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

By Winntanx C. Prrrs, Jack N. N1ensex, and Grorar K. KAATTARD

SUMMARY

A method is presended for calewlating the lift and center-of-
pressure characteristies of circular-cylindrical bodies in comi-
bination with triangular, rectangular, or trapezordal wings or
tails through the subsonie, transonic, and supersonic speed
ranges.  The method is restricted to wings which are unbanked
and do not have swe ptback trailing edges or sweptforward leading
edges.  The method is further restricted to small angles of at-
tack and small angles of wing and tail incidence.  To obtain
the wing-body interference, certain factors are defined that are
the ratios of the lift on the components in combination to the lift
o the wing alone.  These ratios are obtained primarily by sten-
der-body theory. The wing-tail interference is treated by assum-
ing one completely rolled-up rorter per wing panel and eraluating
the tail load by strip theory. A wwmerieal example is included to
show that the computing form and design charts presented
reduce the ealeulations to routine operations.  Comparison is
made between the estimated and experimental characteristics
for a large number of wing-body and wing-body-tail combina-
tions.  Generally speaking, the lifts were estimated to within
+ 10 pereent and the eenters of presswre were estimated to
within +0.02 of the body length.

INTRODUCTION

The problems of the interference among the components
of airplanes 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
cmploying large fuselage radii and tail spans relative to the
wing span. One of the notable methods for determining
wing-body interference at subsonie speeds is that of Len-
nertz, reference 1; data supporting the work of Lennertz
are presented in reference 2. lLaborious methods are avail-
able (refs. 3, 4, and 5) 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.
Oue of the notable methods for caleulating wing-tail inter-
ference in subsonie aireraft design is that of Silverstein and
Katzoft in references 7 and 8. For supersonie speeds,
Morikawa (ref. 9) has examined the four limiting cases of
zero and infinite aspeet 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.
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Using slender-body theory, Lomax and Byrd (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; Lager-
strom and Graham (ref. 11) present solutions for certain
vortex models representing  the downwash  field. The
assumption of one fully rolled-up vortex per wing panel
should provide a good prediction of the downwash even
relatively close behind unbanked low-aspect-ratio triangular
wings at small angles of attack.  However, for large aspect
ratios 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
ficld, Lagerstrom and Graham (vef. 11) advocate the use of
strip theory.  Alden and Schindel (ref. 12) have developed
a method based on linear theory for determining the tail
load in certain cases.

The purpose of the present report is twofold: first, to pre-
sent a unified procedure for caleulating 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 aceuracy of the predice-
tions and their range of application.

SYMBOLS !

PRIMARY SYMBOLS

Ap tail-glone aspect ratio

Aw wing-alone aspect ratio

4 mean acrodynamic chord of wing alone or tail
alone, in.

¢ chord at wing-body juncture or tail-body juncture,
.

¢ tip chord of wing or tail, in,

Cy wing chord at spanwise distance y from body axis,
in.

C hinge-moment coeflicient based on wing-alone arca

(h, rate of change of hinge-moment coefticiont with
angle of attack, per radian

€ rate of change of hinge-moment coefficient with

wing incidence angle, per radian

T he wing alone or (ail alone is always defined to be the exposed panels of the wing or
tail joined together,
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lift coefficient based on wing-alone area except tail-
alone 1ift cocfficient based on tail-alone area

lift-curve slope for angle of attack, per radian (un-
less otherwise speeified)

lift-curve slope for wing or tail incidence, per radian
(unless otherwise specified)

pitehing-moment.  coefficient. based on wing-alone
area

piteching-moment-curve slope for angle of attack,
per radian (unless otherwise specified)

pitehing-moment-curve  slope  for  wing-incidence
angle, per deg

bhody diameter, in.

complete elliptic integral of second kind

wing vortex semispan at tail position, .

wing vortex semispan al wing trailing edge, in.

wing vortex semispan for large downstream dis-
tances, in.,

Alden-Schindel influence  coefficient  at spanwise
distance 7

image vortex semispan at tail position, in.

image vortex semispan at wing trailing edge, in.

height of wing vortex above body axis at tail center
of pressure, in.

tail interference factor

ratio of lift component to lift of wing alone or tail
alone for variable wing or tail incidence

ratio of lift component to lift of wing alone or tail
alone for variable angle of attack

ratio of lift of body nose to lift of wing alone

length of wing-body-tail combination, in.

distance from most forward point of body to imter-
section of wing leading cdge and body, in.

distance from most forward point. of body to center
of moments, .

moment reference length, in.

distance from most forward point
shoulder of body nose, in.

distance from most forward point of body to infer
seetion of tail Jeading edge and body, 1.

distance from most forward point of body to center
of pressure position, in,

lift force, 1b

lift on tail section due to wing vortices, th

lift on body section between wing and tail due to
wing vortices, Ib

cotangent of leading-cdge sweep angle

pitching moment, Ib-in.

free-stream NMach number

static pressure difference hetween top and bottom
of wing, 1b/sq in.

free-stream dynamice pressure, Ib/sq in,

body radius, in.

body radius at shoulder of nose, in.

body radius at wing, in.

body radius at tail, in.

Reynolds number based on ¢ of larger lifting
surface

of body to

Vs

a, .z

ALE
Arg
pw

W
AS
B(T)
B(W)
ST
T(B)
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maximum semispan of wing or tail in combination
with hody, .

cross-sceetional area of nose at maximum section,
s i,

reference area of combination hit coefficient, sq in.

tail-alone area, sq in.

wing-alone area, sq in.

ratio of wing maximum thickness to chord length

volume of body, considering the body as eylindrieal
behind the position of maximum cross section,
cuin,

volume of body nose up to shoulder, cu in.

free-stream veloeity, in.fsee

streamwise,  spanwise, and
respectively

distance to center of pressure measured from inter-
section of wing leading edge and body for wing
quantities and from intersection of tail leading
edge and body for tail quantities, in.

distance to loeal center of pressure at spanwise
distanee y measured from intersection of wing
leading edge and body, in.

distance from intersection of wing leading edge and
bhody to wing hinge line, in.

angle of attack of body ecenterline or of wing
alone, radian (unless otherwise specified)

local angle of attack at spanwise location ¥ from
body axis, radians

VM 1

wing-alone or tail-alone effective aspect ratio

cireulation, positive counterclockwise facing up-
stream, sy in./fsee

cireulation at wing-body juncture of combination,
8¢ 1N Jsee

wing-or tail-incidence angle, radians

wing semiapex angle, deg

spanwise variable of integration

. fe
taper ratio, (—')
¢

L

vertieal  coordinates,

sweep angle of leading edge, deg

sweep angle of trailing edge, deg

free-stream density, slugs/cu in.
SUBSCRIPTS

bhody

combination, either wing-body or wing-body-tail

combination minus nose

forebody

body nose

tail

wing vortex

wing

Alden-Schindel theory

body in presence of tail

body in presence of wing

strip theory

tail in presence of body
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W) wing in presence of body

@ e variable, § constant

) 8 variable, « constant

W) wing in presence of body and « variable, § constant

Other compound subscripts to be interpreted similarly to
the preeeding compound subseript.

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 attack and small angles
of wing and tail incidence.  Attention 1s focused on pointed
bodies having wings and tails mounted on body sections of
uniform diameter.  For the sake of consisteney, the forward
lifting surfaces are termed the wings, even in cases of canard
configurations.  Both wings and tails may have variable inci-
dence, but cases of differential incidence between opposite
panels of the wing or tail are bevond the scope of this report.
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(a) Parts of a wing-body-tail combination.
(b) Lifts withont wing-tail interference.
(e) Lifts due to wing vortices,
Frauvre 1,—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 analysis, the lift of the wing-
body-tail combination is taken to be the sum of the seven

prineipal components indicated in parts (by and (¢) of figure 1°
These components are:
Lilt on nose including forebody, Ly

2. Lift on wing in presence of body, Ly

3. Lift on body due to wing, Ly

4. Laft on tail in presence of body, Ly,

5. Liaft on body due to tail, L4,

6. Lift on tail due to wing vortices, Ly,

7. Lift on wing afterbody due to wing vortices, Lgy,

All cocfficients, exeept those for the tail alone, are based on
the exposed wing area. The lift and center-of-pressure
position ecaleulation procedures for tail-body interferenee
are identical to those 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 method 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

—
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ean be ignored for slender wing-body combinations, so that
equation (1) reduces to Laplace’s equation in the 3,z plane.
Using this simplification, simple, closed expressions are
obtained for lift-curve slopes.

It is well known that for wing-hody combinations which
are not slender, lift-curve slopes are overestimated by
slender-body theory (ref. 6). However, this fact does not
preclude the use of slender-body theory for nonslender con-
figurations since, in certain instances, the ratio of the lift
of the wing-body combination to that of the wing alone can
be accurately predicted by slender-hody theory, even though
the magnitude of the lift-curve slope might be incorrect.
From the foregoing ratio, which is called K, and a good
estimate of the wing-alone lift-curve slope, the lift-curve
slope of the combination can be obtained. This was essen-
tially the method used by Nielsen, Katzen, and Tang in
reference 6 to predict the lift and moment characteristics of
triangular wing-body combinations. Good agreement be-
tween experiment and theory was obtained.

With these facts in mind, the method used by Morikawa
(ref. 14) for presenting lift interference is adopted. In this
method, the wing alone is defined as the exposed half-wings
joined together.  The lift of the combination is related to
the lift of the wing alone by the factor K, which is to be

determined.
LC = ycLW (2\

The factor K¢ is decomposed into three factors Kgw,
Kyuy, and Ky which represent the ratios of the body Hhift,
wing lift, and nose lift of the combination to that of the
wing alone.

]\,(':I{B(W)+I{l“(ﬁ)+}\’]\’ (3)
Lo, (Cr)pw

IX’ - B(‘,‘l: ¢:,H(H)r 6i0 (4)
nen Ly (( La)u'
. Lwi (Co)wom

gy =mm (w1 (5)
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570 REPORT 1307~
Ly (Cra)y

Foomloy
" Ly ((‘La>w

(®)

The factors Ky and Ky are defined for the case in which
the angle of attack of the combination is varving 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 analogous factors arve defined.

Ly ) __ (nba) BW)

" T= B == “ 7

k B(W) LW (("YLQ) " a ( l)
L (( L ) .

oo =L =y, ®)

So far, only a way of representing lift results has been
presented. The solution of a problem requires a determina-
tion of each of these ratios.  Then, the lift on any component
can be estimated from the wing-alone lift-curve slope. The
best value 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-theory values are computed. These are compared
with values computed by other methods and ultimately with
experimental results.  There are some conditions for which
slender-body theory is invalid or for which more exaet
methods are available. These are pointed out and the
slender-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 equally
applicable to subsonic and supersonie speeds unless otherwise
noted.

LIFT ON BODY NOSE

From cquation (6)
OLN:KV (OL,,),V“ 9)

For the caleulations in this report, Ly is evaluated by usc
of slender-body theory,

Ly ) )
q: =27rya (10)
Ly=0 (11)
so that
Doy 2
Ko— i -m;v 12
N AS]V(( la) . ( )

It is known that slender-body theory is usually not suffi-
cliently accurate to determine body-alone Iifts 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 Iift, and slender-body
theory generally gives satisfactory results. If improved accu-
racy is desired, lincar theory, the viscous cross-flow theory
of reference 15, or experimental results can be used.

NATIONAL ADVISORY

COMMI'TTEE FOR AERONAUTICS
LIFT ON WING IN PRESENCE OF BODY

Angle of attack.— IFrom cquation (5)
Crag oy = Bw e (Cr,) w (13)

when 6=0. The value of (Cr)y from experiment should
be used il available; otherwise the value from linear theory
should be used.
obtaming K.

The value of Ky, given by slender-body theory (ref. 14)
is

. . Y
Therefore, obtaining Cry gy depends on
) = [€:7]

.
Ky =

{4y =)+ G2 ]}

”

(1_;) (14)
(The assumption is made that no negative lift is developed
behind the maximum wing span.  Jones (ref. 16) hax pointed
out that for wings, at least, the negative lift predicted on
these sections by slender-body  theory is prevented by
separation.)  This function 13 plotted in chart 1. In the
limiting case of r/s==0 the combination is all wing and the
value of Ky gpy=1. As r/s approaches unity, there is a very
small exposed wing.  For this small wing, the body is
effectively a vertieal reflection plane and the angle of attuck
is 2a due to upwash (as is discussed later). This makes
Kw s =2.

It is clear that the values of Ky sy should be satisfactory
for slender wing-body combinations. However, they cannot
be used for large aspeet ratios, for which slender-body theory
is inapplicable, without further investigation.  An approxi-
mate method for evaluating Ky, 1s to suppose that the
exposed wings are operating in the upwash field of the hody
alone and then to ealeulate the resultant wing lift.  Negleet-
ing any effect of the nose, 1t has been pointed out (ref. 17)
that the upflow angle due to the body varies spanwise on the
horizontal plane ol symmetry as

2
ay=0ay (1 +;7§> (5

where y i1s 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 (15) is taken into
account by using strip theory, an approximate value of
K i1s obtained as follows:

FEE™

$
a,cply
Ky ="7, (16,

auJ ey

Equation (16) does not include tip effects. The following
expression is obtained in terms of r/v and taper for wings of
uniform taper.

1 e (1—N) §°
S (== i (f)

KW(B) = —_ (] 7'

It is notable that Ky (s does not depend on aspect ratio.
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Equation (17) was used to determine Ky for A=0, 3,
and 1, and these results are compared to those of slender-
body theory in ligure 2. It is seen that the effect of taper is
smaldl compared to the effect of »/x. Both theories give
nearly the same values at both high and low »/¢, but the
upwash-theory values are, in all instances, greater than those
of slender-body theory.  Nowhere is the difference of great
sienificance.  Although account has been taken of the
upwash induced along the wing span by the body in the
determination of Kym by upwash theory, no account has
been taken of the loss of Lift due to interaction between the
wing and the body of the winged part of the combination.
Ifor this reason, Ky, will be too large.  Therefore, the
slender-body-theory values of Ky should be used for all
combinations.
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Fiouvnre 2—Comparison of Ky or Krg determined by slender-hody
and upwasl theories.
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For wing and body combinations with large-aspeet-ratio
rectangular wings the linear-theory solution for Ay s
avatlable (ref. 18).
where they are compared with the slender-body-theory
results,  Since a graphieal integration was required for the
determination of the linear-theory values, there is a small
uncertainty in the result, represented by the cross-hatehed
arca.  For a fixed value of »/s and for the range 2<8A4<46,
the effect of B.11s tess than the uneertainty of the ealeulation,
No linear-theory values are available for 8.1<2.  The close
agreement (within 5 pereent) between hnear theory for the
present case and slender-body theory is noteworthy since the
rectangular wing and hody combinations represented are not
slender.

Wing-incidence angle.—The method for estimating the
values of ¢

These results are presented in ehart 2

Y A 1 1 1 l. Y iy XS N 1 2 1 3
Lo 100 the wing-incidence case is analogous to

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

( 'L"v( " =kwm (( VLa> wOw (18)
when a=0.

