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LIFT AND CENTER OF PRESSURE OF WING-BODY-TAIL COMBINATIONS AT SUBSONIC, TRAN-

SONIC, AND SUPERSONIC SPEEDS

By _A'ILI,IAX[ ('. 1)ITTS, JACK N. Nll_:L.qL'X, "tad (h,zOR(_F E. ]_.AATTAR[

SUMMARY

A _ethod i._ pr<,,_'el_ted f,,r ealeulatil_g the lift am/center-of-
pressure characteristie._" of circular-cylimtrical bodies il_ eom-

binatio_ with tria_gular, reetm_gular, or trap(.zoidal wing,_' or

tails through the subsonw, tran,so_ic, aml supersonic speed

raJ_ges. The method 'is re,_lricted to wil_gu which are unbanked

al,l do mJt haee ._u,eptbaek tra;lil_g edges ,r swept.forward leading
e,/Ile,_'. The method /,_'.f_trth_:r re._'tricted to ._mall a_gle,s" oJ at-

tack aim small angles of u,i_g a,M tail ii_cidem'e. To obtain

the wil_g-body intelifere_ce, certain .[actor,_ are defined that are

the ratio,_ qf the lift m_ the ('omp,ment,_' il_ combinatbm to the b]ft

,m the wing al<me. }'he,_'e ratios are oblail_ed prbnarily by Men-

,lee-body th, or!l. T/be wil_g-tail i_del:ference is treated by axsum-

;ng one completely rolled-up rorte.r per u.'.i_g pal_el aml eealuati_g
the tail load by strip theory. ,-1 numerical example is included to

,,'how that the eomputh_g .form a_,l design charts prese_ted

r<duce the calculations to routine operation< Co_parison i,_

made belween the e,_'timuted am/ experimental characteristics

t;o" a large number q[ 'u,i_g-bod!l a_d wi*_g-bod!t-lail combina-

t;o_s. (Ie_erallg speakit_g, the hlfts were estimated to within

±10 percent a,M the e_tders of pre._',_'ure were estimated to
,.';th;_ ±0.02 qf the body le_gth.

iNTRODUCTION

The problems of the interference among the Coilq)onents
of airplanes or missiles have received much attention be-

('ause of their great iml)ortalwe in high-speed aircraft
design. This importance is due to the interest in designs

enll)loyil_g large fuselage radii and tail spans relative to the

wing span. One of the lmtal)le methods for (leterminii_g

wing-body interferen('e at sul)sonie speeds is tha, t of l_en-

hertz, reference 1; da)a sut)t)orting the work of I_elmel'tz

•_r(, presented in reference 2. Lal)orious methods are avail-

,_t)le (refs. 3, 4, and 5) for COlnl)uting the interference load
distributions of wil_g-1)o(ly (or tail-l)ody) eombinatiol_s a(

supersoni(' st)eeds. A siml)le metho(1 is l)resente<l in refer-

(,nee (i for estimating tile clrects of wing-body il_terfere,me

on lift and l)itching nlonlent when the wing is triangular.

(),e of the notable m<,tho(ls for ('ah'ul'_(h_g wing-tail inter-

fcr(,.w(, i), subsotfie aircraft (h,sig,_ is (hal of .";ilv(,rs(ein and

Katzotf in references 7 and S. F()r Slq)(,vsonic speeds,

NIorikawa (ref. 9) has exatlfine(I the four limiting ('ants of

z('ro 'ln(l infinite aspect ratio for wing and (till and has
found that the loss of lift (h,(; to inlerferen('e ('an lie as large

'_s (he lift of the wing itself for equal wing and tail spans.

Using sh,mler-bo(Iv th('ory, l,olnax 'tad Byrd (ref. 10) have

analyzed the wing-tail interfere,we of a family of ('Olnbina-

t ions having swept wings. Several authors have st u(lied

prol)h,lnS of the nonu)6forn_ downwash tiehl behind wings
in eonll)ilmtion with a l)o(lv at SUl)m'sonie speeds; Lager-

slrotn and (_raham (ref. ll) l)resenl solutions for cei'tail_
vortex models " • 't(pt('senting th,' downwash ti(,h[. The

assumption of one fully rolh,d-u I) vortex per wiug 1)anel
shouhl pl'ovi(h, a good t)redie(ion of the downwash even

relaiively <'lose 1)ehind unl)anked low-asl)eC, l-ratio triangular

wings at small angles of a(ta('l<, llowever, for large aspect
ratios or high angh,s of atttack more than one vortex l)er

wing 1)anel is prol)ably needed to provide agreement l)etween

theory and experinwnt. With regard to the t)rol)leln of

determining the tail loa(Is due to a nommiform downwash
fiehl, Lagers(rom aim Graham (ref. Ill a(lvo('a(e the use of

strip theory. Alden and S(q_in(h,1 (ref. 12) have (levelol)ed

a method I)ased ()it linear (Iwoi'v for (h'ternfining the tail
load in certain cases.

The I)Url)ose of the present report is twofohl: firs(, to i)re-

sent a unified proe(,(lure for calculating interferen('(, effe('ts

anti to examine the assumptions underlying t}ae 1)ro('e(htre;
and, second, to compare the predictions of the metllod with

ext)(,rimm_t in order to estilnate the a('('ul'aey of the t)redie-

tions and their range of al)plica(ion.
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SYMBOLS

PRIMARY SYI_*I BOLS

tail-alone ast)eet ratio

wing-alone a spe(.t l'al io

mean aerodynamic ('hoed of wing alone or tail

alone, in.

chord at wing-body j un('( ure or (all-body .iun('( ure
ill.

tip ehoM of wing or tail, in.

wing chord at sl)anwise distance y from I)ody '_xis,
in.

hinge-monwnt coelIi(%nt l)'_sed on wing-ah)ne a.rea

rat(, (if chang'e of hi,)g(,-m()me),( (_o(,/lici(,n( wi(h

a.ngl(_ of attack, per i'a(lian

rate of chang(, of hinge-lu()nlent c()(,[[i('i('nl with

wing i)wi(h,)we angh,, l)('r ra(lian

The wing ltlOlh' fir fail alolh' iS :l]'_i'[l)'S (h,liu(,d h) be the eXl)oSed Ilall('ls ()[ [|i(' '_')illg or

tail .j(,in('d logvlher,
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lift ('oefli('ient, t)as(,d .n wit,g-alone area oXrel)t tail-
alone lift c<)(,flicie.t based o. tail-ah)n(' area

lift-('urve sh)l)(' for angle of attark, l)or ra(lian ((m-

h'ss otherwise Sl)eritied)

]ilL-curve slope for win K or t'dl inci(lel_('e, per ra(lian

(unless otherwise st)e(dlh'd)
l)itrhing-lnoment t_oefli('i(mt lmsod (m wing-alolw

])itehing-momeui-rurve sh}l)e f(w an_le of attack.

per radian (unless otherwise sp('cifled)

l)it(.iling-lnOmellt-(.4]rve slol)(, for wing-in('iden('e

angle, per (leg

I}()dy diameter, in.
(.oml)lete elliptic integral of se('o.<l kiml

wing vortex semisl)an at tail positi.n, ill.

wing vortex semisl)an at wing trailing r(Ige, in.
wi.g vortex semisl)an for large (h)wnstro_m_ dis-

ta.('es, ill.

Ahlcn-Srhit.M inlhwn<'c coelficie.t at spanwise

distan(,e

image vortex semisl)an at tail position, in.

linage vortex semisI)a, at wing t raili.g odgo, in.

heigi_t of wing vortex above l)ody _lxis at tail ('enter

of pressure, in.
tail int(,rferetwe fa('tor

ratio of lift COml)onent to lift ()f' wi.g ah)lte or tail

alone for variabh_ wing or tail i.(.id(m(.c

ratio of lift compon{mt to lift of wing al(mc or tail

alone for variable angle of at ta('k

ratio of lift of body nose to lift of wing alone

length of wing-t)ody-tail ('omt)imlli.n, in.
dislatwe front most forwaM point of body to inter-

section of wing leading cdgc and body, in.
(]istan(,e from most forward ])oint of body to ('(rater

of IIloln(qltS_ ill.

monwnt reference length, ill.

distance from most forward point of body to

shoulder of body nose, in.

dislan('e from most forward 1)oint of l)ody to inter
section of tail leading edge anti t)o<]y, in.

distance from most f<)rwaM I)oi.t of body to ('enter

(>f pl'essm'e position, in.
lift force, lb

lift on tail set,lion due to wing wwlires, II)

lift on body section t)etween wing and tail due to

wing vorti('es, 11)

(.otangent of lea(ling-e(lge sweep angle

pit(_hing moment, Ill-in.
fr(,e-stream Math numt)er

static l)rcssure differen(,e between top and t)ottoln

of wing, ll)/sq in.

free-strealn dynamic pressur(,, Ill/s( t i..

body radius, in.

1)ody radius at shouhler of nose, i..

body radius at wing, in.

body ra(lius at tail, in.

Reynolds nlnnber t)ased oil ? of larger lifting
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lnaxhnu]n scmislm, of wing <)r tail in <,(mfl)ilmtion

with I_(My, in.
('l'(_ss-se('tiotm[ art'a, of ii(}sP tit lllaxilnlllll -;e(:tion,

s( t i..
tel'or(mr(, are'l of c()ml)ination lift roe[liri(,nl, st! in.

tail-'lh.w a,'ea, sq i..

wi.g-al,me aroa, s( t in.

ratio tff wing ma×imum thickness t() chord hmglh

volume of body, ronsi(lering the body as cylindrical
l)ehit.l the l)osition of maxinmm cross ._e(',tion,
(![l ill.

x'olutn(, of 1,ody nose up to sh,)uhh'r, (,u in.

frt,c-str,,anl veh)<,ity, i]l./sec

streqm_isc, spanwis(', and w'rtiral e()ordinatcs,

rosl)(,(q iv(,ly
distant'(, to ('(,lit(,]" of ])t'osSlll'(, nmasm'e(I from inter-

serti(m of wing lea(ling r(Ige a.d It(lily for wing

(lUanlities and fr<)m intersection of tail leading

edge a.d body for tail quantities, in.
(lista.c. to hwal center of I)ressm'e at spanwise

distm.'e !/ nwasured fro]It it,tcrsection ,}f wing
leading edge and hotly, i..

(listan('c from intel'Se(qion of wi.g leading eclge and

b(.ty to wing hinge line, ill.

angle ()f attack of 1)ody (.e.terlinc or ,,f wing

ahm(', l'adian (tmh,ss (,therwise specified)

lo('al anglo of att a('k at st)'l.wisc h)(:'ttioli y from

I)(.ly axis, radians

_ 1:11=_-- 11
wing-alone <)r tail-alone (,tre.iiv(, asl)ect ratio

rirrulation, positive (.ounter('h)('kwise facing up-

stream, sq in./sec
<-irrulation at wing-l)ody jun(!ttn'e of (.ombilmtioll,

s( t ih./se<_

wi.lz-or l ail-i.('idence 'ingle, radians

wing st, nfial)t,x angle, (leg
sl)anwisc vaJ'ial)le of integration

tal,cr ratio, (_)

sweep 'ingle of leading edge, deg
sweep augh' of trailing edge, (leg

free-sl rmml <h'nsity, slugs/cu i..

SUBSCRIPTS

body

ronlbinati(m, either wing-body or wing-body-tail
<.onlhiltatio]l inillllS nosp

forebody

body nose
tail

wing vortex
wing

Ahhm-SchitMcl theory

body in presence of tail

body il, presence of wing

st rip t h tory

tail in presence of body
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ll'(]_) v/[[l_ ill l)l'OS('ll('I' ()f ])it(iv

8 6 varialq(,, (_ ('o)isiant

II'(B)_ wing in pro:(,.<.(, ()f b()(ly aml _ variah](,, 5 consiani

Other ('oml)oui.[ sul)s('ril)(s 1o It(, in((,rpr(,tod similarly (o
lhe pre('e(lin_ ('Oml)ouml sul)s(wip(.

GENERAl, THEORETICAl, CONSIDERATIONS

]?)efore pi'ese)lihl K (h(' d(,taih,(l dcvelopm(,n( of (it(, m(,thod,
an outline of t]w apl)ro'teh (o b(' f()llowed is I)rcscil(ed. The

(h(,orv is resiri,'ied 1o small angh,s of aita('k and small anglos
of wing and tail i)wi(h,)w(,. At((,n(ion is focused on poinied

he(lies having wings al)(l tails mounted on betty see(ions of

uniform (liam(,i(,r. For (h(, sak(, ()f consisl(,n(% lit(, forwar(l

lifting surfaces art' ((q'med ih(, wings, ev(,n in cases of eanar(]

('onfigurations. Both wings and tails may Imve variable in(q-

(h,n('(,, hut eases of (liff(,r(,Ntial i)wi(h,nee between el)posit(,

panels of the wing or (all at'(' l)(,yo).l (he seol)e of this tel)or(.

(o)

Ted afterbody--7
Wing

--Forebody __. _-_Nose-- _ Wing --_-_ afterbody .... _ lTail _-_

r

[ I t

_z:-JF._ zs:w) (:>

(b) I

I

f
I

17>LBir) 3

f
I

Ic)

I Wing vortex -_ I

/-r(vl-.. I _/ I

b.> ",, I

I

(at Parts of a wing-body-tail combination.

(b) Lifts without wing-tail int(:rfcrence.

(c) Lift, s duc to wing vortices.

Fuwrtr; 1 ,--Parts and lift con)po))ents of a wing-body-tail combination.

The terminology is in(li(-ate(l in tigm'e 1 (at. The nose is

that part of the body in front of the wing. However, when

the wing is mounted on an expanding section of the body,

the nose is taken to be the entire expanding part of the

body. For the purpose of analysis, rite lift of the wing-

body-tail combination is taken to be the sum of the seven

569

l)rin('il)'d (.()ml)On(,ms imli('nie(l in paris (I)) an(l ((') of figure I"

These ('olllpOll(qll_ _|i'(':

l, Lift on nose in('h.lil)g forel)ody, Lv

2. IAf( on wing in l)r(,s(,n('(, ()f l)ody, Lwc.)

3. lfif( oit l)o(ly due to win_, Lm.->

4. l.if( ()n (aft in l)r(,senee of l)o(ly, Lr..
5. IAft on l)ody due to (all, L,(r)

(i. l,ift on tail due 1o wing vortices, Lr<)

7. l.il'( on wing afterl)ody due to wing vortices, L_(r)

All cocHieien(s, ex('el)t (hose for the (aft alone, are based on

(h(, exl)os(,(l win_ are,. Th(, ]if( and ('en(('r-of-pr(,ssure

position calculation l)ro(,edm'(,s for tail-l)ody interfer(,tice_

are i(h,nli('al to those for wing-body interl'erence, excel)t for

a term io refer (h(: (ail-l)ody in(el'ference lifts to the wing

area; therefore, tit(, 3- will not l)e treated sel)arately.

The m(qho(l l)resente(l for ('()mpuling the wing-body and
tail-body interference (('omponents 2 through 5) is based

t)rimarily on slen(h,r-t)o(ly theory (ref. 13). In this theory,
Spreitcr has shown that the first term of the wave equation

for the velo('i(y potential

(31j-' )_,_::- :,,,--_:_- 0 (1)

(!lilt 1)e ignored for slender wing-1)o(ly ('oml)inations, so that

eqllfiiiOli (1) re(lilees lo lml)lace's equation in (.lie ?/,z plane.

Usillg this siml)lifieation, siniph,, ('h)se(l expressions are

olitaine(l for lift-curve slol)es.

It is well known that for wing=l)ody eolnl)inations which

are not slender, lift-curve slopes arc overestimated I)y
slender-1)ody theory (ref. 6). However, (his fact does no(,

preclude the use of slender-l)ody theory for nonslender con-
figurations sine(,, in (_ertahi illSttlli('es) the ratio of the lift

of tim wing-body eoinl)inalion 1o thai of the winff itlolle ('all

t)e accurately predicted t)y slender-1)o(ly theory, even though
the magnitude of (lie lift-curve slope might bc incorrect.

From the foregoing ratio, which is called Kc, and a good

estimate of the wing-alone lift-curve slope, the lift-curve
slope of the coml)ination can be obtained. This was essen-

tially the method used by Nielsen, Katzen, and Tang in

reference 6 to predict the lift alld lllOlnellt; eharaeterisl.i(_s of

trialrlgular wing-body eoml)inations. Good flgreelnellt be-

tween experiment and theory was obtained.

_lVit,]i these facts ill nlind, the method used by Morikawa

(ref. 14) for pres(miilig lift interference is adol)ted. In this

method, the wing alone is defined as the exposed half-wings
joined together. The lift of the combination is related to

th(, lift of the wing alone by the fat'[or Kc which is (o t)e
(lete)'mined.

Lc=AcLw (2)

The factor IQ, is (le('oniposed into three factors h;(w>,

Kw(,), and K.v whMt represent the ratios of (.tie 1)ody lift,
wing lift, and nose lift. of the eomt)ination to (tiat of the

wing ah)n(,.

I(<: I(._..>+K,,.<.)+K... (3)

L,,,,,.,= (q.o).<.,> a o (4)
I("(")= Lw- ((_).,

= ((
Kq,,,,,> L,,, - (¢ a=0
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The factors/x_()v) and I{w,,) are defined for the case in which
the angle of attack of lhe (.ombim/tion is varying but the

wing- (or tail) incidence angle is zero. For ihe ease in

which the ineid(,)we angle is varying l)ut (h(, angle of attack

of (he body is zero, two amflogous factors art, (h,fi))eil.

n,,,,,, ((k,),,(,).> _=:0 (7)
+b_<,,.>=L,, = (('._o),,.

((Y

L,_,,,,_( _),,,<,,> <_=0 (S)
_:"')= L,,. -- (<'_o3i-

So far, only a way of r(,l)resenting lift results has been

presented. The solution of a I)roblem requires a (tetermina-

lion of each of lhese ratios. Then, the lift o_t a)iv conq)onent

can be estimate(l from the wing-alone lift-curve slope. The

best wdue of the wing-alone lift-curve slope ilia[ is available

shouhl lie used; preferably the (,xperim(,nhd v,lue. The
(h,taih,(I determination <if each of these ratios is presented

in subsequent sections of this report. In general, slender-

1)oily-theory values are computed. These are compared

with values eoml)ule(I by other metho(ls and ultimately with

experimental results. There are some coral[lions for which

slender-body theory is invalid or for which more exact

metho(ls are awfilable. These are t)oint('(l out alld (he

sleniler-body-iheory values for the ratios are replaced.

LIFT THEORY

The lift theory as devi,h)l)e([ is for the angle-of-attack

range over which the lift curves are linear ati(l is equally

apl)li('at)le to subsonic and suI)ersonic speeds unless otherwise
noted.

LIFT ON BOI)¥ NOSE

From equation (6)

c_, =K,_ (Go),,._ (9)

For the caleulatio),s in this report, L+v is evahmted by use

of slender-body theory,

=" 2_'r,v ,x (10)
q=

so that

L,=0 (l l)

I{ 27rr_"_
,.= , .. (12)
• .s,,.(¢k.)..

It is known that sh'n(h'r-l)ody theory is usually not sufIi=

ciently accu/'a(c to (h,t(,rmi))(, bo(Iy-ah))w lifts i)_ ('ases suc]_

as nonshqi(ler bo(lies or large a)l_l('s of at(a(.k, llowever,

for c()ml)inalions whi('h are ))o( l)/'e(h)mitla)H]y l)o([y, the

nose lift is not a large part of the total lift, and sh,J)der-bo(ly

theory generally gives satisfactory results. ! f improved accu-

racy is desire(l, linear Lheovy, the vis<'ous ('ross-flow (heory
of reference 15, or experimenhfl results eaT[ lie used.

LIFT ON WIN(; IN PRESENCE OF BOI)Y

Angle of attack. From equation (5)

<"L,,.(,_)= l{w_., (< ;,o) wa (I :3)

whim <_=(). Th(' value of (CLo)w f,'oni i,xp(,Hme)_t shouh[

be used if liv:fila])h'; otherwise the value from linear theory
shouhl lie use(l. Th(,refore, ol)(aining C+Lw<B) dU])('|[(]S ()I|

obtaining l{w<m.
The value (if l(w,, given l)y sh,H(h'r-body the<)l'V (ref. 14)

is

I(., (.> =

r4 [ 1l <,,; r" w 1.2 >," r" 1 1"

2 ." L- - ,r ,_'+ _j x-L r ,_'/ ,_.jj

7r 1 r _ (,.>
(The assumption is made that no negative lift. is developed
behind the maximum wing span. Jones (ref. 16) has pointed

out that for wings, at least, the negalive lift, predicted on

these sections l)v slen(h,r-l)o(ly theory is l)r(,ve)He(l l)y

sel)aralion.) This function is I)lotled in ('harl i. 1)) (hi,

limiti)lg (,as(, of r/._'--0 the coral)ira, lion is all wing and the

wdu(' of Kw{m--1. As r/._"at)l>roaches unity, theft, is a v(,ry
small exl)oS(,(l wing. For this small wing, the I)()(ty iN

ell'ectively a ve)'lical rellecti,)n plane "m(l the angle (if at l,ck

is 2a (lue to Ul)wash (as is discussed later). This mnl_(,s

I{w (,) : 2.

]t is clear that the values of Kw(,) should lie salisfaclory

for shin<let wing-body combim_tio)ls, lh)wever, they ca,[,it
be use([ for large asp('ct ratios, for which slender-body th('()r.',

is inapplieal)h,, will,m( furlher investigation. An aI)l)r()xi-

mate method for evaluating Kw(m ix to SUl)pose tirol, the

('Xl)OSed wings arc ol)erating in the Ul)wash li('l,l of )he l)o(ly

alone and then to calculate the resultant wing lift. Neglect-

ing any eft'cot of the nose, it has been l)ointe(l out (ref. 17_

that the uI)lh)w angle due to the t)o(15' varies Sl)nnwise (m (hi.
horizontal lit.me of symmetry as

where y is the lal(,ral distance from the l)o(ly axis. Th(.

wing is thus cffe('tively twisie(l t)y the bo(ly-al<)tle ilow. If

now the upwash angle given t)y equatio/i (15) is lak(m ilHo

at'count by using strip lheory, an a])l)roxiIna(e value of
K'w<m is ()l)(ai).,d its follows:

"%cfly
Kw_ z_-- ( 16i

Equation (1(;) (hies not include lip effe<'ts. The follow[at:
expression is obtained in terms of r/,_' anti taper for witlgs of

uniform tap(,r.

l Xr ,"it--h) (_);5(1_ hi-- --- In
,_ 8 2- i. 2

Kw(m=" 1 s')' -- (17:;

It is notable that Kw_m does not depend on aspect ratio.
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l:.qu:llion (17) was us('(I Io d(,t(,rmilw l£w(.) for X=0, ½,

nnd 1, and lh('s(' result:-; :n'e compared to those of slender-

})o(ly tlwory h_ [igm'e '2. Ii is seen that t]_(! eff('(!t of taper is

smnll ('Olll])_ll'ed tO [}lO ('ff('('t. of r/s. Both theories give

nearly llu' same values al IH)th high nml h)w r/._. but the
upwasll-lhe()ry values nr(', in all lust;races, greater than those

of sh,n_h,r-bodv lheory. Nowh('re in the (litt'('r('n('e of gr('nt

signitienn('_'. Allhougll a_'c'()Ullt has been lal.:e]_ of the

upwnsh indu('ed .don?.' lh., win_ Sl)_lll by the bo.ly in the

(h,lermimLli()n ()f I(w(.) 1)y upwash lhcory, no a('('ouni has
been taken of the loss o[ lift due lo inlerm'lim_ between the

wing nnd the body of lhe winged l)art of the combination.

For this reason. Kw(m will be too hwge. Th(,refore, lt._

sl(,nd_,r-I)ody-lheory v_du['s of K.:(.) should I)(, used for all
eom bi mll ion_.

Upwash

Theory

Slender
body
lneOry

ii

1.0 •
0 2 4 ,6 .8 0

_ody rCCILJS, wing semlspon re%o, r/s5

FIGU]',.E 2.--(_oml)ari_am of Kw<z_) or KT(n determit)ed I)y :hmd(,r-hody

and ul)wash theories.

For whig lLn(], be(Iv ('oml)im_lious with l_lrg'('-aSl_(wt-r_llio

r_'('tangular wings the lin(,nr-lh(,ory soluliml for /_'w(m is

nvnilal)h_ (ref. 1S). These r_,sulls are pr(,s(,z_l(.4[ in ('hart 2
w]wre they nl'e ('omp_wed with the sh.nd(,r-lH_(ly-th(,()ry

results. Since _. gl'nl)hi('al integration w_ls required for the

del(,rmimltion of the liue_r-lheory values, there is _ small

um_(,rl,ainly in the res_.ll, r('l)resenle(l I)v the ('l'OSs-l_al(q_(,(I

area. For a lix(,(I value of r/,_ and for lhe r:mge 2<flA<6,

lhe (,tt'ecl of fl.l is less l lmn the uncertainly of lh(, ('_d_tulal ion.

No lin('ar-th('ory wdm,s are .w_61able for .&l<._2. The close
agre(,m(.nl (wiihin 5 1)el'('ent) I)etw(,e_ lim'nr lh('orv for ll_c

1)r(,seut, ense _u_d slender-I)o(ly theory is nolewort]kv since the

I'('¢',l:lll_Zllbl, l' Will_" _|l|d I)o(ly ('oml)imtlions r_'l)re:enled are nob
slender.

Wing-incidence angle.--The mellmd for (,slimat, ing the

v_dues of ('Lw(.) for the wing-in('iden('_' ('_s(' in _mdogous to

the m(,ihod for the m_gh,-of-alta('l.: case. From equal iou (_)

(',.,,.,,,,=/,',,-,,,,((L) ,._,,. (_,,_)
when o_: ().

There are several sohnious n,v_filalde f(w determining

bw(.>; s|ender-1)ody lh(,ory fi)r slender triaugular wing _u_d
1)ody combiuatious, aml an (,xn('t linear theory solution for

rectangular wiug nnd body ('ombinalians. The slender-

body result based on lhe load dislributiou given in Al)l)endix

A gives the following expression for kwu_> in terms of r, the

semispan-radius ra!io, ,_'/r:

i, _ r: (,+l):+_-!_+l: +'--I -"eT+l)+
:,__,,_ sin-, r:' t-1-- r('r--l)

T(r--I)

('r--l) il°g 2r J

The wdue of kw<.) so obtained is 1)res(,nted in char( I and is

st rictly al)l)lic_d)](' only to slender wing-I)ody (.oral)|nations.

The ex_wt linear-theory results for r_.(.tanguhn' wing and

body combinations, taken from reflw(m('e 3, are t)r('senh,d
in clm, rt 3 where they nre ('Oml)ar(,d with lhe I)r('eeding

sh, nder-l)o(ly results. Th(,re is geueru.lly _ smnll dill'_,ren('e

between the two predi(_lions, never e×('ee(ling M)out 10

l)er(.cnl fen" vahl('s of _.'1 of 2 or gl.'eateu'. I_'or the range of

(_A between 0 and 2 linear-theory resulls fl)r bw(,m nl'e not

availnl)h,, lh}wever, as /3.:1 _,lq)roa('hes zero the re(qanguh, r

wing a.d I)ody ('ombint_tion 1)e('(.mes more sh, mler, until
at 2A::0 slen(h,r-1)ody theory is ex_wl, for lhe ('omt)imtlion.

