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BODY EFFECT ON WING ANGLE OF ATTACK AND PITCHING MOMENT AT ZERO
LIFT AT LOW SPEEDS

1. NOTATION AND UNITS (see Sketchl.1)
Sl British
A aspect ratio of gross wing
N lift-curve slqpe_of net wing based gf;  (from Item No. radt radt
70011, Derivation 15)
awe lift-curve slope of wing-body combination based ®§,, “fad radt
b span of gross wing m ft
CLw lift coefficient of gross wing based ars,,
CLwe lift coefficient of wing-body combination based qig,
ACLwe int_:rement inC_l__WB due to vertical displacement of wing from
mid-body position
Cmw pitf:hing_moment cefficient of gioss wing about quarter-chord
point of © and based oS, C
Cmow pitchir_1g moment coefficient ofgros§ Wipg@It_W =0 (from
experiment or Item No. 87001, Derivation 20)
(Crols increment inC, ,,y, due to body for unswept witWy,, = 0)
at mid-body height
Cows pitching moment coefficient of wing-body combination at
Ciwg = 0
AC o increment inC, »,y due to adding body=C,owg— Cmow )
ALCro increment in(C,,,)g due to sweepback of wing
ACho incremgnt in(Cmo)B_ due to vertical displacement of wing
from mid-body position
T aerodynamic mean chord of gross wing m ft
C, centre-line chord of gross wing m ft
h maximum height of body m ft
Tw angle between chord line of gross wing cedine section and  rad rad

centre-line of body

For footnote refer to end of Notation.
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Torw

(Ggr)1

Torwa

(pa1 (pf
g
Subscripts

expt

pred

slender-body theory factors in EquatidBsl) to (3.3)

length of body m
distance from body nose to querrchordpoint of T m
kinetic pressure N/
planform area of body fm
planform area of body forward of lateral line through m?
guarter-chord point ot

planform area of net wing fn
planform area of gross wing m
maximum width of body m
vertical displacement of quarter-chqudint of ¢, above m
mid-body position, positive for high wing

angle of attack of chord line of gross wing centre-line section rad
value ofa, forC ,, = 0 (from experiment or Item No. rad
87031, Derivation 21)

contribution toa , ,,, due to camber alone (from Item No. rad
87031, Derivation 21)

value ofa for wing-body combination f&, \,g = O rad
Aorwa — Yorw - (S€€ SketcB.1) rad

geometric twist of wing tip relative to centre-line chord of grossdeg
wing, positive leading-edge up

sweepback of wing quarter-chord line deg

taper ratio of gross wing

afterbody, forebody sweep angles as defined in Skkfch deg

angle between zero-lift plane of wing and airflow direction for deg
zero body-alone pitching moment

denotes experimental value

denotes predicted value

ft
ft

Ibf/ft2
ft2

ft2

ft2

ft

rad

rad

rad

rad
rad

deg

deg

deg

deg

* N.B. In the final application the angles (rad*) in Equatiah$)(and 8.6) may be conveniently converted into degrees.
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2.

INTRODUCTION

This Item provides simple, mostly empirical, methods for estimating the change of zero-lift angle of attack
and pitching-moment coefficient for a wing due to adding a fuselage of circular or approximately circular
cross-section. The method for zero-lift angle of attack is presented in S&ctiod is an adaptation of a
formula from Derivatiorl7. The method forero-lift pitching-moment coefficient is presented in Section

4, and is based on the predictions of Derivafidor unswept wings on axisymmetric bodies, with additional
empirical allowance for wing sweep and body asymmetry. The effects of Mach number and Reynolds
number are disaessed in SectioB. The applicability and accuracy of the methods are given in Sd&tion

The Derivation is listed in Sectiofy and Sectio provides a worked example.

