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SUMMARY 

This memoraniu::n attempts t ·) deduc~ the effects of 
add ing arbitrary camber &nd twist to 1::. win·., of g i ven ph.n 

OF .l. 7 

form , at least as far as these effects can be determined 
wi thout i nvolv ing complex assumpt i on s and l i ftinJ surface 
ca lculb.ti ons . The 1:J.m,lys i s is too sh1ple to provide a method 
of design of cambered win J"s , but it does explain qualitotlvoly 
their behaviour . It also su;6 ests met½ods of assessing te st 
results, and of co'll ; &r i n__; the results of cambered wi n ..i;s 
desi~ned for different fli~ht conditions . 
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1 ,0 I NTR ODUCTI ON 

There i a considerable int e r est at the pres e nt time in 
the use of c amber and t wi s t to reduce t he d ra~ coefficient of a 
h i 3h speed wing a t n on - zero lif t coefficients . Various types of 
C8.mter and twist huve been p roposed fror1 time to t i me, a n d these 
ar e d i scussed for example i n hefer ences 1, 2 and 3 , 

Unfortunately a clear physical ~icture of the effects 
of surface war~in6 is dif~icult to obta in by rebding such 
rtiferences, because they are concerned m&inly with the design 
of winc,s to car1 ·y specified types of lift distribution , o.nd in 
order to culculc,te t!'leil· drat'; it is necessary to become involved 
in complex l ifting s urface theory . 

The pre3ent analysis was carried out wit!'l only one 
u im i n view, namely , to doter:nine how many of the effects of 
camber bnd twist can be deduced b y making only a few ass u mpt ions 
which are so simple that a clear physical pict ur e Chn be retained 
throu6 hout . 

.!<'or brevity in wh&.t follow s , the term ''cr.1.mber and 
twist" will be reduced to "ca:nber", but a comp le tely &rbitr&.ry 
definition will b e &ssmned , 

2.0 ASSUMPTIONS 

The followin3 analysis will be conc e rne d wit h the 
effects of adding a1•bitrary carnber to & winf'; of spec ified p l &.n 
form, Tl-ie followi n g basic assumptions will b e made: 

(a) The wing can be re p l aced by i ts median surface , 
i.e ., the s urface which splits the win6 t!'lickness 
d i stribut ion in h&lf , 

(b ) The slope of this surf&ce at any roint is hlways 
small enou~h thut its cosine is unity ~nd its s ine 
is equal to the slope. 

(c) The pr e ssure d i ffere nce acting across t!'le me d i an 
surface acts at right angles to t~e surface at 
every po int. 

(d ) At &.ny an~ l e of attack the pre ssur e difference 
a cross t he surface i~ the sum of two par ts : a 
pressure d i fferance due to camber and twist at 
zero lift, and a pressur e difference proport i ona l 
to an~le of attacK me&sured f r om the win6 zero 
lift an6 le . 

---- --·-----------------------------' 
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(e) ~ven h'hen the pressure distribution theoret:!c&.lly 
bppro&.ches inftnity bt the win~ l ebdin~ ed~e , no 
le&.din;:, ed.:;e suction or ti-,_rust force is developed 
which must be uub t~&ct e~ from the dr&~. 

o, 

All of the 1;,_bove &ssurn1,tions, ti<c0;_1t the lust , ure 
in accordlince with ordinury linebrized win t'1eory (which is , 
lncidentb.lly t0..., bcl.Jis used _;_"or' t 1rn desi,.';n of Vt.rlous win_ss 
in heferances 1, 2 bnd 3), 

No &.tterript will be nb.le tn juJtlfy uS.'.llll11Ition (e ) 
for the present. It will be shown h1ter that t½e r-e::rnlts 
of the b.n&lysis W"lich depend on t11.is t,ssurnptlon ure in 0 00d 
a 2,reement wit'l some expe1•imental rr,.e&.:rnreme nt s on Cti.mbered 
deltb. win0 s &t supersonic speeds , ult11.ou -r'"l scr.ie c,the~ evidence 
is conflictins. 

