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THE LIFT DISTRIBUTION AND THE LIFT CURVE

SLOPE FOR WING/BODY COMBINATIONS.
By: B .M. Bram.
SUMMARY .

An exeminetlon 1s made ln thils paper of a number
of methods for calculating the spanwlse load
distribution on wing/body combinabtions, From the
load distribution, values are then obtalnoed for the
14£t curve slope, The most versetlle method for
golving thils problem appesrs to be that proposed by
Multhopp, and 1t is here descrlbed in detall,
togebhor with various exlonslons suggested by Weber,
Kirby, and Kettle, This method 1s not very
aceurate for wings of aspect ratlo of 2 or less,but
1t 1s very satisfactory for higher velues of agpect
rotlo.

A DEUCE programme has been written to caleulatbo
the load distribution over the gpan vaing this method,
and the calculatlion has been carried out for a large
number of wings and wing/body combinations in which
the aspect ratlo, taper ratlo, angle of sweep-back,
and body slze are the varlables. From the load
distribublions so obtalned, values of the 1ift curve
slope were calculated and are shoun In grephlcal fomm.

To show the actual eoffect of the body, the rabilo
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325_ was celeculated for each case and these
m[uma'd&al-)

valves are also shown In graphs. An atbtempt is

then made to glve gome physical reasons for this body
offect.

A short series of experimental tests was also
carried out In a low apeed wind tunnel on a number
of rectangular wing/alone end wing/ody models, and

the 11ft curve alope was obtained farcggch case.,
L& | " |
These results, when glven in the form{zc, are

——

A (g Do)
found to be in good agreement with the predlcted

values.
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SUMMARY .

An examination is made of a number of methods
for caleulating the spanwlse load dlstribution on
wing/body combinations. The mebthod which sppears
to be moat unseiul, that of Multhopp, is deseribéd
in debtalil, btogether with verious exbensions suggested
by Weber, Kirby, and Kebtle, It 1s not very
acceurate for aspect ratilos of 2 or less,

A DIEPCE programme has been writiten to caleulate
the load digtribution obtalned by thls method, and
thils calenlation has been carried out for a large
number of configurations with sspect ratio, sweep~back,
baper ratlo, and body size as the varlables,
from the load dlstrlbution so obtalned, values were

found for the 1ift curve slope, end these ave glven

%ﬁ a series of figures., By ealeunlabing the ratio
(E:%f"""‘“““’“’”' “r).|. which 18 plotted 1n enother serics of

figurea, some idea can be obtalned of the effect
which the body has on the wing, snd ean atbempt 1s
made to give some physileal reasons for this effect.

A short seriles of experimental tests was also
carried out in a low apeed wind tunnel on a number
of wing/alone and wing/body models, and the 1ift curve
slope was obtalned for oach cane, These resulits are

Tound to be in good agreemeont with the predilcted values.
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Total velocity component in the
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of the Dody.
Induced dowwash due Ho tralling vortleces.
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5.

THE LIFP DISTRIBUTION AND THE LIFT CURVE
SLOPE FOR WING/BODY COMBINATIONS

INTRODUCOTION

Barly Investigatlons into the asrodynemic forces
acting on wing/body combinations were carried out
simply by adding, algebraically, the forces on the
wing elone o those on the body. In 1927% however,
it was pointed out tha®t the total diag of an alveraft
was conslderably different from the value calculated
by adding the skin frietlon drag of each component
and the induced drag of the whole due bto 1ift, and it
was reallsed that some factor was belng lgnored by this
mothod, As the deagipgn of the individunl components
improved, this dlacrepancy became more pronounced and
investigations Into this mubual Iinterference effect
wore started, Since 1t is of Imporbance to Ilmow
the spanwlse 1ift distribution over a wing/body
combination in order to predlet the struetural loads
to be expected upon 1t, studles woro made of this
interfevence as 1t effects the 1lifting forces on
conbinations of this nature.

Since alreraft speeifications tend to seck
greaber and greater versabllity - in particuler,

superasonle speed capabillties for undertalking some




6.
mlaslon counpled with low aspoed menceuvorability for
toke-off and lending -, an invesblgation into 1ift
dilstribublion must be applicable to many different
wing plenforms, especlally the low aspeet ratlo,
delta, or arrow-shaped wings vhich aore being consldered
for so many suporsonic alveraft,

A nmamber of methods have been proposed for
caleulating this 1ift distribution, but sach method
lmposes some rigld eondition on the size and shape of
the combinabtion for which the method is vallid.

An abbempt 1s made in this paper to £ind the most
vreorsatile method of solving this problem for the low
apeed végime, aasuming that the flow is Incompressible
and non~viscous,

The various theories pub forward can be broadly
divided inbo two groupa:«  thosge dlrectly baged on
the Prandtl 1if6ing line thoory, and those which are
not. Por the case of wings alone, of sspect rabio
of 5 or less, the Pranditl theory predicts a Lift eurve
slope appreoclably higher then the correct value, and
1t ls reasoneble bo sguppose theb this willl also be
the case for wing/body combinations of aspect rotio 5
or less. Henicoe the firat group of theorises breals

down for these small aspeet raebtlos.
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1.2 The first investigation - based on 1ifting line
theory -~ was by Lennarﬁzg vho considered en iInfinitely
long circular Eylindnieal body in combination with a
rocbangular wing of high aspeect ratio: this theory
was generalised by Pepper5 to includga infinitely long
bodles of any cross-sectional shape. Multhopp?,
In his method also based on 11£ttng 1ine theory,
conasidered o high aspect ratlo wing on an infinitely
long cylinder of sny cross-section and he alsé
suggested corrections to allow for a non-cylindrilcal
£inite body.

In the asecond group of methods, Zlotnlck and

G prapoéaa a mebhod for cireulsr bodies in

Robinson
which they represented the wing 1ifting elements by
horge-ghoe vortices. Slender-winged bodles of
revolublon which have wings with straight treiling
edgéa are denlt with by spreiﬁera, nging o method which
1s basoed on the theory of Jones’ although this is only
strictly correct for wings of zero aspeet rotlo.

For low aspect rabio wing/body combinations which are
ratheor morve than slender, Lawrenaag has glven a
solution vwhich has been gan@raliseﬁg to cover the

case of cylindrlesl bodles of any cross-sectlonal shape,

In chapter 2 of this peper there is a brief
| summary of the methods used by Lenwnertz, Multhopp,

o
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:Bprei'hm?, ond Tmekery : and. in ahapﬂer 3 o detalled
aﬁaaumt 15 glven of Multhnpp'm mothod with the
exbensions suggested by Weber, Kirby, end Kebtle.

This seems to h@rtha most versatile method of toackling
the wing/bedy problem as the exbtensions allow for
wing thiclmess, Gaper, and sweep~back. Chapter &
glves a brief account of the numerlces) proceduro,
using e DEUCE computer, adopted to deal with the theory
of chapter &,‘ Bome ﬁx@abimmnbal conalderations

are also included 4in this chepter. An anelysis of
the rosults, both th@oretieml end oxperimental, 1o
glven in chapber 5, and comparicons and conclusions

eppear in chapter 6,
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BUMMARY OF NETHODS,

Lonnertz® considered infinitely long clreular
eylindrical bodles in combinablon with wings, and he
nged the Prandbtl wing-theory,

in the Trefftz plome -~ 1.e., the plane so far

‘downstrean that the stream can be btaken as extending to

infiniby both upstream and downstream, - the free
vortices from the tralling edpge of the wing area induce
a flow about the body section and the 1ift 1s glven as
the impulse per unit time of this sbream (or the rate

of change of vertical momentum). Thug:

L = -,ovoﬁ 95;;1 dy- day e (2,1)

this being avaluaﬁaﬂ over the enbtire plene oubtside the
body and vortex band cross-section.

For the case of wnlforn gpsnwilse 11t distribubion
on expression for ¢ can bo obbalned by the use of
lmoges of the free vortlces relative to the body
surface ~ the free vortices being liberated only abt theo
ends of the wing. Inbepgration with respeet to 3
con then be sarried out to glve the spanwise 1if't
distributlion; integration with respeet to Y then gives
a value for the total 11fb, |

Bxprossion (2.1) can be transformed into o line

Inbegral by moans of Stokes Theorem and the field of
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Inbegration can be changed to that denoted by 51 ’
R
where & 18 the wing spen and R 1e the body radius:

the following expression ls then obbalned:

L= Z,o Ve, Sf: _[r(”)( [ + -_g-;;_) cLa, msmme (24 3)

Lennerts then introduces conditlons whieh hold in the
cago of minlmum induvced drag and he obtalns expregslons
for the elrculailon and iift over the wing area and the
11ft distribution over the body width,

For the case of minimum induced drag he obtalnss

L) T (—:—)‘*‘*J R
A 'f(:!)“ f«n(g__)’-_g’- ,[(.%)SR"T' ¢ o

and

Le’ . b (_2_)1..'_&;1 ’4-‘ T a R & -

/
where Z, 1s the 11ft distribution over the wing arean;
’
Ly 1s tho 1ift distributlon over the body widbh:

and fm 15 the circulation at the wing/body junction.

