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nccring In 1938 he joincd Dolglas b do acrodynamics
w()rk on lhc A 20 Hrvoc ati.ck bomber: he later did the
acrodvnrnr,.son lhc Dorglas Skystr€k whi.h captured
the horld speed record. Altcr w;rltrrg d thc high per-
fdmance Skylay he shifted emphasis to research and
+rcnt thc b.rllre,)l his carccr in that disciplinc. He still
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By 4.M.0. $MlT[

This pxl[. ( basicdll) rn ecrodlnrnric sLud) ol rhc posi
blc g.ins in pcrlonnrn.e thrl corld bc nrxde br rppl)ing
lxrnirdr llo{ control to obrxin .rtre e\Lersi\c hminrr hyen
lhan thosc cxistin! aluRtlly Scrcr.l ol rhc rno.c prlclic!l
p.oblcnrs such rs dirueler o1 . $iidnrill to run rhe punrp rrc
rkodiscu$ed \ hilc thc frr)e. Lookr {cll!h.xd ro rssrs\ the
p.ostccls. il nrcdnr ro bc rcrlislic rnd nol lo brfrs n!n)
problcnrs As i,n c\rf,flc ot (hc r.rli\ r io hininrr lo$'
corttul is rptli.d Lo lhc rrll surLrcc: ltt il !rn.l,,l \r.ce\s
lul apflicrLior is mrdc ro rhr ring, undouhtcdl! thcre \!ould
bc \eriou\ lhoughts rbout .tflvi.s LIC to tril surlr..s Ir is

ibund th!t ior . srilfhne of Lhe gencral quality rnd cha.rc
tcrislicsofthe Ninrrr I or AS,W 221he L/Dv^x co!td be
increrscd lo !bou1 ?6. The crimth ajrlbil wa\ invcsrigarcd
!s.n rlrenate lvpc 1o helpsolve the problcms ollxbricarjon.
AlthouSh lhc Crimth looked ve.y good when flow losses
*erc not conside.cd, whcn thcy were i.deed coisidcrcd ir
rr\ dcljnilclr inlcrntr to the conventional laninar llos con-
tnrl \nrf' Ilo$evcr rh. slsten is \o litle cxpbrcd thrl
coisLdcJrble srud! is.ccommcnd.d ro sce ii il clnror bc
\ubslrnlirlly inrtn)ved.
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PRIN( lPAL NONtllNar.A l l,Rll

r: x nrcxsurcoldisk lording lor rhc \!iid ill,eq(ul)
AR .- .sfcct mtb. b2ls

( dr rf.,rri.i'.r.(r.t. .,r.i rd r.,.li,i-1r
( | :\Li lrntinn.tullicl.nt
CL: liit cocllicicnt
Cf - prcssurc cocmcicnt. (p p6 )/ !rU co2
Ca suclion coelilcient. Q/S Uoo or Q/cllc.
D: drug, Dt rolrldrag ol pumping slncm

DwM : drag ol windnrill
c: spai cmcicncy factor
i puisitc Jr.,B Jrc.'. I:C uf S

ll lurdL h<d,1, l{) lurJl h(rJ .it Slr. 2

H l:loralhead !1Sra. l
K : a laclor involved in the punpnrg pose. rnrlysis

eq (al2)

Q sucrion llow rate, cu.f1./sec. in Enslish unils
R: windrnillradius

Rc: chord Reynolds number tJ@c/,

R, : r Rcynolds numbc. Uzl/
R,1* : boundry,hler displacenrcnt thickncss Rcvnolds

numbcr Uil*/,

U:velocil! outside the boundary layer. Uco:tighl

u velocitl ii a boundary laycr
V: velocitv ol disch.rgc for th€ air sucked ftom thc

boundrry laler
v:velocil) no.mal 1o wing surlace, vo:velocil)

lfioush the su.lace.
ws sinking speed ol rhc glider
x:di\trncc in the llow dirccrion
y: distrnce norn!l to a surface

GREEK

,+: displacemcnt thickness olthe boundary laycr
,: p.oduci olpump and ivindnillefiiciencics

,p: PumP eliciencY
rrwM : windmill eliiciency

GAINS FROM LANIINARIZATION

Al lhe presenl rrnrc top pcrfonnance s3jlphnes arc bccom
ing so clean thar aboul lh€ only rcmainine avenue lor lu.ther
performancc improvement i! 1o obt.in morc l.nrinar l'low, as
r lin'inrr bounduy laycr has corsiderably loser drlg than r
turbule.t lxyer Figure I clcarly indicales the grins thal rre
possible. The ligu.e lppljes only ro . flat plale hut lb. thin-
trcr ai.ioih the relative sai.s rre !bout thc samc. Thc ordi-
nale is 2Cf to account for hoth sides ot the phlc .nd as you
c.in sc€, lhe values arc comparahl€ 1o tho\e lor an !;loil. At
Rc equal to two nillion Fhich would bc represenlalive ol a

sailplane we see thal illbere rvere only 10.? lxmi.ar l]ow the

drag cocmcient. i e. 2Cf, $ould bc aboui 0.00?5. tf thc sur
facc had the proper shape.nd smoothness to obtain laminxr
llow to 50% cho.d the cocmcienr would tall ro about 0.0052.
But ilsonre synen wcrc d€vised lbr obtaining l00c/o laminar
8o$ thc coelticjent would fall 1o 0.0019 Thus d.ag .educ-
tions .re the incenlives behind ctro.ts at larninar flow con-
1rol. Ndlur.l 1!minar llow cNnnot exisr bevond en
\Rp\nJd.nunb(' | \,ol rboul J. l0o lo ldr r<"\un
rrrcL,rt rr rl l(R( 4 l06,u ei..hu rd..heo,bur
lbe solid portions deli ilely can cxist.
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Fisure 2.
Efrecrol Sucrion and Pressure cradienton rhe Shapes
of Boundary-Layer P.oliles.Flat Plate Dragvs. Tra.sition Point.
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HOW ('ONYI'NTI0\{I, I,AI\IINAR
Ft ()w ( ()N I n()t. \!()Rl(s

(irnvcntnrn!l lddrinrr 1lo{ cof1d. hcr.xftcr clllcd t-l C.
is done b! lucking oJl somc ol lhe bourd..) lxler rhough rIe
surl!.c. I rlllhcoreri.llr.rUse\ r ve.) ide!li^d un,lodi'l!
poroLLs \u.Jace is rsudr.d, thnrgh \Iich thcrc is r snrrll
dnunt oi inlld! lo lhc ins colri!ine lhc inflo* vclocit)
is quitc rnall but it ch.necs the slrbilill ol lhc bounda.)
hyer lor lhe bctler, even ii rdve.se tr€\Jre grxdierls such
!s occ!r a11he reiir ol rn dirloi! ()l coursc xho thc bounddry
ldyer is thini.d somc\lhxt but thc chrngc in ils shrpc rnd
hcncc its strbility is thc bie ch!ngc.

lieurc 2 sho$s sonrclhing 01 lhc cllccl ol soction. In this
figure r* is the bounda.y hye. distl!.e rent thick..s which
is r conveni.nl nrersurc 01 th. thickicss ol thc borndrry
lxycr. 1t is r1 or l! ol lhc lolrl thickncss In lact ir thc {lgure
lhc ordin.le is )/r* so lhc vrlue 1.0 is rlso irrl i* It6+ is a
R . , 1,,. 1, 1,. ,..d.' ,l' ,. . .- I r U.' L r.'.r 'jun rhc lhr phl. crsc. Il lhc lldt Dhlc hrs wclk uniiorm
sudbn bul still no pre$urc gfudicnL thc shrpe ol lhe bound'
rry hlcr prolilc bccomes luller. thrl is, ,ore .onrex, lnd
lhis slight incrcrsc i. co velirt rxises the Tollmicn Schlicht
ing lyp. ol shbilny xll thc *rl hom t20 1o.10.000. Also
slxNn is rhc bounddr) laJ_cr prollle thlr erisls rt rhe lronl
\'.trJ o Fv,,iH r,c/ I |'\lrrP\r
ing .rtidly As is se.n. r tvorlblc prcssurc gfudicnl givcs
strbililr- 1m, rs is $cl1 known. So, shilc much more cri be
srid rboul Lhis froblem the figure shows lhtit ufilbr n'c
lion (the dsymptdic \oluli.) ) g.e!11! \hbili7.s thc bound
!ry lur_er. rs do Irlofubl. trcsurc gfudicnts. lurthemo.e in
vcry scrk ddvcrsc pr.$urc gr.dicrls Lhe sl.triiit! ol th€ llow
aloDg r sol pLrte lalls lo !n R* vrlue under one hundrcd
rnd pro rtlU lur.s lurbul.nl. il it docs not scpdrrlc lirsl.
But weak suction ii ldvcrsc gr.dicnts sLill nrbilizes i1.

The.rlculrtions in lieure I r.e lor r inrthemdticdll! idc
rl porcus surircc. I hc pfuclical tn l.nrs ol |i( lcing such
d surtxce Nre l.cnc.dou\. s. rn .xtc.sivcll used suLrnirule is

disc.ele \lols. strccd I\b or thrcc per ccrr chod rfrd. This
subslitulc mcrhod is nol rs goo(l iderll! rs rh. pomus $rrl.cc
but !l lc!sl il h!s succcs\Iully beci built r numbcr ol (irnes.

Iigurr.l lrlrn Innn Rcl. I sho$s \rhrl r \lol does Lik.lhc
rsrmflolic suctidr il mrkes lhe bou dfl hycr Pnnllc lullcr

Figure 3.
Fisure 8, p. 787 ot Ret. 1-Several Calculated Velocity
Profiles lor the Plane Ptate with Suction- vo*= 1.5 in
the Range 1.O:x=1.15. {L is used as lensth of the
plate in this tigure.)

(morc convex) rnd so morc stable but shorlly th.rcrfic. the
prolile .cverts to thrr ol ! lla1 plate. Bul in prxclice this
qrrl,.J,'\b'- l".nd roheq-,lccflcJIi'(. lhF,enl\uA
thc Row nonnrllo the platc at thc ph1€.

Plenringer i! the pionccr in cllorls at I-FC. Hc has alwats
uscd slols. One.xrmplc oi his work is shown in Figures,r,5
lnd 6 coDics ftom Rel. 2 Firurc 4 shoNs his l0 5cli thick
dirhil. rnd lhc localion ol the slots ds wcll rs rhcir $idlh
*hich r.ricd bctuecn 0 004 dnd 0.016 inchcs on r modcl ol
.10 iich .hod Thesc spacings and widths should be dbout
riqht lor ! srilphnc excepl thal il x propcr shdped airlbil is

!.) i!)

G) G)

ptenninger,s Figure 94-Laminar Sucrion ProIile, d/ tionofthe slc_tion slots. (lnhisfiguresd isrhickness,t
i=o.ios", t/i=olotg. Prorile shape. shape and Posi- is chord and r is camber')
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Fisure 5.
Plenninger's Fiqure 95-Laminar-Sucrion protite, .t /
t-0.1O5. Optimum rorat CWo wirh suction {suctionblower power included) tor various Be and Ca, rurther-
more, cw@min wirhoutsuciion. {tn h'is tisu; ca is tift
coefficienrand Cw is drac coetticient.t

I

Figure 5.
Ptenninger's Figure 96-Laminar Suction Profile, d/
t=0.105. Ca{Cw6) with Suction Ior various Re {suc-
tion-blowe. power included.)

uscd no slds should bc nccdcd on thc lronl hrll SeeligureT.
I.igurc 5 shows mersured drig r.lues including thc punr|ing
power .1 vrrious Uit coellicienls. Figure 6 sho*s lhc drtr ii
pohr ibrm. The d.ag is indeed \een lo bc vcry lo$ Notc thrl
rhe lest Reynolds numbers !re about thc srnrc rs lor N

Figure 7.
van lnsen s Figure 11.2 and 11.3-Cross Section of
Model Showing Suction Compartments.

