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FOREWORD
This repor! discusses the potential and rhe oleralland dc-

lail design considerations olall-laminar LF(l sailpla.es. I1 i\
based on lectures qiven at thc lSth OsTMonle.cnce ir
Hobbs. New Mexico. .luly 1981. and thc convcntion of the
Soarins Sociely of Amcrica i. San Dicgo. Calilornia. March
19u5.

Except for thc lowcr Rcynolds numbcr rangc of Llic sail
planes many problems inrolved in the dcsisn olsbbalrxnsc
LI'C airplanes. espccially of a pcrformancc dcmondrxtion
LFC airplanc of unprcccdenled r.ngc, ..e idcnlical (o thosc
ot all l.minrr high performance LFC sailpldnes. Therelb.e.
this report nray be o1 much more ge eral inlere\1 lhln lor
LFC sailplanes only.
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A. IN*TRODt]C'TION
ln thc quest lo. better sailpl{nc perlormance laminar 8o$

has bccn exlended on thc winss. As hninar flow and t.ansi
lion is shilled furthcr dovnslre3n. one runs into the prob-
lemsol elihinating l.minar separation bubblcs on bolh wing
surlnceslor prcssure dr!g nininriTation tnd ensuring asaiis-
Iaclory turbulcnl rcdr pressure rccovcry! especirll) $ith lully
lurbulenl flo$ on rlre sings (duc 1o rtin. €lc.). Oi coune.
!hinner$ings. slruclurnllr-. no{ fcasible wi!h graphite.ce! bc
desigdcd lorlnore extensive lamin.. flo*. but nroreemphasis
must thcn bc put on snrall chord lrailing edgc cruisc flap
dcflcction 1o ensure an adequxle los drae cL range. Wilh
il,ru.'jng c\reI llos .r rh( \i1s. n

crcrsingly delicalc me.sures xre needcd 1oclininrle l.r i.ar
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sepa.alior bubbles on the wing surf.rces. With their length
Reynolds number of aboul 50,000 laminar sepa.ation bub-
bl€s exlend over r relatively large pe.centage ol the wing
chord at sailplane Reynolds numbers. When thc turbulcnt
pressu.e rise immcdiaiely downslrcam of lrdnsilion is very
steep wiih parricularly extensive nalural laminar flor the
laninar separ.lion bubbles on lhe *ing can easily cause a

subslanlial increase in wing pressu.e- and prolile drag at

Various types of lurbulator deviccs are now being used to
conl.ol and sup.es l4minar separalion bubbles on modern
sailplanes. During the early 1940\ the author has used tur
buhlor bleed holes rnd rear facing surface stel)s lor this
purpose.' Tripping tlre bounda.y layer by mca's of bou.dary
lxyer suction ihrough a spanwisc .ow of reasonably closely
spacedsuction holes(Goldsmilh'scxperinenls),,.voidsiur-
bulator deviced.ag and rhins al the same time the boundary
layer at thc str.l oi the rear pressure rise to improle acco.d-
ingl) lrc rurbul(n 

'(dr 
pr(sure re.o\er) ll u.. .ucr'on

th.ough a sprn{ise rov ol holei xppeam particularly attrac
tive rs r 1u.bul.tor delice.;fa suction sou.ce is available.

Onceone corsiders bo!ndarylaye. suction for control.nd
eliminalion of laminar separation bubbles, one mighl go a

step lu.lhe. and incrcasc suclion to oblain more crlensive
lamira. flow on the winss. Sincc the rirplane lilt-to-drag
ratio incrcascs nost dramalically when the enlire alrplane is
lJm;nrri/e,l bJ m<dn.uilus drdgboundd^ J)(r\L.rion. ,\
shown byFigu.e l, onenighl lhen be lempted loask shy nol
Iaminlrize the enlire wing surlace fu.ther dolnstream by
means oflow drag boundary layer suclio'.

. " ," . "*..--".".
FIGURE 1 B,

boundary layer momenlunr

,,. q !L1"= r !p * r'-1r.,ay o 6\ 6rt
To mainlain Blasius type borndary layers

{( a:! ),, = 0}
ay2

in thc rear pressure risc xrcr ofwings needs d suctionvelocjiy

!o: 3? iL,
e la))o

leading to thc suclion velocity rario

L: 2.25 x ?cp/a (x/c) x
U-l.p

ln the ablencc ofpressure g.adients

Rce

FIGURE I A.

B^urJJr)1.'lJr.u. on^.l l( ..'rlpl,-rtIe nrtrr:.r
ll, nccdcd in lheir rerr pressu.c risc tred loremove ihc Prrtic
u larly d xnge rous slo{est in ncrmon pa.licles of thc bou nd r ry
layc. in this rrer. which othcrwise would sep .tc lo.:r \c

frernature lr.nsi1ion. Ai higher lenglh Reynolds nunrbers.
such !s on a fuselage. boundrry hyer suction is nccded lo
slabilizc lhc h i.ar boundr.] l.)er and reducc thc gro$lh
of !mplifred iollnrien S.hlichling (TS) ttp. boundNr! la)er
disrurbNnccs and thercbr- cxlend hdinar flow 1o much higl'
cr lenglh Relnolds numbers.

The n!luence of boundary lryer suction lollo$s !l\o ironr
r\ehJlno rt..ndiriJ -r l($,1 r\ rrrvl l(. r.,1 r,
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is negative with suclion (vi<0) to gencratc conlinuously
convex boundar) lNycr proliles. being nrorc slable to TS
disturbances. Thc conesponding suction lclocilies are usually
much smallerthan thoseneeded fo r sucrtun lamlnarization in

the rear prersurc rise irea of l.FC wings rnd bodies.
Boundary lNIo. suctioi is pxrticul.rly ellictive i. control

ling thc growlh ol arnpliied TS vorticcs. !s long rs th.y lrc
tso-dimcnsion!l dnd not yet distorlcd three-dinrensionall) rr
largcr lmplitude\. Bou.dxry ltycr suclioi is les clTc.tive in
controlling thc gro{lh of boundary later cro.sflos distur
banccs. Mod dillicuh is thc conl.ol ol centrilugrl 1]pc Try
lor Goerllcr boundr.] ldyer inslabilily in tcgions ol cotcrve
cur!.lu.e on thc ainS Nnd lu\ellgc I hc Srowlh ol Tdtlor
Gocrrler !orticcs can be nrinLtriTcd by turning rhe llo\!
rround Lhrough one or serc,ul codcrvc "corne.s. i \1ead oi
usi gasu lcc olconlhuousoonclvccurvrlure r

Ii addition, thc subnanlillly ihinner boundtry Ialer \Lilh
'U l, L.L rrr,i.1(,.',v, -t \,,r r.^", i," '
thc cfecrii,cne$ ol r r.iiling cdgc cruise lhp !nd xilcnrn.i
rher.b) incrcdsing the lowdug a L rrngernd im0rovingril.
r('i contrclcllectnen.s rnd rolldr fing

Figu..2 sho\Ls thc rcducLion ol lhe wing fmnl. d.!e aLr"
olr l;l.5perce.trhickxirloilvilhif.r.rsingcxtenlol hnL
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FICURE 2
., t 1) - r./hr7t L',

nar floe fo. dife.ent sing chord Reynolds numbers Rc!.
Phcnomerall) lo{ CD. v,lues atpe.rleasible wilh lullchord
laminar flor by nreans of low drag suclion, especirll) NL

highcr Rc" s. xs .onli.mcd cxFrime.lally in low turbulence
tuntrek xs wcll as in 8ight. As !n exnmple Figure 3 shows
CD6 rcrsus Re. lor r l5 pcrcenl thick slofted laminar fiow
con(rol (LFC) ririoil. desisned by thc author and lesled in
l95l rr lhe Langlet TDTrunncl.a FUU chord laminar flow
e\i\led uF 10 Re.: ll.106 *irh cD"-,":.001 I, includinS rhe
equivalent suclion drag. Wilh incre.sing Rc.'r. CD. dc
.reesed i. a si rihr n'an e. ds the drag ol r l.minar flNt
phle tiigure I includes drlg resulrs ofthe lutho.s l7 pcr
ccnl lhick slolted Zurich L-FC rirloil silh lullchord lamitrrr
flow lnd CD.",":.0021 at Re.:2..1.106. The drag rise.l
hiShcr Rc" s is duc to thc hieh lurbulence ol the Zurich lun
ncl (0..1 pcrccnt). Ihc l0 linrcs lorver turbulerce level ol lhc
TDT tunnel cnablcd lull chord laminxr now up to corre-
spondingly hiehcr Rc.:17.10.. The weaker iffoscile tuF
bulcncc ol thc rtnrosphcrc rpproximately doubles the lani'
nar flos lcngth Rcynolds number of LIjC surlaces ir low

FIGURE 3
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Prc61. eor.n .l(a-) ntloqr .!d n6 ilcdd
rid.rudirr t!. @uivd;nr dnu ilo. to tL. Dotd ol t!. tt.rld
id) td-difl.@i !.9 dtl6 t, od RGF.t.t Nub..l. x.

Re = 1,5.10
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The elTect of a small chord trailing edge cruise flap was
investigaled on the above meniioned l7 percenl thick Zurich
LFC airlbjl ( Figure 4). shoNinE a substanliall) improvcd CL
rangeover tbecorresponding nonsuction.irloil.5

Of interesl for suclion laminarization of the tus€la8e are
lov dra8 sucrio. expe.iments on a 8:l linenels.alio Rci
chxrdl type low d.ag suction bod) ol.cvolut'on, designed by
lhe authols LFC rcscarch groDp a! Northrop and tesred jn
thc Ames l2-lbol tunnel.r Distributed suction had bccn xp-
proachcd by sucljon lhrouSh a large nunb€r ol closcly
sprccd iinc slots. conlinuously rentoving rhe innernrosr slow
esl p.trls of the boundary layer Full length lanin!r llow hNd
been obuincd on this Ll.C bodl up 1o N lcngth Rey olds
number Rer:58.106, with CD.":.00026 (based on body
wclled arca and including lhc equivalert suclion drag, as
srming Ncccleration ofthe suclion air lo Dndisturbed velocilv
wilh the samc cticiencv as the propulsivc cmciency ol the
mxin propulsion systcm) (ligu.e 5). This dras is but insig,
nilicailly higher lhrn thc lamirar fticlion drag of! flal plale
and 3bou18 to 9 timeslowcr thxr the turbulent 1l.t phreskin
frictioD at the srne length Reynotds nunrbe. Up to 30106
rh. equ,tdrenr b,d) drdf wr. e*rn'u ) in!ehet) fr,,po,

itr n,L,' ert m fld ur vdo

Ol Iurthcr rnrer({ tur ru\'tule \u. Inn Jdminafl/rrr,n are
Gold,mllh, lus drag .u.rrrn e\perin,enr. ,

b<r$(pr d ll!' plare.,nd a,o\ drag,ucrjon urng. In rhe\e
expernnenrs coldsmith had bcen ablc to naintain tamjnar
llo$ h\ rnedn..,i .ucrion rn rhr cnrrr( iuncruri zrea e\!n rn
'he r.Biun or rhe ftare J!,wn.rr{r,n otihe q rnts Lurtrng c.lge
'n rne presencr ,,1 a puret) vi\r,,u\ tamrnar u ing udkc (Fig_
ure\ 6 aDd 7,.r

'|Ut, /i.t/l/ trtl:tlR JUA/CTUR€
FIGURE 6

B. toRNtut.ATION Ot' OO]\t_
ll il should provc fexsible 1o rppl) thesc r.sulis to a lNrgc

.f,n ,l ,n,in., II( JiLtJn. s,,h l.v J.'! .u.r,^n..-
unusual derodlnrmic pe.iorma.ce would result. lavorirA
dolphin lype soaring. including fligfit ir the n!lvNvcs,, and
possiblc cnabling slaticL0 as well .s dynanic sotrring in thc
irr .rrr rn.\cj lJrred,.ri.L.s. Iur u.rd\ J,',. .u.'ri .
in lhe jel slrcam x large span is desirablc to marnnizc I:!
a.d V"iir. ln his dlnxmic roa.ing ilights in a lo{ allirudc
sherr hlcr in Austr.lir lngo Renner has shown the decisive
suDe.ioril! lJl lhe 24.5 mctcr Nimbus 3 over 15 nrcter sail-

Onc nrighl lhus sel !s a bold goalthedevelop enI olan all
lamin.r LI:C sailplane ol dround 30 nretes spxn silh low
drNg suction. Ihis repo.l describcs ovcrall a.d delail dcsign
considerations and the peribrmlncc ol su.h a machiner (he
problems inlolvcd and solulions 10 solvc tficnrj nnd how Lo

build it. No qucstion. such xn LFC sriiplNnc willbe subsiai-
1i.]llJ nrorecomplcx lhan x conver lion dl one. Thccxceplionrl
performancewilh (r./D)valucscloseto l00aid cspecially the
phenonren.tl high speed pcrfornrance will Juslif) thc effod.
cspccirlly since !he experiencc gaincd wilh rhe developmcnt
or such ! high perloli ance LFC sailda.e can be applied ro
po*crcd long ra.ge I FC .]irphncs. whcn sfecill issions
rcquirc xn cxcetlional rrnge performancc.