! E N
180 L = ”ﬁ." I Vo e C. w2, 5)
L b Ve C,
P Ve 2b menm=(2,6)

Now introduce non-dlmensional eirculation glven by

\4(%) = -%—é-\i?- e 2,7)

and non-dlmensional wnits of length
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7= 5 e (2.8)

(A
emd equabions (2.3) and (2.4) bemma*

Cup< | I+ (2) x "Z*'@)] —R

= e 1)] [*C”)] 7 o
for T - "‘Z, = |-

CL(‘Z)" _..I 2 [’+:D)1 — f - v

EC N U f.-_J 7 k) J )

for O_h) = 73
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The method proposed by Mulshopp? for doaling with
the wing/body problem obviates the necessity of
inbroducing the Images of the vortices in the body
surface ps done by Lennertsz,

A rectangular co~ordinate system of axes 1s used,
in which the ygz~plane is normal %o the axls of the
fuselage, and the z-axls is vertically dowmwerds.

Multhopp apnplies a conformal transformatlion to the
flow normal to the fuselage so that the fuselapge croase
sectlon becomes o verbleal slit, Moat fuselage
crogawgections can be transformed into & clrele or
ellippe, 80 he starts with the assumptlion of & cireular
erogs-gection,

Let W o 3 Ly s 24 L1
be the complex varlable in the plane vertical to the
fuselage axis, and

a =% +L§. oo (3,70, 2)
be the complex variable In the tronsformed plane.

If the body 1s at incldence ofg; to the malin flow,
then the % -component of the additional downwash
produced by the isolated body is given by (see sppendix 1):

g = < Vo [REE) 1] memen(2028)
whore R(EE)s the real part of the differentisl
quatianﬁ»&fi), and the negeblive sipgn fadicabtes that 1t

1s actunlly an upwaah,
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The normal downwerd veloclty can be split into
three guantlbleas~
'\I”s, = - oV, + N+ T e 2,14)
where o4, is the 1@3@1 angle of Incidence of the
wing section

A"S‘B‘a

fs the additional downward veloclty due to
.the offect of the body:
and 5, is the induced velecity due to the tralling

vortlicen.

The induced velocity ab the wing iIn the transformed

plane 4s given by
+ &
- &L 4z
Sl < o 13 mog --=--(2.18)
7\t a' @
¢ ATl 4t FF

L;‘ T -~
and by mulilplying this by 72@ff)mn1thapp obtains

¥

the induced vweloclity ab the wing in the original

plano: ‘“:. 43
- - o 8« 16
"’31(3’) N ) I,JTS - &.& a, \a. ¢ )

He now considers the circulaﬁion around a wing

section of unlit span.

F = 'i‘ c VQ J;'c;‘: o‘sgg nmunm(ﬁ,l’?)

Where<xﬁ% 13 the angle bebween the locsl directlon
of flow and the direction of gero 1ift of the wing

soection.

Also S = - 3F e 2418)

where V3 1a the flow component normal to the
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directlon of gero 1ift.

Denoting "’c‘- by a, , eguatlons (2.14), (2.17), and
(2.18) plve 3~
I = - -é—- € AT Oy e { 2,19)

T R

Thus from equations (2,B8), (2.16), and {2.20) ,
b

I'(;)e-%cep{ou;,)V-mev[Rﬁ“ -[- RAZ) + .2‘3 %23%,} e (2.281)
__5_

Multhopp now introduces mn—-ciimenaional circulation, ¥ ,

and spanwise co-ovdinate, 7, glven by s-

¥ A w5 XK ~e=en(2.22)
&
and he forms )
- -
_ d¥ 45/
- “L" m— - b :
% ar ), Ay’ 727327' 229

From equations (2,21), (2.22), and (2,23) he obtailnsg
¥(5)= wk&—i) dnlf)-Y%s 4 of -, (%) e (2, 24)
24 K(qla 8 o\
=)

He next aplits this dlstributlion into two
componentic, ?c heing the aistributlon due to the
geometric Incidence (ct,,,—ozg) and the indueed downwash
associatod with 1%, and ¥ that due to the additional
body uwpwash ab the wing end alse to the induced

downwash éaused by the body.

Thus - B(F)  Bo(F) + ¥a7) (2. 25)




| Z 5y - *odB) 24T\ S i - = o eem(2.26
Henoe Y (7) 3 R( u)% Q(K(Z(%L.]R ;(s - Miu(’l)j (2.26)

amd ¥ 5) = %<l dw -
2 () T Kﬁ)z% =% (5)

e\
H
]
3
——
oo
»
4
3

whoro o (F) = &z,(i) + ;ig("Z) m——(2.28)

althopp then goes on bto consider the dlatributlon
over the breadth of the fuselage. . To do this, he
Pirvet shows thabt this dlsbtribution 1g almilar to tho
varlabion of potential ¢ over the breadth.
This 1s done by applying Dernoulll's Theorem:
porkp¥e’ = p *’:{’P[ZVG+W$)1+(‘V;;L +(""g,)7’] ===(2.29)
Neglocting sacond orvder bterms, this becomes s-
k‘,’o = -/° ‘v" e = - /° v" 3¢ ”"“(3'30)

dx
Integrating this equation over an infinltely long

abrip of the fuselage glves g~
+o0
S (b-po) dc = = p Voo —==(2.51)
Mmgﬂ¢0m)=o
The left side of equation (2,81}, when faken over
both the upper and lower surfaces of the body, is o
measure of the 11ft experlenced by the sbrip under
conalderablon, and hence the 11LL at any strip 1s
directly dependent on the value of ¢ in the Trefftz
plane,
In the w -plane, with the fuselage being
ropresented by o verbical slit,; there ave no

singularities ontslde the wing and so $(3) can be
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expanded inbo a power serles withh respect to (3’-5: w):»

- - . ¥ - = . B}
$G) = $(.) +(3-&w).5‘%(.&w) .,.(37:6“,)1. %;591(3,3‘* L eee(2.52)

Multhopp only aonsi_ciaré the firat two berms of this

gerlea,

Wow for § <3, s P(F) = -L G0 mom (24 35)
while for 3 >3,  $(F,) = +LE(5:9) == (2. 34)
Heneo $.(5.) - ¢.(Fa) © r e 24 35)

where o and s dogobe upper and lower surfaces
roaspectivaely,

AL 3-%@,,,) = %y, (G wmm(2.36)
where ~y, ls the induced downwash in the btransformed
Trefitsy plane.,

Thug Lrom equations (2.32), (2.35), and (L2.36) en
exprossion for [13.,,,(;;‘,) “"5&5(5)] can be obibained fox
varying values of 3 and honce of j,' . Using

equation (2.31) now gives a measure of the 1ilt,
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2.3 The worl done by sprelter6 on wing/body combinations
18 based on assumptlons uged by Munklﬁ in his sleﬂ@@r
airship theory, snd on the low sspect ratio pointed-
wing thoory developed by Jones’ from Munk's worl.

He approximates the flow around the combinabion
by conaldering it to be two dimensional in planss
perpéndicular to the fuselage axis. Thus the f£low
in each such tronsverse plane 1is independent of thab
in adjancent planes. Congldering an arbitrery
trangverase plane, ixsxe » Lixed in space, during the
passage of the wing/body combination the flow pattern
is approximately similar to that of the trensverse
flow avound an infinlte eylinder of cross-section
similor %o that of thoe comblnablon ab thé gection ac:=x, .

Spreiter then goes on to obtain the velocity
potentlal for this Lflow,.

By means of the Joukowalki transformation, the
eylinder with eross-gection simller to thabt of the
wing/vody combination (eireular body cross-section
with £lat plate wings dlamebrically opposed to seach
other) can be mepped conformally into a flat plote
of infinite length. Conaldering the fuselage and
wing to be in the X ~plane and the trensformetion In

the ;f -plane, the complex potential around the
Infinltely long flat plabe i 11
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w'eplvip’ = —iVoo JEEar e ( 20 87)
where 4 ia the semi-gpan of the btransformed flat
plate, and the prime indicates values in the :’i’ -plane,
Transforming back to the X -plane gives the complex

potential to Ve

We2p+iq = -LVoozﬂU%})l— (s +3;:)1‘ w2, 38)

whers a 1g the radlus of the body, and s 1s the wing
genl-gpan of the bodbinatlon,

I polar €0-00dinetos w= X=r(cwd+i sin®) - are now

inkréduced, sguation (2,38) givamw
"N N

¢-+\Lo{. f#(,,,.___).,.zn_mh.e-rs“‘(l-o— (l s“Xl-r 0 29

+[-(1+% 2 )2+ s (1 + ,,)J e 24 59)
Sprelter conslders the body radlus a and the wleg

asmi-gpan s to be functions of tiwe, and treabs
aguation (£.89) as the velooliy pobeniial of the
ungbendy Llow through the plane x= .