B.!slow rl NACA succcslully tested a thrce-foot chord
ri.{bil model covered $irh sintcrcd porous bronze Oilite
shccL: iI roo ea\ successlul. Morc.cccntly.l.L. van Ingenl !s
his docrorrlrhcsn srudied a.d lened I l5or thick airloilttral
h.d r pcrmcrbl. $rclidr nrrfucc. The xirlbillnd suction arca
rre sho\r in Figurc 7 shich shors the nunrber ol duc! com
pxnnr.dls 11he ver) i.\idc). Fig{re 8 is r vic! of rhe airioil
without ils cxl.rnrr coyeriig. 1t is quite compUcatcd. pcrhaps
mriniy bcc.rsc it *as ! research model. The suclion su.i!ce
wNs huilL up ol scrccn i!irc on ho.eycomb 1o support fillcr
p!Fer (o rupporl ine n!lon _lhis 

wns not x fruclicdl surhce
bu1 ir loo "r\ \ucce$jul in thc wind lunncl. Rc !!lues being
in rhc I to 5X I06 r! ge. Mrny more tcsts hrvc been nude
thrn thc rh.e. e.tioned, and thcse lc$ shofl plragrlths

' ' 11 rr,, t.^ ,n'"i,ruughpi.rur<.r rhc.iuJ.._

]F',HN]fAL IOARING



Figure a
van lnsen's Fisure 11.4-lnteriorof Model.

THF I t_(',S\Sl lt\t FOR 4 CI.II)F.R

l igtrre r) 
'hows 

this ruthois concct-rl ol lh€ I I( \lstcm
lh.L rnu\t h. us.d id r glidcr. Purnpirrg ol tht iL\piktcd !ir
mun bc dodc rnd lhis L.kes iroller SL..c r eldcr crnnol
dcf.nd on rulili.ry poRe..\.cft lir instrumcrrl! llie of\'
clllcierl \olulnn is ro i.corporrLc r iinlnrill,tr rLr rttbinc.
tlecrusc ltcr"nolds nunrbcis rrc los Lh. ridi)il .rn b. shrpcd
10 g.ncfutc r nrlor!l lrrnir:rr ll) lor lh. hbt :O'li !lrod tr
nuc. r\i( ol this |or l suctiof nrusl thcn Pick oF rfd c\l.nd
rhe hnrirrr ilt)$ lt) thc l.riling cdge.iu\l r\ viLf Iig.n dnl.
llrc \u.riof sill usurllt bc lr1) n bl)lli idc\ ol thc s';ng. flie
as0i.rlcd rr no$ is in llrc irrrc.L'.,)l rh. $in! Colleclif ! the
ririnlh.$irrgisr.€iLl tobl.dr llrhcnrlurtl irrc.iorol thc
Ning i\ r:rd rs r durl, thc ducl $iLl hc lt rgr bul hNvc vct!
ro gh \!xll: Or !rc tlrcrc 1o rc nrr.) lribulxr] ducts Nll

IQding ir to oi. nrxi. ducl in which crse rhey \ill bc srnoolh
b!t snullcr I Mu.h slud) lnd lhought is ieeded on rhis prob-
Iri! In rll c\istirg airphne sludics the t.FC syslen uses
hu.dreds ol sn!ll ducls lcading into hrg€. ones thrl in ruor
lcld into slill hrgcr oncs, like a hrgc rivcr sysiem.

Ior rrv ducling syslcnr the air Lhrr is sucked in nun bc
ledlo.fudf ProbrblyLhcrc$illbeonepumpforeachwing
rltlro!8h r single centrrl one could be inslrlled in rhc luse-
legc ll rhcre.rc tivo p nrts they will lik.ly be placed ncar
thc ceiler ol rre. for cach wing. Then thc inboard air flols
oulboard 1o the pump.nd the oulboard air flows inborrd.
thus pcuniuirg two ducts instcad of one per wing if the air
$ere allduclcd into thc lusehgc. The pump is shown sche,

'nalicrlly 
in Figurc 9.

Alv, slrovn is thc windmill. 11 proves 1o bc quilc smNll
which $!s a plcrsrnt surprise dbout a lool dilmetet on d

glidcr lhc sizc oi the Nt,rrJ l. Thc horsepower required is

srbslrnlirl. bur lhe reason thc windmill can be snall is lhal
il is essenlirlly operaling in ! grle. For a ground windmill 20
knors would be r sLiff brcezc. But this onc is operlling al
up$!rd ol 50 knots. The windnrill can probdbly have lixed
pirch .nd sill *o.k s.lisfdctorily al Nll spceds F_or hmindr
flou conlrol. N thc glidcr spceds up, nore air musr be aspi
rll€d Bul rs it spceds up the wlndmill sill run hner, thus
spccdilg up rhe pu p so thdt evcrything sorks tog.thcr.
Morc exrctl), ii rhe detail.d rnrlysis rirspeed canceh oui.

In lhe slcrch. Irigurc 9, lhe wird ill is shown .cmoved
liom lhd trmp. This wrs done to lrcilitllc rhc dnNllsis. lnd
olcoursc mrnt sorls oldrives rrc possiblc llut clerrl) whal
sccms simplesl rnd ligh1.sl is 1o mounl lhe punrp (just a good

lrn) or lh.,'Lhe. edd ollhe windnilishdlt Thcnge.b.bells,
erc Nruld not bc nccded. I. thn crsc thc simplesl p.oc€dure
is to exhrun the LFC rir conccntric with the Nindmill shxlt.
l hc Ll'C rir nr!r_ be c\haustcd .1 lcss thrn fiight spccd s)
lhrl thc \!iidnlll nriSht be runfiig in rir thxt h.s dcllcic t
ciergr Thc dilllcull) crn be overcomc, ho\lcveri the dirme
lcr ol th. $ indmilljust .eeds io bc incre.sed. I. hct lheic is

e siDiLrr ptuLrlefr on tor')cdoes The) hrve r propcllcr rl lhe
vcr\ lril Lhrl .Frxtcs in lhe low \Peed wxk. lrom the entire

' , r lh ! r' p(l (, . r. | ' 'lc.ry|c ^. 'tc rr
this rrcr ol lo$ €iergl flow. ln tuc! it n cdllcd r "w.ke
rdrDled Fiolallea. Whdt is.eedcd here is r "s!kc ddapled

A sindnrill is simpLc bur nol vcty clcetnl. It is !lso possi

bl. ro rrcurt r lurbi.e in sonrc kird oidu.r running throush
lhc sing. or i ) idc.llc. All the\e i,llernrtcs intPl)' nuch
sl!d!. Ol cours. il thc lurbi e Nere.nlircl} subnerged in
the rving structural prohlcnrs $ill rrisc.

In lh. glidcr LFC sr_srctr thrcc llpes ol wrkcs thrl lo.n'
lh. !lrrg r.c shed. s.c I igu.c 9. The usual onc is the tring
\rrke. l1 j' co vcntiondl bu1 quire snrrll il the enlir€ llos is

indccd l:,rrinrr Ncx( is rhc {indmill stkc. The wlndmill
rrk.\..crgt oul ollherir, rhich mcdDss!o{ingupolsonre
rtr.rmlin.s so lh.t rn.lhcr \!rkc is developcd. Lh;!dly !he
t I C ri.; dis.h:,.gcd Dcpctding on thc powcr PUt itlo thc

tuDrp thc ri, drrr bt dischr.ged rl rny$hcre liom nruch lcss

Lhr. illght \cLocil\ 1o n,u.h nrorc, in shich ces. Lhcrc $ould
h. nrn. Lhrusl jun rs wirh ict cngines. Il thc dischtrge veloc

it\ is ltN Lhc re!!ir.d rindmill power willbc low aid hencc

irs dfue \!ill he ld! Conversell il the dischtrge relocity is

high rhe \r,iduiLllrrg rlll be high. llence Lherc; rn oPti
rrLLrr \rl1).il] Lhrl nrIr\ rhc ]rtdnrill d g ind thc l-l_C rir
dfug rogrlher In,r,nr!.r. Ihco|1i r Jn dischrrge velocity
i' r \.r\ ifrBirrrir rnd q!i1e .crl(tic crsc, bc!rus. thcn

l(trninutl ar n.\t I)aY)
The Glider LFC System



thcrc is no mo en(um rcrclilnr !t rll lnrn the I FC !ir. ln
lhe Apfcndix, c.lcuhlions rre mNlc oloftidri/ina rhc I-FC'
r; dischargc velocilr drag ol lhe slsrcnr. clc

Rcquircd suction lnllo\r velocitics !rc vcD loN. I vrlus ol'
vo/U.o ol0.0t)08 being 1!pic.l. Ilcrc \o is thc n\chge veloc-
it) through lhc sud!ce. us!all\ r.liocd lo llight yclocilt
Thu\ il llight is rt l00lfs lhe \eeFrge llor is only 0.08 lt/
scc. The prcssure lhat lhc funrp nrusl ove.cof,e corrcsponds
lo x prcssure coellicient ol.bout a: I i. The r\pirrled r;
is suckcd lrom the verr holtom ol thc boundxla !dyer, whe.e
il has lon all ol its dlnlnric head, i.e.. a tdal hcrd loss olrp -l B.r,l.l, i.h.,,j ul(,lrrur,.'n.!.
reg,o,' r.oi ll) n. \'Is J , f ,t ' l Jd!i .. n. .(rJ (
t.' ur. I^\.r\rh oughrhLL,,r,- .,rrr1.. .s(llJ.r r(.u.r
losscs. So a good rou.d numbcr is to rssume th. l-FC an h3s
ru. - \e.,1 .J1.\..o d, grJ, p .\ Or( Ic..\ nrtJ,r
n ,lir rh( pr<s,Lrr u rl, n rh( .^llF,,,1p d.Lr n un (r(rJ
where be les! thrn lhc exlcrn.l prcsure The pressu.e on lhe

l). ll lr i1r' r1 Ifr"\..+rret-.1
!n NvcrNSc of the extetual vrlues, lhc floi! would enter lhe
sing rl onc plxcc and floB oul at anolhc.. For cxamtlc look
!1 Figure 9 nerr thc dnsh€d line .rarking the besinnins ol
suctioi On lypicrl rirloils lhcrc {i1l bcconsidefu ble v!cuum
al this fhce Bu1 nodr the tr.iling cdgc th. vacunm \!ill be
much lc$. Thcn unless xllducl pr€sNres.rc sufiicicnlly lor
!hc.e could bc ourfio* ncar ihe ironl ol the n,clion m!terirl.
Oulllow is cal.slrophic b thc lanrinrr houidary larer: il
destrbililes the bounda.) layer, eorking just the opposile ol'

 N ESI'IMATE OF THE GAINS IN PERFORM'\NCE
THAT MICII'I BE EXPE('TET)

Thc 6,1dollar qucslion is sh!1 I-F(l docs to glidcr p€rlb.
mance. and bclow isrn esrnnrte Thc cstimrle is meant to bc
conservrtivc, nol an !ll out applicalion of LFC. Yet in ! Itay
this cstimrle is Nn utper limil. lor it rssumes 100'i lamintr
flo$ on bolh swlaces of the wing. Gal)s as at ailerons and
flaps r.e a very bad problem bu1 lanrinar flor hds indeed
bcc oblaincd past nap gats bI using exlra suction. Oi
couNe whcn r finrl practical dcsign is being cons;dcrcd. de'
cisions nrighr be nrade to scek o.lr 80o/. on loP..d 85'n
lxminrr llow on thc bollom. lbr innrncc. The presenl pur

pose is 1o show possibililies ihat hrvc some chincc ol bcing
rcrlized Altcr rll i! is indecd cnlirely possiblc to mtkc a

glider that hrs no nxps at xllrnd lhe dilenrns crn be relali!e
l) nnrll. Moreover thc airloil sh.tPe nrxy bc dillerent lronr
conlcnlionrl, and flrp setlings, il xn)'. {.c qui!e u.known ior

Therelb.c *hrl seems to bc a reasonablc rPprotch 1() de
,(,i I r1g rlc br1/r I' N r'unl(F uJl \ rii lur '' n s u rrg ul
lhe lnnbrr 3 or AS W 22. A y Ll'C srilPhne trillbc quil€
exNnsive ltnd naturrilr Nill h. oi lhc highest qullit]. Since
llc rbole iwo 8lide.s retr.scnt lhe nale of thc arl and are
\c ) (.crn. lu8irJln..eourrrl(nr.r^n lr,urr(.rion ro

rhcrn ds r b!se. The proccdure belo{ rcduccs 1o one ol csti

mirling lhe reduction in drag duc 1o ch.iging to rn LFC
win8.

