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LIFT AND CENTER OF PRESSURE OF WING-BOI/Y-TAIL COMBINATIONS AT SUBSONIC, TRAN-
SONIC, AND SUPERSONIC SPEEDS

By WILLIAM C. PITTS, JACK h’. SIELSEN, and GEORGEE. KAATTARI

A method ic presented.

SUMMARY

for calculating the lift and center-of-
pre.ssurecharacteristics of circular-cyl{ndricaj bodies in comb-
ination uith triangular, rectangular, or trapezoidal wings or
tails through the subson~c, transonic, and supersonic speed
ranges. The methodis restrictedto unkgs which are unbanked
and do not hazesweptbacktrailingedgesor sweptjorwardleading
edges. The method is jurther restricted to small angles oj at-
tack and small angles of wing and tail incidence. To obtain
the wing-body interference, certain factors are dejined that are
the ratios oj the lijt on the components in combination to the lift
on the wing alone, These ratios are obtainedprimarily by slen-
der-bodytheory. The wing-tail interference is treatedby aswun-
ing one completelyrolled-wpvortexper wing panel and evaluating
the tail load by strip the;ry. A numerical example is included to
show that the computing -form and design charts presented
reduce the calculations to routine operations. Comparison is
made between the estimated and experimental characteristics
jor a large number of wing-body and w4ng-body-tail combina-
tions. Generally speak@g, the lijts were estimated to Within
&10 percent and the centers oj pressure were estimated to
within &O.O,t?oj the body length.

INTRODUCTION

The problems of the interference among the components
of atiplanes or missiles have received much attention be-
cause of their great importance in high-speed aircraft
design, This importance is due to the interest in designs
employing large fuselage radii and tail spans relative to the
wing span. O,ne of the notable methods for determining
wing-body interference at subsonic speeds is that of Len-
nertz, reference I; data supporting the work of Lennertz
are presented in reference 2.- Laborious methods are avail-
able (refs. 3, 4, and 6) for computing the interference load
distributions of wing-body (or tail-body), combinations at
supersonic speeds. A simple method is presented in refer-
ence 6 for estimating the effects of wing-body interference
on lift and pitching moment when the wing is triangular.
One of the notable methods for calculating wing-tail inter-
ference in subsonic aircraft design is that of Silverstein and
Katzoff in references 7 and 8. For supersonic speeds,
Morikawa (ref. 9) has examined the four limiting cases of
zero and infinite aspect ratio for wing and tail and has
found that the loss of lift due to interference can be as large
as the lift of the wing itself for equal wing and tail spans.

Using slender-bocl.v theory, Lomax and Bjml (ref. 10) have
analyzed the wing-tail interference of a family of combina-
tions having swept wings. Several authors have studied
problems of the nonuniform downwash field behind wings
in combination with a body at supersonic speeds; I.ager-
strom and Graham (ref, 1I ) prescn t solutious for certain
vortex models representing the downwash field. T]le
assumption of one fully rolled-up vortex per wing panel
should provide a good prediction of t,hc downw&h even
relatively close behind unbanked 10w-aspect-ratio triangular
wings at small angles of attack. However, for large aspect
rat ios or high angles of attack more than one vortex per
wing panel is probably needed to provide agreement between
theory and experiment. With regard to the problem of
determining the tail loads due to a nonuniform downwash
field, Lagerstrorn and Graham (ref. 11) advocate the use of
strip theory. Alden and Schindel (ref. 12) have developed
a method based on linear theory for cletermining the tail
load in certain cases.

The purpose of the present report is twofold: first, to pre-
sent a unified procedure for calculating interference effects
and to examine the assumptions underlying the procedure;
and, second, to, compare the predictions of the method with
experiment in order to estimate the accuracy of the predic-
tions and their range of application.

SYMBOLS 1

PRIMARYSYMBOLS

AT tail-alone aspect ratio
Aw wing-alone aspect ratio
z mean aerodynamic chord of wing alone or tail

alone, in,
c~ chord at wing-body juncturc or tail-body juncture,

in.
c~ tip chord of wing or tail, in.
Cg wing chord at spanwise distance y from body axis,

c, hi~ge-momcmt coefficient based on wing-alone area
C,a rate of change of hinge-moment coefficient with

angle of attack, per radian
ch~ rate of change of hinge-moment coefficient with

wing incidence angle; per radian

1The wingalone or tail aloneiealwaysde5nedto be the expoesdpaneleof the wingor
tailjoinedtogether,

1
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lift cocfliriellt tmsecl on wing-alone mvti excupt tail-
alonc lift c.oefEcient btisccl on tmil-alone arm

]ift-cumw slope for allgleof tittticlt, perr~l(lia[l (ull-

1WSotherwisv specified)
lift-curve slope for wing or tail incidcncc, per radi~ln

(mdrss othcrwiw speeificdj
pitching-moment. codlirient bnsed on wing-alone

area.
]Iitc]lillg-nlonlellt-c-url’c Slope for tUl@ Of tt~ttlC~i:

perrucliwl (unless othcrwis cspucifkcl)
]Iitclli]]g-l]lomer] t-c:l]rl”c slopc for win.g-incidcm’o

angle, pm (leg
b(lydiwncter, iI1.
cornplete elliptic ititegral of scrod kind
l~~illgvorte.xsenlisptlt] at tail posit: iotl, in.
wing vortex semispan at wing trailing edge, in.
wiug vortex sc+mispfm for large downstream dis-

timces, in.
Alden+chindel inffuencc codliciwlt. at spmlwisc

distance ~
image vortex semisptm at tail position, in.
image vortex semispan a-t wing trailing edge, in.
height of wing vortex above body axis at tail center

of pressure, in.
ttlil intmfcwncc fartor
rat io of lift component to lift of wing alone or tail

alone for variablc wing or tail incidence
ratio of Iift component to lift. of wing tdono or tuil

done for variable angle of atttick
rat io of Iif t of body nose to Iif t of wing alone
]engt h of wing-body-tail combination, in.
clist~1.ncefrom mos~ forward point of body to inter-

section of wing Ieacling eclge and body, in.
clistance from most forward point of body to center

of momentsy in.
moment refcrencc Iength, in.
dist ttnce from most “forward point of bocly to

shoulder of body nose, in.
dist.ancc from mos~ forward point of bocly to inter-

st?ction of tail ]eaclirlg edge and body, in.

clistance from most forward point of bocly to center
of pressure position, in.

lift force, lb
Iift, on tail sec!tion due to wing vort ices, lb
lift on body section between wing and tail due to

wing vortices, lb
cotangent “ofleading-edge sweep angle
pitching moment, lb-in.
free-st.ream Mach number
static pressure difference bet ween top and bottom

of wing, lb/sq in.
free-stream dynamic pressure, lb/sq in.
body rtulius, in.
body radius at shoulder of nose, in.
body radius at wing, in.
body radius at tail, in.
ReynoIds number bwed on Z of larger Iift.ing

surface

maximum swnisprm of wing or t~lil in (*f}ltll)i]]/lti(.)tl
with body, in.

rross-seet io]lttl ur(w of Imsu ~lt maximum sw’t il}ll,
sq in.

rcferunce tireti of mnhim~tion Iift md!irirnt, sq il~.
tail-alone area, sq ilt.
wil}g-nlont’ awa, sq ill.

rntio of wing maximum ttlil’lill(%s to cllonl Iwgt.11

volume of body, cousi{?wing the bwly as rylindrith}d
bohill(l t Ile posit ion of maximum rross slwt ion,
cu ill.

vohmw of body Ilose up to shouhl~’r, {Iu in,
frw+st warn velocity, il@w
strearnwiw, spnnwist’, and Yerticd coordimtw,

resprctiwdy
dist unce to center of prmsure nwaswvd fronl int rr-

scwtion of witlg leadil]g wlgc ml(l bwly fm wiu:
qutmt itiw nnd from int ersert ion of tail 1(wc1ilqg
edge and body for ttiil quantitiwl in.

distance to lord center of pressure ut sp~lt~wiw
dist ante y measured fronl int mwet ion of \\-iI]g
leading edge am] body, in.

dist ancc from interscrt ion of wing lrmling edge uml
body to wing hil]ge Iim, in.

tingle of tit tuck of body cent erlinc or of wil]g
alone, radinn (unk’ss otherwise sperifi(:dj

IOctil angle of tit ttlCli $It spanwisc ]oi!at iml # from
body axis, radians

\!~~~2q

wing-done or tail-alone cflert ivc aspect ratio
circulation, posit ive comlt wclorkwisc facing up-

stieam, sq in./scc
circuktion at wing-bmly junctur(’ of combination,

sq in.~sec
wing-or tail-incidence anglc, radians
wing smniapex angle, deg
spnnwise variabh~ of int egratiml

()taper rnt.io, ~

sweep angle of leading. edgy, d~g
sweep angle of’ truiling cdgej deg
free-stream density, shlgs/cu in.

SUBSCRIPTS
body
combination, either wing-bwly or wing-body-t tiil
combination minus nose
forcbody
body 11OSC
td
wing vortex
wing
.AMen-%hindel theory
body in presence of tail
body in presence of wing
strip theory
taiI in presence of body
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W(.B) wing in presence of body
a variable, 8 constant

; 6 variable, a constant
W(B) a wing in presence of body and. a variable, ~ constant

Other compound subscripts to be interpreted similarly to
the preceding compound subscript.

GENERAL THEORETICAL CONSIDERATIONS

Before presenting the detailed development of the method,
an outline of the approach to be followed is presented. The
theory is restricted to small angles of at tack am-l small angles
of wing ancl tail incidence. Attention is focused on pointed
bodies having wings and tails mounted on body sections of
uniform diameter, For the sake of consistency, t,he forward
lifting surfaces are termed the wings, even in cases of canard
configurations. Both wings and tails may have variable inci-
clence, but, cases of clifferential incidence between opposite
panels of the wing or tail are beyond the scope of this report.

Toil afterbody --7
Wing

E::K>-af’erb”y >7

(cl)

(b)

(a) Parts of a wiug-bocly-tail combination).
(b) Lifts without wing-tail interference.
(c) Lifts due to wing vortices.

FIOURE I.—Parts and lift components of a wing-body-tail combination.

The terminology is indicated in figure 1 (a). 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 analjwis, the lift of the wing-
body-tail combination is taken to be the sum of the seven

principal components indicated in parts (b) and (c.) of figure 1.
These components are:

1. Lift on nose including forebody, LN
2. Lift on wing in presence of body, LW(B)
3. Lift 011body due to wing, LB(W)
4. Lift on tail in presence of body, L~(B)
5. I.ift on body due to tail, L~(=)
6, Lift on tail due to wing vortices, L~(v)
7, Lift on wing afterbocly due to Wing vortices, LELv)

All coefficients, except those for the tail alone, are basecl on
the exposed wing area. The lift and cent w-of-pressure
position calculation procedures for tail-body int erfwence
are identical to t.hose for wing-body interference, except, for
a term to refer the tail-body interference lifts to the wing
area; therefore, they will not be treated separately.

The rnethocl presented “for computing the wing-body and
tail-body interference (components 2 through 5) is based
primarily on slender-body theory (ref. 13), In this theory,
Spreiter has shown that the first term of the wave equation
for the velocity potential

(Mm’- l)qJ=,-(p”v-$02z=o (1)

can be ignored for slemler wing-body combi]lations! so thn.t
equation (1) reduces to I.aplace.’s equation in the y,? plane.
Using this simplification, simple, closed expressions are
obtained for lift-curve slopes,

It. is well known that for wing-body conlbinations which
are not slender, lift-curve slopes are overcst ima td h.v
slender-body theory (ref. 6). However, this fact dol’s l~ot
preclude the use of slender-body theory for l)omlwdur coll-
figuratlions since, in certain inst antes, the ratio of the lift
of the wing-body combination to thtit, of tlw wing nlm~v call
be accurately predicted by slender-body theory, m-cm tllougll
the magt~itudc of the. lift-curve slope might br incorrect,
From the foregoing ratio, which is csdlccl Kc, aml n goo(l
estimate of the wing-alone, lift-em+c slope, tlw lift-curve
slope of the combination can be obtainwl. This was essen-
tially the method used by Nielsen, Kat mm, and ‘1’awg ill
reference 6 to predict the lift and mommt charncicrist ics of
triangular wing-body combinations. Good agrecnumt lw-
tween experiment and theory was obtained.

With these facts in mind, the method usecl by ]f.orikawa
(ref. 14) for presenting lift interferel]w. is adopted. Tn this
method, the wing alone is defined as the exposed hnlf-wil)gs
joined together. The lift of Lhe combination is wlat cd to
the lift of the wing alone by the factor Kc whirh is to be
determined.

Lc=KcLsv (2)

The factor Kc is decomposed into thee factors ~{B(W)j

KW(B), and ZCNwhich represent the ratios of the body lift,
wing lift, ancl nose lift of the combination to that of the
wing alone.

KC=KB{W)+KW(B)+KN (3)

KB (W)
_~B(W) _ (~La) ~~wj *=0

& (cL.)w

_&v= (eLa)W(B)
KwcBj — ~zv

(%)W
6=0

(4)

(5)
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L4,r_ (GJN
‘N=z (c.a)w

(6)

The factors KB(W)and KwB, are defined for the case in which
the anglo of attack of the combination is varying but the
wing- (or tail) incidence angle is zero. For the case in
which the incidence angle is varying but the angle of attack
of the body is zero, two ana~ogous factors arc defined.

(7)

(8)

So far, only a way of representing lift results has been
presented, The solution of a problem requires a cleterrnina-
tion of each of these ratios. Then, the lift on any component
can be estimated from the wing-alone lift-curve slope. The
best wdue of the wing-alone lift-curve slope that is available
should be used; preferably the experimental value. The
detailed determination of each of these ratios is presented
in subsequent sections of this report. In general, slender-
body-t,heory values are computed. These are compared
with values computed by other methods and ultimately with
experimented results. There are some conditions for which
slender-body theory is invalid or for which more exact
methods are available. These are pointed out and the
slencler-body-theory values for the ratios are replaced.

LIFT THEORY

The lift theory as developed is for the angle-of-attack
range over which the lift curves are linear and is equalIy
applicable to subsonic and supersonic speeds unless otherwise
noted.

LIFTOXBODYPJOSE

From equation (6)

c&N=Kjv (c\a) # (9)

For the calculations in this report, L~ is evaluated by use
of slender-body theory,

h=gurN2a
q.

(10)

LF=O (11)

so that
%’rN2

=’~=sw((?=a)~ (12)

It is known that slender-body theory is usually not suffi-
ciently accurate to determine body-alone lifts in cases such
as nonslender bodies or large angles of attack. However,
for combinations which are not predominantly body, the
nose lift is not a large part of the total lift, and slender-body
theory generally gives satisfactory results, If improved accu-
racy is desired, Iincar theory, the viscous cross-flow theory
of reference 15, or experimental results can be used.

LIFTONWWGIN PRESENCEOFBOK)Y

Angle of attack ,—From equation (5)

C!W(B)=X&, ((i=) # (,13)

when 5=0, The value of (C~~)Jr from cxperimm t shouhl
be used if avnilab~e; otherwise the value from linear themy
should be used. Therefore, obtaining ~Lff,(BJ dcpmk OH

obtaining KIV(B).
The value of iTW(~}given by slendw-body thwny [rrf, 14)

is

Z&(,) =

,{(l+$)[it+(;-:)+:]-$[(w+’’t’’’-’;]}
r r’

()
1—-

,s (14)

(The assumption is made thut no negtitiva lifi is dcw’lopwl
behind the maximum wing span. tJones (ref. 10.1htis point [.’(1
out that for wings, at. least, the negfltive lift prwlirtwd on
these sections by slender-body theory is prmwnt cd by
separation.) This function is plotted in clitiri 1. In the
limiting case of r/s=O the cmnbina.tion is all wing and t lw
value of KW(E)= 1. As r/s approaches unity, there is a vrry
small exposed wing. For this small wing, the body is
effectively a vertical reflection plane and t hc anglo of at t 1A
is 2a due to upwash (m is (lisrussecl lat w). ‘This makw
Kw,~)=2.

It is clear that the values of KW(~) shoukl bc satisfautor.r
for slencler wing-body combinations. However, thuy cannot
be used for large aspec~ ratios, for which slcmh’r-body t hwmy
is inapplicable, without further invest igution. An approxi-
mate method for evaluating KW(E) is to suppose thnt tlw
exposed wings are operating in the upwash field of the bo(l.v
alone and then to culculat e the resultant, wing lift. Ncglw’t -
ing any effect of the nose, it htis bcwn pointed out (ref. 17)
that the upffow &le CIUCto the body vuries spanwise on tlw
horizontal plane of symmetry as

()cl,=% 1+$ (f5)

where. ~ is the lnttuwl disttincc from the body uxis. ’17w
wing is thus effectively twisted by the body-alone flow. Jf
now the upwash angle given by equaticm (15) is t tikcn into
account by using strip theory, an approximate c value of
Kw(nl is obta.incd as follows:

J

8
a“qly

KW(B)= r ,,

J

(l U:)
a~ c#(fy

r

Equation (16) does not include tip effects, The fo]iowing
expression is obtainecl in terms of r/s and tapm for wings of
uniform taper.

h rz(l –h) ~rL ~

&(B) =

; (l+x)–~-— ~2_),2
0 r

()

ls—r. -
(17)

Z? -r ‘l+k~

It is notable that KW(B)does not depend on aspect rtitio.
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Equation (17) was used to determine Kw(B) for A=O, +,

and 1, and these results are compared to those of slender-

body theory in figure 2. It is see; that the effect of taper is
small compared to the effect of r/s. Both theories give
nearly the same values at both high and low 7/s, but the
upwash-tjheory values are, in all instances, greater than those
of slender-body theory. h’owhere is the difference of great
significance. Although account has been taken of the
upwash induced along the wing span by the body in the
determination of ~w(B) by upwash theory, no account has
been tuken of the loss of lift due to interaction between the
wing and the body of the. winged part of the combination.
For this reason, Kw(~) will be too large. Therefore, the
sle~lcler-bocly-tlleory values of ~w(B) should be usecl for all
combinations.

2.C

1,~

1,:

I.7

If

-G

k
K

& l,:
~

kk

1,4

l,?

1,2

1.

I.c
(

1 I /v
/ /Ai’

Jpwash
Theory

),=o--- --

Lo-. -. .

/ I I I
/’

4 .6 8
Bcdy- radius, ” wing- semlspan ratia, ~s

)?IGURE Z.—Comparison of KwfBJ or KT(B) deterxnined by slender-body

and upwash theories.

For wing and body combinations with large-aspect-ratio
rectangular wings the linear-theory solution for Kw(~) is
available (ref. 18). These results are presented in chart 2
where they are compared with the. slender-body-theory
results. Since a graphical integration was required for the
determination of the linear-theory values, there is a small
uncertainty in the result, represented by the cross-hatched

area. For a fixed value of r/s and for the range 2 ~ M ~ 6,

the effect of B-A is less than the uncert~inty of the calculation.

h~o linear-theory values me available for @rl<Q. The close

agreement (within 5 percent) between ]ine.ar theory for the

present case and slender-body theory is noteworthy since tl~e

rectangular wing and body combinations represented are not

slender.