ZERO-LIFT ANGLE OF ATTACK

CL

R
/

a
orw awB r

M}

Sketch 3.1 Lift coefficient curves

In inviscid flow the force on a closed body at angle of attack is zero. However, in viscous flow the force is
found to be finite, due largely to the boundary layer on the afterbody. This, combined with aerodynamic
interference of the wing and body, gives rise to a change of lift and zero-lift angle of attack when a body
is attached to a wing. An axisymmetric body attached to an uncambered, untwisted wing with zero setting
angle, and with the wing on the centre-line of the body, should preserve symmetry so that

Aorw = Aorwp = 0-

The lift on the body is affected by the upwash and downwash due to the wing and vice versa. The crossflow
around the body induces a change in the angles of attack of the wing sections, particularly near the
wing-body junction. In addition, vertical displacement of the wing further complicates the flow pattern.

Because these effects are greatly influenced by viscosity they are difficult to predict. However, Derivation
17 gives the following expression to estimate the total lift of a wing-body combination for circular section
bodies, with wing-body imtrference effects for migdhings estimated via slender-body theory as set out in
Derivation13, and with an empirical allowance for wing height from Derivatidn
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0 . Ka . 0
Ciwe = KlalN%[O(r —iw = Aorw * (Ag) 1+ K_l['w— (agp),] %* ACLwe (1)

a @mC
where K, = W8 anK, = iDiBB for constant body angle of attack.
4N a;nD 9w O

Derivation17 gives the following numerical approximations to the slender-body valugs of K.and for
w/b<0.2,

K, = B+ p g, 1wy (3.2)
! “Tb0s,,  2a; S Sy '
and K, = Qb+ 0'7%155%\,' (3.3)
From Derivationl4 there is the empirical approximation, feftb=0.1 ,
AClwe = —0.2c,w(Zh)/S,, (3.4)
where a linear variation with has been assumed between valuesic, w/S, quoted for “low” or

“high” wings, respectively.

Rearrangement of Equati¢d.1) with C,,,,g = 0 allows formulae foo g anda, to be developed.
However, comparisons with experimental data have established that wing height has only a minor influence
on those parameters and that a simpler prediction method of comparable accuracy can be produced if the
small contributionA,C, \yg is omitted from Equati¢.1) before rearrangement.

With C, \vg = 4,C \wg = 0, Equation(3.1)can be rewritten to give
Kolr
a, = Ogwg = Aorw * {1_K_1M'W_(O(0r)1] (3.5)

K
211
and hence Aay, = Agwe = %orw = {1—}(—1} [IW—(GOr)J . (3.6)

Values ofa,,, and(a,); may be calculated by the method of Item No. 87031 (Derivation 21), see
Section8 for example. If experimental values @f,,,,  are available then they may be substituted instead.

With the term due t&A,C,,, 5z already neglected, the necessity to calajlgte is completely avoided,
without unacceptable loss of accuracy, by taking a typical vaIur&vB}f(ZalNS\,) = 0.03 and so writing
_ N
Ky, = ELo3+ 2.1%/DSW (3.7)
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Ko _ _(1+07wib)
K,  (1.03+ 2.18v/b)

so that (3.8)

Figurel givesK,/K; as a function at/b.

ZERO-LIFT PITCHING-MOMENT COEFFICIENT

The change in zero-lift pitching-moment coeffici&&€ due to addibgdy to a wing is, for similar
reasons to those discussed earlier for angle of attack, difficult to predict with precision. Although the
pitching moments for the body and wing can be estimated separately, the complex flow around a wing-body
combination precludes a simple addition.

Derivation2 gives an empirical method for estimating the changeio-lift pitching-moment coefficient

due to adding an axisymmetric body to an unswept wing. The contribi@igs)g for a wing mounted at
mid-body height is obtained from Figuze(from Derivation?). A further termA,C, ., accounts for wing
height on the body, and the result in Derivatdms been generalised herein by the assumption of a linear
variation withzh. Accounting for wing sweep is theoretically difficult but a simplerementA.C .,
calculated from the twist, aspect ratio and sweep of the quarter-chord line is proposed.