'there secmed lo be.o bcllcr o. ore rccu.ate nethod for
( h,,.r r_r ,D.e lJnrJLUn'. rRnl 'r,rJul' ^.'li"h
L(sr o.r.r1.5. or t ( t) pr.rr,rr
well as the prediclions ol 51r€xthct6 tre slos n in ligue l0
T{o flrp settings werc selectcd lo rcpresenr x v.riel! ol .on
dition\. whcn pu1 in cocnlcicnl 1b n thc '\nrrr! I 7crc

degr€e fldp dtla looks l@ eood ro be lruc 11 hiqh lirr "'lJi
cients- ior lhc drae incrcascs \rith (ll !l ! fule cven l.ss than

lhe pu.c induced dfue CL2/nAR tor Nn rt'r..r rrrlo 16

Figure I0-
Some test data for existing sailplanes together with
esiimated polars Ior sailplanes with LFC winss. L/
Dmax values tor several polars are noted- Aspect ratio
is assumed to be 36.

wing. Perhrps rhere srs a sliShi upcurren! lhe day these
Ilighl tests *erc nrndc.

ln irying 1o use thc tesl dara rs a base a curve meanl lo bc
a mcan Ms tuired lhrough lhe dala lt lookcd parabolic in
shape, so ir *rs checked by plotting cD vs. cL2 which is !
straighl line il lhe cuNc is inde€d a parabola. It was found
that this cycbrll curve rvds indeed quile streighl so thc
author dccided Lo use ihis widely uscd paraboUc poldr dp-
prorinration. The equation was lound 1() be

cD:0.0074+0.0110 cLz (1)

giving e, thc spNn cmci.ncy tcto.. a vrlue oi 0.80 lor an
rspccl r.tio ol l6 representrtivc olthe Arn,?r6 3 and AS W
/..alc l) rrr't r-r.drJgLu(hriclr r Dn,.o0014 lhe
t'Ul, i.r1( .r.,rc.t ,h, rpo,, plo (JinItur( n A
both low Cl. rnd high alL vdlues it is conservrlive. ln thc mid
CL rangc it looks oflimistic. Bul nolc tlrat no.e o1 lhe plot
tcd lesl d!ta arc lor .n! posilile nap scltings. Therelb.e i! is
bclicled lhrl cq. ( l) is a good represcnlation ol thc stale oi
the .rrr lbr ail ndp scltinSs. I1 produces a naximum 1ift d.ag
ratio ol55 The polrr oicoursc is nol meant to rer'.esent jusl
one conligurllbn lt is meanl 1o reprcscnt rn envelope ol
$hr1 crn bc obtaincd by use ol the best airfoil dnd bcst flxp
s.tlidgs lor coi\cnrional .irloik. Strcather's p.edictions6
*crc iicludcd because il wusconsidc.ed valuable to see whrt
othc6lhoughl could bedo.e. Bu! his drla poinls are nol lesl

l hc next problern is suhstartixlly locorrcct this polar lor a

chNngc ii rirlbils Thc duthor docs not kno* exaclly lhe
!irlbils uscd br- thcsc sxilpl.les bul one imporhnl airfoil is
thc I X 67 K 150/17. Based on ave.age cho.d the Reynolds
numbcr 01 1hc.\inbrr I dt 60 kl ai sca lcvcl is l.4l million.
Ilence *e shxll work silh L5X106. DilTerenr Reynolds
iru bers should indccd be used 1or lhe difierent CL lalues
on thc polu, bul sincc nothing is known aboul the airlbil
shapc. thc bcsl llut cr be done is to estimate data fo. a

rcprescnlNri\e Re!nolds nunrbcr which is takcn to bc
l5xt06

Ar tlis condilion lirr thc Worlmann ai.ioil a llpical CD
value i! 0 006i. This vdluc Bas checked againsl in{brmalion

l
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in Abboll rnd \or I\)cihLtl r u'[7shichshow!.lfugcoe]-
liclcnts li)r \crerrl rirLi)ils rgrln\r l<c\nolds nurrh.. An ril'
loil thrl i\ clo\c ri, slidcr jecti,ri\ is thc N,\('  65r .118  t

Rc I ix 106 irs ';ininru* ,1,,,! Nhich .rc(rs :,a r dcsign
lill cocllici.nl ol0.-1is 0.006ii -lhisir!n lyi rhick scclidr.
'lhe c,rnplctc,\nrr!r r *i.8 hls r rreiLf niriiil lhickdcss
les th n l5';. bei g l5ir, dL rhc n)!n llsing l.igr.e 68d o1

Rcf 7 l() co ect i)r liickn.\\ $! illrin obl.ir ( D:{1.0065.
ltu rler gc xidail lhiekncs\ ( lcs\ lfirr rl'is ltrthernrorc
:r{. rr{: ,{t.'lL. l,'rr Dl., thJ r- I 'i.i.LU1.(\.-
li!c bocrusc lhe ieredrcntrl iiirnrovenrcrt will bc l.ss.
Th.rcli)tc lo lhe hrse .irloil r\{nrc ( D- 0.00(',1

Ii,t (.ri,',.'ri : th .'irluil 'lr.'s_ .\,r1, 1,,,,,n.'r lrnn Plcr-
nrnp(r \ N \( \ lNl llrl A 

'r'c.1. llr' 1.,{l (,,n{iJL's rl'(
puf,rirrg froblcN li)r:d ritrlire,,r,l .rBin.s c\itted so his
tnrl or cquilalent drr! vrlue crLnnot bc uscrl dircctly. Ir-
n.rd. rrs l lii!!to 9. corsder lhc $rkc dr:,s. thc $indmill
dr{g rn(l rh. dis.h$!c dfug lrnD Figurc 97 ol thc TM
llSi rcxd Ct) qrk!-0m07) xl r ll(*.xlo lhnr lcrds l()
n,inin'um tol.ldrirg This riSUrc is lo. d Rcrnol(ls nunrbcr ol
I llx l0ri. Li\idS rhis l.jgurct)5 (our l.ig!re 5) ds d gunlc.
csLinrrlc thrr lor Rc l.-\X!06 lhe d.ag would hrve in-
,irer\.d b\ 0.00015 !ri!i g r srkc ilrr.s.,Ellioienl ol 0 001 0.
This i\ the vrluc rhxr shxll bc us<rl

L\urrllnrtio. or \ xriou\ drriL \LLch rs PlcrrinBcis !nd !in
Ing.n s irdicrrcs rhrLl rd i,vdrlc nomul iniL)$ vclociL! -
.J L I co L,l(r,. \,t,.. r., r LJJ,li .n r .,1.-
n,rr.d I hrl the rirli,ii is s() shrN(l r hJt ruction rred bcgi. Lrl

!O'; .hod on r()t ar 60', .hirrl (!r thc lo$cr surlrcc. I hcn
thc r01.l inll,)N qritnfrr- {illbc. trith c !s rhc chord

Q= 0.000E1. co c(..1 L5)

A sl!ndrrd n'criurc ol\ucrnnr qtrnnrirr is

( e Q/s I rco or Q,/c (Jco

dcrf,rdi ! on \Ir(hcr lhc.dli.e $ing rrer s b{ing r.nsid-
crcd. or i \t a $inS \edn)n ol .h,trd c Thctr llr rh. prcrcnt
ptuhlcrn ( O Q/c tlc. -0 0(ll)rl is obrrined

I (.',,t. .l ..'n.'r',.' i..l i . l, rlR r. ',, urn
d.r! o ll,e d6.hrtge $rl,r t)L s (if(lrrill srkc Bur prrlll
bccx!:e r glidcr ertr,roL:,1$r\' ()irc.r1. r{ ot,rin,unr.ondi-
lions.rD(l txll!) bet ,\r oi5inrplirit\ rc !s. r (lillcrcnl lor
nruLi rir the nrripl s dr,t! \\c LLsr one lor llic.rsc vhcre
th. r\timlcd ri. s disch!rtcd c(!cLl), dt r llighl !oloci\,. so
thc otrlt (irr! ol lhc i r!rin! :!\lcnr i\ thc drrg ol lhc $ird-
mill. Tltis kind nl ,)tEr.tn)n icr(1.1,) rboul ll)(r $r. puDD-
i.gd,rA tfixn rl'r rrre nrinin,r,,r lh.ln nulir is

, ,J, I a t.l, \2)
' ,rl i.,)

lltrc a i\ the nrrl cr ol rIe $;ndDill ctli!ien(!.nd tie
, ("J r. \ Ir',it..rll ,r|rr,.r

fun'0 hxd thc srrre cllicicncics, crch \ rL(l bc 84at lhc
tctnr !t is. me.\ure ol rhc ili\[ l,,r(lrrg ol th0 Nindnrill. see
thc,\ppcn(ti\ ,^ \ rluc ol0 I \dc nr rcrinrhlo rnd pfucricrl
I lenec r( r.x ): 0.56 ( r)t is rhc \(rlic irrcssrrc roetlicicDr il
Slrli(in l. I:igurc 9, th..ntIncc t lhc lr n. As fotd bclorc
r.'rr(i.r" 1,.,+ r(..,(.. I l,!I i.t .r,t,,i
rq rl)

( I,n,r.,t.rr,,. rl ,I)'l l' ' r ".(rrl )

0 5(J

l his i\ rhe 1L,r,Ll f rpine drog. I( is inrponrnl ro h.v. high
clllcier0r Il a $crc 0.60 i.nerd o1 0.70 thc punrfing dfu!
$rnr ircrea\c laur counls to 0.{)021.

lh.n itrl,linB thr rirloilrlrkcdrrg $c -sel lb.l[cldilLF(
rirli)iL(lrre

co o.oot,.r l o.ooro:o.oo29

Ndtice thrl lhe puDrping dr|g is considcfu bl! grcrter rhrn
thc rvrkc drrg. While arrivcd Nl dilltrentl) 0.0029 is pfucti-
cally thc srme vrluc.rs Pfenni'rgcr nrcasurcd, rnd shown in
Fieurc 5 tur th. propcr R€Inolds nunrber. For thc phii rir-
loil rhc cslinrilcd dr!8 vltuc *rs CD:0.006,1. llcne r .c-

a tJ .0 006r ' ll.Dolrl : ri0l5

Nolc lh.rl ihe rril dmg, iuschge drag, intcrlcrcnce drrS
,nd indurcd drtrs r.c lcn uncl, ngcd.Onnn Ll:('rirtoilonly
th. skin lticldr is chrnged. not nromeni cocftjcicnts, etc., so

lhere is o rcrson lo chrngc tail rrers and thc like. Then lbr
the c.trcelcd pohr (lD:0.0015 is sDblraclcd rl rll CL v.l-
ur' lhA ,. .,n rarch)pc l,.rr,n nr. t'(Ju* l,'r.'r\ pJllir'u-
lrr iirhil dcsign rh€ incrcmcnr trr,y nol bo llrainablc t
.(,r ,r(L\.,1u(..BurL:r-g..,lillircnrJi f",l rl,( ,n. - ,,r-l
shoukl irdeed be rrtrinrble. A1 high Rc),nolds numbers Ns

lor rirp|riics lhc incrcmenl would be nuch grcrler. but evcn
ar Rr I 5! 106 il is slills.bst ntint Thc ncv polar is

CD:{).0019+0.01 l0 CL2 (3)