Wing-incidence angle.—The method for estimating the

values of C&{Bl for the wing-incidence case is analogous to

the method for the angle-of-attacli case. From equation (8)

P“%7(B) ‘&B) (cLa) &Y (18)

when a=O.
There are several solutions available for determining

kWUO;slender-body theory for slender triangular wing and
body combinations, and an exact linear theory solution for
rectangular wing and body combinations. The slender-
body result based on the load distribution given in Appendix
A gives the follo\ving expression for k}YcD)in terms of r, the

semispan-radius ratio> slr:

(T’+1)’ . _, T’–l 2 4(7+1) . _, 7’–1+

(T’(T—l)’ ‘ln 72+1–)
——

7(7—-1)“1] 7~+1

1
A- log Y
(7–-1)’

(19)

of kw(B) so obtained is presented in chart 1 and isThe value
strictly applicable only to slender wing-body combinations.
The exact linear-theory results for rectangular wing and
body combinations, taken from reference 3, are presented
in chart 3 where they are compared with the preceding
slender-body results. There is generally a small difference
between the two predictions, never exceeding about 10
percent for values of M of 2 or greater. For the range of
PA between O and 2 linear-theory results for kW(B)are not
available. However, as PA approaches zero the rectangular
wing and body combination becomes more slender, until
at &.4= O slender-body theory is exact for the combination.
Therefore, slender-body theory values of klr(~) are used for
rectangular wing-body combinations when PA<2. When
rectangular wings of effective aspect ratio 2 or greater me
involved a~d when Mm> 1, then klir(B) from linear theory
should be used.

It might be surmised that the present method of deter-
mining the lift on a wing in the presence of the body is
applicable at subsonic speeds since the slender-body-theory
VahIeS of ~w(B) and kW(B)on which it is basecl me not depend-
ent on Mach number and the effect of Mach number enters
only through (C.a) ~. This supposition is subsequently

borne out by experimental data. Spreiter made the observa-
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tioninreference 13 that the hmding on the minimum drag
wing-body combination of Lenncrt~ (ref. 1) is identical at
low speeds to that of ~~slender wing-body combination” with
a body of uniform diamete~. The division of lift between
wing and bocly based on this loading is shown in figure 3.
Since the present method is bused on the. division of lift as
given by Spreiter, the cqutili[y of tl~e results of Spreiter and
Lcnncrtz is flwther evidenec of tile applicnbility of the
present method to subsonic speecls.
At this point, it is desirable [0 consider Ihc effects of sptin

loading on the division of lift between wirrg and body because
this information has bearing or~ the wdidity of the vortex
model used in determining some later results. Besides his
rcsu 1[1 for mi nimnm drag, Lrnnerta also determined the
division of load I)etwwll ]Ving anti body for uniform sptlrl
loadin~. This result, !vhich corresponds to replac’irlg errch
side of the combination 1)1-a horseshoe vortex, is shown in
figure 3, ~rllerci[~ tl~e part of the lift carried by the bod~ is

shown as a furlction of tllc ratio of bocly radius to vortex
swmisptin. For the same value of the abscissa, there is noL
Illllrh difl[~ren(:e betwwn tile fractions of the lift acting on
the body for the two ctisw. Generally, the span of a horse-
shoe vortex replacing a wing is less than the wing span, If
account is taken of this fact in tile comparison, the existing
difference would largely disappear. Thus, the repmsentz-
t ion of tile wing-body combination by a horseshoe vortex
on each side is compatible with the present method of
dcte.rmining the division of lift between ~~;ingand body.

LIFT ON BODYDUETO WING

Angle of attack,—From equ~iiorl (4)

.40

,36–

,32—

,28
Slender-body theory -------

~ Loodlng for mlnlrnum --=
drag (Lennertz) ‘.

kk ,24 .

{

——. . —___ .——
~+

x;
Gk
,20—

v; /
D

,/

t

This function is ~]lotted ill chart 1, In the limiting case of

r/s = O the combination is all ~fing and .KB~w~= O. As r/s ap-

proaches unity,there is a ver~- smrrll exposed wing. For this

small wing the lift on the body due to the wing is the same. as

the Iift on the wing itscIf. Thus, .KB{w~ = KIL.,BJ = ~.

To cleterrnine. th c appIicabilit.y of the slender-body-theory

values of L’ B(W) to nonsknder combinations, KB(W) is now
detgminecl by an independent, method. On the. basis of
skmder-body tht~oryj nonexpmding sections of a body in II
uniform flow deveIop no lift. Therefore, the lift on a

stmighi portion of z body on which II wing is mounted i’s clue

principally to lift transmitted fron~ the wing to the body.

A point, on the wing is thought of as a source of lifting dis-

turbances which move in all directions in the downstream
31ach cone from the point. Some of t}lese disturbances
traverse the body. The assumption is made that the sole
M(ccL of the body (regardless of cross section) is to displace
these pukes downstream without diminishing their Iifting
pot (’ntial. This is the so-called delayed reaction of Lager-
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-Reqlon of influence of -<
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(o) Nonplanar Model (b) Plonor Model

FIGuRE~~.—Eq~livalent planar model for determination of ~-~(w) and
&?(~) for high-aspect-ratio range at supersonic speeds.

the bocly can be calculated simply

7

by integrating pressures

due to ‘the half-wing over the shaded area and doubling
the result.

In determining the pressure field of the half-wing on the
planar area, both subsonic and supersonic leading edges are
considered. Tip effects are not considered, and the analysis
is confined to the case in which the Mach line emanating
from the leading edge of the wing tip falls behind the region
of lift carry-over onto the body. This condition imposes

the restriction

f?A(l+k)(&+l)24 (22)

on the wings for which the method is to a~ply.
The value of lift transmitted to the body by a half-wing

with a supersonic leading edge is given (using the SOIUtion
of ref. 20) as

I in terms of the coordinate system of figure 4 (b). This result
is doubled to account for thi lift of two-half-wings and divided
by the lift of the wing alone to obiain &f;vj. For all super-
sonic Nfach numbers .K~(lV)is

where mp> 1. Similarly, for subsonic leading

obtained, using ‘the appropriate conical Iif’ling

reference 21,

““;xa’cos’’-’(’++%cosc’s-’& ‘“)( )]
c4

edges there is SS847mCY~T(pm)~’ d c, +87 jj — 7

LB(W)=solution from 7@(137n+l) o ‘q ~, \/m$+qdf
(25)

giving

where m~< 1. The effect of body upwash in increasing the
lifL of the exposecl wing has not been taken into accoun-t in
calculaiing the efl’ect of the wing on the body.

It is to be noted that K~L,~) in equations (24) and (26)
depends on a number of parameters, of which four are

incIependent. However, the quantity ~B{W)(l +k)(~–l)

(~C&t)J,, is a function of only mp and ~. This cluantity is

496170O-59—2

presented as a function of 2Dr/c, for const anL values of ~n@
in chart 4 (a) which is t)o serve as a, design chart in deter-
mining K~{~~)subj ec.t to the restriction of equation (22).

For the purpose of illustrating “the behavior of K~ ~~rjand
comparing equations (24) and (26) with slencler-bod~-
~B(W.), Char”t 4 (a) has been used “Loob”Lain figure 5, which
presents KB~Wjas a function of DA and ?’/s for X= O, 1/2, and
1 and for no trailing-edge sweep. The case of k= O cor-
responds to triangular wings (fig. 5 (a)), X=1 to rectangular
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wings (fig. 5 (b)), and k= 1/2 to
5 (c)). For triangular wings, the
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trapezoidal wings (fig.

~WVe Of KB(V1 b.)’ the
present t.~leory’ for &!.= O is slightly greater than ~E& as
given by slender-body theory and has not been included in
the figures, since for such small values of &l skmder-body
theory is the more valid. Incidentally, the restriction of
equation (22) is met by all triangular wings with no trailing-
edge sweep. An examination of figure 5 (b) for rectangular
wings shows good agreement between slender-body theory
and ‘&e present theory at &4=2, the lowest aspect ratio for
which the present theory is applicable to re.ctangular wings.
In the case of the trapezoidal wings (fig. 5 (c)), the restriction.
of equation (22) imposes the condition that /3il> 4/3. For a
~~alue of fM of 4/3 there is no appreciable difference between

T
4

I

‘A

.

0 .1 .2 .3 .4 .5

Body-mdius,wmq-semispon ratio, r/s

(a) Triangular wing-body combinations,
FIGURE 5,—Comparison of KB(T) or KBc~) determined by slender-body

theory and present theory for wings with no trailing-edge sweep.

slender-body
theory.

FOR AERONAII’TICS

K“B07j and the vduc of KB(W) by tht~ prrs{:nt

On the basis of figures 5 (a), 5 (b), and 5 (c), and since
wing tip effects invalidate equatiom (24) and ~26) for

9-A(1+ X)(+p+ 1)<4, the following selection rule should hc

used: If &A(l + A)(4+ 1) <4, usc the slender-body
?np

throry

KE(W); and if j3.~(1 +~)(#b+ 1)>4, use KD,W, from ci~art 4.

Since rectangwlm s-red triangular w-ings arc very common,
and since (@~=a)W is k~~ott~~in closed form for thcw plnn

forms, specialized results ctin retidily he obtuinwl from
.

I

.1

A=[

-1-i
.4 ,5

Body-radius, wing- semispon ra!~o,c/s

(b) Rectangular wing-body combinations,

FIGURE 5.—Continued,
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Slender-
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?

4

“B~d~-radfuS; wing~ semispan rotio,

(c) Trapezoidal wing-body combinations.

FIGURE 5.—Concluded.

?

()pzl
pA+4

A
/3

equations (24) and (26) for K~Lw1. For rectangular *g-
body combinations, KB[W)is

f

For triangular wing-body combinations with subsonic
leading edges, &(w) is

(-)pit2
4

()

z PA+l 2
4

and for supersonic leading edges

,

P4+(’+i%%)
1–;

I(28)



10 REPORT 1307—NATIONAIJ ADVISORY COMMITTEE FOR .4ERONAUT1CS

The ease for no afterbody behind the wing can also be
calculated for the high-asp ect-mtio rrmge at supersonic
speeds. The method for determining .& ~,v)without after-
body is the same as with afterbody except that the upper
limit, of integmticm in ecp.mtions (23) and (25) is c, rather
tlmn c,+ ~~. Carrying out these. integrations multiplying by
2 and dividing by the lift of the wing alone yiehls for the
case of no d’terb&y

$&?’) [P(cJ,v](~+l) [;–(j=

Tile restriction that ~>d k not a serious one, For d>; it is

d=~ so that l<~[~~jis constant.
P

The vaIue of the parameter
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Equation (17) was used to determine %&(,l for X=O, ~,
and 1, and these results me compared to those of slender-
body theory in figure 2. It is seen that the effect of taper is
small compmed to the effect of r/s, Both theories give
nearly the same values at both high and low r/s, but the
upwash-theory values are, in all instances, greater than those
of slender-body theory. Nowhere is the difference of great
significance. Although account has been taken of the
upwash induced along the wing span by the body in the
determination of ~w(~) by upwash theory, no account has
been taken of the loss of lift due to interaction between the
wing ancl the body of the winged part of the combination.
For this reason, ~v[~) will be too large. Therefore, the
slcncler-body-t,heory values of KW(B) shoulcl be used for all
combinations.

I

I

I

Upwash
Theory

)1=o---
----

l:L--

1.$ -
,6 .8

Body- radius, wing- semispan ratio, @

FIGURE 2,—Comparison of Kwo) or K=@) determined by slender-body
and upwash theories.

For wing and body combinations with large-aspect-rat io
rectangular wings the linear-theory solution for ~lv(~) is
available (ref. 18). These results are presented in chart 2
where they are compared with the slender-body-theory
results. Since a graphical integration was required for the
determination of the linear-theory values, there is a small
uncertainty in the result, represented by the cross-hatched
area. For a fixed value of r/s and for the range 2< fM< 6,
the effect of PA is less than the uncertainty of the calculation.
No linear-theory values are available for &l.<2, The close
agreement (within 5 percent) between linear theory for the
present case and slender-body theory is noteworthy since the
rectangular wing ancl body combinations represented are not
slender.

Wing-incidence angle,—r~he method for estimating the
values of C~W(~lfor the wing-incidence case is analogous to

the method for the angle-of-at tack case. From equation (8)

C.W(B)=kw(B) (c’a)w&V (18)

when cs=O.
There are several solutions available for determining

kw(~); slender-body theory for slender triangular wing ancl
body combinations, and an exact linear theory solution for
rectangular wing and body combinations. The slender-
body result based on the load distribution given in Appendix
A gives the following expression for )&, in terms of ~, the
semispan-radius ratio, s/r:

[
1 72 (7+1)2 +T(72+1)2 sin_l 72–

%s) ‘~
1 :::l;)+—— ——

4 T2 7’(7–1)2 72+1

(,2+1)2 ~in_, ,2_~ 2 4(,+1) sin-, ,2_~+

( –)

-—
~2(T_l)2 T2+1 T(7–1) T2+1

1
--!!- log T2J!
(T–1)2

(19)

The value of kw(~jso obtained is presented in chart 1 and is
strictly applicable only to slender wing-body combinations.
The exact linear-theory results for rectangular wing and
body combinations, taken from reference 3, are presented
in chart 3 where they are compared with the preceding
slender-body results. There is generally a small difference
between the two predictions, never exceeding about 10
percent for values of PA. of 2 or greater. For the range of
PA between O and 2 linear-theory results for kw(,) arc not
available. However, as PA approaches zero the rectangtdar
wing and body combination becomes more slender, until
at BA= O slender-body theory is exact for the combination,
Therefore, slender-body theory values of kws(~)are used for
rectangular wing-body combinations when PA<2. When
rectangular wings of effective aspect ratio 2 or greater are
involved and when M=> 1, then kw(B) from linear theory
should be used.

It might be surmised that the present method of deter-
mining the lift on a wing in the presence of the body is
applicable at subsonic speeds since tihe slender-body-theory
values of ~W(B) and kW@)on which it is based are not depend-
ent on Mach number and the effect of Mach number enters
only through (C.a) ~. This supposition is subsequently

borne out by experimental data. Spreiter made the observa-
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t ion in reference 13 that the loading on the minimum drag
wing-body comhinat ion of Lennert.z (ref. ] ) is identical at
low speeds to that of a slender wing-body combination” with
a body of uniform diameter. The division of lift between
wing and body based on this loading is shown in figure 3.
Since the present method is based on the clivision of lift as
given by Spreit er, the equality of the results of Spreit.er and
Lennmtz is further evidence of the applicability of the
pre.sent method to subsonic speeds.

At this point., it is desirable to consider the eflects of span
loading on the. division of lift between wing and body because
this information hns bearing on the validity of the vortex
model used in determining some later results. Besicles his
result for minimum cling, Lennert.z also cletermined the
division of load between wing amcl body for uniform span
loading. This result., which corresponds to replucing each
sidr of the combination by n horseshoe. vortex, is shown in
figure 3, wherein the part of the. lift carried by the body is
shown as a function of the ratio of body radius to vortex
semispan. For the same value of the abscissa there is not
much diflmence. between the fra@ions of the lift ticting on
the body for the two cases. Generally, the spnn of a horse-
shoe rort ex replacing a wing is less than the wing span, If
a.ccoutl t. is taken of this fmt in the comparison, the existing
clifl’erence would largely disappear, Thus, the represent a-
t ion of the wing-body combination by a horseshoe vortex
on each side is compatible with the present method of
det.e.rmining the division of lift between ~~tingand body.

LIFTONBODYDUETO WING

Angle of attack ,—From equation (4)

&,(,,}=&(w) (Ca)wti (20)

when ~= 0. The slender-body theory value of ~~(~f,) is

.40

.36- ..—

I
.32 -

/ /
/

~

/
/

.28
Slender-body theory ----~,~ /

/
Loading for mmlmum --~,
droq (Lennertz]

.24 - —

_ . .._—.20
/

.16 —

.12
/’

— —. -. —....._—

/’

.@ ----—- —...-. -— -----

.04

0 .1 .2 .3 4
Rodius-semispon rotio, (r/s)w or (r/I’ )W

FIGURE‘3.—Comparison of Shmder-body thcwry and thwn’y tif LoIL-
nertz for fraction of lift carried by bed}.

This function is plotted in chart 1. In the Iimiting case of
r/s= O the combination is all ~tiing and ~a(~)= 0, As r/s ap-
proaches unity, there is a very small exposed wing. For this
small wing the lift on the body due to the wing is the same as
the lift on the wing itself. Thus, &(H,) =A”W(~)= 2.

To determine the applicability of the slender-body-theory
values of ~B(w] to nouslender combinations, ~B(w) is now
determined by an independent method. On the basis of
slender-body theory, nonexptmding scc.tions of a body in a
uniform flow develop no lift,. Therefore, the Iift on a
straight portion of a body on which a, wing is mounted i’sdue
principally to lift transmitted frorq the wing to the body.
..4 point on the wing is thoughtt of as a source of lifting dis-
turbances which move in all directions in the. downstream
Mach cone from the point. Some of these disturbances
traverse the body. The assumption is made that the sole
effect of the body (regardless of cross section) is to displace
these pulses downstream without diminishing their lifting
potential. This is the so-called dehq--ed reaction of Lager-

strom and Van Dyke in reference 19, which wits substtm( iut rd
for a particular ftimily of rwttmgultu wing-lmdy combilnlt ions
in reference 3. Downstream of the wing, the flow ret ums
to the free-stream direction. The eflwt. of this chango in
flow direction is felt on the surface of t t~e tift erbody hchird
the Mach helk originating tit tlw trtliling-edge, roo[-rhord
juncture. In this region, the rmct ion tmds to COW(LIt IN,
lift transmitt.ecl from the wing onto the body. ‘HN*vfl’e(ttivu
restdtzmt lifting area on the body for one hulf-wing mu tlllw
be approximated by the shwled arm showl~ in figure 4(aj.

while a nonpkmar model hw ken set up to rcprwmt the
lift transmitted to the body from the wing, further simplifica-
tion to an equivalent planar cuse is dmirgbll’ bcfow calcula-
tions me performed. The body is imagimd now to IN rol-
lapsed to a plane nnd tbi ]lach helicw of figure 4 (uJ hwome
the Xlach lines of figure 4 (bj. The liftil]g artw of Ihe body
is the shaded area of figlme 4(I)) which is at x~w] angh~ of
attack. This area is equal to the horinmt al prnjwt im] of tlw
Iifting arest of the actual body surface (fig. 4(t~)j. Tlw lift on
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~ ‘“~-Rqion of influence of:
wing or toil on body

T/

v Moth lines--

(o) Nonplonor Model (b) Plonor Model

FxGuRE~4.—Equivalent planar model for determination of KB(W)
&(~) for high-aspect-rat io range at supersonic speeds.

and

the body can be calculated simply byintegrat.ing pressures
due to the half-wing over the shaded area and doubling
the result.

In determining the pressure field of the half-wing on the
pkmararea, both subsonic andsupersonic leading edges are
considered. Tip effects are not considered, and the analysis
is confined to the case in which the Mach line emrmating
from the leading edge of the wing tip falls behind the region
of lift carry-over onto the body. This condition imposes
the restriction

&4(l+3) (*+1)24 (22)

on the wings for which the method is to a~ply.
The value of lift transmitted to the body by a half-wing

with a supersonic leading edge is given (using the SOIUtion
of ref. 20) as

in terms of the coordinate system of figure 4 (b). This result
is doubled to account for the lift of two half-witlgs and clivided
by the lift of the wing alone to obtain &(lY). For all super-
sonic Mach numbers ~B(Wj is

where m/3>1. Similarly, for subsonic leading edges there is d
<——

obtained, using the appropriate conical lifting solution from LBfwJ=8~~m(fl]92J: dqfc’+~q Ldf
1% ,/m&+q

reference 21, I giving
.

where mp< 1. The effect of body upwrwh in increasing the
lif~ of the exposed wing has not been taken into account in
calculating the effect of the wing on the body.