There are several solutions available for determining
kway; 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 following expression for ky, in terms of 7, the
semispan-radius ratio, /r:

1 [7;3 (rF 1R w2

Fwim= ]

A T 2l
4 T

TZ(T‘\ )2 : T"‘*{~1

(Tu-x)f(. " rLl)‘-' A1)
- S =1

7'2(T—71\)2 T“’%f Ty

8 I rrz—{»l
el

The value of by, 50 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
pereent for values of 8.4 of 2 or greater.  For the range of
A between 0 and 2 linecar-theory results for &y gy are not
available, However, as 84 approaches zero the rectangular
wing and body combination becomes more slender, until
at 8A==0 slender-body theory is exact for the combination.
Therefore, slender-body theory values ol Ly are used for
rectangular wing-body combinations when pgA<2. When
rectangular wings of effective aspect ratio 2 or greater are
volved and when 3,>>1, then by, 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
apphicable at subsonie speeds sinee the slender-body-theory
values of Ky, and by, on whieh it is based are not depend-
ent. on Mach number and the effect of Mach number enters
only through ((',u)W. This supposition is subscquently

borne out by experimental data.  Spreiter made the observa-
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tion in reference 13 that the loading on the minimun drag
wing-body combination of Lennertz (ref. 1) is identieal 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 division of lift as
given by Spreiter, the equality of the results of Spreiter and
Lennertz is further evidence of the applicability of the
present method to subsonie speeds.

At this point, it is desirable to consider the effeets of span
loading on the division of lift between wing and body because
this information has bearing on the vahlidity of the vortex
model used in determining some later results.  Besides his
result for minimum drag, Lennertz also determined the
division of load between wing and body for uniform span
loading. This result, which corresponds to replacing cach
side of the combination by a 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
senispan.  For the same value of the abseissa there is not
much difference between the fractions of the Lt acting on
the body for the two cases. 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 the comparison, the existing
difference would largely disappear. Thus, the representa-
tion of the wing-body combination by a horseshoe vortex
on ecach side 1s compatible with the present method of
determining the division of lift between wing and body.

LIFT ON BODY DUE TO WING

Angle of attack.— From equation (4)
¢ Ly u'):KB”") (k) w (20)
when §=0.

The slender-body theory value of Ky, is

Km W=

In the limiting case of

This function is plotted in chart 1.
7/x==0 the combination is all wing and Kyge,=-0.  As r/s ap-
proaches unity, there 1s 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 itsell.  Thus, Ky, = Ky, 2.

To determine the applicability of the slender-hody-theory
values of Kpary to nonslender combinations, Ky w, is now
determined by an independent method. On the basis of
slender-body theory, nonexpanding sections of a body in a
uniform flow develop no lift.  Therefore, the lift on a
straight portion of a body on which a wing is mounted is due
principally to lift transmitted from 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
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 delayed reaction of Lager-
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Frcure 3.-—Comparizon of slender-body theory and theory of Len-
nertz for fraction of lift carried by body.
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strom and Van Dvyke in reference 19, which was substantiated
for a particular family of rectangular wing-hody combinations
in reference 3. Downstream of the wing, the flow returns
to the free-stream direction. The effect of this change in
flow direction is felt on the surface of the afterbody behind
the Mach helix originating at the trailing-edge, root-chord
juncture.  In this region, the reaction tends to eancel the
lift transmitted from the wing onto the body,  The effective
resultant, lifting arca on the body for one half-wing can thus
be approximated by the shaded area shown in figure 4(a).

While a nonplanar model has been set ap to represent the
lift transmitted to the body from the wing, further sinplifica-
tion to an equivalent planar case is desirable before caleula-
tions are performed.  The body is imagined now to he col-
lapsed to a plane and the Mach helices of figure 4(a) become
the Mach lines of figure 4(b). The lifting area of the body
is the shaded area of figure 4(b) which is at zero angle of
attack. This area is equal to the horizontal projection of the
lifting area of the actual body surface (fig. 4(a)). The lift on
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B(T) ] I

. ~8pm g Bmoy T
Kpow,= BT (140 (Bd (__1)(6(%)“ (l-I-Bm)

Similarly, for subsonic leading edges there is

where mg>1.

obtained, using the appropriate conical lifting solution from

reference 21,

6”[ : 6 B
14 mB Bm—+{1-+mp)

(
me; NV Cr +

“in terms of the coordinate system of figure 4 (b).

the hody ean be ealeulated simply by integrating pressures
due to the half-wing over the shaded arca 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 effeets are not considered, and the analysis
is confined to the ease in which the Mach line emanating
from the leading edge of the wing tip falls behind the region
of lift earryv-over onto the body. This condition imposes
the restriction

o 1 ’ .
A > 22
g +>\)(ﬁm—|—l)_4 (
on the wings for which the method is to apply.

The value of lift transmitted to the body by a half-wing
with a supersonic leading edge is given (using the solution

of ref. 20) as
3
L 4.0 Bm Yo, . Hhm oy
B(W) = CcOs & (23)
Br  \B*m:? . (n-+mé)

This result
is doubled to account for the lift of two half-wings and divided
by the lift of the wing alone to obtain Ka,. For all super-
sonic Mach numbers Ky, 18

2

(Bm—+ 1) —{—6171

1+ (1+5”1)B e i ey
I 7 r |gvBimE—1 Btl_
. cos™ Bd o »H{\/l”c, ! I

Bm--{Bm—+1

=1 (BLY _Bm (] ‘
Bm r>“)bh <1+{31) 1+ﬁm.m\ (Bln,) (24)

Sq.aw(Bm) f '*B”\/B
Bn

N (6‘1 ) (B0 ) g

where mB<1. The effeet of body upwash in increasing the
lift of the exposed wing has not been taken into account
caleulating the effeet of the wing on the body.

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

. - | 8
independent. However, the quantity 1\,,‘”3(\17%)\)(;%1)

o ) _ ol . .
(8¢ La>W is a funetion of only mp and lz— This quantity 1s

r

Lyw)= ‘FB(B’"+U N m.ETndE (5
giving
I u
Bm ,(1+m5)(,r —o_ (1+"'ﬁ ¢, |tanh™!
8m mB
Bm
Bd (26)

Bui-k(1-+ mB)—C:

presented as a function of 28r/e, for constant values of wg
in chart 4 (2) which is to serve as a design chart in deter-
mining A, subjeet to the restriction of equation (22).
FFor the purpose of illustrating the behavior of Ky, and
comparing cquations  (24) and  (26) with  slender-body
Ky, chart 4 (a) has been used 1o obtain figure 5, which
presents Ky, as a function of g4 and #/s for A=0, 172, and
The case of A=0 cor-
A=1 to rectangular

1 and for no trailing-cdge sweep.
responds to {riangular wings {fig. 5 (a)},
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wings (lig. 5 (b)), and XN=1/2 {0 trapezoidal wings (fig.
5 (¢)). TFor triangular wings, the curve of Ay by the
present theory for gul=0 1s slightly greater than Ky, as
given by slender-body theory and has not been included in
the figures, since for such small values of 3.1 slender-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 hetween slender-body theory
and the present theory at .1=2, the lowest aspect ratio for
which the present theory is applicable to rectangulur wings,
In the case of the trapezoidal wings (fig. 5 (¢)), the vestrietion
of equation (22) imposes the condition that 8.4>4/3.  For a
value of 5.1 of 473 there 1s no appreciable difference hetween

=
A B4
t
7 T~
2
A= 0 slender
hody
tneary 3

/ 7 /
4

i

o] d .2 .3 4 5
Body ‘radius, wing-sem'span rcho, /-
(a) Triangular wing-body combinations.

Fravre 5.—Comparison of Kpw) or Kuopy determined by <leuder-body
theory aud present theory for wings with no trailing-edge sweep,
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slender-hody Ky, and the value of Ky, by the present
theory.

On the basis of figures 5 (1), 5 (b), and 5 (¢}, and since
wing tip effeets invalidate equations (24) and (26) for

. 1 ‘ . .
B0 +)\)( mﬁ+l ){4, the following sclection rule should be

used: If gA(14- )\i)( ]}B+1>§4, use the slender-body theory

N

» " 1 . .
Ky, and 1f g1 »%r)\J(—mB—i—l>>4, use Ky, from chart 4.

Sinee reetangular and triangular wings are very eommon,

and since (BCL) w

is known in closed form for these plan

forms, speeialized results can readily be obtained from

B4

Stender-
A= body
theory
6 /
3
5 / 4

54_ N/ / /Z
7/
Iy
Ry 48
7
| Y/ 4

dody-radius, wing-semispan ratio, /s
by Reetangular wing-body combinations.

Fraure 5. - -Continued,
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The case for no afterbody behind the wing ean also he
caleulated  for the high-aspect-ratio range at supersonic
speeds.  The method for determining Ky without after-
body is the same as with afterbody exeept that the vpper
limit of integration in equations (23) and {25} is ¢, rather
than ¢+ By, Carrving out these integr .111()lnsmullipl_\'ing by
2 and dividing by the 1ift of the wing alone vields for the
case of no afterbody

()

Ky [B(C )y J N1

(.V
s (Bcl‘) ('l_lrmc, 2«4» - "'6+B(l
— I i Y cos - —
7y B —1 N6 . d . 1+f}fr
d

mig (IB[-), cos™! ( 6)+"'5 (31).’ y B 1 sin ! »‘i(r[—-

P Bm 1, ~d (30)

Y- -1 Cr
4 m*B*—1 cosh 6d 3~

K [(C2 ), )04 0 (B=1)=
A GO ) G )
(s s () @) [ 1y -
=y (=) o) 0
\ MB( )7(7’“7‘7’+1 )}; B 1 (31

. . ¢ . .
The restriction that ~é>(l 1s not a sertous one.

tanh !

- ¢, . .

Ford >t is
8

clear that the Iift transmitted to the body is the saume as for

I . .
(]=—é so that Kpu) 1s constant.  The value of the parameter

A',,(,,V)[B(( T)w] ()\+1:)(;——1 ) 18 plotted as a function of mg

and 28r/e, in chart 4 (h),

A comparison of Kyuy, as determined from chart 4 (a)
with that {from chart 4 (b) gives an indication of the impor-
tance of the afterbody for any particular configuration.
For small values of the ratio 28(rie,)w there ix very little
effect of the afterbody on Kpary but, for large values, the
effect can be as large as several hundred pereent. At sub-
sonie speeds no distinetion is made between the afterbody
and no-afterbody cases.  The difference between the two,
which is usually small i terms of total lift at supersonic
speeds, 15 further reduced at subsonic speeds beenuse of the
lesser tendeney of Lift to be carried downstream.

Wing-incidence angle.—I'rom cquation (7)

i, =Koy () 0w (32)

The only general method for determining £y, is slender-
body theory. Tt has been shown in reference 22 by use of a

reciprocal theorem that for combinations with evlindrical
boadies the following equality is valid under the assumptions
of slender-body theory:

Fow,= Kwon—hw.on (33)

The values of by, as given by equation (33) are inceluded
in chart 1.

An interesting approximation that gives some insight into
the interrelationships between Kpow,, Kwa,, kroe,, and
Fway can be made, 1 it is assumed that the wing transmits
a certain fraction of its lift to the body irrespective of
whether the lift is developed by angle of attack or wing-
incidence angle, an approximate value for dyae. numely,
A"n(u'). 15

.
Ko (34)

WiH

4
b giws = ku'w\

The values of A4 and £ 5o as determined from equations
(33) and (34) do not differ by more than 0,01, a quantity
that is practically indistinguishable in chart 1. This small
difference is due to the difference in the forms of the Jowd
distribution on the wing for hifts due 1o angle of attack and
wing-incidence angle.

LIFT ON TAIL SECTION DUE TO WING VORTICES

Wing-tail mterference results from downwash in the
region of the tail caused by the wing vortices. The problem
of determining wing-tail interference breaks down into the
problems, first, of determining the number, strengths, and
posttions of the wing vortices at the tail and, second,
determining the reaction of the tail section to the nonuniform
flow field induced by the wing vortices. This component of
the combination lift is the most laborious to ealeulate,  The
same method s used for subsonic and supersonic speeds.
Line-vortex theory is used in the solution of the wing-tail
mterference problem following the general lines of other
investigators.  The model to be used iz llustrated in figures
6 and 7. This model of the wing is the same as the Lennertz
model for uniform loading previously discussed and is thus
compatible with the method used here for caleutating wing-
body interference. Only one trailing vortex per wing panel
is constdered although more vortices per panel could be used
{o obtain greater necuracy at the expense of greater compli-
cation.  The wing trailing vortices stream backward but
undergo Iaderal and vertieal deflections as a result of the
body crossflow field and the interaction between vortiees,
Image vortex lines are introduced inside the body at the
image position of the trailing vortices to satisfy the boundary
condition for a circular body.  Sufficiently far ¢
the external vortices approach an asvmptotic spacing.
Vortex characteristics.—For case of calculation it is
assumed that one fullv rolled-up vortex is discharged from
cach wing panel.  While this model simulates the flow
behind the wing panels of many combinations, there are
cases where 1t does not.
by Spahe and Dickey in the Ames 1- by 3-foot supersonie
wind tunnel are presented as the solid curves in figures 8, 9,
atd 10, These data were obtained by the vapor-sereen tech-
nique deseribed in reference 150 Figure 8 shows that for a

lownstream

As examples, some results obtained
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Frovre 6.—Vortex model nsed in determination of wing-tail inter-
ference,
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Fravre 7.—Circulation distribution at wing trailing edge and equiva-
lent horseshoe vortex.

low-aspect-ratio (rtangular wing in combination with a body
at Tow angles of attack, only one tip vortex is present as as-
sumed.  However, as the angle of attack is inereased a body
vortex appears, and as the wing agpect ratio is inereased (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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(a) Lateral position of vortex.

(b) Vertieal position of vortex.
Fraure 8.—Comparison between theory and experiment for lateral
and vertieal positions of wing vortex 1.8 ¢, behind wing of aspeet
ratio 2/3 triangular wing and body combination; Mg =2.0, »/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 theoretical
work of Morikawa, reference 9, who has caleulated 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
vieinity of the tail tip does any appreciable difference between
the two cases oceur. 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 ecireulation distribution at the wing traihing edge
determines the strength 'y and the spanwise position fip
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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Fraure 9. Comparison between theory and experiment for lateral
and vertieal positions of wing vortex 1.8 ¢, behind wing of aspect
ratio 2 triangular wing and body combination; Mg= 2.0, r/s=0.33.

latton is at the wing-hody juncture. Since the lift of the
bound vortex is p V' T, per unit span, the value of T,
can be estimated from the following series of equations:

me) f Lmuy - IS

Ly (35)

Liys
T,=. v P . m ‘
" 20 Vo fo—rw) 20, Vaelrw—ow) 2p.3 o)

To satisfy the boundary condition that the hody is circular
fw gw=1ru" (36)

The first form of equation (35) is used for determining T,
Since

- . s .

CLW( g = [tk 8] (€ L) w (37)

it follows that

1" [I{W(H\a‘{"kw’th'\ 51!‘] ' ;
= B T (' ,;‘ - (38
Pm 4( fw__].w) Lu) I S“ {b)

The problem of determining the lateral positions of the
wing vortices musl be solved before the foregoing equation
can be used to evaluate T,.  The assumption is made that
the vortices of the wing in combination are discharged at
the center of vorticity of the panels of the wing alone as
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ratio 4 {riangular wing and body combination; Mg, =2.0, r/5-:0.20.

determined by lifting-line theory or linear theory, This
assumption is necessary beeause the cireulation distribution
18 not generally known for the wing-body combination,
The vahdity of this assumption can be examined for slender
wing-hody combinations for which the span loading s known
and from which the lateral position of the vortex can be
determined.  In faet, the lateral vortex position on the hasis
of slender-body theory is

P N )

s myr / .
L— (_—) =)+ _e sin™! .
o T L
L))
{39)

This equation gives the lateral position of the vortex as a
fraction of the semispan of the exposed wing panel and as a
function of the radius-semispan ratio. The naximum
deviation between the values given by this equation and the
wing-alone value of 0.786 (or 7/4) is about 3 pereent.  This
result is independent of the plan form of the wing or body in
front of the maximum span position since in slender-body
theory the potential and, henee, the cirenlation depends only
on the crossflow plane under consideration.

