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Sffmmary.-An expression has been derived for the factor to he applied to ideal induced drag to allow for Wing-ta il
interference. This fac tor is primarily dependant on the wing-taillift and span ratios. It is of the order of 1· 1 for a
normal aircraft when the tailplane carries 10 per cent of the weight of the aircraft , and call reach unexpectedly large
values at high speed.

Charts, generalised curves , and sufficient information are included to permit rapid evaluation of the facto r for any
particular case.

1. I ntroduction.- One of the largest sou rces of error in present methods of pred icting ai rcraft
drag lies in the ideal induced-drag multiplication factor. Flight measurements show t ha t a
factor bet ween O' 9 and 1·4 is req uired , and the best est imate that can be made, since there is no
real guide, is to assume a figure in the neighbourhood of 1·1 and I · 2. Under ma ximum range or
maximum economic condit ions, where induced drag is bet ween 25 and 50 per cent of t he total
drag, an error of 0 ·1 in t he factor resuIts in an erro r of 2 :5 to 5 per cent in total drag. On a long
range aircraft an error of t his size may easily swa llow a considerable portion of t he payload.

It is genera lly accepted that this factor is du e to a va riety of effects, such as var iat ion of profile
drag with incidence, departure of wing lift d ist rib ution from elliptical, induced drag du e to slip
st ream. etc. \Vhilst t hese effects are un doubtedly present a further sugges tion is put forward
here that part of th is factor is due to wing-tailplane int erference. Drag du e to wing- ta ilplane
int erference can be predicted, and in the following pages t his factor has been investigated and
rough cha rts have been prepared to esti mate it for any pa rt icular a ircraft.

2. l nduced Drag Due to W ing-Tuilp lane 11lterf erellce.-The indu ced drag of a monoplane is
generally expressed as a function of t he span load ing of the mainplane , and t he effect of the tail
plane neglected. Strictly it is a functi on of t he span loading of bot h wing and tailplane and
sho uld be considered as a special t ype of biplane. This has been done in Append ix I, and t he
results are expressed in t he form of a mul tiplicat ion factor on t he conven tional ex pression for
induced drag. The factor is given in equat ion (6) and plotted in Fig. ] and is seen to depend on
the wing-tai l lift and span ratios. It wou ld appear from t his diagram t hat factors of t he order of
I · ] are possible. However , furt her informat ion on tailplane load is required before t he diagram
can be used .

• Received 5th October. 19--16.

I
(927'27 ) A



x 0 ·095 0 ' 09'2 0 ·0&1 0 ·054 - 0 ,066

x is very dependent on sta tic margin and C_ ICL ami may never go negat ive. \Vith C_ = 0,
x is constant at O· 102 for the above conditions.

4. Tire Lnduced Drag Factor' R '.- R is a funct ion of C1• and is defined in Append ix I as the
factor which the ' ideal induced drag ' is mu lt iplied by to include wi ng-t ail interference. It is
evalua ted by solving equation (7) or (8) for x, and subst itu ting for x in eq ua tion (6) or Fig. I.

As an aid to the evaluation of R over a speed range Fig. 2 has been prepared. Two examples
of the use of this chart are given, (a) a t low speed C_ = - 0·03 and (b) at high speed C_ = - 0 ·06
for the a ircraft defined by the conditions in Fig. 4. The sequence of opera tions, indicated by
dotted lines , is

CL e hi
I + x - C_ - (h - II.) - 7 - b; - R

where x is ini tia lly taken as zero , and a further approximation, including x, made if necessary.

For (a) t he tailplane lift is positive and R = 1,065, for (b) it is negati ve and R = 1·47.