Therefore, slen(h,r-1)ody theory values of ],'..(.) are us_.d for

r(,ehmgular wing-body ('oml)im_,lions when _.'1(2. Wlwn

r(,et_u_gular wings (}f ell'(,('live nSl)e(:l ralio '2 ()r _'l'ell, lel' _tl'_'

involvM and wheu .libel, then b,-,., t'r.m lin(,_w lh_,ol'y
should I)e used.

it mid'hi |)e sm'mis(,_l lhal lhe l)res(mt m(,lhod of rich.r-

mining the lift on n wing iu the l)resen('e of lhe body is
:q)l)li(':d)lc al sul)s(}ni(' st)ee(ls sil..e the sh, l_der-body-theory

values of Kw(., _n_l )i'_.(.) on whi('h i_ in 1):_.s_.(Iare not depend-
(,hi on _lq('h mmd)('r nn(l lhe ell'e_'t (_f ._I_u'h mmd)[,r ent(,rs

only throug'h ((r,.)._. This SUl)l)ositi(m is subsequently

borne out I)y exl)ex'Jmenlal dala. Spl'eiter znade lhc observa-
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tion in referen¢'e 13 tlmt the hnuling ¢m the mininnun drav

wing-body comlfination of I,elmertz (ref. l) is identical _lt

low speeds to that of a slender wing-body .ombinalion with

a body of uniform diameter. 'l'l,, divisiml of lift between
wing aml body tmsed on lhis loading' is shown in figure 3.

Since lhe present method is ba, sed on the division of lift as

given by Spreiter, the equality of tlw resuh_ of ,";preiter and

Lemmrtz is further evidence of the npplicat,ilily of the

present met,hod to subsonic speeds.

At this point, it, is desirable to eonsi(hw the ett'(,('ts of span

loading on the division of lift between wing and body because

this infm'nlation Ires bearing on the validily of the vortex
model used in determining some later resuhs. Besides his

result for minimum (h'_g, lamnerlz ulso deft'trained the

division of load t)etween wing and t)od.v flu" _tnif()rm span

loading. This result, whi(!h eorresponds to rel)hwing en('h
side of the combination 1)y a horseshoe vortex, is shown in

figure 3, wherein the part of the lift ('arried t)y the body is

shown as a fu,wtion of the ratio of body radius to vortex

semispan. For the same value of the abseiss_ there is not

mue]_ di[l'erene(, between the fi'a('tions of the lift acting on

the body for the two cases. Generally, tit(, span of a horse-

shoe vortex rel)l'wing a wing is less than the wing span. If

account is taken of this fact in the eoml)arison , the existing
difference would largely disappear. Thus, the rel)resenta-

tion of the "wing-body combination l)v a hm'seshoe vortex

on each side is compatible with the present method ()f

determining tin, division of lift between wing and body.

LIFT ON BODY DUE TO WING

Angle of attack. From equation (4)

( ;_, ,,,_= K.(..) (¢)_ ,)w,_ ('2o)

when a--0. The sh,n(ler-1)(.lv theory vttllw of K.,.-, is

24

/
/

/
/ 4

/ i
/ i

/ i

/
/

/

/

(, {(, ,r,r, ,,
1 1," 2(-:)

(2l)

Thist'un('tion is tflotte(tin chart 1. In the limiting ease of

r/s=0 the eonfl)inalion is all wing mM K.r.-,: :0. As r/s ap-

l)roaches unity there is a very small cxt_ost'(I wing. For this
small wing the lift on I he body due to the "_ving is lhe same as

the lift. on the v, ing itself. Tiros, t(n(w:,=:Kw,m "2.

To determine the ai)t)licalfility of tit(, sh,mh,r-l_ody-theory
values of Kmw) to nonslender ('ombination,< K.,w) is nov,"

determined by an independent method. ()n the lmsis of

slender-body theory, nonexl)anding sections of a 1)ody in a

uniform th)w develo t) no lift. Th('refl)re, l lw lift on a

straight porti(m of a body on which a wing is mounted is due

principally to lift, transmitted from the wing It) the body.

A point on the wing is thought of as a source of lifting dis-
turbanees whi('h move in all directions in lhe downstream

Math ('one from the point. Some of lhes(, disturbances

traverse the lm(ly. The assumption is made tlmt the sole

effect of lit(, body (regardless of ('ross section) is to displace

these pulses downstremn wiflmut (liminMfing their lifting

potential. This is the so-called delayed rc_etion of Lager-

slrom and Vm_ 1)yke in reference 19, which was sul)st an tintod

f(wal)arti('uh, rfmnil',rofre('tm_gular_m_" ,,-1)()d3 " '(oral,matrons'"

in reference 3. l)ownstrenm of the wing, lhe thm returns

to the free-stro'm_ direction. The effect of this elmnge in
flow (lire('ti(m is t'elt on the sm'f,u'e of the 'fftert)o(lv behind

the )bwh helix origiu'_ting at the trailing-edge, r()ot-ehord
juncture. I,_ this region, the l'e'wtion lends to cancel the

lift transmitted from the wing onto the I)o(ly. The effective

resultant, lifting tm,a (m the body for one half-wing can thus

be approximated l_v the shaded area shown in ligm'e 46_).

Whih, a n.nl)btm_r nlo(h,l has })een set a l) to rel)re_cnl, the

lift transmitted to tim 1)ody t'ron_ the wing, fm'llwr simplific:>

tion to an equivalent pbmar case is desirable bet'ore calcula-

tions are lwrformed. The body is imagined now l,_ be co[-

lapsed to a pl,ne and the Mach helices of figure 4(a) become

tim Maeh lines of tigure 4(b). The lifting area of the body

is the shaded area of figure 4(b) which is at zero _mgle of

attack. This area is equal to the horizontnl projection of the
lifting tm,a of the actual body surface (fig. 4(a)). 'l'}te lift (m
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d=

4. ,i,r

cl 0 r _ - 7

i

i

c:>-..._
i

ii

c,

i
._, ,_ ,,r? <;_ ir'frtje!riCO of /

,_,:,_,q r !,11 On b_ldy

Mach hnes---

d=

..,. 2.-- G

=O '
ix:_ a tJr Ci --_

w f I

/ /

.'-..".._ \

t

J

i ..] _iI, ..plcnar Mo4el (b ::,Planar Model

Fmvm,: 4, l,:q_fivalenl phmar mod, q for delerminalion of Kmw) and

Nu(:,.) for tfigh-a_peel-raiio range at supersonic _peeds.

\ Cr/\,"

llw I.>tly t'im he cnluulait,d simply by init,graiing I)rt'ssures
tl.e It) lht, half-win_ ov_,r ltu, shnth'tl m't,'_ nn,I doullli.<_,'
tilt. rt,sult.

1. dt,lernlining llw pressure fMd of tile hlllf-win_ on the

l>bmar ltl'en, holh suhsonie and SUlWrsonit_ h,ading edges nr,.,
roilsideretl. Tip efft,els are not _.onsithwed, mid tht' analysis
is confint'd to the t.ase in wlliuh lht, XI,dl line emanating

from lht, h,mliilg _,dge of lhe wing lip f.lls Iwhind t ht, region
of lit'l_ ear'ry-ov,.,r onlo lhe body. This eontliiitm imposes
t,he reslrirlion

,;l(l f X)(_lm+l)>4 (22)

on the wings for whMl the mtqhod is to al)l)ly.
The value of lift iransniitted to llie llody 1)y a half-wing

with a SUl)t'rst,fit' leading edge is given (us>rift the solulion

of ref. 20) as

L_(w) 4'l°:'°qr Jm f `t ''''+_t__r,¢f-'m_:i: d_ _+¢7,,,r#= d,7/ cos -_ , _ . d,, (2:1)

,f,,
i

'in lerm._ of lht, roordinalt' svslt,ni of figure 4 (b). This result

is douhh,tl to at.count for the lift of lwo hMf-wings _n.t divided

by t]w lift of the wing alone to ot_lMn K_..-i. For lfll s,,ipt,r-

sonic Math mlmlwrs t{m..) is

• d

,l-
¢tm-]-(_m-11)/_/ (¢7m-I1)L Ii/ "e,- J

V'l_:" m_¢7m--' \(¢Td_ec°shc,! ' (1 -t-;,t') 1 -r-_m.Bmcos-. ,(l\_7,n/"_, ) (')4,

wht,l'_ m¢_-l. Nimilarlv for sul,sonie h, luling edges lhere is

oblMned using the Iqfl)rol)riale coni_'M lifting solution front

rt,f/,l't,ll(>( , 2 [, giving

L __8%a.,(jm):L, i'd
=<"'-- J,,

,.,..+,,4;-;
<t,_I , : . d8 (25)

t t Jm \:

(26)

where m¢t<_l. The effecl of body upwllsh in inri'easilig rite

lift of the v.xpo,_etl willff til_s not been lll, t(en into ll('('O1Llit ill

c'l.leulatin 7 lhl' etl't,t't (if lilt' wiiLg till flu' l>tldv.

It. is it> be iloled that /t'sJilr) in equlilitiliS (:2-t) itiid (:2li)

depends _tli il lilllllHel' tlf iiill'iililtqt'rs, ill which ftllll' life
/_ \

,,,<,,.,,,.,,,,,.,,,,,,,,,-,.,-,.,..,,,,.,,,,,,,,,,,:.   ItT-,)
(#Z,)w i_ a fl.|_.titin of <>nly ._j ,rod _'J. This quantity i_

¢t

present.ed >is l_ funcliml or 2;7r,,'c, for eon._tllnt. Yahies of m/7
in chart 4 (l/) whi_qL is to serve lls it th,._igli diin't ill th,ler-

nlinin_" A's_,w sul@rl lo the i't,slrirlion .f t,qul/liolt ('2'2 .

Ft/r lltt' 1)urliuse <if illustrll, lilL_Z the lieilli, vitir <if/_'n.:w ILILt|
(,onllill, rillg (,(lllli, litiliS ('-)4) anti (211) wiih sh,lult,r-liotly

I(n(wl, t.iili, rl 4 (li_) hll,s l)et,ll ilsetl 10 olYlll.ill, tiglll't' :3, which

])I'I'_I'ILI_ ]%'/Jtlrl ii,_ IL flllicliOlL Ill' ft. 1 Im_l r/,, for X- O, 1/2, and

1 lm(I for ill> trl_iling'-edgt, swt,t,]). 'rhe ('liSt, t)f x=0 (.or-

responds 1o ll'ili, lLffuhi_r V¢illgS (tig. 5 (_')'7, X= 1 1o l'eelangtlillr
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wings (lig..5 (t))), _m(I _=|,r':2 10 lral)0zoidal x_ings (fig.
5 (c)). For triangular wings, lhe ('urv(, of K.,..> t)v Ill(!

present 1]l(,o15 _ for 15.1--0 is slig]dly gr(,aler lhan l{_mv ) a._
_iv(,n 1)y sh.n(h,r-1)ody lh(,ory _md has not I)(,elt in('lude(I in

the figures, sinre for such. small values of B, 1 sh.i.h,r-body
theory is lhe more vMid. ]n('idemally, lh('v.slvi('li(m of

equal ion ('-)21)is me( by all lriangular wings wit h no tndling-

odge swoet). An examination of figuro 5 (b) for reclangular
wings shows good _gr(,(,men( b('lween sh,nder-l)odv iheory

_md 1ire ])r('sem theory a( _.t-_2, lhe lowosl asl)e.i ralio for

w]ti(.lt llw I)Ves(,nt theory is al)l)li(._d)](, 1o r(..'langular "_,',II lgs.

In i]t(, ('_:o of lhe trapezoidal winks (fig. 5 ((')), 1It(, veslriel ion
of equation (22) impos(,s the condilion lhal _1> 4::_. For a

v_due of _.1 of 4/3 thor(,is no apl)r(,(.ial)le difl'(.rencc b('lween

5 .4

.3

//f(o!

0 .I .2 .3 .4 .5

_ody radius wmg-$emsp_,n ,ct,o, r/

('_) Triangular wing-body eonddnaliou,_.

Fmt-m_ 5.--Oomparison of/x_<w) or Kz_(r) delerminod by _hmdt_r-h(,dy

theory and l)resvnt theory for wing,_ wilh no (r:dling-ed_ze sw,aop.

sh.nder-1)ody K.<,,_ l_lt(l the va, hw of ]C_l_,w _ 1)v lh(' l)rt,svn(

t 1 wory.

On 1he lmsis .f figures 5 (n), 5 (I)), and 5 ((:), n)ld .,-;im'_,

wing tip ('ll'('('(s invali(lale ('qu_lli()ns (124) 'm(l (2() for

/_,1(1 + X)(,,I,-+- 1)<_4, the f()ll()wing ._('le('ti(m ,'uh, sh.),ahl hc

(used; If #_t(t X)_ _<4, use . ,.itB-FI the sh'n(h'r-l)o(lv th('()rv

:),+1K_(..); _m(l if' _.1(I-+ X)()/ _4, use Kt_<w> front ('h_u't 4.

Sine(, r('('tangpl_lr a)M iriangulnr wings _u'e very ('(mHn()n,

and since (B('_.,,)., is known in ('h)s(,d form for th('se ])h_n

forms, Sl)t'('Miz('(I v(._ults (')in r(,_tdily t)e ot)t_ine(l fr()m

.8

Z

8

.7

.2

_A

2

Slender-

X; I bad y
theory,

\

3

5

/

.2 .3 .4 .5

_Jody radius, wing-semispon roho, f/s

(I)'I lb,oi:_ngular _ing-body coml>inalions.

Fmlrl¢l,: 5. (_ontinu(_d.



:J
o

I ] I X ©

I

I
I

I
I

I IG

ii
=

I
!

I

I
I

,
IG

2

I
I

O

-:
o=

,
I

_
ou

.=
-_

o-,- o

K
S

(W
)o

r
/'(

B
(T

)

\

_.
_

0_

I
y

ro
I-

L

P
O

4_
'C

_

+

-{
-

i
!

"-
"

G

+
_

/_
.

2-
.

+
!_

'_
!

_

i I

t
_

•
J

i

-
÷

3'
-

li
_

-

_i
_'

_
_

__
...

..
@

',I
-

_'
_,

_
_

I
=

I
I

.
,,-

,,-
-

I'_

,..
J'

.

zl
'_

.

_.
I

-

I
I

t'_
'_

'_

l_
'i_

l_
'_

I
T

_'
_'

--

I-
._

'
_

I
,]

]
,.,

,,_
I-

-I

,/

T
_

C c

_
__

.
.'7

.

@

_
M

3
_



57( REPORT 1307 NATI()NAL ADVISORY COMMITTEE F()R AE'R(')NAUTICS

Tim case fro' no afterbodv behind the wing ('au also be

('ah'ulat(,d for the high-asp(,ct-t'ati() r'aNg(, at _<irl)(WS()nic

speeds. The method f<)r determining K.(.+_ xvith,mt aft(w-

body is the same a,.; with aftl,rl)ody except, (hqt the .l)p('r
limit of integration in (,q.ations (23) and ('-)51) i_ c, rather

than c.+flr_. ('arryi.g out tilt,s(, irrt.gralio._multiplying by

"2 al.l dividing by Ill(. lift of the wing Idm., vi(,hls for (he

vase of .o aftcrbody

(_¢!') F/ ?,1 (" r "t 2

7, LU+-v-)
(,OS -1

'": (L)+'''"(D;

()r 1"

-_7,?__- 1 cosh -_ _d '

t+ me" ]
-d /

'_"7_-' I _i, __d
('r

,-_...:,t (3o)

3¢// (m3")""-_-mfl _d! (3m _1)

t _ /i.. 1),an a/|-_,--t // , -V taldi

_ 7 ''_l''

Th(' restriction that _..--dis]lo( a serious one. For d>-_ it is
iv

('lear that lhc lift transmitl('d lo the t)ody is th(, :ame as for

(' :

d=-_ so that /f.<w) i_ ('(msta]d. The valu(, ()f lh(' l)aVameler

A',,.,.>r_(e;.o),,l(x+l,('--i..._., )is t)h)t(ed ll_ a funcli(m of m3

a.d "23r/c. in ('harl 4 (I)).

A comparison of I(.:_,) as dct(,rminod from chart 4 (at

with lira( from chart 4 (t)) gives an irl(li('alio, of the traitor-

tan('(, of the afterbody for any l)articular ('outigtn'alion.

For small values of the ratio 2B(r/C_)w llwre is very little

efftTt of the af'((,rl,o(ly on /fn:v) but, for large vah.,s, ihe

eft'e('( can 1re as larffe as :everal hm.lred 1)erc(..t. At sub-

sonic silt'otis rio distinction is mad(, b(,lv,'(,(,ir Ih(. aft(,rt)o(ly

and no-af(erl)o(ly cases. "Phi. diff(.r(,ncc bctw('.ir the two,

whi('h is usually siuall in terms of total lift at :.l)(,]'sonic
Sl)('('(Is, is furl lrer redu('('d at subso.i(', Sl)e('(Is l)('('aus(, of the

](,ss(,r ((,r.h,n('y of lift to b(' ('arvi('(l (h>w)r_(r.,am.

Wing=incid enee angle.-- From (,qua i io)i (7 )

( 'i..:,.,- _',,:,,_(( '1.o),,,a,,, (13'-')

The ())fly go)wral m(,tho(l for d('t('rmining /:.w> is slender-

l)ody theory-. It ha_ been shown in i'of('r(')w(' 22 by nse of a

re('il)ro('al th(,()r(,m that fo/" (:oml)inatio)is with cylin(h'i('al

l)()(li(,s tl., f,)lh)_ in,.., cqmdity is vali(l .r.h,r (h(, ,s.'<Uinl)(i()Ns

of slend(,t'-l).).ly ih(,orv:

]('l#iIV)= _ [V II --]_'W (33)

'I'1.' values of ,_'.,.., a,_ given l)y (,(luaiion (33) are i.clu(h'd
in chart I.

An in((,r('sti)r_ al)l)roximation (,hal giv(,s so/n(, insight int()

tim in((wr(,latio.shil)S l)(qw(,(.n N.n_,), If.,<.), /,'.,_w>, a].l

]¢wm) ("811 Ilr Ilia(It'. If it i._ ,qSSlllllt'd ltltll the wiirg 1.r'arrSlllil,;

a certain fraction of its lift lo (he body irr(,spev(iv(: i)f
whether the lift is developed by anglt, of altavk or wirl_-

ir.'idcn('(, .ugh,, .)r approximai(- value for k.<)v,, m.n(,ly,

,_:'n(w>, is

I(.< w, (34
],"s_,w_=: ]cw, n, li>-w,:s_,

Th(' vnlu(,s ()f/_'_,,:w) and U_...) as (h,ir,rmi))(,(l fr()m (,(lqali()ns

(33) and (34J d() not (lifter by rot)re than ().01, ,'i quantit N

that is i)ra('li('a]lv i.(listinguishab](, iN (dm)'t I. This sm'il]
(lifl'(,rl,rw(, is .lu(' to thi, (liir(,r(,.c(, i. the forms of _h(, load

(listribu(ion (). ihe _ving f()r lifts du(, io angle of at t.rk q))(l

win_-in('i(h, tw(, a ngh'.

L[FT ()N TAIL SECTION l)lJE TO WIN(; VORTICE, S

Wing-tail in((,rf,,r..('(, results fr()m d()wnwash iN ih(,

)'('ffi()n ()f the tail caused l)v th(, wing vorli('es. The l)rol)h,m
of <h,l(,rmiNiri_ wing-tail inl(,rf(,r(,n(.(, l.'i,al<s (lown iirtc) tim

l)robh,ms, first, of (h,tl,rmining the mmfl)(,r', str(mgih.,_, ;r).l

l)osilions of the win K vortices at th(, tail at.l, s(,(',)n(l, ()f

(let(,)'mining the rca(qiou of the tail section to th(, nonmfifo)'m

flow li(,hl ii.lu('(,(l l)v th(, wing voriic(',_. This COml)(.rwn( (,f
th(, ('()Inbimlii()r) lift, is the most lal)()ri()us t() ('a]culai.. Tim

same method is us(,(l for subsonic ).In(l SUl)crsoni(, Sl)(,(,(Is.
l,in(,-vorl(,x (h(,ory is used in tlm solution of the _ving-tai]

int(,vf(,r(')w(, l)t'ol)h'm following the general lines (.f otlwr

inv(,siig)ll()r.,<. Th(, m()(h,l to l)e used is illustrat.d i. figu)'(.,_

(; a).l 7. 'l'hi,_ mo(h,l of the winff is (he sqm(, 'is (h(, l.(,)m(q'(z

mo(h'l for uNil'()rm h)a(ling l)reviously iliscu_s(,d and is t,hu,<

('()ml)atib](, will) the nwthod used her(, f()r ('al('uhtlii_ winK-

l)o(lv ini('rf('r('rwe. ()lllV one trailing vor((,x p(,r will V l)aVi(,l
is ('()nsi(l('r('([ at(hough mort, v()rti(.(,s ])(,t' l)an(,l could I)(, us(,,l

It) ol)(ain gr('all,r rl('(:m'a(!y at the (,xpense of gr(,at(,r (,Oral)li-
t'alto.. 'l'h(, wing trailing v()r(i(.(,s stream l)acl,:w.r(l hut

u.(h']'_'() lai(,r'al aI.l v(,rii,'al (l('[h'('ti()ns as =l r','suh of the
fro(Iv ('rossfl()w lichl =m(l the i)d(,ra(.tion l)(,tw(,(m vorii(.(,s.

ImaK(, vor((,x li)ws are izrtr()d.('(,(l insi(h, |lit, l)ody a( th(,

inltig(' l)()siti())i of tile trailing vorti('(,s Io ._lliisfy the ])()llildilr'.v

(.ondition f(w a (.ir('ular b()(Iv. Suili('i(,ntlv far (l()w)isir'(,am

tile ('xt('riirfl vorli(.(,,_ al)proa(.h lilt asyinl)l()ti(, sl)lwitig.

Vortex characteristics.---F()r (,lls(_ of (',tl(.uhlti()ll it i_

a:suin('ll llull ()lie frilly rolh,d-u 1) vort('x is (lis('lilirg('d fr()ili

('li('h Will7 l)aiiri. Vfhih' (his lU()(h'] siinili'il(,s l h(; fh)w

I)(,hhi(l ih(' ,.vhi7 I)lili(,l,_ ()f nlliny ('oinl)hililioli,_, ih(;l'e ill'(:

('IL_(',_ vcii(,r(, il (h.,s nol. As (,xtiiiil)l(,s, S()lll(, l'(,._iilts ()t)t,lihie(I

I)y _l)lihr l/ll(l })h'k(,v ii( i]le Ain(,s 1- t)v 3-fo()l sli])ersonic

wiu(1 llllili('] Ill'(' |)l'e_('iil('d ti,'; ihc solid ('llrv(,s ili figu)'es 8, .q,

lilid 10. Tti('_(' (trilli W(T(, ol)lai)l(,(I I)y ilie vii.pol'-S;ci'(;(qi l:e(di-

lliqlle (l(,s('rib(,(I ill I'('f(q'('ll('(' 15. ]?igtlr(, S shows t,bat for a
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I_'I(;L'RE 7. (Ureulalion di_trilmlion aL wing trailing edge and ecluh"t-

hint ]iol-s(!shoe vortex.

h,w-aSl)e('t-rali() lrianvulnr wing in combination with a b(.Iv

al low angles of attn('k, only one lip vortex is l)resenl as as-
sumed. ]lmvcver as lhe angh, of attack is in('rease_l a 1)ody

v.rtex api)cars , aml as lhe wing aspect ratio is in('rensed (figs.
.q and 10) an ,Mditi(m.d vortex at)I)ears from the i,fl_oar(l

sections of the wing. '£hus, the simplified model of one

vortex per wing p'mel is not ahvays an adequate lmsis for
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(a) ],aleral l)osil, ion of vorlex.

(b) Vertical posilion of vortex.

I;mut_: 8.--Comparison bctwce,_ llmory and experiment for latcrM

and verLical positions of wing vortex 1.8 r'_ behind wing of aspect

ra_, io 2/3 triangular wing and body combinal ion; 31_o -2.0, r/,s- 0.60.

computing downwash. I[owever, several investigators have

successfully al)l)lied this simp]itied model lo the comput, alion
of lail h)ads. These results indicate that the total tail h>ad

of each of the conligurations investigated is insensitive h) lhe
details of the vortex llow although the downwash behind

the wing and the spanwise distribution of tail load are not.

This conjecture is sut>stantiated in part by the theoretical

work of Morikawa, reference 9, who has calculated the t,ail

lifts of slender wing-t)ody-tail comlfinations using one

fully rolled-up vortex per wing t)anel and using a flat vortex

sheet. Only for fully l'olh, d-up vortices in the immediate
vicinity of the tail tip does any appreciable difference between

tile two cases o('(!ur. The results of I,omax and Byrd, refer-

eric(; 10, for a family of swept wing-body-tail ('omt)i,uttions

are in accord with the findings of Morikawa. It was on the

basis of this evidence and t)ecause of its great simpli(.ity

that tile use of one wing vortex pet" panel was adol)ted. The

adequacy of this assumption amt its range of apl)lication is

subsequently determined t)3- comparison between experiment.

and theory.
Th(' circulation distril)ution at lhe wing trailing edge

determines lhe strength l'm and the Sl)anwise position Jw

of the vortex at the trailing ('(tgc. The actual circulation

distribution is replaced I)y an equivalent horseshoe vortex

corresponding to the l,elmerlz model for uniform loading.

Figure 7 illustrates this mod('l. Note that iigurc 7 contains

the tacit assumption thai the maximum value of the (.ircu-
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(a) Lateral l>osilion of voriex.

(h) Yertical position of vorl0x.

Fi_llrliE 0. (!uInptiri_on between theory and experinic, nt for hiterai

alid vertical positions of wing vorlex 1.8 c. behind wing of aepeei

ratio 2 lriangllhir wili_ lind body conll)illatJoll; .l/ao:: 2.0, 1"i1,_=0.33.

lalion is at the win_-body junclul'e. Since ttie lift of the

I)ound Yortox is # 1"o1",,, per unit span, the value of £.,

(,1111 lie oslilllalOd frolli the followin_ _el'ies _lf eqllllliolis:

Ltv<st_ Ls_c,l') Lw_t_) t L.,tv_
F'=2p:Y_>(.fw_r,v)--2p_ I'<o(rw--qw) -2p<_ |':(.fw- £hr) (35)

To satisfy ilia boundl/rv condition lhal the I,odv is uircuhir

fw gw= rw <" (36)

The tlrst, form of equalion (35) is used for chqernlining I',,,.

Since

Q,.. = [K,,.,,._+it-.. ,,:_,,.]( ,..),. (37)

it follows that,

I"_,[K.-i,,,<_-fk., ,, ,_,,]
r,,,= : 4( f,,;_i:,;i (r ..<.!,.s,,. _:{s)

The prot>hqn of detei'mining lhe lateral i)ositions of the

wing vortices niu._l lie solved before the foregoing equation

t'llli be used lo Ovilhllilo F .... The assuniplion is illitd0 that

i,he vorlices of liio wing in conillintilion lti'o di_clilu'ged at

lho center of wn'liciiy of the panels of lhe wing alone ils

;7 I i /"
I !''r ]rj C+,-- /

,:o :_ i/"F" I :;,a) ,u,_:x

(:: m, _, 2 C ? (

Angle c)f attack,_l,degl

(a; ],alt.ral peril,Jan of vorlex.

ilu Vertical posithJn of vortex.

]?ic, UllE ]0.- (Joniplirisl)li between theor.v and eXllOriinonl f, lr t/tlerlil

aild verlieal posilioiis of wing voriex 1.8 c, lwhind Wili_ of aspucl

ratio 4 lri_iigilhir wing and body cointfilialion; J[oo 2.0, r/._:-l).70,

dolerlnined I,v lifting-line lheorv or linear theory. This

lissunll/liOli i_ lil'ut'_lii'> heciiil._e lhe uii'cuhtlion _lim i'ibiil ion

is not genern]] 3" known for the wing-l.ldy _!olnhhiiltioli.

Tile valhliiy of ttiis liSSllliipliOll Clili lie ex'unhied for slen_lor

whig-body {!onilliliilthlii,_ for wiiiuh llie Slnili lou_ling i_ kilolvn

illld fl'Olll whh'h llw llilei'al posilioli of the \'erie\ ('lilt 1,t,

detorntined, lit fael, lile hilerlil w)i'lex lloSilion eli tile I)tisis

(if s]ender-I)ody lhi'Ol'V iS

....[::.,,, ,,,. I- (,),,7, -(::),:.]
:-t_) -,:/ -t- ..... sin- ,._

'" '"'" ',/,-(':t-/ +(.c.),,,J
(-::::)=., _,

This t'qullliou gives the lateral position of the vortex ll._ ti

friiclioli of lhu ._eniispliii of lhe exposed wing panel nnd llS il

function of the radhis-seniispan ratio. Tile, niaxiniuni

devialion belween the values given by this equation and filL'

wing-alone viilliO of 0.7N0 (or lr/4) [s lit)Olll :{ pol'eOlil. This

result is ilidellendenl _lt" tile phui fOl'lll of the wJlig or body hi

front, of lhe iiilixiintiui ._plili posithm silica in sleli_hq'-bodv

theory lhe ]latent ial liiid, }leliCe, lhe cirmiltilion del)eiid_ only

on liie cro._sthlw plune illi(h,r considertilion.

