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NATIOWAL ADVISORY COMMITTEE FOR AERONAUTICS
TECHNICAL MEMORANDUM NO. 641

LIFT DISTRIBUTION AND LONGITUDINAL STABILITY
OF AN AIRPLAWE®

By Carl Tgpfer

In resolving the drag of an airplane wing and of an
airplane into the induced drag and the drag due to the
viscosity of the air (profile drag and structural drag),
it. is generally assumed that the 1ift distribution along
the span is elliptical and consequently the induced drag
is equal to the ideal drag, i.e., equal to the nlnlmum in-
duced drag
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at the given aspect rétlo. Tnls agsumptlon does not apply,
however, to the wing alone nor .to the whole airplane for
that part of the polars which is most important for the .
constructor. The drag. ratios at large angles of attack. be—

low the maximum 1ift CamaX» determine the dimensions of‘

the engines, the take—off.welght of the airplane and tne
size of the wings, etc.** Here any calculation based on
the above assumption Woula prove deceptive.

Iot only ‘the drag is inaccurately given by the nltAer—
to customary method of calculating the airplane polar, but
even the 1ift in terms of the angle of attack, in particu-
lar the maximum 1ift and heénce the minimum horizontal speed.
The Camax determined by a wind-tunnel test with a model
enables no sure conclusion regarding the maximum 1ift{ at-
tainable on a full-sized airplane at the given speed. This
1ift is also affected by the propeller slipstream., Air-
plane pilots know the great difference between the Cj

max
at full throttle and at idling speed,

*Auftriepsverteilung und Lﬁngsstabilitgt," from Zeit-
schrift fur Flugtechnik und kotorluftschiffahrt, June 29,
1931,.pg. 366~368,

*»#Yoptrage aus dem Gebiet der Aerodynamik und verwandter
Gebiete" (published by Gilles, Hopf and Karman), 1929,
p. 201 £f,
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It was hitherto customary to attribute this 1ift in-
crease directly to the velocity increase in the field of
the propcller slipstream. This cannot affect the 1ift-
drag ratio, however, so far 'as the wing alone is consid-
ered., Since the slipstrecam is chiefly obstructed by the
fuselage, it would be expeccted that the total drag would
increase faster than the 1ift and that the lift-drag ratio
would be reduced by the slipstream, This happens oaly at
small angles of attack, In flat gliding (at a large angle
of attack and low sinking speed), the slipstream percepti-
bly improves the lift-~drag ratio, namely for airplanes
with more than one engine (sudden "pancaking" when the gas
is shut off). Moreover, since the great difference in 1ift
“between full throttle and idling speed cannot be explained
by the velocity increase in. the slipstream, I take excep~
tion to the hitherto customary explanation that the slip-
stream affects the 1ift indirectly in connection with the
disturbance of the 1lift dlstrloutlon.

In an ideal nonviscous fluid the 1lift distribution is
nearly ellipticel throughout the span, even on rectangular
and tapering wings, In a viscous fluid, however, this
1ift distribution is maintained only up to a critical an-
gle of attack, when the flow begins to separate at the mid-
dle of the wing. The 1ift distridbution is then changed, as

shown in Figure 2. In this 1ift distribution the induced
drag is greater than the minimum drag calculated by the for-
mula. This. determines the resolution of the measured total
into CWp and Cgy, . .Which explalns the exceedingly rapid

increase in the appafent profile drag at large angles of

attack below that of maximum 1ift .Camax“ The increase in

thae ‘induced drag, as compared with the ideal drag with el-
liptical 1ift distribution, is included in the calculated

Cype With increasing angle of attack, the distwrbed region

in the -middle of the wing increases and the 1ift ceases to
increase linearly with the angle of attack, while the ap-

parent pr increases still more rapidly. Finally, the
disturbance spreads over so large a portion of the wing

*Since the direction of the slipstream, at large angles of
attack, makes an angle with that of the relative wind,
which cen reach an angle of about -10°, the resulting angle
of ‘attack is considerably decreased in the region of the
slipstream and the 1ift increase from the zreater wind ve-
loc1ty is found to be waolly or partlally neutralizod, -

[
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that the 1ift is no longer 1ncreased by 1nc*eas1ng the an-
gle of qttack . -