(wll m{LM.0rf N0 tu^r PL^rr M00ft]

EI
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RILCHAROI5UCI]O'i BODY OF RIVOLLN O!

vARrAr 0N ca M NrMUMr0rAr 0RAc cDLo.n iN0

coopi $rHLrr0rH RryN0rDs NUtlBtR Rr, o.0"
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FICURE 7. Boundaly LayerFIGURE 5
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C. OYERALL DtrSIGN CONSIDtrRATIONS
The design oi x high pedbnnance t-FC srilplane repre-

.e_r' d r 1fr^nrr he scel ma I .1lrcr, rf ?qur?n Pnr\
In contrast to sailplancs wilhoul suction thc dcsiSn ol a LIC
slilplNne is stronglt influenced by the desi.e to kecF thecom
ple\ity ol lhe suclion sy\len (suction surlace, suctio.-duc!
in8 dnd suction drive) within bourds, at least for a tirt LI:L^

Toimprove the glide rrtiornd minimunr sink rlle the span
ol high perlbrmhcc single sedler s!ilplrnes has slerdill in-
crelsed to 25 elers. possible br.. the use of adva.ced com pos-
ites, until problems with aileron conlrol. roll dxnrping and
rdvese yaw scl limits. Sincc bounda.] l.ycr suclion im
provcs lfup and ailcron clTectiveness subsl.nlirll), .ilcron
conrrol Nnd roll d.mping improve rcco.dingl) !o allow i.-
crelsed wing spins. especially laking iito account that rhe
oplin.tl speeds loi (L.o)""' and v.,,r min arc fii8h.r for rll
lanilar LIC sailtlancs as a rcsull of thc lowcr ClL,, withlhc
much lo*er $ins prohlc d.as dnd airplanc parrsilic dr!g.
liurlheflnorc, if it should prove lersible lo app.orch (l:n) \
ol thc ordcr ol 100 with Nll hnrinrr llow b] heans ol \uctioi
Julphin rip( .uJ,,nf b(.one.
cling llighl *ill then become les inrportlnt.

With thcse considcrrlion! in nrind I wirg spNn ol around

30 rele rs srs 1en iat ivel) chosc n. 1\fle. selccling the sp!n l he

ouen,o -ri.e. "r" 
(rri-F rhc.1u(( ol rn $inP ,.ltrr:' io

.r "'rr.\.ror.r.'cr..n 'r.nur("rng i\n(* d l:'r(dh'
sfuct;rrlrnd dcrochst ic co nsideral ion s Thc best 8lidc rrlio
or ninimum sink rate sould be obtaincd by selccling the
, t-"rJ . .. . ,r rh< s nS up(, rc, fl"s( ,u rh. n.''ii '1,,
scction lilt to drag.!tio (cL'ao.) (lor t given xbsolule rinC
thickness) rt lhe (lr lor (l/D)","" or v'i"r,,,i" The question

thcn eriscs concerning rhe frolile dr.tg polars CL(CD.) fo.
LF(l dirloils ol !arious thickncss rdlios t^. operating al dit
rrre r,,,ndR. . I rJ"r.<nqnrrl,"kres ..ro1-
stxnr slnrctunlweigltt lor'!ing bending slrenglh and a given

flishr sFeed. chord c and Rc" vary invcrsely proportioi!l to
tt. \rhile Cr is proDoriion!l 1o t1. tlnder olhe visc the same

in the Reynolds nunrber range oltailplanes. with ihcse con

siderations in mind the boundary la)€r devek)pmcnl was

.tmlyzed fordifferentcases. varying lhe airfoil thickness ratio
I .r1,1 Ct J1d rhc locatron oi,hr 'tdrl ol rhe reJr pr.*'ure ri'e
on upperand lower surface. Thc l'igurcs 8 and 9 show plots

of the equiv.rlent wing profilc drxg CD- wiih and without
',\\e\ rn r\e.u, r:,rn duJl'nq J1J ,u. ri^1dr,\e ,)'rcm,n I FC
k,no. ot diiter.nr rhrctne\. rrriu' 1. Jno vrlrtr\. d. obld.ned

trofi thele boundary layet devclopment calculations with area

suction and full chord lamin.tr flow at Rec =2.106 ind CL=.5.
(x is the location forthe srarl oflhe rear pressure rise (average

between both wing surfaccs)). Included in figure 8 is the

corresponding equivalent luclion drag CDs rssuming 100

percent efficicncy lbr the sucfirn compressor' As long as fLil
chord laminar now can be mainrltined the incrcrsc in CD-
with h at agivcn value ofRec is surprisingly small. panicularLy

lbrthecasc without losses in thc suction ductirg and suclion
drive sstem. tking these losscs into account incrcrscs the rise

of CD- w,th h (lis. 9).
ln contrasl 1o natural lanrinar flow aifoils wilhoxt suc

26

tion, the \ariation ofCD- versus the location

-_l_
for the slart of the rear pressure rise is small under otherwise
Ihc rdmc condrtiun\ rCr . Re . r. J\ long d\ (rar\rlron can
be kept at the trailing edge by means ofsuction- LFC airfoils
with a more .earward location of the pressure rise are stightly

1

Accordi.S ro Ackerel,rz dnd also reported by rhc author.r
the equivalcnt proile drrg oI LFC ai.foils can, in prnrciple,
be slill lurlhcr rcduced b] rcrccelcrating each bound..y lay
er p.rrlicle rr lhc trailing edgc individually ro f.eestr€rm vc
locil) ({ig 8). thcrcbr recolerjng thc orhcrwise lost wake
kinelic e.ergl .s secn by an absolulc obscrvcr. ln pracricc,
odc might thus recover pcrhaps 1,, to tl oflhis ilakc kinetic
cncrgy. Thir apperrs ersicr at hisler Reynolds numbc.s be-
causc ofthe relatively thinncr boundary lxlcrs and tfic corre-
spondingly smaller nondnnensional suction rales ro1l..

_q . h4 _i c(4.hLeld!

FIGURE 8

;12;..-----I

FICURE 9
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rigur€ 10 shows th€ varialion of CD. (without loss€s) veF
sus CLat Rcc-2.106 for LFC airfoils wirh full chord laminar
ffow of 14.4 p€renl and 18.2 pcrcent thickn€ss ratio and the
cquivalenl prolil€ drag conftibutions of the uppe. and lower
surface. Agdn, the profile d.ag increase at hishcr CL's is
rclatively small at a givctr Ra value as lons as full cho.d
laminar now can bc maintain€d by means of low drag soc

>i3

u-s. NYBRt0 LF FXPS{ d3,.t REt-t_t&eLp.:

FTGURE 1l B. FxP84 dnplifi€atio ofTollrnid'Schlichliry wav€s

a!5 degree mgle of o$rcl.

!
If

FIGURE 10

Thc low drag CL range with lull cho.d lamina. ffow *ith
suclion d€pcnds on lhe growlh of ampljficd Ts-osoillnlion.
tuwards thc limits ol lhe low drug Cr rAngc. The ligure lr
.nd l2 show ib. a fcw typic,l cutes thc logar;thmic growth
faclo. of amplified Ts-lrav6 lova.ds lhe uppcr and lowcr
linit of lh€ low dftg CL range st sailplane Rclnolds num

:.1'rs5 i:.100 FLF: 5.00 ci:l.0-q{ cr: .00:l

FIOURE I 1 A. FXP 84 poLenli now chordwir€ Fesue dishbu
tion at 5 desrce dsle of fiek.
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ll0 vIscoslTY

n:,tm ALP:-2,91 CL: -r85 CD= .0001

FICURE 12 A. FXP84 pot@dal flow choldwise p{ssuc d;tribu-
tim n '2.5 dcsr@ eBIc of alocl.
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L.S- HYBP:r rF FXPs{ HB:.1 F:a:c.rE6 ire. | 5

FICURE 12c. FXI'84 mllifi carion olTollhim-schlichthg wa'cs

at 2.5 dcsree dsle of attek, RF4XI06.

.,-1n",) "t.t".j-' 
fl"" ^4't,id d.,/

4\at e.ti. != kr,L' ' t

FIOURE 13

"" "' " *;2 "
FiP8L1 Ha=.1 REC=3.0E6 FLP- 2

FICURE l2B. FXP84 mplification olTollmiq Schlichtins wave'

!r2.5 dcgr@ oglcolaudk, RF 106.

ligure l3 shows the larialion ol CD" vemus Re( up lo
Re.:l0r fo. ! 14.4 percenl ihick all Iaminx. LFC tirloil
(including CD","ri," rs well as in the suction ducling syslem.
!ith and wirhoul suclion drivelosscs), and acomprrison wilh
theo.ctical vrlues lbr a l,l.l pcrccn( thick naiural lalninar
floiv !irloil uilh lransition al0.7c on borh surlsces (acco.d
ing to George washinglon Universilf Master's lhesis of J.
viken).LrThe equivalc.t vins profile drag ror a rully laminar

LFC wing is substantially smaller than for tbe natural lami
nar 8ow wing, especiAlly at hishcr Re"\.

Irigure ll shows the equivNlenr dra8 penalty due to the
suction drive (suction compressor.nd Nindm;ll) losses 1br

Concernins thc choice olving chord c and thickness rario

'/c 
on€ mighl select r rins ofla.ger chord and correspondins

ly sn ailer thickness ralio and aspect ratio, operaling !l loler
CL's and higher Re"'s lith a parlicularly low CD6, or choose
a naftower chord wing wilh corrcspondinsly largerthickness
ralio and aspecl raiio, operating at higher Cr.\ (at a gilen
flisht speed) and loBer Re"'s *ith a correspondingly higler
CDe v.luc. lt is not im mediately obvious whethcr tfic iarger
or smallcr chord wi.g is superior trom the slrndpoinl ofthc
section lift 10 drag ralio cLlCD" at the same flighl spccd,
especirll] trking inlo account the inlernal suction ducl and
suclion drive losses. For this re8o. the coffesponding profilc
drrg pohrs CL(CD") $cre evaluated for wings olgiven spdn
b $nd constxn! airpldne wcight, vx.yinS the singchord rnd
assuming the sx c absolule wing lhickncss t for dilTe.ent
wing chords. the.eby keeping the n.uclural wing $cight lbr
spanwisc bending strength conlrrn! for ditferenl wing
chords. Ihc sing.hord veries then inversel) proportional lo
t/c sirh b',s dnd srs prcportionalto 1/..

Theresullsoitgu.cs8 10, and ll, bothwilhoutand wilh
losses in lhe suction ducting dnd suclion d.ive system, were
used 1o evNlulle rhe cor.osponding profilc drag polxrs (Fig-
ures l.ln lo 16r). Figure 1,1, neglccls losscs ir thc suctior
dD.ts xnd !uction drive syslen. Figure l5d shols CL(CD.)
!irh suclion duct losses iicluded but {nhoul suclion driyc
losscs, cor.csponding to the case ol a powered I-FC rirphne.
with l-.." ","r,*"":t".Frr" Suction ducting syslems ol
sirnil.'r."ri.l,\ r' l..,Jb('n.,, u,cdl.'',1'.drre , {,,g.
Figurc 16a iDcludes losscs in lhc suction ducling svstem rs
sell rs in the suclion comprcssor and its drivc $indm;ll, cor-
rcsponding !otheca\c ol an LFCsrilplanc.

Neglecting loses in the suction ducting rnd drive systcm
(iig. l4!) lh. oplinrunr LIC airtoil thickne\s ralio al low
Cr's and high spccds is rclntively large. oJ Lhe ordc.
(7.).D1=.18, ir dcc.cascs to ll pcrccnt dnd 16 percenl lbr

,.L
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(r-,6)-.^ and V;"r.,^ respeclively, and lbe optimum chord is
surpriringly smrll.