Fat nonsh,ildel' wing-body ('olnl>illltlions the lateral posi-
tion ('all easily he deterlnined if ill0 lift (_oef[ieitql$ tuld
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the loading at the rooi choM are k]lown for lhe wing alone.

Tlw n(,('essary equnti,m is

Y 2' .-Nw (40)
[I .... 2(cm)

In lhis equali<m (c_<') is the product of ihc section lift

coefficient at the midseciion of [tit! wing aml /lie chord at

that position. InhereNt in the e<lutltion is the assumplion
thai tlw maximum circulation occurs at lhe mi<lse<'tion of

the wing.

A series of <']uu'ls ]uis tloen propared for wings of unswept

h,tldin g edges, lllidciiol'd lines, ll,ltll lrti, iling edges to give lhe

vorl ex local]on il.q Ii, fraclion of llle winK-tlhlne seniis])l_dl ll,nd

its It, fuliclioll of l]io efreclive asp(wt l'ltAio wilh lil, per rlLlio

tl,s pi_rti,iileltq'. (']ilirl 5, for Sllbsonic speeds, is ]>asl,d I)ll l'e-

SIIIIS (if 1)oYOIlll K and I lll, rp('r, l'pf(q'(ql.ct, 2;I. I1 is llOlOWOl'l}ly

l]Ill_l for tow aspecl rti, lios 1]w lateral i)osilions (if l]te vorlices

all lend toward l]w shqider-l)od3 vahle of _r/4. XO systelnllAic.

s,,q of iifl cltlt>i'ts similar lo liiose of 1)eYomlg ll,il(I |]tu'per is

avM]atih, for supersonic speeds, tlowevor, w}wre lillei/r-

theor.v I'esulls lLl'(' ll_vltilal_le, llwy were us(q] tO obtain lit(;
Otlrves shown solid in charl 6. The solid Ctil'VOS have boon

eonlinued ]IS dashed Clll'VOS lo file slender-body vMue of

_,/4 li,l zero ll,specl ralio for lhe cases in witich it was felt lltat

l]te exlra.poh_lion could be nit]de safely. For tire X--t) cil,se

wit ]l 1lo h,ading-ed/e sweep, I hel'e is it possibilily 1}ilIA the cir-
('11|1_1toil (listribu( ion (Io(,s nol ]tl/,v(, its lllll, Xillllllll tl,l, the ('(,Ilt(,l"

line of lh(' win K ll,s li.s._ume(l in (,(full,lion (40). The linear-
i heory sohllion for i h(, loa(l (lisl rib ulion for i he reversed lri-

lUlgllhll" wili}..y, is lll/].;.liOWli for ;Ltw<4.

Whih, the foregoing c]ttll'ls give lltO vortex lateral posilion

at the winK, the laleral l)osilion at l]le tail, iT, is required for

calculaling wing-lail interfereltce. The simplest ttssumplions

wouhl lw 1o set .D, equal 1o .]'w or j+, lifo asymplolic vortex

lat:eral position, as dclcrmined front reference 11. To deLel'-

niine which of dies(, approxinlalions is more acelu'ate, 1)oflt
fw iutd f. tl,re colnpii_r(,d wilh liie experinlelllil,1 lateral tind

verlical positions <if the wing-lip vorlex in [igtlres 8 tilt,

9 (a,), lind 10 (lit. On. the ])p,sis of l]lis (,olrlpil,rison tlnd Ira-

cause of the o('(_ltI'l'Oli(!l_ of the ad(lilionM vorlices, ileitiierJrw

llOl'.f_ is Stlplq'ioF for predicting lilt, vorlox spacing at life tail.

Unlil more dlmi lii'o avaihd)le on vortex positions to juslify a

lllOl'O elalmraie esiilnll, te, l iw value of/w from c]nlrts 5 I%11(1 6

or rt'forellce 24 ('li, ll lie IlS('(I for./r.

The verlical position of the VOl'lex lit ill(, fail eli,it be esli-
mated by tile step-by-step ealeuhltive procedure described

in ref(q'ence 25, btit lhe process is generally too lengtlly. Two

al_ernale nieihods arc considered. In the first, the vortex
is assumed to slreani backwaM in die fi'ee-stream direction

front lhe wing trailinlz e(lge. The second method, suggested

by Lagerstrom and Gra]lani, reference 11, is to ignore, tlie

effects of lhe image vorl ices, wit]oh are nearly equal and Ol)l)O-
sit,(', bill IO eOliSider crosslhiw ll, lld ilio lilullu/_| eft'eels of llle

('Xllq'litil vortices. A COllil)ilA'isoil ])olwp('lI l]le l.wo posilions

pr(,dicted by flies(' nielhods and lhe posilions nleli, sui'ed })v

Spt/,]n" trod l)iclct,.v ill'o shown in tlgures S (1)), 9 (b), and 10 b).

Beclitise of tile occli]'rellC(, of iUOl'e thllil Olle wing vorl ox per

plmel ll,nd of body voi'lit'es, neil]ier lheoreiical niet]iod ap-

l)ptH's Stl|)el'ior. Therefm'e, it st,(,lll_ lies1 to llSO llie siniph,r

of the two nlet]iods which i_sttiil('s thai lho vortices sli'(,il, nl

lm.ck froili lhe i i'll,iling edKe in lhe free-st l'iqllll dirociion. This
ll_SSlllilI)l iltll ]Oli_(ls io lho following oqlii_l ion for Vol'l ('x V('l'l ic'd
loon, lion:

hr----(c,--.r_),, sin gJ,v+[/r+2r--l,v--(c,)w]sinc_ (41)

T]te height is nlell, sur(,d above tile body axis and nornlM 1(>il,

lit, tile ceitler of l)l'eSsui'e of l]ie lail i)li, ne|s,

;Lift due to wing vortiees.--For esliinilling the loads on l he
lail section, slrip l}teory is gellerMly al>l>lh'abh, 1)lit ]]re

lnelhod of Alden anal S('hindel, referelu'e 12, c'm 1)e "q)plh,d

W]iOIl lhP II('('0SSaFV i]leorelicM si)llAl h>adings IU'l' klloWlt, hi

spe('ifying 1he tail h>ad, use is llll/,de of li, 1all illlerferpll('e,

fll, ci oi'

Lriv>/l LT)<,

;==I',,,/2_rc_ I'= (xr--rTr)- (4 2)

w}wr(, (Lr), is llw lift of l}le tail alone li,l ailg]e (if aIlll.clc

_. 'l'hc_ inLerference faclor represenls a nondinwnsional

qulmlily useful for computing 1M1 loads. 'l'ite flt_clor

depends on lhe 1)l/,ranieiers Xr, (fix)r, (c,/fl._')r, (J'/x)r, li,nd (h/s)r.

For a fixed llo(ly-lail ('Oll[iglll'il'{iOl!., 1}t(' fli, clor del)ends only

oli 1]lo VOl"{ox posilions in llw cross]tow phlne (if/}t(' lail.

W]ielher 1}le factor _ is ci_]Cll]llAed by strip lheory or 1)y

the Ahh,n-Sc]lindel t t,c}niiqtte, sevt,ra[ silnl)lifying ilSSillil|)-
lions il,i'e required rogit, rding iho winK-fail illi orforenco. Th(;

firs/ il,SSUlIlptioli is Olie Mreli, dy used in delernlilting/'l'B_w> for

h/,rge aspt_cl ratios I_,l supersonic speeds l]illt 1lie nonplanila'

ta.i] section ctlll })(' redu('e(l loll, ll equivah,ni, |)llHltll" ntodel
sinli]ar 1o 1}lit,1 s}towll in figlll'(' 4. T]w t><)(Iv is lI.SSllIllOd |o

be |la_ and It) act lit zero tl, llg](, of It,lift, ok, while the 1all tlItg|O

of attack ar VtlA'iOS Sl)liAlwise. T]tc s('('olld fl,SSlllilptiOll iS
thai I}w lift on lhe tail se<,lion duc to whlK-lail inlerference

is a]l developed by l]le tail 1)anels, even 1]iOllKh part, of it is

lrlinsfel'red lo l]w 1)o(13-. In lite al)plicalion of slrip l]teory

10 det prmille I his lift, Ltlgel'sl FOlll t71,11t[ 'Villi 1)ylce ill roferell(;o

19 ]rave shown 1hal _m exacl vahle (wilhin the reahn of

lin(uu" l}leoi'y) is obtained for t]1.t' over-all ]if1 of 1Ire l)lanar
nlodel if the leadhtg edge is supersonic and the lrMling etlgo

is straight, tls for a l i'ialigtl|ll, r wing of (,[t'eclive aspt'ci ratio

greMer thtln 4. It is to be holed lhM l}le second llSSlllllption

Cil'ClliilVlqllS the queslion of w]leihtq" il,li afierbodv ocCill'S

lie](hid i]le t.M1. Generally, l]le lift aclin 7 on 1he body is

only tl slnlt, ll fl't_ciioll of l]lllt li,ctill K on. lhe lail seclion due

lo win_-tMl inlerference, st) ihll, t no precise consideralion

of lhe tail ll,flcrl)ody is usually required.

Strip theory has been llsPd to cah!ulait, ,l series of design
charts for the eslinllltion of [. The details of lhe ealculllliolls

I!_re given in Appendix ]3, and t]le results ltA'Opresenle(1 in
Ohtll't, 7. These (']till'iS s]low i,OlllOlll'S of COlISlll, llt, vilhles of

; in l he erossttow p]ll, n.e of ttt(, lail wil]t lhe pll, I'lt, llltqors

XT ll, lttl (,""X) T Vll, ry[II. K froln ('hllrl lo chli, l'i. I1 is |o be llOlOd

]hal slrip l}teory is htdependenl of l]te chord-spire ]'alto

(c/fls)r. In facl, sli'ip lh(,ory i'epri,senls lhe liniilhig cilso

of linoar 1}wory il,s (¢,/¢7,_)r_0. 'I'll(' c}ut,ris give il,n inunedillt(_

idea of lhe l'OgiOllS wlwrein wing-iMl illli,rferelwl, is lllost,

iinporlllnt. For lrilmKuhlr lll, ils (Xr::=()) it is to ])e noiod
l}tal i]w illAtq'fiq'(qice is il finile iillI, xisillllil when l}te VOl'lOx
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is lit the phml, of lh(' fail and slightly ilfl,t.ard of lit(, lip.

For all other laper ratios, however, an intiidlc max(reran

effc('t occurs whelt lhe vortex is at lh(, lail tip. Slri I) lh(,ory

is, t]ms, not acmu'ale for t)t)silions tif llle w_l'lox near llie

lail lip, eXeel)t in l]l(' ('lLs(, of h'iangular whigs wilh super-
sonic leading edl_es, in which ('asc il is a,('curalc 1o the or(h,l'

of lira,at theory.
An alternale metho(1 for lhe (hqermimLtioii ,f ; is the

method of Ahh,n and Sehimh,1, which serves as a basis for

assessing the ae('uraey of strip theory. The essential result

of the melhod is thal lhe lift of a lifting sm'face wiih sup(,r-

sonic edges iu a llonuniforni tlow fieht that varies st)altwis('
am1 lie (,vMuated 1o the accuracy of linear theory ])y t]w

equal ion
P

L = I w(y)F(y) dy (43)

where w(y) is the vertical velocity at the sf)anwise l)osition

y and Fly) is proportional to the span loading of the tail at

uniform angh, of attack in reversed flow. IIeaslet an(l

Spreiter in reference 22 have exten(h,(t the ra.nge of equation

(43) to inehl(le surfaces with subsonic e(lges. For triangular
tails wit|l Sul)ersoni(' lea(ling edges, the reversed tail is

uniformly loaded so lllat Fly) is t)rot)orlional Io the h)cal

chord. Thus, slri t) theory and the Ahlen-S('hin(h,1 nl(;ihod

give identical results for this ('as('. (hmerally speaking, the

Alden-S('hindel te('linique is not suih,d for an analyl,ical
determination of 7 t)et'ause, in st)me eases, th(, ne('essary

function /fly) is not known or leads It) ('Onll)li('at, ed inte-

grations. The Ahh,n-S('hindel nietho(l leads to resulls in
closed form for rectangular tail and bo(ly eonfl)inations,

and th(, cah'ldation has been carried out in Apl_endix C.

The vahies of i for the vortex in the plane of a re('tangular

tail and for a radius-sere(span ratio of 0.2 are given in figure
11 for ftml' vahies of (c/_,_)T. Fora value of (c/fl,97,-:0 the

Ahlen-S('hilldel technique and strip theory are id(,ntical.

Thus, a (.omparison of the curves for other wlhies of (c/fls)7,

with those fay zero gives an in(|i('atit>n of the error (hie to

t|le use of strip the()ry for large t41ord-st)au ratios. The

first result is that the infinity tit, (f/'._)_,_ 1 (fur vahles of

-4.0 ......... --_

-3.2

)

///7(K_-) = -(_,r

-.E 77.0X ry

v
0 .2 .4 .6 ,8 1,0 1.2 1.4 1.6 1.8

Vortex lateral posthon,(f/s) T

Figure ll.--Effect of chord-span ratio on lift of r('ctal_ular fail due

to wing vortex as deterinined by Ahh n-Schindel I(.chlii(ltll_' for vorlcx

in plane of tail; (r/_')T=0.2.

((:L/f_._)T not equal 1() zero) has t)eeli (,lhninate(I l).v using th°

Ahh,n-Schht(lol lecllnique. For vortex ])(tsiti(iiis OllLht)ill'l[

of the t'lil tip, itw t,ft'e('l of (c/_l._)T in vary snlall, llowevor.

f()F vorlex t)()silion._ iulloard (if the lip, _L lai'ger (,fl'eci el

(cl_ts)_, is hl(li(:lil(,d. To obtain all idea (if vrhere the dis-

('repalil!.v due lo ltw use of strip t.heol' 3" iS hu'ge alld wlierl,
slnall, ll figui'e tiil._ heen prel)are(l showing lhe rlili(l of

(_as--Ts's'j/iA_ as il llleilSlll'e of till, error incurre([ hi lisin K

strip theory fllr (c/_tx)T 0.D. Tills r'ilh_ is showli ii_ il. fulic-
lion of VOl'tOx lltisili()ii in figure ]2. ]_or t)osilion_ of thl;

1.0

e_

>

°,o=o0I l ,'1 I/+ ......

.2 .4 .6 .8 1.0 1.2 14 16 t.8

Vortex Ioterol position, (f/s) T

Fi(;uitt,: 12.--],]rror due to use of strip theory in estiniation of load,-,

on re('lai_glihtr tail section due lo wing vorlices.

vortex outt)olu'(l of the tail tip, tha errol' is generally very
snnill ('x(!(,t)t in the inullediate vicinity of the ill). ]:or posi-

tions of the whig vorlex inboard of the tail lip, a liilixiinulit

error of tllmlll. 35 I)orcent ('an lie incurred tly ilw ilSe of

strip theory. This t,rl'or decreases with illCr('a_ili 7 voi'l(,x

distan('e fro(it lhe tail. The reilSOli that larger errors lll'e

incurred for ])ositi()ns of the vortex hilioai'(| of the ildl tip
is t,iiat hero the not elt'eet of the vortex is the sniall (lifl'eren('e

el larg(, l)osiiiv(' anti llogalivo lifts, while for oullmlird posi-

lions the vortt,x hi(hives liegative lift at'ross llw eiltil'O lliil.

It is t)eli_wed lhllt lli(_ llS(_ of st rit_ lliool'y in lilOl'(_ aCelll'iiic

for lal)(q'u(t v,iiigs lhlili for re('langular wings siii(.e it i._ ]cnowii

to be exact fllr lrhtngular wings with SUliOrsoni(" ('dg('.'l.

])('spit.(, lhe f'lct ttull, strip theory (lees lie{ possess the ilC-

('llrlie)" of lit(ant Iho()i'v for purl)oses of i,slhnating tail loads:

it has scvl,r'il <h,('isive allvalllllgl,s ovi, r t]i(_ lilleai: tlie()rv

(exenlt)lifie(l lit supersonic, speeds by the ihh,n-_(4iindt,l

nlethod). Fh'sl_ the necessary tiieoretieal infornli_tion i,_
liar availaNc fnr ll.'-;ilig linear tlioory in so(ill! cases lit Sllpl,l'-

sonic sp(,e(ts. _o('oli(t, sei)ttl'ale (h,t(Tnlinlllions ,,vouhl ha

re(tllii'lq[ for dill'er(,nt (ciJ.s)v values a]l(l for subsonic atilt

sup(q'S()lii(: Sl)l'O(]S , nlakillg tile eollstru('tioli of design ('hlirls

extrenl(,ly difti('uh. For these reasons anti be(:au,_e of ils

gl'('tlt, siniplicily: strip tileory is used in this report for (!()lll-

pulhig the liiil inli,rfl,ren('(; factors ex('ept, foF reelaligUilu"

hills 'll, siipersoilic spi!e(Is.
Tile ('onirilmlion of wing-tail int(!rference io Ihe lift

eoctti(-it, nt in ll()Xv derived. Tile contritmiion in by (t_,finiii()n

LT,( vj

(' = --_ (44)



IAFT AND ('EN'I'EI'. OF I'I'_ESSURE OF V¢ING-B()I)Y-TAIL C()MBINATIONS 5Sl

with 1hi, aid of (,qm_lions (38) and (42) [[l{,l'(, is o|)taim,(I

(( ;.,y. ((;_o)_ [K..(,,). _t:w,., <q i (,,.T-,,,,)( .... (45)
_.,-)- 2_-+1T(f.. _,'w)

The values of Z_'w_mand ,{'w(m are obtained from chart 1, the
vahte of i from chart 7, and the value of fw from chart 5 or 6.

For rectangular tails nt SUl)ersonie speeds the value of _

calculated by use of the Ahh,n-Sehindel technique is
l'(,eOllllllell(l e(|,

LIFT on WINGAFTERIIO1)YI'UE TO WING VORTICES

In the previous work it was assumed that no change in
lateral vortex spacing occurred I)etween the wing and tail

because, for the purposes of this r(,port, the extra work to

compute the ehange is usually not warranted. However, if

for some reason a stet)-l)y-ste t) calculation of the vortex 1)ath

is made, the lift. on the wing aft erbot|y can be estinmted.

The model shown in figure 6 is used in the estimation. The

lift represented by a horseshoe vortex is p_.I'_oF., per unit

span. The lift rel)resented by the vortex system at the
wing trailing edge is thus 2p_l'_gm(fw--gw) anti at the tail

location is 2p_l'_l',,(fr--gr). The net lift retained on the

body between the win_ mM the tail is thus

Lmv) --2p+l'_F.[(fw--gw)--(fr--gv)] (46)

With the ai(/ of the relationships

]'B, 2

:/w= f,_/ (47)

= -"_!-- (4s)
:Iv _,,,fT_@hr _

equation (46) bee(rows in lift, eo(,ttieient form

o 9' _, 2
41',,, V(fw--rw-) f..L 'T "]

('L',v)-- S,,.I'_ " ---. r. : _ --_ (49)L f+ vf_ +/,_ J

Lagerstrom and Graham (ref. l l) have derived this same

result using a ditferent method. Generally, the change inf

l)etween wing and tail is not known unless the step-by-step
solution mentioned in reference 25 is performed. In this
case both tim total lift an(| distribution of lift on the body

due to the trailing vortices is known. Itowever, if only an

upper bound on the value of (/LB(V) is desired, then the value

off+ can be used fi)r.fr in equation (49).

SUMMARY Or raFT COMPONENTS OF WING-BODY-TAn. COMmNATmNS

The seven eomt)onents of the lift: acting on a wing-body-
tail combination are outlined as follows:

1. IMt on body nose,

((:_).,.-K,,_ (C_.)..- (50)

2. I,ift on win K in 1)resence of l)o(ly,

I -- _ Og " )'(eL).,(.) - [Kw<.)+t w(,,__.,] (6_.)w (51)

3. lAB on body due to wing,

((,.).0+-)-[K,,(+, +k.o_)_d ((_.)., (52)

4. IMt. on tail in presence of t,odv (nt,gh,('ling wing

vortices'),

'](G+)...,,=[K_.:+ Z..(,, _,+1(('<')'+">";w_-: (5a)

5. IMt on body due to lail (negh'eling wing vortices),

, , . , (,'%
((L),,,,.,---[I(,_,.,--+ ],,,_,,,_,,1((,,o) _ ks,,./ (54)

6. IMt on tail seelion due io wing vorliees,

(, (Q) _ (c'_.),+ [ff...,,,_ + a,.+.,,a..l ;(,.,,,-,,,, )
( Dry,:,= - 2rcAT(fw--rw) - (55)

7. l,ift on wing afterl)ody due to wing vortices,

((z't,(v =-- 4Fro F(.f,,>'-,.,,. ') f. ",+ _-1
s,,,voL •, ,::+,,:J (56

An example of the use of these equations is t)resented in a

subsequent nmnerical computation for a speeitic wing-body-
tail eombinalion. Chart 8, which summarizes the lift-curve

slopes of wings at supersonic sl)eeds as deternfined from

linear theory, is included for use with these formulas.

LONGITUI)INAL CENTER-OF-PRESSURE THEORY

In the section on lift, theory the (tifferenees between subsonic

and supersonic speeds were given only t)assing attention

since the lift theory as developed aI)plies in the same form

to 1)oth speed ranges. The primary affect of Maeh number
Cwas manifest through the quantities ((¢.,)w and (%)r

However, in the center-of-pressure theory |lie Math number
has a direct effect on the centers of pressm'e of several of the

lift eomt)onents, and a definite distinction nmst t)e made
1)etwecn the sut)sonie and supersonie eases for these

eolnponents.

Several convemions arc adopted with regard to center-of-

pressure position in this report. All positions fi)r the com-

plete configuration are ultimately given in fractions of the
body lenglh behind the most forward point of the 1)ody. In

the design charts, the centers of pressure of Lmw), Lw(m,

Lr(m, aim LB(r) are given in fr_etions of the root, ellord

behintl the juncture of the leading edge with the t)ody. All

length syml>ols having bars over them represent center-of-

pressure lengths.

CENTER OF PRESSURE OF BODY NOSE

For most I)urposes the center of pressure of the ])(,dy nose

can be estimated with sutlieient accuracy l)y sh,,uh,r-l)<)dy

theory. The result is obtained that

" rrv"ls/

wherein l]s att<l ls are the vohtnn_ and length of that portion

of the body nose forward of the shouhlev. For bodies wilh
n()ses of small fineness ratio (Jr even f<)r bodies wilh sh,nder

noses at high .Xlaeh numl)ers, some lift is ca, rrie<l over onto

the 1)ody 1)('hind the nose, tending to make 7_,. greater than

the value given l)y equation (571). If the lift. on the nose is a
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subst.antial fraction of the lotal lift, th(, (qt'(,c( can he sig-

nitican(. In such cas(,s linear theory is i)('tt(,,' (h'm sh, ndcr-

I)ody theory, "although exp(,rinwnlal values of 7.v are always
preferr(,d. In this v(,port., the (h(,or(qi('al vahws us(,d will be

ltlO_e of sh,nd(,r-1)odv (h(,ory. The e(,nl(,rs of l)res_ure of

ogival noses as determined from sh,nd(,r-h(l(Iv lhoory are
pres(,nted in chart, 9.

CENTER OF PRESSURE OF WING IN PRESENCE OF BODY

Angle of attack.--The center of pr(,ssure of a l,'iangular

wing in the pres(,tw(, of an infinite cylindrical t)o(ly as given

by sh').h'r-t)odv theory (ref. 13), in per('ent, of the exposed

wing root chord m('asur(,(l from th(, leading edge (fill.' wing-
body juncture, is

. (-)+ h,.". .,.,'Lk I

8

'1,:-7,)

_]_r - ._,. /,2 71" ',_ I'('

(5S)

An alternate melhod for eva hinting center-of-pr(,ssure

location of a triangular wing-l)ody coml)ination is to suppose

that the exposed wings are operating in the upwash field of

the body alone and then to calculate the result,sit c(,nter-of-

pressure location using strip theory. The procedure to be

followed is similar to that used in the lift-theory section.
The upilow angh, due to the body vaH(,s Sl)anwisc on the

horizontal plane of sym:lnelry as

1.2)%= o_,, lq-y5 (59)

wh(,rc y is the lateral distance from the t)o(Iv axis. The

wing is thus effectively twisted by the body-alone flow. If

now the upwash angle given by (,qua t.ion (59) is taken in(o

account bv using stri t) theory, an approximate value of lift
is givml as

4 's

Lw(,_>_=ft. J_ %cfly (60'

The mo]m,nt about tile leading edge of the tool ('hm'd is

M..<.,,.= f *m>.c#,j (O_)

It is assumed that tile center of pressure of the strip is

at the midchord. Dividing moment by lift lhvn gives for

lilt, c('nl('r-of-1)ressure locati(m for tilt, wing of a triangular
wing-body combinat ion

1 lr 3r_ llraq-/lq-r\re/1_:Y//

:6q" E1(_ _] 1--_r')r'ln(;)]

(62)k
-_._

The results of ('(lUali(lnS(5S;) and (62) arc t)rcsehted in
tigurc 13 as a fun('tion of r/s. In addilion, (]m v:due of

('cni(,r of pressure (ffthe wing ahme as d(,termincd by linear
theory isindicale(l. It,issignificantlhat allthree ]net,hods

give ess(,nlially (h(, same r('su]l for Ill(, (wnt(,r-of-t)r(,ssur(,

h)(mli(m ()f (h(, wing in t)l'esen(:e of the bo(ty. It, linty be,

v(mchuh,d lhal (7/'CAw for wing alone (defined as (.xl)()s(,(l

wing panels joim,d h)g(,thel'), although imh'pend(,nl (if r/'.,',

gives tr sulti(.ienlIy a,.curate representation of (7,,,"C,)w<m for
triangular win_zs in lWeSmw.e of tim body.

_b

c:

i

I

...... ]

t

Body-rod)us, wing semtspon roho, f/5

FIGUnE 13.--(!Oml):).rison of "theorelical values of (2lc,lw_m for tri-

angular wing with no (railing-(_dg(_ sweep.

If slender-1)ody theory is al)plied to rectangular _ings in

combination, the erroncous resolt is obtained that all lift,

and therefore the center of 1)ressure, is at the wing leading

edge. While this result is valid for vanishing asp(!('l ralh),

it, is ohviously not valid in g(,n(,t'al. Or, the oth(,r hn)_(l, by

stri I) lh('ory, the ('(,nh,r of l)rt'ssurc is giv(,n at the mi(h_hor, l

and is ind(,l)(,nde)H, of t h(_ asp(:ct ratio. This value is (:xact

only in the (.as(, ()f vanishi))g (q)ord a),(l is approximately
true for mod(,)'a(e to high aspect ratios. The ce)_ter-of-

l)rCssur(, lo('a(i(ln of wing alon(' as pre(li('t('(I })y linear theory

(,xhil)ils a shift It)ward the leading ('dg(' fi'om (h(, midchord

posilion with (](,(.)'(,asi)ig asp('(% ratio.