11 is rl$ shosn in Iiigurc 10. The nraximum lilt dfug rrlio
is noled rnd is incrc:rscd lronr i5 to 76- For lhc rtrre ol thc
rn l]ohr nrr\nn! L/D oc.uA al dboul (lt_- 0.E2. Fo. rhc
t-l ( tri s it occurs ll Cl.:0.i9 so the spccd ior rrx L/t)
woukl hc highcr mcrning bolh shrllowcr glnlcs rnd irsler
.r',i.i_! f(l'. \t..irr'TJf((rrll.,r$(!l,rs.$i d J (.'..
rspccl fuiio: xnd rcsidunl dfug v lucs hrve bccn lssunred (t
h. trn.hr g.d No doubr thc scighr 

"oDld 
bc in$ea$d by

.ll Lh. (tnnplic.(i s ol thc LFC inst.lhtion.
Th! funrpirg drng srs secf n) hc g.eater thxn rhe wxko

dfu8 WhiLe rot lcgilinrrre lbr r glider I lookcd inlo lh€ ptub-
lcmol rtr n,ngrhcpunlphtmcrnsol sola.c.llsbuillintoth.
{.ing irrlxcc. I herc;s.mugh rving rrca lo r(oDudlalc th.
necesi[] qlrnril] ol solNr cells. ln this casc rssume lhrl
thcrc is cnough powcr Lo dischrrgc lhe Ll:C rir a1 Uoo so
thcrc sill b. io pufrping dfug rl rll Thc pow$ r.quircd i\
nol n,!eh ercrter ll,rn lbr thc odirnun sindnrill casc. Nos
rltr oily drrg is lho $ilc drag which has thc vrlue 000t0.
Thc polrr lrr rhis crse ir also sho*n in Figurc l0 ndhdsthc

(lD 0.0020+0.01 I0 CLr (t)

l\li\irrunr L/D h s incrcrscd ro l06. thc lili cocmcicnr
ior il hrLs roN reduccd nr rbout 0.4r. so cruising speeds c.rn
be \t,ll lr\lcr. Thi\ coirhgu.Nli.!r is fo1 p.cscnllt lcg!1. b t il
trr: lreluled 1o shoq $l,rt Ll.( tlo do- ln fuct onc coukl
chcrr ii rhis cas.. lrsing rnnc sohr cclls in .spcciallt brigl,t
cordiriofs..x.css Nwcr could bc rv!ilablc $ tlrNt rhe I-fC
!ir c.LLld bc disclrrrgcd xL vclocilics grcrler thrn U 6. Thcn
th. glidcr $ould h !c N sn:,ll rrlr()un( o1 jcl fropulsion Ol'
cou6c r \r,llhnc trirh hoth I I ( ! d solxr cel\ trould bc l
t.rihl\.,' plicrlc(l nd.\p.nsi!cdcv,cc.

l( ttttlnu!l0u krt ru*)

I
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In conv€nliondl 1-1:('1hc !iri)i1 is usu!lh . conlcntional
sh!pe rs in FisDre,1, r.d thc surlNcc is simpl! mrde pcnrrc-
rble over an extended arc!. 1l suclion is lurncd oll lhc airliril
t$perlies becomc littlc dillc.cnl ftom nonnal airloil frop.r
rics as cld bc parrilll) sccn tr) erx iiirtio ol Figurc 5.

Especially for a srilphnc, how to 
'ndke 

the suclion surldcc is

a foiiid,rble and u.solved problcm. ln lacl this hardware
probl€.r is problbly thc S.calcst ohs(aclc lo ils .pplicalion.
The pssiblc surfrccs go all Lhe sd) Irom v.n lngen\ wind
lunnel modcl, through porous phnics, unilbr ly dist.ibuled
pcrforations, fine scrcen *ire. thiough bands of periorations
rhat co(cspond lo slots.ll)rough slols tlrcmsclvcs. Siots, as I
hav€ rlready rnenlioned. are qDite mxll. An inlcresling cur-
reil rnd so fur successful devclopmenl is by Douglas Air
c.!lt Co. fo. LI]C on largc tr.nsporls. Th€l perlbfutc 0.25"
thick titNrium shecl by merns of an elecl.on bexn that crc
atcs liny 0.002'dirmeler holes spaced only 0.015 inches
apart. Since a glidcr operales at a lover Rcynolds nunrber
pcr lool rhe hole spxcing and dianreter *ould not h.ve 1() be
quile so snall, but at least this iniornalion gives reade.s
sonrc idea of the construction p.oblenrs irnd complexity of
LFC. Augusl Raspct did rn inlcresting I FC expcrimcnt.
His slidcr was colered with doFd lxbric. Hcjusl perlo.tled
n by movins r sewing nnchine mcchrnism and needle alo.s
thc \ing. Th€ oFe.ation was succcsslul.

Becruse oi the fo.nridablc labricrtion problem I lookcd
irlo 1be G.illith xirfoil as . possiblc solLLtion Thc a;rimlh
rirlnil wxs a rcm.rk{ble concepl tlut wxs mrinly invcnigrl'
ed in Lngland .round \brld Wxr II tiNc. ,^..\. C.illilh srid
rh,r it su{1i,)f $rs 1o be uscd. all lhe $,clioi .rnd rll thc
adverse p.essure g.rdicnls shoukl be concentratcd rl lhe
sNme pltice. Thc suggcstion l!s lremendous implicrlions: it
implies actual prcs$.e ju'irrs (lonsidcrrblc sork o. the
iden ivxs donc in Grcll Britdin rnd il is $rmrnrrircd in r
W.ight llros. leclurc b! Sidncy Goldslein8 One ol thc ca.li
cst dcsigns lhll {ns lestcd is sho\rn it Figure ll. x 16.2q,

thicl.. airloil \hal)e. Wc usc it to exhibil lhe mi, jtt lcalurcs ol
these rirtnils In this casc thcre is a discontinuit) in veloci!l

Fisure 11.
coldstein s Fisure 1a-Calculaied and Measured Ve-
locities on a Svmmetrical Suction Airfoil, l6.2 Percent

Calculaied Values. xxx: Values measured with suction.
ooo: Values measured withour suction Revnolds
number-3.a5 r 106. {ln these fiqures q u is local ve-
locity ratio, and Approximation lll is one ol their

Figure 12,
1z-SymmetricalGoldstein's Figure

30%Thick-

A
+#

',/

+

-CALCULATED 

VALO€S IAPPROXIMAIION IIO

Fisure 13-
Goldstein's Fisure 19 Calculated and Measured Ve-
locities on a Symmetrical Suction Airfoil. 30 Percent
Thick {Figure 12), at CL=O and CL=O.aa3.

r d t.ess rc at 70'i, chord. At lhis discontinuity thc suction
n.ccssery to prelenl 

'ep 
.rlion is xPplicd. The.moun! ol'

suction nccded i\ ver) ersily rnd rccur.lely c!lculared by x
crirerion giv€n br- Sir G. L Irrlor. Wilb all the adveBe gra
dienls conccnifutcd in one phce il is now posiblc lo have
lrvorablc grNdienls ove. all the rcsl oi the airloil, so dt leasl

'.'r 'lJ.i!1 ! ,'4, ,. . rh ( i nw 'l '}(, o' .e_J. i.. .
hnrindr htrbhles. Obtdining extensile liminat flow mcans
llr!1 the boundarl l.te. nrusl be natumll! lamina. to the
slot This is r scdous delect ol thcsc shxpcs ior lrrge dir-
tlrncs. Bur ior r glider whose Rclnolds number is under l
Billion lhis is no p.ohlem for a good qualily surlace

Ori8in!lll th€ Briljsh cxpcctcd Lo gel llminrr llow behind
thc slot.lso bccrusc the pres$re grrdient is favo.able thcrc
too But 10 dclclop the pressure iunrp th. .crr surhcc musl
bcconcric'l hiscduse! Gnrller typcolbounddry lale.i.slr-
bilirl .nd lurbulcnce bchind thc slot. Bul lhe dala lha! will
tu{'l .'rc ,,- r,l .,.hc.:'-.^r\e}dr(Jll lo. r1n.i io.
rr lhe \ld In lrcr this Ic!lurc ends up xs ! possible frdctical
r(lvrrlrg. Thc portion rll ol lhe slol crn he nrrde nrovrblc
rid lhcJc N no worry rboul 1r)iig ro gel laminar flos across
r llxt or riLctun g.p. l_he tucLion slor ils.ll is oi thc o.dcr of
1/ll ro l/l.l inch $kle Alnr it is intcrcsting in FiSure 1l

Iilft
RFVNoLosNUMB€fi=315x106
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Llr!r rlrc llow (lG\ rot \Lctrr lo trr r (cr.d drNstiexl! $ith
sue(iLD oil ()n .L s idcr r,rce rhrfu s dti ft$rr i the lirst
Flret nr ion lrrlrrcs rr.,,nlilrh ! le\s x he:,rin! ltu/c or

No$ snnc lLL her (;rillrr rirlol r,\rbLlrl cs $ill be
slj,)$n brl i !i ln, it j\ ernllr!r/.d Lhi( lhe e,rcnti:L l.rtur.\
ol rh. (jnlJrlh xirliJilrrr: ( I )$.ri{rn (tlll.!nrr.irrll .tr I Ninrl
ll)i,d\errc presur. gr,(l,err\ rllirtrcrr.rr.d rt this \rme
Poirr: (I) thc rc\r.l rhc t irliii rrrlrc,le,!nco (liri{r nriL\
rlicn hiic .irli (l\ lrii,rhle r)r.*ur. !r, il cnts. 1'h.\. !ir
li)i.!rr bc rii(1. \.r\ 1lI!l liigtrrc ll \l,o$! r l0', lrick
:\rrrr.'ri.rl (;rillirh rirl.rl Ih!\ .rirl(,1 $rs \ind (xnn.l
f!lrj i r'\ ''Jt1\'rrr . rl.rrr'.r\Ir,\i
rtre. renl rith the Ihcorcti( il. l iSure IJ lDfnivell lhcor!r
i( d.s!i ,rct r.d\ fo* c\isrir!'cou d cLi ,Ifrtc rlrc N(ircrse
r)Jc\\u.c !rr(lL.nl\ slxrlrr,r ll), or \ti.rherrl ol tr. \11n rL
tt. - {l Other rlrr.r \ho$ rl'.rr .\Lri,l 1,tr rhi. i rrlr 

'hc frc\-
sure !rrdi.nl i\ l.,rorrhle rl) r! ( t :r) l ..rfif! rlirr lhc
hirrrrt hu.Lct shoLLIl r. l\.1\.cf ( I +0 + oj i)I \vidc
Tliis xirlo,l l i b..n te\1c, in rlr. e nl ru ncl .rr iLnq c' ol
r11r'el !tr(! 1i .'nd sirhllxt,d.ll.rrr)r\Lrt,rt) l.l' \llrh!
coclli.ienrs r.ic \ell b.h,,\cd rnl ( t ri.,\ sns 1,,trn(l robe
I,17. Ihe ligurc shi$t h.$ \u.rion ir)(l drclirg $crc hrn
dk(l li'r rlj. N 1l rui el nod.l Thc \lols li)mc(l rhc ILF

llcerusc rhc rld rvJs nc\ rh. Lirri\h {lid lh.ir,tri8inal
utrk !n)! d \\ rD).Lricri secli,'r\ rs ir' lji!urc ll i d ll.
llul lhc sc.ti(,r\ (crlri lr (lo nor ner{l t{i bt rvrlrnclri.rl
l.igurc l:l sh,r\r r singl( \l{'r {hrne J .l', thL.L t rrrhcr
Rx! ir hr{ nt) atl\rrs! |r(.n,r. !i,(lL!il\ hcls(etr ( l 0
rirl ( I :l li:. rhrt is. rhe !.,drin.ii hr.l,er i\ tr ( t. .l LNa
wide l1 is i) *i(1. bccru\r lhc niJi(iil r: !) lhi.k l,istrrc l5
sho\s iL \irglc iloL \lirF. 1 .i', Llriel. I .1 l,r\ b.c rc\lcd,
hui I rnd ll.s r !s rn r\tleriIr.nr:L ei g ti..i \nr.LlL .:,rgo
gltlrr. lt \x\ on. t,h \u..e\\iul- rl,c Rrtn('l(l\ nrmlnis
bcrn! l)i!lr s) lliiil lrmif$ rl'tr\ lid ,n r.r.lr lhr sl,'r lur
lhc lrtre the s[)r wrs not drsignc(ieorre!tl! $ tl]c riJ i,,lldid
not N,li,on uf (o theor\. Llur "hrlc lh. !lkl.. N.s if llish1
r.\r. lurrh.r $(,r1. dhdilirxl!nr{. ] d rL\r\ hkrgl,l I iD li r
{ith r[eolh.rrc\uhs Ih. txru,rl e(i,,1 ir thas,trk $rsl1r
obl!in te\r a.rt. ii)r i, folol\t)L.l r l.[Be rri r\tNrL. Ittr thrI
s.rl th. .ll(irr {is x liL lril b..iLusc Nlr.h ,,rih(rs rfd
Rc\f,, (i\ nu rh.A $.rc trn' hirh.

