.rc-{s in Bnd.peed J,c 'umpenvted h,rh L'
. n M" ir 

', 
rJb drBledd,one'punding re,l',! ho,- in J^nr,

The results of the comparative analysis can be hderstood
r t.rtu o{ Ur.B.n.rJ polrpquJriotu. (.? l) (' u,n APFF.d .

L for sy srv.n wind ficld. indi\ iduJlJin rJfr pc' f.mJa, "
is detemnrd by an hduced drag tem (propo.tional to K4)
r rriJr domin:rc. rt los ,p,r d. ro J protu( d,dS ren"
rproporriorJ ro K') s l J..rdomitul. Jr LiJ' F"d. <p- J
to-flyelutioro withtailwindsand weakcrosswnrd compa
nenis are fould to e\ploit the low speed poriion of the gli.le
polar where nlduced drag effects arethe primary constrn;tt
on performmce. Arguirg from classi.al Lifiing hr dtory,
the factor K4 is inve(€lyproportionalto the asp{trario at thc
low$torderappronmation, Van Dyke ( I96a). ihe ilrduc€.]
dra8 is also linearly proportionnl to the wii8 loadnr& w
equation (23). Thcrfore, thc glide efficiency at low speed is

tovFmFd pim.,nly by rhe rJl'o ol he w nB l.rd:n8 rn fi.
J.pF,l ,at o. temrd "r-pp,l \r., t lord,lg' r t.,Ll. L. \V.
find that dr narimmr inver* glide slope with trilwind or
weak crosswnrd conponents progressivcly hcrears with

TECHN]CAL SAAR]NG



:i L'

ihin lvhgs, this sirong head wind advmtage of the 15 meter
c.Jnrpl. i\ probJbl) due l^ !r. rlighlly Nglr r nu\imm
winB loJdinr. Ih. mcl .urprLlrs rp.ul : rhp p.rforo. "
advmtage reaLized by ballasting in strorg oblique tailwinds
ur H\.p $of qO lnol-. tlu. tr.6 $ lre,r rpqrrpd -pepd. teny
L'ptin ro n. reJ* l,' ivo,J e.ce'-i! e Lrrb ra8lp-. 

"ee 
r gura

5md6. At these higherspeeds to fly,theprofiledrag temin
IquJrio, 2l b* omp- Luge rnd b, l.r"ling ll-pn prov,dp\,1
'-ou. IruF,n'inkints-peed dd. hrn. e impruvcdELjde Jop"

lr,".l- 11 !|l:[i l:] a! li,,Ilt.lLIr'T llr.Jllrl:l.l lirJl,u !i(ll)l
( .i1l $r\ri rj!.rr. r ,,,T rrf i l, i

'\r!,i 
r Iriri. ! (r.r! )

FIGURE-11: Maxinlum obtainable L/D for production
slilplanes lvith and without ballast in severely oblique
{inds!vithouililtS=0,atthe500 mblevel (l8,000ftMSI-).
LJnballasted calculations are based upon fa.toryclaims of
empty lveight plus a 200 lb pilot and chute. Ballasted
cal.ulaiions arc based lpon maximum ceitified gross
weiShts.

CONCLUSIONS

FroDl the p.ecedhg results, we.onclude thatcross comtry
wave flightsDay be optimized by the f.Uowin8 flectjoD of
ta.tics m.l equipment:

1)Sp€ed to flydonngglidesskewe.lretdtivetothewind
by Less than 60"requiies flyjng faster through sinkingai.
or nro l eidwrnd compo.c.l dnd fly,ntsloher lhJouBh
ri"ingJir or wilhJ idilh ind conrportr r'l'Lr h rhJlihe' rJb
angle cles notbdome excsively large, le$ than 0(,15" ).
2) Speed to i'ly in severely oblique winds (wind ansles
grenter dru 60' ) requires flying faster throu8h sinking
air or with ;rcreasing wind speed nnd nying slower
ihrough ris;rg air or with decreasing wind speed, ushg
crab mSLes thnt may exceed 45' for the case of strong
wlnd ln a non sinkingairnrass.
3) Indicated speeds{Gfly dccrcasc with altitudc in the
absence ofirind sadients aloft (nrsulation layers).
4) Ind ica ted speds-tcfly renui! invaiart widl altitude
when wnld gradierts aloftsarisfy Long's sluiion.
5) MaximurL/Dwith.!rygiventailwind.omponenlin
e iNulation laycr is acheved at lowei altilu.les.