('i_)w --3BA- 2. 6_.1_;_ ' (63)¢

E(luation ((i3) is wdi(l for 5A>I. For _A<I, n,,ga(ive

lifting l)ressur(,s due to tip etfects (hwelol) on r(,arward

art,as (if the wing, moving the (:enter of l)ressure nearer tlm

wing hm(li)_g ('(lg(,. Thus, the wing-alone (,entcr-of-p)'(,ssure

location as pre(li,q(,d I)y linear theory aI)proaches th(, value

given 1)y strip th(,ory for wings (in pr('s(mc(: of b()dy) (if
high aspect ratios and shows _ lo(-ation morc in acc()rdance

with shmd('r-l)<>(ty-theory results at h)w aspect ratios. It is

therefore con(,lu(h,(t that for rectangular wings the center of
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pressure of the wing' ,lone flw M1 aspect relies is ]llore

ret)res('nintive (d" 1he ('('lJt('r ()f lm'ssm'(, of (he lift:, on tim('

win,: in t)r(,selwe ()f a |)o(ly 1hen the result giYen by either

sh, nder-bo(ly theory or stvi t) th(,ory.
F()v [rapezoid'd wings of no trailing-edge sw(,el), slender-

body [he()ry gives all the lift, 'lnd hem'e center of pressure,

on Ill(, portions <)f (h(' wing forward of the leading edge of
ilw tip (,herd. In g(,wral, ])owever, lift is known (o exist

over the entire wing and the sh,nder-lmo(ly result, for ('enter-

of-pressure h)cati(m is too fro" forward at high aspect ratios.

•'qrip th(,ory, on (he other hand, prineil)nlly by not a('('omlt-

ing for tip elr(,cls gen('rally gives a (.enter-of-pressure loe_/-
tion too far aft of tlw wing leading edge parti('ularly at. low

•_Sl)e(.t ratios. For hmrg(' _mst)('('t ratios wing-alone theory is
in good at'cord with strip theory, mH _l( low aspe('t ratios,

wilh sh, ndev-1)ody theory. ,'gin('(' strip theory is relial)h,

only _ml high asl)e('i r_ttios, it can t)e eonehuled that wing-

alone theory is best for the entire aspe('t-ratio range.

()n the 1lasts of (h(, foregoing comtmrison of wing-alone

(h('()vy with slender-ho(ly theory and strip theory for tri-

angular, re('tmlguhmr, and trapezoidal wings in (:ombination

with 't body, it is eon(,ha(h'd that. of lhese three theories

wing-alon(, theory is the best for representing the ('enter of
pressure of the exposed wing panels throughout the asi)e('t-

ratio range. Some simple ('hm'ts 1o assist in estimating

l[.,se center-of-l)ressur(, l)osilions are now presented. ]"or

SUl)ers()nie speeds, (.harts 1() (a), 11) (I)), an(l l0 (c) give the

vm'iation of (7/c,) W with ¢L,I for wings of no h, ading-(,dge

sweep, no mid('hord sweep, and no t,railing-edge sweep,

reslme(.tively, fi)r taper ratios of X=0, ]_, and 1. The curves

giving (7/c,) w _mr(,('xtral)olated to the limiting values given

1)y sh, n(h,r-t)ody theory at eL.l--0, for which ease slender-

body theory is valid. The value of ('2/Cr)w for any given

wing of this family ean be found by suitable interl)olalion.

For subsonic speeds the charts of DeYoung and tlarper,
referen('e 23, can be used for estimating (7/C,)w for a wide

range of asl)eet ratios, taper ratios, and sweep angles. The

results are presented in (.hart 11. Again the results }lave

been extrapolated from values of _A=2 to the slender-body
values at. ¢_A=0. Crossplotling _i(led in the extrapolation.

The distance front the most forward point of the body to

the wing center of pressure is

F,,.<.>o-I,,.+ (e.),,.(:/e,),,.(.>. (64)

Wing-incidence angle.- No gem,rM m(,tho(l for estimating

(7/c[),,_,,_ exists, but. sl)eeialized r(,sults _mr_' availat)h, t'(w

r('('(angular wing and t)o(Iv ('oml)imHi()ns for which B,I >_2

or for slender lri_mgular wing _md body coral>troll ions. For

tim rectangular wing and t)ody combinations values of
(7:/c,)w<m_ based on linear (h(,ory oht,ained from referen('e 3

_H'e l)resente(l in (']m)'i, 12. The values of (7/c,)w<m_ are

lower than the wing-ahme (r./,s'=0) vahws l)y a few pereeni of

the root chord. The results for slender triangular-wing _m)_(l

l)ody (_oml)imHions _Is de(ermined from slen(lev-l)o(ly theory

in Apl)elHi× A are shown in (draft ]3. The (l(wia(io)L of

(.7/c,)w(_, e from the wing-alone vMue of ->._is only 'l f,'a(:tiom/l

per('cnt of the root chord. For tim ('oml)im_tion (o which

(.hey apply, tile results of charts 12 and 13 are to t)e used.

For other ('omhinations, (.7"/c,)w t)rovides a good apl)roxima-

t ion to (2/G)w<m _ until more accurate values are av_dhd)le.

The eenier-of-1)ressure position with referen(,e to the body
is

7: (65)i',,<,>_=l,,+ (C,)w(. :e,)w<,) _

(SENTI'JR ()][" PIII"],("JNIIItE ON BODY m)UE TO W|N(I

The (.enter of pressure acting on the body (tue to the wing

is (letcrmincd by different metho(ls, (lepen(ling on w]lether
sul)soni(" or supersonic flow is eonsi(h,m'e(t. Time assumption

is made that the center of pressure of the lift transferre(I from

the wing to the body is not sensitive to whether the lift is

(hv¢(,loped by angle of attack or by wing deflect.ion. Then

there is no appreciable difference between (_/c,)mw," and

(7/c,),:v,6 , and these two eases are not t r('ate(I set)arately.

Supersonic flow.--For the supersonic ease the planar

me(tel of tigure 4 is used. This is the same model that was

used for the determination of the lift on (he body in the

l)resen(:e of the wing. The moment of the lift. (eq. (23))

carried onto the 1)ody by a wing with a supersonic leading

e(lge is

in terms of the coordilmte system of figure 4(t)). This result,
doubled to '_c(,ount for the lift of two Imlf-wings, gives

F1-{ 1 ):1 }
167),
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Tile center-of-pressure location is then foun(I using A'zmv)

front equation (24) and the IllOll|l_,nt fl'()lll ('qtl,_ttiO]l (67) as
follows:

c_/mw _ Lmw_C_ Km, w>Lwc,
mS)

Similarly fro' wire,Ms with subsonic t,dge_ there is obtnhwd

+ B:w = + , +- d'q d+ (69)

giving

4(/e°O/W 3 • er

9 m_(m _-} 1):_ , ?H _i
('Sm_ ! 24)m'-'fl"_(14mB@6)(m_--_l) P(!+

Cr

(Bd"l'- ] (_;m/.4@24)m.a/3 u (m/3-3)('Nd_ :_ t_'i/3?(n!B?l)

:Xml_-3)(m[_--1/_e_/I- 9mB(m_4-1) u - :_m_ \e_! e°sh-_ (,,,13_1)[3d
, _; J

(7o/

The moment, of equation (70) with lk'mw _ of equation (26)

is used in equation (6g) 1o give |he center of pressure of

tile lift on an intinite cylindrical body due to lhe wing.

The results for center of pressure for both supersonic and

subsonic leading edges arc presented as a function of _d/c,

with mB as the parameter in chart 14(a). It is notable that,
the effect of 'm_ is small.

The case for no aftertmdy is apt)roximated by integrating

e(tualions (66) and (69) with c_ as the upper limil. This is

analogous to the determination of B,'mw) for the m) after-

body case in tile lift-theory section. The results for both
supersonic and subsonic lea(ling edges are presented in

char(_ 14(b).

While ehart 14 can be used for an approximation to

(}/e_)so).) for tile low-aspect-ratio range, a somewhat more

accurate form ean tm presented for this range (chart 15). In

t,he more accurate chart the independent wu'iables are taken

1o be aspect ratio and taper ratio, with radius-semispan

ratio as parameter. Tile values of (7/Cr)mw_ for _,1--0 are

(hose given by slender-body theory, anti the values for
if/s)= 0 are those for lhe wing aim., as given by linear

theory. On the basis of this informalion il is possible _o

extral)olale tile high-aspect-ratio theory to _,1- 0, as has

been done in ,.hat( 15 for the afterbo<ty case. This is lo

serve as a design ehm'l for the h)w-aspeet-raiio r,mge. A

similar ('hart can easily I)e fornmlate(t for the no-af!erl)o(ly

case 1)y nse of the results of (.hart, 14(1)). In establishing

the slen(ter-tmdy values at BA=O, it was assum(,d llutl no

lift was developed ([O_,VllSlF(qllll of |he llill, Xilllllni Willt_ span.

'File extrapolation was not altempled for X 0 and no lead-

ing-edge sweep.

The center-of-pressure positions as oblaim,d by the

phmar-model method for the afterbody and the no-:_fterbody

('ases are eomi)are(l with the slender-l)o(ly lh(,ory ('enters of

l)r('ssure in figure 14. For (he ease of the sul)soni(!-]eading-

(,(Ige wing, roB=0.2, for which slender-|)o(ly theory wouhl

be expected to l)e the most al)plieal)le , th(, agre(,men( with

(he no-afterbody case is very good for lit(, (,))lit'(, fling(, of

2_r/Cr. llow(,ver, the agreement l)etween (he sh,nd(,r-l)ody
theory and tile aft(,rl)ody ease is poor. The latter result

is 1o be anticipated 1)3- a consideration of tigure 4(a). For

a given geometry, an increase in Nlaeh number causes a

primary portion of the pressure disturl)an('e ('arri(,(t onto

i r _ I
.... Slender-body theory mfi

Planar model approximation ao

_"_ .2

Without afterbody _

5" -- _]__ __ a.- __ "..........

0 4 .8 1.2 1.6 2.0 2 4 2 8

2B_v/(c,) _

tqc;up, g 14.- Comparison of plan'ir model vMues of (2/c_)_._:w) uiIh

shmder-body theory vahzes.

the body to sweep beyond the wing trailing edge. Sin>

ilarly, a (le(u'ease in chord wil.h a given Maeh numt)er

and body (lianwler moves the wing trailing ('dge ahead of

the primary portion of the lift disturbance carried (rote the

body. Since (he pr('sent method agrees very w(,l[ with

sh,nder-l)ody theory wh(,re s]ender-bo(ly theory is exl)e(qed

to |)e appli("_l)le, and sin(:e slender-body (h(,ory (h)(,s not

l)rOl)(,rly a(.(:omll f()r lh(, aft(,rbo(ly, the l)resent melhod of

(lelermining (_,,"c_)mw_ is al)l)lied to all (:oml)inalions.

Subsonic flow. -llilherto, no melhod seems to have l)e(,n

availal)h, for (,slimnling (7/c_)mw) at snl)sonie speeds. For

this tmrt)ose, the lifting-line model shown in figure 15 has

been used. 'F}m lifting line is l)la('ed along (he quarler-

chord line of lh(, wing and its image is il)(rodueed inside th(,
l)ody. The external lifting line is divi(h,d into a mmtl)(,r of

bound vor(i(.cs, the strengths of whi('h are l)rOl)orti(mal l()

tile circulation (listrilm(ion. The lifting line is not uni-
formly loaded although eaeh of the horses|me vorlices is.

The (,xt(wnal vorii(.es have their internal ilnages which pro-

duee the lift on tile l)o(ly, this lift l)eing l)rodueed at (h(:

bound part of the horseshoe vortex. Since. the lift on (he

l)ody due to ea(th elemental image horseshoe vortex is pro-

I)ortional to the l)roduct of its strength thnes (he length

of its bound element, and since its lift ae(s at, the bound
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,c>

',@) Plari sif},,_.,

/

, ,rrold%on

d,strlbut',on "_.._ - _ Imc,y! quarter-chord lime

>:,

_,' )r T C(?q

{b) Vortex s}'stem

FIGURI'; 15.---Vorh'x IllOde] for (h,termil_ing center of pressure of t)o(ty

in pres(mce of winl_ or tail at subsonic speeds.

element, it is easy to (teternfine the center of lift of all the
imlge horseshoe vorlices. The formulas for the calculation

are presented in Appendix D and the results for (-_/c,),(,,)

at sul)sonie speeds _u'e presenled in (%,¢ 16. In At)pendix

1), the lifting liiie was assumed to be elliptieally loaded.
This assunll)tion should be wdid for most cl_s(,s since the

('ah'uhtlion is not sensitive to the span lol_(ling lind since

efiident wings tend to 1)e ellipli(,ally loaded. No difference

between (7/cD,(_r)<, and (7/c,)0(,.>_ has been eonsi(lered since
any such (lifferences will 1)e small and it,re t)(;yond the scope

(>f a,vlfihd)le lh_,ory.

(!hILi't l (_ gives results for mlSWfl)t lel_ding edges, middlord

lines, and trailing edges _s l_ fun<qi<)n of &l and r/s. The
results for DL1>4 rel)resent the ['(,stilts of lifting-line theory.

It is to l)_, nol_,(1 tlii_t uo (let)(,nden(, on aspect ratio is found

on the 1)i_sis of lifiiul_-liue theory. It i_ known ltul.l aJ low

llspl,H i'alios the lolidhig' ()It ihe wjng-]lody conihinlllion

lq)l)l'Ol/rhes itt_, sh,uder-t)ody loli.(lhig for whidi lhl, ('enll,r of
l)ressure (ill l}ll, ])OdV iS J'r.llOWll. The vllhle [r()llt slelllll'r-

body t hel)i'y is plollt'_l eli lhe rli'u'l III i_,'l (}. Furllier]noro,

for r/,,':: :0 it iS ('|('ill" llult (TliG)#tcw) ('(lullls tile center of pres-

sure o[' lhe loading Ill, the reel ('tl()i'(I of lhe wing lllotle. This

quanlily has been ot_lained from ItH, work of reference 26

for reel angular and triangular wings of low nsilect ratio.

The resulls of reference 2(; agree wilh good accuracy with
the lifting-line-theory resulls for r i._' 0 al lit)out DIA=:::4.

Therefore, lifting-line th(,ory has been adopted for L,1>4,
and for &IJA lhe curves have been extral)ohlted to the

slender-t)ody vahles at, _7_1 0 wil]i the h!._'--0 l'(,siills used

lis a, guide. The extratioh/led (!llrV(,s fire s]l()llVll (lotted in

('tlllri 16. 'J'lie dist, llnee of lhe eenler of pressure fronl the

iiios_ forward poinl of the t)o(ly is

IB(iV) =IB "1 (('r)W (,_)r )B(IV)
(71)

CENTF]ROF PRESSUREOF TAll, IN PRESENCEOF IIOi)Y

The center (if t)ressuro of the tail hi the I)ri,senee of the

l)ody (wing-ta.il interfi,ren('e heing negle('le(]) is given t.)y the

sit.tile l)roeeduro as lhlil for the wing. For sup(,rsolii(_ speeds

tile vahie of (71c,)_ l_s (lelernlhie(l fi'()Ill, e]iart 10 is use(I its 11.11

at)proxinltlAion lO (7tCr)T{#j) . For silbsolli(' sl)ee(ls lhe ehll.rts
of reference 2:1 or lhose. (if e}iarl 1 l are avil.ihl.t)le for eslinu%t-

ing (_,tG)> Tile (listii, nce from the ]nosl forwlird l)oint of

the 1)o(1.v to lhe tail ('enl(,r of ])l'eSsllre is ill,is

7 ) iY"_(,, (:72)

CENTER OF PRESSURE ON BODY DUE TO TAIL

The center of pressure on the body due to the tail, wing-
ti_il inierferen('e being negleded, is (lelermined by the slliile

procedure as that due to lhe wing. For supersollic speeds
cMrts 14 and 15 arc used. For subsonic speeds chart 16 is

used in estimating (7tc,),(r). Froni these wllues the dis-

tance from lhe foremost point of the body Io the cenler of

pressure is

2
(73)

CENTER OF I'RESSURE OF TAIl, SE£TION I)UE TO WING VORTICES

The flow owr lhe tail due to the wilig vortices varies

gri,ll, t,ly as the positiol_ of the vortex varies witli resl)eet to

the tail. It follows that: the center of 1)ressure of the lift
due to the elt'ect of the vortices (m the tail section is also

del)en(lent, ()it the position of the v(irtices with resl)e(:t to the

ta,il. It is possible on lhe basis of strip tlleory io lal,:e ll(_(:ount

of this effect, l:Iowever, th(, rdlnement is Mrdly wai'ralited
in view of the fad. lh'tt th(, distance front llie cenl(,r of

]llO]llelltS t.o i}le tail is 1.1S/lldl.v large so tliat, gl'Oll.t l)r('(:isi(tn

in the lo('ll.tion of lhe eelllel' of 1)l'(,SSlll'(, of the hind O11 lhe

tail st'alien due to lhe Will(7 vorti('es is llillle('essltr.y. A flood

lipproxinililion is Io llt[-:e lhe (miller of l)l'('S_tli'(, ItS lhi/t for

lhe tail l)linels hi (!onlllinitli(in wil.]l lhe h(l(ty. Titus

7T<v = 71. ,,) (74)
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SUMMARY OF CENTER-OF-PRESSURE POSITIONS ¢)F WING-BOI)Y-TAIL

COMBINATION

The conq)onents of tilt, lift,, with the exception of the lift

on the wing afterbody title to the wi.g vortices, h:wc center-

of-l)ressure posit,lolls estimated as follows:

1. Center of 1)ressure of hotly nose,

-_-r,)/_) <7,5)

2. Center of pressure of wing in presence .f body,

(c,),,, (7+
\ Cr IIV (//_ "

wilh

(_)w (R)=I_"('° a ( _)w_R_<_-t-l':w (m 6w ( S(,)..,.,_Kw (.) a + k w (_i 6w (7 7)

3. (-!eilier of |)i'eSSllre (lli t)o(ly due to win_,

4. (_rlit(,l" of l)reisllr(, (if tail iii the ])roseli('e of body,

5. (¥11ier (if ])resSlll'e eli body title lo tail,

7B_T>-- / _+ (C,),, (:7),,(r ' (SO)

6. Center of t)ressilre of tail se('tioll due to wing vortices,

_,_v> =1_,(,,) (Sl)

Tile Celiler of l)ressure for the elilire conll,iniitioii is thus

7,_=/.,-( ,_.)_.,,4-1,,.._,_(( _),,.(,,, + I,,(w> (< L),.w>-t I,_<_,)((_),,(_,) ! /_¢.> (( _j_,:,,, +IT(,.> ((7.)T(,.)
(< k)._._'- (¢). )w(.> + (< k.),,(w)+ (( k),,(T_-b (_'k)r<.)+ (< 7.)_(,.)

(82)

HINGE-MOMENT THEORY

The methods for estinillting ("xlc,)w(n)<_ it.lid (17/C_)w(u)_ for

the complete eonibination coliill.ili within lilemselves the

inollio(ls for obtaining (+h, and ('%. ]|owever, ii s]loltld i)e

poillled otlt ilia.l, in genera.i, greater l/e('llFfl('y iS nee(led in

the va.hle of (7/c,)w.,) for esiinla.ting hinge lilonlelits titan for

estiillti.ling tile Inl)menl ('hara.cteristics of tile conll)lele (,om-

binillioii. ('onsider, for inslance, II. irianguiiu', ltll-nll)val)le

control whicli ]ili.s a nearly conslttlii. ('ciiler-of-i)resslire posi-
lion ihrougii the speed rtl.llge, a.nd lhe hinge lille of wliicii is

loctlled close to the ccnler-of-l)ressure loculion. For Sul'h ll

control, snial| clili.liges in cenler-of-pressure position repre-

sent large l'lili.iiges hi lliligt,-niosneni coefficient so ilill.t

a.ccui'i%te va.hies of (Y/C_)wlu> are desired.

The va,iues of (+h<_ a,nd ('h_ il.re giveli very. sinll)ly 1)v. ill(,

folhiwillg exi)ressiolls:

<_,,_,- - (,_,, (,)K,.,,,,I (7 'c,.),,.(,<,_<,- (._.,/,,,.)1(< '%),,. (s3)

( ',,._-- -- (c,-l_')/{'w(m [ (2L/(',)w,:.,,)<_-- (_rh:"c,)] ((',,.') w (84)

wherei, lhe ('oefth'ients are h.ased o.i ill(, mea. aerodvmmlic

chord a,s the reference length. For tria.nguliix-wing aiid

t)ody ('olnl)inll.iiolis the values of (71C,)w(,,)olin(I (7/C,)w(n)_ ('lLIl

i)e ol)taine(l from (,hllrt 13, and for reclangti|a.r-wing and

body ('olnl)inlltions (7t('r)lvcR)_ can be o})tll_illeil froln ('hii.rl: 12.

To csthna.te lhe ifinge liioinelil, the c[t'e('t of wing section

lnllsl, lie i'OliSi(|ered in the delei'Ininlltion of ('_/Cr)w(u). if

experiniciita.1 results ll.l'e avlliht.lde, lhe best siteliio(t for

doing this is to add the lheoreti('a.1 ('enter-of-i)ressllre shift

(hie to inlerference as given I)y the present nwihod io tire

experimel_tal cellter-of-pressure 1)osiiion of lile wing alone.

If the experimeiltal wing-alone cellter of pressure is not

available, it can tie estiniate(I by a(hling the scc(md-oMer

theory or shock-expansioli theory collier-of-pressure shift for

the two-diniensional wing section to the thre(,-diniension,fl

linear-ttieory ('enter-of-pressure position.

COMPUTATIONAl, TABLE FOR DETERMINING I, IFT COM-

PONENTS AND CENTERS OF PRESSURE

To organize and illustrate the ('lflculaiions <if tit(, lift a,n_l

(_(qtler-of-])ressul'e ('}tltA'lt_l'iel'isii('s of wing-iJody-lai| ('()llii)ilta-

lions, a conlllUlli./ional laltle, based on lit(, e(luali(,l).s /Hid

(']).arts ll.]relldy |)l'es(qlted, is ])resell|ed as labh, I. A ItlllilOl'-

ical exlliniile (coini)ililltion 101) is inchided in the lal)h,,

witi(.lt is self-exphmatory. Tile referelt('(' area, ali(I lllliilleltl

rofereil('e I)oinl il, lid lenglit are arbitrlt, ry. Angular ]li,qi_sliro,.-;

ILl'l! .9,1V¢lIvs in degrees.

A ])ossil_h, confusion in lhe ilS(, of llie ('olni)llling lli,})]e is

the mamier of using chart 7 when interpolations musl be

made witix respect Io k and r/._. N(,'nmlly, one call inter-
i)olaie al c(>nstant values of the vortex laieral and vertical

posiliol).s, tlowever, for t)ositions of the vortex lit'lit the

1)o(ly, lile inierl)<>laiioll in r/._ can carry lhe v(>rtex inside llie

1)o(ly. [rnder suetl cir('unls/a, nces, it is re('onlnlendc(l lhlli,

tile interi)ohil.ioli bc lilade lit: ('OllSt,ll.llt values of (hf.+)v lili/i

(.fT--rT)/(,_,'.r--rr), l lie vorlex lateral i)osition as a friifqion of

the Sl)an of the exposed tail t)anel. Again it, is advocat[,d l.}illt,

exl)eri,netttal val,ws of tit(, lift-(,,,,'\'(, slopes ((7_.).., (<'L:)T.

and ((2,), be used if livailallle. If the experimental valm,sof

(('L,.)w a'l(I (<".<,)T are un.available, c]t,l.rt 8 can. be used for

supersonic sl)ecds and the charls of reference 23 can be co,-

suited for sut)solfir speeds. It is to be noted tilal in lhe ('al-

culative forln, lhe i)od'%" l'tl_dillS ('ill). i)(, varilfl)h, sili('e ill(,

(lt|llntiiies ry, rw, and #'v ilre all considered sepli, rately. If

lin, body radius is Vill'.Villg ttl the wing or tail location, li, il

tlverlige radius siiouhl be used tit ell('il h)('alion. Tire liSSiliill)-

1,ion iias t)0en used in del.erinining i.]le vertical vorl.ex position

at tim tail t]lal, lhe whig vorte-( Sll'e,qJlls back in the free-

sli'ellni dire('tioli. For vlu'iable body radius l]le i_SSUlnt)lioli

is nla(le t}itl, l, ill the ])]li, n view, the wiltg vortex streitdlis i)avk

t)araHel lo tile side of the t)o(]%". This assuniption is ilieor-

iterated lille lhe ('Ol/l|)lltiilg |able. Tile center of ])ressilre

of ogival noses i)resellle(I in ('hilrt 9 is used in 1he (',impllt-

ing table.
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EXPERIMENTAL VERIFICATION

T<, tesl the Inelhod of this rl,port, n series of ,'ah'ulnlioils

have been l)erfornu'ql to (,stinmte the ('hnrluq(,risli('s of a

ntunh(,r (tf <..nfl)inali(ms, nn,l these <'tmrn('lerisli<'s hart' bt'('n

_'onlpat+t'd with i'xln'rinumt. The geoln('trie and aerodv-
nlllitiu <'hara<'teristh's (if tiles(' ('<)liil)iilnlit>ItS for xvhicli the

<,ontl)tu'isons hnve l)('en itltld( + tli'(' sumnmrized in tal)h, II for

wing-l)ody (.<)inbinalions alu[ it+ table III for wi,tg-l)ody-tail
(.ontl)inntions.

For the most tmrt the <+orrehlti(ms'lre mttde on the Imsis of
the lift and moral,his of the entire comlfinnt.ion since the <livi-

si<)n of lift and moment t)etween the components is not gen-

erully given by avltiinhh, (,xperitnentnl data. It+ s]touhl Iw
l_orne in mind that correlation I)etwt,en tim method "rod ex-

1)eriment on the lmsis of total lift, does not, n(,cessarily imply

tlmt the distrit)ution of lift Itet.v,+een t)ody and v++inghas 1)(,en

('orr(,ctly l)redi(qed t>v the method.
Some diili('ultv v+'lls met in trying to <h+termine lift- and

monu,nt-(.urve sh)p(,s front inll)lisht,d (.urves since slight non-

lineariti(,s near o+: () w('re or('usionnlly 1ires(mr. For these
histan('es lhe <.urv<,s w<,rt, generally linear for ±2 °, and the

itverage over this range wns used. ][owevt,r, s(tme of the
nt<)ni(mt c]u_rtt('t('risl h.s for wing-l)o(ly-tail ('otnltinations were

so) n<)nlin,,llr that it wns inq)ossit)h, to deterntine t,he ('enter-

<+f-t)r(,ssur(, i>()siti<m at c+,+0 'u'('ural(,ly, and in these cases
the infm'ntntit)n wns not (mt(,re({ in t_d)h, llI. Tim values

of tit(, lift-('urv(, slop<, for tit<, bodies alone were in some

in+tan('(,s also ditti('ult to obtain 'u'('urat(qy because of tho

smnll slopes t)f the curves. Furth(,rmor(,, the reliabilit.v of

the experim('nt'd lifl-(+urve slopes was sometimes question-
ttl)h,. In one (.tls(,, data on simihlr <.ontigurations front dif-

ft,renl testing l'_u'ititit's (an_l Itt <litl'erent Reynolds numb(ws)

gnve a ditt'eren<!(' of the ord('r of 1t) t)(,r(+(,nt in rite lift-curve
sh)l)<,s. +Also, gent,rally st)eaMng, the dltla have not been

('t)r,'<,eted for any flow irregultt,'ities tha, t may exist in the
various wind ttmnels, lit view of these ditli(mlties, together

with the lq)l)roxintaiions mad(, itt the method, it was felt
that a correlation of ___'10 1)er('('nt wot,hl he a realistic

+_('<'ura('y l<) expe('t for the lift-et,rv(, slol)eS.