AsJu~,tion (e) is the centr~l one of the l resent 
1:;.ni;_lysis . Le 1...dinJ ed6 e th"ust orJinarlly !irLies in linearized 
thin win~ th e ory whenever the chordwise pressure distribut i ons 
reach infinity blonJ the wini le ad in~ edge , and thi s situ&.tion 
occurs in ~enerul when the win: le&ding ed~e is swept to bn 
bngle ~reater th&n the flow ~ach bn~le . The beneficiul effects 
of camber are sometimes ex:)hdned by stbtin0 th&.t whereas the 
theoreticul thrust force is not reul ized by a thin fl1;,_t win~ , 
and "effective" lelidin3 edge th1·ust may be developed by 
sui t &.ble cwnber-. It seemed more lo,_;icE:J.l , 11.owever , to derive 
the effects of Chmber wit~out reference to this force, which 
can not exist in rec.lity (&t loust in ,H'.b.ctly trie swne why 
Ed it ar i ses in thin win,s theory) bec&.use tl-iere c.;u.n not; 'be un 
infinite 1ressure ~t ~ny point on u reul win~ . 

.5. 0 ANALY0lS 

A se t of co-ordin&.tes denoted by x , y ~nd z will 
firs t be set u 1i to define tht:J wjn~ ,-,;ecmetry. ~,et x be in 
the direction of t'-1,_, relative wind , j . e., x :!.n..:reases posit ively 
in the chordwise direction from leadinJ edge to tra i lin;,; edge. 
Let y be the sp&.nwise co-orJin&te &.nd z be the verticE:J.l co-
01 dl nate mn&.sul'ed positively u1 wt.rd in tho direction of the 
lift force . 

The median surface of the winB is defined by the 
functiona l relation 

17 
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OVEH' the win 1 lan foP '1 , Nl10r u i!:i t'rn win,~ un~lo of uttack . 

Let C, ,., coef:icient of ,res3u~e iifference &cro-~ w:n~ ut un 
un__,le of attack c. , ut b po i nt (x , Y ). 

coefficient of presJure difference uc·oJs wing 
ut ~oint (~ ,y) w~en win~ is bt zero lift . 