It is to be noted that K~(W) in equations (24) and (26)
depends on a number of parameters, of which four arc

independent, However, tile quantity K~,w,(l+X)(&l)

‘d This quantity is(@%)lV is a function of only m~ and ~.

496170O-59—2

(24)

(25)

(26)

presented as a function of 2&/c, for constant vulues of m/3
in chart 4 (a) which is to serve m a design chart in deter-
mining ~B,Wj subject to the restriction of equation (22).

For the purpose of illustrating the behavior of K~cw) and
comparing equations (24) and (26) with slender-body
KB(W), chart 4 (a) has been used to obtain figure 5, which
presents KB(lV)as a function of &l and r/s for X=O, 1/2, and
1 and for no trailing-e(lge sweep. The case of k= O cor-

responds to triangular wings (fig. 5 (a)), A= 1 to rectangular
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wings (fig. 5 (b)), and h= 1/2 to trapezoid wings (fig.
5 (c)). For triangular wings, the curve of K“(W) by the
present theory for 19A=0 is elight~y greater than ll~[m) as
given by slender-body theory and has not been included in
the figures, since for such smalI values of @A slender-body
theory is the more valid. Incidentally, the restriction of
equation (22) is met by al~ triangular winga with no trailing-
edge sweep. An examination of figure 5 (b) for rectangular
wings shows good agreement. between slender-body theory
and the present theory at FA=2, the lowest aspect ratio for
wWIch the present theory is applicable to rectangular wings.
lrI the case of the trapezoidal wings (fig. 5 (c)), the restriction
of equation (22) imposes the condition that PA> 4/3. l?or a
value of 6A of 4/3 there is no appreciable difference between

o .1 .2 .3 .4 .5

Body-rodius, wing- semispan rotio, r/s’

(Q) Triangular wing-body combinations.

FIGURE5.—Compa,risonof ~~(w) or K~(n determined by slender-body
theory and present theory for wings with no trailing-edge sweep.

slender-body ~B[W) and the vrdue of &[W) by the present
theory.

fln the basis of figures 5 (a), 5 (b), and 5 (c), and sinrc
wing tip effects invtdidatu equations (24) and (XJ for

6A(1 +~)(~p+ 1)<4, the following selection rule should lx?

used: If M(1 + M(~P+I) <~, use the slender-body thuory

&(w); and if &l(l +~)(~~+1)>4, usc ~B,w, from chart 4.

since rectangultir and triangular wings arc very common,
.( ~)w is Iinand since fl~L own in closed form for these plan

forms, specialized results cw~ readiIy be obtuined from
.

Body-radius,wing-semispan ratio, r\s

(b) Rectanguhw wing-burly combinations,

FIGURE5.—Continuecl,
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(c) Trapezoidal wing-body combinations.
FIGURE 5.—Concluded.
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equations (24) and (26) for KB(w). For rectangular wing-
body combinations, KBtw) is

For triangular wing-body combinations with subsonic
leading edge=, K..(W) ii -

K,cw) =

{[
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!H~e case for no a.fterbody behind the wing can also be
culculated for the high-aspect-ratio range at supersonic
speeds, The method for determining K&W1 without after-
body is the same as with afterbody except that the upper
limit of integration in equations (23) and (25) is c,rather
themc,+flq. Ca.rrying outthese integrationsmultiplyingby
2 and divicling by the lift of the wing alone yields for the
case of no afterbody

%) [~(eLa)w](h+l) (S–l )=

1

The restrictiol~ that ~>d is not a serious one. l?or d>% it is

rlew that the lift, transmitted to the body is the same as for

d=; so that KB,W)is constant. The value of the parameter
..

lfZ?@’;[6(~TLa)W] (~+ 1) (’~- I ) is Phtkd as a fUIIC~iOIl of mfl

aIKl 2/lr/c, in c-ha.rtl4 (b). ‘
.4 comparison of KE,,!,j as determined from chart. 4 (a)

with that, from chart, 4 (b] gives an indication of the impor-
tw iw of tlw afterbody for any particular configura.t ion.
For small vtdues of h ratio 2p(r/c,)W there is very little
efl’ect of t1w a.fterbody on KB~W)but, for large values, the
dl’ect (ml be as large as several hundred percent. At sub-
sonic} spt’wls uo distinction is made between the a,ft.erbody
and no-aft Prbod y cases. The differemw between the two,
wh irh is usuaI1y small in terms of total lift at supersonic
spwls, is ikrt lNr reduced at subsonic speeds because of the
less[~r ttq~dcncy of lii’t to be carried clownstrertm.

Wing-incidence angle,—Frmn equation (7)

( ifi,wp,= kB(IF)(CL=)JW (32)

The c@- genmal method for determining k~(l~) is slencler-
body thcoq-. It, has been shown in reference 22 by use of a

reciprocal theorem that for combinations with cylindrical
bodies the following equality is valid under the msurnpt ions
of slender-body theory:

k~(w;= Z&ill, —l%(l?) cJ3)

The values of k~(~~)as given by equation (33) are inchdl’tl
in chart 1.

An interesting approximation thtit gives some insight into
the interrelationships between l~B(Wjj ~<w(~j) k~~lr)~ ald
k~~(~lcan be mude. If it is t-tssumed thwt the wing transmits
a certain fraction of its liftL to t hc body irrcspect iw of
whether tile lift is developed by tingle of attark or wh]g-
incidence angIe, an approximate value for k~[lr}$ namely,
k’~(W), is

k’~tw)
KBL,V,

=h’(iw ~,~ (34)

The values of k~(~) and k’~(~r) as dct wminwl from Mlulit iu~w
(33) and (34) do not differ by more than 0.01, u qua[~tity
that is practically i~~(listir~g~lisl~~ll}lcin chart 1. This small
difference is due to the iliffewnce ill the forms of tlw loud
distribution on the wing for lifts due to angle of attark atul
wing-inctidence angle.

LIFTONTAIL SECTION D tIE TO, WING YORTICES

Wring-tail int reference rcstdts from downwash in t Iw
region of the ttiil cimsed by the wing vortirw, Thr prcihlwn
of determining wing-tail intwferwwe brcalw (lmvn illti) tlw
problems, first, of determining the IIUI~IIW~, st rmgt 1Is, A
positions of the wing vortices at. the ttiil and, SC(N]IN1,of
determining the reaction of the tail sw,tion to thu notluniforln
ffOW’field induced by the wing vortices. This componunt of
the combination lift is the most luborious to culculatt?. TIN’
same method is used for subsonic m(l supersonic speei 1s.

Line-vortex theory is used in the solution of thc wing-t tlil
interference problem following the general lint’s of otlwr
investigators. The model to be used is illustrutcd in flgurw
6 and 7. This model of the wing is the same w d w 1,emwrt z
model for uniform loading prm”iously discuswd nnd is thus
comptitible with the method uwd here for cdrulating wil]g-
body interfertmcc. Only one trailing vorhx per wing pwto]
is considered Nthough more vortices pw pam’1 could IN USW1
to obtain grwiter accuracy at: the expense of greater mnqdi-
cation. The wing trailing vortices stream lmckw:ud hut
undergo lateral and vertiwd defhwtions us a rwult of 1Iw
body crossflow field and the intertwt ion tw twecw vort irw.
Image vortex lines are i[lt reduced insidu thr body iI[ t Iw
image position of the trailing vortices to satisfy thr boumltiry
condition for n circular body. Suf~h’i~mtly fur dmrnst rmm
the extwmd vortices approarh m tisymph]tir sparing,

Vortex characteristics,—l?or msc of cakwlat ion it is
assumed thttt one fully rolled-up vortex is disclltirge{l from
each wing panel. W%ile this model simulat M the flow
behind t.lw wing panels of many comhinut itms, tIwni aw
cases where it does not. As examples, sonw rusults obtnind’
by Spahr and Dickey i~~tiw Amt’s 1- by 3-foot supwsoI Iic
wind tunnd tire present wl as the solid curves it] flgurw S, 0,
and 10, These data wert’ obt uimd by tlw vapor-swt’rn t rvl~-
niquc described in refercncc 15. Figur(! 8 shows thut for u
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low-aspect-ratio triangular wing in combination with a body
at low angles of attack, only one tip vortex is present as as-
sumed, However, as the angle of attack is increased a body
vortex appears, and as the wing aspect ratio is increased (figs.
9 and 10) an additional vortex appears from the inboard
sections of the wing, Thus, the simplified model of one
vortex per wing panel is not always an adequate basis for
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(b) Vertical position of vortex.

FIGURE 8.—Comparison between theory and. experiment for lateral
and vertical positions of wing vortex 1.8 c, behind wing of aspect
ratio 2/3 triangular wing and body combination; Mo = 2.0, r}s= 0.60.

computing downwash. However, several investigators have

successfully applied this simplified model to the computation
of tail loads. These results indicate that the total tail load
of each of the configurations investigated is insensitive to the
details of the vortex flow although the downwash behind
the wing and the spanwise distribution of tail load are not.
This conjecture is substantiated in part by the theoretiml
work of Morikawa, reference 9, who has calculated the tail
lifts of slender wing-body-tail combinations using one
fully rolled-up vortex per wing panel and using a flat vortex
sheet. Only for fully rolled-up vortices in the immediate
vicinity of the tail tip does any appreciable difference between
the two cases occur. The results of Lomax and Byrd, refer-
ence 10, for a family of swept wing-body-tail combinations
are in accord with the findings of Morikawa. It was on the
basis of this evidence and because of its great simplicity
that the use of one wing vortex per panel was adopted, The
adequacy of this assumption and its range of application is
subsequently determined by comparison between experiment
and theory.

The circulation distribution at the wing trailing edg?
determines the strength J7mand the spanwise position jW
of the vortex at the trailing edge, The actual circulation
distribution is replaced by an equivalent horseshoe vortex
corresponding to the Lennertz model for uniform loading.
Figure 7 illustrates this model. Note that figure 7 contains
the tacit assumption that the maximum value of the circu-
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FmUIUI 9.—Comparison between theory and experiment for lateral
and vertical posit,iousof wing vortex 1.8 c, behhd R~Ilg of aspect
ratia 2 triangular wing and body cam binat ion; Mm= 2.0, r/s= 0.33.

lation is at the wing-body juncture. Since the Mt of the
bound vortex is pmVm17~per unit. span, the value of I’m
can be est.imat.ecl from the following series of equations:

To satisfy the boundary condition that the body is circular

jlv gw=rw’ (36)

The first. form of equation (35) is used for determining rm.

Since
C.w(m =[&(,)~+kw(,)&vl (G.)w (37)

it follows that

(38)

The problem of determining the lateral positions of the
wing vort.ices must be solved before the foregoing equation
cm be used to evaluate r..,.The assumption is made. that
the vortices of the wing in combination are dischmged at
the center of vorticity of the panels of the wing alone as

1.5
I I I I I I

‘i” Theoretical lateral position from chart 6
\
\
\ ~ _ Ttp vortex-%

Ill _l ,~e- &/cf
- -

~— —- —— —— —— —— .—— .—— ,—— -——
‘- -f*/cf, t

L- Thearehcal asymptat~c Ioteral pasitlon

.5 ~ ~
Inboard vortexJ

(a) i
Body vortex ---’

0

15 I
Theory:

I
-—- Vortex path m free-stream direc!lon

~ ::nk- and ind.ced effects !

Vortex “path corrscted far cross-tlow
I I

c“ 1111 I Inboard vortex --N ~ I -

.%- . I

1
0 4 8 [2 16 20

Angle of atlack, a, deg

(a) Lateral position of vortex.
(b) Vertical position of vortex.

FIGUEE 10.—Comparison between theory tmcl cxpmiment for Iatcvrrd
and vertical positions of wing vortex 1,8 c, behind wing of aspect
ratio 4 triangular wing and body combination; Mm= 2,0, r/t= 0:20.

determined by lifting-line theory or lineur theory. This
assumption is nec.esstiry because the cireulat ion dist rihut ion
is not generally known for the wing-body combination.
The vdiclity of this assumption can be examined for slender
wing-body combinations for whirh the spti~l Ionding is known
and from which the latmd position of tlw wwtcx vml he
determined. In ffict, the latwrd vorim position on thu hwis
of slender-body theory is

(:19)

This equation gives the lateral position of the vortvx m ~~
fraction of the semispan of the exposed wing panel and as {1
function of the radius-semispim ratio, The maximum
deviation between the values given hy this equation tttkl the

wing-alone value of 0.786 (or T/4) is about :3 pmcent. Tf~i#
resultt is i]~depenclent of the plan form of the wing or hotly itl
front of the maximum span pmit.ion sinw iu shwdvr-lmd,v
theory the potential and, hence, the cireultitio~l dcpiwds otdy
on the crosstlow plane under consi(h’ra [ion.

For nonslentler wing-bmly combinations tlw lilt vral lmsi-
tiion can easily be de.t.ermintxl if the lift rodllricnt [iml
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the loading at the root chord are known for the wing alone-.
The necessary equation is

(C.)ms%
fw= 2(C,C)

(40)

In this equation (CX) is the product of the section lift
coefficient at the midsection of the wing and the chord at
that position. Inherent in the equation is the assumption
that the maximum circulation occurs at the midsection of
the wing.

A series of charts has been prepared for wings of unswept
leading edges, midchord lines, and trailing edges to give the
vortex location as a fraction of the wing-alone semispan and
as a function of the effective aspect ratio with taper ratio
as parameter. Chart 5, for subsonic speeds, is based on re-
sults of DeYoung and Harper, reference 23. It is noteworthy
that for low aspect ratios the lateral positions of the vortices
all tend toward the slender-body value of r/4. hTosystematic
set of lift charts similar to those of DeYoung and Harper is
available for supersonic speeds. However, where linear-
theory results are available, they were used to obtain the
curves shown solid in chart 6. The solid curves have been
continued as dashed curves to the slender-body value of
~/4 at zero aspect ratio for the cases in which it was fe~t that
the extrapolation could be made safely. For the ~= O case
with no leading-edge sweep, there is a possibility that the cir-
culation distribution does not have its maximum at the center
line of the wing as assumed in equation (40). The linear-
theory solution for the load distribution for the reversed tri-
angular wing is unknown for &4w <4.

While the foregoing charts give the vortex lateral position
at the wing, the lateral position at tl~e tail, jr, is required for
calculating wing~tail interference. The simplest. assumptions
would be to set jr equal to f~ orf.,the asymptotic vortex
lateral position, as determined from reference 11. To deter-
mine which of these approximations is more accurate, both
fw and jm are compared with the experimental lateral and
vertical positions of the wing-tip vortex in figures 8 (a),
9 (a), and 10 (a). On the basis of this comparison and be-
cause of the occurrence of the additional vortices, neither jw
nor j~ is superior for predicting the vortex spacing at the tail.
Until more data are available on vortex positions t.o justif y a
more elaborate estimate, the value of jw from charts 5 and 6
or reference 24 can be used for f~

The vertical position of the vortex at the tail can be esti-
mated by the step-by-step calculative procedure described
in reference 25, but the process is generally too lengthy. Two
alternate methods are considerecl. In the first, the vortex
is assumed to stream backward in the free-stream direction
from the wing trailing edge. The second method, suggested
by Lagerstrom and Graham, reference 11, is to ignore the
effectsmf the image vortices, which are nearly equal and oppo-
si ~e, but to consider crossflow and t~le mutual effects of the

external vortices. A comparison between the two positions
predicted by these methods and the positions measured by
Spahr and Dickey are shown in figures 8 (b), 9 (b)., and 10 (b).
Because of the occurrence of more than one wing vortex per
panel and of body vortices, neither theoretical method ap-
pears superior. Therefore, it seems best to use the simpler

of the two methods which assumes that the vortices stream
back from the trailing edge in the free-stream direction. This
assumption leads to the following equation for vortex vertical
location:

hZI= — (c,–Xfi)w sin &+ [Zr+?i=– 1~– (c,)w] sin a (41)

The height is measured above the body axis and normal to it
at the center of pressure of the tail panels.

Lift due to wing vortices, —For estimating the loads on the
tail section, strip theory is generally applicable but the
method of Alden and Schindel, reference 12, can be applied
when the necessary theoretical span loadings are known. In
specifying the taii load, use is ‘made of
factor

LT(V)/(LT)a

‘=IImfha v. (5T—rTj

where (LT)a is the lift of the tail alone
a. The interference factor represents

a tail interference

(42)

at angle of attack
a nondimensional

quantity useful for computing- tail loads. The factor i
depends on the parameters h=, (r/s)r, (c,/fk)r, ~/.s)~, and (h/s)~.
For a fixed body-tail configuration, the factor depends only
on the vortex positions in the crossflow plane of the tail.

Whether the factor i is calculated by strip theory or by
the Alden-Scbindel technique, several simplifying assump-
tions are required regarding the wing-tail interference. The
first assumption is one already used in determining &(w) for
large aspect ratios at supersonic speeds—that the nonplanar
tail section can be reduced to an equivalent planar model
similar to that shoti in figure 4. The body is assumed to
be flat and to act at zero angle of attack, while the tail angle
of attack a~ varies spanwise. The second assumption is
that the lift on the tail section due to wing-tail interference
is all developed by the tail panels, even though part of it is
transferred to the body. In the application of strip theory
to determine this lift, Lagcrstrom and Van Dyke in reference
19 have shown that an exact value (within the realm of
linear theory) is obtained for the over-all lift of the planar
model if the leading edge is supersonic and the trailing edge
is straight, as for a triangular wing of effective aspect ratio
greater than 4. It is to be noted that the second assumption
circumvents the question of whether an af terbody oc.cur~i
behind the tail. Generally, the. lift acting on the body i!l
only a small fraction of that acting on the tail section duc
to wing-tail interference, so that no precise consideration
of t-he tail a~~erbody is usually required.