LIFT

Wing-body combinations. -Figur(; 16 is a correlation 1)e-

twe(m the (,stinlnh,d and exI)erimeittal vahies of 5(dC_.Mo<)c

for wing-t)ody ('omlfiltations at sut)ersonie speeds. Config-
urations with t,'innguhu', re('tangular, and tral)ezoidal wing

plan forms are in('luded. These may lie identified I)y refer-

ring l<t talth, I[. In('hid(,d in figure l(i are lit(, line of perfect

,'tgreemenl and dashed lines indi('aling ± 10 percent deviation

froul, iterfe('t agreenl<,nt. ]t is readily apl)arent from this

figure that the ])l'('Sl'ltl llletlto<t estinulAes tit(, lift-curve slope

within ± 10 t)er<'<'nl for nlost, of lho (,oml)inations, and thus

t)roperly a(,<.oullts for the th'sl-or(hw eft'eels of wing-body
itll('rf(q'ott('('.' ']'ht' st'alter a tit)tit Ill(, li,(,s ()f l)('rfl'<'t agree-
ntmll is nplnu'ently ran<hint lul(l is ([tie to s('('on(I-(trder ett+e('ts

lhltl ",','ill stlhst'(lli('llt]V })e dis<'ussett. '['ht' thtgged symhols

= ]II this ('(HilI('('I it,ll, iT iS Nigll[[i(':illl It_ risk )lo; _, Illll(+h I'rl'<lF (+_ill t}l' lilt rl>lhl(,t,(1 }ly l'h'_tt'cf illR

ililerflq't'lI('o. Fill Iht, lt'itttll2tllilF V+ illgS Di this I'I,[RII'{ it /I,:ib; diql'l+lllilll+d lhat lilt+ SLIIII8 Of till)

V_ ilig-al[I/lt' _illll hiifl) <llltllt' iift-('llrV(' si<)l)( '_, Ill'l't?, Oll llh > OA'i'I'tiT(', -)1) i)('/('(qit 7rl+:l.t('l" I hiitl the

(!(irl(,Sl)llildill _ i+xl)eI'iilllqlllil li[l-(,ilr','(, slol)('s flil 1 hi, (,Olllllill:iliOllS *+1,]lt,ll t tit) Will 7 tl|olll' iS

I:lk('ll :IS I tit' I riallTIIhii x/hl<_ I hal hiehiih's I hi, hl:lllkeh,(I ai(,ti Pl)r very stliall _.', hips the Sllili

(>;LII Hll|Ho:l('h twice lilt, (,Xllt, linielilal Vahll,.

+10%
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/

"-:_' I / / ,/-10%

o Line of ?erfect o_c,/ /_1 /
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_> ,3"
/¢

E

._o/_: o ofierbody
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......... I
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Esiimo1"ed lift-curve slope, ,B(_-) C

F'I(;UI_I,; l(i.--(]orr(,hdion t)etwi,(,n eXlierinien('tl :l.nd estiuliite(t lift-

olirv(! slol)eS for wing-body (,onll_ili_ti iou_- 'it super>onlo q>,,c(ts ;,_ O.

represent, valu_es cahmlated by afh, rl)ody theory for the con-

tiguralions witli no ll_fter])ody. ()i/the avol'll._(,, the eslinuiAe(l
lifi-(!urve slol)(;s for these 1)oints are larger thil, n tile ext)eri-

mental, as wouhl be exl)e('ted sin('e lhe lheory in('hl<h,s iloll-

oxislent afterl)ody lift. When l]le no-liflerl)od3' lheory is

use(|, l]leso points fall nIOl'e hi line with lhe other <.orre|alion

poinls. In SOIIIO inst,llltees, the ('fl'('(_t of nflerl)o(tv is large.

With regard to lritingullir whtg-bod 3" ('ont])inlilions i]ie

prosont, lilOthod is Dot, Slil)sl.alltiaH.v (litl'et'ent froill lluil of

reforenco 6, which was found to lie vlflid for su(,h conltlhni-

|ions. Thus, eorrohltion for the trianguhn' wing-1)ody com-
I)inations was assured.

For l ho rectangular wing-t)o(ly ('onlifinalions, n, I)oint of

inh;rest is furnis]to(| by the facl lltat s]en(]er-lto<l 3" lheor 3+

shoul([ be hiapl)licat)le. (7onsi(h,r the slender-1)o(ly ('Oill})illl/-

l.[oli that includes the aroa ()A'A in [igure 17. A<'eor(ling 1o

(fl

/

/

- ?

I"IGURI_ 17.+--Fornlation t)f reet-inguhtr wing-body conibinalion fron_

a slender eollll)inat[oii.



5XX I_EPOICT 1307- NATII)NAI, AI)VISOI.FY COMMH"IEE ],'()l,_ AE]_()NAUTICS

sh,ndcr-l)ody theory lhe entire lift, is developed on ¢).1+1'. If

.1 _q)l)roa('hes +1', the 4en(h,r cmnbilmtion he('onu,s non-

4ender and, on the basis of sh,nd(,r-1)o(ly theory, lhe lift re-

mains mwlmnged 'rod is concen[nm,d on [he [cmling edge of

the re('tangul'u' tmlf-wing. This ap[)licatio, of sh'n(h,r-body
theory to re('iangular wing-body cmnhin,_tim_s rcl)r(,senls a

degenerate ('nse of the lhe(wy. II is tiros inl('rcs[in_ that

slender-body theory values of Kwh.) produce ._.'rclation for

reclangular wing-l)ody combinations. The good ('orrehdi()rl

of the tral)ezoi<|al wing-body comhinat ion_ is more si_/nili('ant

than lhnt for the triangular or rectangular wir_/-I.My ('om-

1)imdions because generMly four qu,mtities are ,_c('essary to
describe the geometry of tral_czoidal ('omhimltions whereas

(>n]y {wo are necessary for the laiter cmnlfinations.

In figure lS the subsonic experimental values (d'/(dCL/dc_)c

for wing-body combinations are 1)h)tted agninst_ the esti-

mated values. Certain of the cm'relalion I)oinls have [lags

lo indicale that they represent the Ma('h number range 0.9

to 1,0. ]tisal)l)a, rentthat, lhei)resenl method of predicting

_(dCL/dc_)c is accurale 1o within about - l0 l)er('ent fl)r wing-
body comt)inations a,t subsonic speeds, _ls well as supersonic
spee(ls.

/
/

i¢t0_' / 7

agreement / . /

o_ "--/

.-_- /

._._o/ b 4++--9-,.o
,E 4

z Y

/

/,"//

//"
/

J

0 2 4 6 8 tO 12

Eslimoted lift-curve slope .Bld__. _
, kda t )_

]:V;UP.]': ]8. -(.'(wre[aliml belv,'een exl)crinmntal and estim'ded lift-

curve slul>,,s for wing-l)o(ly ('¢)ml)ilm_i,.>n_ al suh:.(mic Sl_(,.(]_ ; oe_U.

Figure 19 is presented to imli<'ate h(>w the I)resen! m(,th_M

predicts the trend with X[a('h mmd_(,r of the lift-curve slopes
of wing-body comlfinaiions. Fro' these eXaml)les ihe t,'ends

are well tel)resented 1)y the theory, llow(,vcr, in the tran-

sonic, nmge the estimated magnitudes t('ml t,)he t()o small

because of nonlinear transonic effecls, lAnear theory was

used to compute the wing-alone lift-curve sh_l>(, fl)r the

theory. McDevitt (ref. 27) has shown llw.t for re('hlnguhl]"

wings having NA(+A 65A()XX sections, good ,lgn,ement,

between lineur theory and experiment is oblnim,d for lift,

near 3I+=1 if the transonic similarity l)arameler +[(t/c) '/_

I

T

I

1

o I

I

o .2 4 6

i

 rl!

.8 I0 1.2

Moch number, M_C,

i

1.4 1.6 I 8 20

(a) Wing-t)ody c,mll,inali,,n I. (c) Wing-l)o<ly ('_)mMmdion 5.

(h) Wing-body c,m,hilmli(ni 4. (<t) \Ving-h,>dy c(=mihinnti(,n (.

I?IIiUJtE ]!l. \'a_i:_li,,. .i_h Math number uf lift-curve >h)l)_' ,,1"

--evcral wine..-bo(ty c(md)inalions at o_=0.

is less ih'ln unit\', llmvevcr, no well-(h,fiued del)en(h'nce ,,f

the agreement I_elween experiment and theory on this para-

meter was not, e(l for the fi)ur plan forms re])rcsen:e<l in
figure, 19.

For some c(mdfinat,i(ms lhe theory shows a l)('ak in lh('

]ift-c_wIlicienl variation at 3I_o--1, whih, for oth(,r cmnl)inn-

tions the peak occurs on the SUl)ersonic side. For :11+ l,
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th(' ('fl'('('tiv(' nsl)(','t re(i() is z('r(), ati(l ih(' sh'il(h'r-l)()(l.v value

()f the lift-('urv(, slop(,, (_r/:2).l, ])its l)('('n uso(l in tilt, lh(,()rs.
Oil the SUl)(,rsonh" st(h, ()f .I/_ ] lh(' vlilut,s of _.i hi'(, snMl

:Itl(l ill(, wiug lift-('urv(, .4()p(, hns ])('('il ()l)tain(,(l fronl h)w-

:_sp(,('t-r, ti() lin('_ir l].'ory. If the lifi-('urv(' sl()])(_ st) ()[)-

hiiti(,(] is gr(,lit(,r tlmn lhl)i ol)(llin('d l'rom d(,n(M'-l)()dy

l])('()ry, lh(,n the nmximuni lifl-('urv(' sial)(' ()('(qlrs on (])e

SUl)(,rs())li(' st(l,, of .I/. I. Tit(, h(,Mvior of (h(, lift wlrill-

)i()n will) ._l_i('h )nlmh(,r _u'oun([ ]L I (1)us (hl)('n(ls on th('

]()w-Itsp(,('t-ratio lift ('Mrll('l('risti('s ()f the wing nbne.
V(]lih, (h(, llgr(,(,in(,)il b(,tw('cn lh(: (,slinm((,(] llli(l (,xp(,ri-

nl(mUl lifl-('urv(, sl()l)(,s for th(, (.oml)inali()ns ('Oml)ar(,d is

evi(l(,n(:(, sugg('sti)i_z tbl.t, the division of lift between wing

trod ha(Iv is <'orr(,<'ilv given l)y (h(' I)r(,s<'nl me(ha(l; n(:ver-
thd(,ss, ni()r(_ dire('( (,vi(h,)i('(, is n(,(,(le(l to pray(' the l)oint.

St)too su('h (,vi(Mi('(, is pr(,s(,ii(('(l for SUl)('rsonic sp(,('(Is in

li<,,'i,r(, '20 tutti i_lhl(, It. Th(' ('xl)Mm('n()II and (,s(inla((,(l

_6

q'_ Line of perfect

agreement -_

o

• /

+ 10% /

//

Z/
/

//
///i//

//

1/i0%

0 2 4 6 8

Estimated lift=curve slope, ,8 (7_-)w(8)

]:i(',lqti,; 20. (_olnl)arison of exl)efiln(mial and estinlat(!d lift-eurvu

4olies for wings in the ])r(!s(_,li(!(_ ()f lhe body a(a=().

"<llhl('s of j(d('L,"de_)r)xlJ) for (he wing ill the pros(moo of tho

I)o(13" are in good il(,cor(]. At, sui)sonie Sl)i,(,(ls data in ref-

('i'('il('e 2 give lit(' Sll.lile (livi@)n of lift, between whig and
l)o(lv aS il fun('lioil of (li/lln(q('r-spiln i'l/tio lls the pl'OS(,lll_

nl('iho(I, l"h(, ('oniplu'ison of the (llit<'l in this report is with

ih(' ih(,oroiiclil divi@)n il_ giv('n t)v l h0 Lenll(_rt,z theory

wiii(.h, |is l)rig, ioudy pohii('(1 out,, is numerically tho slliiie/is

l lnii, gh'on hv sMl(h,r-1)ody (.li(,orv on which tile present,

1ii('I,]IO(] iS bis(!(l.

Th(, (,tri,(,is ()f wing-inc'hh,n('(, |nigh, ()1i lift hlive 1)(,(,n si u(tii,(1

hi Ii lilillili(,l' siinihir I() lh(, (,tl'(,(qs fill' aligh' of lilln('],:. ('()lll-

l)i/l'i,_()ll is lllil(l(, t)(,l,,v(,i,n 1}1(, ('Xl)(Tilll('lllal Im(t lh('()r('li('ill

(,villli('s of [-7(s4) c ili tlg'ilr(' 21. .\ _i'()ll l) of ihrt!o ('()llll)ilia-

tion._ ('()rresliOli(tin 7 to [hiz'V('(I sylnt)ols for "6tli(Ji the V(ill_.-

il]Oll(, (,Xl)(q'illl(,lllili vli.|u(,s of ((]L)w are ilvailill)l(' tire indi-

B

E
o

i

_, Theoryo Theory
based on exp(r_mepta! (CL )w
based on the :rehcml IC c_

L_ _1,'

[
i

' /
/

/
r-----/-r

SX l

/J
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agreement .,.

/

i //
i i / /

o / _//
+lo_>, I/ i"

/

//. /
/

/
o

_r o

0 2 4 6 8

Estimated lift-curve slope, ,8(d-_dS)C

FlfiltRl,: 21.--(_Olll])lil'iSOli of ('×t)l'rinl(!liial and (,stinmt('d lift-curve

s]o|)es for winff.-I)ody (.Oliibiliatiolis al _=0.

(,a((,(I. If, for the sl/ln(, conil)hiliiions, the ih(,or(,li('lil vlllui,s

of 5((7.a)c lira 1)aso(I Oll the ('xl)(Tillll'litlI| Vii|lieS of the wilig-

il]OliO lifl-(!urve slop(, lilt'it tile th/gg(,d ])ohils of tlglir(, 21

])eCOill(" tho flllgged solid points w]li('h in'(, ill good (!orl'elil-

tion with (_xl)ei'ililelil,. Generally the 1)re(licCo(1 values of

(+
/_( L_)c t(:nd to 1to SOlll(,whllt, too large for l he (hltil ('or-

r(,llit(,d. Th(,r(, ll.l'O ]lot. Stlf[i(.i(,lll. dill|l, to (hq.(,rlnhie wll(qhor

this ('ff(,c't is (hie 1o iilli(!('llril,('ios in tim IiIIP()]'_" O]." to II ten(l-

en('.v of the (,xperim(,)i(lJ wing-ltlon(_ lif(-(_urv(" slol)('s (o l)e

less than (lie ilieoreih'al slopes.

I/]Xl)(,rinleiflll] rosulls ilvllilnhh' for ii]]p lift, on lhe wing in

the l)i'('s('n('e of t]le l)o(lv (hie to vln'httion ill 6 ;ira ('o:nil)lir('d

wilh the (,st iniato(I results in tigur(' 2'2 lln(I lid)l(, lI. With

lit(' ('xc('l)tMi of ilir('o points, the ilffi'(,i,in(,iil l)(,lwoen (.lie(try

and (,Xl)('rhnent is ('onsi(M'e(l good. These (]n'('(' I)oin(s ilre
for It wing-hody (.onfiguralion ['or wlli('h ihe whlff-lt]on(' lift-

('llrv(_ sial)(' i,_ flat l)rOl)('rly lir('(li('le(l b 5 |iill'ilr l]l(!()r 3 .

_lVh(,n i,h(, (,xp(,rini(,ni,lll vahle of the wing-lllon(, lift-('urv('

slope is us('(1 in the est.hnitdon, the (.orr(,hil,ion l)dwe('n

ttieor(,t,ica| and t,sthnati'd values is good.

Wing-body=tail combinations. Th(' vllhi(,s of J(d('s./Uc<)<

n( a :0 ol)llihi('(I t'ro]ii ('Xl)('rinit'n( tire 1)h)t(('(I ligahlsl, the

('slinilil(!(l vlihl('S hi fi<(.z>'Ul't_ 23 for siihs()nic sli('('il.q it.n([ hi

liglir(; :24 for SUl)('rsoni(' Sl)('('ds (Vilhl('.q lit'(' lllS() l)r('s('nl('([ in

lllJ)lo Ill). To ilhistrlll(, lhl, hnl)orilln('(' ()f wing-tail hit('r-

f(,rence, the I)ohlls art' shawl| lI.s S(lillii'l': for iiO whg-lllil
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e" Theory based on experimental (CLot w

o o" Theory based on theoretical (CLa)V,,
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Estimated lift-curve slope, /3(_-)1,14B1

l"lUUrE 22.---(;Uml):u'i_on of eXl)('rimental and (,stil]l:tt(,d lift-curv(,

slopes for wings in the l)r(,s(,nn(, <)f the body "d t5 0.
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With wing- toil )nterference _ _

No wing- tail interference
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Est,maled hft curve slope,/6'(J-_CL)
_ C

l:I(;tltE 2;'_. (!or'rehdiun t)(dween experim(,nlal aud ('_ti)ltate(] lift-

curve slol)(,s for win_-I)udy-tail (,omhin:flimls at sul)s()uin ,'-]>n(,ds; a=:O.

16
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...... i----l-

I .....

Line of perfec agreement
i

#

/

*19%

i)flerfcren('e ('onsi(h,r(,(l in (h(, (,slimat(,s _)_(I as ('it.los f()r

wing-tail interf(,ren(:e in('h_de(l in lhe (,stimat(,(I val_.,s. 11

is apl)arent lhut (,fl'(,('(s ()f wing-tnil interference can t)e v('rv

large on a l)er('(,nta.g(, t)nsis 3it l() 40 l)(,rc(,nt, lh)w(,v(,r.

nfter the effects (,f wing-trill i)_(erf('r('n('(' have I)(,(,)_ it_('lu(h'(l

in the tlteory, tlw err()rs _u'e generally wilhin -!=I0 I)('r('(qll.

Thcr('fore, the "_<'(.urucy of pr(,dicliot_ of the win,/-lnil inter-
fcrcncc in lhe v<()rsl cases must It(' will)in nl)()ul ±75 It) 3(1

l)Ol'C(ql |.

The n(mlin('ar va)'inti(ms of (_ wilh _ for |w() wi)_/-I)()(l>-

tail coml)im_ti,)ns at sul)so)fi(' spe(.(Is are shown in figur(' 2,-,.

The th('()rv with and without wing-(_dl inl(,rf(,r(,n('(, is shown.

l,'or t h(,s(, l()w at_ffl(.s ()f u l(acl.: the llw()rv in(.h.lin,/ wing-

tail int(,rf(,r(,n('c is in g()<)(1 accord wilh the (,×l>erimet_t. F()r

high(,r _mgl(,s of attack the I)ody ('rossih)w theory of r_,fcrencc

15 l)r(,(licls that the lift is great(,r than that ('stim,(('d hv
tim the<try ()f lids )'(,1)art. A. comi)aris()n is mad(, t)('twc(q_

(,Xl)(,rim(,nt and th(,m'v fin' a SUl)('rsoni(' spe(,(I in [i/re'(, 26.

Again in th(, h)w ,'tn/h,-of-attacl,: runge th(' agrc('m('nt

h('(w('(')_ th(' ('Xl)(,)'imenhd und th('orclicat values of the lift

co(,Jti('i(,nl is g()()(I. Th(, vurialions ()f lifl-<'m've slol)e wilh

.Ma('h mind)(,)' f())' z(,r() angle of attack art' show)_ in ti_ur(, 27

for two comhi),_tio)_s. Although i)_sutti('i(,nl (l'tla, 'ire prc-
s('nt('(I f()l' a cot,'lusive evahmtion of the theory in th('

transo]fic rang(,, the (rends with M'tt'h ]_u]nl)(,r nr(' well

l)redi(qe(I for ih(' (:omt>intdio)ts considered.

I,ON(;rI'UI)INAI, CENTER OF PRESSURE

Wing-body combinations.- -Tire method of this rel)()rt has

been _tpl)lied 1o )hi' ('ah'uhttion of the centers ()f l)r('-_sure (>f

wing-body <'()mt)im_li()ns of wi(h,ly varying phtn form. The

results for the a)lffh,-t)f-'ttla('k case are ('Ontl)nred _vi(h lhe
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]q[_vRt: 25. ],ift and ('enter-of-pressure characieristics []f wing-1)()d3"-

tail combinations at subsonic sl)eeds.

ext)eriment_ll (.enters of pressure fomld by putting the

(,xperint(,ntal v,lues of ('_, and (',,,_ inlo the expression

wl,,ro /,_ is th(, m()n,,nl r(,f('ren('(' length in in|.hes. The

r|,sul(s s|unmariz(,|l in t.ble II .1.1 in fig|ire 2S show lh,'

('orrehitim_ })|.lw(,eh lh(, (,Xl)(,rimenlal an{I ih.m'eti|.al rcs|lllS

for SUl)(.rsoni(' Sl)e|,ds. ln('l||ded ill flglll'(, '2£ iS a line of per-
l'e('t 'lgl'|'t'l|ll'llt, all(I the lines of ±(i.05 1d(,vi;iti(m fronl 1)erfe('t.

agr(,(,m(,nt.. The thlgged symbols r(,l)res(,nl, l)oinl,s for con-

/igural ions with no afterl)o(13" for wh.Mi the afterbody tih('O|' 3"

----_ Theory, no wlng-tod interference

Theory, wing-loil interference
included

i

t.6 .___._._ .60

_ta

M m 62

1.2 .56

.8 ,52

4 i ,48

//

/
0 4 8 12 16

Angle of attock, a, deg

t¢[<:Hu:: 26.--I,ift and eentier-of-pressure chau'a('lm'isli('s of wing-body-
tail comb(lint(on 117.

was used. When the no-aifter])od3 _ ti]leOl'y is used, these

points fall more in li||e with lhe oth(,r correlation I)oi|lts.

As i|l the (:ase of lift, tillO ell'e('( of aft el'body oil (30]ltiof of

pressure ('an be la|'ge.

In general, the estimated ('enle|'s of l)Z'eSsu|'e are loo far

afl. A||alysis of a number of wi|lg-body ('o|nl)i||alions showed
lhat this resl|lt is more pronoun('ed for the revla:ngula|' wings

tha|l for till(, tria||guhlr wings and that the e|'|'o|' in tho (,sli-

lnalion for l|'apezoidal wings is (|termed(at(,. To be sl)ecitie,
thc line of mea|l ('orrelation is disl)la('e(l 0.009 hody length

from the line of perfect: agr|,elnent for the t|'i.lI|gular wings,

0.017 body le||gth for lhe trapezoidal wings, and 0.026 body

h,||gth for the rectangular wiz|gs. A 1)ossil)h' exI)lamllion fo|"
the differeni'e in (,orrelalio|| I)(,[,w(,(,ll |ho lria||gl|Inr ai,(l |'e('-

inu|g|llar wing-t)o(ly coral)(tuitions can 1)e ||lad(' I)y ('o||si(h,ra-

lion of the wi||g tip. It can t)e seen lhnl tl_e lift ('arry-over

from a, re('tangular wing onto the shaded area, of the body

shovel in figure 4 (1)) is i11d0p(,t/(hmt of siren, ttrovide(I tirol,
/LI >')_., .ml ("m be ('onsi(h,,'(.d lhat (l|l(, 1<).n lid(nit(' wing.

In o|'(l(,r 1o f()rm a linile wing, _l "('aticeling wing" Ill|IS( I)e

Sl|l)erposed (m the il|tlnit(' wing Io for||l a wing tip. This

('anceling wing g(,n('|',t|'s _]I|_(,gative lift which is Iransnlille(l

il| part onto the 1,)(15- afl of the trailing (,(lge of the, wing at
a (lislan('(, whid_ del)eml._ prim,u'ily on the NIach ||umber
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(I)) Wiug-body-tail comtfiu:diou 103.

I:i(+uRJ+: 27. -Variatiou wit.}i +_['_c|i tmuihvr ot" lift-t+m',+-[ , +h>l)[, _)f _'t'ri|}_ -
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]:i(;t:ltt.; 2<'4. -(!()rr(,l'ttiou t)etw(,(,ti _,xlwriul(,ut:tl arid u:liiuitl(,(t u(,lii(,rs

Of ]lt'('Sstlrt' [of Willt_-l)ody eonll)ill<'tlil)lis <'it _UlJ('I'_)iii(' _l)('('<ls; _ 0,

nO omt)irical C()l'rl'('iitJli_,

att(l wing soniisl)lUi. V(hile this ueglltive lift (,arrv-over is

prohahly snulll, its offoot Oil th(, (>vtu'-lill iii(tlii(,iil lili(I re'tiler-

of-Pressure 1)osilioli of the ('olnliinlilion nlighl lie litipre('iillJle

(hie to t,ho ].argo 111OlilO]11_ t11'111 iuvoiv(,d. _ii_(.(, liO il('<_()llll{ WflS

t,Okeli of this do(.reasc(1 lift O11 the _lftort)ody, lilt' ('al(:uhiic(l

('oiit(!r_ ()[ lll'(,Ssilr(, for lhe re('tliilgtlil/r whig-hu(I.v u+,tiihiiifl-

lioiis ill't, l()l) ]'_u' till. Triliilgulllr wJliT>s, hi/vJiig Iii) lil_ (!}un'<l,

inigtit hc ('Xl)_'['l_'d i- h'tve less v,iug-ti I) ('1l'<'('I_ liilui ix,u-

lallgiillir whlT:, lit view ()t' lli<'st_ fiiuls it i,_ sugg(',_t_'d llull

the lif()l'l_lli('llii()lll'(t (li_t)l,'l('enienl,_ (tip lhe lines ()t' till,it ii eOl'l'e-

htlion t)e ,qlil)lh'd il,_ till ('nit)h'icai (.orr(,(,li(in for each ()f lh(,

llii'('(_ <.l,l_sl,_ ()[ ll]liu ['l)rlll_ ('oiisi<h'r(,(1. Th(, rl,_uli, (it' lil)l)lv-

hig this (_orrl,('li(ni 1<) Ill(, (]ata ill ,(igur(, '2,_; is ,_howit i_i ligllre

79. Ttle ('eliler-l)f-I)i'e,_ilr(' I)(tsili()ii_ J'(li" Lit(! ('()iiihiitttli(liis

lii'e liOW o_liliilll(,(J _iltiili _.().09 l l'()l' ih(, liligl('-of-lillil('k

(ms(,. Tili_ (!liil)iri(+tii ('orre(q,ioli hli_ hl,t,ii llt_l_lit'(I l<) i,he

ltl(,orclielil vahie_ o[ 7<.,,!! iii lilhie | |.

i .......... ..
j +o21, __

........... Line of perfect _j'

oqreement • '

. ;_@ , _ ......

J

1
I

.2 .4 .6 .8 1,0

]#i<II:I/.E 20+ ('_)l+r('l;ttilJll I>elw*,l,li _,xl)l,riliit'iil:il lind ('+iiliittl(+'] ('('lllei'+

O1" i)l'l'++lli'l' 1"(_1'witi_-t>ody U(iliihili:iti(ill+ ;it _iilmrs(;qii(" _I)('('+t+; c_ (I,

wit h oilil)h'ie:il mll'r_+lq i()ll_,.

The ,'('ut('r-(tl'-llre_<qu'(' l)o,qitions at ._ut)soui(' Sl)_'_'(t._ f.r

xving-lm(ty v(mihhultions liS (tei(u'Inine(l exi)('riin('illlltlN have

he(,u 1)loti('(t il_, It [uu_+li(ni of' lhe e_liin<'lled ])()._ilious iu

ligui'(' ',_(). l,ilU'_ o[ ____1).0'-) l eiTor tul':e }leeli iil<:lud(',l hi file

|igure. _(,ii(u'liliy Sl)(,liichig, tile <.(ni|igurlllioiis (+()i'i'(,llit('(1 lie

withiu tile _' (i.()'_) [ error ]iiilil,_. I1 i_ to he uote(l ihtli till,

erl'or_ ili'e i'liiidOliilv dislrihuic(l tii)Otlt tim ]hie of l)erfcc, t

ligl'i,eliielit. (!(>iii[)liri_,oii is iiill(io hlitw(,eli liloorv <'ul(l eXl)t'ri-
ln('nt for sllhs(uli(+ llll(I _ll])el'_Olli(+ _l)(,('d_ ill figure 31 hi wiii(!h

tile viu'ililhm x_it]l ._ili('li lllllll|Jer o[ the ('eilll,rs of lli'eT_lll'e

is ])i'eselile(t [or four ',viiitz-ho(tN ('onihiiitllion_. Tit(, liieorv

for ._uliei's()uiu ,_ll('('d,_ ]uis ht!eli ])i'(,si,nle(t in two 1ilit1111(,1'$.

'I'll(, _oli(I ]iue r('i)r('seut._ lho l,}leorv wil:hout clni)iri('lil eor-

ri,<'liou, while llu, _hi_ile(t lhius rel)reselil the tli(,()ry wJili l,ht!