If thoro is a naturel ‘causo of dlsturbance (fuselago,
latoral engincs) in the middle of thae wing, the separation
of the flow begins sooner than it would with the wing
‘alone. How the change in tho 1ift distridbution, due tI the
fuseloge, affects 'the 1ift and drag, is shown by the Got-
tingen wind tuanel investigation of & tailless "Weltenseg-
ler" airplane model,* . The exceedingly great drag of the
fuselage can be etplalned only by the disturbance in the
1ift distridbution, The 'camax is simultaneously shifted

to a smaller angle of attack and theredy reduced. (Flg. 1.)
Since the fuselage 'lies partly above the wing,** the circu-
lation disturbance in the vicinity of the fuselage covers
the whole anglo~of-attack range, thus increasing the in-
duced drag, as compared with the ideal drag, eveon at C_, =
O, . Figure 3 shows the 1ift distribution at C5 = O.

The effect of the slipstream is to carry along the lo-
cal vortex formations between the wing and fuselage and
thus shift the separation of the flow to larger angles of
sttack, The 1ift increase is therefore due to the fact
that the previously disturbed 1ift distribution is restored
by the slipstream (dash line in Figure 2). This simulta-
neously raises the upper limit of tne attainable 1ift and
explains why, at small angles of attack, the slipstrean
has but little or no effect on the polar (according to the
type of airplane). .It also explains the great drag in-
crease from the lateral engines, which is especially great
at large angles of attack, It is further obvious that the
vortex Tormation between the wing root and fuselage cannot

*L, Prandtl and A. Betz, "Ergebnisse der Aerodynamischeon
Vorsucnsanstalt zu Gottlngen," Report III, 1927, p. 122,

**The investigation of a high-wing monoplahe with lateral
engines (Rohrbach 1und91ane) contained in the same revort,
does not explain. the disturbance of the 1ift distridbution
with the same clearness,'51nce the horizontal empennage had
‘also greatly assisted, as evidenced by the loangitudinal mo-
ments, The induced drag depends on the 1ift distribution
over the whole alrplane, i.es, the sum of the 1lifts of the
wing and horizontal empennage. The drag ratios at large
angles of attack dare then correct only when the longitudi-
nal moment of the alrplane model is noutralized (equlllb—
riun polar)., - The Cama: is.also considerably affected

by the wrongly supporting tail surfacos.
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follow the law of similarity with thé same accuracy as the
aerodynamic forces A and W and that the disturbvance

o the 1ift distribution by the fuselage will therefore
have a different effect on the wind-tunnel than on the

full-sized airplane, In the vicinity of the Camax tre

wind-tunnel polar cannot bé{expected to agree with the DO=
lar-of a full-sized airplene in flight. The same princi-~
ple aoolles to the effect of the sllpstreem.

~Iu is known tnat tne stablllty calculatlon for glid~

" fligzht fails at large angles of attack, The downwash
. \rom the tail surfaces and &also tho mag nltude and location
of the rosulting acrodynamic force of the wing are affoct-
ed by the 1ift distribution., In these three unknowns also
lie. the obstacles to . the satigfactory calculatlon of the
stab111ty in powered fll sht,

For glldlng fllgnt (thfﬁof.ﬁ 0) it is suggested thant
the downwash angle, up to about A/W)max?, be calculated
by the Formula for elllptlcal distribution on the wing

A ='f’. _é_.i‘_ 4 ( >
ST 100 %7 57.3 [1 z \z1

At Camax’?-on the other hand ‘the calculation of the down-
wasn angle is based on a rectangular 11ft distridution.,

2_"1*
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Intermedlate values can then Dbe ea31ly interpolated,
(Fig. 4a, curves e and f,)-

Stablllty celculatlons in powered flight (thrust =
drag) cannot be based simply on the gliding-flight polar
and the wind velocity at the tail, as increased by the
‘slipstream, A considerably greater stadbility would thus
be obtained in powered flight. than in gliding flight,
while all flight tests lead rather to the opposite conclu-
sion, This is explained by the hvpotwe51s that ‘the slip-
stream restores the disturbed elliptical 1ift dlstrlbutlon
0n the wing. With ' this .distridbution the downwash angle,
“according to the above formulas,-is almost twice.as large

