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By Heinrich Georg Kiel

I. Introduction

The nose-steered or tail-first airplane, the so-called
"Ente® (duck), has'many advantages over the gresent normal air-
plane. Due to the additional 1lift of the horizontal empennage,
the total li%t”is:greater‘than‘fhat of'é’normal.airpiane having
the same oombinéa area of the ﬁihg‘and'hozizontal tail surfaces.-
Moreover, with.a correctly dimensioned hdrizontalfempénnage,
the Ente is stallproof in steady flight, which greatly increases
its safety. 1In considering the static stability, however, we
encounter some difficulties whioh do not appear on an ordinary
airplane.. : . .

The stability conditions of Ente airpiaﬁeé are investigéted
in the preseﬂt Teport.** In developing the formulas, which af-
ford an approximate solution, the unimporﬁahf effébt‘bf the
height of the C.é.:and'fhe’moﬁent of the'restialzresistance
are neglected.iumoreovér, Cn = Cg 1is pqt.foflﬁpth wing and
empennage. The effect of the downﬁash from the forward horizon-

tal empennage on the wing is also disregarded.

*'Die statische langstabilitat der Entenbauart." From Zeit-
schrift fur Flugtechnik und lotoriuftschiffahrt, December 15,
*¥*This report was originally written as a student's essay at the
Berlin Technical High School with the encouragement of Dr. Iar-
tin Schrenk, who also assisted in its elaboration by suggestions
“and supplementations.
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II. TNotation

F, wing area (m®),

b, span (m),

A = b%/F, aspect ratio of wing,

t = F/b, mean wing chord (m),

T, ‘horizontal distance of airplane C.G. from leading
edge of wing (+ forward of, and - aft of leading
edge) (m), - :

h, - perpendicular distance of the C.G. from the wing ..
chord (disregarded in the investigation) (m),

M, wing moment with respect to leading edge of wing

S - :

Mp, wing moment with respect to C.G. of airplane (ukg),

o " angle of attack of wing,

g : U R n " for cg =0,

amax, K ) L] i " ) i} n ft ‘ca‘ max:

Qep = & - Og, theo?etical angle.of attack of wing with respect
to line of zero 1ift,

oy 'angl_e of attack of wing at which opy= 0,

Ca, i 11£4 coefficient of wing, | |

Cr» moment coefficient of wing with respect $o ifs'lea&~
ing edge, : . . S

Cmns . moment coefficient of wing with respect to its lead-

0 ing edge at ¢4 = 0,
CnFs . moment coefficient of wing with respect to C.G. of
_airplame, . .- o
Cns .=;',,i;norma; force coefficient of wing,

Cis tangential force coefficient of wing,
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Ly, " distance of C.G. of airplane from C.P. of horizontal
empennage (m), - - » . .

Ny, - . . moment of horizontal -empennage. Wlth respect to-C.G.
; of alrplane (mkg),

P, angle of - settlpg of hor 1zonta1 empennage with re-
s spect to wing.choxd, -

Sy angle of attack of wing at which cpyy = O.
When same symbols are used for horizontal empennage as for

wing, the former are denoted by the subscript H.
(=3

Mg; total moment of airplane (wing + empennage) with
respect to C.G. (ukg),

Upy = o angle of attack of moment balance, .

Cmg> moment coefficient of whole .airplane with respect , . .

to C.G., including wing area and chord.
"III. --Development of Forrulas and Consideration of Stability ..

1. Wing Moment and Wing ioment Coefficiefit
The noment of the wing about its leading edge is given by
the formula . o
¥=cpqFt (1)
If this moment is referred to the airplane C.G.,. it then becomes

.—_kcm+cn——-ct%>q'Ft T (2)

The C.G. is here considered as being forward of the 1eéding edge
of the wing (Fig. 1). Nose-heavy moments are considered positive

and taii—heavy, negative. Accordingly, I 1is pbsitive when the
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C.G. is forward of the leading edge and negative when the C;G.
is aft of the leading edge of the wing.

The term ét % in eqﬁétion‘(z); Wﬁich denotes the heightA
of the C.G., is generally very small and has But a slight effect
on the wing moment.‘_Hence it is diéfegarded in our ealculations.