Thus C = CmOW + ACmO

= CmOW + (CmO)B + AszO + AsCmO

mOoWB
(4.1)

where the wing-alone valug,,, may be found by the method of Item No. 87001 (Derivation 20), see
Section8 for example. If experimental values ©f,;,,  are available then they may be substituted instead.

With (C,,)g obtained from Figurg, the remaining components &€,  are

A,Co = 0.042z/h), 4.2)
and ACrmo = —0.053(Cpo) B, (w/b)AtanA,]”>  whered, is in degrees. (4.3)
Note that Equatioi4.3) has been developed for configurations véitk 0 Apc> 0 , and should not be

employed otherwise.
To evaluate(C,))g from Figurg, the angle between the zero-lift plane of the wing and the airflow

direction for zero body-alone pitching momemt  (in degrees) is required. For axisymmetric bodies, with
iW and%rw in degrees, this is obtained as

W = iy — Aoy (4.4)

However, for downswept forebodies or upswept afterbodies or any other asymmetries, it is more difficult
to defined unless experimental data are known for the body alone. In the absence of body-alone data,
analysis of the few data available from compatible wing-body and wing-alone tests suggests that the
following estimate may be used

Y = iy —0gw+ @ —0.60,, (4.5)

with @; andg, defined as in Sketdhl. Equation(4.5) must be regarded only as an ad hoc solution to the
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5.

estimation of¢y and should be employed only for bodies similar to those studied in the preparation of this
Item, where the forebody downsweep is limited to a length of about one body diameter, the afterbody
upsweep to a length of three or four body diameters and the centre-body to a length of four or more body
diameters. For less conventional configurations the estimate provided may be unsatisfactory.

_ forebody _, centre - body g afterbody |
I —
/ _//--——'Ti;/ Body centre—
% { " line defined
e - by body
mid-section
- ly/2
te

Sketch 4.1 Body sweep angleg, ¢

EFFECT OF MACH NUMBER AND REYNOLDS NUMBER

It might be expected that, since much of the flow around the wing-body combination is at least partially
governed by viscous effects, Reynolds number would be an important parameter in detemiRigg

and Cows - Experimental data (Derivatiohs3, 5to 10, 19 and22) are inconclusive in their trends, but

the effects of Rgnolds number based dh  over the range 0.5%d® x 1¢ are small overall.

Similarly, compressibility effects appear to be unimportant for Mach numbers up to 0.4 at least.

APPLICABILITY AND ACCURACY

The methods of this Item work well for wing-body combinations with closed bodiesanfyrcircular
cross-section. They must not be applied to bodies with square or rectangular cross-sections as they can the
give rise to unacceptably large errors in bt agg,, (Derivalibtand12). Body profile does

not influenceAa,, noticeably, but the calculationA®, for non-axisymmetric bodies musiledt

with caution because of uncertainties introduced through the definitiadn of , see comments following
Equation(4.5). The presence of wing-root fillets can influenCg,, , but the magnitude of the effect is
crucially dependent on the detailed geometry of individual configurations and therefore best determined
via model testing. An empirical first approximation to the contribution from trailing-edge fillets can be
made by the method of Derivatidnalthough it is restricted to a limited range of fillet geometries that may

not always be representative of current practice.

Although they are formally defined in radians, the angigsg oy Iw - @ng), may, for
convenience, all be measured in degrees in Equaiohsand(3.6).

When, as will normally be the case, the methods of Item Nos 87031 and 87001 are used tad}wdict
andC, respectively, the limitations on the applicability of those Items should be observed. It should
be noted that both of those Items require the estimation of approximate theoretical two-dimensional zero-lift
characteristics by the methods of Item No. 74024 (Derivati@n If the gross wing planform is not
straight-tapered then Item Nos 87031 and 87001 advise that the geometric construction described in Item
No. 76003 (Derivatiod8) be used to produce an “equivalent” wing planform of straight taper and so obtain
any necessary values of wing planform parameters. The same approach should be used to obtain a gros
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wing planform for use in this Item. The andlg , the section camber-line shape and the spanwise twist
distribution remain as for the true wing. See Sec8ifor example.