For similarly complex suction ducting systems vilh wings
of difere.t (%)k the ducl pressure and mixing losses in-
crcasc .alher rapidly with increasinS wing thicknes ratio.
taking inlo dccounl the larg€r ratio of cD-"'"/cD. and thc
higher suction velocities oflarger thickness r!1io LFC wings
dxe ro th* lower Re.\ and increased rear pressu.e rise ( lig.
t5a). ln this case, the optimum thi.kness .atio then varies
irom (7c)",,:.145 at lowcr CLk and highcr spceds to about
0.l3 for (I-lO).,, and 0.125 ior V","r.i^. Addins, in addition.
the losses in lhesuction compresso.xnd ilsdrive windmill for
xn I-FC sailplane,1%)"pl dec.eases to values oflhe order l2
percenr (6s. l6a). The corespondins optimum chord in-
crcases thcn accordingly.

10 conrrol lbr a snrller chord wing ol larger thickness rario
ior a given *ing rpan and thickness t. Assuning lhe same
* i.g stuctu ral weight needed lor s;ng bei ding ilrenglh plus
tonionrlstifness, the $naller chord wing ollarger thickness
ralio can bc somelhat thin.er (smaller t) than the Irrger
chord wing ol smallcr thicknes ratio. The coresponding
profilc d.ag polaF with and without duct and 'drive losses
a.c shown in Fisur$ l.lb aDd l6b. 'Ihc optimum wins chord
is then smNller and lhe oplinum thickness rdtio is sfiifted to
high€rvalues, rs compared to the case otconstrnt wing thick

In addilion, lhe jnduced yd*ing nromenl due to .oll is
snrller with asinaller chordwingxnd is !huseasierlohNndle
*i1h the vertical control surlace.

On the other hand, a larger chord ving of the same abso-
lutc thick.css can car.y nrore water ballart than a smaller
chord vilg ofthc samc thickncss and span. Naffower chord
sings cvcntuallt rcquirc xddilional suction laminar;zed wa'
tcr n.celles loc.tcd in thc outhcr wing, which inocasc lhe
drNg. Admiltedly such nacelles d.c highl] cflcclivc in lowcr
ing the wing bending momenl and rdising wing Suttcr spccd.
lhereb) enrbling lurther incrcascd !ing span. Altcrnrlcll,. if
such exlcrnrl watcrn.celles d.c rvailablc thc airplanc can bc

i)i: ii,,: :,: :' ;.i : 1 :.,: ;- ::
FIGURE 15 A.

FIGURE 14 A.

/ii 1".-* n""t,it' 
',.I ,-tq)t* -,,*' !../. 'l

FIGURE i4B.

If more conplex suclion ducting srstcms were acccplrblc
tu clJri\e r 1,.<c, "rnSs l( upriTJn, rh, hne..,i o ir
crcascs, lcading 1o smaller chord $ings.

Ol coursc. these considerxlions are rlTcctcd by other sec-
ondJr)l-Lrur..Iorc\Jntr'v,,gror iun:, llt .\. .ennrl
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desisn the sailplane for less drag with thinner though slruc-
lurally heavier wings, than fillin8 th€ wing *ith qater? Ad-
mittedly, the thicker and lighler wi4g will turn righte. with-
out waterballast, bul the thinner sing will have a h'gh€r L,'t)
(with and wilhout water ballast). Therefor€, il may be a

bclter lrade to sacrilice sr.uctural w€ighl against improved
aerodynan]ic performance, al leasl as long as high perfo.m'
.nce sailplanes will be overloaded wirb water u.der sood

Rclrtiv€ly high modulus grapi ile appcas desirable for the
wing torsion box and the st.ut to control wing lorsional defor'
m!lions and slrul buckling withoul excess structural sei8h1,
while high slrenSrh grdphile wouldbeused for the sparcrps.
Boron is superior in compression a'd p€rhaps worthwhile in
rhc LUnrpr(s.ior 5pdr crp in \rire ot ir' hish p' ice.

-"" i:.- -

F'CIJRE ]7

With complcte suction laminarization of Bing, lus€lNge.
slruts and tail surldces n phenomenal speed lohr {iih L..{)-.,

valucs approlching 100 appears fcasible. In order lo be ablc
ro utilize the €rceptional h'8h spced perlbrrnrnce ofslch an
Ll C srilplane. especially rith wNler ballsst, particulat cn
phasis musl be given 1o raisc ils lluller speed even al thc cosl
of addilional structural wcighl and balsnce weiSht in ihe
wing lerdi0g edge. Ai high speeds, increased att€ntion musl
bc given 1o avoid ailcron rcversrl. minimize thc loss in longl
rudinrl .rnd dirccl;onal shbilily and conlrol due tu fuselsge
bending, and avoid excessile wing susr and dynrmic loads.
One rnay hrvc to borrow soluiions and dpproachesfrom high
speed powcrcd.irplanes, such as allevialion ol wing gust and

olher loads rhrough rclile controlbeyond a certain load fac
lor ai highcr spceds. A stnall span aileron, localed fufthcr
inboard. may be preferablc at high speeds, with thc rcmain
ins low speed rileron scsmcnts locked.

With rhelarge reduction in eqLrivaleniwing profiledrag br..

mcrns ol low d ras suc tion, !he nin im izarion of fusela ge dras
rhroughsuction laminrrizslionbecomcsinrporlant,especial
ly ar lo*er CL\ dnd higher c.trising speeds. The ruselasc
lenglh Reynolds numbers Rer of a 30 meler l,FC sailplanc
!!ry lronr 15.106 .t lower speeds to 50.106 during high spccd

c.uisinE. Thcsev.lue\.tre lowerthan thoseachieved wiih tull
lenqth laminar Ilow on the Reichardl LFC body of rcvolu-
tion. i.c. ftrll lengih laminar flow and an ext.cmcl) lo* fu\e-
.dtp or/8 .l'o- d rp l..'. ibl< b) ne"n. of lo$ dr.'J .uc,ion.
closcly . pproach ing arcd suclion. With increasing unil length
Rcynolds nunrber u./, the luselage drxg coelljcieni *ould

FIGURE 16 A.

A / | Anh nr I FC s i I PLa 
i e ( b-/,

n-t4),. 4tiu l!),, t -.* 4nt 
'.

morc hea!ily ovcrloaded to lurlhe. improvc lhe high speed
perlbrmance within safc limils.

Based on all these conside.alions a 12.8 percent thick all
lanrinar LFC ving of a:0.6 metei average chord and 12.4
mclerstan was selecled. bftced cxtern ally lb. slrucluftl rca
sons *ith suction lxnrinarized wide chord stuls ol lo* para
silc drag (ligure l7) rr E lernally mounted water nlcelles
wcrc not corsidered. The s!.uls rlleviatc both ving bending
.s $cllxs lorsionalmomenls. Low d.ag suction isconsidered
lo hminrrizc fusclage. including the junctures bctween the
slrul and wirg as$cllas luselage. With such r rclaliveltrthin
sing l.xiline edgc c.uisc llaps will be needed 10 cnsure a
\J i. , rJ ) lu$ dr. p a rJrBc. lhe zp d ) d<.r(u.irr rirt
bending nromenls in thc slrut braced inboard part ol thc
wing enlhle especiNlly thin rin8 scctions in this area wilh a
particuladv Io{ prollle d.ag, applrins Dossiblv some rddi
tional bourdary hyer suclion towards the wing trailing edge
to rccovcr plrt ol the ki eric \ring wakc encrgy and thus
reducc thc cquiv!lenl draq i. thjs zone slill iufthcr.

Thc c.nlilcvcrcd span ollhis 32.,1meler ving is tunrewh.rl
hrger thNn the sprn ofthe Nimbus 3. Furlhennorc, its thick,
ness rrtio oi 0.128 is slishlly lower (ta:.l4 fo. thc Numbus
3)i thus Lhc wing struclure of the .12.4 me1e. glidc. is rhen
cor.espondingly hcavier. Conccrning sailpldnc iveishl.
llough. one ntay pcrhrps have to rethink: Is il nol bcltcr lo

' t;,(.

att bhhar lFtailtiq,. antu/r
.,_t.)h.wrB ta t 4rr
,*h- dd *r /,* l',-hr.,!)FICURE 16 B.
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then d€crease essentially inversely proportional to

of course, suction laminarization of a wing tuselage junc

ture presents a formidable challenge, aggrar€ted bv the fact

that the ffow direction in rhejurcture rrca chaDgcs fordiller-
€nt flight conditions. especially in the froni stagnation region
oflhe wins. Furthermore, when thc r.ail;ng edge cruise nap.
extending along the enlire span towards the fuselage, is de
flected, dimcultics arise with the suclion lamirarizarion of
the fuselage in the area downstream ofthe wing tra;ling edge.
These diinculties can be greatly alleviated or dvoided by lhe
clmpromise solution of mounting ihe wing above lbe fuse,
lage on suclion lamirarjzed pylon slruts. whose junctures
wilh the fuselage are easier to laminarize th.ouAh suclion
than the parlicularly difilcult wing-fuselagejunctu.e. Ar the
same time a la.ge verticaldktance is thus providcd between
the wing and strul altdchmcnt on the fuselage, structurally
dcsirable fo. the wing-s1ru1 system.

D. Pi]RI"ORMANCE OF A LARCE SPAN
ALL LAMINAR LIC SAILPLANE

Figure 17 shows a lhree,view drawing of such a stru!
braced 12.4 meter lo* drag suclion all lsminarflow sailplane
*ith the following characlcristics:

t span b:12.4 mele.s

. Nver.gc cho.d a:0.6 meters

. {ing dspecl ratio b]^;:54

. ring a.ea S:19.4m,

. wing thickness ralio 1,/c:. 12 8

. wing lo,tding wilh aid w(hout ballast

. $n:36 and 60 kvfr:, respectively

A wing planfo.m some{hat similarto thal ofrn xlbxt.oss
wing was selected isee albalro$ pholo Figu.c 18. lakcn by
the Duke of Ldinbu.eh). I Usinc idcas by W. Schucmrnn.i.
the outer {ing is swcpt back slighllt lo move decclcr.lcd
boDrda.y laycr in thc rcar parl oi lhe rving at highcr cL\
tosards thc wing lip. Furlher inboard up 1l) the wing slrul
inrcrsecrion .egion the rrailing edge is swepl sligh!lr. Jbr{ard
to movc deceleraled boundlrrl laye. in the bailing edge re-

Eiun dr hi8ne, Lr \ o{rrd. rnp r cJ or rhe q ng-.rur .n./
seclion, thereby dainlaining attached flow in the critical
two-lhird half span reqion at hiAh lifl close to the stall. Thc
inboxrd struth.aced pa.t ol thc wi.8 would be svcpt blck
sUghtly to gererale ! spxn$isc boundary laycr flos awdy
honr the fuselagc 1o avoid premalurc wing stall in lhe arer
upstream ol thc tail surfaces.

A full span small chord !.riling edge cruise llap rrises the
lo{ drag cL range and is used for aileron conlrol at loqer
spccds, dssuming fullchord lamjnar llo{ through sucrio.lor
smallcr flap defleclions. Al very high speeds a shorl span
ailcron provides laleral contiol. with the.emaining flap sur
faces locked in phce.

Thc perlbrmance ol similar LF-C sailrlanes wrs analyzcd
for sen level conditions both with lnd withoul *ale. balhsl.
using resulls from a boundrry ldyc. anrlysis on lhc $ing to
evaluate the equivalcnl *ing prolilc dr.g CDo and suclion

Volum€ XI

FIGURE 18

dras CD 
"".,j., 

xdding suctio. dLrcling and mirins losscs as
wcll assuclion comprcsorandd.ivewi.d.rill loss€s (lft nslcr
ellicienc) 85 pcrccnl, optimum suction air cxhaust velocily
85 percenl ol flighl spced). Rcsults frcm the Reichardl I-FC
body 01 tevolulion were used ro csrimatc th. equivalent drag
ofthe lully suclion lanrina.ized fusclage.

t'igDre 19 sho{s the dfug polars CL(CD) of r l0 m Ll C
sailplane wnh tc:.1 l7 {br the $i.g $ilh and without satcr
ballxsl. xs well as of the wing along wilh brlhst. The drag
polaN show a best glide ratio (L/n)i :98 5 xnd 91..1 wnh
rnd \ilhout watcr ballan. respeclively. at relatively low CL
vrlues (0.7), considerins thc hish wins aspect ratio o150.