(,illl)iri('lii ('ori'(,ulioll._ ll([vo('ltte(I. Generil]lv sl)etll,;ing the

vliritll,ion with X|li(!h nlliill_er of till; <xmlei'-of-pressure illove-

llient i._ liof hirgt, so lolig its 1,he lrtiliSoiiic i'lilige is i_ol, trliv-

(,rse(l. ][owever, through the, ll'ilitSolii0 rang(', (',liiil_ge_ iri
cent, el" of l)re._SUl'e of ill)preeiii, t)le nlltgnitu(h. _ can occill'. 'rh.
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magnitu(les of the shift are fairly well 1)redietcd when the

empirical correction ix made. It shouht be remembered

that t hc correeliotl al)plies only to wing-1)ody corot)|nations

at, supersonic speeds.

A eomparisotl of the (-,:per|mental values of (_l)c+ with

the theoreti(.td wdu(,s is presented in figure 32 an([ table IT.

The (.orre('liotl mentioned in connection with the angh,-of-
at ta.('k ("_se is in('h,led iu the estimated values. The present

met hod, in con juliet|on wit h the empirical corrections, gives
a. means of estimating (_//')=,+ to within at)out :k0.02/.

Wing-body-tail combinations. A correlation of the ('enter-

of-pressure positions for <_:0 at subsonic speeds, as de-

termined experiHwnt'dly and as estimated, are l)resetHe(t

in figure 33 for wing-1)ody-tail comb|tin|ions. It is clear that
in('lnsion of the effects of wing-taft interference is sufficient

to move the points into the correlaUon batld for almost all

cases. The results for supersonic speeds are shown in figure
34. The eft'cots of wing-tail interference are larger, generally,

than for thc subsonic wing-bo(ly-tail combinations. The

<'<)rrelation is accurate to within =t=0.02 1 for nearly all the
coati)|nations.

The effects of Math number and angle of attqck on the

(.enter-of-pressure posiUon of wing-body-tail comb|nat|otis

can be very large. The effects of angle of attack are illus-

trated in figure 25 for subsonic speeds and in figure 26 for _

supersonic speed. The |hi,cry _ith at.1 without v,'ing-tail
iHt(,rfereH<'e is shown. The ell'eels of whlg-tail htlerferen(:e

are generally large r()rthe ('oml)inalionsilhlstrat(,<l.()He

import ant_ol)s<,r',ali(mfrom figure26 ix thal u large rear-

ward ('hatlg'(, in ('etlter-of-pres_ut'e location with anglc of

nttael,: is ol>serv(,d ;rod predi('te(1, a (+hange that is <'Oml)ara-

hie in magnitude to tit(, effc('ts of wing-tail int(,rferenc(+
itself. The rearward shift is (lue to a de<'rease in the tail

E _perlment o
-- Jncorrected

Theory .... Ccrrecte.J

0 .2 4 6 8 1.0 1.2 t.4 16 18 2.0

',f,SSP-R'jr_is'er_ ",'_-,

(a) Wing-body comhinaiion I. (c) Win_-I)ody coml)imHion 5.

(b) "Wit_g-body eombitmlion -l. ((1) Wing-h_,dy covtd)in:liion 6.

FI(:Ua],: 31.--V'triatioH witt_ .M,('h vltmfl)(,r of eenter-of-l>Z'es>ttrt!

l)()sitions for v<iul_-l)(_d> ('oml)in:ttions .:it _--0.

dow,loa<l <'a,sed hv |he wi++_' vorti<'es ;is the an+zle of tltt_l_:l<
ill('retlSeS.

One of the iml).rtant l)t'<)l;.h'nts of ait'('rnft and missile

([('si.L.Ctl, lhe ('eiHer-()l'-l)ressIH'e travel in the tr+msotiic range,

is considered ill figure :)5. Altitou,dt_ iHsttfli('ient data tit'(,

l)resente(l for a (+on('hnsiv<, evahmtion of the theory, th('

lreH(ls witit _la('h ntund)er tit'(, v<eIt prediete(l for the (lala

coilsi(h, red and the absolute values of the eenter-(+>f-l)ressure
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o With wing-tail interference

o No wing-toil interference
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Eslimoted center of pressure, (]-/])ca

]"[c, ui{].: :{'3. ('orrehfli{m b.twe_,n eXl)erimcnt:d and c_timalod centers

of pre_.-.ur,' for win_-body-l.il comhimdions :d .--ub.-onic _l)-,'ds; ot:-O.

l)osilion are within the ±0.02 I given as the ac('urncy of Ihe
method l)v the ('or]'elation curves.

Tlwre remain In discuss tl,. efl'o('ls of wink deJh'('tion on

winff-tai[ interference. A l)ositive deflection of a wing nor-
lnally ('nus('s an ul)h)a(l tm the win_z, but lilt, rcslthin g win_

",'()I'[('X CI/IlSOSfl downhmd on |lie tail. As _ result, a con-
si(h, ral)le pitching moment is dev('lol)c(l. For slender wing-
body-trill ('Olll})il/llt[(lllS wit]l tail S])III'IS gl'('Vl.|t'I' t}lall t]l(_ wing

span, ._I(>rikihv., in reference 9, poinle(l out that the lift on
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Estim0ted center of pressure, ( I/I )C,,"

I"[_;URE 3-1.--(_,rr,.hili{m l)elweeii ex])erim(,nt:d and estJmate_l ('md('rs

of |)rosSlll'_, foF _in_-t),,ly-t :dl comlJimd ions at supersonic _l)(,e<l._ a_ : 0.
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.50
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i:t) "WinK-body-hdt conll)in:flioit 102.

<b) "Wind-body-tail combin:dion 103.

I"I(;URE 3.3. V:H'itHion with Mnch vmmber of cmiter-of-l)r.._suro

h,c:dion _,f _iu_-l)()(ly-taii colnhimdions :it o_ -it.

the t,lil due to inlerf(.rence is equal nn(l opposite t,o llmt on

lhe willK. L'lli[tw these (:ir('lllllSlttllt_es it plll'(_ COllt)h' is (lc'-

velope(l on tile nirl>hine due [o wing (h'lh, ction so tlml_ the
(!ellttq" Of ])l'('SSlll'l_ I]IOV('S forward. The forward lll()V(!lll('Ill_

can be large.
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To determine the validity of the present Cmnl)Utational

method for vstinmting ill(, etl'ecls of wing incidence on the
lift and momenl interference of oomph're configurations,

estimates are IIllldO of Ill/" lift lllld lIlO]llellt characteristics

of lhose combimtiions for which dicta for variabh, wing

incidence are availnble. Tit(' estimated and exlwrinwntal

characteristics are compared in figures ?;6 and 37 for two

combimltions having dilrerent, wing and tail ldanforms.
P,olh combinations exhibit tile forward mow,menl, of lhe

cenler of pressure. In the low angh,-of-atlllck range where

tilt, lheory apl)lies, the agreement belween theory and

I:[c,U]_E 36. -()Omlmrison betwee,k eslimated and experimental effects

of wink incidence for combination 104.

r , , i , ,

[o 8_,:0 ° [

Exper_n'e_t \G 8w:49 _ V'm:20

I b,eory --

,j

:--J

L

C u,.._ o,.8.,..__

-.02 _ .-- ,

-.04 .....

(b) i
-06 ................

-.04

+--- b- + ....

_ _L_A__

Angle of ottock, _, deg

16

(a) Lift. (c) (kmt,.r of Im.ssure.

(b) Mon,ent.

Fiaum,_ 37.--ComI)arison between estim'tte(t and experimental effects

of wing incidence for eombi[mtion 101. P

experiment is good for the coml)ination of tigure 36 but not

for the combination of figure 37. This coml)imttion, which

was tested at supersonic sI)eeds and which has a triangular

wing with supersonic leading edges, exhibits a behavior
which is not, explainable in terms of the theoretical mode]

with one fully rolled-up vortex per wing tmnel. Figure 37

shows tha_ the predic/_ed lif_ due t.o wing deflection is in

good agreement with experiment, but lhe predicl.ed moment

is not realized. Since the pre<licted mom(,nt is due primarily
t,o tail download, it follows that the tail download is not

developed. This behavior is exlfla.inat)le in terms of Slmn

loading Experimental and theoreticld results (ref. 3)

indicate that for reclangular wings of sufficiently large aspect

ratio, the span loading at the juncture of the wing and

body is considel'aldy below the maximum span loading on
the wing for wu'ia.l)h, wing in.idence al zero angle of altlw],:.

This means that lhe shed vorlicity inboard ]ms the Ol)posite

sense of rolalion of that shed outboard, and upwash is

generated inboard. Under lhese circumstances it a l)l)ears
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that two wwtiv('s per wing panel are the least number tlmt

('an a(h,qual(,ly r('l)V('s('n! the tvailing-v()rt('x svs((,m. The

combination of tigut'(, 37 possesses a tria)lgulat' ralhvr than

a rectangular wing, but its effective asl)('('l, rail() is (i._ so

that t.h(, t'or(,goin_ (,lt'(,ct might 1)(, anti('ipal(,d. A (.om-

l)licating l'a('t()l' is that the sho('k wave is (h.ta('h(,(l from the

wing for all angles groat(,/' tlmn al)out 3 ° so thai lht, flow is,

in part, transonic. Also, the t_lil Slnm is ('()nsi(h,)'ably less
than th(, wing span so that the tail is Iocat(,d h_rg(,ly l)(,hind

the inlloar(l portions of th(, wing. For (h(,se r(,asons it is
felt [hal the theoretical model of (>m' v()rtex I)(')' wing l)an('l

is i)ml)l)li(')d)h' mM that two vorti('('s per wing pun('l are (h(:
mininmm mm11)er that can des('ribe (he gross (,fret.Is. How=

ever, more ('x])erinl('nt111 work nlllS| l)(, d()i1e l)efore ).i.11

a('('uva(e theory van lle (]eveh)ped to cov('r this ease.

HING_.-MOMENT COEFFI(:mnT

The hinge in.onlenls (if an all-movM)le wing th,i(t,n(l on (he

lift. deveh(lwd by the wing in the presence of the llolly as

well as the ('enter-of-pressure I)ositi()n of the wing. While
a given percentage error in determining t.he wflue of (('L)w(,_>

causes the same percentage error in ('+, the sanle ('annot })e

said for center-of-pressure position. ('onsider an all-

mow/lfle wing with the center of pressm'e disphu'ed 5 per-

cent of the mean aerodynanfic chord from tlle hinge line.

An error of 1 l)ereent of the mean aerodynami(" ('herd in

center-of-pressure position ('aus(,s an error of 20 l)ereent in

hinge-nloment <'oeIIie.ient. The ne(.essity of having accm'ale
estimates of center-of-pressure position to (ll)tain a<'curate

hinge-moment estimates is thus ai)t)ar(,nt. ]_'ul'tllernlol'(_,

any effects such as Reynohls number, airfoil se('tion, or slight

wind-tunnel flow irregularities whi('h would otherwise be

inconsequential may well haw' important (,ffe(qs o)1 hinge
moments.

ITnfortuna(ely, an insutIi('ien( amount of (la(a is avail-

at)le to determine the degree of corr(,la(ion lt(,tween (,xperi-

mental values of the hinge-moment (.oeflh'ient and the

values eslimaled l)y the present method. The data thaL

_r(: a.vaihd)le (primarily for triangular-wing planforms)
indicate tim( for l)o(h the angle-of-attack and the wing-

incidence eases the predicted eenter-of-pr(,ssure positions

are too far aft for the wing in the presence of the hody.

However, (h(; predicted wing-alone ('enter-of-pressure posi-
tions are too far aft by about the sanle anlount. This means

that the (tifferenee 1)etween (¥/c,)w anti (7/C_)ww), which

represents the interference, is given fairly well by the

theory. Therefore, the most accurate method of estimat-

ing the value of (7./C,)w(m would be to add to the measured

value of ('7/C,)y the theoretical difference between (x/c,)w(m

and (7/c,)w. For the few cases checked, the center of pres-

sure was estimated to within 0.02 of the root-ehord length

by this method. Although suffMent data are not avail-

able to Inake a thorough cheek on the validity of this pro-

cedure, the desirahility of knowing the experimental wing-
alone characteristics is clear.

LIMITATIONS AND EXTENSIONS OF THE METHOD

In the appli(,ation of any method such as the present one,

the important question of its limitations arises. Because of

the very large numher of variables sl)e('ifying a wing-body-tail

('oml)imlti(in, it is li()l I)Va('li('al to presenl ('(trvt,la(io])s ('()v{,r-

ing all l)()ssil)h, ('()nilli)mti()ns. l"()r this rt,as()n (he limitatiol)s

and possibh, ext(,nsi()ns ()f the metho(l 'Ir(' llest (lel(.nnine(l

by an examimt(i(m of (h(' usSUml)tio))s math, with re:ai'd t()

Ce1'taill ])ai'_i111(,I (,i'_.

ANGLE OF ATTACK

It has ah'ea(ly l)t,('n st al(,(l thal lht, assuml)tion ()f li))(,a)'ily
in the I)Z'(,s('ll! m(,th(td limits the useful angh,-of-a(tn<.k m.l

wing-(lefh,(:tion ranges of the theory. At high an;des of

atta(,k the wing-tail in(erfer(,n('(, th(,ory is invalidated l)y

the apl)("m)n('(' ()f body v()rti('es and mort, th,m one v()rt(,x

per wing l)am'l. AI,,), th(, viscous ('rossflow of th, t3l)e

(liseusse(l l)v Allen m)d l_('rkins in refer('n('(' 15 is sufii('ientI3

important to i))vali(l)l((, at high angles ()f)1(tack any tlw()ry
of wing-body (.(tmbimltions based s(11e]v (in fri('(ionh,._s lhiw
(,()nsi(hu'aiions.

MACH NUMBER

The ln'esent m(,tho(l is apl)li('al)h, It) sults(ini(:, transoni(',

and sup(,rsoni(" Sl)(,(,ds. I{ow(,ver, in the trans(ini( v)mg('

the nonlineariti(,s (,xhibited ])y sonle ('omllinabions may
cause the method to fail. For the cas(,s for which nonline-

arities exist, the ratio of the lift (m the wing to the lift on

the body of a. wing-body ('oml)ination can I)(, properly lU'(,-

(li(,te(l by the theory.

WING AND TAIL GEOMETRY

The only assumptions Ina(h, for the wing planf(t)'nl are

that the l(u_(li))g (,(Ig(,s are not swept fot'war(l and tha! the

trailing edges are not swept ba(.k. For sweptforwar(l h,a(ling-
e(Iges or sw(,l)llm('k trailing e(Iges, the soluti()n ()f slen(h,v-

body th(,ory us('(l to (letermine Kwm) and KB(W) is not ap-

I)lieabh, lle(_ause i)o a(.(.(imlt is taken of the a(hliti((nal vortices
(hat exist for these ('on(lilions. The use of the eorr(,('t ('ross-

flow s(llution, determined l)y the nu,tho(l of i_onmx an(l

Byrd in ref(,r,n('(, 10, shouhl eirculnvent this (lifli('ulty.
However, sore(, sueeossful I)relinlinary (.orrehttions 11(,tw(,en

data for combi)mtions wilh sweptbaek trailing edges and the

estimates of the l)l'esellt lnelho(t (ignoring the sweep of Ill(,

trailing edges) in(lit'ale that the effect might not t)(, large.

While the l)r(,s(,n)mctho(t is worked out only for unl)ald_(,(I

configurations with two wing panels, it, is possit)le I)y use

of the approl)riat(, sh,nder-body-theory solution to exten(l

the method t() l)anke(l (_onligurations with any nund)er of

wing l)anels. I"o)" inter(ligitated or high tttils tlt(, inethod
(:an l)e e_sily generalized. For differential in(q(len('e of the

wing panels, the method is still applical)le if a step-lty-st(.p

calculation of lh(, type (lis('ussed in ref(,ren('(, 25 is used t()

determine the vortex position at the tail. The model ((n

which the present inethod is based assumes maximum cir-

culation at (he wing-body juncture. A vMation ()f this

assumption invalidates the mo(lel. Such a eon(titiolt couhl

conceivably arise through the use of inverse taper, swepl-

forward wings, high-asl)ect-ratio deflected wing panels with

supersonic leading edges, or wing panels having twist or
eamher, or fr(im large gaps between wing and body.

BODY GEOMETRY

The method is f()rmulated o)1 the assuml)tion of slender,

pointed bodies having wings and tails mounted or_ body

sections of uniform (liameter, 1)ut the method can give good
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("_tiDmt('(I "+'ulu(':+for <)th(,r <.<))lditi<m_. If lh(, "+viuV i.,.+J<)('_t(,<l

('los(, (u the lit)s(,, ill(' ul)x'+msh ti(,hl vuri<,s ('h()r(Iwis(, _ltld

_fmtv, vis(, i)lst('ad of ot_ly sfmlLwis(, _ls _ISSUDR'd in ('quuti()n
(15) Th[' willg <)f the' coml)iu_ltion is thus Nt'(,<'.tivdy (mm-

I)t,r(,(I _ts x,<(dl _ls twisted+ _nd tit(, wing-hodv itltt'rf(,r('l)('(, +is

w(,ll _ls th(, lib dtu, to Ul)W_lsh is _tlicrcd. llow('vt'r, (his

NI'(,<'( is )_()t_ hH'gc for Jnosl I)t'_<'ti<'_tl cases. F<)r tit(' f(,w

<'ast's f<)r w|ticll V_lt'yitlg hod3" di_m(qers w('r(' ('ll('otmter('d itt

tlt(' (htt_t (.()rre|aliDD, aH t_verag(+ <'ot_sttlttt radit+s was a sst£m('d,
tttt(l it x'+';ts fotlttd that the estinmte(] values (.orrclatc(l with

the exi)(,ritn('Dl_+l vt+lttes witlti)_ ±10 t)erc(,ttt.

If tit(' _os(, <)f _ (.()ml)itmtiot_ is t_ot sh'H(L('r, the lift trod

vcttt('v of l)r(,sstnt'c, +_s 1)r('di('t('<l t)v sh,_d(,r-t)o(ly theory, is

itutt)l)li('al)h,. For such c_lses a more exact theory or l)rcfcr-

al)ly (,Xl)t'rinu'utal 1)ody-_h)t_(, results should t)e us('d. Theo-

r(qi(.ally, t)()attailiug of th(, aftcrt)o<ly shoul<l tmv(, the (+ffe(q

of (le<'re+tsi)_g ltu+ lift of the (.oml)im_ti<)tt if the flow fDIlows
the ho(l'+. I+('('_tus( + of tlow Sel)tmttion, it is e×l)t,(q('(I th+lt

litth,, if auy, lift ++'+'illt)(, h)st.

CONCLUSIONS

())_ th(' Imsi._ of th(' ('()ml)'u'isot, l+)('tweet_ predi('te<t _u_<t

mt,astired lifts a+_(I ('(,)_ter-of-pr(,ss/lrc positioDs of a +Hmat)(,r

()f wit_g-I)ody a)t(l wi_)g-1)o(ly-tail <.onil)itmtions for sut)sonic,
lr_Htsoni<', arid SUl)('rso)fi(" Sl)ee(Is, th(' followittg COD('lusioDs
(tit.It _r)(_ (]raWll;

1. The t)r('._eu( m(qh<)d t)redi(.ts lift-curve slot)e to within

± I0 t)(u'('('ttt for D+OSI ('ontl)itmtiot+s thr<tug]t th(, sl)c(,(t r;tttge

('ll'('(qs (',m r('du('(' (hi+ tt('utu'_t('y <)f the lift l)r('di('tio)t. Tint

D_(qho(1 (_l,.:('s a('('outtt of the wit_g-tM1 interf<,rc)t('(_ '+'<]r_i,']_('_t)_

('lmng(, the. comt)itmliot_ lift l)'+ _s mu('h ;is ;+_51o 40 ])('r('('ut.

2. For wi_g-I)ody t_ttt[ wit_g-1)ody-tttil (+oml)iH+_ti(ms, the

<'+(,ntt,r-of-t)r(,ssur(, I)<)si(io_s +_r(+])r(,di('l(,d to wi(hiD ±0.02

I)od', lcu_lh. Ilowcv(,r, i_t the lrattsoHic I'a)tgc +_ouli)t(,tu"

('[ft'('tS <'+l.lt l'('(ltl(+(_ th(' +l('('tlt'_t(') + Of th(' (_t'ltt('r-()f-])r('sStll'C

t)re(liction. Th(+ ln(,tho(| t_l,:(,s a('('ouDt of the wiD_-(Ml

i)ttcrferet_('e whi('h <'a++('hat,go the ('(,Dter-of-t)rcsstH'e l)ositioI+

t)y _s much _s 10 (o 20 I)('r('et+t of the I)o(ly lct_g(h.
3. 1)u(, 1o tit(, s(,usitiv(, <h,l)(,tt<h'H('( ' ou c('Dt(,r-()f-l)rt,ssur(+

l)osition oft the wiRg, a(:(-tlrate vahtcs of the hit_g(+-momcttt

('o(+,fti('i(mt ;ire Hot t)redi(:tcd t)y the. l)r(,s(,ttt m(,tho(1. ]tow-

ev(,t', estimates of hit+gc-momelit ('o('tti('i('tt( <'au t)(, ol)(aiHe<l

t)y a(hli)_g t.o the (,Xl)('riment, M v(,nt(,r-of-I)r(,ssur(, position of

the v<iHg alo_(, tit(, th(,or(,li('al shifts du(' to interfcv(,n('(, _s

(h,termitie(I l)y th(' I)r('s('nt mt, tho(t.
4. The _toDliucar (dt'e('ls of augh, of a((_(.1,: ()st (+enter-of-

pressure t)ositio_ ate(1 lift ('all t)e as importat_t. _ls t hos(' of
[a('h lltllltl)(,r.

AMES AERONAtyrTICA L ]'++A]+Ot:tATORY

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

+_I-OFFETT FIELD, CALIF., JP+ly 8, I#53
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APPENDIX A

WING-PANE1, CENTER OF PRESSURE I)UE TO I)EFI,ECTING WINGS OF WING AND BODY COMIHNATIONS

In reference 13, Spreiter has given the loading anql c¢,nt er-of-

pressure posit, ions for the wing of a wing and body (_ombina-
tion wi_h zero wing incidence. Itowever, for all-moval)le

wings the probh,m of the (.enter of pressure of the wing in

the dettected slate with the body at zero angle of attack

is of important(,. This result is r(,adily obtained by methods

simihu' to (,hose use(l |)y Spreiier. In facl, the wing loading

is given in reference 28 as

_ ,ii"/_) (AJ)( "-xt''_ 2 (a,, dr?_r4)(Trq 2cos_ 1 2,' "

k

\ q_ 8}w< B:, rrn 3 _(_ + r2/n) _- (y } r_/y)"-'

/
/
/
/
/

a=O

\

\
\
\
\
\

=_

¥

X

FmURE 38. (!oordimtte sysl(,m and symbols for (h,t(,i))fina(iotl of

c(mler of pressure due to wing-d('fl(wtioh angh,.

wherein the symbols are defined in figure 3S. ]f AIw(m is th('

moment (lev('lol)ed by 1)oth wing I)an('ls about the y axis, it

is readily sh()w)) that this moment is given by

a:..,,. ,_,f, _ [', [;ap_ d,/ d, (A2)

()no int(,gralion .vM(Is (h(, result

_llw(,,>_ 1 f (n4--H)_ (_r+2 cos _ 2rn "_', (A3")q_?, _ i,6(i a[ ¢ _-'_-7-')"' "

The second integration caused some diificu]ty b(,('aus(: (he

integrals cou](l not, l)c expressed in terms of t_bulatcd

functions. It)stead, it w_ts found ne(_essary to i)flro(luce

two functions defined bv (he following ral)idly convergent
series :

• , 1 /x "J'', 1-3/xr"x 1.2.5

F:_ 5 7
; f X (A 5.)

In terms of (hese functions, Ih(; mom(,nt is given b v

7/" tlHi _ .lIW(,i: 1()(84 _ :_i'4) Ii_'i (,_2 ] /.2) full-1 8/f--q_-_- = 3,.... ((a"-_ "/")=-_

47r'r . lot'. , Srr :3 ._.
(s--r)+ { --l(;_-r log (s/r)+:3 +3 "

,_,) ,3 ,2 2

:>-,_/ log _ _7_L--32r3[¢(r/'s)--g,(1)]--
,5 _l'

'_,s,._Ix(_,/,_)-x(,,/, ;'_4:;")1 (A(_>
3

If the ]nonwnt is (tivi(le(I t)y the lift. of the (,Xl)OS,'(I whig

panels as given in terms of kw(m (eq. (I!))), (he momont.
arm is obtai))(,(l. ]t. is convenient to express this monwnt

arm in fractions of the root. (:hord behind tim h,a.(ling e(tg(,

of the wing-body juncture in th(, following equation wher(,in

r is th(' ra(lius-s('misl)an ratio, r/._':

(_)B'(,,)5 _ _7V2 "W( B; ( ] =Tii,(]_)(l__:_T,)(,,,,]|_l. , : !')2

l(ir ,
(1

3
r2.) tan -1

l 4_Fr :_ . l(ir 2 8_rr :_
q---,_- (1--T) _ +

3 3

U"._, ,32_T 3 _32_[¢(_)_ ¢( 1)1_
l(i_rr' I()(_ r-t- 3 "

x( '-')-x -__:; ,,] q v2 'A7)

The qua, ntity (.7/'c_).._.,_ ha,s been plotled as a fmwtion of

"r/s in (,ha.fir 13.



LIFT AND CENTEI{ OF PRESSUi{E ()F %HNG-B_)I)Y-TAIL COMBINATH)NS _C)9

APPENDIX B

I)ETERMINATION OF TAIL INTERFERENCE FA('TOI{ BY STRIP THEORY AND SI,ENI)ER-BOI)Y THEORY

The lail int,.,'feren,'e factor to I)e ev.hmted is

i: LT¢V_/(L,,). (BI)
l',,,/2rrczI *o,(,_'r-- r T)

The lift ratio is readily evaluah,d by a combination of strip

theory and slender-body theory. The model used to obtain
the vertical vehwity at the tail imlm'ed I,y the wing vortices

is the sh,nder-body nmdel of tigure 39. From the Blot-

'-toiltip

Wing vortices_ /__

Imoges h

_ vortices

(a)

:, _---

toil tip-'

[
I

---- r -xl.-

(b)

$

ct

(a) V','inK vortices ill crossllow l>lane of t,ail.

(}>)TMI planform dimensions.

lrI(;t:lH'; ?;!).---Model ttnd (limellSiOllS for deterlnilmtiolx of tail

inh,rfer(,nee factor |)y strip theory.

,%tvart law for an infinite line vortex, the vertical velocity

due to the right external vortex is

l',,,(f-- n) (B2)
2/)= _,) ._ .,-_-[h-+ (f-,)-]

In this ,,qua.ti, m 1',,, is positive counterclockwise facing up-

stream, and u' is positiw' upwar,1. The tail is effectively

twisted because of the variation of ,, arross its span. All

veometric qua||tities in the derivatim_ are Illlderslood lo be
those of the tail rather than lhe wing so thai no subscripts
are used.

The application of strip ihem'y to obtain lhe load on lhe
tail due to the vortex involves _1.ii integraHion across Ihe

exposed part of the tail. .ks previously discussed, the lift
evahmted by this pro<'edure appears partly on the tail

panels andpartl 3"on the body. If the section lift eoettleient

is l aken as 4/fl, the lift due to the rivhl external vortex on

the right exh, rnal panel is

q_ ji*(_) l',,/.f--vl c.dn fB3)l":=--2r I'_ h_4 (.f_n)=,

The value of 1'1 obtained by iHtegrating equadi<,n (B3) is

expressed with the aid of the following time/ion:

( ,_., r, L, ,f (._-,.x)-.r( J -x> h2+ (f--,,.) _L X, .,. 7,. ,s)= L- 2{.,.-5') h_ h)+(f--r)='

E '-' T]}
as

L )
The lift on the right panel due to the h,ft vortex is

I, 4q_I',,,c_ (k,r ' .f !)""=- 2,_v_ L .,. -7.
(B6)

(,onsider the image vorUces tmving coordinates .I', and lt,

given by the following equation:

c: (( }

' (B7)
t 111'2

"'=F

The lifts of the right and left inmge vortices are then giwm,

respectively, by

(r_,f_,h,) (BS)I _ 4q_I',,,c< L X, ....
_:+-- 2+rill'o, s ._' ._'i

4g+ t',,/', (k, £,--:('-, !_)_: 2_rfll'_ L \ ._ ,.. . , (Bg)

The tot, at lift, due to the wing v<)rtices and their images is

L Sq_ l',,,c. , ," ,,,,o,

469194 5S----39
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To ol>tain the tail interfm'onee faclor, i, roquiros a determi-

nat,ion of tile lift of the ttfil alone by strip lhem'y to non-

,limension,flize the foregoing lift quantity.