= K, x u. = coeff i cient o: 1n·tJ ... ,;ur•e difference 
~~~ass & fl~t (unc~~bjre~) win 0 of ~&me ~lun 
l'orm 1:.t l oint (x. , y) .-:hen win__, is ""t ul1 i,n<~le 
of htt&ck L.. . 

Le t S win,._, tt1·e& . 

b. win.., lift curve slope= dCucta . 

·r11.e wincj li f' r, coefficient , GL , is c:;iven by 

r f C1, d; dy 
CL = 

3 

SSCP0 dx dy S5 c. a dx dy 
+ 

' u ._, 

= 55c ,; dx dy 

s 

s i nce the firs t te rm is , by dtJfinit i on, zero . 
C 5) Kp dx dy 

Thus , L 
a= - = 

a J 

The pressure drag coefficient at zero lift L, 

dx dy 

where ( *) 
0 

denotes the chordwise slope of the wing surface 

when t he wing is at zero lift. T. is dru ~ coeffic i ent is 
wr it ten in incremental form ( with & A not at i on) merely to 
indic~te that t i1is is only the camber contribution to zero 

( 1 ) 

( 2 ) 

( 3 ) 

l_ ___ . __ --------- __j 
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lift drag . The skin fl'ic tion uni thickness d r a g &re not dealt 
wi t h in the pr esent &nalysis. 

ihen the wing is at a n &n~ le of attack , a , the slope 
at any point on the su rf ace is 

17 

( 
az) _ a 
a x 0 

( 4 ) 

and the dra6 coefficient i s 

-Jfc~ az 
c} X d>" dy 

5 

+ JS (Cpo+a~) [a -(h)J dx dy 

s 

-SSc10(~)Q dx 

s 

asjKf (~\ dx dy 

s 

The third term in the above express i on i s zero 
b y definition. Cpo is the pr essure J istribution at zero 
lif t, and hence it s integral is zero 0 

From equations (2) und (.'.>) , equat i on (5) becomes 

JSK ( oz) d d 
a r \a c -'· Y 

The last term in the &bove c&n be rewr it ten (fran 2) : 

afS KP (~ )a dx dy 

::, 

C JJ \ ,( f) 
0 

dx dy 

L ff .i\ , dx dy 

The ratio of the two doub le integrals has an 
interest in~ phys ic&l interpr'et&t ion . It is, in effect , a 
we i ,::1:ht ed !i.Verage of t he win , surface s l ope w½en the wing 
i s at zero lift . The we i htin,: is l r oportional to tho 
an,:;le of a ttack pr•essure d i stritut i on , that is , to t'i.e 
pres sure distribution of & liftin , , uncambered win6 of the 

( 5 ) 

( 6 ) 

-----------·------------------------~ 
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s1:,.:ne 1-lun form . Triis pl-iyJica l i nteq,retation wi l l be of use 
l&.t e r . In tht, 1~e1.1ntime , l et the ratio be abbrev i&ted: 

ff i.~ (~)., dx dy 

111\.p dx dy 

Then, 

( en.) 
cu .. o 

Th i s expression (equ&.tlon (8) ) can be refrr&.n~ed 
&.s follows: 

( o'l ) Equ&. t i on ( 9) shoVIS t½cit wrien GL = 2 o .1 
0 

then the drucS i~ a 

minimum &n d equal to 

Hence 

where c1 
m 

a_· raz) 2 
6 C = LI.CD -

Dm in O '% \CA 0 

lif~ co8ff1cient for minimum dr&.~ 

At this point a number of conGlusions can be dr~wn 
fr om the r ~sults of the analysis, 

Equati on (9) (or (11) ) s1ows t·wt et plot of Ll CD 
versus CL is a purabo l a , ~or ci flctt (unc1:,.mbered ) wing 

OF 17 

( 8) 

( g ) 

( 10) 

( 11 ) 

( 12 ) 

(~f )
0 

i s zero and in this ci:,se the dr·~r.; e'1uat ion 1,ecomes simply , 

--· -- -- - ------ • --- ------------ _______________ ___J 
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C. L 2 
Li C,D ,. ( 13 ) 

µ. 0, 

s ince ~ CD i s zero from equ&tion (3 ), T~is re sult is well­
known for 0 fl&t win 6 s wh ic h develop no leadin~ ed~e t hrus t 
for ct:1 . Moreover e'luation (9 ) shows tru, t for b c&mbered wing 
the curvature of the p&rabo lic drag polar is the same as 