Under optimum cruising conditions on any given ai rcraft, x is mai nly a function of static margin .
To illustrate th is we can fi x C1• a t say 0 ·7 (for t he airc raft of Fig. 4) and show how R vat ies with
stat ic margin . In t his case

x ~ 0<1 - O· O~ + 0 ·39 - (II - II.) -;. I + 0·3 X O·().j
~ O· IO~ - (h - h.) X 0 <I ,

and a static margin scale can be drawn in on Fig. 1. Since (hl/bt)t = 9 '5, R is given directly by
Fig. I and is t a bula ted below.
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:l. Ta ilplane Llf l.-From the pitching-moment eq ua tion in the t ail -off condition t he t nilplane
lift requ ired for longitud inal equi librium can be obtained. T his has been done in Appendi x II
and is expressed in equation (7) as x, the ratio to the main wing lift. x is seen to be dependent
on airc ra ft speed and the distance of the e.G. aft of the tail-off neut ral point . At low speed x is
positive and there is a lift on the tail plane, a t high speed x is negat ive and there is a download
which may become quite large. In the region of CL = 0 ·2 (depending on wing camber) the
tailplane load becomes zeto.

In evalua t ing (11 - ho). the dis tance of the C G. aft of t he ta il-off neut ral point , tunnel tests or
detailed calculations are required, since the combined effect of propellers, nacelles and body
(pa rt icularly on mult i-engined civil aircraft) is to move the neutral point well forward of the wing
quarter-chord po int .

An approximate method of arriving at the above di stance, if the desired degree of stat ic stability
is kn own or if flight sta bility measurement s (or tunnel in the tail-on condition) are avai lable, is
to subt ract the effects of t he tail plane. For t his reason the shi ft of neutral point due to tailplane
(ma inly a fun ction of geomet ry ) has been evaluated (equat ion (9a)) and is plotted in Fig. 3. T he
above dis tance is t hen (11 - h.) = h..T - static margin.

The following table has been drawn up to show how tailplane load varies with CL , for the
aircraft defined by the conditions of Fig. 4 wit h a st atic margin of O' 05e, and C_ = - 0 ·03.
Here (II - h.) = 0·3ge - 0 ·05e = 0 ·34{, so that

x = 0·3 [ 0. 3~ _ 0~~3 J 7 [ I + ·3 ~L· 03 J.



5. The I nduced Drag Factor K .-As opposed to R, K is the slope of t he Cm- Cp curve at
a ny point . It also varies wit h Cr. and has been det ermined in Appendix III as a funct ion of x.

In any particular case K is greater than R (except at negative tailplanc loads where it can be
less than 1,0, or for C""" = 0). To illust rate this K and R are plotted against CL : in F ig. 4.

Over the cruising CL's for maximum range, indicated by vertical boun daries in Fig. 4,
K ~ R for C_= 0,

and R > K > R
C_ = 0 C_ = - 0 ·03 C_ = - 0 ·03

and all are of the order of 1·06. This suggests t hat the error under cruising conditions will be
small if C,M is neglect ed (particularly as t he presen t trend on high-speed ai rcraft is t oward a wing
sect ion of low C"",). \Vit h t his assumpt ion genera lised curves for K a re drawn in F ig. 5. These
curves show that K is roughly proportional to wing aspect rat io, and decreases qui te rapidly as
t he aircraft stability rises, and that for a neutra lly sta ble aircraft is of the order of 1·1 at A = 10.

6. Comparison with F light J.lleasurements.-Numerous flight measurements of K are available,
but in very few cases has stability also been measured. Perhaps t he best check avai lable at the
moment comes from AFEE* measurements on gliders in free flight , since t he effects of propellers
and slipstream arc avoided.

Table I compares flight measurements of K with estimates of K and R . These estimates have
been made for a range of static margins , since the static stability is not known (except that
handling t ests suggest that all the aircraft were stable). It is t hough t tha t the static mar gins
were in t he region of 0 to O·2c, a nd if th is was t he case t hen agree ment is reasonably good .

Summary and Conclusions. - Induced drag due to wing-tai l interference is mainly dependent
upon the rel ative lift and span of t he tailplane. A tailplane load of 10 per cent of the all-up
weight increases t he induced drag by about 10 per cent. The tailplane load, however , is very
dependent on ai rcraft design and should be worked out in det ail for any particular case.