Strip theory has been used to calculate a series of design
charts for the estimation of i. The details of the calculations
me given in Appendix B, and the results are presented in
chart 7. These charts show contours of constant values of
i in the crossflow plane of the tail with the parameters
h= and (r/s) ~ varying from chart to chart. It is to be noted
that strip theory is independent of the chord-span ratio
(c/@)~. In fact, strip theory represents the limiting case
of linear theory as (c/@s)~~0. The charts give an immediate
idea of the regions’ wherein wing-tail interference is most
important. For triangular tails (x~=o) it is to be noted
that the interference is a finite maximum when the vortex
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is in thp plnne of the tail tmd slightly inboarcl of the tip.
For all other taper ratios, however, an infinite maximum
eii’er’t occurs when the vortex is at the tail tip. Strip theory
is, t bus, not accumt e for positions of the vortex near the
tail i ip, exeept. in the case of t rianguhw wings with sLlpm-
wmic Imding edges, in which case it is accurate to t] w order
of Iimwr Aeoryo

An idtwtmt(’ method for tlw ilet tmninat ion of i is the
melhwl of Aldm and Schindel, which serves as a busis for
twst’ssing tlw accuracy of strip theory. The essential rwult.
of t]lt~ muthod is that the lift of a lifting surface wit]l supw-
sonir Pdges in a nonuniform flow fiehl that varies spnnwise
(’iln bt’ w’IduI~ted to the accurticy of linear theory by t]le
eq u}ltion

L=
J

w(y)F(~)dy (43)
Spm

where w(y) is the vertical velo(’ity at the spanwisc position
y and F(y) is proportional to the span loading of the tai~ nt
luliform tmg]e of fittuck in revwsed flow. Heaslet and
S~reiter in reference 22 llavc extended tile range of equ~tion
(43) to imlude surfnces with subsonic edges. For triangular
ttlils with supersonic letidillg edges, the reversed tail is
u~~ifomdy Ioudcd so thnt. F(y) is proportiomd to the locid
(lord, Thus, strip theory uncl the Alden-Schindel method
give idmtical results for this case. Generally speaking, the
~41{le11-S{:llil]fleltechnicpw is not suited for an analytical
{let[~rminatioll of 1 because, in some cases, the necessary
funrtion F(y) is not kI~OWII or leads to complicated’ inte-

grations. !I’he .41clen-Schin&l metho(l lea& to results in
fIIospd form for rwtal~fgular tnil WI(1 body romhinfttions,

nnd tlw calmdatio]~ has been carried out, in Appendix C’.

The vtilues of t’ for the vortex in the plane of a r(’ctzmgular

tail and for a radius-eernispml rtit io of 0.2 are given in figym

1I for four ~’dues of (c/@)=. For a value of (c/@)~=O the

ill(letl-S(:llill[lel terhniclue tincl strip theory are iclent.icu].

Tluls, a comparison of the curves for other values of (c/@)T

with those for zero gives tin indication of the error clue to

the use of strip theory for ltirge chord-span ratios. The

first ~esult is that the i?]finity at (~/8)*=1 (for values of

-4.8) I I } I co4Abco I I I

// 1/ / I I I -1 b
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Figure Il.—Effect of chord-span ratio on lift of rectangular tail due
to wing vortex as determined by Aldc n-%hinclet technique for vortex
in plane of tail; (r/s) ~= 0.2.
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vortex outbourcl of tile t tiil tip, tiw cwtlr is genlwllly V(rl’y
small exrept in tile immediat L*virillity of t Iw tip. Fur posi-
tions of thl’ Jving vortex itlbonrd of the tail tip, u nmxitnum
error of about: 35 percent cun br ilwurnxl by tlw uw of
strip theory. This error dwuwuws with incnuwing vor( t~x
distance from the tail. Tlw rmson that larger cwrors aw
incurred for positions of t lle Vort(w inhotml of [110 tuil tip
is that hwe t lw tlet effect. of the vort~x is t IN snmll iliffl~riilw
of large positive and negtitiw’ lifts, Ifllihj for tmthomd p(lsi-
tions the vortex induces- nepyt iw lift neross t Iw old ir[’ t :Iil,
It is believed that the use of strip theory is nlorl~ acrur:tt u
for tapered wings than for rwttmgulm wings sim’r it. is known
to be exact for trinnguhw wings with supwwnir (’(lgw,
Despite the ftict that strip theory does not possms tlw uv-
curacy of linear theory for purposes of estimating t~til lowls,
it has several dvcisive tidvtintuges over the lilwar tlmwy
(exemplified at supersonic speeds by the i~l(l~’1~-S(*llil~(l(’l
method). First, the nwessnry theorotiral infommtim is
not available for using linetir theory in sonw ctm’s 11t Suptw
sonic speeds. Second, sepmwte (.lt~tcrxllilltlti~]tls would tw
required for clifferent (c/@s)~ values and for suhsonii’ imd
supersonic speeds, making the construction of desigl~ chw!s
extremely difllcult. For these reasons and bcwuww of its
great simplicity, strip theory is used in this report for ronl-
puting the tail interference factors ewwpt for rect ungulu r
tails at supersonic speeds.

The contribution of wing-tail interference to tho IifL
coefficient is now derived. The cent ribut.ion is by dciiuit icm

(44)
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with the itkl of equations (38) and (42) there is obtained

The values of KW(B)and k~(~) are obtained from chart 1, the
value of i from chart 7, and the value of j~ from chart 5 or 6.
For rectangular tails at supersonic speeds the value of i
calculated by use of the Alden-Schindel technique is
recommended.

LIFTONWINGAFTERBODYDUETOWINGVORTICES

In the previous work it was assumed that no change in
lateral vortex spacing occurred between the wing and tail
because, for the purposes of this report, the extra work to
compute the change is usually not warranted. However, if
for some reason a step-by-step calculation of the vortex path
is made, the lift on the wing af terbody can be estimated.
The model shown in figure 6 is used in the estimation. The
lift represented by a horseshoe vortex is PmV~ I’m per unit
span. The lift represented by the vortex system at the
wing trailing edge is thus 2P= V.I’~(jW— g~) and at the tail
location is 2P. V.I’~~T-g,). The net lift retained on the
body between the wing and the tail is thus

LB(V)= –2p~V.I’~ [(.fw–gw)– (j~–g~)l (46)

With the aid of the relationships

g“=rE2 (47)

(48)

equation (46) becomes in lift coefficient form

~~j ‘fw2–r~2)_jT+rT2c.B(v)=–—
[ fw 1Imm

(49)
m

Lage.rstrom and Graham (ref. 11) have derived this same
result using a clifferent method. Generally, the change in-f
between wing and tail is not known unless the step-by-step
solution mentioned in reference 25 is performed. In this
case both the totil lift and, distribution of liit, on the body
due to the trailing vortices is known. However, if only an
upper bound on the value of CLB(v) is desired, then the value

of .f~ can be used forj~ in equation (49).

SUMMARYOF LIFTCOMPONEN’PSOF WING-BODY-TAILCOMBINATIONS

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

1. IXft on body nose,

(C!!)N=KN (c.a)w~ (50)

2, Lift on wing in presence of body,

(CL)wtBj=[~W(BJ~+~WfB)~Wl (CLa)w (51)

3. Lift on body due to wing,

(cL)B(W) = [~B(w)@&(w)~w] (CL~)w (52)
496170O-59—3

4. Lift on tail in presence of body (neglecting wing
vortices),

()
(~E)T(B) = I~T(B)a+kT(B)aT~ (CLCC)T *W (53)

5, Lift on body due to tail (neglecting fig vortices),

()
(C!!)ECT)=[~B(r,~+~BtT)~Tl (CLa), *W (54)

6. Lift on tail section due to wing vortices,

(CL)TW)=
(cLa)w (CL.) ~ [&v(BJ~+~w(B)~wl ~(ST–TT) ~55..

2m4T(&’–7’w)

7. Lift on wing afterbody due to wing vortices,

An example of the use of these equations is presented in a
subsequent numerical computation for a specific wing-body-
tail combination. Chart 8, which summarizes the lift-curve
slopes of wings at supersonic speeds as determined from
linear theory, is included for use with these formqlas.

LONGITUDINAL CENTER-OF-PRESSURE THEORY

In the section on lift theory the differences between subsonic
and supersonic speeds were given only passing attention
since the lift theory as developed applies in the same form
to both speed ranges. The primary affectof Mach number
was manifest through the quantities (CLa) w and (C!Za)T.

However, in the center-of-pressure theory the IvIach number
has a direct effect on the centers of pressure of several of the
lift components, and a definite distinction must be made
between” the subsonic and supersonic cases for these
components,

Several conventions are adopted with regard to center-of-
pressure position in this report. All positions for the com-
plete configuration are ultimately given in fractions of the
body length behind the most forward point of the body. In
the design charts, the centers of pressure of ~B(W)j ~W(B)j

LT(B), and LB(T) are given in fractions of the root chord
behind the juncture of the leading edge with the body. All
length symbols having bars over them represent center-of-
pressure lengths.

CENTEROF PRESSUREOF BODY”NOSE

For most purposes the center of pressure of the body nose
can be estimated with sufficient accuracy by slender-body
theory. The result is obtained that

‘“=’’(l-.%) (57)

wherein V’ and 1sare the volume and length of that portion
of the body nose forward of the shoulder. For bodies with
noses of small fineness ratio or even for bodies with slender
noses at high Mach numbers, some lift is carried over onto
the body behind the nose, tending to make TN greater than
the value given by equation (57). If the lift on the nose is a
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subst antid fraction of the total lift,, the effect can be sig-
nificant. In such cases linear theory is better than slender-
body theory, although experimental values of ~Nare always
preferred. In this report, the theoret,ical values used will be
those of slender-body theory-. The centers of pressure of
ogival noses as determined from slender-body theory me
presented in chart 9.

CENTER OF PRESSURE OF WING IN PRESENCE OF BODY

Angle of attack .—The center of pressure of a triangular
wing in the presence of au infinite cylindrical body m given
by slender-body theory (ref. 13), in percent of the exposed
wing root chord measured from the Ieading edge of the wing-
body juncture, is

2(i+$)ti11’-’(:)+f [(wY~lwl$@”11+$)1+$)

(1+$7’’”-’(:)-$ [”+(:-:)1 -

r
.s

() t’ (58)
1--

8

An altxwna-tc method for evaluating center-of-pressure.
location of it,triangular wing-body combination is to suppose
that the exposed wings are. operating in the upwash ,field of
the body alone and then to calculmte the resultant center+f-
pressure location using strip theory. The procedure to be
followed is similar to that used in the lift-theory section.
The upflow angle due to the body varies spanwise on the
horizontal plane of symmetry as

% ()=~~1+; (59).

where y is the lateral distance from the body axis. The
wing is thus effectively twisted by the body-alone flow. If
now the upwash angle given by equation (59) is taken into
account by uting strip theory, an approximate value of lift
is given as

sLwtB)a=~q. ,8cY,C#i~ (60)

The moment ttbout the leading edge of the root chord is

It is assumed that the center of pressure of the strip is
at. the midchord. Dividing moment, by lift then gives for
the center-of-pressure location for the wing of a triangular
wing-body combination

The results of equations (58) and
figure 13 as a function of r/s. In
center of pressure of the wing done as determined hy linccr
theory is indicated. It is significant,thtit W thrw mt’thods
give essentially the same resuh for the ct?nter-of-~]r(’ss(lri’
location of the wing in presence of the body. It may ho
concluded that (Z/c~)~ for wing aIono (defined M expowl
wing panels joined together), ah bough indepemhmt t}f r/s,
gives a sufficiently accurate reprcsentat ion of (Z)c,)W,~, for
triangular wings in presence of the body.

‘5

1.0 I I 1 I
— Slender-body theory
-—— Strip theory
-— Wing olorte {

.8

~ — _ — . --— —

.6 . .

.4

.2

0 .2 .4 .6 .8 1.0
Body -rachus, wmg semispan rotio, r/s

FIGURE 13.—Comparison of theoretical values of (t/c,} SF(mfm t ri-
angular R’ing with no trailing-edge Sweep.

If slender-body theory is applied to rerttingultir wings in
combination, the erroneous result is obtained that nll lifl,
and therefore the center of pressure, is at the wing lW d i[lg
edge. While this result is valid for vanishitlg aspert ril Iit~~
it is obviously not valid in general. On th(’ othur hand, by
strip theory, the center of pressure is given tit the n~i(ldwrd
and is independent of the aspect. ratio, This value is cxrtrt
only in the case of vanishing chord and is approxitnti t (4Y
true for moderate to high aspect ratios. The cent Pr-of-
pressure location of wing alone as predicted by limwr thwwy
exhibits a shift toward the Ieading edge from the midehord
position with decreasing aspect ratio.

o~_3fla4-2
c; ~ 6/9.’1-3

Equation (63) is valid for 19.4>1. For fhi<l, negtitiYc
lifting pressures due to tip effects dm-elop on rmrward
areas of the wing, moving tbc center of pressure nwwcr thc
wing leading edge. Thus, the wing-alone cent m-of-pt’rssmr
location as predicted by lineur theory appronrh.es thc YUIUC
given by strip theory for wings (in presence of bcdy) of
high aspect ratios and shows a location more in arcordwwe
with slendm-body-theory results at Iow aspcwt ratios. It is
therefore concluded that for rw+mgular winbw the rwlt w of
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pressure of the wing alone for all aspect ratios is more
representative of the center of pressure of the lift on the
wing in presence of a body than the result given by either
slender-body theory or strip theory.

For trapezoidal wings of no trailing-edge sweep, slender-
body theory gives all the lift, and hence center of pressure,
on the portions of the wing forward of the leading edge of
the tip chord. In general, however, ”lift ie known to exist,
over the entire wing and the slender-body result for center-
of-pressure location is too far forward at high aspect ratios.
Strip theory, on the other hand, principally by not account-
ing for tip effects, generally gives a center-of-pressure loca-
tion too far aft of the wing leading edge particularly at low
aspect ratios. For large aspect ratios wing-alone theory i’s
in good accord with strip theory, and at low aspect ratios,
with, slender-body theory. Since strip theory is reliable
only at high aspect ratios, it can be concluded that wing-
alone theory is best for the entire akpect-ratio range.

On the basic of the foregoing comparison of wing-alone
theory with slender-body theory and etrip theory for tri-
angular, rectangular, and trapezoidal wings in combination
@th a body, it is concluded that of these three theories
wing-alone ‘theory is the best for representing the center of
pressure of the exposed wing panels throughout the aspect-
ratio range. Some simple charts to assist in estimating
these center-of-pressure positions are now presented. For
supersonic speeds, charts 10 (a), 10 (b), and 10 (c) give the
variation of (5/c,)W with (3A for wings of no leading-edge

sweep, no midchord sweep, and no trailing-edge sweep,
respectively, for taper ratios of A= O, X, and 1. The curves
giving @/c,)W are extrapolated to the limiting valuee given
by slender-body theory at PA= O, for which case slender-
body theory is valid, The value of (Z/c,)W for any given

wing of this family can be found by suitable interpolation.
For subsonic speeds the charts of DeYoung and Harper,
reference 23, can be used for estimating (Z/c,)~ for a wide

range of aspect ratios, taper ratios, and sweep angles. The
results are presented in chart 11. Again the results have
been extrapolated from values of f?A=2 to the slender-body
values at 9A=0. Crossplotting aided in the extrapolation.

The distance from the most forward point of the, body to
the wing center of pressure ie

&(lv.=hv+ (&)w(~/&xB) u (64)

f
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Wing-incidence angle, —No general method for estimating

(%)w(~) 8 exists, but specialized results are available for

rectangular wing and body combination for which &4.22
or for’ slender triangular wing and body combination& For
the rectangular wing and body combinations, values of
(z/c?)B7B)6 based on linear theory obtained from reference 3
are presented in chart 12. The values of (Z/c,)~(B)~ are

lower than the wing-alone (r/s=O) values by a few percent of
the root chord. The results for slender triangular-wing and
body combinations as determined from slender-body theory
in Appendix A are shown in chart 13. The deviation of

(5/cr)~f~~*from the wing-alone value of %is only. a fractional

percent of the root chord. For the combination to which
they apply, the results of charts 12 and 13 are to be used.
For other combinations, (iZ/c,)Wprovidee a good approxima-

tion to @/c,)W(B)* until more accurate values are available.

The center-of-pressure position with reference to the body
ie

&(B)~=lW+ (cf)W(z/c,)Wt~)t (65)

CENTER OF PRESSURE ON BODY DUE TO WING

The center of pressure acting on the body due to the wing

is determined by different methods, depending on whether

subsonic or supersonic flow is considered. The assumption

is made that the center of pressure of the Wt transferred from

the wing to the body is not seneitive to whether the lift is

developed by angle of attack or by wing deflection. Then

there is no appreciable dillerence between @/c,) ~(wla and

(%)~(w’,t, and these two cases are not treated separately.

Supersonic flow. —For the supersonic case the planar

model of figure 4 is used. This is the same ,model that was

used for the determination of the lift on ~he body in the

presence of the wing. The moment of the lif~ (eq. (23))

carried onto the body by a wing mkh a supersonic leading
edge is

in terms of the coorchnate system of figure 4 (b). This result,
doubled to account for the lift of two half-wings, gives
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The center-of-pressure location is the-n found using &(W) Similarly for wings with subsonic edges thwc is obtained
from equation (24) and the moment from equution (67) as
follows:

—-

,,+@,tj!jl-: ~t

(-)

z M.(w) M=(w) M B(W)= 8~;:+$faJ)qJ&=- (69)
(?,~(w)‘G=KB(W]L#r (68) y[m[+q

giving

{

d
Dd

..

4!4 %r ~
m*15*+?n13(n@+l);

MB(~) = ~
9m.p(?nf?+l)~ [

(8mP+24)m’13’+(14nz13+6) (mp+l)m~$+

3(?n13-3)(?n/3+1)’
(91

~’ _(8mlI+24)m3j33_(m13 -3) P 3
c~ %n/3(m/9+1)~ 3W9 (3 ‘O’’-’$:n:+} ’70)

c~

The moment of equation (70) with K&l of equation (26)
is used in equation (68) to give the center of pressure of
the lift on an infinite cylindrical body due to the wing.
The results for center of pressure for both supersonic and
subsonic leading edges me presented m a function of @d/c,
with m~ as the parameter in chart 14(a), It is notable that
the effect of n@ is small.

The case for no afterbody is approximated by integrating
equations (66) and (69) with c, as the upper limit. This is
analogous to the determination of Z&(W) for the no aftm-
bocly case in the lift-theory section. The results for both
supersonic and subsonic leading edges are presented in
chart 14(b).

While chart 14 can be used for an. approximation t.o
(Z/C,)B(~) for the low-aspect-ratio range, a somewhat more
accurate form can be presented for this range (chart 15), In
the more accurate chart the independent variables are trdmn
to be aspect ratio fmcl taper ratio, with radius-semispan
ratio as parameter. The. values of (Z/c,)B(W)for fLA= O are
those given by slender-body theory, and the vahles for
(~/s) = O are those for the wing alone as given by linear
theory. On the basis of this information it is possible to
extrapolate the high-aspect-ratio theory to PA= O, as has
been done in chart 15 for the a.fterbody case. This is to
serve as a desigu chart for the low-aspect-ratio range. A
similar ch.mt can easily be formulated for the no-aft. erbody
case by use of the results of chart 14(b). In establishing
the slender-body values at ISA=O,it was assumed that no
lift, was clevcloped downstream of the maximum wing span.
The extrapolation was not attempted for k= O and no lead-
ing-edge sweep.