th8. t of im unc &mbered win, of t1te s&me p l b. n form, The poh,r 
is s11.ifted rel8.tive to t'iat or o. flat win6 by an &mount C½n 
in the lift coeffic l ent dir-ect i on &n<l by &n amount l!. CD 

m i n the drag d i rec tion . 

Equa ti on (11 ) a l so su~gests that a convenient way 
t o plot drag polurs for,.., cambe red win~s would be in the form 
o~ Co versus (CL _ c1m)G or altern&t ive ly in the form of 

VCD - C½n i n ver s us C1 . s inc e in e i ther c&se straight line 
plot s should result. The h itter form i s undoubtedly prefer1:,,l,le 
since CDmin i s much easier to read f rom a ~r uph of CD ve.sus 
C1 than is L--4-n . 1'u1·thurmore u plot of v Co - CDm in versus c1 

should be i n the form of a V- shaped p& i r of strai~ht lines 
which intersect on the C1 h.x. i s &t thtt v&lue C1 = C4n , 'r 'le 
followin~ sketches should make these points cleHrer . 

c'D 
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The implic!iticns of eri.uation (11) L>re th&t t h e slope 
of the st1·b.L;ht line sel":J'llents on t 11.e lat.t er 13:ruph should be 
the swne for a cambered win~ as for an uncambered wing of the 
same plan form , &nd equbl to~- This point h&s beon 
checked with the d &t a g iven for de lt a win~ s in tteference 3 
and h&s been found to be true to within about 5 percent in ull 
cases at superson i c speeds . This limited corn1~arison , however , 
should not be taken as implying & ~ eneral rule . There is sane 
data avai l able from other s ources wh ich conflict s with this 
re s ult . Reference 4 contains measurements &t tr a nsonic speed 
on a 0 percent thick delta win~ with &nd without Cbmber . The 
win0 aspect ratio was 3 .0. These results s h ow a low vu luo of 
drag due to lift , which implies that consideruble leadin~ edge 
suction wus bein'-' r e Plized Uf. t o a Mach number of l.08 by the 
unc&mbored wing and not by the c&mhered wing , ut le&st at 
some speeds. The c lose &JJp r o&ch to full le a din :_'; - ed .~e suction 
at the hi~he r 1~uch numbers WH S r--,o i nt e d out in neference ;, &S 
belnc ccntra~y tc usual assumf tion s in line~ rized theory , but 
no explanation wus given . A further set o f conflictin0 d a tu 
h a s been obtained by the NAE Hi6 h Speed Aerodynamics Laborutory 
in test8 of a half' model delt ti win1 - body canbinat icm of as pect 
rati o 2. ~ith one percent nebativ e circular arc c mber this 
wi ng has a hiclher drag due to lift than the uncembered wing. 
The wing thickness r&t i o in this c&se w&s 0 percent. These 
resu lt s ure a s yet unpublished. 

In the present analysis t h e main interest is in 
the drag s&vinci; wh ic h can t-e realized by the use of camber. 
The drag equat i on for' &n unc&mb e red wing (l.:i ) ma y· be s'ub -
tr b.c ted from the 6 enerul equation (8 ) to t:; ive • 

17 

( 14 ) 

( 15) 

The b- si~ns ha~e been dropped on the l eft hand side 
b e c&use they are no lon ~er of s i gnif i cunce. 

The zero - 1:lft dr& incrtiment .6 Cu due to camber will 
g enerully be posit i ve , Co 0 is g iven by e q8at ion (3) , &nJ it 
is known intui tively that Cpo will enerally be ne b at i ve over 
t hose portions of the win5 surfuce for which dZ is ~ositive. 

d x 
However, in spite of & i ositive Vblue of ~ Gu

0
, 

equations (14) and (15) show th&t Co for fi. cc1IJ1bered win~ should 

------- --------------