ln,r rhc Jirl.il\ '.cnr (\l!(,rll\ {rnrhle llr. !li(l!r \erv
lhiel s.fli,r,\.rr! \e'r roo rr lii!lr Nl,iel) iL,rnirr ,ii io. icl
ri.l1 in.\. l,L I si lrLrnc\.rr.fute rL \r,\ os \1,,.1, rLrnbc's
l:urllicfnort l,'r rh.\c rirl,i l\ lo \nrI l:L]rLrr, llLtr1 fr!sl
c\i\l rrur:rll) i,, rl,t .llir S:,,lrl.,r! lt(.,!'l,l' rrinl'.,. :,r!
hni. ! d lullr lr\ofublt irre..,,,e !:r.idr.nr\ r\i\r crr Lhr
d.silr c,DdLti.n \) rlrrt l,rriiiirr llLN r!rr,rirL] slr(irl(l .\ist
In lret e\. r ii)r 1lil rhlc llLr\. \!h.r. rheic is ro i\tiriLhlc
|.essurc x.r(ii( r x' rll r( tiLrur:, hrlin. r rr r i' rl!irl
lhrce nrilli!,r .\l\.brnrsi,rtl\ r,r,r\ rhc\h:,N:r(tr'\.ri\
l,)eorsrrucrL('liirrh!urliL\ .\'\rri r.\r'lix\rb.rii rrnnilh
$(tloir olI llrc r.\ul1l ir(iier 1e rhrl ,,Nrif rfuL{l l)c.of
Ln)hhll l,il.rrlL\. bLLr ol rl]LL,\. * rh lLi\ i ltn)r clrrli\e
rL*. lhcri.) \1r,(\ rhrr rlr. \lL)r)r ,,1 rhe ( I v\ !L .u,'r
brro r.\slcrt,rr !,tr Lhi.i,.r .fel!,n\ Tl1.,r i: Ln(l(.rlrh. \r!
lhcsr nroscd ut, i i lestsr rlrcl r!r.. sitlr 

'lrc,).). Qri1. :L hil
N)re \ro.k lrr\ brrn l,)nc llr ,, rrnlirrirLl l,erc l.\c L{c
secli.n l0l L ri(1 N,,\ de\i!,).Ll l ri\ {i 

'r.{lL.ir 
lt,r!rrl'r di\-

.'rn" r"n .rilii'l' :rrl il.l ' ', .

l\crrdl rhri ,rr r',\ L!dr\ {1,, i',r Ii,]r ,ir rrrs \(i.l .,r rl ln
oJdcr l,i .r, i ,r)r!:.. (;,)l(l\L! n \ \\, L! rr lhithers le.lLLr.
( Rr'. r ).

Fisure 14-
Goldstein s Figure 14-Cambered Suction Aidoil4l.2
Per Cent Thick with a CL RangetromOto2.S5torrhe

Fisure '15.
The GLASW ll Airtoil 31.5% Thick. Velocity disrribu-
tions are shown lor CL= o and 2.OO4. Wiihin this range
there are no adverse velocily gradienls in lorward re-
gions so ihe laminar bucket iheoretically ertends tiom
cL=olo2.oo4.

llcftrfs rhc rer(lcr h!s for lcl rc.Uzcd thIl rhc (jrillllh
,, . . \J ri r' I lt , ,,1 .'rL !uir( Jr l(rc-r r1 t r-(r-

p1e Thc e.r!cntionrl I-l (l !irloil is sullicienlly thin .nd lxir
rhJ! thc ll(\, wi'l .ol scD,rrrtc Eirh sucrion oll Thc \uclion
ehrngrs lhe boundrrt lxyer pdrlc ihrpc ds i lrigurrIrxk-
ing il nr .h nror. n!blc. Tlrc (;rijlitI conccpt is Lrrsicrll,y l|
sclrrrli{,n e.flftt ntc,L. Su.tio is rt0licd.t thc pr.ssurc
iunrp ro prer.,,r r.l]xrirrion. I hrn hceiuse \ctlxrrtidr is prc-
\cnrcd rle (lcsig.er i\ Ircc1r'!nrkc rrdicrlrirtoils. I hc lrnri-
niLr llLN rli,rr cxisr\ ro lhc slol is $hrL i! exlled rrtrlrl
hmi rr llo$ crerlcd h! i:rvornbL frcssurc grrdicnts- ju5t s

lor lh. ri,)nt tJrrrs.lo(liurr) !idnils. onll r(trc $ BuL silh
\c|rr.rli,r, t,r.!.nrc(l rcN li!.orxble Frxdicnts on bc drlcl,
oried rnd !lider R4 okls irnhcN iLrr so srr.ll lhrt tfunsi
I of slro!l(l rriil occrr ,, re!d ol rli. slol. Al$ 8l dlj. desiSrcr\
rr. lr..,, r\. g.errcr (hiekf .* lo.reir. still,r!)r. lrvoi,hl.
gr,rdi.nr\ il (ll\ir{d b(!,rus. NIr.h o!n,h€r is no froblcnr.

t,ts Nt,\tt,ts ()tr PIRt,()R\taN()i
tst\{; 

^ 
(;RlI,t]]lt \\'l\(;

Ill, r .',".1.r'r,.'Ir,,u .,n tc.r,l't:,.rrtl', .\ LI .

rl ir ,r ,,c\'|| , |. l,- ., r , ' ' ' r..
iL,,iund Ll lLLr.irre5 sh!lL l)c nrrde n r$o irys lhrl hclf s.t

t(irnonk rl.n ne\t Ir.1!.)

,it

i r)

i I I,--t-'- ,- ,l---r- - -r-;r- - -- itrs
,'l' t I t

I



bounds to the Frlo.mdncc. Rcl 8 t.csenls r chr.L fttr thc
-lOti, thick rirloil thdt shous thc id.xl cllcctire drrg coelli
cienl lhxl includcs nuinping powcr. lhis chrrl e$erli.ll) is
Jbr l00rl cmci.nl futups lfd ro losscs ii rhc ducls. IIencc ir
is onrinrislic brt iI is neve.llielcss intcrcstidg t() knov Lhe
upper bou ds ro lhc I)cdordu.ce fo$ibilitics.

lb unrtely enough drlr {.re oblrired in Nind 1udi.l
Lesls ro rDply eq 2 jun rs rv.s donc lo.1he I Fa c.sc lhcn
$ hile nol errclly a lorver bound i1 rl lcrn frov,de\ r lrr morc
rc!lisri. rssessnrcnt ollhcse ri.loi r.

Our liFr eslimrlc is lo rcpla.e the A,-rrr I or AS W 22
win8 by the l0'l thick Grimlh. using coldslein's chrft tbr
iderlclTcctivc drl]g coelllcicnrs (his I:isure 25) whilc not a
!ery p.rclic!l rephcenrefl wing *c crn.ot be iery chooscy
becduseof lhclackof drt. Siicethcfhnldnr i\ LLfclrigcd
thc rcfffence Reynolds nuDber will be t.5X 106 rs betbre.
Al this Rcynolds iun1bc. Goldstcin\ liigure 25 indicdtcs CD
10 be 0.0016. No! do as donc 1or lhc LI:C crse srhtr,.l r
d r rr. c nrr ., ,hr'r '( , rl,r.,r r, l \r
RL ' l0^.t).I rl,c hJ.. ,,, uit i. O.rru^i , d ^r (
l0% (;riltilh ilis 0.0016 so thc incre enL is 0.0028. lb. rhe
LFC casc it was 0.0035. This vrluc is subtracled !l .ll CL
values: nol cnough is known aboul thc rirloildesis o. rhrt
would be used in .n acturlglide.lo do anl bcttcr. Th. resuil
isshown i. Figu.e l7 and thc polereqlalion is

crD 0 00:16+0.01 l0 cL2 (5)

I hcn l-lD mxx coniputcs to bc 70. bur ofcouse jt a more
rclsonable thickncs were used the pcnbihrncc {o!ld inr
p.o!e. 'lhc drrg dNta assumcs turbulcnr Uo* bchind the

The ahov€ crsc does nor Dse rhe rdvxitage ofcxt.a thick
ness. Now lake advanlage ol it in rn cxrrenc way, which is
no! necesarily a pr{ctical way, bur is .t ledst iltun.ative ot
lr^..:h:liri<.. sr1rl. h.,l\c rhe !huru nt rt,( $ine, , ,e,, i"p
J.uh,1f r(:'.fcc, , riu r,, ' J reJt ri ,rr $ ns. t1,. i.
possible bec!usc the rrmer@t sfar depth rs lorthe basccase
is retaincd. The l.ct is clearl) indicxred by riAure 16. lnci
denllll) in lhese estimates lbr rhc crithh ai.ioil ir is rs
'.r hd r\ rrhc'n. rhiLls,ltr\,.r\...,j-rh.(nr.r. t",

Figure 16.
A Cohpa.ison of a Thick Griffith Airfoil with a Wort-
mann 15 Percent ThickAirfoil at EqualSpar Depths. tn
the Section Drag Comparison the Grillith AirfoilDrag is
lhe ideal etlective drag; the Wortmann airfoil dara a.e

If rclurliL\ ofl! the root need be l0% rhick. so lhat the
!lcrrgc lhickncss cilr be subsr!ntlall) less. a benetit nor con-
sidcred lrere. ln hct Jor . 0.t trFr *jng having I l0% roor
scctior i,rd . 12.,; tit lIe .vcragc thickness is 269;.

ln this \econd cxsc the pldnidm is chrngcd. In order to
mrkc the drrg cslimat. the dr.g thxr is.esidurt over and
rbove thc wing drNg must be known. This nrud bc tound a!
loF li11 cocilicicnrs. At N CL:0.11 the Rcyiolds numbcr is
lX 106 afd th. lifg drNg cocilicient per Wortnann\ drta
hrs rcduced trom 0.006.1 !o 0.005:1. Then the rcsidual drrs

l rl,c -\edpc.'nJ r,r, '. i- r.rm o' ,rh:
cquiv.lcnl llrt pldtc arcx and,\nrr"r I wing a.ea of t80 tr2:

Blse polar, toL.rl f:0 0074X 180: 1.33 ft2
Wing l:0.0054X I80:0.97 fr2

Rcsidual I (luseiage,lait. ctc) 0.j6 ft2

Il. L l.Lr..^ '((r , F. o, Jol(. ..,15 douur J qu. -
rL J rlp u,..lJr''g "nrhrl,,lJ.nelrr ri^de\gn$( h:t
ds$'mc the Iusehgc !nd laildrae aie unchangcd Then usirg
! Retrolds ndmber ol 106 10 account lbr lhe rcduced chord
the new wing drag coeficicnt according to coldsrci!\ Fig-
urc 25 is 0 0041. Then tbe new polar is olthe lorm

'totrl drxg:
(Ncw Wins Dr.s)+(Residull Drag)+(rnduced Drag)

o. $ith numb.n r.d applying the residualdrag to the new

rorrr cD:0 0043+q!! + cL2 /o.lor(t2)
90

CD=0.0081+ 0.0055 Cr 2

(6)

Thc nrininrum drag cocflicieni has i.c.eased because thc
drtrg arca is now rclcrerced ro a smaller wing arer. The drag
hrs nol reduc.d as mucfi as nrsr expecred bccause rhc wing ii
rt r lower Rcynolds nunbcr rh.rn thc others.