The assessment of the accuracy of thehodd in this Iltem has been made using experimental values of
agw andC .\, for the wing alone, so confining any errors to the effect of adding the body. On this basis,
Aag, andO(OrWB are predicted to within abat®.3° , see SkétcthandACmO anc{:mOWB to within
about+0.01, see Sketoh2. The lowest wing aspect ratio considered was3 and the method is not
recommended fdower values. Data from tests on half models were found to be predicted withredniep
accuracy to those from full-model tests.
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Sketch 6.1 Comparison of experimental and predicted values
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DERIVATION

The Derivation lists the sources that have assisted in the preparation of this Item.

10.

11.

12.

13.

SALMI, R.J.
CONNOR, D.W.
GRAHAM, R.R.

RAeS
SIVELLS, J.C.
SPOONER, S.H.

ANSCOMBE, M.A.
RANEY, D.J.

WEIBERG, J.A.
CAREL, H.C.

JOHNSON, B.H.
SHIBATA, H.H.

ROSE, L.M.

SALMI, R.J.

BOLTZ, F.W.
SHIBATA, H.H.

GRINER, R.F.

LETKO, W.

JAQUET, B.M.
FLETCHER, H.S.

PITTS, W.C.
NIELSEN, J.N.
KAATTARI, G.E.

Effects of fuselage on the aerodynamic characteristics of a 42°
sweptback wing at Reynolds numbers to 8,000,000. NACA RM L7E13
(TIL 1185), 1947.

Royal Aeronautical Society tech. Note No. 3, unpublished, 1949.

Investigation in the Langley 19 foot pressure tunnel of two wings of
NACA 65-210 and 64-210 airfoil sections with various type flaps.
NACA Rep. 942, 1949.

Low-speed tunnel investigation of treffect of body on C,, and
aerodynamic centre of unswept wing-body combinations. ARC CP 16,
1950.

Wind-tunnel investigation at low speed of a wing swept back 63° and
twisted and cambered for uniform load at a lift coefficient of 0.5 and
with a thickened tip section. NACA RM A50114 (TIL 2559), 1950.

Characteristics throughout the subsonic speed range of a plane wing and
of a cambered and twisted wing both having 45° of sweepback. NACA
RM A51D27 (TIL 2812), 1951.

Low speed characteristics of a wing having 63° sweepback and uniform
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47.7° sweptback wing of aspect ratio 6 and the contribution of various
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on the static stability of models having fuselages of various cross
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No. 87001, ESDU International, 1987.

Wing angle of attack faero lift atsubcritical Mach numbers. Item No.
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8.

EXAMPLE

Find the bodyeffect on thewing angle of attack and pitching moment coefficient at zero lift and at low
speeds for the wing-body configuration shown in Sk&8téhCombine this effect with values for the wing
alone to estimate the values for the wing-body combination.

(i)

Definition of geometries

The wing in the example is not straight tapered, so as an initial step the method of Item No. 76003
is applied to the planform geometries of theposeccranked wing to construct an “equivalent”
straight-tapered planform, the leading and trailing edges of which are extended to the body
centre-line to complete the definition of a gross wing planform for use in the method of this Item.
The constructed planform is shown as a heavy dashed outline in 8kktch

The length of the aerodynamic mean chord and the position of its quarter-chord point are then
found and these define the reference cibrd  and the moment reference ceoelyTranform

ahead of a transverse line through this momefierence centre then@as the lengthz,, and the
areaSy,, to be idified.

The anglei,,, is defined as the angle between the chord line of the true gross wing centre-line
section and the centre-line of the body. The wing heighegative for a low wing, is measured

from the body centre-line to the point where the quatt®rd point of the centre-line chord of the
equivalent wing would lie on the centre-line chord of the true gross wing.

The geometric properties of the equivalent wing and of the wing-body combination are summarised
in Table8.1

The shape of the wing section camber line, which in this example is defined to be constant across
the span, and the wing twist distribution, which is here defined as linear-lofted with a tip value
6t = -3.0 deg, are both shown in Sket8H.