The cent er-of-pressure positions as obtained’ by the
phmar-model method for the u.fterbody and the no-afterbociy
cases are compared with the slender-body theory centers of
pressure in figure. 14. For the case of the subsonic-leacling-
eclge. wing, mp= 0.2, for which slender-body theory would
be expected to be the most applicable, the agreement with
the no-a.ft.erbody case is very good for the entire range of
2@r/cr. However, the agreement between the slender-body
theory and the afterbody case is poor. The latter result
is to be anticipate-d by a consideration of figure 4(a). For
a given geometry, an increase in Mach number causes a
primary portion of the pressure dkturbance carried onto

2.0
I I ! I

–--— Slender-body theory mp
Planar model approximation a

1.6- / .2

A
s

I.2

z With Ofterbady - 7,,
ZL

~ Without afterbody a,
.8 . \

‘,
-— —— -- .——- ———- .——-. .—— —

— -— -- .—— — -— -- --—-

.4

I 1
0 .4 .8 1.2 !.6 2.0 2.4 2.8

2@f#/(c,)w

FIGURE 14.—Comparison of planar model values of (S/CJBcw) with
siencler-kmdy theory values.

the body to sweep beyond the wing truiling edge. Sint-
ilarly, a decrease in chord with a given Mtic.t~ numhcr
and body diameter moves the wing t roiling udgc ahmd of
the primary portion of the lift. disturhwwe cmricd ont u t hu
body. Since the present met hod agrees very well \Yi[h
slender-body theory vvhere slender-body thw.wy is cxpwd lIJ
to be applicable, und since slencler-body theory does ntlt
properly account for the aft crbody, the present nwthml of
determining (Z/c,)B(W)is applied to all cwrnbinations,

Subsonic flow.-Hithcrto, no method seems to havr bww
available for est hnat ing @/cr)Bcw) at. subsol~ic spmls, For
this purpose, the lifting-line model shown in flgurc 15 lw
been used. The lifting line is plarcd along thu quwtrr-
chord line of the wing and its imtige is int rodueml insidr t hc
body. The esternal lifting line is divided into w lkundwr uf
bound vorti~es, the strengths of which arc proportional (O
the circulation clist.ribution. The lifting line is not ul]i-
formly loaded although each of the horswboe vort irw is.
The external vortices have their int crmd images whidl ]No=
duce the lift. on the body, this lift being produced at !lit’
bound part, of the horseshoe vortex. Shwe thu lift on Iho
body due to each elenwnt d image horwshoc vort t~x is pro-
portional to the product. of its strcngt.h timw the l(wgth
of its bound element, wnd since its lift acts at thr bo~&l
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~ 1~
<Quarter-chord line

/’
? A}

r

-= ‘--- s +

G’w
(o) Plan view

Clrculati
dlstrlbut Y ., mnne rillorter-chord line

Lhorter-chord -
\/“ ““’-=- 1--’ “-

“w’:;’?%.=
‘ %“)Trailing -’” x,

vortices
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FIGURE 15,—Vortex model for determining center of pressure of body
in presence of wing or tail at subsonic speeds.

element, it is easy to determine the center of lift of all the
image horseshoe vortices. The formulas for the calculation
are presented in Appendix D and the results for (~/c~)B(w)
at subsonic speeds are presented in chart 16. In Appendix
D, the lifting line was assumed to be elliptically loaded.
This assumption should be valid for most cases since the
calculation is not sensitive to the span loading and since
eflicient wings tend to be elliptically loaded. No diihrence
between (Z/c,)B(W)aand (Z/c,)B(Wjthas been considered since
any such differences will be small and are beyond the scope
of available theory.

chart 16 gives results for unswept leading edges, midchord
lines, cmcl trailing edges as a function of &.4 and r/s. The
results for &i ~ 4 represent the results of lifting-line theory.
It is to be noted that no dependence on aspect ratio is found
on the basis of lifting-line theory. It is known that at low
aspect ratios the loading on the wing-body combination
approaches the slender-body loading for which the center of
pressure on the body is known. The value from slender-
body theory is plotted on the chart at 13A= O. lhrthermore,
for r/8=0 it is clear that (~/c,)B~mjequals the center of pres-

sure of the loading at the root chord of the wing alone. This
quantity has been obtained from the work of reference 26
for rectangular and triangular wings of low aspect ratio.
The results of reference 26 agree with good accuracy with
the Iif Ling-line-theory results for r/s= O at about &4=4.
Therefore, lifting-line theory has been adopted for @A>4,
and for j3A.<4 the curves have been extrapolated to the
slender-body values at /3A=O with the r/s= O results used
as a guide. The extrapolated curves are shown dotdwd in
chart 16. The distance of the center of pressure from the
most forward point of the body is

(71)

CENTER OF PRESSURE OF TAIL IN PRESENCEOF BODY

The center of pressure of the t~il in the presence of the
body (wing-tail interference being neglected) is given by the
same procedure as that for the wing. For supersonic speeds
the value of @/c,)~ as determined from chart 10 is used as an
approximation to (;/cr)zI(B). For subsonic speeds the charts
of reference 23 or those of chart 11 are available for cstirnat-
ing (Z/c,)~. The distance from the most forward point of
the body to the tail center of pressure is thus

(72)

CENTER OF PRESSURE ON BODY DUE TO TAIL

The center of pressure on the body due to the tail, wing-
tail interference being neglected, is determined by the same
procedure as that due to the wing, For supersonic speeds
charts 14 and 15 are used. For subsonic speeds chart 16 is
used iri estimating (~/cr)~rm. From these values the dis-
tance from the fo~ernost -point of the body
pressure is

~~(=)
()

‘l=+(c,)~ ~ ~cT)

to the center of

(73)

CENTER OF PRESSURE OF TAILSECTIONDUETOWINGVORTICES

The flow over the tail due to the wing vortices varies
greatly as the position of the vortex varies with respect to
the tail, It follows that the center of pressure of the lift -.
due to the effect of the vortices on the tail section is also
dependent on the position of the vortices with respect to the
tail. It is possible on the basis of strip theory to talie account
of this effect. Howover, the refinement is hardly warranted
in view of the fact that the distance from the center of
moments to the tail is usually large so that great precision
in the location of the center of pressure of the load on the

tail section due to the wing vortices is unnecessary. ~ good

approximation is to take the center of pressure m that for

the tail panels in combination with the body. Thus

&=&) (74)
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SUMMARY OF CENTER-OF-PRESSURE POSITIONS OF WING-BODY-TAIL
COMBINATION

The components of the lift, with the exception of the lift
on the wing afterboclv due to the wing vortices, have center-.. —
of-pressure positions estimated as follows:

1. center of pressure of body nose,

7“=’’(’-3)’)
2. Omter of pressure of wing in presence of body,

()7W(B,=1W+“:Jcr)w

with

3. Oent cr of pressure on body duc to wing,

iatw)
()

=/TV+(Cr)w : ~(w,

4. Center of pressure of tail in the prcmncc

~T(E)
o

=[*+(C,)T : ~(B}

5. Center of pressure on body clue to tail,

7B(T)
()

=IT+(C,)T ~ ~(=)

HINGE-MOMENT THEORY

Tile methods for estimating (Z/c,)Wc~). and (Z/c,)W(glt for
the complete combination cent ain within themselves the
methods for obtaining ~lm and ~fh~. However, it should be

pointed out that, in general, greater acmqacy is needed in
the value of @/c,)W(B)for estimut ing hinge moments than for
estinmt ing the moment characteristics of, t.hc cornplet.e com-
binat ion. consider, for instance, a triangular, all-movable
control which has u nearly constant c:enter-of-pwssure posi-
tion through the. speed range, aml the hinge line. of which is
Iocat cd close to the cclltler-of-pressllrc Iocatioll, For such u
control, small changes in center-of-pressure position repre-
sent huge changes in hingu-momenti coefficient so that
fit!ct~r}~t~ Viducs of (i?/c,)w(B)are, desired.

The values of ~,,a imcl ~~~rme given very simply hy the

following expressions:

(“~a=— (C,/l?)Kw(~j[(Z/c,)w,@)a– (de,)] ((ka)lv (83 j

(?),6= – (cr/?)kwf(B}[(E/c, )]r(B)* – (W&)] (ck=)w (84)

wherein the coefficients are based on the mean aerodynamic
chord m t-he reference length. For tria.nguhw-wing and
body combhations the values of (Z/c,)W-tB1aand @/c,)~{~); can
be. obtained from chart 13, and for rec.t angular-wing ancl
body combinations @/c,)Wc~13can be obtained from chart ]2.

To estinmt e the hinge moment,, the effect of wing sectio]l
must bc considered in the determination of @icr)W(B). If

experimental results are available, the best method for
doing this is to add the the.oret.imdc.tmter-of-pressure shift
due to interference as given by the present method to the
experimental center-of-pressure position of the wing alone.
If the experimental wing-alone center of pressure is not
available, it ctin be estimated by adding the second-order
theory or Aock-exwansion theory center-of-pressure shift for
the two-dimensional wing section to the three-dimensiomd
linear-theory center-of-pressure position.

(78:)

of body,

179)

(s0)

6. Center of pressure of tilil suction due to wing vortices,

The center of pressure for the entire comhitmtitm is thus
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EXPERIMEN1’AL VERIFICATION

To test the method of this report, a series of calculations
have been performed to estimate the characteristics of a
number of combinations, and these characteristics have been
compared with experiment. The geometric and aerody-
namic characteristics of these combinations for which the
comparisons have been made me summarized in table II for
wing-body combinations and in table III for wing-body-tail
combinations.

For the most part the correlations am made on the basis of
the lift and moments of the entire combination since the divi-
sion of lift and moment between the components is not gen-
erally given by available experimental data. It should be
borne in mind that correlation between the method and ex-
periment on the basis of total lift does not necessarily imply
that the distribution of lift between body and wing has been
correctly predicted by the method.

Some difficulty was met in trying to determine lift- and
moment-curve slopes from published curves since slight non-
linearities near cs=O were occasionally present. For these
instances the curves were generally linear for + 2°, and the
average over this range was used. However, some of the
moment characteristics for wing-body-tail combinations were
so nonlinettr that it was impossible to determine the center-
of-pressure position at &!B= O accurately, and in these cases
the information was not entered in table III. The values
of the lift-curve slope for the bodies alone were in some
instances also difficult to obtain accurately because of the
small slopes of the curves. Furthermore, the reliability of
the experimental lift-curve slopes was sometimes question-
able. In one case, data on similar configurations from dif-
ferent testing facilities (and at different Reynolds numbers)
gave a difference of the order of 10 percent in the lift-curve
sdopes. Also, generally speaking, the data have not been
corrcc ted for any flow irregularities that may exist in the
various wind tunnels. In view of these difficulties, together
with the approximations made in the method, it was felt
that a correlation of &10 percent would be a realistic
accuracy to expect for the lift-curve slopes.

LIFT

Wing-body combinations, —Figure 16 is a correlation be-
tween the estimated and experimental values of fl(dOr,/da)c
for wing-body combinations at supersonic speeds. Config-
urations with triangular, rectangular, and trapezoidal wing
plan forms are included. These may be identified by refer-
ring to table II. Included in figure 16 me the line of perfect
agreement and dashed lines indicating +10 percent deviation
from perfect agreement. It is readily apparent from this
figure that the present method estimates the lift-curve slope
within +10 percent for most ‘of the combinations, and thus
properly accounts for the first-order effects of wing-body
interference.~ The scatter about the lines of perfect agree-
ment is apparently random and is due to second-order effects
that will subsequently be discussed. The flagged symbols

zInthisconnection,Itissl~nitlcmtto~s!ihowmucherrorcmbeintroducedbyne@ceting
lntcrter~nct..For tbe trl~ngulor\~brs.softhisyeportit we determinedthatthesumsofthe
wing-aloneandbo~y-~lonclift-curveslopeswerv,ontheaverage,20percentgreaterthrmthe
correspondingexperimwrkdlift-curve slopesfor the eombirmtionswhen tbe wing alone is
takenaethe triangularwingthat Includesthe blmlcetedmea. For verysmallwingsthe sum
em approachtwicethe experimentalvalue.
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FIGURE l&-Correlation between ex~erimental and estimated lift-

curve slopesfor wing-body combinations at supersonicspr?eds;a= O.

represent values calculated by afterbody theory for the con-
figurations with no afterbody. On the average, the estimated
lift-curve slopes for these points are larger than the experi-
mental, as would be expected since the theory includes non-
existent afterbody lift. When tho no-afterbody theory is
used, these points fall more in line with the other correlation
points. In some instances, the effect of afterbody is large.

with regard to triangular wing-body combinations the
present method is not substantially different from that of
reference 6, which was found to be valid for such combina-
tions. Thus, correlation for the triangular wing-body com-
binations was assured.

For the rectangular wing-body combinations, a point of
interest is furnished by the. fact that slender-body theory
should be inapplicable. Consider the slender-bocly combina-
tion that includes the area OA’A in figure 17. According to

o

A A’

J

FIGURE 17.—Formation of rectangular wing-body combination from
a slender combination.
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slender-body theory the entire lift is developed on OAA’. If
A approaches A’, the slender combination becomes non-
slender and, on the basis of slender-body theory, the lift re-
mains unchanged nnd is concentrated on the leading edge of
the rectangular haIf-wing. This application of slender-body
theoly to rectangular wing-body combinations represents a
degenerate case of the theory. It is thus interesting ~,hatt
slender-body theory values of KW(E) produce correlation for
rectangular wing-body combinations. The good correlation
of the trapezoidal wing-body combinations is more significant
than that for the triangular or rectangular wing-body com-
binations because generally four quantities are necessary to
describe the geometry of trapezoidal c.ornbinat.ions, whereas
only two are llecessa.ry for the latter combinations.

In figure 18 the subsonic experimental values of f?(dCL/cZa)c
for wing-body combinations are pIotted against the esti-
nmt ed values. Certain of the corre.lat.ion points have flags
to indicate that they represent the hlach number range 0.9
to 1,Q. It is apparent that the present method of predicting
@(dO./da)c is accurate to within about &10 percent for wing-
body combinations at subsonic speeds, as well as supersonic
speeds.
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FIGURE 18.—Correlation between experimental and estimated lift-
curve slopes for wing-bed y combinations at subsonic speerk; a = 0,

ITgnrc 19 is presented to indicate how the present method
predicts thg trend with Mach number of the lift-curve s~opes
of wing-body combinations. For these examples the t.re.nds
are well represented by tho theory, However, in the tran-
sonic range the estimated magnitudes tend to be too srmdl
because of nonlinear tmmsonic effects. Linear theory was
used to compute the wing-alone lift-curve slope for the
theory. hIcDevitt (ref. 27) has shown that for rectangultw
wings having iWACA 65A0.XX sections, good agreement
between linear theory and experiment is obtained for lift
near ik?m= 1 if the transonic similarity parameter A(t/c)}d

Moth number, Mm

(a) Wing-body combination 1. (c) Wing-body crmlbinntiw 5.
(b) Wing-body combination 4. (d) l~ing-body ccmhinritionIL

FIGURE 19.—Variation with 31ach numbw of iift.-curw S1OY!of
several wing-body combinations at a= O.

is less than unity. However, no well-d#mi!d depcndcncr of
the agreement between experiment and theory on (his parti-

meter was noted for the four plan forms rcqm’scnted in
figure 19.

For some combinations the theory shows n pmk in t}1~’
Iift-coefficient variation at ~1~ = 1, while for otlwr conlbilta-
tions the peak occurs on the supersonic sid~. Tor .Ifw ~=1,
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the effective aspect ratio is zero, and the slender-body value
of the lift-curve slope, (r/2) A., has been used in the theory,
On the supersonic side of &fm= 1 the values of&A are small
and the wing lift-curve slope has been obtained from low-
aspect-ratio linear theory. If the lift-curve slope so ob-
tained is greater than that obtained from slender-body
theory, then the maximum lift-curve slope occurs on the
supersonic side of M== 1. The behavior of the lift varia-
tion with ~Mach number around &fm= 1 thus depends on the
low-aspect-ratio lift characteristics of the wing alone.

While the agreement between the estimated and experi-
mental lift-curve slopes for the combinations compared is
evidence suggesting that &e division of lift between wing
and body is correctly given by the present method; never-
theless, more direct evidence is needed to prove the point.
Some such evidence is presented for supersonic speeds in
figure 20 and table II. The experimental and estimated
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FIGURE 20.—Conlparison of experimental and estimated lift-curve

slopes for wings in the presence of the body at a= O.

values of fl(dO~/cZa) w(~) for the wing in the presence of the

body are in good accord. At subsonic speeds data in ref.
erence 2 give the same division of lift between wing and
body as a function of diameter-span ratio m the present
method. The comparison of the data in this report is with
the theoreticxd division as given by the Lennertz theory
which, as previously pointed out, is numerically the same as
that given by slender-body theory on which the present
method is based.

The effects of wing-incidence angle on lift have been studied
in a manner similar to the effects for angle of attack. Com-
parison is made between the experimental and theoretical
values of ~(”~$)~ in figure 21, A group of three combina-
tions corresponding to flagged symbols for which the vving-
alone experimental values of ((?~a)~ are available are indi-
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FIGURE 21.—Con~parison of experimental and estimated Iift-curve
slopes for wing-body combinations at 8= O.

cated. If, for the same combinations, the theoretical values
of ~(e~~)c are based on the experimental values of the wing-
alone lift-curve slope, then the flagged points of figure 21
become the flagged, solid points which are in good correla-
tion with experiment. Generally the predicted values of
0( CL8)C tend to be somewhat too large for the data ‘cor-
related. There are not sufficient data to determine whether
this effect is due to inaccuracies in the theory or to a tend-
ency of the experimental wing-alone lift-curve slopes to be
less than the theoretical slopes,

Experimental results available for the lift on the wing in
the presence of the body due to variation in 6 are compared
with the estimated results in figure 22 and table II. With
the exception of three points, the agreement between theory
and experiment is considered good, These three points are
for a wing-bocly configuration for which the wing-alone lift-
curve slope is not properly predicted by linear theory.
When the experimental value of the wing-alone lift-curve
slope is used in the estimation, the correlation between
theoretical and estimated values is good.

Wing-body-tail combinations,—The values of ~(dCL/da)~
at a= O obtained from experiment are plotted against the
estimated values in figure 23 for subsonic speeds and in
figure 24 for supersonic speeds (values are also presented in
table III). To illustrate the importance of wing-tail inter-
ference, the points are shown as squares for no wing-tail
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FIGUEE 24.—Correlation betwwn experiment:d Iwd wtim:ttcd iift-
curveslopes for wing-bady-t nilcombinations at supwsonk spwds; a 0.

interference considered in the wtim~ltw tind as cirr]cs fm’
wing-tail interference included in thd wtimtit cd Au(’s, 1t
is apparent. that effwts of wing-tail int wfww wr run he very
large on a pcrcentrgc ?.msis, 3(I to M percent. Hmwwr,
after the effects of wing-ttii] intwfertmce hilw! bowl iurludw I
in the theory, the errors me genertilly within + 10 pwwut.
Therefore, the accuracy of prediction of tho wing-tail iut or-
ferenec in the worst cases must bc within about +25 tu 30
percent,

The nonlinear wwiat.ions of ~~ with a for two wing-bwl~-
tail combinations at subsonic spe(!ds arc shown in flgun’ 2.5.
The theory with and without wing-tail interf,~rw~{!eis SIN}IV1).
For these low angles of attnck tho theory imlulit~g wiug-
tail interference is in good accorcl with the expmhntvll, F(u’
higher angles of atttick the body crossfluw thlwry of rl~fwwwr
15 predicts that the lift is great.w than thiit ustimtltwl 1)}’
the theory of this report. A comptwison is rnadc b(’twuwi
experiment tmd theolT for tl supersonic speed it1 flgmv 20.
Again in the. low angle-of-att ark rangr tho tig;wwwnt
between the experiment ~d and theoretiml W.lUW of tlw lift
coefficient is good, The wmititions of lift-rum’ slop(’ with
Mach number for zero angle of at tark are shown in figur~~27
for two cornbinat.ions. Although insuffiritwt dut tl ~w ]m’-
sented for a conclusive evaluation of tlw thctwy in tho
trtmsonic range, the trends with Mmh numhw tiri’ WP1l
predicted for the combh~titions considered.