" V.'.im,,m I Dh irl)aryt,ven I e.,d\,id.ompo,'e,'r
o, rny gi\.,, .li pcl . ro+h ind in d, :rbul.'lion lJlcr i

a.hieved at higher altitudes.
I Spee.i to fly erors resuliinS lro flying too slowly
yield the greitest losses in L/l).
8) llsses in l-lD fo. any given speed to tly eror are
greaterat loweraliitL,des
9) I I igh nspect ratios nnd low r!;rg lond n \g progressively

VOLUME XV], NO 1

n,crease the maxjmum obtainable L/D wiih NreastrrE
tailwindmddimjnishingcrosswind components.
10) ftin airfoils and high wing loadilgs yield the fla ttest
glidc slopcs widl hcrcasirg headwind md crosswind

llr A, LJ.ru'g F Jd\dlJ8.our i obLqLe headwind,
direct .iosswinds md strong oblique tailwinds.
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APPENDIX 1: Derivation of the Quadrati( Clide Polar

'I hc vcrtical and horjzontal componcnts oftheSiide v.'loc
r) r".Ji\orurh"drrnrJ*. r' r.Lr',lr/Ll.9.. I puldr"..c"
Iclcl -n still Jrr. this rcl-rd"!, --n bc u"*J ir"(. Lh. ,url
assunrpiion ihat the hriaL drag is a l'incar coDrbrnattun oI
profile drag and indLrcLd drag:

,'uyufnF),.Jld.hurrbrrdpp"r'oen'.,rh"tr JI d j
. ^' 

r(r''.1 r i ..t on.rrr'l L.rr i.ll\ i ) \ irl'lh.Blid"\"..',-
in stilLntaised level n a.cord;rg io

trfr0: r l5d3 !,/h')
r fiLsr, (6j, ,,1Lri

./.



lvhre \ is a factor fiat valics wiL\ the kinematic vi$osit_v
md duracteistic length eale .rnd I wiu depend on the
relative proportion of the total weited surface area that is
.ubi.' r.d lo lrmin.rr \, rurbulcr'r bou.J rN lJ), b nr.in-
dJ.cd d|d ccfli, ieFi on rle olh.r h.nd ;ri be '.f.""dlion'liftud inellFo^ (frd,JU.r IollrddV.,.Llylc, lqo!rr

where the factor Iq is a furction of wing aspect ratio, twist,
taper d aer@lasticity. Basd upon a drag fomolation by
equa tioN 1&20, tM glide polar at sa level may be w.i11en as

Clearly, dr an raJt widr the hishest i.lide effi.ien.ies arc
ihof having the smallest absolute values of polar c@ffi-

t-

,=lt.!r d=4cr ra14r,r)
( : (oir()/Ir,ir
(. - (r,1r.,),,r0i.r

I

Uwee.pard eqJahon. /l /tind Id\ lor rri6 Jbour ..m.
opnru \peed toflyinsrilld,r.n L er rpgLidppol.lr,-
quadratic to second order ac€ordins to

tr]ar I a l4lor -rrrr5!a.

i = 1r - Y) i? 1)r1n! I i (ritltr)

Here ;,b. and a d bed on the Jr deuty dt sd levpl W.
mdy Uren ' om, i th. qu"dnli. BLde pola,'in equdrion 24 ro
any altitude whele the a; deNity is p by taking

A comparton is shown in lenkins dnd Wa)l tloo0r
belwecn Lliequddidri.appro\irurion acco, d,n8 lo;quJrion
14 dd mea\ued elide poLdr ddla lo, a \hempp-Hiur
Nm,bb trb, rar.en d.on, Jc;hn.on (rq74 a.d,one ied ro r.,
level. lhevdluesfor llle$J l.vFlDolJrco€lhcientsthdtre5u-t
fr,m rhis fir:re I

)

Conected glide polaJs for ihe 700 ,50G and 300-mb altitu.tes
.'re ilso sho* n in lenlin\ sd WJ.ylr lqru). Ihc mrununr
,nve +tlide-lopcof47.7 wF-e round t.,cndin u,cl s8.d
h ilh Jlrtud. for ..liI Jir. lhe deromdtion of ,. rcl.rr J'
.'lntr,1" n.luivale|r ro ir'.rpJ"urg rhe w,1; luddi, F b)
f.ctors of 1.20, 1.42 drd 1.8.1for the 700 ,5m and 301- mb

tlre q',rd-rri. dft, o\n,.,riorr .rpplird to l"rbri.heJ llisl .

t€st data from Rolladdr-S.lxrcidcr (1 984 and lohnsoD (1e72
loc2. l4o)brnd loqlllpld.l',c.,dd r.r,l.,t"ot*,1.\",
polr , o lii.'$ lor tl'e ren'-rrrns J,,, 'r d.*u,,d i,
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