TABLE 8.1
Planformproperties of Properties of body and
equivalent gross wing  wing-body combination

b = 130.0ft h = w = 13.0ft
T = 20.36ft lg, = 65.79ft
Sy = 2414.11t lg = 135.56t
A =70 Sgp = 82261
A,, = 25.0deg Sg = 1584.21t
Ny, = 21.3deg ¢, = 3.2deg
A = 03 ¢ = 3.ldeg
iw = 3.0deg
z = -3.17 ft

12
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Maximum camber ordinate
Ordinate of 'S 00108 Xchord 1-0
camber line
as fraction
of chord
0 "
Fraction of chord from
leading edge Fraction
of
Shape of camber line,constant across semispan
span.
[ ]
" 13-0
—& e - 5 =0
“\_28-57 | Wing twist angle (deq)
- Spanwise twist distribution,
65-79 linear—lofted

Dimensions in feet

Denotes & and position of its
quarter- chord point

650
Dashed outline identifies equivalent
straight — tapered gross wing planform
—1
135-56
67-78 6778

o
Body centre-line _ / 13-0 /,—%—T;E
’_/B_'o’—%/—’—/ \T /

—1"

7-143 Centre—line section of
true Qross wing
28-57
. 347 %
Body centre—line - - -
()
_ )
AN | )
Chord line of true gross
7143 wing centre —line section

28-57

Sketch 8.1
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(i)

Estimation of wing-alone zero-lift angle of attaak,,,

The value of,\,, canbe calculated for a wing by the method of Item No. 87031 from a knowledge
of the shape of the section camber lines and the spanwise twist distribution. The calculation is made
in two parts, the evaluation of the contribution due to the camber of thre-tieetsection(a ), ,

and of a second contribution due to the combirgffects of geometrictwist and
“camber-dependent” twist. The first contribution, which is needed in its own right in the later
calculation of the body effect, is based on an approximate theoretical estimate for two-dimensional
flow that is provided by Item No. 72024. That estimate is corrected empirically by multiplication
by the constant 0.87. Calculation of the second component involves modelling the twist distribution
linearly or by a system of linear segments. Values of the wing planform paraketedg\,, are
needed in the latter case. A special linear approximation is available for linear-lofted or similar
monotonic twist distributions.

The shape of the section camber lines and the spanwise twist distribution in the present example
have been chosen to be identical to those assumed in Example 1 of Item No. 87031. For the given
camber line Item No. 72024 gives an approximate theoretical two-dimensional value for the

zero-lift angle of attack of —1.93 deg, and Item No. 87031 corrects this to a value for the centre-line
section

(dg), = 0.87x(-1.93 = -1.68deg.

For the given twist distribution the second contributiorup,, is evaluated in the example of
Iltem No. 87031 as 0.65 deg, so that

Qg = — 168+ 0.65 = —1.03deg.

Estimation of body effect on zero-lift angle of attadk,,,

From Tables.1, w/b = 13.0/130.0 = 0.1 so that from Equati8), or alternatively from Figurg,

Ko (@+o0mwb) _ (1+07x0.0
K,  (1.03+ 2.15v/b) ~ (1.03+ 2.15x 0.)

= 0.859.

Therefore Equatiofi3.6), with angles in degrees, gives

i K

Adg = |1~ K_ﬂ [iw_ (O(Or)J

. 0.859} [3 - (—1.68)}

0.66 deg.

14
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v)

(vi)

Estimation of wing-body zero-lift angle of attack, g
The results of stepsi) and {ii) are combined to give
Torwe = Yorw + AO(Or

- 1.03+ 0.66
— 0.37 deg.

Estimation of wing-alone pitching-moment coefficient at zeroGjffy,,

The value ofC,,,, can be calculated by the method of Item No. 87001 from a knowledge of the
shape of the section camber lines, the spanwise twist distribution, and the wing planform parameters
A A and/\l/2 . As forO(OrW , the calculation is made in two parts. The first involves an evaluation

of the overall effect of camber. This is obtained via approximate theoretical estimates of the
sectional pitching-moment efficients at zero lift that are pvided by Item No. 72024. These are

then modified by two empirical factors that correct for the approximations involved in those
estimates and allow for planforaffects. The semd part involves an evaluation of the combined
effects of geometric and “camber-dependent” twist.