We thus obtain the simplified formﬁla

My =(optogT)aFs

oT X o e )
CmF= F=cm+on% (3)

If the momént coefficieht Cy is plotted against the 1lift
coefficient éa, the fﬁncfion ém = f(ca) repreéents a straight
line for almost all profiles in the normal range. Separation
phenomena céuse deviations which generally diminish with increas-
ing Reynolds Number. If the moment coefficient for c5 = 0 1is
designated by Cm (Fig. 3), cp-= f(cg) can then be repre-

- sented by.the equatiqn

Cyp = Cp. + LY (4
vm' "o d cg, a . )

The course of fhe function ¢y =_f(ca) is practically in-
dependent of the aspect ratio of the wing (Ergebnisse der Aero-
dynamischen Versuchsanstalt zu thtingen, Report I, page 51),
so that _cmo is a constant quantity for 211 aspect ratios.:
Moreover, according to the hydrodynamic theory of the wing sec-

tions, cp = f(cy) is-a straight line with a 4 : 1 slope for
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all profiles independently of the camber.: - The GOttingen wind— =

-d c
tunnel testo yield the same 1esult Hence d‘cm = % is a con-
G Ca

stant quantity for all proLlles Equatlon (4) then becomes
c:m = Cmo + 0-85 Ca' . (4_-8,)

If we put approximatelyi Cn”%fcaf then equation (3) (under

consideration of equation (4a) ) beppmes

CuF = Cmy T 9&.(9785 *

) | (5)

Il H

It is now desired to replace ¢c, by a function of a. If
Cg = f(a) 4is plotted for;differentfprof;ies but the same aspect
ratio (Fig. 3), it is found: o |

1. That almost all curves are straigﬁﬁ;iiﬁés in the normal
range up to Cy = about 1 |

2. That all these ou;ves are nearly parallel in the con-
stant :eglon, _ R ‘

~In the constant region. of the cufves, '26%24 is therefore

constant aAd has appro 1mately the same value for all proflles.
For the aspect ratlo 5 the Gottlngen proflle measuremepts
yield a mean value | o |
| | d cq
d ag

= 0.0725 (O

For the same Cg, dlIfereﬁt ‘angles of attack a corre-

spond to Wlngs of dlIIGLeDt aSpect 1at10s encé 'da_ —alsoA'
varies with the aspeCU ratio, 50 tnat ST
d c " dc da
3 a (7)

da.% da’ do
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which, after the differentiation -%-_g', becomes

d cg decy 1

= (8)
da da’ d c
, 1 - 57,3V ——2 a

wheié - oy
F
(E“E - ‘5)

Al

\IJ:

If, in agreement with the Gottlngen measurements, we put

Fo_1
»* 5
and ‘
d Cy, a. Cg, .
= = 0.07
3ot~ Te. - 0-0715
Equation (8) then becomes
d cg 0.0548 "
d o~ 7 (9)
0 0.867 + o

d c
Figure 4 shows 3 aa plotted against the aspect ratio A.
0 :

ac : dc
The curve daa = f(A) shows that 75&@ undergoes very great

changes at swall aspect ratios, but that the changes are rela-

tively unimportant at large aspect ratios (above 10).
We now measure the angle of attack from zero lift up and

use the theoretical angle of attack

*Horst MUller, on the basis of American measurements (Zeltschrlft »
fur Flugtechnik und MObOTlUftSChlff&hrt 1929, p. 50), obtalns i

d Ca _ _ 0.0548
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#& where 0y 1is the angle of attack corresponding to ¢, = O, . and

a corresponds to the geometrical angle of attack of the wing.