For nonslender wing-body combinations the lateral posi-
tion can easily be determined if the lift coefficient and
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the loading at the root chord are known for the wing alone.
The necessary equation is

f”_f:((;l,\‘n'sw (40)

: 2{¢qe) '
In this equation (e} is the product of the section lift
coeflicient at the midsecetion 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 prepaved 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, Tt is noteworthy
that for low aspect ratios the lateral positions of the vortices
all tend toward the slender-hody value of #/4. No systematic
set of lift charts similar to those of DeYoung and Harper is
available for supersonic speeds.  However, where linear-
theory results are avalable, 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
m/4 at zero aspecet ratio for the eases i which it was felt that
the extrapolation could be made safely.  For the A=0 ease
with no leading-edge sweep, there 13 a possibility that the cir-
culation distribution does not have its maximum at the eenter
line of the wing as assumed in equation (40). The lincar-
theory solution for the load distribution for the reversed tri-
angular wing is unknown for g4, <4.

While the foregoing charts give the vortex lateral position
at the wing, the Iateral position at the tail] fr, is required for
caleulating wing-tail interference.  The simplest assumptions
would be to set f7 equal to fi or f.,, the asymplotic vortex
Interal position, as determined from reference 11. To deter-
mine which of these approximations is more aceurate, both
Sw and £, 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 fy
nor f, is superior for predicting the vortex spacing at the tail.
Until more data are available on vortex positions to justify a
more elaborate estimate, the value of f from charts 5 and 6
or reference 24 can be used for fp.

The vertical position of the vortex at the tail can be esti-
mated by the step-by-step calculative procedure described
m reference 25, but the process is generally too lengthy., Two
alternate methods are considered. In the first, the vortex
1s assumed to stream backward in the free-stream direetion
from the wing trailing edge.  The second method, suggested
by Lagerstrom and Graham, reference 11, is to ignore the
effects of the image vortices, which are nearly equal and oppo-
site, but to consider crossflow and the 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 occeurrence 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 WING-BODY-TAIL COMBINATIONS

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

}lT: - ((’r“.l’hi)w Sill (Sny‘{“ l/T+-ET“IIV— ((';-)W] Sill [a4 (41)

The height 1s measured above the body axis and normal 1o 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 applieable but the
method of Alden and Schindel, reference 12, ean be applied
when the necessary theoretical span loandimgs are known.  In
speetfying the tail load, use 15 made of a tail interference
factor

.
Ly \,‘11,7)(72”« 42)

ETT e —
I',,,/27r01 ‘ m(‘\.T——"T,)

where (Lp), 15 the It of the tail alone at angle of attack
a. The mterference factor represents a nondimensional
quantity useful for computing tail loads. The factor
depends on the parameters Aq, (¢7/8)r, (€,/85) 9. (f{$)7, and (/)7
For a fixed body-tail configuration, the factor depends only
on the vortex positions in the crossflow plane of ihe tail.

Whether the Tactor ¢ s calculated by strip theory or by
the Alden-Schindel technique, several simplifying assump-
tions are required regarding the wing-tail mterference.  The
firsi assumption is one alvcady used in determining Kg gy, for
large aspect ratios at supersonic speeds - that the nonplanar
tall section can be reduced to an equivaleni planar model
similar to that shown in figure 4. The body 1s assumed to
be flat and 1o act at zero angle of attack, while the tail angle
of attack ar varies spanwise. The second assumption is
thai the hft on the tail section due to wing-tail interference
15 all developed by the tail panels, even though part of it is
transferred to the body. In the applieation of strip theory
to determine this lift, Lagerstrom 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 1s supersonic and the trailing edge
is straight, as for a triangular wing of cffective aspeet ratio
greater than 4. It is 1o be noted that the second assumption
circumvents the question of whether an afterbody oceurs
behind the tail.  Generally, the lift acting on the body is
only a small fraciion of that acting on the tail section due
to wing-tail interference, so that no preeise consideration
of the tail afterbody is usually required.

Strip theory has been used to caleulate a series of design
charts for the estimation of i.  The details of the caleulations
are given in Appendix B, and the results are presented in
chart 7. These charts show contours of constant values of
# in the crossflow plane of the tall with the parameters
Ar and (#/9) 5 varving from chart to chart. It is to be noted
that strip theory is independent of the chord-span ratio
(¢/Bs)r.  In fact, strip theory represents the limiting case
of hinear theory as (¢/88)»—0.  The charts give an immediate
idea of the regions wherein wing-tail interference is most.
important.  For triangular tails (Ap==0) it is to be noted
that the interference is a finite maximum when the vortex
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is in the plane of the tail and slightly imboard of the tip.
For all other taper ratios, however, an infinite maximum
effect occurs when the vortex is at the (ail tip. Strip theory
is, thus, not accurate for positions of the vortex near the
tail tip, except in the case of triangular wings with super-
sonic leading edges, i which case it is aceurate to the order
of linear theory.

An alternate method for the determination of ¢ is the
method of Alden and Schindel, which serves as a basis for
assessing the accuracy of strip theory.  The essential result
of the method is that the lift of a lifting surface with super-
sonic edges in a nonuniform flow field that varies spanwise
can be evaluated to the accuracy of linear theory by the
equation

L=| wy)Fudy (43)

span

where w(y) is the vertical velocity at the spanwise position
y and F(y) is proportional to the spau loading of the tail at
uniform angle of attack in reversed flow. Ieaslet and
Spreiter in reference 22 have extended the range of equation
(43) to include surfaces with subsonic edges.  For triangular
tails with supersonic leading edges, the reversed tail is
uniformly loaded so that F(y) is proportional to the loeal
chord. Thus, strip theory and the Alden-Schindel method
give identical results for this case.  Generally speaking, the
Alden-Schindel technique 1s not suited for an analytical
determination of 7 because, in some cases, the necessary
function F(y) is not known or leads to complicated inte-
grations. The Alden-Schindel method leads to results in
closed form for rectangular tail and body combinations,
and the caleulation has been earried out in Appendix C.
The values of i for the vortex in the plane of a rectangular
tail and for a radius-semispan ratio of 0.2 are given in figure
11 for four values of (¢/8s)y. For a value of (¢/8x)r=:0 the
Alden-Schindel technique and strip theory are identical.
Thus, a comparison of the curves for other values of (¢/8s)r
with those for zero gives an indication of the error due to
the use of strip theory for large chord-span ratios. The
first result 1s that the mfinity at (f/s),—= 1 (for values of
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Figure 11,.—Effect of chord-span ratio on Iift of reetangular tail due
to wing vortex as determined by Alde n-Schindel technique for vortex
in plane of tail; (r/8)r=0.2,

(e/Bs)r not equal to zero) has been eliminated by using the
Alden-Schindel teehnmque.  For vortex positions outboard
of the tail tip, the effeet of (¢/Bs) 1s very small.  However,
for vortex positions inboard of the tip, a larger effect of
(¢/Bs)r is Indicated. To obtain an idea of where the dis-
crepancy due to the use of strip theory is large and where
small, & figure has been prepared showing the ratio of
(ias—1s7)/iss a5 a measure of the error incurred in using
strip theory for (¢/Bx),=-0.5. This ratio is shown as a fune-

tion of vortex position in figure 12, For positions of the
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Frsure 12--Iirror due to use of strip theory in estimation of lowdx
on rectangular tail section due to wing vortices,

vortex outboard of the tail tip, the error is generally very
small except in the immediate vieinity of the tip.  For posi-
tions of the wing vortex inboard of the tail tip, 2 maximum
error of about 35 percent can be incurred by the use of
strip theoryv. This error decrcases with inereasing vortex
distance from the tail. The reason that larger errvors are
incurred for positions of the vortex inboard of the tail tip
is that here the net effect of the vortex is the small difference
of large positive and negative lifts, while for outbourd posi-
tions the vortex induces negative lift across the entire tail.
It is believed that the use of strip theory is more accurate
for tapered wings than for rectangular wings since it is knowu
to be exact for trangular wings with supersonic edges.
Despite the fact that strip theory does not possess the ac-
curacy of linear theory for purposes of estimating tail loads,
it has several decisive advantages over the linear theory
(exemplified at supersonic speeds by the Alden-schindel
method).  First, the necessary theoretical information is
not available for using linear theory in some cases at super-
sonie speeds.  Second, separate determinations would be
required for different (¢/8s)r values and for subsonic and
supersonic speeds, making the construction of design charts
extremely difficult. For these reasons and because of its
great simplicity, strip theory is used in this report for com-
puting the tail interference factors except for rectangular
tails at supersonie speeds.

The contribution of wing-tail interference to the hft

cocflicient is now derived.  The contribution is by definition

Y 4_7L7T(Va

'LTW)”q
®

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

(r ;<(V14‘,) H,((VL ) []\u metlwimdu] 4 (\7 —/ 17) (15)

Erin 2 fu—rw)
The values of Ky, and by, are obtained from chart 1, the
value of ¢ from chart 7, and the value of fi from chart 5 or 6.
For rectangular tails at supersonic speeds the value of
calculated by wuse of the Alden-Schindel technique is
recommended,

LIFT ON WING AFTERBODY DUE TO WING VORTICES

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 caleulation of the vortex path
is made, the lift on the wing afterbody ecan be estimated.
The model shown in figure 6 is used in the estimation. The
lift represented by a horseshoe vortex is p, VaT'n per unit
span.  The lift represented by the vortex system at the
wing trailing edge is thus 2p, V.1 (fw—gw) and at the tail
location is 2p, Vol'n(fr—gr). The net lift retained on the
body between the wing and the tail is thus

]‘B(r)* —2p, V., [( fw'(h!’)—( fr #qr)] (46)

With the aid of the relationships

= (47)
PR § (48)
e \fT +4-hp? \

2

o

equation (46) becomes in lift coefficient form
—frt+

ar, [(fw'—r 7’
2 __ A fw™ 49
Ly Su Vo, [ fw \fT2+’lT ] ( )

Lagerstrom and Graham (ref. 11) have derived this same
result ming a different method.  Generally, the change in f
between wing and tail is not known unless the step-by-step
solution walm()ne(l in reference 25 is performed. In this
case both the total lift and distribution of lift on the body
due to the trailing vortices is known. However, if only an
upper bound on the value of €y is desired, then the value
of f.. can be used for fr in equation (49).
SUMMARY OF LIFT COMPONENTS OF WING.BODY-TAIL COMBINATIONS

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

Lift on body nose,

(C)y=Ky (Cp )5 (50)

2. Lift on wing in presence of body,

(CLyw =Ky otk wmdw) (C’YL") W G19)]

3. Lift on body due to wing,

(s ={Ksw, 2 +kpondw) (ULQ)W (52)

4. Lift on tail in (neglecting wing

vortices),

body

(() (5' \ (53)

Lift on body due to tail (neglecting wing vortices),

presence  of

(( 2T s = [[\T(H,a A?(Iiw

[}

. . . hY
((714)11(7'1 == [IXB(T)“’*' /1713('1';57'] (( La) T (S:) (54)

6. Lift on tail scetion due to wing vortices,

V(OL?,)W (Cy) T (K cm o thow o, 6w] [.('\‘Tfr?i!
2ndr(fw—rw)

((YI,)T(I') =

-3

Lift on wing afterbody due to wing vortices,

4T, (fw* —I'w ) rr e
— r ' b - (s 6
wa . [ fW fT+\ fT +IT] ab)

An example of the use of these equations is presented in a
subsequent numerical computation for a speeific 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 formulas.

(Csoe)

LONGITUDINAL CENTER-OF-PRESSURE THEORY

In the section on Lift theory the differences between subsonice
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 affect of Mach number
was manifest through the quantities (7)), and (Cp,),.
However, in the eenter-of-pressure theory the Mach number
Las a direct cffect on the centers of pressure of several of the
lift components, and a definite distinetion must be made
between the subsonic and supersonie 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 arc 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 Ly, Lwa,,
Ly, and Lgg, 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.

CENTER OF PRESSURE OF BODY NOSE

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

/’v—/s(l l'r:%g) (57)

wherein Vy and Is are 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 hft 1s earried over onto
the body behind the nose, tending to make Ix greater than
the value given by equation (57).  If the lift on the nose is a
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substantial fraction of the total Iift, the effeet can be sig-
nificant.  In such cases linear theory is better than slender-
body theory, although experimental values of 7y are always
preferred.  In this report, the theoretical values used will be
those of slender-body theory. The centers of pressure of
ogival noses as determined from slender-
presented in chart 9.

bodyv theory are

CENTER OF PRESSURE OF WING IN PRESENCE OF BODY

Angle of attack.—The center of pressure of a trinngular
wing in the presenee of an infinite evlindrical body as given
by slender-body theory (ref. 13), in percent of the exposed
wing root chord measured from the leading edge of the wing-
body juncture, is

Ohnr ey
Cr/wiB) « (] ___I_)/

N

G Q)
() e ()[4 ()]

(=) -

An alternate method for evaluating center-of-pressure
location of a triangular wing-body combination is to suppose
that the exposed wings are operating in the upwash field of
the body alone and then to caleulate the resultant center-of-
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

ay=a, (1 +71/2) (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 using strip theory, an approximate value of lLift
18 given as

4 '8 .
L‘V(IJJa:quj a,eqdy (60)
The moment about the leading edge of the root chord is
4 o
jl[n'(li)a:quf o, rc dy (61)

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

1 17 731

z :1!6"3; 5 +( )ﬁ,
(m)wis}a 2 )[ <1—_>_T ,,1( ):]

(62)

NATIONAL ADVISORY COMMITTEE

FOR AERONATUTICS

The results of equations (58) and (62) are presented in
figure 13 as a function of rfs. In addition, the value of
center of pressure of the wing alone as determined by linear
theory 1s indieated. It is significant that all three methods
give essentially the same result for the center-of-pressure
location of the wing in presence of the body. It may be
concluded that (Fie,), for wing alone (defined as exposed
wing panels joined together), although independent of #/x,
gives a sufficiently accurate representation of (zle)ycp, for
triangular wings in presence of the hody.
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Fraure 13.—Comparison of theoretieal values of (&f¢,)wan for tri-

angular wing with no trailing-edge sweep.

1f slender-hody theory is applied to rectangular wings in
combination, the erroncous result is obtained that all lift,
and therefore the center of pressure, is at the wing leading
edge.  While this result is valid for vanishing aspect ratio,
it is obviously not valid in general.  On the other hand, hy
strip theory, the center of pressure is given at the midchord
and is independent of the aspect ratio.  This value is exact,
only in the ecase of vanishing chord and is approximately
true for moderate to high aspect ratios. The center-of-
pressure location of wing alone as predicted by linear theory
exhibits a shift toward the leading edge from the midehord
position with decreasing aspect ratio.