Integration gives

F'+/4h

(Lh -2q_.J, ,_)_,<t_ (B11)

4aq_(s--r)c,(l +X) (B12)(zT)o= _ -

Formilig the ratio _ivon by equation (B1) 3'io]({s l}ll' f¢dloxv-

big result fro' i:

E ) !I:) ( I"'"• 2 ' '_ D, x, ,. 1+_+X L(x"-'r' --L x,, , --L ,+,

,, r,,],)-I
L (X,_ --:..,./_a (1}13)

APPENDIX C

I)ETERMINATION OF TAIL INTEliFERNCE FACTOR FOR RECTANGULAR TAILS USING ALDEN.SCHINI)EL TECHNIQUE

The toctmique of Alden and Schimh,l described in refer-

en<'e 12 can Im used for estimating lhc load on the hill

section due to wing w)rtices. Figure 40 shows the model

which is analyzed. The assumption is made limb the lift

due to the vortices originates on tim expo,_ed tail ptmels
even though some of this lift, nfight be il'ansmilted to the,

body. Thus, a,n integration across lhc eXl)OSed wing pam,ls
gives all the lift. This assumption is the same as that nlade

in cvahnHing the tail interference fll('h}l' by s/rip theory and

-r_

v
h

\

\

\
\

\
\

\

N
--S S+C

jJJJlI
LJj lj

S-C $

r¢

:Fl(;t RE -1(1. (',eonmtry of model usl,d for d(qerminin_[lail inl_'rfm'mwe

factor for r('t'tangular t'til 1G" :Mih,n-,"4chin(h,I i(,(.hni(lu..

has been previously dism,ssed. The analysis is <:a,Tied out

with _ :I to simplify the algebra, and th(m 5 is r('ini,'(>

duv(,d into the fimtl charts. The (,sscntial idea of the Ahh,n-

Schindel /.chni(lue is tim! the total lift, acting on 't wing of

arbitrary twist can bc evahmted by a strip toct,nique wh('rv-

in lhe weighling factor for the local strip correspon(ts to the

span loq.ding 'at the strip for lhe same phm form at mdf.,'m
angle (ff att_t('k in r('versed flow. In malh(,mati,'al form
this I'osull is slitllq[ IlS

co,>

wherein F(n) is tl,! weighting factor and w(n) is lh,. v¢,rlival

component of vehwily, l,¥ith refet'enee lo figure 40 h,r
model and coor, lilmlos, tim weighting factor is give]t for the

three regions as

Region I. :

Region 1 I. :

I" ) 4q_c'(_=l'_ E'Tr

Region I II. :

,. 4%c

, 4q c
t'(_)= i_ _(._2)

eos.,(l+2rl 2s')+2 /(,_' _ (s __7i,-7/ _.'_t, _-_;/-,_-_:] j
((!31

c,>.<-'_i ,, /] 7%"G 7/-G _.]J
(C4)

The vertieli[ vehwity coniponent+ duo to the right, cxtvriild

vortex is

w(r/)-- 2rr[h"-_ (./-,)q

To evliJuate the lift (hie t,o tho right external vortex tim

following ilitegrlltion lilllSt, lie performed:

ff-c +f.-r1._= b'I_)w('n)d,_ ,+cF(n) w(n)dr_+

J" +C1"¢,7i w('_),t_ l<'(n) 'w(,Dd,_
r it.# ,_¢--C

((-'6)



LIFT Y.Nt) CENTI+]H, ()F I'II},]._,SUt E ()1-' V¢IN(;-B,O1)Y-TA1L (7()MBINATI()NS t)()l

l:'crf(,rlnilla' liw inlpgrati()n,4 t)l'(,scnl:-4 s_lnH, alKel)r,ni(' difli-

,'lilt,,. tlo',x(,vm', the ansv,-(w was olH.lill(,_l hi ('h)s,_l fro'hi

il_ t(u'nls t>l' t},, f.lh>whl,_,' fllll('lio]l:

I z 9D ",.:_

,' /., (5->i I)"+t_ ' )

,,2,,_
' : J+

2.f "
6_ -- 2s-l- 1

C C

(gl,2_L2Z 1 __( '-)it )"
(' !

-_,,_ %,I[<i-( 2/')C ]]=+4< z (_h:)_

(C8)

In lt,rnis of the fun(,lh)ll x, the lift is

L Y,,,q_.s /f h s "
(C9)

The contribution of lhe image vori_,x to the lift must now I)e

deiernlined. T|io coor(linaies of the inliige vorlox to ill0
riTlii tire

• r2h I

/_, -f.,+ h2J

(Clo)

In lernls of these coordinates the lift (hie to the iniage vortex,

taking into account the change in the sign of the cireulalion,
is

L,= ]_"_:'_(_,1!,.,._,q
-- _rl:_ X (Cll)\, (' C ¢ C�

Tile X funclh)n is (lclerniine_l ill ltTJiis of Itl(' I'()lh)xx ill<.Z"11 i l: lit
I'l 01'_ "

2f i 2,x'

(' C

2.f, 2.,'
6t .... +1

(t't. i t_3,4 2- ] __( '"1]/¢ ) ->
C

):l _==1" I ;I (--/ / --1 . '---)/Q
TL \ f / " ", c

'Ci2)

Tile lift due to ill(, l',vo exll,rluil voi'lh'_,s liii(I tilt, l'wo ilil('l'liill

vorlh'es is ilius

. - . 2I_,,q >.'[x(fhxr'__ (f,D,f",r')l2(1._ # 1,,,):=-_rl" ° ,c'c'c'c/ X\c _:cc/j (013)

The lift. so (Mermined is exact _viihin lhe Iilnils of linear

theory. It, is lioeossiiry to oblti.in l]ie lift of 1}ie wing lilonp,

|IS giv0n b v linear llu'ory, to forlll llie rllli(t g'iv(,n by the lliil
iiilerfereli('e [actor i.

.i_. _(s;,-. L_!! fLT.). C_4)
1',,,/2_rI "<_a(,'-- r)

The lift-curve slope ,)f a :reeliuiguhu" tail per rlidiau is

sO that

) I" £t=c<.,.-,.)<,::
(L,,,.= L \ x/ xj (016)

(.,-_:)

The lift ratio is obtained by division

'_' l r

r ,,,, (D( -D
L '. --7i--7j L ,C i"/ ' \77 77-IJ

(O17)

or

') 1--; _ t )'l'f_'ll[\'-I--N,_.)-HL .c<,j
L, -7.,-7<j

(Ci s)
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APPENDIX D

DETERMINATION OF ('ENTER OF BOI)Y LIFT DUE TO WIN(; AT SUBSONIC SPEEDS

lli(herto, no subsonic method has been available for

estimating the <'enter of the lift transferred t,v a wing or tail

to the body. An approximate method for accomplishing

this, based on lifting-line theory, is now presented. It is

known that a good approximatiorl of the lift and moment

characteristics of swept, wings at subsonic SlWeds can be

gained by placing a lifting line of variabh, loading at the

wing quarler chord and satisfying the lttngmwy vondilions
at the ihree-quarler chord. See, for instam'v, reference 23.
An exh,nsion of this model to include lhe body is shown in

ligure 15. The image of lhc quarter-chord line inside the

body is oblained by relh,cling each point of the quarter-
chord line into the |mdy in its cross-tlow plane. Since the

quarter-chord line is not uniformly loaded, lrailiug vm'lices

stream backward from the line proportional in strength to

the gradient of the span-loading curve. A series of three

horseshoe vortices representing the span loading is shown in

figure 15. Image vm'tiees inside the body are also illuslrated.
In the mathematical treatment that follows, lhe numl)er of

voJ'tives increases without limit.

(_onsider lhe quar(er-chord line with nn ellipli_'al hmding

The Stl'ength of tim bound vortices is l)rOl_orli(mal to I', for
hoth theexlenml tlow and the internal flow. The lift dueto

the bound part of an elementary horseshoe vortex is propor-

timml io the product of |Is strength limes |Is hmglh

dL"-,I'd_7,=l'd(_) --I'r"!_r/- (I)2)

where n: is lit(' image vortex position and n is the corre-

sponding external vortex position. The lif! _lue to any horse-
shoe wwlex is eonceJltrated al, ils t)ound vortex so thai lhe

m(mwnt :1|rout the -,7 axis is

d31",_-- l'r_(lr/= - -- I'r2( rl--r tan ),!fin (D3)
7"/_ "6,'-'

c, )lI taltA,.,d,I ---'rl.. _/V

Y_(_) --4--- L -- 1"" A'7

J I .,

(1)4)

r- .qe _._l-- r )tt 'q-- (!r ....

•
J, r?

(])5)

The value of 7,,_.._ as determil.,d by inlegrnlinff _,41untion

(I)5) is

,JTII,W, = -_(,g /') [111l _'_t /'-,_:

j/,s' r\ rrr "]

,_---r)i' , ljN___f___( x i,)2 71- I" / --

(:osn [ l-l- -- )t,_ r)l
x,s+(x- 2rl r ,' r 2 j
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TABLE [.-WING BODY-TAIL INTERFERENCE CALCULATING FORM

4_11, I.MI

R ,0.61 x I0 e

Ira* S.ZS

_,. SJll2

-10.5

tl ' _, 1.72

T ,, • o._. '6l (®-®) I®+_)
I w • 2.812 • S I • 5.062

_, o o ,T I,® (®_®_,/
I0 cr • 2.25 • _- 6.86

, II,_L.E. ,45" _et_lc, • 2 @(_1 I_ - o.e6
,21a. . 3.,s _ _,,J_) I,+,/@) <,+ (_
_"Ix.. (_ • c_lc. • o /zAl_+_/mBll_+x). m.er
,4 (./.).. _/(_.o.2 2c "h" ,.7_

,3 (_1"®-,@" ,._2222' [_ ¢_]/67.,. 0.o,63

I nil tutti=ill

4? I Cha¢i I48 Chm't I;//_ > I,@>4, Chert 4

4gl Cho,t P; X • t, 1_4> 2. Chert ,
50 Chart f .....

_1 • Cllorr II or Rill. 2,]

521M_> I. Chert IO J 1t1

I ,,I @+ee
I _.H®-_
I ._610_)-_
h_jll_ < i, Chert 16;

M_> I, Cho,I 14 if _) > 4

MI> I, Chert 15if _ <4
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• 60 MI< I. Chofl 5;_ > I,, Chart 6
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62 M_ < I. Nit. 2'1 M_ > I. Chert 8

........ ((Ct al w • 0.04O6)

TO i I - body

24 Ir r • 1.912 ] : S F • 1.562

2, :_ .o i,fle®_@_@l,/@

29 _..,,. I_ @(,+,/®l(,+@).
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(6) For rectongulor t_ll el
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uie oquolionl C-To_d c-le 1_
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TABLE II.- S[_4ARY OF GEOMETRIC AND AERODYNAMIC CHARACTERISTICS A/CD TEST

CONDITIONS FOR WING-BODY COMBINATIONS

(a) Geometric characteristics

6O5

No. Sketch
_M IR ZW ALE, k r r Source

R×l°"e _ z "V T _ ae_ r_ 7

la

--7-

c

-7

e

2a

b

b

c

b

c

d

e

b

C

---7

e

b

c

-q-

e

7

b

c

d

lO c_==>

n c_=>

12

b

c

14a

b

C

15 @

0.20 1.86 22.5 0.483 0,128 0.440 3.43 9.45 0._6 0.992 0.179 Ref. 29

.50 1.86 22.5 .483 .128 .440 3.02 9.49 .546 .992 .179 R,f. 29

.70 1.86 22.5 .483 128 .440 2.49 9.45 .546 .992 .179 Ref. 29

.8O 1.86 22.5 .483 .128 .4_0 2.10 9.45 .5_6 .992 .179 Ref, 29

.90 1.86 22,5 ,483 .128 .440 1.92 9.45 .[_6 .992 .179 Ref. 29

<=_ 1.90 1.0 14.7 --- .182 .49O 4.47 45 0 1

2.00 1.0 14.7 --- .182 .490 6.93 45 0 1

1.20 .59 31.8 --- .06_ .912 2.66 45 0 1

l.hO .O9 31.8 .... 062 .912 3.9_ 45 o 1

1.70 .59 31.8 --- .062 .912 5._o 45 0 1

.60 1.66 20.0 .60o .184 .547 2.85 3.6 .635 1

.70 1.79 20.0 .600 .184 .547 2.55 3.6 .635 1

.80 1.88 20.0 .600 ,184 ,947 2.14 3.6 .635

.90 1.93 20.0 .600 .184 ._7 1.96 3.6 .635

1.2o i._6 20.0 .600 .18h .547 2.37 3.6 .635 1

.5o _.25 19.6 1,000 .102 .380 1.73 26.5 0 1

•70 --- 19.6 1.000 .102 .380 1.43 26.5 0 1

.9O 6.58 19.6 1,000 .102 .38O .87 26.5 0 1

1.45 2.76 19.6 1.000 .102 .3_93 2.10 26.5 0 1

1.99 2.34 19.6 1.000 .i02 .380 b45 26.5 0 1

.50 5.60 19.6 i.o00 .102 .355 .87 45 0 1

.70 --- 19.6 1.000 .102 .355 .71 45 0 1

.i_o 8.67 19.6 1.000 .i02 .355 .44 45 0 1

1.45 3.64 19.6 1.000 .i02 -359 1.09 45 0 Ii

1.99 3.08 19.6 1.000 .i02 .355 1.72 45 0 1

•13 i_.7 29.0 .532 .291 .392 2.00 63 0 1

.40 2.84 16.7 .521 .27h .386 2.91 35 .352 1

.60 3.67 16.7 .921 .274 .386 2.19 35 .352 1

.80 4.65 16.7 .521 .274 .386 1.64 35 .392 1

.90 4.89 16.7 .57-I .274 .386 1.19 35 .352 1

10 .57 11.7 .322 .233 .260 9.62 0 .88 i

.I0 .62 ii." .322 .244 .185 5.52 18.3 .38 1

.lO .62 ii.7 .3Z2 .2_4 .223 9.52 9.3 .38 1

.lo .62 11.7 .322 .24_ .261 5.52 o .38 1

•75 1.27 24.0 .606 .291 .388 1.49 60 0

•85 i,_ 24.o .6o6 .291 .388 1.18 60 o

1.o7 1.25 24.0 .6o6 .291 .388 .83 6o o

•75 1.31 24.o .637 .276 .g99 1.60 0 o

-?5 1.44 _.0 .637 .276 .499 1.26 0 0

1.07 1.29 24.0 .637 .276 .499 .90 o 0

1.25 .88 24.0 --- .290 .385 1.73 60 o

.201 Ref. 6

.L:K)I Ref. 6

Ames

•2_ _x6r_
Ames

•25_ 6x6rt

.254 Ames
6_6ft

.139 Ref. 30

•139 Ref. 30

•139 Ref. 30

•139 Ref. 30

•139 Ref. 30

.243 Ref. 31

•243 Nef. 31

.243 Ref. 31

.243 8ef. 31

.243 Ref. 31

•327 Ref. 31

•327 Ref.

• 327 Ref. 31

• 327 Ref. 51

•327 Ref. 33-

.196 Ret. 32

.160 Ref. 33

.16o Ref. 33

.160 Ref. 33

.160 Ref. 33

.115 Ref. 34

.i15 Ref. 34

.i19 Ref. 34

.ii 5 Ref. 34

081 .158 Ref. 35

.981 .158 _e_. 35

.981 .l_, Ref. 35

.861 .139 Ref. 35

.861 .139 Ref. 35

.861 .139 Ref. 35

•970 .163 Ref. 36
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TABLE Ii.- 8t_MARY GF GEOMETRIC AND AERODTNAMIC CF_RACTERISTICflAND _T
CG_DITICtiSFGE _BC_¥ CC#_INATIOR8 - Coatlnuea

(b) Aero_c ¢_&x_Lc%e_ilti_l- = v1&Fiablm

_o. _N K_(w) Kw(B)

Theoretical Expe_mem_al

%Lift Center of prenure XLift c.p.

la 0.08 0.2& 1 .iS 3.h7 0.27 ---

b .07 .2_ 1 .lh 3.16 .23 ---

c .07 .2_ l.lh 2,83 .19 ---

d .06 .2_ 1.14 2.51 .16 ---

• .06 .24 1.14 2.02 .12 ---

2a .11 .23 1.16 4.00 .44 ---

b .17 .23 1.16 4.0O .68 ---

3a .z5 .2o i .21 3._.o ._8 ...

b .18 .18 I .az 3.96 .71 ---

e .25 .14 1 ,al _,oo 1 .o0 ...

ha 04 .19 1 .Ii 3.07 .ii ---

b .04 .19 1.ii 2.88 .io ---

c .O3 .19 1.11 2._ .09 ---

d .03 .19 1 .ii 2.07 .06 ---

• .03 .18 i,ii _.28 .i0 ---

.14 .35 1.20 1.97 .28 ---

b .14 .35 1.20 1.70 ,2_ ---

e .i'_ .35 i._O 1.13 .16 ---

d -13 .35 1.20 2.69 .34 ---

• .1_ ,35 1.2o 3.71 .55 ---

,27 .49 1,28 1.22 ,33 "'"

b .26 ._9 z ,28 z .o_ ,27 ---

c .25 ._9 1.28 .65 .16 ---

a ._o ._9 1.a8 z.o1 ._o ---

• ._3 ._9 z ,28 _.83 .6_ ---

7 .o7 ._5 3..15 2.19 .1_ ---

fla .O5 .22 1.13 2.72 .14 ---

b .05 .22 1.13 2.51 .13 ---

c .0_ ._ 1.13 2.07 .09 ---

4 .0_ ._ 1.13 1.63 .o7 ---

9 .Z_ ._9 1 .o9 4.13 .6o ---

zo ,z_ .15 1,o9 4.1_ ,_8 ---

11 .z4 .1_ 1 .o9 4.12 ,_8 ---

12 .ZA .19 1 .o9 4.1_ .58 ---

z_a ,o9 ,_3 1,13 1,76 .o9 ---

_, .o) ._3 1,13 1 ._6 .o7 ---

c .04 ,_i i,i 3 122 ,05 ---

x_, .o5 '_9 1.11 ! z,8_ .o9 ---

h .0_ ,19 Z.U. 1._3 .07 ---

c .04 .19 1.13.i 1.31 .o5 ---
I

15 --- ,_0 1.171 2.33 .11 ...

per radian based on exposed wlng area.

() value used in theory for combination.denotes experiment_l
Experlmen_l dat_ nonline_r near _ - 0.

5.o5 o._9 o._8o o._8_ o._7 ---

_.59 .2_9 .479 ._85 ._7 ---

_.1o .ze9 ._78 ._89 ._7 ---

3.6,2 ._.9 ._.77 ._5 ._7 ---:

2.90 .ee9 ._7_ .hs_ ,_7 ---

6.Ol .19o .675 .636 .6o ._3

6.2_ .19o .7_o .636 ._9 .9o

_.86 ._o7 .966 .969 .89 ---

6._ ,_o7 .968 .969 .87 ---

6._o ._o7 .969 .969 .8_, ---

4.11 .236 .y)8 ,6oz .59 ---

3.8_ .236 ._97 .601 .59 ---

3._5 .236 .59_ .6oi ._9 ---

2.75 .236 .590 .601 .59 ---

_.33 ._36 .690 .638 .6_ ---

3.3_ ,i02 .&_ '8(._4_'8) ,hO ---

2._ .lO_ .ha7 m(. h28) .LK) -.-

l,Sy .lOP ._hl '_(. 4_83 ._ ...

_.50 .1o2 .606 _(.4773 .47 ---

6.31 .lO2 .632 m(.4773 .AT ---

2 ._ .zo_ .434 .456 ._o ---

_.08 .lo2 .43o .4_ ._o ------

m..

...

..m

_.3_ .Io2 ._24 .445 ._o

3.96 .io2 .558 .473 .45

5.66 .1o2 .609 ._91 ._7

3._ ._06 ._6 ._91 ._

3.81 .... 5o6 ._1 ---

3._z .... 5o5 .5_z ---

2.88 .... _o6 ._ -..

_.26 --- ._o7 ._o ---

).3o .zoo .3_ .319 .31

5.27 .zoo .29o .338 •33

5.27 .i00 .316 .334 .33

5-27 .ioo •3_ .3,0-5 • 32

2._ ,_7 .:_ .592 .57

2.06 .z_? ._. ._9_ ,_7

1.6_ ,_? ._ .6_ ._

2._8 ._7 ._ ._58 ._

2o_ ._7 .:_,o .:_;_ ._,

1.7_ ._17 .578 .539 .52

3.29 .........

--- _._ o._7

--- _.3_ .47

--- 3.9_ ._7

--- 3._6 ._7

--- 3.08 ._7

--- 5.69 .60

--- 7.09 .60

--- _,_ .9o

.,. 6._z .87

--- 7.e6 .85

--- a_,oz ._7

--- e3.'_ ,58

--- m3.73 ,_7

-.- .m3._ ._

--- 83.77 .6_

--- 3.36 .hO

--- 3.04 ._

--- 2.18 ._o

--- _._O .&3

--- 5.95 ._3

--- 2._9 .kl

--- 2.05 .._o

--- 1,_ .&z

"-- 3.35 ._

--- 5.1e .&_

--- 3.38 ._

--- 3.8_ ._

--- 3._ ._

--- 3.z_ ._

--- 2.63 .51

--- _._ ._

--- 4.83 ._

--- 4.83 ,_

--- _.83 ._

--- 2._0 ._6

--- 1.9_ .56

--- 1.53 .59

--- _.9 -_

--- 2.19 ._o

--- 1._ .53

... 3.09 ..-
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TABLE II.- SUI_gARY CY GEOMETRIC AND AERCDYNAMIC CHARACTERISTICS AND TEST
CONDITIONS FOR WING-BODY COMBINATIONS - Continued

(c) C,ec_etrlc characteristics

No.

16

17

18

19

_o

21a

b

di_a

b

b

24

2'

I

b

I
b

2_

b

30

B1

32

33a

b

3_

b

3_

b

36a

b

37a

38a

b

Sketch M_ _Rxl0 "e -_- ZR ZW ALE' _
r N _- m _A deg k rN s Source

1.93 0,19 25.0 0.067 0.440 9.41 0 i

L.',5 .19 25,0 .067 ,440 7.35 0 1

.LIj

I ._

c_

1 0.172 langley
9 in.

1 .210 langley
in,

IAngley
•19 25.o .o67 .44o 5.21 o 1 1 .273 9 in.

•19 25.0 .143 .508 5.64 0 1 1 ,3_ IAngley
9 in.

._ .40 25.0 .067 .440 3.16 0 1 1 .140 Ref. 37

L_ngley
1.6m .40 19.9 .146 .501 1.66 0 1 1 '350 9 in.

langley
1.93 .aO 19.5 .146 .901 2.14 0 1 1 "350 9 in.

langley

2.40 .40 19,9 .146 .901 2.84 0 1 i "350 9 in.

Ames

2.00 .79 23.3 ,360 ._68 4.76 0 1 1 .083 1 × _ ft
Ames

L._ .91 23.3 .360 ,_68 3.08 O l l .083 I × _ t_

_angley

L._3 .18 2_.1 .067 ._38 3.17 0 1 1 '_ _ in.

langley

[.62 .21 25.1 .067 .438 2.45 0 1 1 .3_ _ in.

2.'00 --- 27.9 .!43 .860 1.73 0 i 1 .333 _ef. 38

2.oo --- 27.9 .143 ,860 3,1_6 0 1 1 .200 Bef, 38

-- LT

L.go ._6 22.9 .034 ,i_8 _.98 26.6 i_ ._ ,_ :i _ 3 ft

Ames

L,90 .70 ?.2.9 ,092 .632 3.30 14.0 ._61 1

2.00 .70 22.9 .092 .632 5.11 lh,O .461 1

L.9o .56 _.9 .07_ .6_5 _.98 _.0.9 .900 1

2.00 .56 22.9 .07_ .645 4.61 _0.5 ._00 1

_J 1.62 .5_ 2_1.8 .O94 .870 1.57 60 .305 1

1.93 .28 21.8 .09_ .870 2.03 60 .]0_ 1

i.93 .33 2-1.8 .ii 3 .487 1,69 15 ._3 1

1,93 .24 22.9 .078 ,888 3.16 &5 ,3_2 1

1.93 .83 22.9 .27o .633 1.03 70 ,_oo 1

1.93 ,30 24.8 .Iii .go7 _._7 60 0

1,62 i34 24.8 ! .I.].3. .407 1,99 60 0

<=_ 1.9o 1.o 14,7 .182 ._9o .7D 8o._! o

2.00 1.0 14.7 .182 .4_0 1.16 80.4 0

<_ _._o _.o 14.7 .182 ._o 1.9o 71.6 o

_,oo 1_o 14.7 .182 .49o _.]a 7-i,6 o

<_D il,)O_ 1.0 14. 7 .182 .450 2._6 63.2 0

2.00:1,0 14.7 .182 ._O 3.50 63._ O

_._o _.0 14.7 .18_ ,49o 3.Ol 96 o

2.oo 1.o 14.7 .18e .45o 4.66 _6 o

<_ 1.5o 1.o 14.7 .z&e .4_o 3.72 _o o

2.oo 1.o 14.7 .18_ .49o 5.77 50 o

.2_0 il x 3 ft
Ames

•_50 q. × _ ft

Ames

._lh I x _ ft

Ames

"314 1 x _ ft

Langley
"465 9 in.

Langley

•_69 _ in.

L_niley
._6_ 9 _n.

[_ngley
•388 9 in.

lan_ley
396 9 _n.

L_ngley
1 .382 9 in.

Lmngley

1 "38_q _ in.

1 .6OO Ref. 6

1 .600 Ref. 6

1 ,z,a8 _ef. 6

i ._8 Ref. 6

i .333 aef. 6

1 .333 Ref. 6

i ._7_ Ref. 6

i ._72 Ref, 6

1 ._31 Ref. 6

1 .2%1 Ref. 6
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TABLE IX.- SUMMARY (_ OEON_TRIC AND AERCDTNAMIC CHARACTERISTICS AND TEST
CONDITIONS FOR WING-BODY COMBINATIONS - Continue4

(d) Aerodynamic characteristics - _ vLriable

Theoretical

iLif_ Center of pressure

(SCL_ (_CLcL>N (BCLal ' (JSCLcL)C _ _B(W)_ _W(B)CL _C=. /W(B' 'Z _ -5--
16 o.17 o.12 1.z4 3.79 o.6_ ---

17 .ee .16 1.17 3.73 .82 ---

18 .32 .22 1.23 3.62 1.15 ---

19 .56 .4o 1.33 3.37 1.9o ---

.06 ,12 1 .ii 3.69 .23 ---

aza .27 .92 1.3o e.79 .76 ---

b .32. .4_.i 1.30 3.07 .98 ---

c .39 .38 1.30 3.30 1,29 ---

_e, --- .o8 1.o6 3._ .06 ---

b --- .09 1.06 3.39 .0_ ---

23a .56 ,_0 1.33 3.37 1.9O ---

b ._6 ._5 1.33 3.18 1.47 ---

24 .24 .25 1.28 2.8_ .68 ---

25 .i0 .ii 1.16 3.4e .3_ ---

Experlmental .