For unsbeady two-dimensional Incompressible flow,
the pressure a2t o polnt 1s 1a

- J‘-’- = P.i + #(¥rrw) - A irmmenes { B4 40)

-+
§or

Hemn the mﬁ‘emm Lol preasure between two polnts
gyametrically positioned abeve and below the

wing/body surface ab any Instant is glven b
o

o2 ded) e (i) eeenta)
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gince %%l- = - %#2.! due bto symmebry, where the
subseript + denotes the point above the wing/body
surfuce, and 2 denobea the point below 1it,

on the wing/body surface

"“:1 + ""r:t = 'V-:- r '\""'1.1
axd henece -%/"- = 2 99, e { 2, 42)

e { 24 43)

Ap . 3. . "lt'(aadj' ds 3 ) ceen(2.44)
S " da dx

gubstituting the value of ¢ from equation (2.39),
lebbing ©9 - 0 or T for the wing logding and +«-a for
the fuselage loading, and converting bock to carbteslan

co-ordinates for the fuselage loading glves -

(.éﬁ) c hot O}I‘_%‘(-% -2 RE(E- %) --=(2.45)
V/w J(I-!--%{)--’;r{(l-o-%_{)ﬁ LS
AL - 4s 3-;(1@;2);2%%{)%-2@) ~—-(2.46)

’ ~/(’+%‘) -k }51 ML

The loading over the wing is thus given by equation
(2.45), and that over the bresdth of the Luselapge by

equablon (2.46),
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B In the paper prepared by H.J.Lu@kerﬁls » bthe
guthor approschos the problem by moans of a simple
ANAlOgY a He points oub bthat eguation (2.24) hes
thoe exact form of the equation for the clreunlation
of a wing alone, whose chord 1s the chord of the
original wing multiplied by the fasﬁmx-ﬁﬁf%), and
whose wlung-setting ds the original value divided by
this pame Lactov,

Rauatlon (2.24) can be re-writben in a different form:

P(3; F) =+ S.‘..v....,:__?.‘__ﬂ mmmem (2, 47)
RE=
wheraey )
P(3;4) = &) + b 8(3) v 2,48
- l !
and p = 2L s wmmem(2,49)
%o &(7) (35

Tuckert then lnbroduces the mathemetlceal proceas
known as the Wﬁiﬂﬁiﬂgaﬁlé L-Method, and by analogy,

the eguation for 1LLLL Alstribuilon is writben ag:

i(gi;\) = ol + N -~ A g ----«*»--(2.50)
R(EE o
Tw
where
Hd,_ ,1"" :a_-
7.-3) = L &2..272. o ! e BeH
I(x.’ A) W[' d‘i' 'i‘%'*’ *“’ L[l( 'chlsz ( ‘-)1)
with A= —b wmn*m(ﬁoi’)fﬁ)

c@) R(d.i)
ena L[37-3)] = L ";((’l 7)1 eeen(2.50)
-




2}-. L ]
-
Do Young snd Herperl® give o method for solving
% 2 &

equablon (2.50).




Q.

THE LOAD DISTRIBUTION OVER A WING/BODY COMBINATION,

The theorstical approaah adopted in this paper
18 baged on the mﬁﬁhmﬂ.usad by Multhoppé snd the
sxbensions auggaéted by Weber, Kirby, and Kettlels.

Lot xp 9, 3 be a system of rectangular co-ordlnate
axeg with the x -pxis in the dlrection of the main
sbresm £low, the 3 -axils vertleally downwards, and the
Yy ~axlo mubually perpendleular as shown in figure 1,
Conalder o wing/body combination consisting of wings
of any planform mounbed centrally on a long fuselage
which 4g of the form of a eircular cylinder at that
section at which the wings are positioned. Consider
this combination at incidence In a uniform flow of
velocity V, .

As seen In Ligure 2, the wpwash due to the body
i3 V,o, (conpidering only first order bterms). Now
thia upwash la disploced by the body and thus causes
additional uwpwash at the wing/body junction and on the
wing near this Jjunction. This additional upwash on
the wing will produce a certain amount of 1ALt even
when the wing 1s at zero angle of incidence.

The load dlgsbribubion over the comblnation must
be such that the downwash induced by 1%, btogether with
the free stream, have no components of velocity

perpendicular to the gurfaces of the wing and body.
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i€ tho assumption 1s made ~as in lineariged thoorye
that the wake 1s in the directlion of the undisturbed
fres strean flow, the load distributlion can be obtalned
by congldering the asection of tho wake in the Trefftz-
plane ~=1.84, - In a plave far enough downgtroan to bhe
eble to ipgnore the effects of the bound vortilceaw
which ls equal o the actuel sectlon of the wing/body
combination, By making thls asection a streamline
in a Llow upwerds Iin this plane, the circuletion, and
honce the load dlstributlon corregponding bto minlmum
Induced drag can be found.

The c¢rogss-sectlon of the combinabion in the Trelfitz-
plane con be sonformally transformed into e confipuration
with the body represented by a vertical slit in the
line of symmebry, and this ls then a shream-line in
vpward £low, fince the Yransformation ls conformal,
the pobentlal, and hence the cireulstlon, are uwnaflfected
by it Of courae the dovmwash due to the brailing
vortices will not have the seme value at the wing/body
combinatlon as 1% has in the Treffig-plene, and it will
be necessary to conslder corrected values for this
dovmwanh.,

The value usually btaken for the induced downwash

at the wing is half its value in the Trefftz-plane

snd this 48 here conslderod to be the case for thebd




part of the downwash due to the wings,. Howevern,
for the additional downwash due to the preaence of the
body a different value s used. In general, the
rool chord is grestor thon the body dlemeter, and thab
part of the wing covered by bthe fuselage can be
conaldered as a btwisbed wing of emall aspect ratlo.
For a small sspect rabiilo wing, the Induced downwash ob
the wing 1s equal to that in tho Traﬂfﬁzuplanmlv, and,

henece bthat is the veluo uged here,
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5.8 The 1ift distzibution over the wing is glven byi-

. [dc, . .
@ (‘ISZ%) ‘Laggg) = o). Otagg () (5.1)
¢

whore a(y) iy tho sectiomal 11t curve slope. . The
offective inelidence,oly , deponds upon the tobal upward
voloelby component of bthe mein £iow Ve

olegg = - .".\’/’_:r . oo Gy 2)
where -~ is the veloelby component in the divectlon of
the ¥ ~oxls 5 L.0. dowmwards. Thia component, op
downwash, can be spllt into three terms, vizs-

V= = Voot g+ Vg ~mmen(5.9)
whore ~vy 1s the dowmwash (negative, since it is aetually
an upwash) produced by the body ss previously explained,
and % is the Induced downwash due to the tralling
vortices.,

The assumpbion is now made that the eross-gectlon
of the combination in the Trefftz-plane 1s glven by the
complesx variable |

R  mmeme( 3 4)
while the complen verliabie In thoe transformed planc is

n = %', + i 3', rasmemsav( Bo6)
where o 1s a funobion of w vo that the body eross-
gectlon is btransfomied inbo o vertical alib,

Now in the u-plene the main flow has o volocity

equal o -o ¥, 1o the y ~direction, causing o downwash
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due to the body glven by (see appendix 1)
e R
The elvenlablon g unsliored by the transformation,
and so the induced veloelby at a polnt g.in the

tronsformed Trefftg~plane lg glven by

+ 2 :
— - { 4 A-—-l
~S .( ) - — ——— 4 a:_ wmnmu( :‘3.?)
3 g-r % S QL—/'-_—.I .
‘ Jg ¢ HF
A
which glves, in the w ~plene
b
o
z

- 4L 2y’
'y = = R === e ( 5,8)
¥ @ R (&.w)j d ~F 7 Ve
i d 4°¢
Y A
Won-dimenalonal wibts are introduced for the circulstion
and the spanwise co-opdiinate:

N R S ) R s ( 3
3@ = o 3 T?E, () (5.9)
and 7« % e { 8, 10)

: 2
thus maklng equabion (3.8) become
/

W,

o RrARY VW | 4% 4
¥ -l?( Yo =2

Lo Tt o ( Go11)
T) dg 3

Now, fvom the RKutba-Joukowskl Theorem,
Ly = % Vo ciy) Ceany ] €75 k=)
and so, from equaoblons (3.,9), (3.12), and (3.1}, an

expresslon for ¥y)ls obtained:
Y(H) ] C«Q)G(jg = &SE! . C.(a.) w“w”"( 3 13)
. Zb Z b Q‘S’H(a) *

The effeet of taper can now be allowed for by

maans of the <(¢) term which can vary as 3rVarmes over
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“he gpans

From equabtlons (5.2), (3.3), and (8.6),

0 - 5 o rpl) ] - ] e

or, from equation (3.9),

3 - gwl?) roty)|RAE) - 1] - } meem (515)

To allow for the two Aifferent values used for the
downwash at the wing/body combinabion, as explained
in gectlon 3.1, 1t ig necessary Lo split the last term

on the right slde of cquabion (5.15) into two parts:

‘\ryb = ’\S‘afaw -r ’\s'af‘.‘e ““““"*(3»16)
where "\r&.—i’ w = '?!:’ “\rbfi_ T "‘*“""‘""( S 1‘?)
and = e cmmen( 5,18)

Thuo. eguatlon (3.1%) bocomess~
(-

- 7) d
%)+ 552§ ) vy o) 1] - &R S—;—.—:“”_-*-z:

A 777

- ‘*"‘J‘B-‘B‘ 31—7': % s 3,19)
"7

where %}«i ') depends on o, and not on Xg ,

and (') depends on o, and not on o4, .
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Conslder now bthe extenslons to this basic method
o ollow for the effects of sweep~back end of L£inite
wing thicknous.