;)

Equation (63) is valid for A>1. For BA<{1, negative
lifting pressures due to tip effects develop on rearward
areas of the wing, moving the center of pressure nearer the
wing leading edge. Thus, the wing-alone center-of-pressure
location as predicted by linear theory approaches the value
given by strip theory for wings (in presence of body) of
high aspect ratios and shows a location more in accordance
with slender-body-theory results at low aspect ratios. It is
therefore concluded that for rectangular wings the center of

3p4-2

— (63
6843 o

W
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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 henee center of pressure,
on the portions of the wing forward of the leading edge of
the tip chord. In general, however, lift is known to exist
over the entire wing and the slender-body result for center-
of-pressure loeation is too far forward at hgh aspect ratios.
Strip theory, on the other hand, prineipally by not aceount-
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 is
in good accord with strip theory, and at low aspect ratios,
with slender-hody theory. Since strip theory is reliable
only at high aspeet ratios, it can be concluded that wing-
alone theory is best for the entire aspect-ratio range,

On the basis of the foregoing comparison of wing-alone
theory with slender-body theory and steip theory for tri-
angular, rectangular, and trapezoidal wings in combination
with 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 aspeet-

ratio range.  Some simple charts to assist in estimating
these center-of-pressure positions are now presented.  For

supersonie speeds, charts 10 (a), 10 (b), and 10 (¢) give the
variation of (#fe,),. with g4 for wings of no leading-edge
sweep, no midehord sweep, and no trailing-edge sweep,
respectively, for taper ratios of A=0, %, and 1. The curves
giving (F/e,),, are extrapolated to the limiting values given
by slender-body theory at p:=0, for which case slender-
body theory is valid. The value of (Z/e,), for any given
wing of this family can be found by suitable interpolation.
For subsonie speeds the charts of DeYoung and Harper,
reference 23, can be used for estimating (T/e,),, 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 gA=2 to the slender-body
values at BA=0. Crossplotting aided in the extrapolation.
The distance from the most forward point of the body to
the wing center of pressure is
(64)

Ivima=lw-+ (e dwlefe ) wipa

Bdle, (Bdjc,)*

'S(mﬁ—!—l) Bm

_4 , 954 T 2mB+5
a5 Yo e

B 1)

1 ] B
3 COs
(mB) mB-| o B841)

5 ,1+_ +(Bd 15 Cosh‘l(lT&[) [21”6+0 ] [ ("lﬁ+:):| cos”
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Wing-incidence angle.—No general method for estimating

but speeialized results are available for

/ ":)wums exists,
rectangular wing and body combmations for which g1>2
or for slender triangular wing and body combinations.  For
the rectangular wing and body combinations, values of
(Fle)wms based on lincar theory obtained from reference 3
are presented in chart 12, The values of (#/e), .5 are
lower than the wing-alone )y values by a few percent of
the root chord.  The results for slender triangular-wing and
body combinations as determined from slender-body theory

Appendix A are shown in chart 13. The deviation of
(#1¢) 4 5 from the wing-alone value of % is only a fractionaj

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, (Z/¢,),. provides a good approxima-
tion to (Z/e,),,, ; until more accurate values are available.
The center-of-pressure position with reference to the hody

is

(65)

lwmys=lw+ (('r)u'(;/(’r,),.,-(,,)a

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 lift transferred from
the wing to the body is not sensitive to whether the lift is
developed by angle of attack or by wing deflection.  Then
there is no appreciable difference between (F/e,) ., and
(F/es) gy s 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 the body in the
presence of the wing. The moment of the hift (eq. (23))
carried onto the body by a wing with a supersonice leading
edge is

£
Z+Bmy

My, = "IV“{‘ mg dg  (66)

4q.awfm et
37fv 61m~—1 Feos

in terms of the coordinate system of figure 4(b).  This result,
doubled to account for the lift of two half-wings, gives

1 BdY' _(Bdje,)’ _
+\ mgi—1 [(1 * ¢ m*g?

3(mB+1)
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The center-of-pressure location is then found using Ky,
from equation (24) and the moment from equation (67) as

follows: |
<E> o et (68)
e/ ww,  Amon€s K Lyge. 68
o y
4q . \/'"‘B'T mﬁ(mﬁ-#l)fj‘
o B 3 ) ) : - 7“
\[mW) !32 Cr OmBlmB-+1)7° [(Sm[i

3(mpB—3HmpB--1y 5(/) ]

The moment of equation (70) with Az, of equation (26)
is used in equation (68) to give the center of pressure of
the lift on an infinite evlindrical body due to the wing.
The results for center of pressure for both supersonic and
subsonic leading edges are presented as a function of gd/fe,
with mg as the parameter in chart 14(a). It is notable that
the effect of mg is small.

The case for no afterbody is approximated by integrating
equations (66) and (69) with ¢, as the upper limit.  This is
analogous to the determination of Ky for the no after-
body 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 to
(x/c)pw, 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 taken
to be aspect ratio and taper ratio, with radius-semispan
ratio as parameter. The values of (2/e,)gr, for g.1=0 are
those given by slender-body theory, and the values for

(r/s)==0 are those for the wing alone as given by linecar
theory. On the basis of this information it is possible 1o

extrapolate the high-aspect-ratio theory to g.1--0, as has
been done in chart 15 for the afterbody case. This is {o
serve as a design chart for the low-aspect-ratio range. A
similar chart can casily be formulated for the no-afterbody
case by use of the results of chart 14(b). Tn establishing
the slender-body values at gA=0, it was assumed that no
lift was developed downstream of the maximum wing span.
The extrapolation was not attempted for A—0 and no lead-
ing-edge sweep.

The center-of-pressure  positions as  obtained by the
planar-model method for the afterbody and the no-afterbody
cases are compared with the slender-body theory centers of
pressure in figure 14.  For the case of the subsonic-leading-
edge wing, mA=0.2, for which slender-body theory would
be expected to be the most applicable, the agreement with
the no-afterbody case is very good for the entire range of
28rfe,, However, the agreement between the slender-body
theory and the afterbody case is poor. The lutter result
is 1o be anticipated by a consideration of ficure 4(a). For
a given geometry, an increase in Mach number causes a
primary portion of the pressure disturbance carried onto

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
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the body to sweep beyond the wing trailing edge.  Sim-
ilarly, a decrease in chord with a given Mach number
and body diameter moves the wing trailing edge ahead of
the primary portion of the lift disturbance carried onto the
body. Since the present method agrees very well with
slender-body theory where slender-body theory is expected
to he applicable, and since slender-body theory does not
properly account for the afterbody, the present method of
determining (F/e,))puw, 1s applied to all combinations.
Subsonic flow. --Hitherto, no method seems to have heen
available for estimating (Ffe)pw, at subsonic speeds.  For
this purpose, the lifting-line model shown in figure 15 has
been used.  The lifting line is placed along the quarter-
chord line of the wing and its image is introduced inside the
body. The external lifting line is divided into a number of
bound vortices, the strengths of which are proportional to
the circulation distribution.  The lifting line 18 not uni-
formly loaded although cach of the horseshoe vortices is.
The external vortices have their internal images which pro-
duce the lift on the hody, this Lift being produced at the
bound part of the horseshoe vortex. Since the lift on the
body due to cach elemental image horseshoe vortex is pro-
portional to the product of its strength times the length
of its bound element, and since its lift acts at the bound
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Ficure 15.—Vortex nmodel for determining center of pressure of body
in prescnee of wing or tail at subsonie 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 (z/c.)sor,
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
caleulation 1s not sensitive to the span loading and since
efficient wings tend to be elliptically loaded. No difference
between (Ffe)pwe and (F/e,) pavys has been considered since
any such differences will be small and are beyond the scope
of available theory.

(‘hart 16 gives results for unswept leading edges, midehord
lines, and trailing edges as a function of gA and r/s.  The
results for f.1>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 theoryv, Tt is known that at low
aspect ratios the loading on the wing-hody 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 g4=0.  Furthermore,
for rfs=:0 it is clear that (¢/e.)pwy cquals 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 lifting-line-theory results for ris==0 at about gA=:4.
Therefore, lifting-line theory has been adopted for gA>4,
and for gA<4 the curves have been extrapolated to the
slender-body values at gA4=-0 with the 7/s=0 results used
as a guide. The extrapolated curves are shown dotted in
chart 16. The distance of the center of pressure from the
most forward point of the body is

Toow,=lw+ (¢,)w (i )B " (71)
- . {

Cr
CENTER OF PRESSURE OF TAIL IN PRESENCE OF BODY

The center of pressure of the tail in the presence of the
body (wing-tail interference being negleeted) is given by the
same procedure as that for the wing.  For supersonic speeds
the value of (&F/e,)7 as determined from chart 10 is used as an
approximation to (r/e¢,)ru,. For subsonic speeds the charts
of reference 23 or those of chart 11 are available for estimat-
ing (ZFfe,)r. The distance from the most forward point of
the body to the tail center of pressure is thus

- = .
Lo =lzs4(e)r (Z)T(B) (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 sume
procedure as that due to the wing. For supersonic speeds
charts 14 and 15 are used. For subsonic speeds chart 16 is
used in estimating (x/e,) ;. From these values the dis-
tance from the foremost pomt of the body to the center of
pressure is '

71&(T):[T'+' (Cr)r (;)H T (75)
7 (T)

CENTER OF PRESSURE OF TAIL SECTION DUE TO WING VORTICES

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 take account
of this effect. However, the refinement is hardly warranted
i 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 unneeessary. A good
approximation is to take the center of pressure as that for
the tail punels in combimation with the body.  Thus

71‘( |ig} :/-T( B (74)
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SUMMARY OF CENTER-OF-PRESSURE POSITIONS OF WING-BODY-TAIL
COMBINATION

The components of the lift, with the exeeption of the lift
on the wing afterbody due 1o the wing vortices, have center-
of-pressure positions estimated as follows:

1. Center of pressurce of body nose,

_ . V. :
[A\':ls(l’_' ‘? (;15)
mryil s
2. Center of pressure of wing in presence of body,
- T . -
by =lw+ - (er)w (76)
Cr/wim
with
. z 7
- I\W(ma (‘) +]l-'w(m 0w ()
(i) . M wiRma  NC S wome 77)
Cr/wim I\lwcla)a“f“ll'u'(maw

le

HINGE-MOMENT THEORY

The methods for estimating (Z/c)wma and (Zic,)w s for
the complete combination contain within themselves the
methods for obtaining ¢ and (. However, it should be
pointed out that, in general, greater accuracy is needed in
the value of (#/e,)w s for estimating hinge moments than for
estimating the moment characteristies of the complete com-
bination. Consider, for instance, a triangular, all-movable
control which has a nearly constant center-of-pressure posi-
tion through the speed range, and the hinge line of which is
located close to the center-of-pressure location.  For such a
control, small changes in center-of-pressure position repre-
sent large changes in hinge-moment  cocfficient so  that
accurate values of (rfe, )y 5 are desired.

The values of (7 and ', are given very simply by the

following expressions:
(Ynmt - (('r,“'?)Ku'(m[ (I,“‘ﬂl’r)w(ma—“ (J'n/l’fﬂ (( ‘La) w (83)
( 'h,;: - ("r;‘/z")]x'u'rml(I’y’('r)uwmé— (»:;rhsﬁ('r)] (( ),‘,) w (84}

wherein the coeflicients are based on the mean serodynamic
chord as the reference length. For triangular-wing and
body combinations the values of (F/¢.)w e and @fe,)w a5 can
be obtained from chart 13, and for rectangular-wing and
body combinations (F/e,)w 5,5 can be obtained from chart 12,

To estimate the hinge moment, the effect of wing section
must be considered in the determination of (F/e)w . If
experimental results are available, the best method for
doing this is to add the theoretical center-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 can be estimated by adding the second-order
theory or shock-expansion theory center-of-pressure shift for
the two-dimensional wing section to the three-dimensional
linear-theory center-of-pressure position.

REPORT 1307- NATIONAL ADVISORY

r :/A\'(( s f;[(;ﬂ ((Lwm T/—jﬂ; (Caow uéiiﬂ,‘?')i,(_j’:)!”@, l\ /_T;R» ((_v(,\)jl‘(m +77'(‘2_(f '1)’1;(1'1

(( vL)\ -+ (( v1.,'”'(]?) e (( !L,)B(H') —*;‘7((},)1!('1') %‘ (( YL)T!'H) ATL (( 'L)T(V)

COMMITTEE FOR AERONAUTICS

3. Center of pressure on body due to wing,

T N
[/f(w\:]w*,'(('r,'w(f) (i5)
Cr/ Bow)
4. Center of pressure of tail in the presence of bhody,
- ) z i
/Tun:/T"iL(('r)T(*\) (79)
Cr/rim
5. Center of pressure on body due to tail,
7 ‘7 7Q
lpery=Ilr+(c)r (j’) {(80)
Cr/nry

6. Center of pressure of tail seetion due to wing vortices,
[7'(V):17'(n) (Sl)

The center of pressure for the entire combination is thus

(82)

COMPUTATIONAL TABLE FOR DETERMINING LIFT COM-
PONENTS AND CENTERS OF PRESSURE

To organize and illustrate the caleulations of the Lift and
center-of-pressure characterisiies of wing-body-tail combina-
tions, a computaiional table, based on the equations and
charts already presented, is presented as table 1. A numer-
ical example (combination 101) is included in the table,
which is self-explanatory.  The reference area and moment
reference point and length are arbitrary.  Angular measures
are always in degrees,

A possible confusion in the use of the computing table is
the manner of using chart 7 when interpolations must he
made with respect to X and »/s.  Normally, one can inter-
polate at constant values of the vortex lateral and vertical
posittions.  However, for positions of the vortex near the
body, the interpolation in #/s can carry the vortex inside the
body. Under such circumsiances, it is recommended that
the interpolation be made at constant values of (h/s)p and
(fr—rr)/(s7—r7), the vortex lateral position as a fraction of
the span of the exposed tail panel. Again it is advoecated that,
experimental values of the lift-curve slopes ((‘La)w, ((’La)

”
and (('Lﬂ s be used if available. If the experimental values of
(('La)u' and ((',‘a\)y, are unavailable, chart 8 can be used for
supersonie speeds and the charts of reference 23 can be con-
sulted for subsonic speeds. Tt is to be noted that in the cal-
culative form, the body radius can be variable sinee the
quantities ry, ry, and rr are all considered separately.  If
the body radius is varyving at the wing or tail location, an
average radins should he used at each location.  The assump-
tion has been used in determining the vertical vortex position
at the tail that the wing vortex streams back in the free-
stream direction.  For variable body radius the assumption
is made that in the plan view, the wing vortex streams back
parallel to the side of the body. This assumption is incor-
porated into the computing table. The center of pressure
of ogival noses presented in chart 9 is used in the comput-
ing table.
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EXPERIMENTAL VERIFICATION

To test the method of this report, a series of caleulations
have been performed to estimate the characteristies of a
number of combinations, and these characteristies have been
compared with experiment.  The geometrie and acrody-
namic characteristies of these combinations for which the
comparizons have heen made are summarized in table I1 for
wing-body combinations and in table T for wing-body-tail
combinations,

For the most part the correlations are 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. 1t should he
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 1ift between body and wing has been
corrcetly predicted by the method.

Some difficulty was met in tryving to determine lift- and
moment-curve slopes from published curves sinee slight non-
linearities near a=0 were occasionally present. For these
mstances the curves were generally linear for +2°, and the
average over this range was used.  However, some of the
moment characteristies for wing-body-tail combinations were
so nonlinear that 1t was impossible to determine the center-
of-pressure position at e, =0 accurately, and in these cases
the information was not entered in table 111, The values
of the lift-curve slope for the bodies alone were i some
tnstances 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 pereent in the lift-curve
slopes.  Also, generally speaking, the data have not been
corrected for any flow irregularities that may exist in the
-arious 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 o expect for the lift-curve slopes.