The 1ift coefficient then becomes
d cy

~ Cg = %th o | (11)

Substituting equations (10) and (11) in equation (5), we then

obtain d o,
Csz Cno + (G. —ao)

(o 25 .+ —\ wo (ia)

for the moment coefflclent of the Wlng Wlth respect to the alr-
plane C.G. The decisive sldpe of the moment line for the degree

of stability then becomes

“d cpw A E\ ' ‘ ‘
- (o 25 + 3 (12a)

The accuracy.of the approximate method is indicated by
Figure 5, in which the wing-moment.curve obtained by calculating
one point at a time (conulnuous line) is compared with the curve
obtalned by means of the approximaticn formula (dot—and—dash
line). These two methods give almost 1degtlcal results within
the range of normal flight. The disorepanoy at larger angles
of attack or larger cg 1is unimportant, since the main require-
ment is sufficient accuracy for the moments to balance. In gen-
eral, it is required that in normal fllght accordlng té the

structural viewpoints for ( 3\ ~ or ——5\ , 2M =0, that
Cw/ max Cw /max z

is, the moments must balance. Since the corresponding lift coef-

ficient normally lies between <Cg5 = 0.7 and 1, the utility
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of the fornula is demopstraued for the agreement of the approx~
1mate and accurate calculation meuhods is very saulsfaotory

within this range.
2. Moment and Moment Coefficient of Horizontal Empennage

On the assuwiption of a constant mean pressure by the aero-
dynamic forces acting on the horizontal empennage, the moment

of the latter5uwith-respecﬁ_to the CuGuy. is - |

TMgeEre Nl (13)

where ly is the distance between the C.G. of the airplane
'andﬂthe C.P. of.une horizontal empennage (Flg. 6). Tﬁe C.Pe of
the empennage may be assumed to lie at one—tplrd of its chord
aft of the leading edge.. Wow T ‘g B

T
4\

“If we again put anA;'caHA;anduemploy the method explained
in connection with the wingy, We“obtﬂiﬁ‘for~the'moﬂent'of the

horizontal empennage with respect to the C.G.. -

L . ,,"',- d_ C \ .
g = - n*h dg Jx q ﬁy I‘H (14)

We now construct the moment cqeﬁfloienu pf tne horizontal em-
pennage with respect to the C.G. and the area and chord of the

wing and define it as

.. M I.,._
CH T TR R
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By the introduction of equation (14), the moment coefficient of

he ho;laontal empennage ‘Secones i e
| | e X Ry A
_ a\ B q
ot = = Sy, <da Sy TE & (15)

Now the theoretlcal angle of attadk of the horlzontal empennage

achT is stlll to be exp;es ed through “the angle ‘of attack of

the W11g, tne relation between ‘the angle of ‘attack of the Nlng .
and tnat of the empenﬁa 6 belng determlned by the" angle of set’

tlng ;D of ‘the empennage From Wigure 7 we obtain”

""" o CLH= (1 + p T A SR B (1é) .

.
b

If, similarly to -equation (lq){ we again designate py*quG the

Y PVRSOE TR

angle of attack. of the Qmpepnage aﬁ which cpy = 0, .we then

have. o g o T R ; wE e BT g
=etpoog, ot (A7)

Introducing this value int?_quatibn (15) ‘we obtaln o
o d c, | Tl '
< Omid = (o 4o - G'HO) (da > H-F' E-I o (18)

[¥

as the moment coefflclent of the empennage Wlth reSpect to the
alrplane C G , 1nclud1ng the area, ChOLd and cngle of attack of

the wing, and

d c,y - . .d¢C Fyp L
—_ 1 .._._::;( a-\ H H (18a)
do Ndoa gy Ft

as the slope of the moment line. ‘Fof the corresponding choice
of the ratio “H '  ye can obtain any desired slope at which

Ft
the point cpy = 0 is maintained for oy, = 0.

$ Len.no v Wlial
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3. Angle of Setting of Horizontal Empenhage

1

As already wmentioned in the introduction, an important ad-
vantage of the Ente;‘in comparison with an ordinary airplane, is
the fact that, with the proper dimensions and arrangement of the
horizontal empen age, scalllng of the airplane in steady flight
is rendered impossible. This must be accomplished by so adjust-
ing the empenriage with respect to the wing that the air flow
along the empennage separates while  the wing is still within. the
.normal flight range.- The decrease in the empennage roment then’
causes the airplane to nose o¥er before the flow separates from
the Wlng., The angle of settlng of the empennage must not be so
great, however, as to brlng the empennage 1nto the reglon of
separatlon at favorably high angles of attack of the w1ng. In
soaring flight, in passing{throﬁgh a‘zope:bf stronger up-current
the eﬁpennage will enter the higher angle—of—attack region, or
the region of separatlon, before the wing |