No direct comparison with measurement was avai lable, but an indirect comparison wit h flight
measurement s on gliders suggests t hat t he factor given by t he above theory and genera lised curves
is of the righ t order.

Comparison with measurements on powered aircraft have not been made here since it is
considered that t he effects of slipstream should be included . Further investigation is required
in this direction as it is t hought that the associated downwash at the tai lplane has a d irect effect on,
and will increase, t he main factor in wing-ta il inter ference drag : the back ward inclina tion of the
resultant force on t he tailplane.

APPENDIX I

I nduced Drag of W ing-T'ailplane Combination

For a biplane the induced drag may be written
L I 2 L ILt

D•.-<. bl: + 2(1 bib!
L,'

+ bj
t (1)

where L = lift , b = span,
and suffix 1 and 2 refer to t he t wo aerofoils respectively .

• Airborne Forces Experimental Establishment.
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APPENDIX [[

Ta iiplane Lift

(9)

(8)

(7)

(5)

(4)

(3)

(2)

(110 - lin) = '1 ::J T~ ( 1 - ~:) .

4

Owing to t he presence of nacelles, propellers and body, Ito is further forward than the mean wing
quart er-chord point , and in order to avoid t he calculation of its posit ion , if the s tat ic margin is
known the above equation can be written as

C[C_ ]x ~ J c + (It - It.) - (It. - It.) •
u

where !In is t he position of t he longitudinal static st ick-fixed neutral point of t he complete a ircra ft.
In t his form (It - Itn ) is the stability margin , and (110 - It,,) the shift of t he neutral point du e to
the tailplanc.

. The shi ft of t he neut ra l point due to the ta ilplane is mainly dependent on t he a ircraft geometry ,
s.e.,

without mu ch loss of accuracy.

Taking pitching moments about the aircra ft neutral point in the tai l-off cond it ion, and In the
a bsence of slipst rea m, g ives t he force to be provided by the t ailplane for equilib rium as

! pv:sc [ ]I. ~ - \- C_ + (It - h.)C" •

The wing and tail of a normal monoplane aircraft may be consi dered as a biplane of large
stagger and small gap, and the above ex pression used. In this case, since the' gap ' is generally
small and variable and t he wing-tai lplane span ratio or the order of 3 we may write

b,
(J = b

i
'

Substituting t his in (I) gives
Lit 2L1L2 L i t

D j oc -b , + - b
'

+ p,, , ,
where suffix 1 refers to t he wing and 2 to t he tai lplane.

In current pract ice the total induced drag is written

D K
(I., + I. ,)'

jOC bit

where K is a cons tant between 0 ·9 and 1·4. Deno t ing by (R - 1) that portion of K due to
wing-tailplane interference, t he corresponding expression to (3) is

D R
(I., + I. ,)'

;oc bit

The constant s of proportionali ty of expressions (3) and (5) are equal, so that
Lit bl

l

R ~ \ + (I. , + 1.,)' ( b,' - I) .
x' (b" )~ \ + (I + x)' b,' - \ .where L, ~xL,. (6)

R is plotted agains t x in Fig. 1. This figu re suggests that factors of the order of 1· I arc obta inable
for quite modest tailplanc loads.



APPENDIX 11I

Slope of I nduced Dralf- (Lift Coefficient)' Curve

Equat ion (5) may be rewritten as

CL '
C'" = R - A '

~

(II)

( (2)

(13)

••

(14)

. . (9a)1 + (2 /.1 ) ( r I )
= " 1 + (2/.1 ') T . I - " I + (A /2)

de F. at
and -d ~ - ---, , etc .).