LIFT

Wing-body combinations.—Figure 16 is a correlation be-
tween the estimated and experimental values of 8(dC./da)e
for wing-body combiuations at supersonic speeds.  Config-
urations with triangular, rectangular, and trapezoidal wing
plan forms are included.  These may be identified by refer-
ring to table I1. Included in figure 16 are 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 pereent for most of the combinations, and thus
properly accounts for the first-order effects of wing-body
interference.r The seatter 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

2 Ju this conneetion, it is sienificant to ask how much error can be introdueed hy negleceting
interferenee,  For the trinnpular wings of this report it was determined that the sums of the
wing-alone and body-alone Hlt-curve slopes were, on the average, 20 pereent greater than the
corresponding experimental lift-curve slopes for the combinations when the wing alone is
faken as the triangular wing that ineludes the blanketed area. For very snall wings the sum
cian approach twice the experimental value.
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Fircurie 16.—Correlation between experimental and esxtimated lift-
curve slopes for wing-body combinations at supersonic speeds;a=0,

represent values caleulated by afterbody theory for the con-
tigurations with no afterbody.  On the average, the estimated
lift-curve slopes for these points are larger than the experi-
mental, as would be expected sinee the theory includes non-
existent afterbody lift.  When the 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-hody theory
should be inapplicable.  Consider the slender-body combina-
tion that includes the area O in figure 17, According to

FiGure 17.-—Formation of reetangular wing-hody combination from
a slender eombination,
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slender-body theory the entire lift is developed on 0447 1f
<1 approaches LU, the slender combination becomes non-
slender and, on the basis of slender-body theory, the lift re-
mains unchanged and is concentrated on the feading ¢dge of
the rectangular half-wing. This application of slender-body
theory to rectangular wing-hody combinations represents a
degenerate case of the theory. It is thus interesting that
slender-body theory values of Ky gy produce correlation for
reclangular wing-body combinations.  The good correlation
of the trapezoidal wing-body combinations is more significant
than that for the triangular or rectangular wing-hody com-
binations because generally four quantities are necessary to
deseribe the geometry of trapezoidal combinations, whereas
only two are necessary for the latter combinations.

In figure 18 the subsonie experimental values of 3(dC,/da)e
for wing-body combinations are plotted against the esti-
mated values.  Certain of the correlation points have fags
to indicate that they represent the Mach number range 0.9
to 1.0, Tt is apparent that the present method of predicting
B(dC/da), 1s accurate to within about -£ 10 pereent for wing-
body combinations at subsonie speeds, as well as supersonic
speeds.
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Freure 18. -Correlation between experimental and estimated 1ift-
curve slopes for wing-body combinations af =ubsonic speeds; a=0,

Figure 19 is presented to indicate how the present method
predicts the trend with Mach number of the lift-curve slopes
of wing-body combinations.  For these examples the trends
are well represented by the theory. lowever, in the tran-
sonic¢ range the estimated magnitudes tend to be too small
because of nonlinear transonic effects.  Lincar theory was
used to compute the wing-alone lift-curve slope for the
theory. MeDevitt (ref. 27) has shown that for rectangular
wings having NACA 65A0XX seetions, good agreement
between linear theory and experiment is obtained for lift
near M. =1 if the transonic similarity parameter A(e)*
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Freure 19 Variation with Maelh number of lift-enrve slope of
=everal wing-body combinations at a=0.

is less than unity. However, no well-defined dependence of
the agreement between experiment and theory on this para-
meter was noted for the four plan forms represented in
figure 19.

For some combinations the theory shows a peak in the
lift-coeflicient. variation at M, --1, while for other eombina-
tions the peak oceurs on the supersonic side.  For M, =1,
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the effective aspect ratio is zero, and the slender-body value
of the Lift-curve slope, (x/2).1, has been used in the theory.
On the supersonice side of 3, — 1 the values of .1 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 oceurs on the
supersonie side of A/.—1. The behavior of the lift varia-
tion with Mach number around 1/, —1 thus depends on the
low-aspect-ratio lift characteristies of the wing alone.

While the agreement between the estimated and experi-
mental Lift-curve slopes for the combinations compared is
evidence suggesting that the division of lift between wing
and body is correctly given by the present method; never-
theless, more direet evidenee is needed to prove the point.
Some such evidenee is presented for supersonice speeds in
fignre 20 and table 11, The experimental and estimated
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Fiaure 20, -Comparison of cxperimental and estimated lift-curve
slopes for wings in the presenee of the body at a=0.

values of B(d€7/da)w s 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
hody as a function of diameter-span ratio as the present
method.  The comparison of the data in this report is with
the theoretical 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 effeets of wing-incidenee 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 theoretieal
values of 8(€L;), in fizure 21. A group of three combina-
tions corresponding to flagged symbols for which the wing-
alone experimental values of (€7,), are available are indi-
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Firourn 21.—Comparison of experimental and estimated lift-curve
slopes for wing-body combinations at §=0.

eated.  If, for the same combinations, the theoretical values
of B((1g) ave 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
B((;)e 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-
eney of the experimental wing-alone lift-curve slopes to he
less than the theoretical slopes.

Experimental results available for the lift on the wing in
the presence of the body due to variation in 8 arc compared
with the estimated results in figure 22 and table II. With
the exeeption of three points, the agreement between theory
and experiment is considered good.  These three points are
for a wing-body configuration for which the wing-alone lift-
curve slope is not properly predieted by linear theory.
When the experimental value of the wing-alone lift-curve
slope is used in the estimation, the correlation hetween
tneoretical and estimated values is good.

Wing-body-tail combinations.— The values of (' /da),
at a—=0 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 111, To illustrate the importance of wing-tail inter-
ference, the points are shown as squares for no wing-tail
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Frovre 240 Corrclidion between experimental and estimated lift-
curveslopes for wing-bodv-tail combinutions at supersonic speeds; a0,

interference considered in the estimates and as eireles for
wing-tail interference included in the estimated values, 1t
is apparent that effects of wing-tatl interference can be very
large on a pereentage basis, 300 to 40 pereent. However,
after the effects of wing-tail interference have been included
in the theory, the errors are generally within 10 percent.
Therefore, the accurney of prediction of the wing-tail inter-
ference in the worst cases must be within about 425 to 30
pereent.

The nonlinear variations of € with a for two wing-body-
tail combinations at subsonic speeds are shown in figure 25,
The theory with and without wing-tail interference is shown.
For these low angles of attack the theory including wing-
tail interference is in good aceord with the experiment. For
higher angles of attack the body crossflow theory of veference
15 predicts that the Lift is greater than that estimated by
the theory of this report. A comparison is made between
experiment and theory for a supersonic speed in figure 26.
Again in the low angle-of-attack range the agreement
between the experimental and theoretical values of the lift
coefficient s good.  The variations of Lift-curve slope with
Mach number for zero angle of attack are shown in fizure 27
for two combinations.  Although insufficient data are pre-
sented for a conclusive evaluation of the theory in the
transonic range, the trends with Mach number gre well
predicted for the combinations considered.

LONGITUDINAL CENTER OF PRESSURE
Wing-body combinations.-—The method of this report has
been applied 1o the caleulation of the centers of pressure of
wing-body combinations of widely varving plan form.  The
results for the angle-of-attack case are compared with the
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experimental  centers of pressure found by putting the
experimental values of (7 and ', into the expression

(7) lu"(('ma/‘(( 'La)/R
1 ea {

where 1, is the moment reference length in inches, The
results summarized in table 11 and in figure 28 show the
correlation between the experimental and theoretical results
for supersonic speeds.  Ineluded in figure 28 is a line of per-
foet agreement and the lines of +0.05 / deviation from perfect
agreement.  The flagged syvmbols represent points for con-
ficurations with no afterbody for which the afterbody theory

OF WING-BODY-TAIL COMBINATIONS
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Fravee 26.—Lift and center-of-pressure characteristies of wing-body-
tail combination 117.

was used.  When the no-afterbody theory is used, these
points fall more in line with the other correlation points.
As in the case of lift, the effect of afterbody on center of
pressure can be large.

In general, the estimated centers of pressure are too far
aft. Analysis of a number of wing-body combinations showed
that this result is more pronounced for the rectangular wings
than for the triangular wings and that the error in the esti-
mation for trapezoidal wings is intermediate.  To be specitie,
the line of mean correlation is displaced 0.009 hody length
from the line of perfect agreement for the triangular wings,
0.017 body length for the trapezoidal wings, and 0.026 body
length for the rectangular wings. A possible explanation for
the difference in correlation between the triangular and ree-
tangular wing-body combinations can be made by considera-
tion of the wing tip. It can be seen that the lift carrv-over
from a rectangular wing onto the shaded area of the body
shown in fignre 4 (M) is independent of span, provided that
B.1 =2, and ean be considered that due to an infinite wing.
In order to form a finite wing, a “canceling 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 hody aft of the trailing edge of the wing at
a distance which depends primarily on the Mach number
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no cmpirical corrections,

and wing semispan.  While this negative lift carryv-over is
probably small, its effect on the over-all moment and center-
of-pressure position of the combination might he appreciable
due to the large moment arm involved. Since no account was
taken of this decreased lift on the afterbody, the calculated
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centers of pressure for the rectangular wing-body combina-
tions are too far aft,
might be expected to have less wing-tip effects than ree-

Triangular wings, having no tip chord,
tangular wings.  In view of these facts it is suggested that
the aforementioned displacements of the lines of mean corre-
lation be applied as an empirieal correetion for cach of the
three elasses of plan forins considered.  The result of apply-
ing this correction to the data in figure 28 is shown in figure
29. The center-of-pressure positions for the combinations
are now estimaled within 4-0.02 / for the angle-of-attack
case.  This empirical correction has been applied to the
theoretical values of {04/ in table 11.

10

b

o

b

E xperimental center of pressure,( i

)

0 2 4 .6 8 L0

Estimoted center of pressure, (771 )Cn

Froure 29, -Correlation between experimental and estimated centers
of pressure for wing-body combinations at supersonie specids; o 0,
with empirieal correetions.

The center-of-pressure positions at subsonie speeds for
wing-body combinations as determined experimentally have
been plotied as a funection of the estimated positions in
figure 30. Lines of 40.02 [ error have been included in the
figure. Generally speaking, the configurations correlated lie
within the 20.02 { error Iimits. Tt is to be noted that the
errors are randomly distributed about the line of perfect
agreement.  Comparison is made between theory and experi-
ment for subsonic and supersonic speeds in figure 31 in which
the variation with Mach number of the centers of pressure
is presented for four wing-body combinations.  The theory
for supersonic speeds has been presented in two manners.
The solid line represents the theory without empirical cor-
rection, while the dashed lines represent the theory with the
empirical corrections advoeated.  Generally speaking, the
variation with Mach number of the center-of-pressure move-
ment is not large so long as the transonic range is not trav-
ersed.  Iowever, through the transonie range, changes in
center of pressure of appreciable magnitude can oceur. The
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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 cxperimental values of ([/[)c& with
the theoretical values is presented in figure 32 and table 1T.
The correction mentioned in connection with the angle-of-
attack case is included in the estimated values. The present
method, in conjunction with the empirical corrections, gives
a means of estimating (7/‘/335 to within about £0.02 /.

Wing-body-tail combinations. —A correlation of the center-
of-pressure positions for a=0 al subsonic speeds, as de-
termined experimentally and as estimated, are presented
in figure 33 for wing-body-tail combinations. It is clear that
inclusion of the effects of wing-tail interference is suflicient
to move the points into the correlation band for almost all
cases,  The results for supersonie speeds are shown in figure
34. The effects of wing-tail interference are larger, generally,
than for the subsonic wing-body-tail combinations. The
correlation is aceurate to within £0.02 [ 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 large.  The effects of angle of attack are illus-
trated in figure 25 for subsonie speeds and in figure 26 for o
supersonic speed.  The theory with and without wing-tail
interference is shown.  The effects of wing-tail interference
One
important observation from figure 26 is that a large rear-
ward change in center-of-pressure loeation 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 deerease in the tail

are generally large for the combinations illustrated.
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download caused by the wing vortices ax the angle of attack
mereases,

One of the important problems of aivcraft and missile
design, the center-of-pressure travel in the transonic range,
is considered n figure 35, Although insuflicient data are
presented for a conclusive evaluation of the theory, the
trends with Nach number arve well predicted for the data
considered and the absolute values of the center-of-pressure
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position are within the -£0.02 [ given as the accuraey of the
method by the correlation curves.

There remain to discuss the effeets of wing deflection on
wing-tail interference. A positive defleetion of & wing nor-
mally causes an upload on the wing, but the resulting wing
vortex causes a download on the tail.  As a result, a con-
siderable pitching moment is developed.  For slender wing-
body-tail combinations with tail spans greater than the wing
span, Morikawa, in reference 9, pointed out that the lift on

‘NATIONAL ADVISORY

COMMITTEE FOR AERONAUTICS

10 7z
//
7,
| S L
/ 4
74
"68 ! 0
S ’ Line of perfect // Y
= agreement ///
Q)— - /I B
v A
2 Y
3 e
2 |8 ©
5 Bt
: : O RS
o V74
s, 4
[ / ﬁ .
H + 022//’/
g i/
&S oz 4
// v |-.021
2 f/{,,, -
/// o With wing-tail interference
73 0 No wing-tail interference
7V
/
L/ //
L
0 2 4 6 8 1O

Esﬁmated'center of pressure, (7/1 )Ca

Froure 34—Correlation between experimental and estimated centers
of pressure for wing-body-tail combinations at supersonie speeds; =20,

,66>7'Y77" T 1 Al A T
o Experirent | o4l
Theory
62 4 - R
58 e -
54 -
50 o :
’ a=73%
(a) ] v
& 46 o b
=
= 66 e o - -
62 ‘ . 0 N I S .
- \_Q R
58 » e =4 N
54 B : O W
_ A A S 1 i |
50 - 4 -
A T R R - R T+ R - B B S - Rl

Mach number, My,
{a) Wing-body-tail combination 102,
thi Wing-body-tail combination 103,

Fraure 33, Variation with Mach number of center-of-prossure
location of wing-hody-tail combinations at a:={.

the tail due to interference 1s equal and opposite to that on
the wing.  Under these circumstances o pure couple is de-
veloped on the airplane due to wing dellection so that the
center of pressure moves forward.  The forward movement
can be large.
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To determine the validity of the present computational
method for estimating the effects of wing incidence on the
lift and moment interference of complete configurations,
estimates are made of the Iift and moment characteristies
of those combinations for which data for variable wing
incidence are available. The estimated and experimental
characteristies are compared in figures 36 and 37 for two
combinations having different wing and tail planforms.
Both combinations exhibit the forward movement of the
center of pressure. I the low angle-of-attack range where
the theory applies, the agreement between theory and
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(¢) Center of pressure,

experiment is good for the combination of figure 36 but not
for the combination of figure 37. This combination, which
was tested at supersonic speeds and which has a triangular
wing with supersonic leading edges, exhibits a behavior
which is not explainable in terms of the theoretical model
with one fully rolled-up vortex per wing pancel.  Figure 37
shows that the predicted lift due to wing deflection is
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.  This behavior is explainable in terms of span
loading. Experimental and  theoretical results  (ref. 3)

indieate that for rectangular wings of sufficiently large aspect
ratio, the span loading at the juncture of the wing and
body 1s considerably below the maximum span loading on
the wing for variable wing ineidence at zero angle of attack.
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 triangular rather than
a rectangular wing, but its effective aspeet ratio is 6.8 so
that the foregoing effect might be anticipated. A com-
plicating factor is that the shoek wave is detached from the
wing for all angles greater than about 3° so that the flow is,
in part, transonic.  Also, the tail span is considerably less
than the wing span so that the tail is located largely behind
the inboard portions of the wing. For these reasons it is
felt that the theoretical model of one vortex per wing panel
is inappheable and that two vortices per wing panel are the
minimum number that can deseribe the gross effects, How-
ever, more experimental work must be done before an
accurate theory can be developed to cover this case,

HINGE-MOMENT COEFFICIENT

The 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.,  While
a given percentage error in determining the value of ((7) (s
causes the same percentage error in ', the same cannot be
said for center-of-pressure position. Consider an  all-
movable wing with the center of pressure displaced 5 per-
cent of the mean acrodynamic chord from the hinge hne,
An error of 1 pereent of the mean acrodynamic chord in
center-of-pressure position causes an error of 20 percent in
hinge-moment coefficient.  The necessity of having accurate
estimates of center-of-pressure position to obtain accurate
hinge-moment estimates is thus apparent. Furthermore,
any effects such as Revnolds number, airfoil section, or slight
wind-tunnel flow irregularities which would otherwise be
inconsequential may well have important effects on hinge
moments.