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be lower than thlit o! a simil&r uncbmLered winJ for suff icient ly 
lare;e lift coe ffi cients , provided only t h&t the qu&.ntity 

(E)
0 

is positive. 

Th e qu&ntity (cla Z ) :is defined in e~uation ( 7 ), wl-ier e 
x / 0 

it was in t erpre ted &s bein:; ctn avera.ge v1cdue of the '!'in ,; sm•f&ce 
slop~ at zero wing lift, wei~htod in propor tion to the pressure 
d i stribution of Rn equ i valent flht winl at an nn~le cf attack . 

In the c 8 se of u flat win ~avin~ a quasi-sub~on i c 
pre s s ure distribution with hi~h pre3sure differences near the 
leadin~ ed~e , the wej~hting will be heav i est nee~ the l eudinl 
edg e und the wei0hted avere.6 e s l ope (oz) of the equivalent 

dx o 
ca~bered wing will be determined ~ainly by the surface slope 
in the leadin..; edle re .. ; i on . ror u vJini:i.._with pc~it i ve cumber 
(concave down(,ard) this imp lie s that ( o z ) i s posit i ve, hnd 

d ;, o 
fro:n B'1U&.tion (14) the im1,lic,ticn is t'1t...t po.;it iv e cuncer is 
re quired for the reduction of drbg &t o~i tive lift coefficients. 
T:1is result is u well known emµiric1,.l fact . 

To carry tliis so1't of p'1y3ic,, l reasonine, furtli.er , it 
follows that a chan(°;e of M&ch number \'1liich moves the aerodynamic 
centre of a flat win~ I'rj&r"ard , or w~i~h cause.;~ reduction in 
t he leadin ~ ed~e suction peaks of a flat win~ , will reduce the 
b~r.ofitd ava i lable from a ~ iven amount of cLJnber, s ince in 
either case (J~) will be reduced. It i,r~.J:iars ~o be borne out 

ex.t-, erimentally, ?see for example hef'erence 0 ) that un increase 
of M& ch rnrnber throuE,h the tr·i:-.n.:;on ie !'1'ne-,e (re&r'l'.!ird motion cf 
1,.erodynamic centre) or t "l.r·ou.,·h the reJ ion wJil:)re the Mcich lines 
are approachin6 and crossinz the win 0 l e&jin~ edge (reduction 
i n p ressure pe& ks ) does indeed reduce ~re~tly the benef it s t o 
be der ived f~Qn camber . 

c.quations (14) &nJ. (15 ) im .t-, l y tl-Ltt if t'-le dra6 
d iffer enc e between t, c&mbere,1 wine &n & sirr.i l ar fl&t wing 
E-re rlotted l:.lgajnst lift coef'i'ic i ent , th<~ re ~u lt will be u 
straight line whi ch eventue.lly c1·osses over the lL t-.x. i s . 
Ne ~ative values of t hA drb~ difference indic&te lower drag 
for the cambered wine: tl--iun for itl:! fL,.t eqliiv&lent . 

4.0 CHOI C~ Oi' OFTIMUi,1 CAi•:lbr<.;n 

Con:..;iJ.er now t. fm ,,ily or win;.1s all 1inv i n"' the .:H,me 
plan form &.nJ. the ~ume bc:.s ic cum't,er shape , but different a'."lounts 
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uf t..& cr:l:,ul' . l'h•-1 tU-'~t i 8n Ll 'i Je_, t,., :_,, l, ., t,-:,u·1t, or c~ ler• w1->:ic h 
wil1. '-, iv t; vh e 'I'c'-' e.:~ c11··_; .·t<llctior ot b '-'l~CL,1,yl lif t 
c d'l'ic.:ient L.,;d ~.tc>i m .... "'lbur . ·, ·t,1 in th.J li':li' f-1 i ons of t l-iJ 

t-'l't;::;ent c;1.rJt..ly _, i.., ~OmL cc;1vl u 1 en. •fr. l.J,~ r3:..,c.:1-1er. r:r. t f c nt . 

ui,1dl1uiunrl l...!OTJ.J~ i .... rt.t .... n..) ~ 1 • li , tn er ◄ u •. ~:0n (...., 

wi .l. ..,h,o,. t'.ut .1 vuo , the drt-£ jncr ,Jn~ de: t.r Cr1.nlL" , i <, 

'l'C.o:·tior.~.l tC l'1t:. ~-:Uu'.l cl' t,'e •,,ClH!- rf Ce1re. , ...,1 i b.•Jy , 

eq~:...t:lcn \ ) _,-ir,:,, t t.f" 1..,L,, , t.r-• Lif'' co~fl'ic i er1t f'< .. 'l' 

11inlrnt..:TJ ll'h i., rl:r·,;ctl.v ·..,•r-,0rt-.i.onc;l to w·,cunt o' , l,et· . 

'_:'i-Jus t'ie qut.n1 it ~· .6. ...,u,/C,_, 2 ·n.?y e exr.1e ct ed to bu 1:1. <..:on;;it,,;int 