IX Eo 7r.n

sc; I [ • dR dX]
deL' = :rA R + CL dx : dCL~ .

dx 1 eC_ /( e C_)
dCL' ~ - 2/ cL' t l + x) I - j ' c

L
•

« ; 1 [ ((b,). ) x ec_/( ec_)]
dCL' = ~A R - b. - I (1 + x )'l CL 1 - I CL '

~ _I [R_ (R- 1). ~c_/( 1 _ eC_)] .
nA x I CL l C/o

S

""',,

(I bstituti 2.,.1)y su st rt ut ing a l = 2 + A

Also

'(5)'[ 5''1- " ~ ! s' I + 1 + ( f ) J.

~ 0 ·811 ( I + V I + 0· 157 (t~: ) fOT elliptic loading,

2 1·84 fOT b./I = 2,
= 2 ·06 f OT b./I = :I .

Thus equation (8) becomes

2 [ C_ 1+ (2/A ) ( 1'84 )] b, 'l
x = A C" + (II - II.) + I + (2/A ') T v I - I + (.1/2) fOT I = 2,

3[C_ 1 + (2/A ) ( 2 '06)] b. (10)
~ A C" + (II - II.) + 1 + (2/.1 ') Tv 1 - 1 + (A /2) lOT T = 3. J

x is now expressed in terms of geometry. stat ic stability margin and c_leu .

To demonstrate the effect of geo metry and stability on the induced drag factor K a series of
numerical values have been inserted in equations (10) and (6), and the results plotted in Fig. 5.

where R is a function of lift coefficient.

Hence

From (6)

From (7)

This gives



If R had been a constant (say K) the corresponding expression would ha ve been
sc; K
dCL" = :tA'

so that

K - R (R - I) j;C_/C ec_)
- - x I C, 1 - I C, .

(15)

(16)

This express ion has been evalua ted for a typical a ircraft and is plotted in Fig. -I as a fun ction of
lift coefficien t. It is seen from Fig. -I that

R = K > K > R
C_ = 0 C_ ~ 0 C_ = - 0 ·03 C_ = - o·m

but t hat over t he cru ising region indicated a ll a re roughly equal. For cruising conditions therefore
K ",= R
C_ ~ - 0 ·03 C_ ~ O.

KmlENCLATURE

L, Wing lift

L, xLI = tail plane lift

b, Wing span

hi Tailplane span

c \Ving mean chord

LJ h~T Shift of neutral point due to tailplane

II e.G. position relative to lead ing edge standard mean chord

Ito Longitudinal static neutral point stick-fixed in tail-off condition

/1.. Ditto in tail-on condition

C_ Pitching moment about tail-off neutral point

R Mult ipl ication factor on ideal induced drag to include wing-tail interference

K Mult iplication factor on slope of Cvo - CL " curve to include wing-ta il
interference

1 Tail moment arm

A = " 'ing aspect ra tio

A' Tail aspect ratio

l ' s ' l iI I= --= = ta vc um e• s c

S \Ving area

C1>l Induced drag coefficient = R . CL"/:tA

IV L, +L,

6



TABLE 1

Comparison with F light steasuremenis (From A FE E j Res 8)

(C_IC, ~ - 0 ·05 assumed)

Estimated R (Figs. I and 3) K (from F ig. 5)

Aircra ft ~Ieasured K

Static )I argin Static :\Iargin

0 0 ' 1', O<!C 0, 3, 0 '4 e 0, 5, 0 oia Q· 52C

Hotspur II .. 1·05 1·05 ) -02 1 ·01 } ·01 1·02 1·07 1 ·07 ) ·03 1·07

Horsa .. .. ) -05 1 ·04 1-01 \ -00 1'01 1·04 J -08 1 ·05 1·02

Hamilca r .. 1·00 1 ·05 1·0:1 1 ·00 \ ·00 1·01 1·0:1 \ ·08 \ •().J

Hadrian .. 1·05 1 ·03 1·00 1-00 \ • ().J 1 · 12 1' 25 1·07 1-01

H engist .. 1'10· j.(J6 I · ():I 1·0 1 \ ·00 1 -oo 1· 02 \ ·08 \ ·04

(* Re-an alysis of l1ight measu rem ent s.)
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FIG. I. Variation of induced-drag factor R with tailplane lift x.
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