Por the wnswept flat wing the velue of the 1ift
curve slope, a , lgs consbant along the span.
However, in the case of a swept wing, with or without
a body, the chordwise loading is altered alb the ﬁing/hady
Junetlon or at the centve sectlon, and thus tho secetional
1186 slope varles over thils reglon,

wichemannd® gives bwo expregsions fop a{)» the
rolavant one being declded by the position of the

secbion under conaglderation,

*(4) = g - %‘%QH [‘“’s - a-i] | wemme{ By B0)

c\,(g,'):: ags + ii’@u [""‘T - 0.5] “““*“(3.21)

where 3*1& the distance of thoe gsectlon from the cenbtre-line:
”/13 the dlstance of the sectlon from the tlp;
. i3 the 1ift curve slope sl the centre saétian;
asr iy the 11Tt curve zdope ab the tip;
and s iz the 11t curve slope for an Inlinlbte shoared
wing,
aya a_ s 20d o are given by
ag = g cas b5 wenonm ( 34 22)

a. = - . (’ — __:%Ei ) w»ﬂ"“"'(?’cgg)
Z
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@, = dg ( | + ..g:ﬁ) wmenrnn (B4 24 )

The displacement of the leeal serodynemic centie, for

the cenbre sechtlion of o aswept wing, is glven bym

Ax. - £

P - mr wmmnm(z"gﬁ)

s ANY - A =~ 2 mmerme (3 26)
A ¢ 2m
and the graph of figure 3 glves the value of thig
!
expraogaion for values of ﬁci or ,3% .
. AR
As can be seen from this Ligure, the value of z’,g_"(f”)
becomes negligible for values of é greater than
aboul 0.9, Thus for
!
O =< %’ <z .9 and % > 0.9

the value of afy) In equebion. (8.20) is uged;

!
for ¥>09 and °o < 4 < o9
equation (3.21) 1s used. In the cagse of wings of

small nspect rabio, 1t is possible for

o¢g< ©.9  ang o = ;3%’49-"1
and bthe velue of the 1LAft eurve slope La takeon ag the
mean of the wvalues glven by eguatlons (3.20) and (3,21),
For a sectlon at whileh both ?g and %" are greater
than 0.9, such as around mid-semi-span af o large aspect
vatlo wing, the value ol the 1Ift ocurve slope ls
considered o be the seme a8 that for an Infinite

shenrad wing:

) = e
Thus equabtlon (3,19) becomes
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]
R 2 wtz)wte\w[ﬂ(i:)] L RAE) [ 40 45

—-—t

S A A

L R45) 48( 4369 A5 ’} (B4 27)
-1 )

.éhﬂ second exbenslion to bg consldered 1s to make
allowsnce for tho eff&é% of wlng thickness. The
main effect of finite thickness 1s to decrease thoe
body upwash Lrom the value it has when in combination
with o thin wing. This 15 due to the fact that, if
the wing and body are replaced by eainguimri‘bicm » then
only thoge singularities replacing the body ouisile
the wing M‘mzamy contribute to thea- uﬁxmah. To allow
for this Weber, Kirby, and Kettle sugeest decreasing
the body upwash by o fector K which is teken as the
pablo of the body amsammcﬁmnaﬁt ares avove and below
the wing to bthe tohal crosswsectional area,

Thus, with wing thilekness = € and body radivs = R

< 1-Zan it .
k—, _,”.M 1r Z_RJI—-(XR 0--***((5.::38)

and eqguation (3.6) vecomes

vy = - og Vo k [REE) -1 ] e ( 50 20)
For convenlence, ogquabion (3.82) can be wiitben aa
A [Ty 1] et

by letting I(p) = |+ K[R(%)—-I] )
Thus the effect of wing thicknees 1s to alter the

borm R(%)m T('a) *




Bguation (3,87) now becomes

) - m){"‘w@) *“‘e("z)[ﬁz) J 2 ,(Z)j¢342) 47

L .,’

77C
- ’f('z)j 3( ') ___2_ } memcnen { g B3)
=1

-~ _. U

The right side of this equaﬁim ::"spfi, 1ts mxﬁmﬁally into
two paybe, one éi;épemﬁ@n'ﬁ: on o, and thoe m‘s};ar on 0{8,:
L.0s one pert conasldering the wing inecldence, i::;ggetzher
with the induced dovowesh canged by the wing;,' and a
necond part uone,m:ming the total body upwash on the
wing, together with 'i*sh@ Induced downwash caused by bthe
body,

Thas equabtlon (8,82) can be wribben as

~ - = — " -1 -1
V)= DD St ) - 2 ) | 424) 45 } wen (54 55)
b < J.':z_ —'Z’

_ e |
and ¥ 7)= M’}%l‘z)h(z) ] 1"57(’2)}%(,“-2\—%’,} e (B0 B4)
=1 YAl
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The load over thoe body can be dotermined by
considering the difference of pressures hetweon the
upper and lower surfaces of the fuselage at a gectlon
in a plene parallel to the plene of symmebry.
fhics pressure difference can be glven in terms of the
potontilal funciion,.

The total 1ifd coofficient at the gspanwise position

ls given by

Ol

C. = 5 ~(’c,.;s-c,,‘_s)‘4(-§-) e ( B4 B5)

ot

vheore vs and <5 donote uppor surface and lower surfaoco

regpectively. Bernoulll's oquation glves
LoVt - ,Lv"{ o\ &"““"} e (B4 56
Porzp PripVe {01+ v.)*'ﬁ)+("\??) (8.86)
" CI~=‘,E:P—: = - f—’-‘-—'\—{"; _&1_&1 - (B, 57)
zpP Vo Vo Vor V! Vvt
= - %.é}i muw({ﬁ.%)

%o the Liret order.

Thue £rom equations (3.55) and (3+38)

SR (05 % ol —

- £ [¢)us(x:co) _ ¢,‘5(,¢m)] mmme( 3,20)

gince 4305 (3‘5"0“) = ¢Ls (x=-=0) = O

Now, on the wing
b (%) - gy = [ w30 41)
whore ?}w corresponds to the g-coordinate of the

juneblons 1.0 I' 18 the velue for the poaltion &’Z £t 0,
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DD ¢

| M) -

Alao ~— ). - = A5, e ( S, 42)
83. 3,&5;"{ 5’&-,— (?f.,) !

$(3) con be expended inbo a Taylor series with respect

to(§-%.) o

From eaqum‘aionn (3.40) and (3.%&5), taking the Taylor

geries to thea second order,

a9 -l () Sl G- k)
B2, {6 n)]] e

Using equabtiona (8,41) and (3.42), this can be written as
a. _F =) %, t
cVo[ (Z )"""’3’ 1(3’\«/) (%u.'. };.5) 3 ) §(&s ‘a« 3;’ (}vs 3‘3}]
- % [ I-9 +('Z'r.,_,,-§:){ Vi olT)+ %(%?) (3” % }] ~-=(3.485)

Honeo: \5(” < Crc
24

- &
Cl- 0

- - - 3y, - _
= &?:o)-'- (sz' 31.:)%"?357(5'\#) *#—(-5-;-? 3w (&s té&us z}w)? -u-m( 3‘46)
| bY,
The overall 1ift dlstribution 4s now glven by

equations (5.88), (8.54), and (3.46): (3.53) end (3.39),

when added Sogether, give the distribution over the
wing semi-gpan oubaside the body, and sgquabtion (35.46)
glves the dlstribubion over the seml-dlameter of the
body . |
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Conaider now the case of a clreular cylindrical
body of radine R with a wing mounted in the mid-
position as shown in fipure 4, and consilder also the
troneformed crosa~-section as shown in figure 5.
The corosg-gection in figure 4 ~ the w ~plane - 1is
glven by w o= Friy-
and thebt in figove B « tho & -plane - 418 given by

& =2 +i g,

For the cireulor body, the conformal bransformation is

given by mltzhepp‘é ¥ H

S
® = W -+ :%— nm-awm( ;‘S.é@»‘?)
i’:‘ﬁ' = | - R o
J,.,,_ .TL—Q‘ mmuum({),iﬁga)

’ _ Rz(k”"&')t

= " mmumm(&.{’gg)
(3 +4*)"
'Rz‘:.'&) = | - R (7" -4*) e ( B, 50)
G rgt)” |
However, for the symmebtrlcally plesced wing, ¥ - o}
- T
ED - e B e (B 51)

From eguation (3.31), aplowing for wing thiclmess by
altoring 'R(ﬁ%) bo 723 ’

T,
T = |+ k'%a e { By 52)
from the transformation
- 2,
J ® 3, - ....E.. "”“"‘"“(3,35)
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the bransformed seml-gpan is glven by:

A R*
R b2
i [1- @)y eeeen5u08
Hence b | = b [I~ -‘-g;)l] | mmmene (3, 55)

From equation (8. b.’:’»)

¥ = -E j ‘ | e { 3, 56)