Thc polf is plottcd in Figurc l?. L/D mar is 74 and lhe

Figure 1?.
Estimated potars fo. Two crifiith Airloit Wing Designs.
L/Dmar values a.e noted. The estimates ar;aqai._sr a
background offliqht test data.

3rtrcr FoRGR fF r,.rou vArxr.o-qlqlr-o@,

EA'w2HG.3,z'rEN
X NIMBUS3 FIC2,dFTAP
d NrflBUs3 FrG 5. 8ri 10.5!FsP
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( L ior iL is \cr! high. I l.r. thi! L/ll mrr \..1u! is nor quil.
r\ g@d rs l.r lhc I F(: crsc bnt (hc m.i nrc,srsc is rhrr
:.rn ^,,, ,,t .,r ,n t"\rJ r,..t .((,,\r, r.rt. i'r, , ul
ir lhe sc!cn(ics lor thc idcrldrxg cLrsc. 11 shoukt bd borne in
nri.d thrr lhr vxri(r\ lrolr^ xrc ilsr urgh nrcdicrions in
!i.\+ ol lhc h.I oi d.lr. l.d rhc Bco.fulit! ot lhc probtcn.
Also.emcmher thrl c Nr\ h.ld I hc sirnrc Jor N crscs. irrtird-
ifg lhe  R: ?1. I hrd o idcr ho* t() chrnge i( or cvcn lhc
dircctnD lor ehrngc

Thc rhole.din r.s lr. r.rlt\ ut|[r timit csli rircs hc-
cause no l('sscs in rhe itrducrirn rlsrenr are cons crcd.
Thcr.lo.c. recstinute (hc AR: ?t cri. tr!jnp to r..ouil tar
0lllcicicies lnd losses hy Iring cq (l) lb e\iinrlrre rhc.1.rg(,Tl)ir. r. ,.1 /. .,.r (. I r,. ,,1,i { t).rn ((ant. l."n
l,g l.,t l, rr rh(.1.,t h:'houl I tt ,.rt r! (,. Oxt)
Thtn lr\uJ.in 'i{r ,1.'rr r;' 'tc t,,.t rrr.rt*rrrii.,. rr..,r
( t, r n.nrr " ^(. l ur Lrur- ' ., R-'. , .,
k. I ." . ,r^ ,. r .'r ..n, i.l
Lr; - ttrrtl Irr..',.utu T.., r.r,JrrR. tr,hrince
rh's,suur.,.\"',,g1 Ru\n.rl.l\a,,, t,c' turrt,(Atl /,crsc.
Thc. (le 0.002 (t tl)r, 0.00.11 Beins hrrjrrr. Rc)n-
olds nunibor hrs a coisid..dblc ellecl on the uoclttcicnrs.
I inrllrr lnir I igur. l:l 1)l Rcl t rc!(l thc srk. dr.g coell-
cicnrbbe00005.Theno\ingcq :rs$cttrsthcsxn,e!r.d

Q)nsid.rins {hxl r glidcr *io8 is nor Iillcd t!ith lucl lrrks
rnd rhc lile. jl rppcrr! that room can be 

'ound 
lor ducljng

cvcn inlludife $rlcr hNlhst tJncertrinl) c\ists lor lhc
AR:71 (irilliLh cxso. becrusc o l) Nbout hrll rs nruch in
'<rn.rl .tu,re 

'...,\.,,1:,bl, ,n'r (\,,. hirh(r 'll'cr(Lrc. rhu
nu,nh(r ,n n,,mr, r',i!hl hrrc ru bt douhlcd.

\\'i,i(lrrill rid PurrrD I)iNcnsions Ihe slightll con\crvr
livc cise whcrc llrc Llr(l !i. is disclargcd r1 llight vclocity
$ill bc i|irhzcd. Ar rhis cordirion the tolrl po*er th{t thc
$indnrills.,usl pr)dtrce is

porver =4 s U co -r Ca( l-cp2)/, (d)

As bclitrr , is lhc prdlucl ol lhc \ri.dmill and pump clli
.,e,',,e\. .h'u,,,c,1 ru hc rr ? Ahu q( hJ!" J\,ua,cd ( e ru b(
(r.rrrrl.,n l t . .0.. rli lrnF ol rhJ l l ( cJ.( Tl,c1 "ind-

_ /,s u€or(0.000?2x L5 )/0.7
2

-ouol511'sL-l
(ii!)

C t):0.0005 i000t.1(IIqjl 0.0t17)
0i6

'I hcn rs bcli)re. lor Lhc !nrire glidcr

(7t

cD:0.0ll7r !16+( Ll :00r57 ]000j5cr2
{10 0 8i(72)

trv,ng Lil) r rx:j-l.7. Ihis is tr(tr\c rhrn lhc origi.rl nxlc
ol lhc r.L riili)il rnd ir h.is rl $ s ,)l srruclurul conrftica-
ri(nrs. So r ien r. rrtcnitl rs ,,rrdc to brirg in kJs\es rnd
clllcrenci.s rcilisricrlL) rhc tcriorn,r cc gocs rtl ro Br(. ltut
n'orc t\ill bc sirid rbour thc subi.cr in Sc.rion tO. thc punp-
irrS forer sucD\ lo.ui. the idca

SON'I F, PR;\( T ('.\ I, ('ONSIDE,RAIIONS
x I t! .t l'ir'rcnsrnr (rnr( th srnt,ht\Ll r.rtro r\ \,,

Iigh lhc rrcr ryrihhlc li)r ducling ( very inrll l)ucr vcloci-
tici \houk1 bc l!idr hw or il(trr losscs \!ill nullil,r uDv giins.
'lhcrelbrc x chcck ol drcr didred\ion! i\ ce(rirl) in order.
Lol us rslonrc rl,c du.t \.1o.'r! is I,t!@ Fnahcrdorc as
sunte (hrl lIc t!mt: xre ii rl,e .ulcr ol rrtr ol0!cI $in8.
l hct tle nrr\inrum lbw in ri! duct is li ol Lhc lorrl llow
I:orlhc I FC syslem lhc( ()r$ur,el wrs0.00072 thcn lif
th€ llow kte

Ot"r ( (r\ Uco l \r.r.r\r.r,r \t'r ' tl'co'l

Ar)r,c] -('eS' .0007: (lri0) 0l.l0h2

: lr.i inl=-l" x6" dtrct

A1 scr lcvelcondilions and al 100 fps fo. a Nnrrrr 3 sizc
wing rhc pove. by (80) would bc 0.6 hp or 0.3 per windnrill il

Ihc {indniu pow€r shall bc dctermined by a sinrplc
F.oudc ly0c of nnllyiii. Such rn nnalysis is containcd in
Dura (l vt :l p 125 (Ref. 10). A lbrnuh lor the powcr

windmilltuwcr Oulpur:2rR2pU @.l( I,a)2! (9)

tle.c r is r ncrsure ot thc vcbci!) through the disc ol the
{irdnrilL rdd R its rrdius. we hrve rssumcd r rnoderatclv
lordcd sindmill and hrvc choscn a:0.2 Then

t'wrN DM rLL: 0.13042 R2 Uco3z

thcfl equrting powc. rcquired Lo po*er !!{ihblc we llnd
rhrl / Nod tio cancclout. ncxning lhal as lh€ alidcr sn€eds
up {nd rhc llos dcnr ods bccomcgrerlcr lhc power avaihhle
bcconres Brcrler in jusl the srnr0 rrrio so lhrl the windnrill
Nnd furirt could be riSidly xthchcd to lhc s me shaft.* We
can solvc thc equ.tion li)r R.lhe aindmill rrdius. Nole th:rt a
suilahle criciency tor borh.rlmpol|dts ha$ alrcady been it
lroduced lhrough ?:0.7.

R' u0ul:4/'51 col 000t0 >
t:Xo.roazlo u-l

Thcn lilh S 180 ft: wc ind

It 0.11,1 110 2 in dir. )

l his is thc sizc ilonlr_ onc prcpcller for rhe cnli.c glidcr is
1o bc xrcd ll r$o Jc to be u\ed lhc! become

R:0.1001t: (7.2 inchcs di! )

(Continill on ne\t pogel

+Bul lbr snnc dlfrrnic condiliors, ..g.. rccolcrl lionr
strll. it n!l bc lound lhrL v.ri.blc pirch $indrriLl bhdcs dr.



Thus thc Nindmills rre quno smrll. Il thc dischr.ge xir is

rlonS Lhc rxis oi rolrlion thc dirnrcter Nill h.!c 10 bc in
crcrscd .n i.ch or lqo 1o g.i thc bhde\ in ircsh .ir !s \cl1 ts
lurther out ol the Ndke ol ihc wi.g.

The e\il ducl !o//le diamelct ( ncxl rnrl!/ed. r$umirg
rhe air is dischrrged rt night velocity. l_or a rcrsurc ol rlre
rl^$r..(u,(t,) (r 000- l'r rh<Juc dr ., '','.Tl'1
L1 $.:.'*unLc thire Jrc t\,, (\il n '//le\ $t hr\c

Qper nozzle:Cg S Ll66 :Anozzle Uco

Anl,?/le ==o oooTl( I80):o 06'18 ft 2

2

!nd nozzle di.metcr:0.287 lt.:1..15 in.
As slrorld bc ob\ious br llre s.l.rxl rcl|lions the n.711.

arei is exlctly L/: thc nari runr duct arct
So it is sccn lhrl lhe erit nozzlcs rre rehlilely snxll. lt h!s

gcncrxlly b€en thoughl thrt Lhc sindnills would b. in lhc
rcar. probably ir thc ducl exil wxke Thc rcason for re3r
placcnenl irstcdd of in lronl ol the *ing, is thdt il in lront
rhey Jrc I kclJ rr r'it,he h^undJt) l. )(r un l. *,1! rnnr
diaicly behnrd them. Thc above anrlysis of vnnc ol the
pun4ring requi.emcnts was done sFcincrll) ior lhc LFc
syslen but thc flow rate and olher rcquircmenls ol the Grif
fith system are not greally d'Fercnl.

8.1 A Possiblc Spoiler lor thc C.ilnlh Wing A conven-
lionrl spoiler ini.oduccs proble s. I1 indccd rctracls llush
wilh the wing but thc gaps sround it 

^s 
itcll as possible lcak

lges appear to be enough to trip thc boundary larcr in ils
licinily. Morcole. thc dcsir.ble pltice lbr thc spoiler is i. an

a.cr where suclion musl be apflied. On the LFC systcm
possjble renredics ar€ !o use naps o..irbrlkcs 'n.'inr.rl .n
the luselaSc. Bul lhere is a promisilg tllernate for th! Cril_
Iit]r wing. As !lready explaincd lhe GriUith wing is really I
scpar.lion conbol systcm. Thereiore. to increase lhe draS it
is suggesred that the $rclion iust bc turned ofl ovcr parl ot
the wing. The ersiest system is just 1o have somc kind ol
dampcr v.lve !h.t1 sould cul olT tl!e lltN in thc inhoard por

tion oi the ducls, so thrt the eniirc inncr hall ol thc wing is

partially sirllcd. The cutoll might be on the nppcr slot. lhe
lotrer slot o. bolh. As seen fronr Figurcs I I rnd ll nolhi.g
drastic should hlppen. Lalerrl confol should rcmiin good

becausc theourer halfslillhls ils sucljon, Perhaps morc lhan
thc normal suction because thcn no llow comcs f.om the
inn€r half. This syslem would b€ absolul.lr- clcanr in lnct thc
spoilcr syslem would bc invisible

A POSSIBI,E HALF-\\AY I,F(]SYSTtrM
The pumping llnd dDctins lor LFC are such lerrible prob

lcns thdt I wondercd if thcrc were rny hrllaar-. ncasures
ihat nrigh! be much simpler dnd still lerd 1o improvement
Oncoithelorn proble is, of couhe, is ducling lhe ri. rlong
thc lengih ofan cxl remc ly slen der win8.