The correspondins spccd polars v",^r(tJ6) lnd slidc ralio
L,,D versrs U" rre shown in Figur.20with and *ithoullaler

Perlbrmrnce dt H:0

98. i at Uo:18.7m,1

0.31n'i a1 u6:2?m/,s

l.24 Lr rt U-:1,1.1d'1

U-



FI(jUR.E 19 ,'il h-h- itu, i*rn tft
flrd4re . t"1

9l.4 at U 6:29mls

0.27n% ar Ue:2ln%

0.88m1al U.:52.2i%

tl6:7.1:1n4, L/n:37 5

The lower lengih Rcynolds numbcrs si!hout watc. balltst
{see larialion ol Rc. vilh Cr. l'iqurc 2l) increasc CD" and

Cn .-,.,j,. !o lower accordingly L,'D ove. the corrcsPonding
valucsollhe ballastcd sailDlanc. A similsr performtnce deg-

radarion occu6 at higher 1lighl altiludes.
Figure 2t) shols lor conrparison lhe specd polar v",,r(tr6

and t,,l)(U.)of r 14 mere. LFC lxilplanc with a 13 5 perccnr

thick wins of 0.6 meter mc.n chord (with and sithout b.l
hst). I1 has ! lowe. v""r-i rnd highcr (l"t)),iu,:102 rhe

high speed perlormancc, on lhe olher hand. is slightly bctl€r
tor r1.'0mcr(r cdrrtlJlcdLerJ r.rl'irnL *irP

FIGURE 20

32

FIGURE2l

Fisure 22 shows the speed poLars and L.'l)(U.) tor rhe
same 34 mclersailplane. nrodiliedrsalwo sc.tcrwilh a lullv
.ur ll^n n,nlri/(d tu\clJge $ rh I ( hrph(r " ng 'mdrniol this two'seale. and thc correspondingly bighcr fiig|t
spccds and Reynolds nunbers thc resulting reduction in CD.
TUr< rhr_ . JT|en.rre\ lur rh( J'l,crru\eirrgedr rg ru "Ji.c
r..urLlirg\ | D lrgr rl) rv(r rh((urc\|nldrng\d u<.ul rlu
l4 nrelcr sinslc scller (lig. 22) 1(r.,O).,,: l0l 6) with water
balhsl. Il lhis two seater vere powered and propelled by r
rron( l< . r i \ ir\ (ffi\ rnc) equdl lo rhJr ut rhc .uc.rnr .on -
presso.. one would not hrve to accounl lbr lhe acrodynanric
loses i. the suction comprcssors and their drive *indmill as
in lfic LIiC sailplane. raising L/D accordiigly turther (lis.
22). Still higher (L,O) could, in principle. be possible with
such a powe.ed L-FC lwo+ealcr ar further inc.eased wing

Onc might consider driving lhe suction compressors of an
LFC s!ilpl.nc wirh solar energ) using solar cclls. The ques-
lion rrises*hethcror not a solar powered ai.planc *ill st il1 be
corsidered r srilplane. Sohr energy mighl rhen bc applicd
jusl as well 1o sa ilplancs sirhoDl lowdragsucrion. Thc author
hes. iherefore. nol considcrcd the use of solxr cells 10 drivc
thc suction compressors.

I
I
5

I

j" i r j, ., j tl:t+:L n h 11- e n/,

P-tu, ^.^..
FIGURE?2
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Allcr dr\ using rhr uverr,t dcsrtn jno rhe Dcrtor mJnce ul
hrge \pu1 a.l ldnrn., I I a \d.tptane. q r .oq d-dg .u.r,on
Ihc rmpo'ra-r qu(\I|ol :.'irc\ d. ro hon ro deren Jnd hui.d\.(hrnLl (.rrlplure MJn) res 

"nd Ln("nveniiuna, d(ui
nroblcm.:rnd que.liun.. a' i.( rn rr( J(!gn ot \u, h J to$ oruB
..ucriun .J,rplJnc. shich ,r( nur e Lo-niercd il corL<nrro Jl
high perfo.nancc sailplanes. Thc tollo*ing chapre.s rry ro
prcseni solutions to sone ofthese problems and qucstions.

E. DETAIL DISIGN CONSIDERATIONS

l. Influence of suction ducring considentions on thechoic. of

The choice ot rhc airfoilsection js decisivcly inHuenccd by
sDction ducling design conside.alions. Thesc are particularly
c'iricalf^r1. ll{ .Jilpi"nc i- vre$ o rh<l"rp(trin8J.nr,r
ralio and the relali!ely high nondinrersional sucrion volume
rales Co at lhc low wins chord Reynolds runber ot an LFC
srilplane, .s sccn fronr ihe following xnlli'sis ol lhe suclion

For a LFC sxilplane wing, opcfuting at low Rcc s and in ihc
absence of any significant boundarl layer crossflow the
equivalent area suclion vclocity vo nccded to maintain tNmi
nar boundary layer profiles of the Blasius type

I e2u = 0 rt th. w'l ! =or
ay'

through the rcar p.essure rise ofthe upper and k'wer surhce,
can be evalualed to r satishciory iirsr approximarion lrom the
boundary condirion at the wall y=0 n)r the x-boundary
laycr momentun equation with

!"ii+)"= | :e.J

for incomprcssible flow. Wirh

EU,
2

N= I

: 2.25

'Ct a(

I Cp Re"

Thus, the equilalent arca suction vclocity rNrio ,L- is pro
portional b the chordwisc pressurc gradienl

a(+)
and in\c''el) prop, llronall,, rlcp, LJ. paflrcLr.,,rtJ hrpn,Lc
l.on \el^r re\ dre nreded.n.r',,nEly J,. eter ,,.Jfluw.:rnr]
hrch 5L:rri. pre..urc, u h to$ h,,unddr) taler cusc \e.orir r.
UI

I-Jrrn|rnore. "". - i\ prup.'nrondt i, Reo rn tI pr<\,urc
-r\e drcJ and rnrrr\'ly propn i^nat 1,, Re srn, ..*..V;*+* 

vRe.

". *V*' "- =

constant, i.e-. ihe same percentage ofthe boundary laycr is
removcd by suction at diffcrenr Rec s. (Inpractice, somewhal
smaller vo-values with correspondingly less stable boundary
layer profiles are pernissible al bwer Re. s and vicc versa.)

Ol coursc, Rco is not known a prio.i i. the rear pressure
risc area For prcssure.ises *ith modcralely targe advene
p.essure grrdien$, exanplc calculations have shown thrl
R<, \rr\\.ppro\iT.,lc.\ con.rJnr rl,-ouBn l\c 1.r, pr(... c
r;.F Jnd L cln.e,o rh(,Jl_. J rn(.rJr otrh( pre*-.( rN(,qlr.\ (.,n be.bra.ned lrurn . hound.'r \ .Jve .,n.,t).r,,n rh(
a.ca u pstream of the .ear prcssure.ise. UsinS then Reo at the
beginnirS of the prcssuie .ise furnishes immcdiatetr a sur
ti.inpl\ go^d1 \' "ppr.,\,",r'on ""' rn."'."'-,||"n,.t..i
lyvolhich is needed 1o mainrain a rcasonably slrbtela inar
boDnda.r- laycr in rhis rcgio.. Ir cln be tu;lher jtcrated it

Fbr a very stccp rrur p.es{re rise Re€ de-elses slorlr
with irc.easing static pressu.e. This can be lcritied b) deccl
c,itinBrhc.oundJr) l:'\r'1lnir.l\,Jt,ot). u.i-; Be,n,utt;
Jad .or.c h,,o or m. .\ ^ !on.U-\r ,h" d(J<l(r rea n(r
bou.dary layc. prollles. rcmoving rhc inierrnost slotren
boundar) ialrer particles. ds they a.e conli.uoush dcceler
.tcd to zero vclocitv nt lhe rall in ihe prcssure risc zonc.

Ior a rear prcsDre rise which is less slecp surtace tuiction
r" Billldd to the bou.dart laycr monenLum deficiencl.nd
rh .s lcJd ^ , nL.,1\ .^, ., ,n R(^ i rh( pr(\.,rrc -..( ,r
When thc pressure riscs rclativelr slowly rhecontribution ot
ro to Reois cor respond ingly larger and Rer then grows sloNl\
:' l r.rJ . fr'...,( rn. r'",. . LJ.Fl .. .." t'.. .. '.;

Thus. this dnalysis is highll srrisfuclo.\ tor reasonabtr
stccp rear pres$rrc rises up to nmdest sing chord Rer-notds
numbeN, a\ lonc !s TS-waves arc noi e\cessilctt anrplittcd
Nnd bound.try lalcr crossJlow distu.brnce lorticcs are ab-
senr. lb. verv srocp or flrl tnessur€.iscs iterilions \ilt usuit-
Iy be necdcd to esliblish thc oprimum {rction r.tcs nc.ded
lo. suclion hminarizrlion.

According to this analysis the krcal rDd overall suction
flow ntes ofLFC wings vary approxnnlbly proportiooal to
th. prcssure gradieni

dr !)

which is proportn)n{l to thc airlbil rhickness ratio !. I h.
thoLrgh. is somewhat larger for dri.kcr .tirfbils, as compared
!o rhinner ones, to coJnl)enslle sonreBhdl fd lhc influcn.c ol
!heir larger pressure gr!dients in estinrxtirg thc rcquircd suc
tio. velocity ralio in thc rcar prcssurc risc {.ca Sincc r smNll

lErcentage of thc rcar prcssure rise tow.rds the wing 1rliUng
.dgc.an bc acconrplished *ilhoul suclion wilh natur!lhn'i'
n | flu". rl ( ....rnpri"n rh r\p .u. ri n 'los r.' p. i re .

ned.ly proporlional 1o t'c is rexsonxbl! wclljustitied.
The suction duct total prc!$re dn)p

of,n , = a.uo

- r'-

c!n thcn bccrpressed lbr l-F( wi gs oldilltrenl vins chords
andsingaspecl ralios,\iterducllenglh Jbrsingsola gilcn

Rc2d, . Red :2.59 Re€,

(t"
+)

I



thickness t, assuming

Cq-

rSe€ Dk\rou' remurk concerning rhe va'irrion of CQ $rrh
Re.l. Tle rollowinB ft'ulr lollow' then lor th<.ucuonducl total

p.essure drop coeffi cient.

AC"_ _- ^,rl . r.e. ACoo,.,- ,rll,
Iv-

- L and

that the noDdimcnsional suction flow

,.tIh&e,,agdtiu,

. f R.- (t-
/ , @;h 'ur,t. @unqa uE
..'t,:Ilr,-2taD-,,a '

uk=lrtat tti qL ltdt*
:Y'ff-*'tt)"*"".

I

latu:!:1'.Ma 6-_,b.

I t!.t:on ni .l!.t!r, xtenatit.

FIGURII 23 B

The reduclion ofduct prcssuredrop loses is not necessari'
ly as imporlanl from fic standpoint ol performrncei what is
.alher more imporlanl is !o ensure thc correcl suctio. inflov
distribution alo.g the span, which depends on the prcssure

dilttrence belwcen the exter.alsurtace and the duct. Erors
in lhese suction rates can bc kepl loter wilh smallcr ducl
pressure losses. For this renson, il is criticall) imPorhnt to
c!refully sludy the suction ducling design probloms of a large
span Lt'C srilplane and minimize the ducl pressure drop
and mixing losses i. the suclion ducting sysLem.

'lhc queslion now arises concer.ing the design ol suildblc
LFC rirloils with chordwise pressure dislribuiio.s which !l-
leviale the suclion ducling design. The lbllowing apprcach js

shown in thc airloilPE4R, !hoscconlour and frcssure dislr;
bulion is sho{n in Figure24. The pressure risc sl a.ls relxlive
l! lar upslrern at around 53 percent chord on the upper

surfxcc and somewhat further upst.eam on lhe loser surfacc

,"1'"

.0

1,5

IN! I5' I C

Thus. the wing suciion ducling design is pa rlicularly diflicult
for largc *in8 aspcct rrtios ]\d, per duci length. especially for
s.ilpl.ncs in view of thci. snNll chord c ard absolule wins
thickncss !. In this .ospecl the suclion ducling problems of
the wing ol .t ,I)uch lsrger powered LFC dirplane are much
easier to cope with in view of their larger wing chord c and
thicknes I On the other hand, a relatively large perce.lage
ol thc qins volumc bchind thc spa. can bc used in a LFC
sailplanc ftr suclion ducling. in conlrast to thc wet wing of a
powcrcd LFC airplanc, which oicn carrics rddirional fuel in
lhe space behind the sp.r.