- -.“ i AV . e &
algo 7 * .%71 and 4= i, (3.57)
-7 [ 7-7\2
4 = -"22’—" +J (."i-) +R*® e (3, 58)
. _L-£+“/(,L*£)“ R\t
T 27% 21y *(;,/1) wemme{ 5y 59)
Prom equablon (3,58)
T7 = ] + kB
(2) @-4)
- 1 2 v meonro o o B
- ] 4 k("z;;) —%—,_ (.60)
L
4 g = - _..'—- cummommom 3
andl alse 7'(7) I + k(’;) ?: (3.61)

where 7, $a the value of 7 in the Treifftz-plane
corvesponding to the valus "_i in the trensformed plane,

ond s glven by equation (3.59).
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It 1o now possible bo solve equations {3.33)and
{3.34) waing the quadrature formula developed by
ﬁmmmgpp?-@ for wawept wings. In this method, the
inbegral cquabtions are veplacoed by a gystbem of linear

aeguetiongs«

bvw"' ZI g ';2 = -.-:-LZIL. + L X ""“"(15.63)
(‘ ) ) T@) ) é o Yuld,)

+ ! o(B[’ﬁ (B,
(Luv 2 afg). c&,) T('Z )\55(7.) -—2—_;2_('%— é b, \6667 ) (3.63)

whore the “é: denotes the summablon for n going
from ) to m s but omitiing the term m=v

Values of '»}'v and the coelficlents b,y and bon.
ave glven by Multha‘m;m » In whileh reference the

following oxpressions are obtalned.

b I R V)
»y Py ( )
F-TVNg ¢«n.
" for |mn-v| = )35
¥ ('"”'”)(md’n-m'fb,)" / , 2% werer{ B, 65)
or =0 for l"""’l =2,h,8, .
- = = %T Wk 33 0D WF sy ?‘ﬁﬁ
?rn. e e‘ “o an-+ | (Q )

Tablen 1 end 8 give the values of m_ s b,, »o0d b,, Tov
m= 7 oand 18, By solving bthe two syshkems of lineasr
equetions (3.62) and (3.63), values of ¥, and ¥, ob
gpenwise positions :?’n are obtained, and the sum of

these two torms glves ¥Yeey




Prom oguatlon (3.9)
Yp) = 4 BE) {8.67)
and honeo the non-dimensional clireulatlion ls lmown at
the spanwige poinbs 7. whiclh are glven by equabions
Pinally, 1% 1s noocossary Lo solve the eguablon (3.46).
N S A, . -
- . LL9F) 7 -
\K(a_) - X("Z.‘@ + (&Us 5’5){'“-3‘,1-(3’“) +2(3§_ )i;}w ('b'us"'zrl.st zﬁw)} ...,.,( 3.46)
AY,
Consider the wiag/hody eross-section as shown in figure 6

and in partleunlar the longliudinal sectlon parelieol to,
and at a dlstance y from, the vertleal plane of symmetry.

From the conformal trensformation,

— 2
3 : % [/ + ________;2; :.] weemene( 3,68)
¢
Over the body, which in thils Instance ls taken as eiweular,
%’1._,. a"l. - —R'l
T = 2y e (5.69)

Alse, for a mid-wing confipguravlon,
%, =0 e 3470)
From flgure ©
¥, - “JRryr = ow [ - (£ wommeenee{ 5471
sud algo Hoe = ~ %os wescnenen { 3,7 2)
F Y ey =0 and g oy = - 2R l*(—%)" oo ( 567 3

Using equationa (3.70), (B8.73), and (5.74),




equation {5.46) bocomegs-

- 2".-\? . 720 r Z " ”
Yy = Mgeo) = ) %/ - (&) mermee( B,75)

Thus the load over the body is the loed at the wing/ody
junetlon reduced by the term z_.\-:";_’(.:v%: )- Q}/R)".

ebert® suggestn that this reduction should, in the

ease of a thick wing, be lesa than the value given here

for the thin wing, and to allow for thila she multiplies

the above Lerm by /k—' "

X(a’) = X(?cﬁ) — 2%;7('2:0). J_E.L;_B_ J, - é%)& w“””"(soriﬁ)
° 2 '

+1

hy - | <7 -~ 1
Alao, “’3"«‘?"” = ol = —;;J ‘if,- 47 wererenm (5477 )
Zy 4 U2

De 'Sz‘mmglﬁ shows bhait, vsing the same gquadraeture

Lommla as before, this Integral beocomes:-

f_\?s;a_#y'w) . Z [ b %, - g_" A,,,\i,n] ammme ( B,78)

Paysleally, this is the downwash angle abt sn infinite
distance downagbream for eny wing geometry.

It 13 of iInterest to conslder a different epproach
Ho the problen of obbaining o mumerical velue for the
Inbegral In equation {(3.77). By agein pplitting

¥ into two parts, ¥,, end ¥, , oquatlon (3,77) can

o weibbon ag

- o -1
Ty _(7- 7 ¥ -
G2 L | 4¥w Ay J_J 4% d5
= s - T e (5479
Yo ‘IT_’ A"’Z' "Z"Z' W ), ’Z' 7'2' ( )
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" Y 4 iF ET(i:o)
From equations (8.33), (3.34), end (3.79), Y, con

Q
be exprassed in teme of the eireunlastlon at the root,
1.0, whore 7=0 -

= Tg-o ){Zolw+0(8 T—] (wa-r\éa)]d:;m*({ﬁ.ﬁl)

aince, from equation (3.67),

b4 = b
Also, from eguations (5.61) and (3.59),
Tly=0) = |+k e B, 52)
Q) _ 4 wsm{ T O
__\%O_T('z ) ’..rk {zo(w.f k“(s - —q—:—c—(zyw‘f‘yﬂ)}:z_:o (5080)

Bauation (S.?G) can now be solved at values of u
betwoen the centre~line and the wing/body junction,
and henco a complete plcture of the 1ift distributilon
over the semi-gspan is obtained. |

The mmerical solution of eguations (ﬁoﬁz) and

(3.63) 13 deseribed iIn section 4.1.
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4’-‘.1

4Q.,
NOMERICAL AND BPRPERIMENTAL CONSIDERATIONS.

A DEUCE programme has boen prepered to deal
with eqguabtions (3.62) and (8.63), Thias prograume
s in three sections,

The first sectlon, which iz in o «code, eveluates
the coefflcients of :3.,(73,) and )?.,(i,)fw o given set of
paremoter cards, As the coofficients of %47 )and
Ys(7,.) eve independent of the configuration under
congldoration, they arve not caleulabed sach time bub
comprise part of the pbogramme data potk. The
first part of the oubpub 1s made up of the coefficients
for each term In the ot of equablons given by (35.62)
and the second part consiate of the corresponding
coefficients for (3.63), If & wing alono case 1s
belng conglidered, there is no seosond pert to the ountput,

The second sectlon solves each set of simulbtaneous
linear eguabtioms as given by the oubpuwt from gection 1,
and the output glves the regulred velues of ?@y ) in the
binary sysbem.

The lagt geeblon converts thes binary values to
decinel values which can then be tabulabted.

Section 1 of the programme must be follewesd by
one of three sets of daka - the wchanging coefficlonts
of 3’“(&2“) and Y(7 ) =, the required set depending on

whether & 7-polinbt, 15-point, or Hl-point solution ia

t
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dealred. After thlg set of dabe come bhe parameter
cards specifying bthe nature of the wing/ody
configuration wder conslderetion, Boch set of
perometor cards is of bthe formiw

1. (Body diam.)+ (Overall apan) = %

2. Aspect Rabio = A

3. (Wing thiciness)+ (Body redlus) = 5

4,

5, Wing lncldence = of,

6. Body 4ncidence = oty

7. Angle of sweep of the gquarter-chord line = ¢

) + k'’
£, >
9. I-k'
where k'1ls the ratie __bip chord

centro chord
For the wing-alone case, pavemeter chad 1, = 2 Lg zero;

ardl paremeter card B, = -g-- ¢an have any valuo.

ALY three secblons of the programme are conbinuouss
L.0e Bhey will each conilume %o Min ag long as parameter
card sets -~ for gechbion L. -~ and coelflflclent card sets -
Lor sectlons 2., and 3. ~ ave fed Iin,

This progedure hag been used to oblain the 1Lild
dilgbribubtlong shown in {lpuves Y-10. The
dlabributlon hag been glven in the form (;-C(‘:-)gm& which
1z plotted apainst the non-dlmenslonal sponwlse unld

«? s and by wmeasuriog the avea under such a curve, a
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A C,
Ao

Galenlations were carried out for a large selection

value 1g obbtalined for tho 1ift curve slope

of wings and wing/body combinations defined as followsgw
Wings of aspect rabtlo = 8, 4, 6; sweep~back = 0°,

45°, 60 3 snd baper ratlo = 1, 0.5, O: without e

body, and with bodies given by = = 0,1, 0.2, 0,3,

A thielmess/chord ratio of 124 was used for all cases,

%eCe wos then caleulated for each case and the values

Aot
are shown in tables 3, ¢, and B, For the cases

with taper ratlo = 1, these values were plotted apgalnst
the asgpect ratio for each angle of sweep as shown in
Ligures L1~138. In order to indicate the actual
effoot which the body has on the total 11ft curve slope,
the wmﬁiorad‘mx*ﬂ** \  hoen been plotted ageinst the

& ot w-:ni,mivnl

body size - given by 2 - for eamch velue of aspect

rablo and sweep. These ave shown in figures 14-16,
Miegares 17«28 are Hhe correspondlng graphs for teper
rabtlo egqual to 0.5 and 0.