For our calculations we shall assume that the maximum 1ift
of the empennage is reached -at an angle of attack 2° velow that
of the wing. Hence the formula for the setting of the empennage, .

as compared with that of the wing, is

O max — P = %pax - 3°

or - _ p = G‘H max "'_u'ma.,x"" 20 » (19)

-
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4, Determination of the Calculation Factors

The determination of ag and‘ Cpn does not require the

0
plotting of the curves cg = f(a) and cp = fcg). In general,

according to what haé'preceded |

Cmg = Om = 0.35 Ca (20)
and '
- a- g 22
% = o - Ca g5z (21)

In particular, correspoﬁding to, the thtingen’tests with modéls,
we have, for an aspect réfio Qf o,
| Go =& - 14~ca (21a)

Hence we simply take from the model tests a measured ¢ value
with the corresponding a or ¢, and introduce these values into
equations (20) and (31) or (3la). These equations apply, howev-
er, only within the range of the polars in which the profile
drag may be regarded as coustant. Actual conditions are gener-
ally most closely approximated by taking from the model tests a
test point between ¢, = 0.5 and 0.7. Under these conditions
the deviation df the approximation formula from the actual value
is practically zero within-the mean flight range.

If, however, it is desired to determine the values cmo
and oy from the curves cg = f(a) and cpm = f(cgz), the test
points in the constant zone of these curves are joined by a
straight line. Discrepancies are disregarded, especially fdr

small ¢y and cp values. For large c, values it is advisa-
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ble to join the test points in the usual manner. It is then im-
mediately apparent in which zone the curves are rectilinear, i
thus indicating-the angle-of-attack range in which the formulas
gbld good.‘ For profilés of medium camber, the function ¢y = \
f(a) can always be assumed to be rectilinear up to- Cg = 1, Dbut
for greater cambers it is often :eétiliﬁear abové Gy = 1.

Since the aspect ratio is known to have no effect on the func-

tion cp = f(oy) and éince the variation in the angle of attack
through self-induction (A a = 57.3 ¥ cy) is 1ikewise zero for

Cg = 0, it is obviously indifferent for what aspect ratio the
values ag and cmod ire determined. The magnitﬁde of the dif-
ferential quotient TTEQ is given by equation (9) and can be

taken from the curve %gg‘~= £(A) (Fig. 4).

The calculation of the Wing‘moment therefore féqﬁires four
quantities, two of which, ag and opy, uust be determined from
the'model-tests, while the other two, namely, the wing aspect
ratio A and the C.G. location r/t, represeht constructional
data. For the empennage moment, GHO st be~determinéd from
the model tests. Likewise the empennage setting'p mst be de-
termined from oy payx and :amai; while the remaining quanti-

ties (AH, Fﬁ ly, and F t) are constructional data.
5. Determination of the Stability Condition

Equilibrium obtains, when the sum of all the moments is

zero, that is, when
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M =Y¥p + My=0
or, in nondimensional coefficients,

TCp = Cmp * Cpy = O (22)
Stability.is a property of the state of equilibrium. .The stabil-

ity of an airplane is therefore assured, when any disturbance of

the normal flight attitudp.by outside forces produces a moment

which restores the original state of equilibrium. An airplane

is stable.when an increasing angle of attack produces a restor-
ing (positive) moment and when a decreasing. angle of attack pro-
duces an upturning (negative) moment. Hence the stability con-

dition is expressed by the formula

or

= >0 (23)

Iq the Ente the wing cxerts a pcsitive stabilizing effect
within the whole angle-of-attack range. The stabilizing effect

of the horizontal empennage must therefore be negative through-

~out the whole angle-of-attack range. If the wing-moment coeffi-

cient copp, the moment coefficient of the horizontal empennage
cmH'.and'the resulting total moment Cmg are plotted against
the anglé of gttaok, tﬁe principal moment diagrams possible for
the_Ente_(if moment balance is possible anyway) are the ones

shown in Figures 8-10.
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Case 1.- -Wormal (Fig. 8), suablllty (—w—mg > O\ and moment
balance in the normal flight range (z ¥ = O)

Case 3.- (Fig. 9), instability ‘(——__% < o\ and moment bal-
ance in the normal flight range. |

'-Qggg_g.— (Figs. 10a~10c). The wing and empennage curves in-
terseot the abscissa (o axis) at a common point. -In this case
all three states of equilibrium (stable, neutral and unstable)
are'pOSSible. 'Anj”MOment balance in the normai flight range is
1mposolb1e, however, i the neutral state is disregarded, in
Wthh 2 Cp = O throughout the argle ~of=attack range. In stabie
or unstable equ111br1um the nmoment-balance occurs at the common
intersection point of the wing and empennage curves;(i.e., at
negative 1lift) and consequently lies far outside of the normal
flight range.