for b, y r~r-1 ly t.,c ct.mbere~ wln :s unl-::I' con_,ide1·0.t i on • 

• q~~tion (15) cc;1.n be rewrit~en '.'lletar 
•nore ext licitly: 

CD - Go) = ( ~~;) ~½/ 
vo>:e (),· Cfw C,1· wriicl--:, t' L; ,A 1,re.J::,lcn 

iver1 CL, 1n2.y be ot tE ined by sett i n , 

1, nd the 1•,rnult is 

g n 

If triis Js subst it ute<i jnt c (16 ) the t ·e s ult i s 

h.4u1:1.tlon (18 ) shm,:., t•11:1.t t'le 1T1&xim u 11 po::isiblt::j drug 
reduction due to cc1mber !s pr•opot·t. 1 ona1 to t e a 1u;,re 1..• ... t"le 
d,i.:;i _,,1 l i ft; coefi'.icient , 1o1nd '1,H1ce 1 ~ S"l••ll for lo· dsJ.3lc:,n 
li ft coef1lcient.3 . 

l' ',e .iJOJ ~ l ul-J dc1,.g r-..:iduG';.ion t< ls o i .;; fl!'OiJOf't i onal 
~ 0 the 

1
_·w· l',v-t;er C lm:-1 ' 1c 11 "~ 1 e r.3 to b e indtll t:ind en t of 

LL 00 

( H3 ) 
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_ri.1~n1 ... .,uj o;_· c.r ....,l, 1 ;1 1 1t' ~ivcn :~!,::;'..... n u n1'r>i ... . T' :!_3 .. f ... YIC"'tetAr ,.., ... i7{ 

\'1J1.• e fc1 1 L l)t.; u ;-.!.:l lo ...... l;..., <)~· c)•1_tr 1 .;on l•.)'-we,n .ln o f 

J l ., i 'e r c: n t t: e. :J l c c..: 1 '1 t e 1 .., .. 0 , e v t:> r l J' t 1• e w i 1 ,... ; l e ~ r • om, red 
.rn ·e de:Ji unt, l !'or d i i'f__,. n+ l J f c e t' .' l l ,,rt· : . f " u r'" )r' 

lmi-,l i cat l on i:.J t >-ia t t h "' ..;e1,rc 1 f or 6 o or! cw:tler 3' &.i:eo r:1 i __,ht- be 
n1:1r r o.-.ed t u flt..l .,,,H ... c..: h ' , .. de J ' ~,·o '1a v .:.n t1-iJ ', i 11e t 

t t. l u e r +' :::'...!:'.:... a t t htl 1'11:1c 11 11umr e r 01 intere s t. 
Ll ., u 

t 

.i'he resul t3 , l V ':!O lJ y t ie abov e ccn :..J:ld e i a t i on s :n.:ty 
be sunnari zed ;r,l, hic&l ly a 3 fol l ows : 

ENVE'.LOPE 

DRP-.G h.1cRaMe:1-J, D\lE' .,-o CIOlt-\Sta.R. FoR FAMILY 

ol'." \JtJG':> OF S1tJ11L~R CAMee.R S11P-P~ eu, 
D1r-r-E.RE:.1-JT" t'\1>,e:,N1TvDE~ or C/:\MBE:R 

(CoN~Tl>INT w1~c, PL/:\N FORM v MAC.H . ~.) 

(Eex . l'c) 

Th i s g rHp½ s hows th&t ca~h er c hos e n to reauce ~· b~ 
bS ~uc~ &~ pos a i b l e &t ~i Jh lift c oe f ;ici dnt d m&y result in 
l &. rge dr&g p en&.lt i es &. t low Li ft coe f f ic i e nts . The re will 
there f or e be e te nd ency in ~ny ~racti c 1;1l cbse to c h oose 
camb e r on t he low s i de in o:-d or· t o e n e ct 1,,.n 1:1ccevtuble con­
p'orn i s e & t !il l fl 1t,ht c ond itions . 

Ther e appe a rti t o be .,; o."le i nd ictttion t ~&t Cc,.mbered 
wi n ss des i c ned usin ; line ~r i zed t "l ~ory ma y '1Q ve t oo l& r~e 
rn b. _c:;nit ud of cb.mber to &c 11le ve t "le 1n1c• x i mu"l r.ossi h l e dr•&g 
s hving at the i r d As i ~n l i f t coe ff icie nts . Th e met ~od of d eJ i g n 
is usu a l ly based on the &ssum i-, t i on thut., Cc'111ere d wi n r v, : 11 
re&. li ze &n "effect i ve " le i,. J i n g ed ·e .:;uction i f , &t its de uign 
lift c0gffl c i e nt , t l-ie p r es m,1 e di str i b u t ion ~o .J t o z e r o a lone 
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the leadin, edge . Th.is requiras & rat~er l&rge amount of 
cumt.e1· 

1 
uwevt:! .. 

1 
vuc'1 t'.!.d t le; ;:e. 0 J.i.['1 U!'hi:., 1 ,}nt lty c:1_.y be 

too L.i.· e to :t,(,L,lt :.uch u 'i.a.6 r t.-duc~ior: . 

To tt:.. .. t t i., Jue.:JJ , 0'1.u1.. jcn (l..,) ,·i.., 8."liLl a 
a criterion to the ex1 u•i ~BntLl l'esult:.i from two c 11• bered 
win_:;s in iH::l'er ence v . ...1-1.t,..Je t,·,c: ', jn _,.J \ er,; t.-.sp.,ct r•1:.itio 