A short serles of wind bunnel tests was carried
out to obbtain some iden of the wing/body effect as
1t ocours in practice,. Only btobtal 14ft effects
wore congidered, and from these the 1ift curve slope
for cach model was caleulabed.

The tests were made in a 3% £6. = 2% £t, wind

tunnel end the wind speed wep 85 £t./see, which gavoe
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a Reynold's Number of 0.27 x 10° based on the wing
chord.

The models weres mede of aluminium and conslated
of three rectangnlar wings and two bodles, so
desligned that esch wing counld bo teosted with slbher
body or without a body. The wings had 12 inch,
18 inech, and 24 Anch spans and all had a chord of
6 inches giving aspect raobtlos of 2, 3, and 4
reagpectively. - They were all of the same section -
NACA 0012 -~ with stralght btips. The bodles were
solids of revolubion with ellipile nose-gectlons and
conical tall sections as ghown in figure 33, One
had n maximum dlemeter of 3 inches and a tobal lengbh
of 27% inches, and the obher had a maximum dlometer
of 4% imches and a total length of 41} inches.

The models. were mounted, as in figure 34, on a
single mount at the wing guarter chord polnt on the
fuselage axls, and were supported by n tall strub
which was adjugtable for incldence changes.

The tobal 1ift Tor ench model was measured for
a range of engles of incldence, ln Incrementas of one
dopgroe, and values of C, were then caleulated,

Theae values appear in tables 6, ¥, and 8, end, for
the models of napeet rsblo 3, they are also shown

plotted against incidence in figure 35, It can be
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seen from this figure that the curves have the usual
form ag shown in th@ characterlativ curves of Abbot &
von Doonhoff“Y in which the slope noticeably increases
at angleﬂ_of incidence of two or threo degrees on
elther side of the gero 1l1ft polnt, As thls oécura
both with the wing elone, and with the wing/body
combinations, it cannot be due to éha‘interferenae
effaahs,'and(thﬁ 1ift curve slope given here refers
to that at zZero 1iit, 'Vamﬁésigf the 11ft eurve
slope for eaéh model c¢ase could then be caleulated,
end these are shown in column 1 of bteble 9.

Beforo eompuming these experimenbal values with
thoaa abtaina& theoretically, it 18 neceasary to
conslder an additlonsl 11ft whieh i experienced by
the model but ia not 1nalude@ in the theory. | This
14t Increment 1s due to the finite length of the
body and muat; of courge, alweys be present,

The tall sectlon of the body 1o in thé downwash
field due bo the tralling vortices from the wing and
this muss cause a decrease in ﬁh@ download which scts
on this section of an isolabed body. This downlood -
or negabtive 11ft -~ 48 given by Multhopp? as

L, = —-/nV Lgge z D
which glves a 1ift coefileclent, raferrea to the wing

aren, of




4.4

G z &)

ey =07 OZB"%E "2 p
Wow, the efi'ectlve angle of iIncidence due to the

treiling vortices can be written as d: and go the
additlonal 1ift coefficient due to this effect is
Ac, = o« F {%21
At very low Reynold's WNumbers, such ag uged in the
present series of tests, 1t is roasoneble to assume
that there will be breskaway of the flow at the rear
of the body resulting in a decrease of c«g;ﬁ to zero.
Sinco
‘C‘Bﬂﬂ = oLy - ot} ’
o ,;' must now hecome of and
AC, = oty. T ) )
o LA
ca(5E) - ¥
The experimental values of LiAft curve alope
have thus been roduced by this term asg shown in toble
9, and in this table the caloulasbed values are also

ahown.,
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AWATLYETIS OF THRORELICAL, AND EXPERIVENTAL RESULTS.

It 18 Interesting bo observe, Lrom Lilgures 14.16,
that the introducitlen of a body does not necessarily
result In a loss of 114, buit rather thabt there ias
an optimum body dlameber which can be as large as
ehout 257 of the tobel wing span. This may soom
somevhad unexpected because, in a wing/vody
combinatlon, a part of the 1ift producing wing ls
replaced by = body which is ﬁaﬁ unsually 1ift producing
ond hence a drop in tobal 1AL% would be expected.
However, when the body 1s abt a poalbive angle of
incidence, an upwashlis produced arownd 1t the wing
s in this upwash fleld, and so ezxperionces an
addiblonal 14t malnly on that pavrt of the wing close
to the body since the upwash £ield weakons with distance
from the body., This 1g shown in figure 8.

Ag already poinbed oubd, over the actual body reglon
thove 1s a marked drop in 114, alse shown in figure 8,
In gome cages, the 11t increasse due bto the body
upwash nore then cancels this drop with the nett
result of an inerease in total 1ifs.

Obviously, for a glven chord, as the span Increases
w 1.6 aé the aspect vatlo increases - the upwash fleld
wlil produce an increaging addltion to the 1lift

produced by the wing ibself, Tuls can bo geen from
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flgaves 14-16 wheore bthe body effocl i more
pronounced for the larger values of aspect rablo.

Iﬁ the cage of awept wings and wing /body
combinatlons, an effeet of tho awe@@ 48 to c¢suse the
ghedding of tfail&ng vortices near the centre-line<:
mﬁ-wingfﬁmﬂyljunatxan &ﬁ tho opposibto sense to thoge
shed nearer the tips, snd this conses a decrease in
the Indlced downwash at the cenbtre«~line or junetion.
e load reduetion over the body is a function of this
dowawash and is thus alzo reduced cousing an increase
in boval 110, Thus the body effeet is more
benelioclnld Lor swept wing/ody combinablons as coan
ho geen by comparving corvesponding curves from figures
14361  this 18 also shown in figures 29 and 50,

A Teature of tapered wings is thaet brailing
vorbices ave shed as mueh near the centre gectlon as
near the tip, and this causes sn Incrvesse in the
induced downwash ab the wing/body jancetion,.

Thus the logd redueblon over the body ls increased
and the Gobal 10T decwveased. This can be seen
by comparing covresponding curves from flguxes 14,
20, and 26 and iU A8 alge shown in flgures 381 snd 352.
A mathomeblesl form for thils oxplenation of thosa

effects of swosp~baok and taper ls glven in chapber 6.
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It can Ve poen from teble 9 that the calculated
values of the 11£6 ourve slope are conslderably higher
than the corveogponding valuses obielined from the modeld
bostia. Thin is due to the Laet that in the
caloulations the theoveblcal two-dimensional 1ife
cupve slope of 27 wos used, while ila practice the
value is considevably lower than this, To overcome
this difference, bthe w&ﬁ&c(%)h&a beoen
salowlabted fov euch cage,; and enbered in table 9.

This now shows thaet there is Indeed a very good
agrecmont bebween the wxperiwmenbtal and the caleulabed

values.
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6. GOMPARYSONS AND CONCLUIXONS

6.1 The basle difference between the mothods of
fulthopp and Weber for unswept wing and wing/body
combinatlions lles in the fact that Weber considers
the Iinducoed dewnwash at the wlug fow thab part of the
wing covered by the fuselage bto be btwice the value
nged by Walihopp. Thus the values of XW('Z,,) are
the seme Lo bobh methods, but Webor glves a lower
value of % (7 . Qver the outer reglon of the wing
semi-gpan this difference is Insignificant as the
body effect 1o very small near the wing bips - except
for wings of very small aspect rabtio and large body
slzge -; while over the Inboard regions of the wing
it wlll decrense the 110t as showa in Ligure Y,
For wlng alone cases, theao methods will be siwilar
ay shown in figuve D,

It is possible to Justily thls chaage made by
Weber by congildering a point on the wing, near the
Junction with the body. Ag can be geen Lrom
eguation (8.24), Malthopp's theovy la exactly
eguivalent bo the wing alone case, except that the
span of the wing %@aumaal)—é%ﬁf] x the gpan of the
coubinabion, the chord becomes REE) x that of the

combinablion, and the wing setilung angle lg albered
’

by a factor FPor the case of mevo wing

REE)
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setting, these plbteratlons can be 1llustrated as follows:-

s
i
2R
c I ' ‘IE I:)
5
‘b |
= ]
- b I - | sl-8)) -
Wine bHody combinabtion Bouivalent wing alone

Gongider a point P, near the wing/ody junctlon, and
it corvesponding position, ¥, on the equivalent
wing slone, Let the induced dowawash dvue to the
trailling vortices be Wy, in the transformed Trofitz-
plane . According to WMulthopp, the indueced dowawash
over the whole btronsformed wing la helf thils valuve,
Thugs he glves:
Vi, "'"R(%)'%ﬁ’ii =z %)&3"—7

However, point P ls wilthin the reglon affected by the
presence of the body end the uwpwash caused by 1b.
Thas, in order to Lf0lfil the boundary condition theb
there cen be no veloelby component pormal to the
Sﬂ@féﬁ@& of the wing end body, bthere must be on
jnerease in the Induced dovmwash to balance this
increase In wpwash due to the body, and mo Weber gives:

Yo = RGR) Spr = RE) T,
Thia velne 1s based on the fact that the body reglon
can ho considered ag a wing of emall aspect ratlo,

ag explained 1n section 3.1 .