Fiqu.e 18-
A Possible System Using Natural T.anspiration to Ob

I $ondcrcd il il N.s possible to use the ptessurc diftcrcn
1ixl duc lo lhe uing lolding to drive somc seepage flow
through rhc bottorr surlace rnd then oul thc top side, Iigurc
18. Il su.h r llow ]vere ind€cd possiblc thcn the lanrinar ltos
region\ .ouid bc in.rcrscd on thc bollom side. The exhaust
.'.rhp.'t u' $uu'l o(rurbJ.(nr hur r cJ.be,n J ret.r
thxt is ahc.d) turbulenl. Moreover lor reasonably thin dir
loils this addilio.dl .nHo* should nol cduse separation.

To obldin r ecnerrl idca as to whether somcthing like this
js possiblc. I rtpli.d thc Douglas elcctron beam pc.fortled

,. r1tr dl,d<, {... t I'nJs ,,. flnq prJp(r ie'
lrr u.. u"t{r',,,.d,fl.tcrr, lor !lh. lrr:.i.'epre
sentrrile Ii)r r high p€rlormr.cd srilpllnc. Also rsumc
0ight !1 100 knols Thc avcrage pressurc dillerenri'l ic.hf
\1ddt. Lhc sjig krlding nd)ing constrnl, but locdlvrlues {ill
vrry wilh ( L and olcouNc ihc ai.foilshape may have 1o be

chosen spcci.ll)' lo get lhc dillcrential ln parlicLrlar lhc .ir
llil nccds 1o bc r11 brded, bur good rirtoils indeed hr\c this

'Ihc Douglxs pcrlo.rled titanium is 0.025" thick with
0.002" holcs spaced 0 15" apart. The holcs are so small lhal
lossesvar) linearly wilh velocityinstcdd ofwilh th€ square as

lor larger orilices. Results from lests show lhat dt slandard
conditions qnh l4lbs./sq. fi. Pressure differenlial the rver
dge llow rate is l4 5 ft/min. The follo$ing velocity ratio can

then bc developed. compuled as bclo$

r: L:(A!1L1lllQ:o.0006
uco 169 169

'Ihe idclor 60.onvcrts i|lnin to lt/scc. In the analysis of
the LFC systcm we noled that the v/Uoc needed was aboul
0.0008. Hcncc rl high spccd this parliculdr pcrfo.aled nate'
flal i. \tighrl) dpr' rcrr. bur onl\ J \crJ \li8hr i"cre3\e i_
porosiry would bc nceded to make it srtisfaclory. Of course
dny re.rlsyslcm rould requirc much delail sludy, dcsign rnd
lesl to gct thc necessary flot dislribulion. There is a good

chan.c thrt hole size o. sprcing *ould fiave 1o vary over the
airloil in order 1o oblain the necesary dislribution Bul the
above cxlcularion indicates a possibilily and if full laninar
llo{ could indeed b€ obl.incd on the lo*er side ihe Sains
should roughly bc halt ol those shorvn lo. the full LFC case

Ther€ *illbc addilioralwakc d.Ng due tolhc LFC l]ir being
c\hdustcd ou( thc lop side. bu1 its conlribulion 1o dr.t!
should nol be r.y nrore than the equivalcnt lumping and ol
course the llot is rll cljo.dvisc. No sinila. natural nowing
syslem has b€cn seen for thc Grifiitb airloil. However. it
should be noled thal by profer xirfoil sh.tplng, naturdllami-
rar flo* nedrlr lo {he t.ailing edge on the bottom cnn proha

bly be c.cared- $ithout the need lbr LFC al glider Rcynolds

CONCLL]DING REMARKS
In ordcr lo provid. 

^ 
finNl inlerpretalion the prediclions rre

FrJpul . ' n tigurc lo. A I -'cd silg re,
.l\nl.-...cpr'ur rhe ( 'alirh 

-2 * h( h u'cJ o0 ft Ilrshr
weighl was 1062 lbs in dll cas€s. .lohnson s Nt-r"r I flight
l.sl drl. rre shown by the circlcs. As you sec the Grilljth
idcrl aid LliC polars are closc togelher and considerablv
betler ihrn rhc linblr l. roughly being able locruise 20 km

Ianer xi rhc sr e sinking spced Of course the Grimlh wilh
loscs is !bou1th. samc as the Aimbrr 3. The LIC Plus solar
.. I i ,r..n || db r,.r.^ur cn.rJllu\.r'lc. \pT,o\i 1,.
lr the nridimum nling sNcd is indicNtcd by the CI-: l 2

line. As 10 bc crpected thc Griliilh 72 cannol ny rs slowll
A1 lirsl elNnce il n surprising lhat thc LFC and Griflllh 72

TIfHNK AL SOAR NG



Fisure 19.
Speed Polar Comparison lorthe Several Alternatives.

idcal polxrs rre so ne.r to bciig ideilicrlin spi(c oith. greri
ch.ngc in aspccr .rlio. Bul thc lact is cdsih expllined,.nd
hecrusc lhc crphnltion is olren r01 rc!lizcd it will he Aiven
,.,rl \ rsi i.\d,\..rn(,1 p.,r ,a.r foJ;atl
proxirDll0n !l.crdl uscl

CD -CDp+CL2/rc AI{ ( t0)

('D. is the tu crllcd prrrsiLc dfus, lhe drdA !i /ero lill

(D:CDprLi
Cr Cr reAR

(t1)

'LJo "r '\rr. ,' i l(r r,,t . -,ur\ e rrl,'
t.'r.trr's r'$r',.,r. \l , \R l \.l'n.(

cD:D= f ' s('r
Ci L S(lr reb2

(t 2)

Ne\t climinlld S( L hy use ol rhc lili cqurlion. rsuJning

I-:W: :rli6l S CL (131

Tlicn ( ll) be.o,rcs. rcnrdnberins rhrr sq/ co: D/L (14)

(D D s, pt coi" ,!
,' r '. u ,r-:" .tr-

1rr (ll) dspect rrtio hxs disdppeNrcd ds d parrmeter. Thc
spccd is rn indicaled spccd rs might be cxpected.nd rro
f. inrrrr' rq l\ ng .'<ruJ)r:,,,h\ ,orr< lurtl $ | J-d$ .o/ ll,-.(.,r,t ,ll,.l'u{ 'l.,r "vr t^s D lt.tJutdb(
vnall and thc alltctivc sp!n large.

Lq 1.1 cxplxinsFigure 19. Whilelhe.spcct ratiowxsdou
blcd for thc G.ilith 12, W. c. and b were lelt unchanged so,l'( ri!|,. 1,., d -n. Jnged. dnJ s.,. nor
.lJ1^(d\..nu., l.r gn.d I D, t:e', J,8<.pJr \
nccdcd dnd hiSh rsp€cL rrtio beco es jun d med.s 1l) ger
co,rsiderrble sptn with a Jninimum of drea and l,cxce para-
sitc drrg. Fu.thernro.e (1,1) can bc djfcrentiated to lind D/
L nrinimum .nd i!.lind

rit"^.-yf ;f-! (ls)

which aglin onlr inlolvcs span. span emcicnci.s and equiv.
lenl nat plale drdg.rer.

s'.., 1" ,.," ,:," , i, ri.qc,J nutr.ptu jl,b)

'', l)r . [ ,r *:,,, , ^ ,Y,.|, ""u .r,Uco2n cot - (tol
This lorm pbvide\ Lhe final cxpldnalion lor whv the ideat
r,ili ',:.,n.r lli F, l \ ir t surc to J,e { -(r rc
.,I,, N^. rh.r i. ,Inr rhc I o r..rn.In,roe tf( brJ!\cLs

rrc indiclted \peeds bccNUse rhe! dre multiplied by r' bul the
U 6 lrctor outside lhe b.rckct is true specd. Eq. l6 is coffect
bccause besl pcrlonnrice is Nt ! falriculir indicated air
spccd bu1 ,l lle lnre spccd becones higher xs !t h'gh .tllilude
rhc sinking speed will be g.cxtcr ln su mary it nright be
srid thrt il onc hrd su.h a Lhick rirloil thli he could srruc
lurrlly double the rspcct futio bul il its scction drdg coell;
'i r'l , s,.o .h(r1,. .....nehJ.(.ir.ui .."tJ,n,r
pcrloflnrncc would bc m.dc. rssumi.g e lnd olhcr lcsser
lLrcron.em!incd unchr.Aed.

lin co rtNr;on pur|oscs the pola6 drc all gathercd !o-
rcLhcr in thr rrbLr hclu$. t at,""tJ .n hp\t raqrr

CASB POLAIT EQT],\TION I /D NIAX (! lrr!1! l!!4x
Rrsc
r\ R: l(,
I-I:('
,\R: 16

C1;:0.007.1*0 0r r0 C12

I l:( l Sohr Ccll\

c r):0.00 r9 +0 0r r0 cr 2 7( 059

(:r):0.00:0+0.01 r 0 cL2 0,1-l

Ide!l D.rg. ArR

I0r'i, Gr rlirh
Idcrl D.!g, AR

cD 0 (D,16 0.01 l0 ct.2

cD =0.0081 I 0.0055

101 (;rillith
ltexlislic I'r.rring
Llllcicrlcics. \R:ll

57 0.0055

l0



Other sln.rns xrc conccnrble besidcs thc l$o i!s1 dis
cusscd. ln lr.i. ilsucLion is rsed (ler. xrc scvcrrlolher possi
Li i ( f,.r rL r...i. J I I, \. rh r. . Urn

Lhick0ess verl hr brck rnd lhen usc r conlcnlion!l but
rbrutl co.vcx lxiring lo lhc 1rx,lin3 cdg.. ln lliis regbn il
mlliciently strong din'ibuted suction is tpFlied ir should bc
possiblc to prelenlboth scfarxtion tnd trrnsition. IIcre suc-
1bn woukl be ieedcd on onli lhe lltrl 201;, or $. ln 1.cl lxn
Ingcn €1 alll xrc invcstiedtirg such .xttcmc Nirloils lbr usc

on the smrllcr commcrc;dl airtlancs. but bcing nruch hi8hc.
R€tnolds numbcrs he rssumes tLrrbulcnl llow in th€ frcssurc

Such r synem is nol likcly Lo cxccad the Gtiffith .irloil
pcrlormrnce by uch il bolh rre turhulcnt bchind E06/.,

.l ,,1 o',r ol ur'' rlr d.r'iq',r-o
special surfacc. ll hnins.llow is sousht the surfucc sill be

e!e. nrn. spcci.l rnd n is hard to see how lull lamin.r flow
could bc developed in thc ttcscnce ol tilerons rnd n!ps.