Since, (lbr lhe sarne wing span dnd lhickness t) lhe wins
aspecl rarios I: b:,,; a.d Td (lor the sahe number ol spanwise
ducts) are froportional to ti the suction ducling design ol'
Llic sailplane wirss is parliculx.ly difricult lor l-FC vings
oi largcr thickncss .atios. vicc ve6d tfie suclion ducl;ng
problcms are grcltl) .llcviatcd with LI.C $i.gs ol smaller
rl-i.k (' r.'r.u." ."dco,r('p rJ nslj l,$(r J'rc.r rJ. "

These suction d ucling considera tions h.vcdecisively influ
cnced lhe choice ol r rehlively smrll ,i.toil lhickncss rario.
Even so, to dinimize the suclion ducl pressure loss€s rnd
t h ereby rlleviate. al the same lime. the problems in achieving
thc corcct spanwise suclion dislribution. it willbe necessrry
to subdividc thc spanwise ducts ol each wing side into !hree
and p.obrbly lour spanwisc d ucls, leed ing into lwoaxialllow
suction conP.csos. $ith tficir axk dligncd in flighl di.ec-
tion.nd drivcn b] onc or scvcral rlind mills (l isurc 23). Rela'
livcl) thicke. wings ol higher aspccl .alio would rcquire r
slill morc ehborlle subdivision ol lhe sprnwise ducls lo kccp
the duct pressure losses trithin bounds.

FICURE 2] A.
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the upper surlace 1o provide suctio. and suction duct space
Dpstream ofrhe suction ducls for the upper surface. A larSe
parl ofthe airfoilcross sectional arca downstrean ofthe spar
cln then bc used for suction ducling, witb the chordwise
external pressure dislribulion lailored for the specific needs

of the suclion ducling d€sign *ithoul thc use of additional

Advanrasesof LFCairfoilswhharelslivelyearlyconcave
rear presure rise are a largcr lo{ drag cl-'ran8e. asconpa.ed
to LI:C airfoils $ith the rear pressure risc localed lurrher
downslream. Figu.e 27 shows the lariaiion of the low drag
cL range lbr LrC airfoils oldijlerenr thickness ratios 7. and
churd$,.e locariun r lo'Ihe.lnrr ul lhe ,(rr 1rc.'ure r;<
x:averasc localion berween uppcr xnd lower surfac€), xs

xnalyzcd from Korn Garrbediln analysis calculnlions or
Ll.C airfoils oldilTercnt 7c and in lalues. The low dras cL

rangc varies proporlionnl 1l) (%)r $ Nnd infieases tirh a

mor< ror$rrd lo!rrion lbr rhc 'rJrl olrh('eJ'frc\.ur(,i.(.
Thc equivalcnt wing profile drlg CD. of all laminar LFC
rirloils dccreascs sl;ghlly when the rear p.esurc rise slarts
lurther dornstream (6s.8,9). Since this drag vdrialion with
i/. is not loo signilicant the designer has more possibllitieslo

lLd(i 'Lsl) .er.r I 
'c 

/irl^r'. ol I lr \rilo'Jne. J 'JtiJu'
\p:rns,c( rrr^n. lrorn lhe.l.ldDU'n vl ierod\n"ni. p(''
for ance. roll conlrol, rolldampins,low dras Ct ranse,€1c.,
rs lonc as fullchord laminarflos can be mainiaincd rhrough
suctior for dilltrent chordwise pressure distribulions.

From the slNndpoint ol cquivalent p.onlc drtg LFC rit
toils with , mo.e downstream locatio. oi the relr pressurc

rise arc slighlly supcrior. The Figures 28! lnd 28b sho{ rc
sDlts ol r bounder) hyer analysis with ared sLrclion and tull
chord laminr. flow for J. viked\ l4I percent thick airfoil
(lrom his Gcorge Wdshingto. Universill Mastcr's ThesisLr)

ttr,,:.'r,li t(:)''"

FIGURE 25.

and is st.ongly concave, wilh the stccpcsl pressur€ riseoccur
ring close to lhe location of minimum pressure and deffeas
ing conlinuoDdy i. downstrcNm direclion. As a resuh. lhc
equivalent area suction velocilies (Figure 2s) arc hishcsl
r.ound 50 perccnt ro 60 percent chord, shc.c thc ri.toil is

slill sufilcicnlly thick, thereby proliding rdcquale cross sec-

tionalarca for th€ sprn wise suct ion du cls. The$rction dir can
then bc rurned direclly into thc spanwise sulion ducts
through snrxll turning vanes sithoul using rddilional chord'
wise ducling (Figure 26). Thc prcssure rise on the lower sur
lace is stagAered i pcrccnl upstreaor wilh respect ro that of

hd cDla !!dDi kiordte)

.n-.---'u,*.4t'
%-h'un , ^e-b 

- tt %'

hd cD3' 
'.dbi Gp{eb!)

FICURE 26
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a! cr-.42 and Re!:2.106. The correspondjng pressure dis-
triburion rnd conlour are shown in Figure 29. The reNr p.es-
sure ris€ sta.ts on both surlaces dt 0.70c. The co.responding
, hord$r,( dr{ibu(.o1 Jl,u, rron ,ctoc rv rnd .u. ,o; p"s.;
is presenled in Figures 30a and 30b. sh;wing suciioi within
the narow zone ol lbe sleep rear prcssure risc wnh co..c
spondingly hish area suction velocities.

With such a rcx.ward location i/c tbr the srxrr ofrhe r.ir
p.cssure risethe lowdrag cLjange. ofcouNc. decreasesfor a
givcn %-raiio. Howcver. plotting the lo* draq c, -ranae ve..u. \ lor IIa 1 'vil. olLon.rdnr cqL,\Jtcnr prun,;drrs
t h.I. ,nrtur. sJnrNhrr q rh rn..rea\rn8 ,.. 1lu.. t;
ros drJs . "Jnse lur con.rrnr r-_o ra.u<. itA r(uf\ dr .r
slowcr .ate with ta, as comprred to thc case when % is held
conslant, both for the cases with and without tosses in the
.ucl;un ducUng ar d dr i\ e .\rrcnr { I rgurc 2- !nd tigurc\.lt,
J2l l ur .e, murc. w rh 'Lch Jn a toi.rion ut rt c ;Jr pre:
su.e risc the airloil will be thickcr in rhc area rowards the
lrailing cdge. lt is then somewhat easier to desien a snrrtl
c.orofiJi r-g(dBc,ru^cRrpuirl-a.on!:\e co,ncr Jrrhc
FJn 1rntsc o ,hE Lpper \.rtrc(. Ihe tdp dowr Jctecu ,n,
rrr) lh hern(rEa,ed. rhcre\) rJi.ilt rn( tow drrB. r _r Jld.
due ,o flrn defl(.,,n. ro, ,he to,. i" io$ {
.ange a1 a given llap serting.

When suction is concenlrated r.ther frr downnrcem onrlcJr-lo,lri .-r.rhp\Jcriur rotllpupp(r.u,t (cm_\r
rher he durred Jp{'cJa. iu' e\rmptc, r\rousr, , horJn,\<
corrugalions! etc.. into the main spanwise suction ducts.
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FICURE 29. NLF chordwise presrute distiburion.
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FIGURE 31. Suclion airioil Cl{dge wifi los drasr du!1md

mixirg loses hcludcd-
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Th€re are iocaled furlher upslream in an area wh€re ade
quate cross sectionrl area is rvaihble (Figure 33 a-c). This
solution is, no doubt. more comple( i1 allows, however, n
more emcieot ier mixinA ol tle suction a; of dillerent total
p.csure in th€ prcssurc risc zore (see nexl chapter ) to eil her
d<.ru.( rh(suction Jir mirins lu's$ in rhe rerr prcs,urc risc
area, or alternatively reduce lhe number of individurl span-
wise ducts for a giver sum ofduct pressure and nixing losses.
Ahcrnatcly. vith thc same number of ducts ard duct loses
one mighl incr€ase thc wing thickncss ratio and winS span
xnd lbereby furthcr raise (L,6).", and reduce v"i"r.,^- These
ducl consideralions are discussed in the nexl scclion.

FIGURE 32. SucLnn airloil CL ransc widt low dra8, ducL mixn'8 dd
punpirg lo$es ;ncludcd-

liGURE ]3 A.

II. Cenerat Brsic CorsidcrAtions of Lla Suction t'trcting
Lrrouts rtrd Losses (see ftr.rrmplc relcrcn.e t7)

Thc totrl cne.gl losscs in the srcrio! (lucridA sulenr of
1-l( wings bcrweef the e\rcrnxl srrtice and rhe sucljon
co.rp.essor consisl ol kine{ic cncrg!,, rhrollling and i\inS
loss.s. rs scll rs llo$ sefrfttion. ducl srll f.iction, xfd
sc.ondrry llow losscs. Whi.I one oi thcse losses domir ei
defcnds on the t!pc ol suctio duclins desili. ltrc su.tion
nrclhod sclccled and 10 r llrge e\tcnr on th. reodvnamic
, ,r(.ulr. t led 11.,1 .,,.,1 .,.'n.

The rcnllnrmi.rll) ;derl LlrC x.ea suction is xsunred ro
be.losel) rppturched b! suclion cithe. through r lrrge.um
ber ol closel\ spaccd sp) rv;e slors. |[rior!lcd surh.es wilh
r verr_ largc numbcr ol s rrll holes or r ])otuu\ surhcc Ii r
sinrilf rrnrer rs (hc blood in the hunrxn l)od! is c.trried

. I ' r't wJr '.', i ,..' ."
I". ' l 'd e..-. ' ,1 ..'l r^,r,-
pisscs thkrgh sd)ll oFenings in th. e11ern!l LI (l surlrccs

l
o-
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FIGURE 33 B.

al low velocities and flow Reynolds nDmbers. It is lhen duct
ed lo proeressjvely larser and fewer suction ducts at i'creas-
ingly highcrducl liow velocilies and - Rey.olds numbcrs and
6nally to the suction compresson. Thus, due to the vcrv to!
Ro$ Reyn"lds numbers in rhc e\rernJl 'ucllon strn \i'cou.
Iricron lo.se. domindre rhrre. $ hi'e kin(r ic cnerg' errr to.se.
r rl"e doqn.Ueam \rde oi rhe \uclon .kin Jrc u.ud.t\ lc\

'mprfldn, 
,n v,eq Jl rhe ,oq L<lo. ie|nLot\e,1. wh.; ar(r

sucrion i\.lo\ei) dpprud.hed Ih( Jomirrrrna \i\cou\ Fon
lor.e\ in rhe c\rerndl \LLrion \(,n rupprc,.. thi iormrrron o.
lurbulent eddics at the lov flow Reynolds numbers involved
1,. arlo$ JCroJ!nam(dll) r<hrrrel\ LruJr flos pdssJg(, ir
this skin (Figure 3.1).

Afler passing ihrough the suction skin the suctior air is
collecled in smali spanwise plenum chambers. located under
neath ihe exlernal suction skin. which serves to mainrain a
suflicie.tly uniform spanwisc suclion dislribution. l:rom

5bt:.1 Li: .uftje: CA

)-lt1t 1 LFa 1.. .n
.d"4trdt A t. Irr,.

these pienum chambers the suclion ai. is ducred through
holes, d.illed in I continuous structural inrer skin_ inlo reta
liv€ly small 6.st spanwise suction ducrs formed, fo. example,
by the slructu.al elements ofaco.rugated sandwich skin. To
.elain mosl of the spanwise momentum of the suction air
du.ing its passage from these holes inro tlese firsr spanwise
ducts and at the sane time minimize duct losses, rhe above
mentioned holes may be drilled at an oblique angle to the
skin I furlhermore. st.ess concenlrations around rhese holes in
the structurally parlicularly critical spanw;se direction under
the aclion of verlical bendi.g loads would be subsranriatly
reJuced rn prearl) impru,e rhe larrgLe lire or rhc ,nner ski;.
Low duct flowvelocities in the fiAt spanwise dDcts are easil!
possible .ind €nable small ducl losses even with a r€latively
(rude rrrroducrion ol rhc,ur on Jir i1,o rhe\e du(1. rh.uugn
perpendicular or obliquc holes

Sinccthe above mention€d sandwich lkin andrherea.D,rt
ol rhe $ints are oren loo lhrn rucJr\ rhe\u\lion diro,er ong
spanwise dislances in such firsl spa.wise ducts in a corrusa!
ed sandwich skin, the suction air must rhen be ducled i.om
lhese lirst spanwisc ducts witbjn relalively shon intervals 10
short chordwise ducts, whenever the rear p.esure rise dnd
suclion are located relalively far downsl.eam- These cbord,
ri.( du.r\ durnp r.e .ucrior rir rnro ldrgfl m'in .lJns,ce
ducts, which cady it 1o the suction comp.essor. To minimize
srruciural weight these chordsise ducts may be inlegraled
with chordwise ribs, especially in thc area ol rhe nain load
carrying box; in the rear p.essure rhc area rhev may bc
formed by chordwise corrugations integrated lor erampic
with a sandwich wingskin and contiibuting rolingtorsional
stillness. The main spanlisc ducts can be locarcd in arexs

"h(rc rhc $irg ,\ \L (r(nrlt rhicl ro dllus l,.nB 'pa rsNe
ducts ol ndequale fioss seclion and co.respondinsly small
tolal ene.g) losses. wirh their veriical walls (lightrcighL
sandw;ch skins) carrying bending ind io6io.al shear, rhus
coDtributing slruclurally to tbe wing strucrure.