L
ilence eguation (2.24) should now be replaced by
egquation (3.19), and 1t 1o obvious from this equation
that there is no longer a simple wing alone which cen
be taken as eguivalent to the wing/body combination,

Az already pointed out, Multhopp overestimates
the 1ift on ﬁh@ Inboard region of the wing when he
uses bthe eguivalent wing alone mebthod, and so 1% is
%0 be expecbted that Imchkert, whose method usey an
annlogy depending on the concepblon of an equivaleny
wing alone, shouwld also overestimebte the 1ift in
these reglons as shown in figure 7.

It was ghown in seection 3.6 that the load over
the body 1s the load at the wing/body junctlon reduced
by a term vhich 18 2 funcbtion of Syir . From
equation (3,83) it can be seen thatz if the valus of
%(7:0) L8 overestimated, the value of Sxir ig
underestimated, and so the load ra&ueti;n obtalued atb
the centre~line will be less than 4% should be,

This 18 shown in figure ¥, where the value obbtalned

by ITmekert far( at tho conbre-line is considerably

2)

oL NNowal
higher than that obiained by the method discussed in
thls papor. Thus the valueg obbtained by Luckert
for %ﬁ% for a wing/body combinabtion -~ given by btho
ares under curveg ol the form of Lfigure 7 - ave

higher than they shonld be, s 1s shown in figure 14.
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Also contributing to this difference 1s the fact
that Tuckert obtalns velues of the 1ift eurve slope
for the wing alone which are considerably lower than
thoge obtained in this paper. In the sbsence of a
body, Imchert's method corregponds oxactly Lo that of
De Yomng whose 1106 disvriliution is shown in flpgure 9
For a wing of aspeet ralio & and gsweep~back 45",

Also shown In the fipgure are vhe values obtalned from
bhe precsent mebhod and gsowme eoxperimental polnts
obtnined from referencos 22 sud 23, The

corresponding values of vhe 1i¥t curve slope are given

belows
Aspect rabio = &, $.= 45, 10 taper
Pregent mebthod 2,93
De Young's wothod 2. 66
Reference 22 2.90
Refeorence 23 2,81

Pigure 10 also showa bhal the predletion of the
prosent mebhnd i1a more realistic than that of De Young
for aspect ratlos of 2 and 6§, although at the lower
aspect rotio, the wmeasursd valuos of Lift ave lower
than thogse predicied, suggestbing that the assumpbion
ol comatant Induced downwesh over the chord, as mado
in chapter 3, is nob valld for aspect roblos as low

as 2,
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As hag already been pointed out, the reductilon
of the 11£t over the dlemeter of the hody 1g dopondent
upon the value of i?if at the root, and an expression
[4]

is glven for thig term by ecguabtlon {(3.83)

Eﬁi'r('?"’): ' {201,,, + kolg - b (2‘6\,\, +‘63)} _ -=(3.88)
"~ c "Z:

Vo ’fk
At the root pogitlion, the valve o e wused In this

equatlon for afz=o)lag dependent upon the angle of sweep
ag 1 given In eguation (35.88) :

Thus, as the angle of sweep Increases, the required
value of a 1g decressed, with the result that the

110t reducbion over the body is algo docreased, asg
gtated In chapter 5,

Por a glven aspect ratlo and angle of sweep, an
increase In bapey vesulis in an Inerease In the root
chord and so, from equation {3.83), the 1ift reduction
over the bhody will be ineresged vesnlbing in a lower
rpdue of bBobtal 1404, amaln as glven In the previoua
chapter.

™ order to vndergband more fully these effects
of sweep and btaper, 1t la helpful %o consider the
vortex aysbem corregponding Yo each planform.

Az o btrensformsbion is first cervied ouvb, in the preasent
theory, bto replace the body with a vertical alit, the

following oxplenatlion will assume that there is no




body present,

For the reohangular wing there ls very 1ittle
shedding of Hralling vortlces near the centre section,
and the sense of those whilch ere ghed la showm In
Flgure 6. Near the cenbre section of swept wings,
the vorticliby veetor curves from the spanwise divectlon
to cub the centyre-line alb rlght ang&esal. This
causes some vorbices Go be. shed nesr the centie, and,
as seen in Llgure 27, these are of the opposite sense
to those shed nesr the Ylps. Por the unawepb,
taperod wlag, the vorblces ave shed over the whole
geml-gpan and they all have the same gense as shown
in fipgure 38,

Phas at the centro-line of swept wiﬁgs the
inducad downwesh ls decveased by thege inboavrd vortlces,

while for tapered wings it is incrossed by them.
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A abbempt has been made in this paper to
oxenine a nuwmber of methods Lor caleulating 1Lt and
1184 distribubions for wing/body combinabtlons,

The mebthod suggeasted by Multhopp, with the extensions
proposed by Weber, Kivby, and Kebtle, eppoars to give
the most sebislectory vesulbs, It 18 parbticularly
ungeful because iU is sppliceble to thin or thick wings
with swoep ond baper as woli as o stralpht rectanguler
wings, snd 1t cen also be used for cases with a wing
gsebbing angle.

Galoulations using this method have been carried
out for a wide varieby of wing/body combinations and
the rosulits are gilven in graphical form, It was
found Lrom those graphs that the body effeect could
sometiunes increanse the btotal 1LY -~ thils being more
pronounced for higher velues of sweep, and less
pronounced for Increasingly tepered wings,.

Tuekert, whose method in its prosent form is only
opplicable to unswopt wings, overesbimates this body
offect, while the methods of Lommertz snd Spreiter are

both only valid for a very small ronge of wing planforam,
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APPTINDIX 1.
R \
\/ "
¢ w- ’::.R.Mu.
V=gV, +%'

Prom the consideration of the flow of wvelooity
oty Vo pasgt a eirveunlar cylinder of radius R , 4t 1s
known that the complex potential, w , Lo given by

E.'L
wr = da Vo ( w + w ) ""”'“”‘Aﬂl)
= oty V, & woemns ( Ay 2)
gince the transformabtion from the w -plane to the

a -plane la8 u-= m-r-%-} »

e B
NO‘W, i""‘"‘"‘: = %g';j—:“: = 013 Vo % wwmnm(A‘%)

in the w -plane

e %f v a_% v (B0 5)

%.c.;_ = R(&Z e (4,6)

= oLV, R(E2) memmmne (A7)

Also, "y = - %g mwemsesnn (o8}
T N HE) )
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T8 the body Ao now eonsidered to bo vanishilngly smeldl,
_‘_l'_E B ik A O 4 [} Aire £35S
73( . ) becomas wnliy, and
/una’ - — ds v° wmnmm{,ﬁ,:{,ﬂg
Therelore the offast of the Dody, or the downwash Vg

due bo 36, e given by tho Alflodounso heobwoeen

axvrasstons (A.0) and {A.00) g«
P W ' ¢
Ny, = - oty Vo [REE /] memn{ £y 21

woowre he hegoblive sige lodicabes Ghet 4% 1o aotuelly

on ADWaE
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B 1
. 3 3] 7
0.9880 0. 2887 | «0.8887 | =0.9250
5§, 2065 85,1648 29,1640 5,2262
1.8810 0.8508 0.0744 0.03582
0,3464 0.8586 0.8536 0.1464
8 1 & G
_ 07071 L 0.0000 | »0,7071
2,8204 2.,0000 2.8204
1,080 0.0860 0, 0180
1,007 0,788Y 0,0073
0.0975 0.,7687 1.0972
0.,0180 0,0860 1,0180
TABLE 2
M ...i 1 S 1. &8 1 i
Ny 10,9808 | 0.8818 i 0,5556 1 0.1951 | -~=,
m,ti_.,,.,_yw 1 20,5030 7.1008 4.,8107 A,0786 | buy
m=g | 77,8858 | 2.8008 0.,1763 0.0450 14
&1 0,1614 0, 2067 1.,0319 1.6409 10
8l 0.06850 0.0904 0. 2025 1.6422 8
0| 00,0811 0,0308 0,0656 0,17 30 6
1% 9.»01355 @'015“3'? OOQW‘? Qnﬁﬁéﬁ:ﬁ ; 4.-“
14 | 0.0066 0,0078 0.0109 0.0192 im= 2
1718 15 11 9 | v
v o e o4& e 8 b
1y 00239 0,7071 0,3827 | 00,0000 | -2,
1 _buw __g{_g.g._«zmgg 56568 4, 3205 A40000 | by
byal
n =) S$TBH S 0. 16 76 00,0841 0 {3187 =16
31 4.0861 8, P45, 0.1724 0.,0602 13
51 0,595 2, 8652 1.7586 0.1684 13
7 !l 0,1154 0.2550 17428 1,6105 g
g | 0.0400 | 0.0785 | 0,185 | 1.,61085 v
111 09,0288 0.0826 0.,0590 0.,1684 5
1% | 0,0115 0,017 0.0256 0.,0502 3
15 | 0.0084 | 0.0045 | 0,0066 | 0.,0127 [m=1
X T8 X4) & y
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I I T 10 T 1T I I
A/S N B= 0 0.1 0,2 0.3
B0 5. 08 T G s, 02 0.8 2 050,97 B E 10,897
40 14,04 12,0 .74 110281434 | L.028]5.86 | 0.956
6/0 4,56 | 1.0 4,98 11.04214.82 | 1.088:1 4,47 | 0,981
2/48) 2,49 | 1.0 2:83 1 1.0162.55 |1.024{2,42 | 0,972
4/45)1 3,14 |1 1.0 .88 | L.045(8.82 | 1.,063]3.28 | 1,045
6/45) 3,45 1 1.0 5,04 | 1,001 5,80 | 1,108 [3.77 | 1,099
(3/60 u.@ﬂ :Lng 8&1:‘3 1!924‘ 8.1-‘7 1;@4.‘.3 8#18 1.019
4"6(& l’-.;b“‘;.’? :3\.&(3 2461 lnogﬁ :'«:3069 15@8‘:—} 2.6‘9 3.0089
&/60 2,61 1,0 2,84 | 1.08018,96 | 1.133/2,96 11,133
Table &. untapered; thlckness /hord = 124 3 a.=2T