From fhe consideration of Figures 8-10, we can draw the im-
portant oonclusion that satisfacﬁory stability Withinlthe nor-
mal flighf iange is possible for fhe Ente, only when the moment
curve of the empennage 1ntersects the abscissa (o axis) at a
smaller angle of attack than the moment curve of the wing If
amFO is the angle of attack of the wing at which Cypp = 0, and
if amHo 1s the angle of autack of’ tne wing at which cmHo = 0,
the equ111br1um condltlons may be expressed as follows:

amFO ?_amHO ylelds stable equlllbrlum,
" = " " all klnds of equlllbrlum,

n < " " neutral eoulllbrlum
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If cypp = 0 1is introduced into equation (12), we obtain

. .
—a:&—'A 0.25 t ‘
If copy = O is introduced into equation (18), we obtain
L S

Moreover, the introduction of equations (85)-and (26) into edﬁa—
tion (24) makes it. p0381b1e to express the.fundamental condltlon
for stable equilibrium within the normal. angle-of-attack rg@ge
of the Ente by

Smg

ao—d
7?&

; {o 35' ,..+ N > gy =0 | (37)
67 '

With the aid of this formula, it can be determined in any
case whether stability and moment balance are possible within
the usual angle-of-attack range under the given conditions.

For a profilé with fixed C.P., for which Cry = 0, .equation
(27) is simplified to
ag >agy -P (28)

The stability‘isuiﬁcreased by shifting the C.G. fofward
(equation 12a). The product of the area of the empennage times
the lever arm of 1ts moment (Fy IH) nust then be likewise in-
creased, if the wing chord and area, as also the angle of attack
of the moment balance, are to rgmain the same (equation 18a).

The effect of shifting the C.G. is proportional to the differ-
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ence between amFé and CmHq > as shown in Figures lla and 11b.

In both cases the location of the C.G. and the slope of the wing-
dc o

CmR,

. m¥A

moment lines zi——-&— and ——2
\da : d

;> are the same. The angle of

o
attack of the moment balance ap, remalns constant. The differ-

‘ence lies in the fact that the difference beiween amFO and

amHO is greater in Figure 11b than in Figure lla. Desplte

‘equal increase in tne slope of the wing-moment 11ﬂes

d(va - CmT~)
o da
C.G., {he increase in the slope of tne total noment 11ne

which is synonymous with equal advance of the

d(Cmged- °ng, ) is greater in Case 2. If unstable or neutral
o

equilibrium prevails, but very 11t*1e improvement can ve effect—

ed even by the most extrene 1ocation of the C.G. Satisfactory

stability within the normal flight range can never be attained

by simply shifting the C.G. without the preliminary condition

of a sufficiently great difference between AFrg and OHg
Figure 12 shows that, with the same angle of attack of the mo- -
ment balance and the same location of the C.G., the stability  °
increases in proportion to the inerease in the difference be-

tween oy and OmHg In order %o oremte the most favorable

UIFO

stability coqdltlons, we wust therefore Atrive to make amFO ag

-

great as possible and 'QMHO as small as possible.
6. EfT ect of the Profile on the Stability

Equations (35) and (25) indicate that app, and Oy

generally depend on the characteristics of the profile. We shall
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L therefore consuler the relatlons between the angle of attack,
the 11ft and the moment 1n order to obtaln formulas for approx-
-'1matiag the quantltatlve stablllty copd:tlons.A ‘

In Flgure lo the cmo values taken from Gottlnéen model
tests are plotted agalnst ag- lhe nunbers next to tHe individ-
ual p01nts are the Gottlngen profile numbers. The functlon
cmo = f(ao) cleaxrly 1ndlcd+es a certaln regularlty Obvlously,-

ap decreases as cmo increases.