Ldminrr boundary laycr conrrol has raiscd thc L/D mxx
lrom 55 (o 76 usi g thc LFC slnenr including losses, bul
using Nvailable test irlorn lion i. a similar tashio. for thc
Griflilh airtoil did nol letrd !o ary imProvement in thc case

srudied But thc dulhor does not thirk the Grifiith slslem
should bc dropped. l1 is so nc* .!d so radical thal il n€eds at
least a man ycrr's theo.clic.l sludy by somcone sho alread)
has xccess to a suitablc inverse rirfoil compuLcr Program
Many answen can only come lionr tcsls, such as slot losses

a.d perlormancc. but ver) niny qucstions can he rnqwered

b) theoretical study. What is thc besl thickncssl Where
should the slots be? Can suitablc aj.lirih be madc $ilh orly
one suction slot? Or if a slol is desired on thc bollom sidc to
p.ovide a {tap gap. crn the suction and pressure jump be

much weaker? Whal are the etrccls ot ca rber and angle of
allack? It is not hrrd to inragine punping drag bcing re_

duced 50"/" ior sone kind of oplinu r airfoil design t'or
inslance ii by proper d€sisn the .106/0 a'.foil could be made
wilh just one slol suckirg only hall as much but at lhc s.me
suction pressure thc new polar equadon for the Griflilh 72

Cp:0 0101 -l- 0 0055 C12

qr!r4A .n I Drnr\.1 orurrl r.ti.ofLour.erhcDUrf-
inr drrg mrg\r gn -p du( ,o orl dc\i8n reourrrn(nr. lh.
British looked al some of these queslions bul only in an ex

So lir t h.vc been lalking onLy about the Grithth airtoil
*iih 

'ts 
convenlional dow. turbulent behind rhe slols. Bul st

slide.R€rnoldsnumbers ilnraybcpossibleto gct 1007. lam
i",. n^" tw rncans of careful airloil desisn. r-or the 16.2%

ai.foilof Fis I I the wind lunnel tells showcd that full lami
nar 0ow occurred ut 10. Reynolds number of.bou!
L4X 106. Thcn rs R€ynolds number increased the transilion
point Fradurlly movcd lorward 1o 80% chord ar
R.:4X 106, tneaning lhere was still l 09i lamirtr llo*. thc
dol bein! at 709. chord. On thc loq' thick rirloil 100% lami'
nrr no.i'occuued to Rc:0.96X106, rcdrcing to 9.170 al
Rc:2 88X 106. Thus il is sptatcnl lhtl at glidcr Re].olds
nunrbcrs lhere is d Sood possibility tlul 1009i or netr 100%

la inrr flow could be oblaincd. ll i1 could bc. ! lcrv mugh
eslimale ol thc reduced dfug ldluc indictlcs lhe L/D m!x
for lhe realislic AR:12 crse will incrcrse lro 5'1to:6rnd
rlr\,,,rt,hnJJri,"r |(nriu,edf,'Tr' a |/a

r 'ci<.'o ..r rl-(r,r'r"'n.,r,., 'r'.rr r \r. i . hr

i1y crused by the coicrvc curla1urc behind thc slol. ll it is

rcco8ii/ed LhrL {here h some possibilit} ol obtaining lull
lNmifrr l'low behind thc slol some modillcations can be

m.de. Thc dirloils ol lrigurc l1 and 12 bolh h.rve vcrv sleep

llvo blc gfudienrs behind the slot Thcse sere incorpotuted
Lw^/r ||'n l{, .i.\non rr rr $.dP\'.l(Jb) I'r
u.;r., n rJ ,l r\ HfrJ(,he ,'or:,bl(A ,d.nrfnu n..d
ed lf the vclocily wcre constant behind the slol xl a selected

uppcr lill co.flicicn1. sincc thc hninar run in lerms of Reyn-

oids nunbcr ior lhis prn is only 200,000 or 100,000, Jull

lanrinrr 8ow belind Lhe slot should €xist excePl lbr thc
G('irllcr lroub!e. If thc rear velocitics sere indccd held con

stxnl lhc pressu!c iumP should be lcss, see I-igure{ I I .nd l)
nrcrning ihc conc.ve curvature sould be decreased and

thcrelo.e thc dcgree of Gijrll€r inslabilily Mo.eover if lhe
pressurcjumrr is decreascd.lhe !mount ot suclion and purnp-

ing powcrwillbe rcduced tlightly. H€nce theoullook h fairlv
ottirDinic lbr oblaining lull laminar flow on Grillith airloils
at glider Reynolds numhcrs. Much studr would h. necded

bul dll ol it is wilhin ou. present nnalylical capNbilities
AIn e , rnLrJr ,hr' rr r..r\ be n^\'ibl< lo
ri;n un.hc lJsir {ocol rl-(r,;'^r' l. 'd. r rhe ( 'l \\llalJ

Of corrse if the theoretical sludles juslify, then scveral

wind lunneltcsts ofairfoildesigns are needed Delails ol lhe

slo! design, loss assesment. rransition tnd the like should be

investigrled rs well .s obtaining conlentional fo.ce data-

Thc LFC crse is .clalively solid, lhe l-lD max ol76 prcdic-
tion cominF lrom l€sl dara and reasonable eficiencics The

big problem is building a suilNble wing- In shortvccan build
rh; Grimrh $iig but do not knov much about lhe aerodv

namics. Wc know thc aerodynamics of the LFC system bul
do nol know how to build it. As lurther supPort for this
slarcmenl wc noie that in 1949 Pfcnninger ran complelelv
.ucreslJl '(i. on J I lh .l rrrlrrl rno r\c drdg $.J' :rl

morJ'luu l. rh< l05c rhr(k.<c',o"orligJr(4Lr
An ;1em r|at hrs only casually been studied is the pump-

in8 drNg as sivcn by (2)

c,,tl-( p)l \2'- rpumrrns -,(l!)
Ob\rJLsl\ Jr.ntdrlg,o rh.\c\udrion edLLing'he nc(('su-r
{ 

', 
i' ol ,n?iu' imporr. rct. bur J n"r( ligh lv ludJd srnd

n,iil ". e\c nplir,(d r) J lo$elJIL( ol ! trll aake
rcducrions in punrp;ng drag. So lbe windmill and pump

shodld rcccive iusl N much atlcnlion as the airlbil
I hope I ha;c broughl out sone of the possibiliries and

nn'h-;^ lor L.i' l,nd ol (no r Bc.JLs( n ,n) u the |lob
icms ,,e n.'rlr.l rl,rr F. ,onslru(lion.r' de'(lopmenl "t
{,ch x sNilDlane frlls inlo thc hands of the designer !o a

c.nsidcrdbl; extcn(. xl least after turlher airfoilw;nd lunnel
lests. Needless to sa], thc same relative gains could be madc

on Slandrrd Class or lcsser sailplanes whilc improvemcnts

stillcan prob.bly be made by usi's diferenl bul more o.lcss
conventionrl airloils, norhinS is conparable lo airfoils using

sonre kind ol laminNr now conlrol
Morcov.r il vill bc noticcd lh^t .ll the prcdiclions have

bccn rdc for r convenlional configuration. There are un_

convedlioul ones such xs a crnard or laill€ss and llresc have

noL bccn considcred. The tailless is inlriguing because a

l!iAhc! percent of the toialwelted area could be laninariTcd.
B;1 lho wnrg hrs {o be comPromised to obtain lrim stabilitv
xnd cood Nins qualitics. Proper dcsign and tnrlysis ol this

. c' ,. r' r'lrl'. p<Jl r1 .r,'Pe hlr 
"L 

rrle\'cr'iJn
-,rr .,,, in.,r tt.,$ iJnrrat rligh. . cr \ 'l tu rher

impnrvcmcnL.

tF( ltNlaA1 \alARlNai



A1'PF"NDIX

THFJ PT;}IPING DRAC OI' A\
l-t( sYSt ut\t toR A sAIt.Pt.ANE

Thc r]srein bcing rnrlt/cd ir illusrrdLed ii Figure 9. A
certrin qurntily ol rir Q cu. li /sec. is }loNing iisidc thc
rving rL thc.ntrrncc to rhc punrf. Sld. 2. Il prsscs lhrough
lhe punrF rnd disch.rges .1 51r l. $hich h!s negliliblc
lo\ses belween il rnd the li.rl dischrrg. Th. winddrill ds

th. punrp. so list considcr rhc windmill. Accordine to Lhc

r.xllsis ol Rcl l0 lhc foscr outpuL .nd drrg oi.n idedl

(.t)

tr2)
qhcr. R is thc windmill rrtrlius .nd r is . mcrsurc ol lhc disk
lording. The poser ol lhe windrrill is rcrdih rehled 10 irs
drdg bl nca sol (rl)rid(r2).irdelr-

P\\Nj:DwMlloo(lr)(lclcrl) 1a3)

I)$,Nl 2rtiltlco r( I !)2

D$ M: I nR 2r Llco 2( l-rh

Ihe inful power.cqui.cd tr\ thc fu,r'p i\. shere ll rep.e
scnts t01!l hcdd, ,p ; purrrp cllicjedc) r.d ,wM jr {t ddrilt

Also thc !clocity hcad !1 lhc cntrancc to lhc punrp rill bc
or \hould he low so II2-p2. !nd by definilion
H t : p@ r/rpv2. Then (!.1) crn be solved lor V't. yielding

V -l: [n: no" I aoawr"rr'uv]'' (as)

Ihcdfug01this discharge !ir is

D:pQ(uoo vl) (a6)

,ar -,.o 1f [0,.o- nrr*vr*vl'
V,,T'" O J

lin rhc rotdl drag of the tumping systcm wc nrusl add in
thc drrs ol rhe windnrill. which is provided b) (r3) )ieldns
Dror,r r 

ta./\

:,,rr, *,,o\f, [h "* 
* hintl]"']u' *C+*)

I his qr!ntitl can bc diflir.nlidted aSain PNM 1o lind thc
cordition lbr mininrum dfus .s wcll rs its vrluc. wc obtrin,
wherc wc no$ lu.,p rp rnd lwM into a single Lerm ,

H I'tl!= 4\\l Ilw\l
lContirt.d rn .\t pagr)



"ljiliJll. :rou- [r rir 'r]

Iiq. (x8 is ! iin!l gcn cful cxpressio n

i . (xifll(:n:fl lo.m I cr

!e^ ,ire.csring lo nolc thll eq (al1) indicares aboul the
srmc vrlues ol punrpiDg drrg of those conventionrl for a
pNpelle. airplane. ignoring thc, fdctor. There under no.mal
'. u, ,r . ' rh( .'1. e i.ul,l h. aUr I ( ri. 1,, Jirp.'n(:, .,1

''.. .. I ,' rl'i!i(rl) T,ar':...- el'edoLr b) frupcl
ler cficicncics. He.e se nrust rct.in thcm aid rith tlDical
vNlues oi Lhc dcnoninr1(r the pumping drag is ncarly douhle
thrt lo. a |ropcllcr rirphnc.
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t'r] r"'''

'":1I:;:=* [, [.r,2+ 
K( r-cp2)l'/] .#t1

(a8)

(ae)

brl i1 is herrcr 1(i.onve.1

'Ihcn (a8) reduccs to

cr"urptr.,c. trt, t.,. ' cQ

tr"":pu * I s cqyi t-CP:) (all)

I his is thc lulli gcner.l lonnuh lor loNl rniiin'um tunrp-
ins dfus in coeficicnl lbrn).

It is ol course ol interest 1o put thc nDrc gcncral crsc (a7 )
inlo coeliicient ionn. It will bc iound lhrl . rcicrence condi-
r,.r n r si Jl iLl pu\ur N sh( jL\ < o.,FIr n .e, F \.r
plicd so lh.r rhere is nojet rerclion,lh!1 is. when Vr:lloo.
Ihcn by (a5) lhis power is. pulting it nr cocfiicicnt lorm

2il

*hen V: -flo

This condition is ,o simple it becomcs a basic r.fcrcncc
case. Then for trsc in {a7) lct the porvcr bc rclcrrcd to (al l),

PwM: Kp uoo3 s co(l-cr,
2n

Thcn (a7 ) rcduces 1l)

(ai2)

For the spccial case wherc thc si.dinill powc. is jus!
cnough 1o makc V3:U o rhc only d.ag is ilre windmill drag.
Then lrom (a l1) aid (al) wc lind

(al3)

cru,,-0,"o: !o!1-!12)
'r( 

I -r)

vt:Uoo

(il,r)

This isexlclly the resullsupplied b) (a1l) for K =1. 8c
c!usc il docs nol indicale cxcessive tunrting dr!e. eq. (.14)
is vcry convcnicnt lor sludics. In oie cxse srudied rhc rnini
mum wNs lound lo bc rbout E5% ol thal irdieled b! 1! ll).
Eq. (!10) rdtiocd to (a14) indicrlcs such values Aho i1 is
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