2 delt&s v1lt:-1 0 peI'Cent :1mxL"!'IUC1 1tic,m0sJ , one of w:1irl1 ,vus 
C!i:11.tered and tv,i:;tpd for f:llip ic 1°.wiln_: ti.n tl-ic ot'1 l" f01· 
tru,.0.:-oidv.1. lac.din. ln •Jach c• e t.•1_,. tl-iF>or•e+-ic,l dr,sign 
lift coefficinnt ,•:f-'s C, ;>5 at M = 1. ·,3 , 'I.hen Co is plotted 
ver•3us CL for- t•ieso win.~s !:lt M = l,::i0 , and com 1A1red witl-i the 
results of trw unc1-.,.r,'rered delti.>. wJ.·ich b.re also . ..-; iven in 
, d~erenc e ,:, , it is f,)und tiia~ , t CL= C, 20 t 1,er'e is ,in f&ct 
no dc& g r·educti on in etthec c&::;e . T,,_,e r,u11ntity (CL,/ ) 

\ '-L Do 
w&s det ➔rmined for botl-i win,, , ani &lao tl-ie l ift curVd slope . 
~or a design lirt ~oefficient er o . ~5 , e1u~tion (17) w&s 
evr,hrn.ted. The value s cf L½n so o"'tttin0d were then comp .. red 

v.ith tl-ie measured vi:..lues for- botr"J ca•11l.ered wins . In l.ctei 
case3 the calculated value or~~~ fro~ e1uo.t lon (l'"') w&s nuch 

lo~er t~un the experiment &l vulue . This indicutes that if 
the two cambered win15 s had had R sm&. ller rrae;nitude of camber, 
a drag red uc t ion mi ~ht h&ve been realized at their design 
lift coeffic i ent . Cuantitatively , the results of th i s 
calcula tion indicated th1;;.t th(:j win6 cwnbere d for elliptic 
1cudln~ shoulj have teAn constructed with only 63 percent 
or its actu& l cumber ~nd the ~in; for trapezoid&.l lo~dlng 
s11.ould have 1--ia i only b'"' _Jercent of' it s actual cumbe r . As 
actu& l ly const:C'ucted, the fir•st c &-nbered wing produc ed a 
dr&z reduc ti on for l i ft coeff i cients ab o,e about 0 . 3 and 
the second win~ hG.d the same d1·utI; &s tl,e u n cE11nbered wi '1 

for- li ft coeffici,mts alove &hout C.4. J,t Jower lif't 
coefficients , a n d in particular at o._5 there wus a drag 
penalty, 

It may therefore be concluded that a type of camber 
designed usin ,, linearized Lheo.•y shruld not be reject;ed 0n 
t11.e basis of wind tunnel tests merely because thABA show no 
drag ,~a in d.ue to d&.1<1ber 1;.t l he d):d •n opcratJn;, condJt ton.,. 
It rnay be thut 1.i con;_lidurabl<"'i reduct i•)n in t 11t-i :'1111 nit ude 
of ci-cnber wmi11 rt:1sult ln .s reduction in dri,:; fit t 11, d esi---;n 
l ift coef f icient. 

-- ---- - --·---------------------------J 
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OF 

5 . 0 CONCLUS I ONS 

This &nb.lys i s hus been bused on the ordinury 
assunpt ions of linearized wing theory , with the exception that 
no lab.ding ede;e s ucti on 01' thrust force has been 1:1ssumed eit:1.er 
for cambered or flat win5 s . The followin conclusions have been 
re1:1ched wi thout i nvolvin~ complex liftin~ surface cu lculutions . 

1. The curve of drag coeffic ient versus li~t coeff i c i ent 
for a wing wit h &rbitro.ry camLer and twist is a 
parabola of the snme shi.q::e as for 1:1 fla t wi ng of t he 
same plan form , but is d isplaced in both t:1.e l i f t 
and d rug direct i on from th&t of the flat wing. 

2 , In ge neral the addit i on of camber (bnd/or twist) 
will inc rease the zero lift drag coefficient of 
a wing by an ~~cunt ~ Cu

0
, which is prororti onal 

to the s1uare of the b.mount of camber (and/or twist) . 

3 . The lift coefficient, elm , for minimum drag 
is directly rroportional to the ~~cunt of cwnber. 
Hence the quantity c½n2;6 Cu

0 
is u const1:1nt for 

a particular type of camber appl i ed to 1:1 ~1:1rticular 