Opy = = 0.015 0y | (29)

can be written as the mean value according to Figure 13. Any
simplification of the formmla for the moment coefficient of the
wing with the aid of equation (49) is not advisable, because the
accuracy of said Iormula would thus be con81derably diminished.
On the -other hand, both the preceding and.the subsequent formu-
las can’'be used to advaptave eloewher , where it is more a ques-
tlon of estlmatlpg variations. | |

Figure 14 shows the relation between Cg max and ap. Usu-
ally the angle of attack for zero 1ift ag 1is inversely propor-

tional to the maximum 1lift &5 pax- Approximately,

Cy max = 0-075 x (20%-ag) B (30)
Figure 15 shows that ap,y and "oy Dbear a relation similar to
% that between Chy max and Gg (Fig. 14). In general, Op,yx i8S

inversely proportional to ao. The actual relations would be

difficult to determine, since other factors, such as the degree
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of smoothness of the model, sometimes cause an earlier and some-

times a later éepaiation of the flow. If the maxinum angle of

attack for zero 1ift is calowlated (G pay = £(%g), (Fig. 16),

the linear relation betweeh the angle of attack for maximum 1ift
and the angle of attack fof ZEero lift is more clearly'sboWn, be-
cause the oercentlle dlscrepan01es are thed smaller, due to uhe
greater Tange of the angle of attacx Accordlng to Figure 15
the mean Op. - for an aspect ratlo of 5 is
(Gmaxé = 13.5 f 0.26 % (31)
A change in the aspect ratio causes a change of
Dopay = 57.3 ¥ ¢y max
in the value of Opax- In the above formula
1P FN_ 1y 1\
VeRgE ) TR0 g

If we now introduce equation (30) for ¢, pax, We obtain

13.7°
A

' 0 . 1
Aoy = 2.74° - +1.37 a9 (% - 0.2) (32)

Now,

amax = (amax) - A “max

0 - gy (337 N 4 13.7°
= 10.76° - o 0.014) + 220,

The factor -0.014 is small in comparison with the other factors
and is therefore disregarded. We thus obtain the simplified ex-

pression

1.3 .
Opax = 10.8° + 257 (109 _ qy) (33)

v
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With tae aid of the ascertained re}étions beﬁween %y and Cmg>
as also between Op. and . Gpax,  We can obtain for AmF, and
amHO. simple formulas which clearly show the profile effect. -
On introduping the value of ®mg according to equation .(29)
into equation (25), the latter'becomes
- 0.015

“amFb ?“do {l + — _ S | (34)
s - .(id?J(Q'BS + %)

Aside from the angle of attack of zero 1ift, the oniy remaining

variables are the C.G. location . .r/t  and the aspect ratid in
dc ‘

?TEQ - A unit graph which, for a given}aspeqt ra?;o, is not
affected by any change in oy, is obtained by plofting the ratio

o ' : e : Oy
f%gQ - f(A,%) against v/t (Fig. 17)." The Tunotion — 0 =
f(ﬂA,E). then represents a group of équilateral hyperbolas with
3 a "

the asymptotes _?go =1 and. % i,ng.ZS:y:Increasing the aspect
ratio rapidly lessens its effect.(Fig, 4).‘:Further advance of

the C.G. diminishes gFO. Since %4 (excepting symmetrical
profiles and those with a fixed C,P,).a1Ways has a negative value,
Ompo increases with increasing r/t. With increasing r/t, the
shifting of the 0.G. has less effect on UpFg - *
Equations (26) and (19), with the use of equation (33),.
yield o
Ui = O = 1,37 | A (10°
mip = “Ho T 70 |1y ‘

LL IS

‘ §%05 -2 (19% - aO)J + 2° (35)