9.40 0.192 0.532 0.&73 O.hl 0.6h ---

9.76 .192 .532 .473 .&l .82 ---

6._z .19e .932 ._73 ._o 1.19 ---

7.73 .1_2 .53 ) ._73 .38 1.9o ---

4.71 .192 ._7 .473 ._ .23 ---

_.84 ,20_ .646 .568 .51 .80 ---

6.32 .201 ,657 .566 .50 1.0_ ---

6.8_ .207 .679 .568 .49 1,34 ---

4 .i_ ..................

3.89 ..................

7.73 .191 ._28 .467 .38 _.o4 ---

7.13 ,191 ._18 ._67 .39 1.53 ---

5.o2 .o83 .99_ .920 .78 .68 ---

4.67 .o83 .953 .928 .83 .3h ---

_Lif_ c.p.

T

_._ 0._1

6.69 .22

7.16 .36

_.y .46

_.TZ .29

5.66 .50

6.7_ .51

4.ii ---

4.0_ ---

7.93 ,37

6.97 ,37

_._8 ._

_.88 .84

26 1.38 .56 1.42 3.h9 h.83 --. 11.81 .090 .213 .17_ .13 _.,98 --- 11.o5 .13

27a .16 .29 Z.aZ 3._6 .97 ---

" .2_ .27 1.2Z 3.78 .89 ---

28_ .28 .41 1.2" 3.50 .98 ---

.41 -3_ 1.27 3.72 1.51 ---

•71 .31 1._1 2.62 1.87 ---

.78 .16 1.41 3.12 2.42 ---

30 .68 .63 1._1 2.94 _.o1 ---

31 ._& .16 1.34 3.67 1.99 ---

32 .25 ._. 1.31 1.94 ._9 ---

33_ ._A ._ 1.33 3.53 i ._ ---

b .39 .5_ 1.33 3.09 1.19 ---

3_ 2.33 .97 1.56 1.13 R.63 ---

b 12.a_ .g& 1.56 1.67 _.o8 ---

3_ .64 .6o 1.38 _.o7 1.32 ---

.b .71 ._ 1.38 2.88 2.o_ ---

•31 ._k_ 1.29 2.83 ._ ...

b .36 .37 1.29 3.73 1.36 ---

31_ .19 .3_ 1.23 3.42 .66 ---

b .26 .30 1.23 4.00 1.02 ---

3_ .14 .26 1.19 3.86 .93 ---

b .20 .26 1.19 4.00 .82 ---

I See f_m_n_e I, _%%_m of Table II(b).

9.91 .o90 .7_e .688 .62 .99 ---

6._ .o90 .766 .691 .60 1.o9 ---

6.86 .090 .743 .69" .60 1.01 ---

7,42 .o9o .799 .692 .96 1,86 ---

6.38 .165 .956 .9_9 .69 2.15 ---

7.32 .165 .5)60 ,9h9 .67 2.91 ---

8.01 •169 .644 •.5_i .45 2,41 ---

7.50 .ii_ ,972 .99_ .71 2.39 ---

3.88 .11_ .889 .827 .73 . _9 ---

8.o6 .172 .561 ._97 ._'_ 1.67 ---

6.89 .zTa ._ ._9_ .4_', 1.16 ---

_._8 .190 .679 .636 .4_ _.56 .--

6.1o .6_

7.1_ .61

7.19 .59

8._o ._8

6.1., .68

7,78 .6_

7.74 ._1

6.80 .66

3.90 .73

7.69 .43

6.50 ._3

6.35 . _,h

8.29 .1_0 .?zo .636 ._ 5.38 --- zo.oa .21

5._1 .190 .6T_ .636 .93 1.29 ---

7._. .19O .710 .636 .5_ 2.69 ---

9.69 .190 .675 .636 .96 .86 ---

7._h .19o .710 .636 .96 1.79 ---

9.95 .190 .675 .636 .58 .64 ---

7.14 .190 •710 .636 •97 1.35 ---

6.13 .19o .675 .636 .59 ._ ---

6.62 .190 .TIO .638 .58 1.o8 ---

9.86 .93

8.33 .93

).77 ._

8.2_ .)7

_.n ._

7.76 ._a

5.69 .60

7.5_ .6o
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TABLE II.- SUMMARY CF GE0_TRIC AND AERODYMAMIC CHARACTERISTICS AND TEST

CONDITIONS FOR W/N0-BODY CO_INATIORS - Continued

(e) Oe_tric charscterlsttcs

NO. Ske%ch

39-

b

c

d

m

e

f

_la

b

c

b

c

_52 @

b

M= axzo "_ _ _R _wT _ ALE, _. r rdee _--_ s Source

Ames
z.15 1.26 31.9 o.132 0.365 1.31 60 o z o.m6 6 x 6 tt

ames

1.2 1.26 31.9 .13_ .365 1.53 6O 0 1 ._6 6 x 6 tt

Z.3 Z.26 31.9 .132 .36_ 1.72 60 o 1 .216 !6 A=eax 6it

A_es
z_ z.26 31.9 .132 .365 2.26 60 o i .216 5 x 6 ft

Ames
1.53 1.26 31.9 .132 .365 2.68 60 0 1 .a16 5 x 6 ft

Ames
1.7 1.26 31.9 .132 .365 3.18 6O 0 1 ._.16 5 x 6 ft

Ames

2.07 .64 18.7 .I_3 .357 7.25 _5 0 1 .@00 _ x 3 tt

1.20 1.09 24.0 .111 .333 2.65 45 0 1 .200 Ref. 39

1.2_ 1.09 24.0 .iii .333 2.93 45 0 1 ._O0 Ref. 39

1.29 1.09 24.0 .iii .333 3.26 45 0 1 .200 Ref. 39

1.92 .2 25.0 .07O .920 5.13 0 i i .228 Ref. 37

1._o 1.25 31.8 .132 .365 2.27 6o o 1 .216 Ames
6x_f_
Ames

1.53 1.2_ 31.8 .132 .365 2.68 60 O I .2.16 6 x 6 ft

Ames
1.70 1.2_ 31.8 .13_ .365 3.18 6O 0 1 .216 6 X 6 tt

Ames
1._0 1._5 31.8 .1_ ._,12 _.2? O O 1 .216 6 X 6 tt

Ames
1._O 1._ 31.81 .197 .389 Z.13 O 1 Z ._6 6 × 6 f_

_=es
1.9o 1.:o_ 31.8 .197 .389 1.87 0 1 1 .216 6 x 6 _
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TABLE II.- S_EY OF GE</M}_'RIC AND AERODYNAMIC CHARACTERISTICS AND TF.ST
CONDITIONS FOR WING-BODY COMBINATIONS - Concluded

(f] Aorodynamic cha/-acteristics - _ v_rlable

ir_....z_ KB(,_)KW(B)

Theoretical Experimental

ILl ft Center of press,kre iLift c-p-

"%;'< T , , , Tw w_,_Z c B W(B) C,

_[ _a 0 iOr[_ (]I. 2T I . L$

ii .io .,5 L.2_I

.ti -29 L. LS

;*tl . [ I _ i _ 3 L. L6

a[;: .17 .d4 i.:6

b • L 7 .d2 i • LL

C .i '_ ,_d*] i•:{ l

4 _ .iO •25 I. -

:' .il lEh I i .i •

.... L'

• r_ •O< . )i i llt

: , )l[ "l , {] [ 1 f ['

_. .fj

- • 'i .....

3 .22 . [_]06 ,4¢)H .49{J. _ . 1¢'1' - .....

3.8B .2o6 ._97 .4_8 .47 ......

5.25 .i4 .k_L .'*ql !.,C .....

5.%% .1_4 .455 .M_i ._C ......

_,.(,i .i% .9_h " (t')i_ " "'_ ......

a.gk /41 .'P> .%_31 ,_' --- _ 85

4.1,8 ,£L . _.,_j , ;,!/_ !' I --- _,:5}

._g .,zi ._-5 ._ .i,, --- 2.69

3.oz o._7

3.39 . b8

3.95 .b7

4.4: .46

:, .88 .k6

b. 30 .46

7.31 ---

5.6L .75

4,41 .46

5 36 .46

h. 6:: 4[i

ILjI• t

i; k- /: _ _'h(i_)

(_C:_)W (,Q]

.£l r3 .;!H ,_;i j .¢:

.i_: .+l+ : . _e:

• H/ ,_[_ J. , r:

'_? " :)'i' 3' a;'l

,:_ -::5 ,6 3 -' . ,. 43

L _a ._, .!j4 Z .o'i >. g,

b ,d4 '}4 i.qO

<" 24 .gh 3.3Z

4!* .24 .9'_ 2.(3 ]*

:P.& .24 . ' )4 d. l t }

I Se_ foo%no%,a I, bg%_ of T_blo II(b).

(_" : A_'PCmJ:'n_ic cl_racterlsties - 5 w_ri_tbll

Th{_r et icE_i L-x], _•r im'':i1_il

Ccjtt._•_" _I ¸ i,r,•SSl_r, ¸ i:i1' c._;

! : _(B} \ %/c T -7-

i .4% .444 . h4 2 ,,"'F

4 14 .L55 .444 4_ L_ 4_

" 954 " [}53 ' 9 _ ....

_,(4 .905 .477 .49 ---

' -J-{21 .[)i 3 .42_7 .49 _-

3.34 1 > *If" .*,67 .47 258

",<3 5_5 457 _ 2.25

3. i.6 .%5 •475 ._ 2.96

:, it7 c.765 ---

:!. 74 ._38 ---

_. S', .I_39 ---

J " L_) .......

}.o3 .... 78

;_.8L ._9_ ._

3.09 .... 49

B._7 .... 49

3.26 .490 .h8

e_.75 ._98 ._6

3 .Te ._6 7 .¢8
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TABLE III.- SUMMARY OF GE0_fRIC AND AERC_YNAMIC CHARACTERISTICS AND TEST CONDITIONS FOR
WING-BODY-TAIL COMBINATIONS

(a) Geometric char_cterlstlcs

l_ll

No.

lO1

102a

b

c

d

e

i0_

b

10&

I05

107

109

_0

_2

_3

_4

_9

_6

_7

ll8

ll9

12_l

123

Sketch

-===_=@

_M _R ST Surface or t BA ALE ,

M. R_°-_ _ T T _ _T/_ c aeg
_ _r
r N s Source

wing
1.99 .al 3.8.6 .50o 1.ooo '3°9 tail

wing
.20 1.86 22, 5 .483 .12_ "252 tall

.5o 1.86 22.5 .483 .128 ,252 wing
tail

wing
.70 1.86 22. 5 .483 .128 "252 tall

wing
.80 1.86 22.5 .483 .128 .252 tail

.9o 1.86 22.5 .483 .12b .292 wing
tail

•89 6.0 32.6 ._e5 .157 9.00 wing
tail

wing
1.25 9.2 32.6 .925 .157 9.0O tail

wing
1,90 1.[9- 3t.8 ._08 .197 .39e tail

1.93 .33 ?-1.9 .522 .091 .839 wingtall

wing
1.93 .33 22.8 .9_i .088 .931 tail

wing
1,93 .33 22.8 ._i .088 1.01 tall

wing
1.93 -83 22.8 ._l .088 5.74 tall

1.93 .83 22.8 .SA1 .088 23.10 wing
tail

1.93 .83 22.8 ._i .088 10.30 wing
tall

wing
1.93 .83 22.8 .541 .o88 5.79 tail

1.92 .ho 25.0 .477 .143 .221 tall

wing
1.92 tail

wing
1.92 tail

1.62 wing
tail

wing
1.62 tail

wing
1.62 tall

wing
1.62 tall

wing
1.62 tall

wing
1.62 tall

wing
1.62 tail

wing
1.62 .35 25.7 .486 .o78 1 tail

1.62 ._ 25.7 .4@6 .078 .667 wing

wing
i .62 .52 25.7 .486 .O78 .667 tall

.4o 25.0 .%3 .143 .__z

.4o 25.0 .649 .143 .22.1

.23 25.7 .I_6 .o78 1

•23 25.7 .486 .078 1

.23 25.7 .486 .078 1

•23 29.7 ._86 .o781

•23 25.7 ._86 .o78 1

•23 25.7 ._36 .o78 1

•35 25.7 ._86 .o78 1

• 357 .08 6.88 L5 o 1 .200 Ames
-8Td .08 6.88 45 0 1 ._10 1 x 3 ft

.440 .042 3.43 9.45 .5_6 .992 .179
•899 .042 3.43 9.45 ,9A8 .488 .176 Ref. 29

.i40 .0_2 3.02 9._9 .546 .99"2 .179
•895 ,042 3.03 9.45 .948 .488 .176 Ref. 29

.440 .042 2.49 9.45 .9/_ .992 .179

•895 .042 2._0 9.k_ ._48 .488 .176 Ref. 29
.4ao .0_2 2.10 9.4_ .[9,5 .99_ .179

87_ .042 2.10 9.4_ _,_ .4_3 .176 "_" 29
[,_,,u .042 1.52 9.45 .546 .992 .179
•89_ .o_2 1.53 9,45 .[_8 .488 .176 Ref. 29

._95 --- 1.05 60 0 i .467

•597 --- 1.O_ 60 0 1 ._6 Eel. 40

.226 --- 1.73 60 0 I .467
--- 1.7_ 60 0 1 .2_26 Ref. 40

[_3_97 .03 1.87 0 1 1 .716 Ames

.809 .02 .78 0 I 1 ,405 6 x 6 ft

.4_6 --- 1.69 6O .323 1 .465 Langley

.869 .049 2.03 60 .305 1 -465 9 in.

.507 --- 1.69 60 .323 1 .465 Langley

[_77 .064 5.5xi 0 1 1 .333 9in.--- 1.69 60 ,523 1 .46 5 Langley

.8_3 --- 3.16 45 .35e 1 .:_8 9 in.

.290 --- 1.69 60 .3e3 1 .508 Langley

.636 .-. 1.03 70 .boo l .356 9 in.

._o_ --- 3.81 6o 'o i .579 langley

.6_6 --- 1.o3 7o ._oo 1 .3_6 9 in.
•376 --- 3.81 60 0 1 .47'9 Langley

.636 --- 1.03 70 .400 1 .396 9 in.

.349 --- 3.81 60 0 1 ._08 'Langley

.636 --- 1.o3 70 .4oo i .396 9 in-

.408 .06 5.64 0 1 1 .i_0 Ref. 37

.920 .o6 5.14 0 1 .814 .228

.h9& .o6 5.64 o 1 l .1_o Ref. 37
.�eo .o6 9.14 o 1 .814 .228

.648 .06 5.6_ 0 1 1 .zbo iRef. 37

._0 .06 _.14 0 1 .814 .9_8
• 395 --= 3.31 0 0 1 .350 Langley

.88o --- 3.31 o o 1 .39o 9 in.
•5_2 --- 3.31 o o 1 .35o Langley

.880 --- 3.31 o o 1 .35o _ in.

• 355 --- 3.31 57 0 1 .350 langley

.88o --= _._ o o 1 ._o _ in.
•gP-e --- 3.31 57 o 1 .35o .Langley
.88o =-- _._ o o ]. .39o 9 in.
• 355 --- 3.31 57 0 1 .350 Langley

.88o --- _:_ 57 o l .390 91n..922 ---' !57 0 1 .350 langley

.8_o --- _.31 i57 o 1 .35o 9 in.

•355 .06 1.66 0 i ,1 .350 Langley

.88o .06 1.66 0 1 !1 .390 9 in.

.[_ .06 1.66 0 1 1 .350 Langley

.88o .o6 1.66 o 1 1 .35o 9 in.

.32.7 .03 11.1-I 0 1 1 .390 Langley

.880 .03 1.66 0 1 1 .350 9 in.

•_93 .03 1.1-1 0 1 i .350 Langley

.880 .03 1.66 0 1 i .3.50 9 in.
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TABLE III .- SUMMARY OF GEC_TRIC AND AERCDYNAMIC CHARACTERISTICS ;C_D TEST CONDITIONS FOR
WING-BODY-TA/L C(_INATIONS - Concluded

(b) Aerodynamic characterlltlcs

KN KB(W) KW(B) KB_) KT(B)

Theoretical Experlmen%al

iLift Center of pressure %Lift c.p.

oi(° Ic (4/ IN YB(W)_ YW(B)a _B(T)_ IT(B): _C_ ZC_ BC C
Sc _c L cL_ cL CL_ T _ z z z _ z -Y-

w T C B

.17 .23 1.16 .12 1.27 4.00 4.0oi01

i022 .08 .24 1.14 .%4 1.14 3.47 3.&8

b .07 .2h l.lh .2h 1.14 3.16 3.16

c .07 .24 l.lh .2h i.i_ 2.83 2.83

d .06 .2_ 1.14 .2_ 1.14 2,51 2.51

e .o6 ,2_ 1.1_ .2_ 1.1_ 2.02 2.o2

lO_ .96 .74 1.42 .32 1.19 1,32 1.32

b .89 .62 1.42 .27 1.19 2,34 2,3&

104 ,08 .51 1.18 .62 1.36 2.93 1.50

.68 7.99 7.20 .154 .558 .50o .9_I .951 .575 .535

•27 6.45 5.56 .229 ._80 .4_5 .915 .918 .557 .521

•23 5.71 5.16 .229 .480 .485 .915 .918 .5_7 .519

•19 4,70 _.21 .229 .478 .485 .915 .918 ._65 ._5

.16 _._0 4.02 .229 .477 .485 .91_

.12 3,60 3.17 .229 .474 ._85 ,912

•_ _.51 2.06 .104 .257 .261 .683

.23 4.17 3.40 .i0_ .281 .267 .Tl_

.2_ _.7_ 5.19 .z82 .547 .475

105 3(.82) .63 1.41 .26 i._i 2,_4 3.12 2,01 12,77 8.70 s(.165 .64<}

106 (.82) -63 1.41 .o6 1.29 2.94 3.6_ 2.oi 12.87 11.73 (.118] .69_

107 (.82) .63 1.hl .i_ 1.35 2.9_ 3.67 1.99 13.81 i0._i (.118] .655

108 (1.15) ,69 1.46 .9_4 1.31 2,94 1.94 .47 4,98 4.26 (.i18) .431

109 (3.48) .70 1._ .5 _ 1.31 3._1 1.9_ ,_9 4.54 4.16 (.i18 ._05

.918 .558 .515

.918 .559 .510

• 701 .602 ._81

.Tl9 .627 .607

•931 .86_ -559 ._o8

.57_ ._6

,591 .982

•591 .96_

,361 .868

,_o .868

--- 7.7_ .5_o

--- _.2o ._o9

--- _. 85 ._00

--- a.29 ,_93

--- 3.87 ._89

--- 3.11 ._83

--- 1.97 .583

--- 3.38 .6o3

--- 5.00 .$89

.9_8 .635 .488 _.41 8.39 _---

• 973 .6_7 .616 2._1 [1.15 .599

• 959 .662 .961 2,39 [o.7_ .55_

•830 .666 ,625 .59 "3.90 _.595

830 .718 .705 -59 3.77 .683

ii0 (1.55) .52 1,23

lZl (.87) ._ 1.36

112 (.07) .12 i.Ii

113 (.07) .12 1.11

11_ (.07) .1_ Z.ZZ

ll} (.48) .53 1.30

•S& 1.31 3.91 1.94 ._9 4.92 4.16 (.I18 .492 .432 .868 .83o .696 675

._4 1.51 3.91 1.9_ ._9 5,39 4.26 (.118 ._82 .431 .868 .830 .672 .629

•O7 1.19 3.65 3.60 ._3 5.73 5._5 (.036) .>46 .471 .968 .95 _ .548 .529

.07 1.19 3.65 3,60 .23 5-73 5-45 (.O36) .632 ._62 .968 .954

•07 1.19 3.6_ 3.60 .23 5"73 5.4_ (,036) ,719 ,6A8 .968 .994

•53 1.30 3.62 3.62 1.91 14.97 9.78 (.162 .490 .390 .953 .914

116 (.48) .53 1.30 -53 1.30 3.62 3.62 I.DI 14.97 9.78 (.162) .617 .968 .953 .91_

117 (.48) -39 1.30 -53 1.30 3.62 3.62 1.51 14.53 10.73 .162 .461 .43o .953 .91_

118 (.h8) .39 1,30 ._3 1.30 3.62 3,62 l,_l 1_.53 10.73 .16_' .628 .597 .953 .914

1.19 (.48) .39 1.30 ._0 1,3o 3.62 3.62 1.51 13.29 9._9 .162' ._61 .$30 ,9_3 .9)_

120 (.48) .39 1.30 .2o 1.30 3.62 3.62 1.51 13.29 9.49 .162 .628 .597 .953 .954

Sl_l (.31) .39 1.3o .53 1.30 2.79 2.79 .76 11.o2 6.79 .162] ._61 ._o 3 .952 .927 .638 ._57

ml_ (._i) .39 1.30 .53 1.30 2.79 2.79 ,76 i1,02 6,79 (.162] .628 .570 .992 .927 .71_ ._81

_123 (.26) .53 1.30 .53 1.30 2.19 2.76 .50 7.96 4.67 (.162) .411 .367 .992 .927 .60_ .371

e124 (.26) ._3 1.30 .53 1.30 2.19 2.76 ._0 7.96 4.67 (.162 .578 .533 .9_ .9_7 .689 ._i_

"All lift curve slopes (per radlan) referred to exposed area of larger lifting surface except BCLc _ or _CL_ T.e_alue by neglecting wing-tail interference,

S( ) indicates experimental value used in theory for combination.

_Experimental CL or Cm curve nonlinear near _ : O.

WAlden-_chlndel technique applied in estimating interference,

•59 3.82 .663

• 59 4.00 _.6o_

-_3 5.24 .527

.615 .595 "2_ 9"31 -59_

.682 .661 -23 5.36 .673!

.609 .446 I,Ta 9.09 a._86

.686 .56h 1.72 9.9_ .57o

.628 .52_ L.T_ 1o.o2 ._5

,698 .62L 1.72 9.82 .6L9

•613 ._92 1.72 9.00 ._86

.690 .600 1.72 9.00 .580

.87 6.99 _---

.87 7.o5 .588

.98 _.55 .392

•58 _._8 _---
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CHARTS

The charts that follow pr(_,st'ut uumeri(+_d vltluc,'+ for the

qtmntities necessary t(> oI)(_dn the lift au<l<'cnter-of-l)resstlre
t)(>siti()tts of "wing-hod 3" au<l wing-1)o(ty-lail coml)itmtions t)y
the ntetho(l of this rcl)ort.. The <'harts +ire sufli<'ietxtly ac-
curate t.() oslinmt.e th(! lift. of ('<)ntl)intiti()ns withill -+-10 per-
<+('tit.tln(I to determine lhec(,nt(,r of l)ressur(, of (.he ('oillt)ina-
tiottswithin ±0.02 ho(lylength. Aguide tothelo('talion of
tlie l)+'ra meters follows :

l>_+r,+m+,tcr ('o_diti._+,_ (TDacl

Kw.+> X----l, _+t_2, 31:_.i .............. 2
other <.on<litions ................. 1

/C,,.:,-j (+2.t)(l-+-h)(,,l_+. )>_4, td'terl)ody__. 4 (a)

03+I)(I +X)( j+pIB+]- >4, no aflerbody_ 4 (I,)

............
l')++(,) k---I _)+1_'> :l/ .... 3/ +,, .............

other <'<)n(Iiiions .................... 1

p(IP+O tttc[+'_ .

+fly -- 1' zv

NIV--I' W

JW -- 1' w

'_'+W --/+W

+.

r+(_.+..

(7/<", )u

(7Ie,).-,.,,

(73'Y,,._,,++

'IC+/c.)._,,-
s)..

of /

(_tc,),,.,,..+j

( '. :idit io ++,.+ Ci_ +_rl

+_ 1

+l[+<_ 1 ............. 5

.1[+7;. I ........................... (_

(for X--l, see Al)l><'il(lix C) ........ 7
=11:>i .....................

slen<lel + og'ivl/l tl( _t, _ ........... 9

ill: _]> l ................. I0

M<+<+.................. it
X--_()_ A v+,,+,_ 0 ............. 13

other ('Oli(liiions list' (J"/Cr)W

X=(), AVE--0 .................. 13

X=l, M<+_, 1................ 1'_,
oilier cot)<dil, iolis use (;_'/c,)iv

+l/<+ _-,, (,&l) (1 -+- X)(, 1 +,,i,2) >_ 4 .....
14

J/<._'l. low nslie('t, ratio .......... 15
-l/++<i 1...................... 16
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R_d,us-sem_spon ratio, (r/5) w or (r,/s)7

OHART 1.--V_du_'s _)f lift ratios hased on _lcnd(,r-t>ody th_,ory.
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Redius-sem_spon rotio, r/s

(h[,_RT 2. -Vahz_'_ of Kw(m or Kv(u) for rectangular wing and body

eomhinai ions.
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(I)) No :ffter|)ody.

(tHA]{T 4. C,_)_wht(lcd.
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I I

3.2 3.6 4%0
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(a)

X:I
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0

J

I

I

,8

.6
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11

i
_/2

---------- ________ ©
---------.-.-._ __

.4

.8

.6

(c)

_ -.-,-,._.__,._
----------.-..._ ..__..._._._.._

.---.---.__,.__

(:tb No h'ading-t,dg_, swct,p.

2 5 4 5 6

Effeclive ot, pect rotio, /3_

(h) N() midchord sw{,(_p.

X=l

k/2

0

7

(c) N_> lrailing-,,[tg,, sw_,_,l).

CHART 5. -Chart for d('tvrntination _)f wing vortex lat(,ral ][)(_siti(ms at subsonic .,,1)eeds.
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(a) No leading-edge sweep.
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7 8
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4 5

Effective aspect ratio, /3,4

(b) No midchord sweep. (e) No trailing-edge swe4.p.

CHART &--Chart for determination of wing vortex later:d positions at supersonic speeds.
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interference t3c!of
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i
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i

2,0 2.4

(h) _T =0, (r,',)T:=0.2

(_tt ',I'VI" i. ('h:u'ls for deterznitmAion of tail inlq,rfevenlee filcll)r :r_; dct(,rmined I)y _tr'i l) thuor._.
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IAI,'T AND ('ENTEI_ OF PI_ESSUI_E OF "_VIN(_-BOI)Y-'I'A1L COMBINA'J'IONS

--1:0

/=-0.2/

/
/J

/ /
I

.J

/�el,

1.6

.8

.4

0

_:-0.2

/

.4

._____L _--

r

,ortex qoterol pos,l_on, (f/S)T

f.}21



{_'2"2 REPOI{,T 131)] NA'I'I()NAI_ AI)VISOICY ('(_MMITTI, iE t.'(H( \Ett(_NAI'TI(',_

i

i

.8

0

(h)

(g) vXv-=,,_, (r/,_)7' =(). I
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( '1[ A aT 7.--(_o_ttiuue(t.
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Vortex lateral position, (f/s) T
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CHAaT 7.--Co,tim,.d.
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1 I
------ Exlrapolation
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(h) No nddehord _wc_'l).(a) No h'ading-¢,dg_, s_(,el).

CItART 10. (Tmrts f(_r wind-:done c_mtt.r of 1)ressqre "_t, stlf)_'rsonic speeds as determined I)y lin_,'_r theory.

6 7

(c) No trailing-(,(lg_, s_('ul,.
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Effective aspect ratio, /3A

k=l
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(b) No midchord swt'_'l).

(-_HART ] 1 .--('harls for wi_-ahm,, (',,nh, v of l)rcssuro :it suhsonfi(' Sl)_,(_ds :_s d(,t(,rminud by lifting-line theory.
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Body-radius, wing- semispon ralio, r/s

CHAttT 12.--V:tttl(_s of <,=,'++.)"+tC/_)+ <)t...'+x/(_)TCIj)'-" + from[lJttear theory+ for ro(!tzltigtll;tr_witlg (or, t, ltil) and body coml)in_ttioi_s +_t +uj',crsoili(+ ,Sl)C,t,(|+.
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I

400 .i .2 .5 .4 .5 .6 .7 .B .9 1.0

Body radius, +,'_ng semispan ratio, f,/s

CIIAIVI' l:}.--C(,llt(_r of i)resstlrc , (if lift itt_lilig ol1 t,rililiglliar wing (or" tltil) l):tnol ill coillt)imllioll with it t)o(tv, from sle.lt(h,r-t)ody tll(_ory A r_:= )).
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