Unfortunately, an insufficient amount of data is avail-
able to determine the degree of correlation between experi-
mental values of the hinge-moment coefficient and the
values estimated by the present method. The data that
are available (primarily for triangular-wing planforms)
indicate that for both the angle-of-attack and the wing-
incidence cases the predicted center-of-pressure positions
are too far aft for the wing in the presence of the body.
However, the predicted wing-alone center-of-pressure posi-
tions arc too far aft by about the same amount. This means
that the difference between (Z/e,)w and (F/e)wy,, which
represents the interference, is given fairly well by the
theory. Therefore, the most accurate method of estimat-
ing the value of (Z/¢,)wm, would be to add to the measured
value of (Z/¢,)w the theoretical difference between (Z/e)w s
and (Z/e,)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 are not avail-
able to make a thorough check on the validity of this pro-
cedure, the desirability of knowing the experimental wing-
alone characteristics is clear.

LIMITATIONS AND EXTENSIONS OF THE METHOD

In the application of any method such as the present one,
the important question of its limitations arises. Because of
the very large number of variables specifving a wing-body-tail
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combination, it is not practical to present correlations cover-
ing all possible combinations.  For this reason the limitations
and possible extensions of the method are hest determined
by an examination of the assumptions made with recsard to
certain parameters,
ANGLE OF ATTACK

It has already been stated that the assumption of linearity
in the present method limits the useful angle-of-attack and
wing-deflection ranges of the theoryv. At high angles of
attack the wing-tail interference theory is invalidated by
the appearance of body vortices and more than one vortex
per wing panel.  Also, the viscous crossflow of the type
discussed by Allen and Perkins in referenee 15 is sufliciently
unportant to imvalidate at high angles of attack any theory
of wing-body combinations buased solely on frictioniess flow
considerations.

MACH NUMBER

The present method is applicable to subsonic, transonie,
and supersonic speeds.  However, in the transonic range
the nonlinearities exhibited by some combinations may
cause the method to fail.  For the cases for which nonline-
arities exist, the ratio of the lift on the wing to the lift on
the body of a wing-body combination can be properly pre-
dicted by the theory.

WING AND TAIL GEOMETRY

The only assumptions made for the wing planform are
that the leading edges are not swept forward and that the
trailing edges are not swept back.  For sweptforward leading
edges or sweptback trailing edges, the solution of slender-
body theory used to determine Ky gy and Kgw, 1s not ap-
plicable beeause no account is taken of the additional vortices
that exist for these conditions. The use of the correct cross-
flow solution, determined by the method of Lomax and
Byrd m reference 10, should circumvent this difliculty.
However, some suceessful preliminary correlations between
data for combinations with sweptback trailing edges and the
estimates of the present method (ignoring the sweep of the
trailing edges) indicate that the effeet might not be large.
While the present method is worked out only for unbanked
configurations with two wing panels, it is possible by use
of the appropriate slender-body-theory solution to extend
the method to banked configurations with any number of
wing panels. For interdigitated or high tails the method
can be easily gencralized.  For differential incidence of the
wing panels, the method is still applicable if a step-by-step
caleulation of the type discussed in reference 25 is used to
determine the vortex position at the tail. The model on
which the present method is based assumes maximum cir-
culation at the wing-body juncture. A violation of this
assumption invalidates the model. Such a condition could
conceivably arise through the use of inverse taper, swept-
forward wings, high-aspect-ratio deflected wing panels with
supersonic leading edges, or wing panels having twist or
camber, or from large gaps between wing and body.

BODY GEOMETRY

The method is formulated on the assumption of slender,
pointed bodies having wings and tails mounted on body
sections of uniform diameter, but the method can give good



LIFT AND CENTER OF PRESSURE

estimated values for other conditions.  If the wing is located
close o 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 as well as twisted, and the wing-body interference as
well as the Nlift due to upwash is altered.  However, this
effeet is not large for most practical eases.  For the few
cases for which varving body 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 410 pereent.

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 o more exact theory or prefer-
ably experimental body-alone results should be used.  Theo-
retically, boattailing of the afterbody should have the effect
of deereasing the lift of the combination if the flow follows
the bodv. Because of flow separation, it is expected that
hittle, if any, Iift will be lost.

CONCLUSIONS

On the basis of the comparison between predicted and
measured Nifts and center-of-pressure positions of a number
of wing-body and wing-body-tail combinations for subsonie,
transonic, and supersonic speeds, the following conclusions
can be drawn:

1. The present method predicts lift-curve slope to within

01 WING-BODY-TAIL COMBINATIONS 597

4+ 10 percent for most combinations through the speed range
However, in the range, nonlinear
effects can reduce the accuracy of the Lift prediction. The
method takes account of the wing-tail interference which ean
change the combination lift by as much as 35 to 40 pereent.

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

3. Due to the sensitive dependence on center-of-pressure
position on the wing, aceurate values of the hinge-moment
coeflicient are not predicted by the present method. How-
ever, estimates of hinge-moment coefficient can be 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
MMaeh number.

considered. transonie

AMES AERONAUTICAL LABORATORY
NarioNaL Apvisory COMMITTEE FOR AERONAUTICS
Morrerr Fierp, Canrr., July 8, 1958
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APPENDIX A

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

In reference 13, Spreiter has given 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 obtaimed by methods
similar to those used by Spreiter.  In fact, the wing loading
is given in reference 28 as
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Freure 38.—Coordinate system and symbols for determination of
center of pressure due to wing-detiection angle,

wherein the symbols are defined in figure 38, If 1/ 5, is the
moment developed by both wing pancls about the y axis, it

is readily shown that this moment 1s given by

uvu f J ( dn (A2)
7,0 tan e Gwd mm tane

One integration vields the result
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=0 Tr ill € f T2 cos Jr )ll'q A3)

The second integration caused some difficulty because the
integrals could not be expressed in terms of tabulated

functions. Instead, it was found necessary to introduce

two functions defined by the following rapidly convergent
series:
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If the moment is divided by the Iift of the exposed wing
pancls as given in terms of by (eq. (19)), the moment
arm is obtained. It is convenient to express this moment
arm in fractions of the root chord behind the leadmg edge
of the wing-body juncture in the following equation wheremn
7 is the radius-semispan ratio) r/s:
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Twews has been plotied as a function of
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APPENDIX B

DETERMINATION OF TAIL INTERFERENCE FACTOR

The tail interference factor to be evaluated is

. Lr/Uir)a

(= . R (B1)
1 ,,I/ZTFa‘ m(-\‘T&,‘]‘J

The lift ratio is readily evaluated by a combination of strip

theory and slender-body theory.  The model used to obtaim

the vertical velocity at the tail induced by the wing vortices

is the slender-body model of figure 39, From the Biot-
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Freure 39.-—>Model and dimensions for determination of tail

interferenee factor by strip theory.

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

wlf—n)
‘>1r[h +(f—- ¥l
1n this equation T, is positive counterclockwise facing up-
stream, and w is positive upward.  The tail is effectively

(B2)

W= —

460104 - -58 ——39

BY STRIP THEORY AND SLENDER-BODY THEORY

twisted beeause of the variation of a0 across its span.  All
ceometric quantities in the derivation are understood 1o be
those of the tail rather than the wing so that no subsecripts
are 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. s previously discussed, the hLft
evaluated by this procedure appears partly on the tail
panels and partly on the body. If the section lift coeflicient
4/B, the lift due to the right external vortex on
the right external panel is

Is taken as

m f n)

R J{ J
L= 2017, J, (6 IE 1‘ (t

The value of 7, obtained by integrating equation (B3) is
expressed with the aid of the following function:
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as

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

=

Consider the image vortices having coordinates 7, and A,
given by the following equation:

L= de i L (0% (B6)
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The lifts of the right and left image vortices are then given,
respectively, by

4 o0 mtr f l 3
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The total lift due to the wing vortices and their images is
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To obtaiu the tail interference factor, 7, regiires a determi-
nation of the Iift of the tail alone by strip theory to non-
dimensionalize the foregoing Lift quantity.

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

Forming the ratio given by equation (B1) vields the follow-
ing result for /:

2.0 (3 By | o 2 [r(nnk ) 2
(LT)a:-’QwaJr (Zj-)(’q([n {B11) [ ‘*,)\liL (»)\.i,;, :_’)_L(\)\..’:’_:_’ t) L(}\ ) )+
Integration gives
(Lr), _daq (s—r)e (14N (B12) I ()\vf)_ff)/u):| (B13)
'B N NN
APPENDIX C

DETERMINATION OF TAIL INTERFERNCE FACTOR FOR RECTANGULAR TAILS USING ALDEN.SCHINDEL TECHNIQUE

The technique of Alden and Schindel deseribed in refer-
ence 12 can he used for estimating the load on the tail
section due to wing vortices,  Figure 40 shows the model
which ix 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
aives all the lift.  This assumption is the same as that made
in evaluating the tail interference factor by strip theory and
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Fiavre 40, Geometry of model used for «1(*101‘11)iningztnil interference

factor for rectangular tail by Alden-Schindel technique.

has been previously diseussed.  The analysis is carried out
with =1 to simplifv the algebra, and then g is reintro-
duced into the final charts.  The essentinl idea of the Alden-
Schindel technique is that the total lift acting on a wing of
arbitrary twist can be evaluated by a strip technique where-
in the weighting factor for the local strip corresponds to the
span loading at the strip for the same plan form at uniform
angle of attack in reversed flow. In mathematical form
this result is stated as

L= w(n)F{n)dny

span

)

wherein #(n) is the weighting factor and w(z) is the vertical
component of veloeity.  With reference to figure 40 for
model and coordinates, the weighting factor is given for the
three regions as

Region I.:

I"(_n)*"'vm (C2)
Region I1.:
N U B B fz,us) 2 ’”-'ff_.ﬁ_)_ s Y|
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Region 111.:
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N

The vertical velocity component due to the right external
vortex 1s

2ulh? 4 (f—ny]

To evaluate the lift due to the right external vortex tho
following integration must be performed:

L T Fwindnt [T Foputdnt

J o I'in) w('n,nln+f8 Fig)w(n)dy (C6)
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was obtained in closed form |

the integrations presents some algebraie
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In terms of the function x, the lift is
TS (F ks :
L= =ts X(J”(,(', (’) (09)

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

right are

rif
‘f’—fQ%— I
(C1m
ho— h
RS EERY

In terms of these coordinates the lift due to the image vortex,
taking into account the change in the sign of the circulation,

L2:—

AND CENTER OF PRESSUFE OF

18
Tugos X(L—ﬁz,ﬁ,i) (C11)
7r‘/m C e e,

WING-BODY-TAIL COMBINATIONS 6HO1

The x Tunction is determined in terms of the following p r1im

cleps:
D Dy N
’3:1*_'“_':‘}‘1
& ¢
2/, 2x
==
\ (C2)
, 2h N
B -0y 4 'I“( ¢ )
-/4, L 2NN
'Vsr*\ [514'— : ‘“1]‘}‘45;1 ("( )
. J

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

vortices 1s thus
[x (l,h}\,/_) X (i{,&,f,ﬁ):l (C13)
cecee eoeee,

The lift so determined is exaet within the hmits 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
mterference factor 4,

2T,

2"14] *%' l.A'J):: 7‘_‘ -’

EEYRITEN

T 2mV =) (C14)
The lift-curve slope of a rectangular tail per radian is
1(' |
| 4(' i_m (C15)
s0 that
2e(s—r)q @ [4(1 _':>___‘::|
(Lig)a= L (C16)

(1-9)

The lift ratio is obtained by division

S AR CSC)
(€17
or
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APPENDIX D

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

Hitherto, 1o 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 s
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 loading at the
wing quarter chord and satisfying the tangeney conditions
at the three-quarter chord.  See, for instance, reference 23.
An extension of this 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 quarter-
chord 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.  Tmage 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

IR
r=r.1—(""'
Vi)

(D1

The strength of the bound vortices is proportional to T, for
both the external flow and the internal flow.  The lift due to
the bound part of an elementary horseshoe vortex is propor-
tional to the product of its strength times its length

dl~ mn,:rd( fi ): el (D2)
n n

where 7, 1s the image vortex position and 7 i1s 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 7 axis is

AN ~— LT Trin—r) tan vy (D3)
7 "
S
e M tan ;\g,,,J 17; ”([77
Ty —y=7 = (D4
) J pdn
ron
(D5)

The value of sy, as determined by integrating equation

(D5) is

- ¢, r
Tpow. = (s tan Ay, —
4 B W
§—r xr
\N(«\"*’Zl’) cosh- I(’ I’* )‘—(\‘I) j){
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TABLE I.-WING-BODY-TAIL INTERFERENCE CALCULATING FORM
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TABLE II.~ SUMMARY CF GEOMETRIC AND AFRODYNAMIC CHARACTERISTICS AND TEST
CONDITIONS FOR WING-BODY COMBINATICNS
(a) Geometric characteristics

No. Sketch M, |Rao® r—ln lTM ll_a lTw pa | GEE | A -rLN L |source
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TABLE II.- SUMMARY (F GEOMETRIC AND AERCDYNAMIC CHARACTERISTICS AND TEST
CONDITIONS FOR WING-BODY COMBINATIONS - Continued
(b) Aerodynamic charecteristics - a variable

FOR AERONAUTICS

Theoretical Experimeatal

Yo. Xy KB(W) Kw(B) it _ Center of pressure - iLire i.p.
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d .06 L 1L 2w 16 .- 3.62 | .229 JTT 485 | a7 -=- -— 3.% | .47

e .06 a4 f 1,14 2,02 12 — 2.9 | .229 ATL 488 |47 ——— -——- 3.08 | .47
2a A1 23( 1.16] 4.00 R - 6.00 | .190 £75 636 | .60 b3 - 5.69 | .60
b A7 @3] 1.16 ] %.00 .68 e 6.2+ | .190 .TLo 636 .59 .90 —— T.09 | &
3 15 20| 1.2} 3.10 L8 PR L.86 | .207 966 969 | .89 -— - 491 | .90
b 18 A8 1.2 3.9 e - 6.22 | .207 968 .969 | .87 - ——— 6.2L | .87

¢ .25 JAb | 1.2 | 4.00 | 1.00 | ana 6.4 | .207 969 .969 | .8h -— ——- 7.26 | .8%
ha .0k A9 1.1 3.07 11 - 4,11 | .236 598 601 | .59 .m- ana 5.0 57
b .ok 194 1.1} 2.88 .10 cme 3.85 | .236 597 601 | .59 eom -—- 83,72 .58

c| .03 9] 11| 2.8 1 .09 | --- 345 236 .595] .60L | .59 P - 3.73 | .57

a .03 191 1.1 2.07 .06 —— 2.7% | .236 590 601 | .59 ae- - 5312 | .60

e .03 181 L1 3.28 1 10 | mee b.33| 236 .60 .638| .62 - - 83771 .62
s | .1k .35 1.20] 1.97| .28 | aee 3.34 | 202 ]  Luse |%(.428)| w0 - ——— 3.36 | .40
b .1k 35| 1.20| 170 23 | m-- 2.86 | .102| a7 |®(.u28)| 4o ——- - 3.04 | .40
c 12 .35 | 1.20f 1.13 16 | eee 1.84 | .102 LLuy | 2(.428) ko ——- ——- 2.18 | 40

a| a3 351 1.20f 2.69 | 3 | -e- boso | 102} 606 | 2(.4TT)| b7 . - Lyo | 43

° .15 351 1.20f 3.2 .55 —-- 6.31 | .102 632 | B(.LTTY] .47 - ane 595 | L3
6a 27 Ao 1.28) 1.2 +33 ane 2.48 | 102 A3k 456 1 40 == —— 2.49 | W
b .26 A9 1.28] 1.02 .27 ese 2.08 ] .102 430 s 1 ko -e- - 2.05 | ..k