Onc o. leveral suclion compressor boosler staSes nav be
needcd to raise the lotal pressure ol lhe lol presure ducrs to
a connnon total pressure level, from where the suclion air is
dcceldar(,1 in rl,e r n \J iJn .ornf"es.or ro opriTur c\-
haust velocily in flight direction.

Wherevcr the suction air is lransicrred and turned inro
other ducls at reasonably high locrl flo* Rcynolds nunbc$,
flow lurning nozzles should preferably bc provided to mini
n,'/e lo. il lu\c .,nd lo$ nul.dlron.. luLil flotr .enard ror rn
these.ozzlesbe avoidcd and aerodl namic nozzle losses mini-
mizcd by means of a careful aerodynamic desisn. prov'ding
rn adcquate overall llo* accclcralion th.ough them. To re,
lain lhe momentum ol the suction air in duct llow dircctio.
and minimizc at the sane time ducr losses the sucrion air
ihould bc inlroduccd into the suction ducts th.ough cxrelullJ,
laid oul llow rurning nozzles or vanes, prcfcrably in such r
manner thNl secondary llow losses and thc rclatively hish
ducr 1..,llon l.s(, .'\.o. iar.d srrl \((onddr! ft"" rn oui,'
(scc for exam ple experience bl G. L Tar lor or J. Ackerct ) a re

Ducr wall f.iction losses. of coursc, dccrease rapidiy by
los(,Irts rl( 'l-. r F.s \eluc lres. .,(..rnplin cd -\ .nc (Jinp
the duct diamctc6 and cos!-seclionrl rrcas. and reducins
I'c durr.(nBrn ru h)drJ-ricdrrrrerer rrrio dr.".
llI. Mixing Losses ir the Suction Ductinq Svstem of thc Rear

The exle.nal slalic pressure and as . rcsult the 1o1rl prcs
su.c of the sucked boundarl' 1aye. increascs substrnti.lly
lrom thc locatio. of minimum p.essu.e lowards the lrxjling
edge of LFC win8s, causins additional throlLling xrd/or

i,tt -rLn-tca- d-/.ea lf ,.ac.'A.]
i.t1t drtc v,1,,"t.2 ,I .^ " t,_ t

FICURE 34 S€tion surface construcrion.
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r
mixing losses as a result ol thc chordwisc variation ol lhc
pressu.e diffcrcncc Ap belween th€ exlernalsurface and lhe
suclior duct. The queslion lhen adses concerning the mini-
mizdlion ol thc sum ol lhese add(ional throttling and/or
Inixing losses and the duct wall friction a.d sccondary flow

I he.'ddIirnal JLLr rhru rlinsJ1d/or nririnslo.s.. r\.oci-
ated with lhechordwise variation olihe slatic p.essurei. the
re.ir pressure rise area ol Lr'C winss.an. in principlc, bc
minimized by closelr approachine thc idc{l individual rcen
ergization of ea.h suckcd boundar) layer parlicle in r lnrge
.umbcr of scparate rehlively snrall suclion ducts wilh jndi
vidual suclion conprcssor booster stages, al the cos1, ol in-
creascd complexily and ducl wallf.iction losscs (duc to lare
er lo1al duct letled area with a larger nunber of ducls).
Therclore. to decrcas.lhe numbe. otsuclion ducls in the rear
tressure risc arca of LFC wing! wilhoul ej(cessive additional
losscs thc nixing losses of each individual duct should be
mrnimr/('l :s lulloss. " l1\r.,d ot,l'r.rrlinA rhe.u. rn" JI
in the ouler suclion skin and/o. the inn€r structural skin
(mclhod ,) i. slols. holes or othcr throtrlins dcviccs. thc
sucked boundary laycr can bc injectcd tansentiall) (in ducl
flos di.ection) into the ducls lhrough llow lurning nozzles or
vancs (mcthod b) (fig 29)'r '3 The pressure drop hetween
rhe external surfrce and ibe duct a.d thus across the above
ncnlioned fio$ turning nozzles is largesr at thc localion of
lhe highest exte al static presDrc ir thc .car parl ol a par
licular duct. As a resDlt, thc corcsponding local nozzle e l
flow velocily al lheentrxncc into the ducl is d mrxinumiil is
usually substantiallt larger th.n the nrern duc! Ilow velocily
at thc slme spanwise slalion. The ducl lotal pressure then
riscs due tojel mixing rcco.ding to conservalion ol nrass and
momenlum !o olten more than conrpensate lor duct $allfric
lion losses. The coffesponding jet mixing cfficicntly r.,,i"" is

shown in Figure 35. To mainlair unilorm spanwisc suction in
lhe presence ola risine duct tolalprcssure under the dction ot
suchjet mixing thc ducl.egions olloser slalic pr€ssure al lhe
besinnins of thc duc( nrighr prcferably bc connecled wilh
extc rnal suction su rfaces $ hich are locared so ewhatlurlher
upstrcan on lhe wing surlace in a region of lowe. stalic
pressure. Nnd vice vena, thus ensurinS reasonably unifonn
rolal pressu.e diference bet*ccn thc duct and thc cxtcmal
surlaceNlong thespan andthereby allcviating thc p.oblcmoi
n1rin!aining the cotrect suction r!1cs along ihc span.

external boundary layer at difer€rt chord*ise locations and
totalenc.gy l€velsin the rear p.esDrc rise area, is llrst mixcd
ro a.rmmon rordl eler$ le\el in relll,vely r\orr mi^ing
ducls. Under the aclion of jel rnixing between lhe miring
ducl- and suclion airflow, entering the mixinSducls lhrough
Row tu.ning nozzles at bigher than local duct Ilow velocity,
th€ rotal pressu.e in the mixing ducls rises according to co!'
seNalion ol mas and momenlum. Tbe loser cncrgy suction
rir. which is removed fron rhe location of loler slalic pres
sure on the crtcrnal su.lace ;n lhe p.csu.e rise area. is then
irtrcdDccd into lhe area ollowcr lolaL pressure at the bcgin
ning ol rhe mixing ducts. lnd vico ver* (nelhod b'.6s.33a).
Fbr d given chordwisc pressurc rise 

^p/(]. 
across the exl€rnal

surlacefor r parlicular spa wlse duct thc pressu re dilterence
between thc cxt€.nal surface and lhe mixing duct is thcn
smallcr than wilh nethod b. The ducl nixing lossesdccrc.se
accordinglyi in addition,thejelmixingefliciency(l'igu.e37)
is higher than with method b. Variationsofthis rpprorch are

l.or a givcn numbcr ol suction ducls the chordw;e varid
lion oflhc tolalpressure dillerence oflhe suclion air belwcen
thc cxtcrnrl surface rnd 1be suclion ducts and the resuliing
duct mixing losses rhen decrease approximately by the rltio
{ I +r,,,i, 

"s) '. 
Thejet nrixins efiicie.cy ]Li,,"s for mcthod b is

Allernalely, assuming the same duct nixing losses, the
chord*ise extcmal st.tic pressure varia(ion rcross a prrUcu-
lar ducl m.y bc raised b) the ralio (l+rn,,.,,E) 1o a1low
ll Ia Ljr'im(. h(nLrnberol 'o'n$,rd-.r.

FICURE 36

FICURE 35

Du(t n' \, t Jnd "r.'l<n(rg) " .c' n

(.'n be l"1hcr rcJurrd. lnreJd.l cnrcrinE lh< n' in 
'

wi\e suciion ducls the suclion air. which is rcmoved lrom thc
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Estinares of ducl iotal energy losses lernalsurlace are equalwilh both methods. Wilb mcrhod b',
lp- '*/q" for a particular duct thcn incrcas€s by the faclor
( l+a.') b decr€ase dccordinsly the ducl number by the
mlio (l+r,rii) I. wnh such lb*e. ducts turbulent duct wall
i.iction losses (assumi.s the sanre total cros$sectionalarca)
dec.ease by a facror ( I +a.,,) 06j i.c. for a sivcn sum ofduc!
i.iction + mixins losscs (lor the san1e ducl lenglh and cross-
seclional ar*) the nunber olsuclion ducts with mcthod (b')

ay be 40 percent ro 45 perce.l naller tha, with mclhod
(b). This consideration car beconrc crucially imporrdnl in
sinplilying the LFC suctior ductinsdesi8n using mclhcd b.

Suclion ducl experimenls by K. Roger$ und the aulhorrr
have given the {bllowing suclion duct lotalenerSl' losses:

Case l: Suction air enters ducl normal 1o drct sithoul

lHo'./q,,"",""d:l forrd."'./dird al duct end :i0+12 (Fig. l8).
i.e. trD",1:1,10+ tl2.

Crse 2: Suction a; ente.s duct through lurning vrncs al
aboui duct velocity for

Ducl ; 40_ i.e. 1 tr,.,: !-
40

(U.:fiight spccd) due ro ducl *all lrictio. a.d mixins
loss€s arc shown in figurc 17 versus the ratioui*^r" with lhe
n,crl-uds l"), (t). lb ) tor a- c\rcrnul pr(s.ur-i (
lP/q-:0.20 across individual ducls and for larious duct
lengths Uniform.hord and spanwise suclion, a linear exter
nal pressure rise, conshn! duc! velocity uD alonS thc ducl,
and turbulcnl pipe friclion lossei wiihoul major secondrry
flov losscs were rssumed

Appud = I fbr lD/hydr.D = anJ

Additional ducl wall friclion losses due tojer mixing of thc
inconing suclion an *ith the duct flow as wellas totxlenergy
l,^\e. in rh(<\r(rlrl.uJrrun \l,i1JnJ inlcr l.'s r- n.nA nu/-
zles or vanes were neglecled in this snnplified analysis.