~ONGITUOINALCENTEROFPRES91[RE

Wing-body combinations, —The method of this nqmrt has
been a.pplie.d to the cukdotion of the rentws of prwsl~re of
wing-body combinations of widely }-mying plan form. The
results for the angle-of-a t t ark case tlro compnrwl wi lh the
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experimental centers of pressure found by putting the
experimental values of CL~and flna into the expression

where ZRis the moment reference len@h in inches, The
results summarized in table II and in figure 28 show the
correlation between the experimental and theoretical results
for supersonic speeds. Included in figure 28 is a line of per-
fect agreement and the lines of +0.051 deviation from perfect
agreement. The flagged symbols represent points for con-
figurations with no afterbody for which the afterbody theory

OF WING-BODY-TAIL COMBINATIONS
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was used. When the no-nf tw%ody theory is used, these
points fall more in line with the other correlation points.
As in the case of lift, the effect of afterbocly on cel~tcr of
pressure can be large.

In general, the estimated centers of pressure me too f~lr
aft. Analysis of a number of wing-body eombinatious showecl
that this result is more pronounced for the rectangular wings
than for the triangular wings and that the error in the ost i-
mation for trapezoidal wings is intermediate, To be specific,
the line of mean correlation is displaced 0.009 body length
from the line of perfect agreement for the triangular wings,

,0

0.017 body length for the trapezoickd wings, and 0.026 body
length for the rectangular wings. A possible cxplana tion for
the difference in correlation between the triangular and rec-
tangular wing-body combinations can be made by collsiderrt-
tion of the wing tip. It can be seen that the lift carry-over
from a rectangular wing onto the shaded mea of the body
shown in figure 4 (b) is independent of span, provicled that
&l 22, and can be considered that due to an infinite wing.
In order to form a fit]ite wing, a ‘tccmceling wing” must be
superposed on the infinite wing to form a wing tip. This
canceling wing generates a negative lift which is transmitted
in part onto the body aft of the trailing edge of the wing at
a clistante which depends primarily on the Mach number
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Mach number, Mm

(a) Wing-body-tail combination 102.
(b) Wing-body-tail combination 103.

FIIX?Rn 27.—Variation with Mach number of lift-curve slope of wing-
body-tail combinations at a=O.

Estimated center of pressure, (~l~a

FIGURE 28.—Correlation between experiment al and estimated centers
of pressure for wing-body combinations at supersonic speeds; a=O,

no empirical correction.

and wing semiepan. While this negative lift. carry-over is
probably small, its effect on the over-all moment and center-
of-pressure position of the combination might be appreciable
due to the large moment mm involved. Since no account was
taken of this decreased lift on the afterbocly, the calculated

centers of pressure for the rectangu~ar wing-body combina-
tions are too far aft. Triangular wings, having no tip chord,
might be expected to have less wing-tip effects than rec-
tangular wings. In view of these facts it is suggested that
the aforementioned displacements of the lines of mettn mrre-
lation be applied as an empti~cal correction for cacli of the
three classes of plan forms considered. The result of upply-
ing this correction to the data in figure 28 is shown in figure

29. The c.entel--of-pressure positions for the combinnt ions
are now estimated within +0.02 1 for the angle-of-ret iack
case. This empirical correction has l.xwn applied to the
theoretical values of 7c./l in table IL
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FIGURE 29.—Correlrdion between expcritnrnt:d :ind estimstwf c(’litl”rs
of pressure for wing-body combhlat ions at supmwn ~ir spwds; a T 0,
with empirical corrections.

The center-of-pressure positions at subsonic spcwls for
wing-body combinations as determined expmimrmt a~~yht~w!
been plotted m a function of the estimated positions in
figure 30. Lines of +0.02 1 error have bum included in lhc
figure. Generally speaking, the configurations corrclat od Iir
within the +0.02 1 error limits. It is to bc noted tha~ ifw
errors arc rimdondy distrilmt.ed about the line of pmfoct
agreement,. Comparison is mule IWween theory and cspf:ri-
me.nt for subsonic and supersonic speech in figure 31 in which
the variation with Mach number of the centers of prwsurc
is presented for four wing-body combinations. The theory
for supersonic speecls has been presrwted in two nmrmcrs.
The solid line represents the theory without cmpiriml cor-
rection, while the dashed ~ines represcntt the t hcory witli the
empirical corrections advocated. Gwwrally speukiug, tfw
variation with Mach number of t,hc c.entt’r-of-l~l*~!ss~ll*cmoYr-
ment is not large so long as the t.ransonic range is not t r~~v-
ersed. However, through the t.ransonir range, chr-mgrs in
center of pressure of appreciable. mngnitucle can occur. Tho
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FIGURE 30~—Correlation between experimental and estimated centers
of pressure for wing-body combinations at subsonic speeds; a= O.

magnitudes of the shift are fairly well predicted when the
empirical correction is “made. It should be remembered
that the correction applies only to wing-body combinations
at supersonic speeds.

A comparison of the experimental values of (@)ct with
the theoretical values is presented in figure 32 and table II.
The correction mentioned in connection with the angle-of-
attacli case is included in the estimated values. The present
method, in conjunction with the empirical corrections, gives
a means of estimating @)uJ to within about +0.02 L

Wing-body-tail combinations, -A currehtion of the center-
of-pressure positions for a= O at subsonic speeds, w de-
termined experimentally and as estimated, me presented
in figure 33 for wing-body-tail combinations. It is clear that
inclusion of the effects of wing-tail interference is sufficient
to move the points into the correlation band for almost all
cases. The results for supersonic speeds are shown in figure
34. The effects of wing-tail interference are larger, gcmera.lly,
tllm for the subsonic wing-body-tail combinations. The
correlation is accurate to within +0.02 t for nearly all the
combinations.

The effects of Mach number and angle of attack on the
center-of-pressure position of wing-body-tail combinations
can be very Iarge. The effects of angle of attack are illus-
trated in figure 25 for subsonic speeds and in figure 26 for a
supersonic speed. The theory with and without wing-tail
interference is shown. The effects of wing-tail interference
are generally large for the combinations illustrated. One
important observation from figure 26 is that a large rear-
ward change in center-of-pressure location with angle of
attack is observed and predicted, a change that is compara-
ble in magnitude to the effects of wing-tail interference
itself. The rearward shift is due to a decrease in the tail
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FIGURE 31.—Variation with MMb number of center-of-pressure
positions for wing-body combinations at a=O.

download caused by the wing vortices as the angle of attack
increases.

One of the important problems of aircraft and missile
design, the center-of-pressure travel in the transonic range,

k considered in figure 35, Although insufficient data are
presented for a conclusive evaluation of the theory, the
trends’ with Mach number are well predicted for the dat~
considered and the absolute values of the center-of-pressure
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posit km w.? within the +0.02 1 given m the accuracy of the
nwthod by the correlation curves.

There rcmtiin t.o discuss tho eficct.s of wing ~eficct.ion ON
wi@/lil intwfwencc. A positive defh’ction of a wing nor-
mally cnuscs an upload on the wing, but the resulting whg
vort~x wmses a. download on the tnil. As a result, a COn-

sidmnble pit thing moment is developwl. For slender wing-
bocly-tnil combinritions with ti~il spans greatcw t.htin the wing
span, Morikfswa, in refewnce 9, pointed out that. th~ lift oIl
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To determine the vtdidity of the present computational
method for estimating the effects of wing incidence on the
lift and moment interference of complete Configurationsj
estimates are made of the lift and moment characteristics
of those combinations for which data for variable wing
incidence are available. The estimated and experimental
chamcteristics aro compared in figures 36 and 37 for two
combinations having different wing and tail planforms.
130th combinations exhibit the forward movement of the
center of pressure. In the low angle-of-attack range where
the theory applies, the agreement between theory and

—
Angle of attack, a, deg

(a.) Lift. (c) Center of pressure.

(b) Moment.

‘IGURE :36.—Comparison between estimated and experimental effects
of wing incidence for’ combination 104.

Angle of attack, a, deg

(a) Lift. (c) Center of preseure.
(b) Moment.

FIGURE 37.—Comparison bet ween estimated and experimental effects
of wing incidence for combination 101

experiment is good for the combination of figure 36 but not
for the combination of figure 37. This cornbimtion, which

was tested at supersonic spce’ds and which has a triangular
wing with supersonic leading edges, exhibits a behavior
which is not explainable in terms of the theoretiml model
with one fully rolled-up vortex per wing panel. Figure 37
shows that the predicted lift clue to wing deflection is in
good agreement with experiment, but the predicted moment
is not realized. Since the predicted moment is due primarily
to tail download,” it follows that the tail download is not
developed. Thk behavior is explainable in terms of span
loading. Experimental and theoretical results (ref. 3)
indicate that for rectangular wings of sufficiently large aspect
ratio, the span loading at the juncture of the wing and
body is considerably below the maximum span loading on
the wing for variable wing incidence at zero angle of tittacli.
This means that the shed vorticity inboard has the opposite
sense of rotation of that shed outboard, and upwash is
generated inboard. Under these circumstances it appears
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that two vortices per wing panel are the least number that
can adequately represent the trailing-vortex system. The
combination of figure 37 possesses a t,rirmgular rather than
a rectangular wing, but its effective aspect ratio is 6.8 so
that the foregoing effect might be a-nticipat.e.d. A com-
plic.atting factor is that. the. shock wuvc is detached from the
wing for all angles greater than about 3° so that the flow is,
in part, t.rane.onic. Also, the tail span is considerably less
than the wing spm~ so tlmt the tail is located largely behind
tho inboard portions of the wing. For these reasons it is
felt that the theoretical model of one vortex per wing pftnel
is inupplkable zmcl that two vort.ic.es per wing pt-mel are the
minimum number thii t can describe the gross effects. How-
ever, more. mperirnental work must be clone before an
accurate theory cam be developed to cover this case.

llIN~E-MOMENTCOEFFICIENT

Th~ hinge moments of an all-movable wing depend on the
lift developed by the wing in the presence. of the body as
well as the center-of-pressure position of the wing. IThile
.a given percentage error in cletermining Lhe value of (C&(m
causes the sLLmepercentage error in ~h, the same cnnnot, be
sti.id for center-of-pressure position. Consider an aJl-
movable wing with the ceutw of pressure displaced 5 per-
cent of the mean aerodynamic chord from the hinge line.
An error of 1 percent of the mean a.eroclynarnic chord in
center-of-prwsum position causes an wror of 20 percent in
hinge-moment coe.t%cicmt. The necessity of having accurate
estimates of center-of-pressure. position ~to obtain accurat e
hinge-moment estimtites is thus a.ppa.rent. Furthermore,
any efiec.ts such as Reynolds number, airfoil section, or slight
wind-tunnel flow irre.guhwities which WOU1{lotherwise be
inc.onsequentisl may well have important effects on hinge
moments.

~~nfortunately, an insufdc.imt amount of data is avail-
td]le to determine the degree of correlation between experi-
mental values of the hinge-moment coefficient amd the
vaiues estimated by the present method. The data that

m available (primarily for triangular-wing planforms)
indicmte that for both the angle-of-attack and the wing-
incidmce cases the predicted center-of-pressure positions
are too far aft for the wing in the presence of the body.
However, the piedic.ted wing-alone center-of-pressure, posi-
tions me too far aft by about the same amount. This means
that the dif~erencc between (?8/c,)w and @/Cr)W(B), which

rqnwents the interference, is given fairly well by the
theory. Therefore, the most- acc.urat e method of est inlat-
ing the vidue of (Z/c,)w(~) wonhl be to add to the measured
value of (Z/c,)W the theoret,iwd diflereuc.c between @/cJ wt~)
and @/c,)W. For the few cases checked, the center of pres-
sure was estimated to within 0.02 of the root-chord length
by this method. Although sufficient data axe not avail-
able to nmke a thorough check on the validity of this pro-
cedure, the desirability of knowing the experimental wing-
alone chtiruct eristks is clear.

LIMITATIONS AND EXTENSIONS OF THE METHOD

k the application of any method such M the present one,
the important, question of its limitations arises. Because of
the very large number of variables specifying a wing-body-tail

combination,

FOR AERONAUTICS

it is not practicwl to prwwnt t!orrrdations CWVW-
ing all possible combkaticms. For this reason the limi(z~t ions
and possible extensions of the method me best drturmincd
by an examination of the tLssumpt ions made with rugurd t{}
certain pmameters.

ANGLE Ol?ATTACK

It has already been stated tlmt the assumption of Iimwri {y
in the present method limits t.le uwful tmgll!-of-nt t tu:k ut1(I
wing-deflection ranges of the theory. ,ft high at@*s of
attack the wing-tuil inh’rfwcnw: ihror.v is inwdidutw i hy
the appearance of body vorticw and mor{’ thtm mw wmtl~s
per wing panel. Also, the viscous crossflow of !h[’ typv
discussed by Allen and Perkk in refertmce 15 is sullicicntl.y
important. to inwdidatt’ at high tingh’s of Ilti!ll:li un.v thwtry
of wing-body c-ornbinut ions based soh’ly on frirt imd ws flow
considerations.

MACHNUMBER

The. present method is applicable to sulmnic, transotlir,
and supersonic speeds. However, iu th~’ trtimonir ru~lg~~
the nonlinemities exhibited by some comhinnl ious n~t~y
cause the method to foil. For t.lw cm’s for which mmline-
mities exist, the ratio of the lift ou iho wing to tlw lift oil
the body of a. wing-body combintit.ion rnn b(’ propwly prP-
dic&ed by the t.h~!ory.

WING AND TAIL GEOMETRY

The only msumpt ions made for tho wing plonfmm Iiw
that the lmding edges arc not swept fmwwrd ~lnd tlm[ fIw
truiling edges arc not}swcp lbthwk. For swept furwnrl 1lmrli Nq
edges or swept back t rtiilh lg edges, the solutim~ of slwdl’r-
body theory used to ticterntim’ KW-tB}md K~[V~)is utlt up-
plictdde because no account is hdwu of tlw wldition:d wwtiws
that exist for these. conitii ions. Thu UW Of tht? ~’~rrlh(it(’L’{Ns-
flow solutiou, det wminwl by the method of l~mltl x untl
Byrd ‘in reference 10, should circumwwt this diffhwl ly.
However, some successful prelimimwy corrdut ions hut w(’tw
data for combinations with swept hwk tmili [~gwlg(’s and 1IN*
estimaies of the prcsmt method (ignoring [1]{?swtvp of Illt+
trailing edges) indicat P ih~lt tl~(! effort nligllt tm[ IN liwg{’,
While the present method is worlwd out OIil~ f(tr llIIIJtitIl<vd

con.figura.t ions with two wing pamk , it is possihh’ hy US(!
of the appropriate slel~fier-})ocly-tll(’ory solutio~l ti) rxt(’lld
the method to banked mnfigurutions with my mmlhw of
wing panels. For interdigittltcd or high l~lils till’ nl~’t]wd
ean be easily generalized. For dif~ercwt iul ini*i(lw~(’(’LJf(h{!
wing panels, the method is still npplir~iblc if ii st (’p-l)J-sl q)
calculation of the. type discussc(d in rufwrnrc %5 is ilwd to
determine the vortex position ut {hc tuil. ‘Hw nm(h’1 m
which t,hc present method is based nssunws nm xin~uu~ vir-
culation at the wing-body j uniturc. A violatim~ of {l~is
assumption invalidates the mode]. Such tL tom] ii ifm Pod]

conceivably arise through the use of invww hlpwl sw@-
forward wings, high-aspect-ratio dcihwtwl wing PMWIS with
supersonic leading edges, or wing panP1s lmving twis~ or
camber, or from lurge gaps betwceI; wing atid hm~.v.

BODY GEOMETRY

The method is formult~twi on th(? wmmq}tiol~ ~,f slvmhw,
point ed bodies having wings iLnd t.tlik mount WI tm body
sections of uniform diamcttw, but the method ran give good
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estimated values for other conditions. If the wing is located

close to the nose, the upwash field varies chordwise and

spanwise instead of only spanwise as assumed in equation

(15). The wing of the combination is thus effectively cam-

bered m well as twisted, and the wing-body interference as

well as the lift clue to upwash is altered. However, this
effect is not large for most practical cases. For the few
cases for which varying bocly diameters were encountered in
the data correlation, an average constant radius was assumed,
and it was found that the’ estimated values correlated with
the experimental values within *10 percent.

If the nose of a combination is not slender, the lift and
center of pressure, as predicted by slender-body theory, is
inapplicable. For such cases a more exact theory or prefer-
ably experimental body-alone results should be used. Theo-
retically, boatt,ailing of the af terbody should have the effect
of decreasing the lift of the combination if the flow follows
the body. Because of flow separation, it is expected that
little, if any, lift will be lost.

CONCLUSIONS

On the basis of the comparkon between predicted and
measured lifts and center-of-pressure positions of a number
of wing-body and wing-body-tail combinations for subsonic,
transonic, and supersonic speeds, the following conclusions

can be drawn:
1. The present method predicts lift-curve slope to within

+10 percent for most combinations through the speed range
considered. However, in the transonic range, nonlinear
effects can reduce the accuracy of the Iif t prediction. The
method takes account of the wing-tail interference which can
change the combination lift by as much as 35 to 40 percent..

2, For wing-body and wing-body-tail combinations, the
center-of-pressure positions are predicted to within +0.02
body length, However, in the transonic range nonlinear
effects can reduce the accuracy of the center-of-pressure
prediction, The method takes account of the, wing-tail
interference which can change the center-of-pressure position
by as much as 10 to 20 percent of the body length.

3. Due to the sensitive dependence on center-of-pressure
position on the wing, accurate values of the hinge-moment
coefficient arc not predicted by the present method. How-
ever, estimates of hinge-moment, coefficient can b.e obtained
by adding to the experimental center-of-pressure position of
the wing alone the theoretical shifts due to interference as
determined by the present method.

4. The nonlinear effects of angle of attack on center-of-
pressure. position and lift can be as important as those of
.Uach number.

AMES AERONAUTICAL LABORATORY

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

~lOFFIZTT FIELD, CALIF., July 8, 1963

496170O-59—5
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APPENDIX A

WING-PANEL CENTER OF PRESSURE DUE TO DEFLECTING WINGS OF WING AND BODY COMBINATIONS

In reference 13, Spreiterhasgiven the loading and center-of-
pressure positions for the wing of a wing and body combina-
tion with zero wing incidence. However, for all-movable
wings the problem of the center of pressure of the wing in
the deflected state with the body at zero angle of attack
is of importance. This result is readily obtained by methods
similar to those used by Spreiter. In fact, the wing loading
is given in reference 28 as

( 2r

()

Ap )
2 tan ●(T4—r4) W+2cos-1 —

q+r~fq
a w(B)=

(Al)
Wqs%1(V+@/q)2-(y+?’2/&?)2

Y

—s --l

FIGURE 38.—Coordinate system and symbols for determination of

center of pressure duc to wing-deflection angle.

wherein the symbols are defined in figure 38. If ikfw(~) is the
moment developed by both wing panels about the y axis, it

is readily shown that. this moment is giwm by

*=2LHX3L,%2Z m)

One integration yields the result

The second integration caused some difficulty because the
integrals could not be expressed in terms of tdmltitcd
functions. Instead, it was found necessury to introdurr
two functions defined by the following rapidly conw!rgmt
series:

W)=z-$+$-$+. . .