The shape of the camber line in the present example is the same as that in Example 1 of Item No.
87001. For that shape Item No. 72024 gives an approximate theoretical two-dimensional value of
—0.0589 for the zero-lift pitching-moment coefficient. Item No. 87001 applies two correction
factors to that value. In the case of constant camber shape, as here, the first correction is by a single
factor that depends on the size of the theoretical approximation. In other casefaley devised
averaging process that involves the wing taper  would be carried out by consideraugecbr

values for the sections at 20% and 80% of the wing semispan. The second correction factor is a
function ofAandA,, that allows for remaining planforffects. For the constant camber shape

in Sketch8.1, and planform parametefs= 7 andA,, = 21.3 deg, Example 1 of Item No. 87001
evaluates the part &, due to camber as —0.0446.

The part ofC,,, that is due to the twist distribution is evaluated in Item No. 87001 as a function
of the planform parameteds A,and/A,, and of the effective twist angles at 20% and 80% of the
wing semispan. For the twist distribution in Ske&ch (which is not the same as that in Example

1 of Item No. 87001) and with = 0.3 A=7 andA% = 25 deg, a contribution l@mOW of
+0.0114 is estimated.

Therefore, for the wing alone the total value is

Chnow = —0.0446+ 0.0114 = - 0.0332

Estimation of body effect on pitching-moment coefficient at zera@if,,
From the dimensions in Sket8hl and Tables.1,

w?/Sg = 13.0/1584.2 = 0.107

Senlen _ 822.6x 65.79 _ 0.952
Ssls 1584.2x 13556

and

15
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For these values Figugegives

103(Cm0)BsW6

= -1.35deg™
lIJSBI B

For the present example, the forebody and afterbody angles, as defined in&Sketeve the
valuesg; = 3.1 degang, = 3.2 deg.

Therefore from Equatio(¥.5), with all angles in degrees,

W = iy —dgw *+ @ —0.60,
= 3-(-1.09 +3.1-0.6x 3.2
= 5.21deg.
Thus (Cmo)B = —0.001358IBl|J/SWE
= —0.00135x 1584.% 135.58 5.21414.1x 20.3%
= —0.0307.

From Equatior(4.2), with zzh = -3.17/13.0 = —0.244, the contribution due to wing height is

AC

z~mo0

0.01(z/h)

0.01 x (—0.249
— 0.0024

And from Equation(4.3), with , = -3.0 deg,w/b=0.10,A=7.0 andA,, = 25.0 deg, the
contribution due to wing sweep is

AC

s~mo0

- 0.053:(CmO)Bét(W/b)Atan/\%]O-3

— 0.053 (- 0.0307 x (=3.0) x (0.1) x 7.0 x tan25°]9-3
- 0.0185

Therefore, the totadffect of thebody is

AC

mo = (Cmo)g * 8:,Cmo * BsCrmo

— 0.0307- 0.0024- 0.0185
— 0.0516
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(vii)  Estimation of wing-body pitching-moment coefficient at zerodifty g

The results of steps)and {i) are combined to give

CmOWB = CmOW + ACmO
= —0.0332- 0.0516
= —0.085

(viii)  Summary
For the configuration in the example the body effects are:-

Aa, = 0.66 deg andAC, ) = —0.052 .
The wing-alone values are:-

Ogw = — 1.03 deg andC,,,y = —0.033 .
The values for the wing-body configuration are:-

dowp = — 0.37 deg andC 5 \yg = — 0.085 .

Although the calculation has been performed for a camber shape that is constant across the wing
span and for a linear-lofted twist distribution the methods in Item Nos 87001 and 87031 are fully
capable of dealing with more general cases, and the methods for estimating the body effects remain
compatible.
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