In view of the smaller ducl losses with mclhods (b) and
(b ). as compared to th.oitling rnelhod (.t). (fig. 37) p.itnary
cmph.sis k sivcn to the methods (b) and (b'). with incrcas
ing,lu(l \<lucir) uD rhcJu.tfticron nse. ,n.Fr\e rpp,o\i
rnrlel) propo.tional ro uDr (mo.c accurately uDrt lor tDrbu-
lenlduct fi ow). whilelheduc!mixins lossesrith mcthods(b)
a.d (b') (p.oportional 10 (ul,-uD)2) decrcase ar larger duct
velocilies uD (see dg. l7) ai a resull ol lhe smrller vclocity
dilTcrcncc uF uD bclween the suctlon air. enlering the ducl
lrngcntialll xt yclocily uF and the mean duct Ilow Accord
ingl,y. the jet mixins cfficicncy 4.,,i^a increases *ith inc.els
ing dL'cl velocities uD (fiss. 35 and 16 show Ji,,,,,i"a versus
uDi,- lbr diHerenl exlernal pressu.c riscs Ap/ir- ac.oss indi-
v;dual ducts with methods (b) dnd (b')). The duct tolalcneF
gy losses .IH., 

", ""+ ",,,"s 
then rninimize a! dn oplimum duct

Fo. duct vclo.ities belo{ or above this optinum duct ve
locily lhe respcctive mixing orduct $alllriction lossesdomi
nNle. Fo.longer ducls. duct lriction losses increase. shilling
the optimum ducl velocily 11) lowcr valucs, and vice versa In
contrast. the duct lola1ene.gy losses with lhrouling nrethod
(a) inffease co.tinuously with increasins ducr velocily and
are substrniiallr-. larger than *ith the nrore efficienl mclhods
(h) and especiallr- (b'). Furthermore, ducl lolal ene.sy losses
ductothe tormation ofthick ducl wallbounda.) layers, whcn
thc suclion !i. is int.oduccd at a normal angle inlo the duct
lh.ough throttling fiolcs, clc., are substantially large. th{!
the convenlional lurbulcnt prcssurc drop i. pipes. as verili€d
erpcrin]enrallr r Thereiore, lhrottling mclhod (a) should be
used only lbr smrller values ol lp- -/q" and at los ducl
eelocities. prelerlbly wilh holes d.illed al Nn obliquc angle to
ihe duct l'lo$ b partially recoler lhe momenrunr ol thc in

w;th inc.eas;ng external p.essure rises lf- *!1r.lbr indi
vidual ducts thc duct mixing losses inc.ease, lvhile !hc duct
w.ll friclion losses, on thc other irand, dccrcase as a result ol'
lh€ smalle.lolalducl welted area rnd thc concspondingly
incrersed ducl hydraulic dirmeter witlt thc iclcr Iarscr size
ducls for larger rNlios lt- ,e/q". The loralducr losscs, i.c. the
sum ofducl liiclion and mixing losses, increasc .ccordinsl!
wirh increasing lt. "e/q..

Under olherwise the same conditions the oplinrum ducl
vclocily lor mininrum duct f.iclion + mixing losses is loier
with rnethod (b ) than with (b) (fic l?).

Equalduct mixins losscs rvilh melhods (b) rnd (b ) rcsull
when rhc prcssurc dilTcrences ber*een ihe duct xnd thc cx
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FICURE 38

Crsc } Ideal ducl \rith carclullv ld;d oul i.lel nozzlcs.
nozzlc cxit veloci\' everyw here equrl 1o or close 1l) localduct
llos relocilr (l;iss. l9!-c):

lllD,.,/(t ),,!, ..u: I

",d: 120+ 150(trD'. tr1)+ l./L,ro).

In other $ords. r c.reful .crodynamic
lion ducts. minimizing secondrry flo* and
losscs. is rcll ro.th it in o.der to rcducc
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ihproved suctloh duct {II rnd lll).

The xbove described duct des;gn considerations have decc
sively irfiue.ced thc design parameleB ol the above de-
scribed slrut braccd 12.4 neter LFC glidcr, cspecially thc
choicc of rhe wing chord (c:0.6 met€r) and wins rhickness
rrliot/c:.128. The starl'Jflhe pressure rise on the upper and
lower sDrlace was assumed al 0.7 a.d 0.75c. .espectively,
using suciio. ducting method b'.

To rcducc lhe sensitivi(y aBainsl off design devialions in
rhe chordwise suclion dislribulion r more unilbrm chordwise
v,'tr., diskibulion appears prelerahle overall as well lor
,nd,\,du. \Jcron . ha,nl"er. Ihr.,olr.derrr,on '. r.,fl,cu-
larly impo.lant whcn the rcar pressDrc risc ;s accomplishcd
ovcr short chordlisc distanccs in the rear prrl ofthc airtoils,
rcquiring relalively high area suction velocili€s wilhin a n!.
row chordwise zone. Small percenlage errors in the local
suclion rxles cxn then appreciably change the value

( .-).
and thus thc shapc ol thc boundd.y layer profile in this zone.
undc. such conditions, laminar seprration, leNding to pre-
maru.e rransirion, can thcn easilyoccur wilh in\ulllcien!suc-
lion and musl be prevenled by all means.

ln sunnnd.r, LFC airfoils wilh a particulxr lov frollle
d.rg should prcftr!blJ' be Laid out with r! cxlcnsirc reSior ol
Ncceler.led flo$ al design; the rcrr prcssurc risc should bc
localed relaliveu Irr downstrcrm rnd should bc only slishlly
concrve to enable a realonabtJ' unilbrm chordsisc sultion
dislribution. A \nall chord l.ailing edge cruise nap sirh a
co.cave "corner" wnh a flexiblesurtuce ol the Eppl€. tlpe on
the upper surface at the hinge line nraximizes the llirp down
dcflcclion lith lo! prolilc drx8. ltom the slandpoint ol n
lavorablc complomisc bctsccn tcriorm!ncc and complexitv
rclalncl} thin LFC airfoils (r,i:.l2 to.1l) appcrr rttractivc
for LFC winss ol hish perlom.ncc sailphncs.

Figure,l0r shows rn examplc ol such. LFC rirloil tor
s.ilpl.nes, wilh the rerr pressurc dse loclled do\rnstrcrm oi
0.?c !nd suclion conccnrrrled over a \hort chordrvise dis-
lance ( lig. 40b).

Wilh the direct iniection ol the suclion rir inlo the span-
*ise ducls lorlhe xirloil P84R, using nrcthod b. iheduct $r1l
frictio. nnd sccond.ry flo\r l6scs xrc substrntially la.ger (5{)
percenr 1o 100 pe.ccnt). rscompnrcdro Ll:c !ilfoilswirh rhe
r.xr tresnre risc strrling rt x,t:.7. usin8 nrcthod b This
.csult is cxphinablc b) thc lNrgcr lvrihblc ducl cros scc
1ional !rcx ol thc lrttcr lype ol airioils xnd thc corrcspond
ingl] smrllcrducl vclocilyrnd rdlioolducl lcnglh lodiamc
lcr. whcn thc rcrr pre$ure rise is locrtcd frr down(re.m. .s
scll rs by rhe smrller secondarr llo$ losses inherenrl), possF
ble $i1h mclhod b , as colnpa.ed lo nelhod b. In rddition. !Ie
suclion air nriring losse! a.e lo{er }it} method b. Fbr these
rcrsons, enphasis wirs llnally given to I F(l .rirlbils ol tle
GL6lype (fi9..10). with the rerr fre*ure rise located rela
tively l!r dolnslreanr. in spite oI thc ddditionxl complcxily
with the chordwise suclnrn d!cring using mclfiod b .

l!: Dicussion of Lo* Drrg Suction Methods_lhc qucstion .rises concerning lhe choice ol suilrble
boundrr) hycr sucLion mclhods lor suclion ldminrrizrlion in
thc rcrr prcssurc.isc rrcr oi dn LFC wbg or lu\elage. ln
principlc. l.minrr no* c!n bc nraint!ined br iseans oi suc-
tion through one or sever!l individual dots. or hy !pprorch
iDg.rc! suclioi,.e.roii.g the itrn.nnost slo$est boundxry
1.r'er parlicle\ locrtcd close to thc surfd.c cithcr thurgh
closely spaced line 1wo dinrcnsionxl spanwisc slols. or
through a. eleclroi bclm drillcd surlacc with ver\ closel)

Typjcal crosr-sectJons

FIGURE39B.

".,.',..," i"'",,""",.o'i ! o"

FICURE 39 A,
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Usins as an example an elecrron-bean drilled spanwise
suction strip. extendang over the rea. pressure rise area from
aboul 0.65c to the flap hinge at a.ound 0.9c, the average
suction velocity ratio on the upper surface is of the order

"tr-=0.003 
at R€":2.106. Assuning suction |oles ol0.l

mm (.004") diafteler and a hole pitch of0 4 mn (.016") the
surface porosity is 5 percent. Thc ave.age velocily in thc
.u.lionholEisr\cnid,1 -.0^. 1he.orresnoad,ngpr(,sL'r
d.opthrough a 0.5 nm (.020") thick perforated suction skin
$Ihd o I mm i.d. hules i.. lr.or.-0.05q..as'umirscon-
stant diameter holes. Taking into accounl lhe tapcr ol t|e
suction holcs. inherenl wilh elcctron beam drilling, the src
tjon surlace prcssure drop is somewhat snralle. but probably
still sullicienlly largc 1o dispense rvilh an additional suclion
metering skin belov the perforared skin, which misht be
nccded,o n ,,1rdrn \um(ienrl\ Lnrtor n sLLliun in rpJn$i.e
d ircct ion. Th is conclusion should not begeneralized ro hishcr
Reynolds nunrbers for larger polcrcd LFC airplrnes.

Problems arisc with the manufacturing ofp€rforated Ll.C
suction slrips ovcr long spanwise disrances along the cni;e
lergth of individu al wins panels. These strips may be welded
together at an lngle 10 the mean 1lo* direction. The lig!res
33 and 14 show I possible Iayoui ofsuch a suclion su.face and
ils ducling in chord- and sp.nwise direciion. logethc. with

Clossins of the small electron bcam d rilled holes by w{tcr
and the rcnrovalolthe warerfrom thc suclion holes ma) bc a
problem ar thc relativeiy los flight dvnamic pressitrcs ol
t,FC sailplanes and must be lludied furthcr.

Using holes of 0.4 mnr span- and chord$ise pirch and
d:O.l mm diaIneler thc suction paltern repeats iisclfafter a
chordwise dislance of around 2 mm. i.e. area suclion is thus
ralher closely approached. Goldsmith's equivalent slot flow
Reynolds numbe. lbr single row of suction holes (.ef. 2) is
thcr [hr=4. T]ris value is somewhar smaller rhan the values
of Head on a perfo.ated vampirc LtC glove surlace al
Re"-18.106, i.e. suction hole induccd slreamwise distur-
brnce vorliccs should be of no concern for thc suction larnin-
arization at thc low Rec,values ol LFC sailplanes. Elen ai
Re.:4 106, uh, would increase only to 5.6, beins stillconser-
valively low lbr this cho.d Reynolds number and in the ab,
\erceor."reo ird-L(J bourdJD ldyer Lro.stus.

Assuming closely spaccd 6ne spanwise slots.s an altcrnale
atproach to rrea suction, the slot fio$ Relnolds numb€r
shoDld !relerrbl) be kcpt below the c.ilicrl valuc
Rc.:)vs/,)!Lo,: 100. 17 below which the slot wake flow is
purcly viscous and slelld\'. With vo'1l-.:0.003 al Re.:2.106
lhe cor.cspondinS slot sprcing is ii,/.:.tll?, or lor
a:0.6m--Ix:Ionrm. requiring.=l2 slols 1o laminarize
the bounda.y laycr in the rear pressure rise arca oflhc utper
"urr. .('vr RJ ln0 lor Rp 1 '0! .l\j n r4j r.eu'nnA
n= l7 slots in thk zonc

Thc lhickne$ ol thc sucked boundarv ldye. is ol thc ordcr
0ll nnr to 0.20 mm in lfic rerr pressure ri\e a.er of rhc
upper surface. lelding lo aboul 0.20 mm slot *id!h Such
.clatively wide slols rre e.sv ro cut eith a jervelels ciliculrr
satrr as developed b) the.u(hols Norlhrcp Ll.C grouf. prel-
crxblv using a lithiun-rlunrinum $rctio! skin sheet. l\'lultiple
sloi culiingis perhaps possible rvilh ch slots

To mainlain slruclurrl inlegril) rhc slotlcd suclion sheel
nust bc supported bv r continuous inner skin, prclcrlblv ofa
lightwcight sandwich lyl)e ii advanccd conrposilcs, contnin
ing $clion mclc.iI8 holes and sepatuled lrom thc slotlcd
suclion shccl b) n!ro$ spxrrise fle.un chx bers. which
rrc needed lo cstrblish sulll.icntlr-. unitinn sp! rvise llo\r

FIGURE 40 A. Glider airfoil GL66C chordwise plessue dislribu

t!
I
j

FIGURE 40 E

spaced small diamete. holes, or ! porous surlace. Aerody'
namicallx are. sLrction, closcly approached as described
above, is superior over suclion through les indjvidual dots.
as shown, lor example, by compa.ison LFC experimenls by
thc aulhor in the irlct lcnglh ol laninar flow tubcs rl high
lcngrh Reynolds numbers.rT Suction throuSh pcrfordted
LFC surlaces sencrates serk s!reanNvisc disturbance !o.1i
ccs, which may advcrsel) inlerlbre with amplificd bo!ndtry
lalcr disturhanccs of lhe Tollm;en'Shclichting, T.yloF
ajocrtlcr or c.ossflow lype, unless their ccntc.s arc loc!tcd
vcrl close to the surface sullicjently far arar from thc crili-
calhrer ol such amplified boundary lalcr dinurbdnce vorli-
ccs. This is usullly lhe case with an clcclron b€am d.illcd
N.lace with vcry closely spaced !na l1 dixmelc. suclion holes

in the rear prcssure rise area ol an LFC wing. where thc
boundary laycr is rehlively thick.
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Fieure 34 sho*s schematically the suction skin ofa slotted
LtC surface.