The function amy, = f(ay,) is a straight line. The differen-

*In contrast herewith and for a constant aspect ratio, the slope
of the wing moment line increasés proportionally with r/t (See
equation (12a). ,
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d amHO~ 1.37
tial quotient —— =1 - indicates that the slope of
d G.HO - Axr

these lines depends only on: AH. Any change in ay Or A pro-
duces a parallel displacewent :0f  the lines. The value of amHo
is diminished by increasing the value of ag or A under other-
wise like conditions (like eHofandAAH). We shall now simplify

equation (35) still further by putting }&37 X (1o° - op) = 1.5°

as the mean value for thé’ term, Whlcn corresponds approx1mate1y
to ag = 0° (symmetrlcal wing nroflle') and A = 9,or 10 and

ag = — 1°.  The s1mp11f1eqqfo;mglaqphgn,geadg -

L1e3%; .
amHo = QHO - H X (lO ‘—--C1HO) o 3 50 (553)

The value of Umiy, 28 caTGulated by th;s Lormula, dlffers from

the first value (equatlon 35) by the amourt "" |

-4 = ]y»ﬁxf(lo - Go) - 1. 5°
Within the range A = 8.t6 15° and ag = —-50 t0: 2° “the. maxi-
mum discrepancy may amount $0-1°% or -0.8° Slnce the precedin
case involves only the .estimation of~variatfdns5'this discrepancy
is justified with respect to.the above assuriptions. For the sake
of greater clearness: the functions GQFO ="f(dp) and ApHy =
f(ag,) are both plotted in Figure 18. . The ‘continuous lines
represent AmFg and the dash llnes represent amho A =10
in the calculation of amﬂol “The p0081b18 errors due to differ-
ences in aspect ratio are- very. sllgn+ within the 1imits of
A = 8 to 15. If uhe quentltles ao and r/t are glve?,"amgo

can be read from Flgure 18 mﬂo is ob%alned in like manner,
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when, aﬁo and Ay are given. As Figure 18 shows,

CyFy > CmHos when agq >OLHO - (38)

Stability can therefore be expected in the normal flight range

only when Qg = %y

al to the value of GO" We have already mentloned that the sta-

the difference being inversely proportlon—

bility eondition5~are favorable 1n proportlon to the difference
between  oypFy and OpHs. I it is desired to obtain great sta-
bllluy, ﬁamelv uhe greatost poselole difference between amFo
and- 9mﬂo%. a wing proflle Wlth large oy and small amax -(1n
aCCOId:With“Flg. 18) must be used while the empennage must have
a erofile With,émail aqg and large Qmaxs that is,
Oy s > Uy maxe In general, this may be stated as follews.
For satlsfactory stablllty in normal flight the Ente re—
qulres'd horlzontal empennage for which the angle-of-att ack
range Detween zero and maximum 1ift is greater than for the wing.
| Aecordlng +o Figure 14 and equation (30), the negative val-
:ue of 0 is proportional to the maximum 1ift, which ip turn
nlS p;oporulonal to the proflle caﬂber Hence, if normal pro-
files are used the empennage rust have a greater camber than
”the wing. In this case the best proflle for the wing appears to
be one with a fixed C.P., with a greater camber for the empen-
nage. If, however;“a highly cawbered profile is adopted for the
wing, the empennage should have a slotted profile, for which the
“flow through the slot at large angles of attack delays the seea—

ration of the flow on the suction side'and'coneeqdentlyiyieids
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a considerably.larger angle-of-attack and 1ift range than is .
possible with normal profiles.

While the dhoioé of the profile is of §nly subordinate im-
portance for the’stability of normal airplaneé, in the case‘of
the Ente the correct profile choice is the decisivo factor for

satisfactory stability within the normal flight rangé.A
IV. Stability Characteristics of Two Profiles

» The‘suitabiiity of two profiles as Ente profiles will be
bfiefly diSCuésed. In both cases the aspect ratio of the wing
was A = 10,, and of the empennage AH‘; 8. 'The 0.G. was locat-
ed at 20% of the wing chord in front of the leading edge of the
wing. |

In the first example the GOottingen profile No. 652 was used
for béth wihg and empennage'(Fig; 19)."As might be predicted
from equations (27) and (38), stability was wanting. Nothing
could be gained in this case, even by moviig'the C.G. forward,
because the 1ocation-required, even:fdf'heutral equilibrium,
would prodice excéssive moments. If OyFg = OmHys then equation
(27), by solving according to';r/t,' gives the location of the

C.G. necessary for neutral equilibrium.

o o
= o - 0.25 (37)
< (@0 = %mp) &

+|lH
al &

For our special case = 3.45, an impossible value. The condi-

o+

tion for the validity of equationm (37) is, however, that ag



¥.A.C.A. Tecanical iemorandum Yo. 613 , 23

must be greater ‘than deO; This is illustrated by the second
example.
In Figure 30 profile No. 537 was used for the. empennage.