¢ .25 A9 | 1.28 .63 .16 aua 1.32 ] .102 -1 s f o up - - 1.% | W

d .20 A9 [ 1.28F 2.01 ko e- 3.96 | .102 558 473 L4s ——— - 3.3% | .44
° .23 L9 | 1,281 2.83 .65 - 5.66 | .102 .609 91 | b7 — s s.12 | .8

7 .07 25| 1.13] 2.19 15 ana 3.22 | .206 546 591 | .% - aa 3.38 | .%6
8a .05 22 ] 1.3 2.7 Ak ea 3.80 | =e= 506 SUL | e ——- ven 3.84 | .52
b .05 22| 113 2., 13 | eee 3.5 | we- 505 | 841 | ~ee ——- - 3.64 | .52

c .0b a2 | 1.13] 2.07 .09 ace 2.88 | w== 506 Skl | mee wee ae- 318 .52

a .0k 22| 1.13| 1.63 0T | we= 2,26 | wn= 507 540 | w-- —-e - 2.63| .51
9 14 A5 1.09] .13 6o ~aa 5.30 | .100 L322 319 .30 n= -——- 5.80 | .3
10 b 1351 1.09] 422 | 58 | eee 5.27| .200| .290| .338] .33 e - 4.83| .32
11 1b A5) 1.09] 4.2 .58 ~ea 5.27{ .100 .36 \3341 .33 -— - 4.83 | .32
12 14 15)] 109 L2 .58 =—- 5.27 | .100 341 325 | .32 = ——- k.83 | .32
1l3a 0% 23] 1.13] 1.76 .09 - 2.8 | a7 .58 592 | .57 —~— ——— 2.0 ] .56
b .09 23] 1,131 1.4 .07 —— 2,06 | 217 552 595 | .57 —n- — 1.95) .%

c .0l 21| 1,13 1.22 .05 - 1.68 ] 217 . 631 | .60 ——- - 1.53 ]| .59
Mai 05 a9 1.1 1.84 Q9 | =ee 2.48 | .a17 .566 558 | .Sk J. —— 2.38| .%
b .05 A9] 221 1.53 ] 07 | - 2.05] .217| .%60] .5% .ﬁh —-- —e 2.29| .50

c .04 19| 1.1 1.3 05 | --= 17| a7 .578 539 | .52 - ——- 1.76] .53
15 — 20| 117 2.33 DR 3.29 | een | --- - N — 3.09 | wae

"BC[\I per radian based on exposed wing area.

a .
() denotes experimental value used in theory for combination,

a!:x-peri.mm.ll data nonlinear near o = O,
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TABIE II.- SUMMARY OF GEOMETRIC AND AERCDYNAMIC CHARACTERISTICS AND TEST
CONDITIONS FOR WING-BODY COMBINATICONS - Continued

(c) Geometric characterigtice

¥o. Sketck M, |Rao™® ;4; _’13 l_z“ A gﬁ‘g’ A ‘”LN 2 gource
16 C%:J 1.93] 0.19 | 25.0 |0.067[ 0440 ] 9.1 | 0O 1 0.172 1;"2}:3’
17 _%‘ Lo | .19 [es.0| .o67] wbkojT.351 0 1 .210 1;“?}:5'
18 i Lol .19 | 2s.0| .067| .Mso|5.24 ¢ O 1 273 Ignﬁey
19 -G 1oiy | .19 | 25.0] 143 .b08|5.681 0 1 .382 I;“ﬁ‘_*y
20 .:Erﬁ 0| w0 Tesof (067 .ukof3.16 ) o 1 140 {Ret. 37
2la <1 16| Lho 19.5) s | .s01|1.66 | 0 1 .350 L‘;nfie;y
b Los| o |19.5] k6| 01|21k 0 1 L350 | oretey
¢ 2ol ko | 19,51 186 | s01|2.84 ] 0 1 L350 I;"ﬁfy
2on £ 200 .79 |23.3) .30 .ué8lu.8 | 0 1 083 |, i’”;"rt
b Lso | .91 {23.3| .360| .468]3.08 | 0 1 .083 |y i"g‘ﬁ
ey | =—= =3 i3] 18 [esa] .067| .438|3.07( 0 1 .38 l;nﬁey
b L6 | .21 {ema| 087 38lau4s| o 1 .38 L';frlfy
s Cﬂ 2.00 --- | 27.9| .143| .860}1.73] O 1 .333 [Ref. 38
Cﬁ 2.00 -e= | 27.9| .13} .B6O]| 3.46{ O 1 .200 |Ref, 38
) A 1w | 6 |22.9| .o | 188|2.98|26.6| 0| .986| 486 | X3 e
i - '.J,}Y“J 1.50 .o 229 092 .632]3.30 [1b.0f .41} 2% |3 :mg’ft
L 2.00 70 | 229 .092| .632]5.11 |1k.of 46111 2% |y imgsft
cha < Qf‘ 1.50 56 | eea| ot | L6hs|2.98 [20.5] 50011 .31h lﬁmgsft
b 200 o6 |22.9] .om| .6us| k.61 ]20.5] .02 L3k |y ':‘(mg",t
29a - ! 1.62 .31 21,81 o9k | .870]1.57 |60 305 |1 bés u;nf,l,ey
b 1.53 .28 | 21.8| .09k 8701 2.03 {60 L3051 U465 I;nf,];ey
30 <5 03 fi.e3| .33 | e8| 13| .487]1.69 15 3231 Y3 l;“ﬁ'y
2 e = |1.93) ek [22.9| .078| .888]3.16 {45 352 |2 .388 I;"g;jy
32 w23 |r93| 83 [we9| 2w 63310370 oo | 1 .3%6 I“;ﬁ:y
33a o= 1.93] .30 | 24.8] .11 | .so7|2.57 |60 1 .382 I;nf,l;j
b 1.62 3b [ 2881 12| Jko7(1.99 |60 1 .38 L;nﬁey
3ka g 1.501 1.0 14.7] .182| .Lso .75 | 8ok 1 .600 | Ret. 6
b 2.00| 1.0 1h.7] .182| .kscf 1.16 [8o.4 1 .600 | Ret. 6
35 <52 |10 1.0 |1b.7| 182 wm0|1.50| M6 1 428 | Rer. 6
b 2.00]| 1.0 17| 182 .u50| 2.32 |16 1 428 |Ref. 6
368 <=5 i) 1.0 |1s.7| .82 .us0f 2.26 |63.2 1 .333 | Ret. 6
b 2.00] 1.0 1.7] 82| .u50] 3.50 |63.2 1 .333 {Ref., 6
378 <5 Jiso| 1o 7] 18| so] 300 |56 1 .272 | Ret. 6
n 2.00] 1.0 |1b.7| .82 .450| 4.66 |56 1 272 |Ret. 6
38a %3 1.50] 1.0 14.7| 282 .ksof 3.72 |50 1 .23L [Rer. 6
o 2,00 1.0 w7} .182| .4sof s5.77[%0 1 .231 |Ref. 6

60
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TABLE II.- SUMMARY OF GEOMETRIC AND AERODYNAMIC CHARACTERISTICS AND TEST
CONDITIONS FOR WING-BODY CCOMBINATIONS - Continued

(d) Aerodynemic characteristics - o variable

Theoretical Experimental
st Center of pressure Lire c.p.
B I ] P T Y fea
s T ) Il I B e e
16 | 0.17f o.12| 1.4 3.79| o0.64 - 5.4010.192] 0.532] 0.473]0.b1 | 0.6k ——— 5.44 1041
17 22 A6 1.7 3.73 .82 --- 5.76 | .192 .532 LT3 L .82 —— 5.47 1 .41
18 .32 221 1.23 3.621 1.15 ——- 6.41 | .192 .532 473 k0 1 - 6.69 | .42
19 .56 Jbof 1.331 3.37) 1.90] - 7.734 .192 532 A73] 38| 1.0} --- 7.16 | .36
20 .06 12| 1.11] 3.65 23| --- L] .192 5T LT3 kb 23| --- b.37 | .46
2la| .27 52| 1.30] 2.79 .76 .- 5.84 | 207 .66 568 | .51 .80 - "% s U BT
b| .32 LAl 1,304 3.07 .98 - 6.32 | .207 657 5661 .50 | 1.05 .- 5.66 § %0
el .39| .38 1.30] 3.30| 1.29| =~ 6.84 | 207 .679) .568| .49 | 1,3 ] - 6.72 | .51
228 | w-- .08{ 1.06] 3.58 .06 - bk --- = ) ne- an- .- 4,11 [ eee
b| --- 091 1.06) 3.35 .0k -~ 3.89 | === - --- - --- --- 4.05 | ===
23| .56 403 1.33] 3.37} 1.90 -— 7.713 1 191 528 e 38| 2.04 - 7.93 ) .37
of w6l .us| 1.33] 3.8 147 --- 713 a1l B8 67| .39 ) 1.53) .-- 6.97 | .37
24 2k .25 1.28] 2.84 .68 -——- 5.02 | .083 .992 L9201 .78 .68 - 5.48 | &
25 .10 A1) 1.261 3.42 .34 --- L.67( .083] ,953 .928 1 .83 .3k “-- 4.88 | .84
26 11.38 56 L.k 349 | 4.83 - 11.81 | .090 213 1751 .13 | L.98 “oa 11.05 | .13
27| .16 29| l.20] 3.9 .57 - 5.91 { .090 JTh2 688 | .62 .59 —— 6.10 | .62
| .2k 27| L.21] 3.78 .89 - 6.481 .090 .T66 691 | .60 ] 1.09 --- 7.15 ] .61
26a| 28| .| 1.27]| 3.5 .98 --- 6.86 | .0%0 T3 .697| .60} 1.00 ) =-- 715 | 39
b .4 .32 1.27 3.72| 1.5 - T.42 | .09%0 759 6921 .56 | 1.86 --- 8.20 | .58
25| .| .3t 141 262 21,87 --- 6.38) .165| .9%6| .9v9 1 .69 | 2.15| --- 6.12 | .68
bl 181 6| 1.8 32| 2.42 | --- T.32 | .165 .90 gk ] 67| 2.91 ) w- T7.78 | .64
ko] 681 .63) 1.41] 2.94 ] 2,01 - 8.01 | .165 Glb 541 W5 ] 2. am- T.7% | 4
n o A6 1.3%) 3.671 1.99 - 7.% [ .114 972 .95k 71 2.39 - 6.80 | .66
R .25 Al 1.3 1.94 .49 == 3.88 | .l1i4 .88g .827 73 .59 == 3.9 .73
33a] .4k 521 1.33] 3.93 1.%4 - 8.06 | .1T2 .561 AoT | bk 1.67 —— 7.69 | .43
v .39 4l 1.33] 3.05 ] 1.19 a—- 6.89 | .172 J5hk Jhgh | kb 1016 -—- 6.50 | .43
e | 2.33 97| 1.% | 1.13 | 2.63 - 5.48 | .190 675 636 | k2] 2.5 o 6.35 | .4k
b2k Sb) 1.5 1.67| k.08 - 8.25 -190 .TL0 636 k2] 5.38 .-- 10.02 | .4
3% | .6k 0] 1.38] 2,07 1.3 e 5.41 | .190 675 636 | %31 1.29 - 5.86 | .53
b} T -2 1.38)] 2.88 | 2.04 ——- 7.%2 | .190 .T10 636 [ .52 1 2,69 ——- 8.33 | .53
| .2 ]l 1.29| 2.83 .88 - 5.69 | .190 675 636 1 .56 .86 .n= 5.7 %
b| .36 .37] 1.29) 3.73( 1.36 - 7.5 | .190 .0 6361 .56 1 1.719 e 8.24 | .57
3| .19 .32 1.23} 3.42 .66 -~ 5.95| .190 675 636 | .58 .64 - 5.7L | .58
o| 26| .30 1.23] 400 1.02 | --- 7.14 | 190 70| 63| .57)1.33] --- 7.7 | .58
38a ] .14 26| 119} 3.8 .53 - 6.13 | .190 675 636 | .59 ] -— 5.69 | .60
b|] 20| 26| 1.19| 400 .82 | --e 662 .190] .m0 .63 | .58) r1.08| --- 7.55 | .60

1 3¢ footaote 1, bottom of Tabls II(b).
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TABIE IT.- BUMMARY OF GEQMETRIC AND AERCDYNAMIC CHARACTERISTICS AND TEST
CONDITIONS FOR WING-BODY COMBINATIONS - Continued
(e) Osametric characteristics

No. Sketch ¥, | Bx0™® ;% IT“ lT” 8A gle-s’ A % £ |source
90| =S—— 15| 1.26 | :.910.232 ] 0.365| 1.3 | 60 o] 1 |o.226 6ﬁmgsrt
b 12| 126 | 3.9 | 13| .%s[1.53] 60| o 1] 266« 6 rt
¢ 1.3 | 1.26 | 3.9 .132| .365|1.92| 60| 0| 1| .26 simgaft
p 1. | 1.26 | m.9| 32| 365|226 60| of 1| 206, Amee
o 153 1.26 | 2.9| 13| .365|2.68| 60| 0] 1| 216 | X%,
¢ 1.7 | 126 | 3r.9| .132| .365{3.28] 60] o 2] .216 6imgsft
40 %:\ 2.07 64 | 18,71 .ab3) .357T)T.25) W3] 0 1| 200 i‘;:n
e | = 1.20| 1.09 | 2.0 .1a1] .333|2.65| 43] 0| 1| .200 [Ref. 33
b Liak| 1.09 | 2k0f 11| 3337293 45| 0| 1| .200 |rer. 39
c 1.29| 1.09 | 24,01 111} .333| 3.26| 45} O 1} .200 |Ref. 39
L2 Cg 1.92| .2 |e2s.0| .ot0| .920{5.23| o 1| 1| .228 [Ref. 37
V| ——= 1.h0| 1.25]31.8) .132| .¥5|2.27| 60| o) 1] .26 5?2‘;;
b 153 125 | n.8| 23| .365[/2.68]| 60 [ o] 1] 26| AT
c 10| 125 | m.e| 32| .365]3.08] 60f o] 1| a6 [ et
bl ] 10| 125 | m.8) 13| w2227 of 0f 1] .26 :mgsft
| —— 140 1.5 | .8 .297) .389(1.03| of 1| 1) .26}, ;’"E’n
b 1.90] 1] n.8] 97| 389|187 o 11| .26 :-Esn

609
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TABLE II.- SUMMARY OF GEOMETRIC AND AERODYNAMIC CHARACTERISTICS AND TEST
CONDITIONS FOR WING-BODY COMBIRATIONS - Concluded