The praclical reasibility of lo\1 dragsuction through close'
ly spaced Iine slots bas be€n demonstratcd in lorv turbulen.e
tunnels as well as in flight. T|e pr{ctical lbasibility ofclec
tor-beam drilled LFC surfaces in flight has not yel been

sumcienlly verilied. ln spitc of this fact eleclron-beam
drilled LFC surfac€s Nppear particularly allrxctive. providcd
il is possible to manulscture lo's cleclron-bean driUed LFC
suclion strips in spanwise dir€cdon, either in titanium or
preferably lithiun-aluminum, and provided thc w.ler con-
taminalion problem of the suclion |oles can be handled lor
LFC sailplanes.

V. Desiqn Consideration of Suction Drire Systcm (Suction

Compressor d its Ddre Windmill) fo. 5D LFC Sailplane

For the lime being, a single suclion drive wi.dmill was
assumcd driving the sucrion compressors or wing, llselage,
elc., through shah- or perhapsbelt driver. This windmillwas
laid out for fiight at Re":2.l0d a.d a Sight sp.cd U-:18.5
m/sec al sea lcvcl condilion, conespondins to flisht al
(L/D.^):100 with *ater ballasl. wilh an oplinrum suction
air exhrus! vclocily of0.85U-. assuming a translb. eliicien-
cy of0.85. the windmill drag for the entire 12.4 rneter spxn
rirplaneis 2.78 kg (usingthe equivalcnt sDction d.agto rcac
celeraie the sucrion nir 1o 0.85t-r- includinS su.tbn drivc

A 2-G2 countcrotrting windmill wds chosen (l bhdes
lotal) to partially recover lhe sindmill rolarionrl slips!reNm
kinclic cncrgy and thercbr reduce the *iidnill induced
losses. A high wind ill xdvance raiio xt the tip trr:l was
chosen lo raise the windnrill blade cho.d Reynolds nunrben
Re. BDd. thereby minimizing the bladc f.ictio. losscs for !
gi!er windnrill induced elicicncy r,"d.

Asu,ning ri"d:.97 lcxds in a st.aight fo.sard manncr lo
a Theodorscn typc rvindnrill, using Theodorscn s curvesF lo.
lhc mass cocfllcienl 

^ 
and bhd€ circuldtion funclion Kr" of

rhc ? 0 2 windmill llwo lionl and t*o rear rotor blades)
Thecorresponding wiid'nill dianreter dand angularveloc'

iiy d a.e d:0.95m and d:81 05/scc. ligurc 4l sfiows the
r.dial variation of rhe windmill bhde chord cu. blade lilt
coeftlcient Cr ur.d" a.d blxde cho.d Reynolds nunbe.

Recsr =

FIGURE4l

wider chord blades and correspondhsly larser bladc
chord Reynolds rumbers are possjble by lowering lhe wind
n,ill indJ.cd cticrenc) ,,.d r^ Ior e\)np.e. 0 r)r'. r,, ,o,, in-
crcascs thcn slightly 1o.973. The higher induced losses.
lhough, reduce 4"i"d- 1o.914.

Nexl, the n1ain LFC suclion conrpressor*as laid oul, han
dling ihe suction an ollhe inboard ll hrlfspan ofrhc wing,
treceded by one or tso boosler sbges. The later rxise the
total p.esure ofthe suction air olthe upper surlace {ilh lhe
lolcst tolrl prcssu.c in the upstream zone ol ile .ear pre$
$rc risc 1o thc lcvclofrhc suction !ir ofthe loeer surlace and
ol lho upper surface i! thc most do{nslrcam zonc of the

A1 Re.:2.106 lhe corresponding suclion volume rrle Q"
and suction comp.essor pressure rise are Q":0.272 I]rr/s€c
and ,fps:100 ke./'.,. Asumins a compressor tip lpeed
tjr:75 m/s lcads to a compressor p.esure rise coelicienl
,rr:.28,1. Wilh . mass flow cocfllcicnt.rr:0.:l the meridio
n.lUow velocily is 30 m/sec,leading lo a comprcssordiamc
ler D:.129 nr€lers, rssuming . hub 10 1ip r.dius r.tio 0.55.
E\il s1ato. blirdes lurn lhe nou brck into ari!l (i.e. llight)

Selecting six rctor blades and cL:.6 at thc blade tip leads
to r bhdc lip cho.d of 0.015 m and d blrde tip chord Ret,n,

1; )i,n = lR6.orx)

The corresto.ding lrlues at the hub. nssuning CL
i,b:0.8. rrc cr,f:.0.16m rnd Re" H"h:140.00{1. The blade
sprn is b:0.029n, leading to r rotor bladc asp.ct ratio ol'
0.725. Iliehcr bhdc aspect ..rlios. ol coubc. *ould b. posi-
blc b) incrersing thc blade nunrber. leading to bladc aspcct
rarios ol lhe o cr l. at thc cosl ol lower Re.'s and corrc
spoidingl) somcwh!t largc. blade lrictioi losses. Thcrc is
nolhi g wrong $irh los comp.cssor roior b!ide !spect ralios
olthe order 1. assho\rn by dc lllllcr in thc 19.10s a\ wellds
indcpcndenlly ht, Prrtl rnd Whilnc).

As $ith Lhc $indtuill thc lo\r comprcssor bladc chord
pL,\I i it r.-.rri.r\ rt1//J.r..(t|ur,r.tul rr,r,,..1.
.fulion bubblcs on the upfer blldc surirce.

Sm!llc. hub lo lif rrdius r itios (=0 42) could be icrsixblc
b) osing inlel strlor bhdcs rid locilins lhcDr on. hrgc
.adius in lhe suclion ducL cxit xrcls. similar 10 Krpldn or
Frrnci\ 1L,.bines Wtih such inlct flo$ fre.oldliii rhe.eh-
tive llow deceler!lion on lhe rotu bhdc 11 Ihc hub is corrr'
spondifglt, redu.€d (r rllov $bn!nlirll) $n!llcr hub mdiL
$ilhout e\cessive .ehlive llos decelerrlion. Thc bhdc;frn

t;
ii!

Thc bladc liil coelEci€nl qrschoscn slighlly below the v!lucr
for marimum seclion lil! !o drag ratio. To n,inimi^ bhde
p.olilc drrg losses, ralher lhin bl.tde sectlois sere lsumed,
cfioosing high s!rength and \lillness male.iah lor the blades
Ihc lo* bhde hord Rey.olds iDmbers will ro doubl reqDire
artificirl conlroland elimination oi laminrr sepdri]lion bnb
bles, !s demonslrated by thc xulhor on x :1.8 pcrccnl loiv
Reynolds nunber airfoil!t cr:.Ex rnd bv Nlangrlam rnd
the iruthor on a 7.1pc.ccnt lhick more strcngl) c.mbcred low
Reynoldsnunrbcrdirloil!tcL:1.lrL Thishrler.irlbil grve
a maximun scction lill lo dfug rdlio 01 Rc.:90,000, !nd l0
r110,000. using xrtilici!l boundrrt ldler de\1abil!/arion lbr
elimination oi ldminrr sepdrrlion bubhles on the trtl)er sur
l,re ) nc n ulrLr'(('p.'nr .< .,,,u\ ' '-- il

Assuming proper rrlilicial conrol lbr the eliminnrion oi
hminrr scprrrtion bubbles oi lhe utfe. blid. sudlcc xn
avcrage bhde section 10 lill-to'drag rxtiooiT6 {'rs rssunr.d.
lcrding to a blade lriclionxl cfiicicncy of thc eindnrilL bhd
ing rr,:.911 rnd r" "d",,r: 

9,11.
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inc.eNscs thcn accordingly !o e.abtc furthc. i.c.eased blade
chords.nd Rcyrolds numbers tolower rcco.d;nglythe blade
lrictional losses. Thc losses olthe inler s1rlo. bladcs.located
!t lt large radius in the licld ol lo$ fiow velocity, are rlther
insignilicant. I. essence,lhcsuclion compreso.mus!delircr
. cerlain prcssure rhe combjned with a rc.sonably high me
.idional eril v€locit\:

The compressor slagc cfficie.cy was estimxled from an
cxi.dpolation ol the Hallels best singlc srage experimenral
axial flo{ comp.esso,s. using NACA 65 rype bladings wilh
cd.efuUy desisncd fai.i.gs belween lhe blade and hub. At a
blndechord Reynolds numbe. ol I40,000 de Hdller had mea-
su.ed in the 1940's a sl.gcciliciency ol up 1o 94percent. Onc
m ighi thus extrapolale 1o stage efliciencies of 9 I percenl 10

92 pcrcenr fo. the above described suclion comp.essor, rak-
ing inlo accourt the possibility thal turlhe. improvcd blade
sections pilh a betlcr co.trol ol larninar separrlion bubbles
at lo{er Re,'s should now bc possible.

Still higher s ucrion compressor cficiencies appe!rfeasible
wilh inlet slator blades. local ed dl a large.adius. as discussed
rbove. and particularly wilh counterrolating rotor bladings.
approeching perhaps rst:.93. Transfcr cfficiercies
rr-r*idndxr d6i onr s"., beyond 0 85 apperr lhus feas;
b1e.

The luclion conrpressor rnd its d.ivc wi.dmill were dc
signed individually as optimalas possiblc. leading 1o a l410 I
gcar ralio betlee. these conrponcnts. Highly eficient and
lightlvloadcd, though, relati!ely he!!} geNs xrclhen needed
lo minimizc ec!ring l$ses Bel! drivcs bel{een thc windmill
and suction comprc$on. uling ad!anced nodern matcrials
lo.lhe bclls. .ep.escnt an ll1corate suciion compresso. drivc

\ d.,rc d ,\r h- $((n rh( si-Jl,i I Jr'd rhc .L, r,un ,om
prcssor wilh a sltislacrorr !funsfer eflicicncy could in princi
flc. bc possible by u!ing a couIrlerrol.ting windmillon eaclr
$ing sidc. Nirh Ir..0.r to 0 7. driving d slowh nrnning multi-
srrge countcrrotrlinS axial flow colnpressor. oper.iing rt a
high degree oircrclion rbove I io maximiTe lhc sork oulput

Since rhe nondrncnsional suction llor rrles vdr) subsrrn
1i!l\ *ith Reynolds numbcr Rc" and cr lor the vrstl) dilTcr
ent flighl coidilions ol r high pc.fo.mlnce l-FC srilplanc
ddiust.ble suction conrpreso..olo. bladcs xppe.r highly de
sifuble Adiustable pilch lor lhc windmillbladcs md) ior be
rccdcdt d€t!iled srudies, tbough, .rc ncccssary over rhe en-
tirc r!ngcolflight condir,ons loconfirm Lhis.

'Ihc suction drive syste r ighl be used 10 imprcvc the
srilphne pc.iormrncc under poor so.rri.g condilions !s fol
lows: The suclion drivc $indmill cxn be geired to dn elcclric
gener.lor (vi! r clLrtch). $hich crn operate al$ ls !n eleclric
n'oh.. Undc.ldvo.rble sorring condilions the wi d illc.n
d.ire this generrlor tochdrge up battcrics or luel cells. When
soaring condilions becomc muginrl thc bxtlcrics.r drive
the gener!tor rs l nrolor. !nd lhe *indmill will thcn oper2le
rs i tnrpeller Io o!erco e a lrrge pcrce.trgc ol rhc rirdrne
dfuA, DcrhxN 100 Frcent For this Furpose the $indmill
bhdcs sould hrvc to b. desisned lor smrller bl!dc litt cocill
cients, pr)bably usinS x lrxili.g edge .r!,se lLp tu lhe
bladcs to mainlrin high blxdc s.ction lift 10 drl]g.aLios bolh
as r vindmillrs wcll !s x |rcf.llcr. Adiustible pilch \roukl
Lhcn bc necdcd lor rhc $indmill bhdcs

During normrl so..ing conditions thc clcclric genc.d10.
uould be declutched.

To qualily a\ a s.rilplNne. lhe ch!rge ol lhc brttcrics or i!.1
cells at landiig should nol be lowcr I hdn r1 lrkcoll.
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