In terms of these functions, the moment is givc~n by

—–167r# log (8/r)+~+~2 (H)+8~

S2+r2 ~2r3[#(r/8) w)]+~ log_._.#__ -—

If the. moment is divided by the lift. of thu cxposetl wi]lg
panels as given in terms of kw(flj (eq. i19)), the mommt
arm is obtained, It is convenient to express this nwn)c~~t
arm in fractions of the root chord behhld the letiding cdgv
of the wing-body juncture in the folk)wing equation wkt!it ~

Ir is the xadius-semispa,n mt.io, r/s:

The quantity (~/c,)W@~thas been plotted as m function of
r/s in chart 13.
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APPENDIX B

DETERMINATION OF TAIL INTERFERENCE FACTOR

The tail interference factor to be evaluated is

LT(v)/(Lr)a
‘i=

r./%avm(8T–?’T)
(Bl)

The lift ratio is readily evaluated by a combination of strip
theory and slender-body theory. The model used to obtain
the vertical velocity at the tail induced by the wing vortices
is the slender-body model of figure 39, From the Biot-

-rm r.

n OT-~ Wing vortices ~ .

‘i I
Images h

v
: ?

~toil tip tail tip~

(o)

Fs—
(b)

Ct

(a) Wing vortices in crossflow plane of tail.
(b) Tail planform dimensions.

FIGURE 39.—Model and dimensions for determination of tail
interference factor by strip theory.

Savart law for an infinite line vortex, the vertical velocity
due to the right external vortex is

In this
stream,

w—
I’m(j–q)

–-2T[h’’+(j-?Jq

equation I’m is positive counterclockwise
and w is positive upward. The tail is

(B2)

facing up-
effectively

33

BY STRIP THEORY AND SLENDER-BODY THEORY

twisted because of the variation of w across its span. All
geometric quantities in the derivation are understood to be
those of the tail rather than the wing so that no subscripts
me used.

The application of strip theory to obtain the load on the
tail due to the vortex involves an integration across the
exposed part of the tail. As previously discussed, the lift
evaluated by this procedure appears partly on the tail
panels and partly on the body. If the section lift coefficient
is taken as 4/B, the lift due to the right external vortex on
the right external panel is

L,=–~”—
J()

ss 4 rm(j– d ~
2TV. , B h2+(j–T?)2c’q

(B3)

The valu,e of L1 obtained by integrating equation (B3) is
expressed with the aid of the following function:

(s–?’A)-f(l-x) IL’+(f-.S)’‘(w+)={ m+ ‘nh2+u-d2-
[ () 1}

~ (s–r)+h tan-’ ~~ + tan-’ ~~ (B4)

as

The lift on the right panel due to the left vortex is

(B5)

(B6)

Consider the image vortices having coordinates j{ and h,
given by the following equation:

(B7)

J
.,

hT2
h,=—

f2+h2

The lifts of the right and left image vortices are then given,
respectively, by

(B8)

(B9)

The total lift due to the wing vortices and their images is

%3v. N9-L(-9-L(+)+W1 ‘BIO)
L (v)=8qm rmc,

T
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To obtain the tail interference factor, i, requires a cletermi-
nation of the lift of the twil alone by strip theory to non-
dirnensionalize the foregoing lift quantity.

(Bll)

Integration gives
4aqm&-7’)c,(l+h)

(L.)a= ~ — (B12)

●

Forming the ratio given by equation (B 1‘1yiekk tlw follow-
ing result for i:

i=&p@,:j:j:)-L(h,:)-:,:)-L(~,;,~,$)+

r -ft hi”L (h, ~–~, ;- )]
(1313)

APPENDIX C

DETERMINATION OF TAIL INTERFERENCE FACTOR FOR RECTANGULAR TAILS USING ALDEN-SCHINDEL TECHNIQUE

The technique of Alden and Schindcl described in refer-
ence 12 can be used for estimating the load on the tail
section due to wing vortices. Figure 40 shows the model
which is analyzed. The assumption is made that the lift,
due to the vortices originates on the exposed tail panels
even though some of this lift might be transmitted to the
body. Thus, an integration across the exposed wing panels
gives all the lift. This assumption is the same as that made
in evaluating the tail interference factor by strip theory and

-rm

o

r.

o

I

I

o*m+ I

\
\
\
\
\
\
\
\

-s -S+c

L

-+-—— It —j

3
7

/
/

/
/

,/ c

/
/ 1

s-c s

FIGURE W.-Cieonletry of model used for determining tail interferenw
factor for rectangular tail by Alden-Schindel technique.

has been previously cliscusscd. The imtdysis is tarried. out
with ~= 1 to simplify the tilgcbra, tmcl then /3 is reintro-
duced into the final charts. The essential idea of the ~~ldon-
Schindel technique is that the total lift. acting on u wing of
arbitrary twist! can be evahmtwl by a strip t eelmiqur whmf!-
in the weighting factor for the loctd strip corresponds to t hi’
span loading at, the strip for the same plan form at u!~iform
angle of at tuck in reversed flow. In ~~~~ltl~t’~~lllti~’~~1form
this result is stated as

L=
J

w(q)ll.?l)d?
span

wherein F(q) is the weighting factor and w(q) is tht? wu’timl
component. of velocity. With reference to figur(’ 40 fur
model and coordinates, the weighting factor is gimw for th(’
three regions as

Itegion L:

F(q)=+:; (C%?)

Itegion IL:

(c3)
Region 111.:

The vertical velocity componeut due to the right rxt wwal
vortex is

rm(~– v)___ (C5)w(rl)= –zm[~z+ (j– ?l)21

To evaluut e the lift duc to the right uxt wmd nwt [IX tIll’
following integration must be performed:
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Performing the integrations presents some algebraic clifi.-
Culty. However, the answer was obtained in closed form
in terms of the following function:

J—————
[

h’ +(j-s+c)’ h?+(j+?’)’a2>,;,;272+i‘n ~z+(j+z ]1‘h’+(j+ecy , (C7)

2f2S1
62=–7-7+

In ter.tns of the function x, the lift is

L,=
%s’(%’:)

J

(C8)

((29)

The contribution of the image vortex to the lift must now be
determined. The coordinates of the image vortex to the
right are

(Clo)

h terms of these coordinates the lift due to the image vortex,

taking into account the change in the sign of the circulation,

is

‘“=-%?’(%%) (Cll)

The x function is determined in terms of the following param-
eters:

&=*–:+1

(C12)

The lift due to the two external vortices and the two internal
vortices is thus

%+(%3-’($%)1 ‘C13XL+~2)= TV

The lift so determined is exact within the limits of linear
theory. It is necessary to obtain the lift of the wing alone,
as given by linear theory, to form the ratio given by the tail
interference factor i.

~=2(L* +.L2)/(LT)a
r~/2~vma(8–r)

The lift-curve slope of a rectangular tail

%=4(1-+)
so tlhat

[( -H
2c(.s-r)qma 4 1

(L=).=

()
1–;

(cl’)

per radian is

(C15)

(C16)

The Iif t ratio is obtained by division

2(L,+L2)
(L=). ‘;)(’? [’($3-’(%91

-–=[”V:;-+’(’-M

(C17)

or

._2(1-N9
n’(%)-:]

[x(;,:)-x@$)] (C18)
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APPENDIX D

DETERMINATION OF CENTER OF BODY LIFT DUE TO WING AT SUBSONIC SPEEDS

Hit.berto, no subsonic method has been available for
estimating the center of the lift transferred by 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 approximation of the lift and moment
characteristics of. swept wings at subsonic speeds can be
gained by placing a lifting line of variable loadlng at the

wing quarter chord and satisfying the tangency conditions
at the three-quarter chord. See, for instance, reference 23.
An extension of thk model to include the body is shown in
figure 15. The image of the quarter-chord line inside the
body is obtained by reflecting each point of the qua.rter-
c’herd line into the body in its cross-flow plane, Since the
quarter-chord line is not uniformly loaded, trailing vortices
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 vortices inside the body are also illustrated.
In the mathematical treatment that follows, the number of
vortices increases without limit.

Consider the quarter-chord line with an elliptical loading

‘=””+-(57 (Dl)

The strength of the bound vortices is proportional to r, for

both the external flow and the internal flow., The lift due to
the bound part of an elementary horseshoe vortex is propor-

tiona~ t.o the product of its strength times its length

(D2)

where n< is the image vortex position and q is the corre-
sponding external vortex position. The lift due to any horse-
shoe vortex is concentrated at, its bound vortex so that the
moment about the q axis is

rr2&f(f&f..-=-
r’r2(q-~) tan AMdq. -

# n2
(D3)

(D4)

(D5)

The value of &w, as tleterminccl @ int~grwting oquttt.ion
(D5) is

r
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TABLE I.-WING-BODY-TAIL INTERFERENCE CALCULATING FORM
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TAB~ II. - SWY OFGm-IC ANDMIdDYIUMCCEARAC12RISTICSAND7!2S9!
CONDHIONS FORWING-BODYCOMBINATIONS

(a)Geometriccheracterlst,tcs

No. Sketch ~ RxlO* + + + + pA ‘&’ A $ : source

le.

z +

0.20 1.% 22.5 0.483 0.128 0.440 3.b3 9.45 0.546 0.992 0.179 Ref. 29

b .y 1.36 22.5 .483 ,128 .440 3.02 9,45 ,546 .992 .179 Ref. 29

c .70 l,% 22.5 .483 .128 .440 2.k9 9.45 .546 .992 ,179 Ref.29

d .80 1,86 22.5 .483 .128 ,440 2.10 9.45 .9+6 .992 .Ln Ref, 29

e .90 1.% 22.5 .483 .128 .440 1.52 9.45 .546 .992 .179 Ref. 29

28 ,450 4.47 45 0 1 .201 “Ref.6

b 200Q 1.0 14.7 --- ,182 .ky 6.93 45 0 .1 ,201 Ref. 6

9 + 1.20 .59 31.8 --- .062 .912 2.66 45 0 1 .254 Ames
x6*
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b ,70 1.79 20.0 .600 ,184 ,547 2.55 3.6 .635 1 .139 Re’f, 30

c .80 1.88 20.0 ,600 J.84 ,547 2.14 3.6 .635 1 .139 Ref. 30

d .9 1.93 20.0 .600 .184 .547 1.56 3.6 .635 1 .139 Ref, 30
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.87

+

26.5 0

26.5 0

26.5 0

45 0 =+=

1 .243
1 .243
1 .243
1 .327

Ref. 31 I

--i

Ref. 31

Ref. 31
I I

1,000 I .102 I ,380

==-t=t= Ref. jl I

.n.

T +

45 0

45 0 +

1 .=7

1 .327

Ref. 31 I

=+

Ref. 31

Ref, 31

Ref. 31w 1,05

K $
45 0

45 0

63 0

35 .352$
1 .*7

1 .327

1 .196

1 .160

1 .160

*

.532 .291 .3%?

,521 .274 .386

,521 .274 .386

.521 .274. .386

=!
Ref. 32

Ref. 33

Ref. 3316.7 2.19 35 I .352

3 16.7 1..64 35 I .352

+=

1 .160

1 .160

1 .115

Ref. 33 Im 16.7

11.7 $
35 .352

0 .88

18.3 .38

9.3 .38

Ref. 33 I

Ref. 34 I

1“1.7 .322 I .244 I .185 5.52

+

1 .U.5

1 .115

Ref. 34 I

U..7 Ref. 34 [5..52

12 + ,10 ’62 11.7 .= “244 ‘*’ 5.% 0 .38 1 .U5 Ref. 34

138 < > .75 1.27 24.0 .606 .291 ,338 1.49 60 0 .981. .1% Ref. 35
w

b .85 L.y 24.0 .606 .291 .38a 1.18 60 0 .981 .158 Ref. 35

c 1.07 1.25 2400 .606 ,291 .388 ,83 60 0 .981 .1* Ref. 35

Ue .75 1.31 24.0 .637 ,276 .i99 1.60 ‘o o ,861 .139 Ret, 35

b .85 1.44 24.0 .637 .2?6 .499 1.26 0 0 .861 .139 Ref, 35

0 1.07 1.29 .24.0 .637 .276 .499 ,90 0 0 .861 .139 R,f . 35
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ThBIFiII.- SCUURY~ ~CWl!RIC AWDhER~C CMRQXER
Ccmmmm rm !mm-Bm cm2mATIaw - Cwti
(b)k~C hCt4riSth# - C, ~ab

Theoretical.
‘Lift

KN
Centerof premm

@)= TW(B)=
(B, (%)c * T -

0.08 O.zb 1,14 ~.b~ 0.27 -=- 5.05 “ 0.229 0.483 0,485

.07 .24 1.14 3.16 .23 --- L99 .Zdg ,479 A@

.07 .i?4 1.14 2.83 ,19 --- 4.10 .229 .478 ,483

.06 .24 1.14 2.51. I .16 --- 3.62 .229 ,477 .485

uo6 ,24 1.14 2.02 ,12 --- 2.90 .229 .474 .485

●11 ,23 1.16 4,00 .44 --- 6,01 .190 .675 .636

.l’f .23 l.~ 4*W
I .68 --- 6.2b .192 .’fl.o .636

.15 .20 l.a 3,10 A8 -.. 4.86 ,207 .966 ●%9

.18 .18 1m21 3.96 .7’1 --- 6.22 *207 ,968 ●969

.25 .14 1@a 4.00 1.00 -.. 6.40 ,~7 .969 ■%9

.04 .L9 1.11 3.07 .U --- 4.11 .236 .5* .~

,04 .19 1.11 2,88 ●1O --- 3.85 .236 .597 0601

.03 .19 1Al. 2.5a .09 --- 3,45 .$!36 .595 .601

.03 .19 1.11 2.07 .06 --= 2.75 .236 .593 .601

.03 .18 1.11 3.28 .10 ==- k.33 .236 .6sa .636

.14 .35 1.2Q 1.97 .28 -== 3.34 .102 .452 a( .@81

.14 ,35 1.20 l,p .23 --- 2.86 ,102 .447 =( .428:

.12 .35 1.2a 1,13 ,16 --= L.8Y .102 Ahl =(.428]

.13 ,35 1,20 2,69 .34 --- 4.50 .102 .&6 =( .477:

,15 .35 1#m 3.71 .55 --- 6.s .102 .632 ●( .477;

.27 .49 1.28 1.22 .33 --- 2.48 .102 ,434 .4s6

.26 .49 1.28 1.02 .27 ● -- 2.08 .102 .430 .454

●5 .49 1.x ,65 .16 --= 1.32 ,102 ,424 .445

.2Q .49 1.28 2.CI. .40 --- 3.% .102 95% .473

.23 .49 1.28 2,83 .65 --- 5.66 .102 .mg .491

.07 .25 1.15 2,19 .15 --- 3.22 .206 .546 .591

.05 .22 1,13 2.72 .14 =-- 3.81 --- .506 .541

w .= 1J13 2.% .13 --- 3.s -== ●5Q.5 .341

.04 .22 1.13 2.07 .09 --= ‘2.88 =-- .506 .541

,04 .22 1013 1.63 ,07 --- 2.26 ---- .X7 *!W

.14 .i~ 1.09 4.13 .60 -=- 5.30 .100 0322 .3.9

,14 .Lq 1.09 4.12 .58 --- 5,27 .100 ,290 .3*

.14 ,15 1.09 4.12 .58 --- 5,27 .ioo .3L6 .334

.i4 ,15 1.09 4.12 .58 --- 5.27 .100 ,3kl .%5

,OS .23 1.13 1.76 .09 -=- 2.48 a17 .548 ,5%

.05 .23 1,13 1.46 ,07 --- 2,06 .21.7 .552 *395

.04 .a 1,13 1’.22 .05 --- 1.68 .217 .584 .631

.05 .19 1.11 1.84 .09 --- 2.48 all’ .566 .5Y8

.05 ,19 1.11 1.53 .07 --- 2.05 .21.7 .* .556

.04 .19 1.11 l.g .05 --- 1.74 .217 .5@ .539

--- .20 1.17 2.33 .11 --- 3.29 -.. --- ---

Kmo8Ammm
Wd
e

No,

la
b

c

d

e

2e

b

%

b

c

be

b

c

d

e

9

b
c
d
e

-
&
b
c

d

e

7

8e.

b

c

d
—

9

10

u.

12

139

b

c

14a—

b

c

15

‘~L

t

C.p.

pLJc+
4.7010,47

+

4.35 -.47

3*94 .47

#

.k7 -+’ , ---

.47 --- ---

.60 .43 ---

.59 *9Q ---

,89 --- ---

,87 --- ---

3.56 .47

3.08 .47

=.k
7.09 .&l

4*91 ●SQ- -
6.21 ,87

.84 I --- I -- 7.26 .85

84.01.59” I --- I ---
.59 I --- I --

.59 I --- I =--, , ●3.73 .57

Y

.62

.40

,59 I --- I ---

.62

.40
-+=

●3.77

3.36

3.04
==4==

.40 .40--- .-.

a2.18 .40

4.40 .43

%95 .43

2.49 .bl

2.05 ..bC

.&

3=
..-...
*h. . . .

..- . . .

-.. . . .

.47

.b’f
-

,&

*
L.p .bl

3.35 .~

5.12 ,k5*

44-=
=t=t=

=-E-t=

=El=
,$ --- “--

.33 --- ---

,33 ~ --- --- 5
5.81 ,32

4.83 .32

4.83 .32

4,83 ,X

2,40 .56

1.95 ,56

1.53 .59

2.38 .50

2.19 .50

*

-%=-t=

.* I --” I ---,

.54 I --- I ---

M1.76 ,53

3.W ---*
per radianbaaed on exposed tig area.

moten experimentalvalue wed in theory for c~biution.
Iment.aldata nonlinearnear a = O,
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TABIEII.-SUM4ARrCFGECM3TRICAND AER(XM.4MICCEARMTMISTICS AND lEST
CONDITIONSFORWI17GBCEIYCCNBINATIU?S- Continued

(o) Oeanetriccharacteristics

16

17

18 + l.~-j ,19 25,o . ,06-f .440 5.24 0 1 1 .273 y?

19 1.93 .19 25.0 ,143 .4o8 5.64 0 1 1 Ungley
“3& 9 in.

20 .40 25.0 .067 .440 3.16 0 1 1 JM Ref. 37

21a < u 1 1.62 .40 19,5 ,146 .ym 1.66 0 1 1

b 1.93 .40 19.5 .146 .yx 2.14 0 1 1

c 2.40 .40 19.5 .M6 .X1 2.84 0 1 1 Ihngley
“3P 9 in.

228 + 2.00 .79 23,3 ,360 .468 4.76 0 1 , .083 ~ ye

b l.~ .91 23.3 .360 .468 3.08 0 1 1

23a 1.93 .18 25.1 .067 .438 3,17 0 1 1

.a 25.1 .067 .?38 2.45 0 1 1

24b w ;:: --- 27,9 ,143

.* %%:Y

A?& 1,73 0 1 1 .333 Ref. 3E
1

25 < 2.00 --- 27.9 .143I .s60 3.46 0 1 1 ,- Ref. ~

26 ~ 1.X .26 22.9 ,034 ,148 2.98 26,6 .*
n

27a < I
v 1.9 .70 22.9 .092 .632 3.30 14,0 ,463, 1 ,2% 1 p3efi

b 2.00 .70 22.9 .092 .632 5.11 14.0
Ame

.461 1 .250 1 ~ Sefi
n

23a < 1u ~.w .* 22.9 .074 .645 2.98 20.y ,y29 1 ,Sk ~ ~3efi

b 4.00 .* 22.9 ,074 ,643 4.61 20.5 .~ 1 ,34 ~ p3efi

298 < a 1.62 .31. 21..8 ,094 .870 1.57 60 .305 1 ,465 W*:Y

b 1.93 .28. 21..8 ,094 .8p 2.03 60
XAngley

.ps 1 .465
I&;y

.