*Fuchs and Hapf;’Aefcdynaﬁik 1922 ,.pi 325.
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as in gliding flight if, by way of -approximation, a rec-
tangular 1ift distribution is assumed at - camax'
The control and stability diagrams in Figure 4 are in-
tended to give a clearer idea of these rather complicated
relations. 1In the control diagram tho moment coofficient
Cp' of the wing with respect ‘to-thoe C.G. of the airplane
is plotted against the angle of attack. (Curve a %¥n Fig-
ure 4a,) Positive Cp' denotes, as usual, a forward-tip-
ping moment, The momeht coefficient CmL " of the hori-
zontal empennage with respect to the C.G, of the airplane,
likewise plotted against the angle of attack of the wing,
is considered positive.for a given elevator deflection,
when the aerodynamic force on the elevator tends to level
off the airplane., With this establishment of tho sign of
CmL', contrary to thoe usual way, the intersoction of the

two moment curves for the tail surfaces and the wing yields
directly the angle of attack of the moment equilibrant.

Of course allowance must also be made for the downwash

from the tail surfaces., Accqording to whether the 1ift dis-
tribution at large angles of attack is assumed to be ellip-
tical or rectangular, the same elevator deflection yields
two different moment curves for the tail. (0f course only
elliptical 1ift distribution comes into the question at
small angles of attack,)

Curve f (fig. 4a) shows that the downwash is dimin-
ished by the disturbance of the 1lift distribution, This
moment curve'is decisive for gliding flight. 1Its inter-
section point 1 with the curve a yields the anglec of at-
tack of the momont oqullibrant for the glvon elevator deo-
;1ect10n. . . :

For powered flight (thrust = drag), we assumod ollip-
tical 1ift distribution on the wing and calculated tho
downwash angle accordingly. In the moment curve of the
tail surfaces, the wind volocity, as incroased by the slip-
stream, must also be taken into consideration., This is
donc by rotating tho curve - o about its point of inter-
section with the o axis. (The tail moment beccomes zcro
at the samo. angle of attack rogardless of the wind veloci-
ty.) Tho velocity incremoent in the slipstroam is assumed
to bc 41% of the flight speed. . The .acrodynamic forcec and
the tail momont are then cxactly doubled,
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) The wing moment is likewise increased by the slip-
stream (curve b)., For the given elevator deflection, the
moment balance is found by the interséction point 2 of the
moment.curves b.and g of the tail and wing for thrust =
drag. (S = W), The moment balarce is therefore at a. some-
what larger anﬁle of attack in nowored flight than in glid-
1nb flight . = 0), 1ntorsectlon 15 although the eleva-
tor defloctloﬁ i thc ame in botn cases,

Tne aerodynamlc moment, referrod to: the.c G. of the
ﬂlrplane and represcnted by tne dlfference of the momont
’cooff1c1ents : :

K0y = (0! - Cag)

is dcrlvod fronm tne control diagram and transferred to the
stebility diagram, The angle at which the resulting mo-
mnent curve 1n*crsocts the. a axis is a criterion for the
stability with moment balance R

d ACnm*
da

It is obvious that the stability in powered flight may be
less than in gliding flight (the basis of comparison being
tho seme elevator deflection), although the slipstream dou-
bles the aerodynamic force on. the tail surfaces,

In conc]us1on, attention is called to the fact that
the conversion of the wing polar measured in the wind tun-
nel-to another aspect ratio is likewise based on the assump-
tion of an elliptical 1ift distridution. In so far as this
assumption does not hold good at large angles of attacl,
the function Cgh = £f{a) in the vicinity of Cam . is not

ovrectlv given by the customary conversion formulas.

Summary.- The preliminary calculation of the airplane
polar and henco of the flight performances and characteris-
tics rests on the assumption of an olliptical 1ift distri-
bution at all attitudes. For large angles of attack bolow

Camax’ this method. of calculatlon vields no satisfactory

agreenment with measurewents nade in flight. An attempt is
made to eliminate thec errors in the preliminary calculation
by the assumption of .a disturbance of the 1ift distribution
in this angleo-of- attack range, which is so 1nportant fo;
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the constructor. An explanation is also given of the
great differences found in flight with and without pro-
peller slipstream,

Translation by Dwight M, Miner,
Wational Advisory Committee
for Aeronautics,
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