I I I 1T I I I 1N
Af e, %:__e: 0 0.1 0.2 0.3
2/0 183,12 | 1.0 .10 [ 0,99412,94 [ 0,042[2,61 ] 0.837|
é/h 4,17 11,0 4,81 | 1.01014.04 | 0,969 3,89 | 0.861
6/0 4,66 | 1.0 4,81 1 1.,032(4.65 | 0.90814,15 | 0.886
B/ABI 2463 | L0 .64 | 1.004|2.54 | 0,96612,29 | 0,87]
4/451 8,82 | 1.0 BBl | 1028 |3,280 [ 1L.012{2.99 | 0,829
6 /451 B.48 | 1.0 3,006 | L.0B2|5.62 | 1.0403.%3 | 0,971
%ﬂu fux;’é}. 100 g%.?iz.l :Ln()()?} 2&1& Q.gl?:':‘ 1.97 0,&3‘79
4/501 2,60 | 1.0 2,80 | 1,040 (2,868 | 1.03212.42 { 0,968
6/4012.62 | 1.0 278 | 1.0687, 12,80 | L.069 2,67 | 1,019
Table 4. boper = 0.5; thicknoss/echord = 128%; a.=2T

I I I I I I I Ir
ASPsll = 0 Oel 0.8 0.3
?/0 ‘zggg& 190 Mq l’{) O,QO@ 8»:’3‘3 0&76’9
%/b 3,98 | 1.0 5489 | 0,977 13,58 | 0.,899!2,94 | 0,759
G/0 14,44 | 1.0 4,51 | $.01814.13 | 0.930|3.83 | 0,750
g/“gzﬁ !‘t;bb 1;0 2. @ig G‘QQE 1.@5 0;75!{3
"3:/45 ;:,0«} 1-() 3:03 9,993 gt@fl Qoggl 393‘!3. 01'76'7
6 /451 B34 | 1O 342 | L,0B413,18 | 0.952|2.63 1 0,787
2/60(2,16 | 1.0 1.98 1 0,6808(1.60 | 0.744
4/6012,80 | 1.0 o3l | L0041 R2.18 | 0.,8982(1.81 | 0.78%7
6/%0'£.&6 1.0 .84 | 1,085(2.,40 | 0,976 2.01 | 0.818
Table 8. taper = 03 thickness/chord = 18743 a.=2T

= dC. . — c
-— Q.TLL 2 I [ L(d—ﬂ’mlu-ﬁnh-r\)] [& CL("‘”“?— 9 )]



Values of C_,

Aspect rabtlo = 2

65

Incildence’ | Wing/alone| Wing+3"Body| Wing+4% "Body
=10 (), HLE -0 ,564 (3,072
- 9 -() . 487 -, 53L «()H24
e 8 ""Oq‘?ﬁ“&‘l "Qq{’é'?a “OQ%’?E‘?
- ‘7 "‘Q, 394: *0.4:‘3.4: "0&4:23@
e 6 “Q * 353, "'0. 596 '*‘0; 3}@1
- B () 306 ()¢ 347 ~{) e 536
-4 w0 283 w(, 208 ()¢ 281
- 2 () 154 w162 0,179
- 1 (3,104 «(e 141 ~0e128

§] 0,061 =0, 079 0,080
l -C);Qlﬁ “0'92@ ~0.§)5@
2 40 DEL +0, 021 +0.0L0
3 0,074 0,060 0.081
4 0.11Y 0.111 0.00%7
5 0.165 0,162 0.146
G 0,818 (0.218 0.208
(4 02060 0,278 0.262
8 0.310 0.385 () ¢ 20
9 0,553 0,379 0,343
10 0. 391 0.412 0. 386
11 0.435 0,484 0.434
= (), 468 0,493 0,470
18 0,494 0,530 0,510
14 0,818 0.561 0.554
18 0,044 0,692 0,594

TABLE O




Values of C.

Aspoet roblo = 3

G,

Incidence |Wing/alone Wing+s"Body | Wing+4s "Body

=10 -0, 675 -0,673 “0

- w@;ﬁﬁﬁ WG.GEQ “0364:1

- “‘9.5&5 “O.SQB "‘0-605

- 7 -, 8353 w{) o 549 -0+ 8GO

- 6 -0 . 4:'79 w{)y 49&3 """0. 510

- 5 ”OQ‘%?’J» “Oi 44‘3 "“'Q; 456

- 4 (), SBH ~0. 371 «0. 392

- 3 ~() s 287 «{)e 508 ~e 522

- 2 "0 * ?.JQ "“'0» 226 "‘01 2@:5

- 1 ~0,183 (153 -0,176

0 "‘QQQQS’B "0.089 "'0&110

¢ 1 =0, 036 -0 ,0824 ~0.0861

2 +0,080 +0.036 +6, 004

3 0.09% 0.008 0.06'7

4 0.126 0.150 0,187

H 0,183 0.220 0.198

(& 0.248 0.286 0.2786

7 0,517 0,371 0,346

8 0,376 0.428 0,405

9 0428 0.480 0,458

10 0.478 0,830 0.512

11 0,588 0.578 0.8562

12 0,567 0.621 0.607

13 0.604 0,654 0.650

14 0.687 0.677 0.657

TABLE 7




Values of C.

Aspeet ratlo = 4

Incidence |Wing/alone| Wing+3"Body |Wing+4d "Body |
~10 Qo 70 =0.,"730 0,603
w 9 “0&’7}?‘3 “"00‘71:5 “‘90646
- 8 -0 ,678 () o GO -0 BOL
- 7 #0525 0,602 ~04 531
L 6 “(}aﬁﬁﬁ “”0‘598 ““0.4}@3
Al 5 *‘0.5141 «-Qnﬁﬁﬁ "3‘"0' mﬁ
- & () 436 =Q, 471, -0 Z91
- 3 0. BHO «() o 504 -0, 200
-2 -0, 551 w(}y SO6 ~0,118
- 1 ~0.194 () 19 -0, 060

0 0,338 @, 143 +0,014
l ‘”000?0 ”Q*O‘?l 0«085
2 =0,011 0, 004 0,158
3 +0,081 +Q,0682 0.241
4 0,108 0.188 0.326
H 0.181 0,208 0,406
G 0.863 0,209 0.4
4 0.380 0,338 0,542
8 0,416 0,487 0.602
9 0.49% 0.580 0.668
10 0.588 0.5%6 | D.706
11 Q.577 0,686 : 0,750
12 0.624 0,663 0.7 36
13 0.665 0.682 0.710
14 0,696 0.697 3
16 0.728 0.7086 |

TADYE 8




66,

Aspect pabtlo = 2
A.ng %‘%”flt Axg_%nﬁed e, |Cesk bomBomdicond
Aot eLlecy b "y CLa (g oRens)
3 do fraep) Lok lede)l o TG,
Wing alone | 8,52 0 2.52 3.03( 1.0 1.0
Wf}.ﬂg'{";ﬁj%ﬂﬁy 2:.58 1 0,20 B 5B 2:.86 ] 0,94 0,94
ing+4"hody| 24582 0,35 | 1,97 2.35 | 0.7 0.78
Aspect rablo = 3
Wing alone 5. 21, 0 RS TR :1 8 3,65 1.0 1.0
Wing+3"ody | 3,33 | 0.13 | 3.85 3,68 | 1.01 | .01
Wng+4s"body| 3.33 | 0.23 | 5,15 3.5281 0,98 | 0.97
Aspect ratio = 4
Wing alone | 3,80 0 Be 5O 4,04 | 1.0 1.0
Wing+3"body | 3.82| 0.10 | 3.72 4,19 1.06 | 1.04
Wing+4% "oody| 3,87 | 0,18 | 5,69 4,16 1,05 | 1,03

TABLY:.O
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