plan form, l:ind is independent of magnit ude of 
camber. lt will , of course , depend on Mach number . 

4 . basicully different types of cfamber tested on the 
sume win 0 f- ll:in form Cl:in te c ompb.red by con paring 
the va lue of C-½n 2/6 Cv

0
, w1-, i ch Jhould be c1s h i Jh !:l.S 

poss i b l e . The maxi.rnum fJOSsil le suvin0 in dru~ due 
to cwnber L, d irectly pro_,Jortiom,l to this p1r&P1eter . 

5, Experimental dr&,: pola1·s for ctimbered v. in , s ure 
conveniently rlotted in the formiJCD - CDmin 
versus C1, The slope of the strai;ht lines which 
result should be t he smne for cwnbered b. nd uncamb ered 
wings . Canpar i son of this result with &Vciilable 
me a surement s shows at7;reement in some c1..ses &t super ­
sonic S_,Jeeds but not in others , 

6. The difference in drag coeffic i ent hetween a cambered 
and an uncarnbered wi n~ of the sbme plan form should 
be linear with lift coef~ic ient . 

~ At sufficiently hi,h rositive lift coefficient s , 
the drag of a i,ositively c&mbered (concave ownv.ard) 
win 3 should be lesJ than that of an unc c1mberad wing . 
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Since t~is result has nothinJ to do with the 
theoretica l leudin,r, ed _::; e suct i on force , it should 
hold even ut M1.. ch numbers such that t1te M1:1ch 
lines ure 3wert behind the winJ leadin J ed ~e . 

8 , The possible r eduction in dr&J by aeans of c&mber 
should decre1:1se b.s Muc', number is incre1:1sed through 
the transonic r&n~e &nd t~•ou~h tha range where the 
M1:1ch lines &re swept over the le&iing ed0 e , Hence , 
tha 11 i c:;h er the Mach number , t he l es.:i is l ike l y to 
be the 1•eduction of dr ab du ,J to carnber· , 

9 , The maximum i:,os..,ibla drue:; reduction j ue to camber 
is proportionul to the square of the lift coefficient . 

10. },or any _; iven lift coefficient there is un optimum 
amount of camber whic'-1 will effect the m&>..imun 
~ossible drag suvin5, roe lar~e u maJnitude of 
camber may be particularly bad since it will 
produce a drag 1,ena.lty &t lift coeffici1rnts sane ­
what below t"1e desi .n vi.lue . 

11. There are indications that ,lin rs dasi~ned using 
lineurized theory to curry specified t ypes of 
loa1ing w1ich will ensure zero loadin~ ulon the 
leadin~ ed~e , have too l a r ~e & mucnitude of camber 
for their desi •n li r t coefficient . This is because 
the definition of design lift coefficient used in 
such methods is not nec es s&rily thut at w~ich the 
max i mum possible drug reduction will be achieved , 
A .:.1et of cambered de lta vli n~s desit,;ned 1:>.n J tested 
by the NACA (1,efe1·ence .j) produced no dt'u/; reduction 
below that of u flat wing 1..t •heir theoretical 
design conditions , The results of the present 
anu l ys is , when &.pp lied to these exi: eriment1:1l data , 
indic&t8d thrt the winvs in ql1estion should have 
hHd sane 40 percent less cwnber (bnd +,wist ), &.ni 
that under these conditions, a drR g s&.vin 7 would 
hHve occurred &t the desic;n lift coef 'icient. 

1 . Jone s , h . T . ~3t imuted lift-dra 0 ra t ios Ht 
supersonjc speeds , 
lA CA Technical ~ate No . 1350, July 1947. I 

T1·i&n,-;U lttr win__,;s cumbered &.nd twisted:J' 
to su1 port specified distributions of 
lift at supersonic speeds , 
NACA Tec"1nic&.l Note No , 1816, Feb. , 1949 0 
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