30 + 1.93 933 21..8 .313 .487 1.69 15 .323 1 .465 ~ =n.

3 ===: 1.93 .24 22.9 .078 .888 3.16 45 ,3y2 1 ,3* Iangley

32 -=3 1.93 s83 =.9 .2P .633 1.03 P .400 1 .‘?% *lQ’

3* < 1w 1.93 ,30 24.8 .I..u .407 205760 -... 4
b 1.62 i+07 1.99 & o 1

Iangley,34 24.8 .m .382 9 in.

34a e ~,p ~.o 14.7 .1s2 .450 .~ 80’,4 0 1 .600 Ref. 6
— t

I l– I ---- 1 Y an.

o 11 I .382%%1-Y

b 2.00 1.0 14.7 .182 .45o]1.16 80,4 0 1 I .600Ref. 6

3* I ~ 11.~1 1.0 114.71 .l&l .450] l.x[n.610 11 .428 I Ref. 6

b
1“1

14.7 .182 .493 2.32 ‘P..6 o 1
I

.428 Re?. 6

36 I + 1:.;1 :: 14.7 I .182 I .45012 .26163.210 I 1 .333 !Ref.6 I
b 2.00 1.0 14.7 .l& ,450 3.50 63.2 0 1 .333 Ref. 6

37a 1.50 1.0 14.7 ,l& .450 3.01 $ 0 1 .272 Ref. 6

h 2.00 1.0 14,7 .M2 ,450 4.66 $ 0 1 .272 Ref. 6

389 10X 1,0 14.7 .wQ .450 3.72 50 0 1 J?31.Ref. 6

b 2,00 1.0 14.7 .l& .4% 5.77 50 0 1 .2U Ref. 6
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ENos KH KB(w)

16 0.17 0.I.2

17 .22 .16

18 .32 .22

19 .% .40

w .06 .12

21a .q’ .%

b .32 .~

c .39 .38

S2a --- .08

b --- .09

23a .56 .ti

b ‘ .46 J@

24 .24 .25

25 ,10 .11

26 “1.38 .%

27k .16 .29

b .24 .27

2& .20 .4L

b .43 .32

* .’P .3

b .@ .16

9 .68 .63

3 @ .16

32 .25 .41

3W .~ .52

b .39 .9

yla 2,j3 .97

b 2;44 ,94

39 .64 .60

.b .p .%

36 .31 ,43.

b .36 .37

3P J9 .32

b .26 .30

3ea .14 .26

b .20 .26

lseefootmtela

TAMS II.- SUMWRY CT 0EC2iElTUCMD URCKJ~C (2L4R4CTERISITCSAND ~T
CONOITXWS FOR WINS-B(X)Y CWSINATION8 - Continued
(d)Aerodymmic cbaracteri8tics- a variable

Theoretical *orimeatal

‘(’) k~h k’.i ?~i(B) @==)c SC “- -: ‘+ (K~’ ;(B, (~~i s

1.14 3.79 0,64 --- P.40 O,lp o.~32 0,b73 O.kl 0,64 --- 5.U 0.41.

1.1’7 3.73 see --- 5.76 .192 .532 .473 .41 ,82 --- 5:47 .41.

1.23 3.62 1.15 --- 6Ju ,192 .532 .473 .40 1.15 ..- 6.69 .42

1.33 3.37 1.9 --- 7.73 .192 .532 ,473 ,38 1.g3 --- 7.16 .36

1.11 3.65 .23 --- 4.~ .192 .547 ,473 ,44 .23 --- 4.37 .46

1.30 2.79 .% --- 5.84 .207 .646 .568 .51 .s0 --- 4,71 .49

1.30 3.07 .98 --- 6.32 .207 .657 .* .50 1.05 --- 5,66 .N

1.30 3.30 1.29 --- 6.@4 .207 .679 .568 ,49 1.34 --- 6.w .%

1.~ 3.58 .06 --- 4.14 --- --- --- --- --- --- 4,11 ---

1.06 3.35 .04 --- 3.89 --- --- .-. --- --- --- 4,05 ---

1.33 3.37 1.9Q --- 7.73 .191 .528 .467 .38 2,04 --- 7.93 .37

1.33 3.18 1.47 --- 7.13 .191 .5L8 .467 .39 1.33 --- 6.97 .37

1.28 2.84 ,68 --- 5.w? .083 .992 ,920 .78 .68 --- 5.48 sea

1“.16 3.42 .34 --- 4.67 .083 .953 .928 .83 .34 --- 4.88 .84

1.44 3.49 4.83 --- 11.81 .090 .213 .175 ,13 4.* --- 11.05 .13

l.~ 3.% .57 --- 5.91 .090 .742 .6S8 .62 .59 “-- 6J0 .62

la. 3.78 .89 --- 6.48 .090 .766 ,691 .& 1.09 --- 7.15 .61

1.27 3.5C .90 --- 6.86 .og3 .743 .697 .60 1,01 --- 7.15 *59

1,27 3.72’ lo% --- 7.42 .090 .759 .692 .56 1.86 --- 8.20 ,*

lhl 2.62 1.87 --- 6.38 .165 .9% .949 .69 2,15 --- 6.li? .68

1.41 3.12 2.42 --- 7.32 .163 .* .949 .67 2.91 --- 7.78 ,64

.l.4J 2.94 2.oi --- 8.01 .165 .644 .*1 .45 2.41 --- 7.74 .41

L,3b 3:67 1.99 --- 7.X .114 .972 .954 .71 2.39 --- 6.80 .66

1.31 1.94 .49 --- 3.ea .U4 .s@ .827 .73 .39 --- 3.90 .73

1.33 3.53 1.54 --- 8.c6 .l.p ,* ,497 ,44 1.67 --- 7.69 ,43

1.33 3.o~ 1.19 --- 6,89 .J~ ,* .494 .44 1,16 --- 6,5c .43

1.$ 1.13 2.63 --- 5,4s .l$Q .675 .636 .42 2.56 --- 6.35 ,44

i.$ 1.67 4.08 --- 8.25 .lpo ,PO ,636 .42 5.38 --- 10,02 .41

1,38 2.07 1.32 --- 5,4L ,19Q .675 .634 .53 1.29 --- 5.86 .!53

1.3s 2.88 2.04 --- 7.52 .190 .~o .636 .52 2.69 --- 8,33 ●53

1.29 2,83 .88 --- 5.69 .l~ ,675 .636 .56 .e6 --- 5.77 .56

1.29 3.73 1.36 ---- 7,54 ,19Q .‘f10 .636 .56 l.’p -=- 8.24 .57

1.23 3.42 .64 --- 5.95 .w .675 .636 .58 .64 --- 5.71 .%

1.23 4,00 L,02 --- 7.14 .190 .no .636 ,.57 1,35 --- 7.76 .X

1.19 3.86 .53 --- 6.13 .19 ,675 .636 .59 .52 --- .5.69 .60

1.19 4.OC .82 --- 6.62 .19 .no .636 .5s 1.08 --- 7.55 .60

otkm d Table II(b).
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TAME11,- SIMt4RYCFOEC?4MRICMD ~C ~TICS ASC~T
CONDITIONSFOR l?IliC-BCOYC~INATI~ - Continued

(o) Cecmetricchemcteristies

,Ho. Sketch Ill~‘o”i+?+
3% -+ 1.15 1.26 3.9 0..132 C,365

b 1.2 1.26 33..9 .132 .365

c 1,3 1..26 9.9 .132 .365

d L.4 1.26 3.9 .132 .365

e 1.53 1.26 9.9 .132 ,365

f“ 1.7 1.* 9.-9 .132 .365

40 2.07 .64 18.7 ,L43 *357

41a + 1.20 1.09 24.0 All .333

b 1.24 1.09 24,0 ,111 .333

c 1.29 1.09 24.0 All ●333

42 ) 1.92 ,2 25.0 ,Op .920

455

b 1.90 1.5i ‘31.8 .197 .389

m
I1o31

1.53

1.92

2.26

2.68

3.18

7.25

2.65

2.93

3.26

5.13

Am
60 0 1 0,216 6 x ~ft

Am
60 0 1 “ .=6 6x:ft

60 0 1 ,a6 6 ~6E”fl

60 0 1 .a6 6 ~6Bfi

60 0 1 .2I.6 6 ~6Sft

60 0 1 42.6 6 ~6Bf~

45 0 1 02CC~ ~yft

#H=
4501 .200 Ref. 39

45”0 1 .2d0 Ref. 39

4501 .= Ref. 39

011 .228 Ref. 37

2.68

3.18

43

.
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TAB12 II.-sumhm W G2@ml’RICAND AERIXWNAMC CSAR4ClERISlWS~ EST
CONDITIONSFOR =B~Y CCMSINATICMB- Concluded
(f)Aerodynamiccharacteristics- a vmiable

Theoretical Experimental

‘Lift centerof preamre lLMt
N&. KN KB(w) Kw(B)

C.p.

!+ f4 ?L’LB, b+ $ * * + @%JB PA(BI WC + ~

3* 0.09 0.27 1.18 1.86 0.16 --- 2.84 0.206 0.489 0.498 0.47 --- --- 3.01 0,47

b .09 .26 1.18 2.11 .18 --- 3.22 .X6 .@2 .498 .47 --- --- 3.39 J@

c .09 .25 1.18 2.51 .23 --- 3.83 .X% .497 .4g8 .47 --- --- 3.95 .47

d .10 .25 1.18 2.83 .27 --- 4.31 .206 .502 ,498 .47 --- --- 4.41 .46

e .10 .25 1.18 3.17 .32 --- 4.84 .206 .507 .498 .47 -- --- k.e4 .46

40 .18 .23 1.16 4.W .n 4.65 6.28 .15 3Q .497 .46 --- --- ?.y ---

hla .17 .24 1.16 3.16 .% 3.66 4.95 .14 .448 .4&l .40 --- --- --- ---

I b I .171 .2211 .16 ] 3.37 [ .581 3.91 I 5.251 .14 I .4S] .4411 .hol -- I -- I --- ~ ---1

I C I .181 .22 I 1.16 I 3.57 I .64 I 4.14 I 5.581 .14 I .4551 .441 [ .40[ --- [ --- I ---- I ---]

h2 .29 .07 1.19 3.61 1.06 4.30 5.61 .19 .* .954 .-@ --- -- 5.61 .~

43P. .10 .25 1.18 2.83 .27 3.34 4.3 .21 .X1 .493 .47 --- 3.54 4.41 A6

b .10 .25 1.18 3.17 .32 3.74 4.84 .a .505 .493 ,47 --- 3.85 4.8a .46

c .ll .24 1.18 3.53 .38 4.16 5.38 .a .23 J$93 .47 --- 4.02 5.34 .46

4k .10 .31 1.18 2.83 .27 3.34 4.48 .21 .* .457 .45 --- 3.03 4.60 :45

458 .06 .31 1.18 2.23 .13 2.63 3.48 .21 .W A& .43 --- 2.69 3.59 .45

b .08 .3 1.18 2.93 .22 3.46 4.5a .25. I .95 Am .45 --- 3.i3 4.54 .47

(d Aer~c characteristics-6 vmiable

J-LN~. .%(W] kw(B)

40 0.22 0.94

ret lcal I Experimmtal I

1Lift Cente of pressure 1 * Liff. C.p.

‘W(B)8 ica
— —

1 1

o.m5 ---

.438 ---

.439 ---

. . . ---

-. .%

.494 .48

— .49

--- .49

.454 .48

.458 .46

.467 .48

iB(w)~
-r-P!+W(B,@%

3.@ 4.65

32
41a .= .94

b .22 .94

c .22 .94

h2 .25 .98

43.?. .24 .94

b .24 .94

c .24 .94

2.98 1“3.66 .448

+-l-% .451

.455

3.53 I 4.43 .9%

*

.501

.505

* %-H%--w
*

44 .24 .94

45a .24 .94

b .24 .94

2.67 I 3.34

2.10 I 2.63 .457! .U I 2.25 I 2.75.53

-2x-lx .473 .46 2.96 3.fE.545

“Sea fOOhti 1, botta M Wle II(b).
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TABIS111.-SUML4RY~ ClX4mtIcAND AERmYN4K
tWO-~Y-TAIL CCMSINA!

(b)Awmdynmic CM

2 CNAR4CIEBISTICSANUTEST C~ITI~ F~
[CM - Concluded

racteriatics

T.heoretieal i Eqerimental

No. ~N KB(w) Kw(B)K@Ip)@(B)

k~)w k~l

101 .17 .23 1.16 .12 1.27 boo 4.00

102.s .08 .24 1.14 ,ah 1.14 3,47 3.48

b .o~ .24 1.14 .24 1.14 3.16 3.16

c .0’/ .24 1.14 .24 1.14 2.83 2.83

d .06 .24 1.14 .24 1.14 2.5, 2,5L

e .06 .24 1.14 .24 1.14 2 .0%? 2.02

103IL ,96 .74 1.42 .% 1.19 1.32 1.32

‘Lift . Center of rmenmre ! ‘Lift I C.D.

.154 .55s .W .92 .9% .575 .535 --- 7.74 .9P

.229 .4& .485 ,915 .9M ,557 .W .- >Jv .50s

.229 .4M .485 .9.5 .9M3 .557 ,29 --- 4.~9 *W5
.6s 7.99 7.20

.27 6.k5 5.56

.23 5.7i 5.16

,19 4.70 h.a

,16 4.50 b,04’

.12 3.60 3.17

.229 .47s I .4s5 I .915 I .918 I .565 ~ .525 I --- I 4.25 ~ ,493

-4%-l%! ~1 .89 I .62 I 1.42 I .27 I 1.19 I 2.34 I 2.34

.182 .547 .475 .93 .W I ,559 ,508 -- ~sca j .483

‘(.165 ) .64o .974 .9Y6 .ylc! .635 .488 2.41 8.39 I 4---H=10b .08

105 ‘( .82)

1.18

1.41

1.36

1.41 * R-l-%-R-

*

.973 .6J+7 .6L6 2.41 b .15 .~

.959 .662 .s 2.39 lo. ~ ,355

.830 .666 .625 .59 43.W ‘.%5

,830 .7L8 .P5 .59 3.77 ,[53

.830 .13y3 .675 .59 3.& .663

.830 .672 .629 ,59 4.00 4.W4

.954 .M .529 .23 >Sab *5.?7

.954 .ti5 ,595 .23 5.9 .!&l

,954 .68s .66, .23 5.36 .673

.914 .609 .446 ~.m 9.W 4.486

.914 .686 .564 I.m 9.94 .5P

.914 .&8 .~ l.p M.0s .%5

.914 .698 .621 l.n 9.82 .6L5

.954 .613 .492 l.m 9.00 .4e6

.934 .69Q .600 1.72 9.00 .*

.63

Y

1.41

1.41

.06

,14

1.29

1,34

+

2.9k 3.64

2.94 3.67

2.9b 1.94

3.91 1.94
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CHARTS

The charts that follow present numerical values for the
quantities necessary to obtain the lift and center-of-pressure
positions of wing-body and wing-body-tail combinations by
the method of this report. The charts are sufficiently ac-
curate to estimate the lift of combinations within +-10 per-
cent and to determine the center of pressure of the combina-
tions within .+0.02 body length. A guide to the location of
the parameters follows:

Parameter Conditions Chart
K!,.(B) A=l, fL4>2, Mm>l ------------------ 2

other conditions ------------------- 1

(M) (1 +N()+P+l >4, afterbody--- 4 (a)
,

(M) (1+X)()~+1 ~4, no afterbody- 4 (b)

(P~)(l+x)(*+l)s4 ------------ 1

kw[~) X=1, BA>2, M.>1--------------- 3
other conditions -------------------- 1

Parameter
kB (W]

.fW-rw

SW —rw

kLaw

iNj[S
(~h)w

(~/c,)W(B)a
. .

@/c,)w(B) t

(~/c,)B(W)LY

(qc,:(w)h 1

Conditions
-------------------------------- -

M@<l ---------------------------

Mm>l ---------------------------

(for A=l, see Appendix C)---------
Mm>l ---------------------------

slender ogival nose ----------------
M@> I---------------------------
M_<l ---------------------------
h=O, ArE=O ----------------------
other conditions use (~~c~)w
h=O, A=~=O ----------------------
x=1, Mail ----------------------
other conditions use (E/c,)W

M_>l, low aspect ratio--------i---
31@<l ---------------------------

Chart
1

5

6

7
8

9
10
11
13

13

12

14

*
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CHART l.—Values of lift-ratios bawd on slender-body ti~eory.
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CHART 2,—Values of KW(B) or K~(~) for rectangular wing ahd body
combinations.
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CH.4RT 3.—Values of k W(B)or kT(B) for rectangular wing and body
combinations,
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(a) Afterbody.

CHART 4.—Design charts for determining KE( w, and KB(T)for high-aspect-ratio range at supersonic epeeds.
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CHART 4.—C!oncluded.
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CHART 5.—Chart for determination of wing vortex lateral positions at subsonic speeds.
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I I I

— — — Extrapolation

r--t--f= 2 “

.6

o

4

,4 (0)

I I I

“8FF

Effective ospect ratio, @l

(a) No leading-edge sweep. (b) No midchord sweep. (c) No truiling-edg~: sweep.

CHART6.—Chart for determination of wing vortex lateral positions at supersonic speeds.
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CHART 7.—Charte for determination of tail interference factor aa determined by strip theory.
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CFIAET7.—Continued.
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CHART 7.—Continued.

(f) k=%, (r/s) r=o.2
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CHART 7.—Continued.
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CHART 7.—Continued.
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CHART 7.—Concluded,
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CHART 8.—Lift-curve slopes of wings as determined by linear theory for supersonic speeds,
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CHART 9.—Center of pressure of ogivrd nose as determined from slender-body theory.
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(a) No leading-edge sweep. (b) No midchord sweep. (c) No trailing-edge sweep.
CHART 10.—Charts for wing-alone center of pressure at supersonic speeds as determined by linear theory.



REPORT 1307—NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

Effective aspect ratio, &l

(a) No leading-edge sweep. (b) No midchord swwp. (c? No traili~lg-edge swcwp.
CHART 1l. —~harts for wing-alone center of pressure at suhsouie speeds as det ermiucd by lift ing-litm t heury,
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CHART 12.—Values of (55/cJIF(B)i or (5/cJ ~(~jt from linear theory for rectangular wing (or tail) and body combinations at supersonic srmeds,
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13.—Center of pressure of lift acting on triangular wing (or tail) panel in combination with a body, from shmcier-body theory (A~E=O).
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CHAE~ 14.–Chmts for determination of (@/cJ~(w}or (5$/c,)~~mat supersonic speeds when PA(1 + h)(l+-&)>4,
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C’HART 15.—Contiuued.
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CHART 16.—C!har@ for determination of (5/c,)BtsFI or (@c,)B{TI at subsonic Wed%
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CHART 16--Continued.
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