(f) Acrodynamic characteristics - o variable
Theoretical Experimental
1Lyt Center of pressure 1nift c.p.
No. | Ky | KB(w) | Kw(B) - 7 7 - -
36:9' <BCLQ> IZ—N ———B(lw)a d(ZB)“ Lo (BCLQ\ <ﬁcLa> (BCLG\ l—lc‘l
Wl C /B W{B) 7C
% 10.0% | ¢.27 | 1.18 L | oL - 2.8 10206 | OLBY | DA O LT[ -m- -—-- 3.01 | 047
L NEEE EENTCHN S N LA -—- 3.22 206 RS2 Ao RO T - 3.391 .u8
¢ Y e | 1,18 2.5 S ——- 3.83 206 Ly eyt Rl IS -—- 3.95 | .u7
4 JRY] RN IREs! 2.53 = _— .3l 206 .502 R Ll ——- —-- Lok RS
. LLi EUE IS ReE 3.17 3 -— L8} Leub 507 R RS e -—- L.88 | .46
[ s | LaLe §051 - —=- DA 206 Lalh L4 7 - --- Y. 30 he
i 23 1 L.l NV i £5 £oo8 15 561 ke e} --- - 7.30 | ---
Lt Pl ST IS B 3.6 $.00 Loas | LLL prene) R Loj --- -— -—- -—-
b Ly 20 1. L3 Lol 5.05 -1b R ol RENol I - ——— ——-
¢ 8 : L.t LT fiid e 5.8 L1 y55 R o I . --- -—
Lo 9 [Sir R 0L | 1 LA 561 e <954 LG5 SN -—- 5.61 NG
Gim | LLO 2 SDNSE 7 ah 4. R L80L b3 R - 3.5 Lohy Jhe
b 2 | 1.k Ly ; $. Tk L8k 2l ) 433 R 3,685 L6 b
L1l Lei B 7;F: 416 5. 38 .21 2513 L3 W --- hou2 5. ¥ .he
L 3] ! e T Aw 4481 L S 457 [ BN Gu| as
RS 3L 1.1e - £y A—« 53] 21 L5525 V.um R 3.59 45
I3} B L - 7 :u 20 S V) s U B 3.k [P N
(¢! ferodynamic characteristics - & variable
Thesretical
) Lo Conter o presgirs Bt c.p.
Sl Rste) | W (n) - -
tp(wie | La(3)e | Ics ( 3\ iw(B)a ice
— e, Hey —_—
: ! : )H(M( ) ! L
Re ot Sl s 1 6L50 -— i _—
i 2 i # 4,06 St Lebiely kb R —_—
b A " EENs 7*_1.‘:41 451 caki | L hk 2.7 o
© oy b 3. ak\' i1k Ly i | bk %) 3.00 ——e | m--
.25 8 393 ».43 N L5396 --- 3.03 =]y
Lsa L S ENSY et LUL BOTL B9 ER 2.81 Lol | a8
b b Sk L 47k 505 LT 4y -—- 3.05 - | .49
o 2l .Gk 3.32 s 913 L7 Ly — 3.47 — hg
+h W24 ez EN 3.3k LSHT 467 AT 2.58 3.26 450 | .48
VA 24 D 2.1 263 525 LL5T] Wb 2.29 2.9 4581 .46
19 Et Lk 2,770 3.66 . 545 L7s | ke 2.96 392 w7l .48

1

See footnote 1, bottom of Table 1I(b).
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TABIE IIT.- SUMMARY OF GEOMETRIC AND AERCDYNAMIC CHARACTERISTICS AND TEST CONDITIONS FOR

WING-BODY-TAIL COMBINATIONS

(a) Geometric characteristics

No. Sketch M, |[Rx0™® ﬁl lTM ZI—R -z% Surface Egi Il m gg.g; A "r_u A T
101 4:;’] 1.99 a1 118.6 | 500 [1.000| .309 :i’i‘f g?rz :82 2% tg g i f&i 1“?2”
1028 <%:% 20 | 1.86 |ee.5| .b83 | 128] .2se 'g?f 215;(; jgﬁi iﬁg 3:32 Zﬁf} e ﬂg Ref. 29
) o | 1.8 | oo | 40y | es| ase| v | ST ORI 002] 26| | age |Rer. 29
¢ 70 ] 1.86 | 22.5 ] 483 | .128) .252 :amif :g;g :gtﬁ ggg 311:; ;:g 3328 j;g Ref. 29
a o s | | o] ] | [ R SR e [ e
. 50 |18 || des | aec| ese| i | RS OR[TRN 00| 58] W | g6 [ker. o
103 <= .89 | 6.0 |32.6] .525| .157} 9.00 ‘tﬁ’i‘i‘ 223(% - i:gg gg 8 Jl_ :gg Ref. 10
b 1.25 | 9.2 | 3.6]| .525]| 157} 9.00 :amif :;g; - ig gg g i :gg Ret. Lo
104 =2—3 |19 | 13 [x.8] 58| 297) .39 vise ggg 3 1:% g : : i‘(l)g 6A:egft
w5 | == 1o | m|as| | o] e[ 0¥ Rl 5ol | R0 | ag[ar
106 —a=0 |19 33 | 22.8| .5 [ .o88| .om| YinE g,?}’ o6k ;‘:g? 68 ek gg? 1‘;”;‘:&"
w1 =24 [i: | » |es| sa| ol [0 [ R LR [RE | SR]GED
108 54 |1.93| .83 |2e.8| .5k | .088] 5.7k rar 2232 - iigi ('5(8 gl b EE Y
109 =g |19 .83 [ 22.8 | .s41 | .088l23.10 ::“ug :201‘ T %g% 678 O.hoo i 2;’2 I‘;"f‘ney
110 <=5 193 | .83 |28 5w | o88fozo | Yi2e | BN I f:g; % ° o 1 gg I‘;“ﬁf’
111 <=5 |19 .83 | 22.8] 541 | .088|5.79 :amif g;’g o i:gé 618 O.uoo }_ :g I‘;“{'lney
112 =0 |19 o | es.o | 77| 3| e ‘;mif :g :% gf}: g i l.alh :;2"3 Ref. 37
113 Cg::ﬁ 1.92 o | 25.0| 563 | 13| e "uil"if -_"9h :gg 216.11: g i l.alu :;’2‘2 Ref. 37
114 Cﬁ":ﬂ 1.92 4o [25.0| .649 | 43| .2m ;"‘;f 580, :g gfh g i 1.811‘ :g‘a) Ref. 37
s | =53 |1.62 | .23 |e5.7]| 486 | o781 we -l Z3als [0 &b S e
u6 | ——5—5 |162 | .23 |es.7| k86| .01 el B R e | 28
M B C L E I -l A 1 A e
18 4= |l.62 .23 [25.7] 486 | .om8| 1 :"if :ggg - ggll 53 8 i :350 ngﬁey
119 —=4—4 162 23 | 25.7{ .86 | .o18}1 z:nif ggg - g% ;; g i g; I;nﬁfy
120 43 [1.62 .23 |25.7] .86 | .o18] 1 ::’;f :a% - gz g; 8 ‘}_ g% I‘;nﬁey
@ | —=—5 [1e | > |ea| wes| oms | ww | Bl efo 1 | | el vhe
ol — e [ oo = el o8 [BlE el | [ | Bl
| —o—g |16 | s |ma| | om| e | BTG L [0 | G0l5h
= ) B A D I - A S A I A O i
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TABLE III.,- SUMMARY OF GEOMETRIC AND AERCDYNAMIC CHARACTERISTICS AND TEST CONDITIONS FOR
WING-BCODY-TAIL COMBINATIONS - Concluded
(b) Aerodynamic characteristics

Theoretical Experimental
Lift Center of pressure Lift c.p.
No. Ky | Kp(w)| ¥w(B) | Kser) | K1(B) _ _ - N - z _ -

(BCLG>V BCLQ>T Bcbul ?@CLJC ("cba>c %1! lB(lW)u, lw(lB)c. lB(lT)a. lT(ZB)a _‘% l%‘ (pc‘.u)B &CLJ %

101 17 .23 | 1.16 .12 fl.27 4,00 | 4.00 .68 7.59 ] 7.20 | .15k | .558 B0 LG50 .951 .575 | .535 e | T8 ] 550
102a .08 24 [ 1.k 2k 1k | 37| 3.08 27| 6.45| 5.6 .e29| L& L85 | 915 .918 557 | .21 - | 5.20] %05
b .07 2k ] 1.1k 2k 11l 3.16 | 3.16 .23 5. 7.1 5.16 ] .229| .u80 ABs .91% .918 55T 1 .19 -~ P h.85] .s00
¢ .07 .24 | 1.1h 26 fl.ab | 2.83 | 2.83 A9 k0| b2l | 229 478 485 1 oL915 .918 565 | 525 --- | b.25| 493
d .06 24 [ 1.1 26 f1aak 2.5 | 2.51 .16 4.5 | .02 | 229 | 477 .85 L9l .918 558 | .sls -=e | 3.87| .489
e .06 24 | L.k 24 | 1.1 2.02 | 2.02 12 3.60 | 3.17| .229| .47 485 Glz 918 .5%9 | .%L0 == | 3.1 .483
103a .96 Th| 142 .32 119 | 1.32 | 1.3 Lkl 2.8 § 2.06] L1041 257 261 .683 .ToL .602 | .561 we= 11.97] .%83
b .89 62 [ 1.u2 27 |19 | 2.3k | 2.3 23| 3.7 3.40 | .10k | .28 267 LTLk .19 .627 | .607 ~ ] 3.38] .603
10k .08 .31 | 1.18 62 | 1.36 2.93 | 1.5%0 22 5.7 1 5.19 1 182 .si7 RY5) 931 .86k .559 | .%08 -—= [5.00 ] .u8s
105 |3(.82)| .63 [ 1.4l .26 | 1.4l 2.94 | 302 [ 2.00 | 12.77 ) 8.10 Pla6n)| L6k 5Th .56 948 635 | .488 2.41 | 8.39 ‘.-
loé (.82)] .63 |11 .06 |1.29 2.9% | 3.64 | 2.01 [ 12.87 |11.73 | (.118) .655 891 .yd2 973 6UT 1 616 2.4 115 .599
107 (.82)] .63 }J1.m b f1.3. 2.9% | 3.6T | 1.99 | 13.81 |10.31 [ (.118)] .655 591 .96b .959 662 | 561 2.39 10.72] .55%
108 [(1.15)] .69 |1.46 Sho 1.3 2.9 | 1.94 by 4.98 | k.26 [(.118) .43 361 .868 .830 666 | 625 59 [*3.90 | *.595
109 [(3.48)) .70 |1.% sS4 1.3 3.yl | 1.9k 4g L5k | k.26 |(.118) .s505 BLo .868 830 .18 | .705 59 | 3.77 | .683
110 {{(1.55) Sk 1,43 5h 1 1.31 3.91 | 1.94 .49 k.92 | b6 | (.118) .ug2 32 .B68 .830 696 675 .59 | 3.82 663
111 (.87) b (1,36 54 [1.31 3.9 | 1.94 .49 5.39 | 4.26 | (.118)] .482 43 .868 .830 672 | 629 .59 | 4.00 | *.604
112 {.on Jd2 1.1 07 |1.19 3.65 | 3.6C .23 5.73 | 5.45 ] (.036)| .s46 b .968 .954 .548 .529 23 | v.ek 527
113 (.07 A2 (1.1 07 | 1.19 3.65 | 1.60 .23 5.73 | 5.45 { (.036)| .632 562 568 954 615 | 595 .23 [ 5.31 ] .599
114 (.omy .e-frnx 07 1119 | 3.65 | 3.60 23| 5.73 ] 5.45 | (.036)] .79 648 .968 L9954 682 | .661 23 | 5.361 .673
115 (.48) .53 | 1.30 .53 1.3 3.62 | 3.62 | 1.50 | 14.97| 9.78 (.162) .450 . 390 953 L9LL 609 | .Lk6 1.7 | 9.09 *.486
116 (.48) .53 | 1.30 .53 |1.30 3.62 | 3.62 1 1.50 | 14.57 | 9.78 | (.162)] .e17 .568 .953 .91h .686 | 564 1.72 1 9.94 | .570
117 (.48) .39 {1.30 .53 [ 1.30 3.62 [ 3.62 | 1.51 | 14.53 |10.73 | (.162) .u61 430 .953 .914 628 | .s522 1.72 j0.02 .51%
118 (.48)| .39 [1.3 .53 | 1.30 3.62 | 3.62 1.50 | 14.53 [10.73 | (.162)] .628 597 .953 .91k 698 | .621 l.12 | 9.82 .61%
119 (.48) .39 [ 1.30 .20 [1.30 3.62 | 3.621 1.50 | 13.29 | 9.49 (-162) .461 430 1953 .954 613 | Lu92 1.72 |} 9.00 | .486
120 (.u8) .39 J1.30 .20 {1.30 3.62 | 3.62 | 1.51] 13.29 | 9.49 | (.162)] .628 597 .953 954 690 | 600 1.72 } 9.00 .580
S121 (.3) .39 | 1.30 53 11.30 2.79 | 2.79 761 11,02 | 6.79 | (L162) 461 403 .952 927 638 | unT 87 | 6.99 ‘-
S122 (.3)| .39 [1.30 .53 11.30 2.719 | 2.79 JT6 102 | 6.75 | (\162) .628 .570 .9%52 927 LTk | .s81 .87 | 7.05| .88
5123 (.26)] .53 |1.30 .53 | 1.30 2,19 | 2.76 .50 7.96 ) 4.67](262)] .u11 .367 952 927 604 | L3N .58 | k55 392
S124 (.26) .53 }1.30 .53 | 1.30 2.19 | 2.76 .50 7.96 1 4.67](.162) .578 533 .7%52 927 689 | .s1k 58 | 4.48 | 4-en

1A11 11f% curve slopes (per radian) referred to exposed area of larger lifting surface except BCy, or BCLQr.
2Yalue by neglecting wing-tail interference. W

3( ) indicates experimental value used in theory for combination.

‘Experimental Cp or Cm curve nonlinear near a = O

SAlden-Schindel technique applied in estimating interference.
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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 sufliciently ae-
curate to estimate the lift of combinations within 410 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
Ky o) A==1, B2, MUl 2
other conditions _____ . 1
. I A .
KNy (BA)(1 '}.)\)(\mB—H,)ZJ" afterbodv__. 4 (a)
! A
e - - > . arte -
(8A)(1 ”(ma“)—* no afterbody. 4 (b)
. 1 A
e Y <4
(B:1) (14 x)(7,15+1))_4 1
Fivem A==1,8A>2, M 1 . 3
other conditions. _ . _ . ___.._. 1

Parameter

A'B(H'J

fw —lw
Nwlw
fu‘ —w

Ny 'y

¢
Bl vfluu'
/_,\',f"‘/s

(-—r‘s‘/(.r ) W

(j;/('r:) WiR

(-I—'/('r> WiR:5

(f//(‘r)li<iv‘ ta
or
(¥fer) piw s

Conditions Chart

e I - 1
Mo<v oo b
Moo J U |
(for A=1, scc Appendix Cy_ . ___. v
Mo . s
slender ogival nose .~ _ . 9
Mo .. 10
M_o< Vo 1
AN=0, App=0__ ____ ______ . __ 13
other conditions use (F/e, )y
)\:”, ATE:O _________________________ ]:;
A=l Mo 12
other conditions use (&fe,)w

1

M (@A~1)(1-+->\)<1+,—nﬁ)24 _____ 14
Mo >0, low aspeetratio. ... - ..__ 15

MU . 16
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Ciart 5.--Chart for deterinination of wing vortex lateral positions at suhsonic speeds.
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(a) No leading-cdge sweep.

CHART 6.—Chart for determination of wing vortex lateral positions at supersonic speeds.

Effective aspect ratio,

(b) No midchord sweep.
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(i) No trailing-edge sweep, A=1,