.

Advancing the C.G. pfo uced a steeper slope of the wWing-moment
cuive, whereby the poiﬁt' d”z‘ac; Cyr = cmo remained independ-
ent of the location of the 0.G. and of the aspect ratio of the
wing.» Now, if do <‘dﬁHO;f‘fhen, as shown by Figure 20, the in-
stability is not 1esééﬁéd ut only increased by advancing the
o.c. Hence, when' GO < Cmiys there is neither “stable nor neu-
tral eoull brium, but only unstable  equilibrium.” "If. Cry = 0,
then GmFo has the ééme(value for any location of the C.G. and
for any aspooﬁ”rétid)iﬁif'it is désired to obtain practlcaole
stability with the wing profile lo. 653, the empennage must be

slotted.

In Figure Bl.thetAme:ican N¢A.g A D o7 11e i 18 with fixed
C.P. was used for the wirgzg, the Qotu*“gon oroflle To. 527 serv-
ing as the basis for tue ewpennube. There 1% here shown very
good stablllty in the normal fllgnt ;ange Tor tne aoove—mentlon—

ed C.G. location of

ctiH

0.2. The St&bllluy can be sclil fvr-
ther increased by a further advance of‘the G.G.'or by using a:
more highly cambered profi 1e for the empennavé} :Thié'pxaﬁple
also shows the stability 00“d1+1ons with a-floating elevator,

it being assumed that the slope of the empennage curve:is hereby
diminished 25%. It is obvious that stability caa be attained
within the normal flight raﬁgeAeven with a floating elevator.

With a floating elevator the stability is greater, but the angle
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of attack of the moment balance tends to diminish.

These examples confirm the predictions based on the previous

statements regarding stability. They also show that the stabil-
ity is inversely proportional to the wing camber with the maxi--
mun empennage camber. Since the syrmetrical profile is excluded
by its small 1if+t cbefficient,'a good wing profile-for ﬁhe'Ente,
as already mentioned, is one with a fixed C.P. which has higher
1ift coefficients than a symmetrical profile. 'Unfortunately,
the hitherto published results of tests with ﬁrofiles having a
fixed C.P. are inadequate, there being an especial lack of Ger-
man data. Moreover, reference was made to the possibility of
using slotted profiles for the empénnage, with more highly cam-
bered wings.

V. Summary

In the foregoing investigation the following approximation
forrmulas were developed by disregarding the effect of the down-
wash from the horizontal empennage on the wing behind. it and by.
also disregarding the effect of the height of the C.G., which is
generally slight.‘

1. Moment coefficient of the wing

: doc o
oup = Omg + (¢ = %) —2 (0.35 + I\ (13)

Slope of the moment line of the wing,

I‘\ |
5T gg W08+, (12a)

5/

*
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: 8. Homent  coefficient of the horizontal empennage with re-
spect to the airplane C.G., including the area, chord and angle

of attack of the wing

Car = = (U + 0.~ Q& ) 1
.mH ( HO) \da /H F 1 (18)
Slope of the moment line of the empennage,
d th (& Ca\ Fu (185)

da ~ T \dasy Ft
The gquantities cmO ~and an are best determined by.the
formulas
: Cmo = 'Cril '—0-85 Ca (20)

and, when A = 5 (Gottingen model tests),
oy = & - 14 cg (21a)
Cg, @ and op. are taken from a test point of the profile test
between cy = 0.5 and 0.7. | | N o
For thé angle 6f éettiﬁg of‘fhé empennage the requirement
was made that the meximum 1ift of the empennage must be reached
at an angle of attack 2° below.that of the w;ng. - For the angle

of setting of the empenrage we then have the condition

p= Gilma;; - %k +:’2° R (19)

. The stablllty coadluloﬁs of the Ente tvpe were investigated
Wlth the ald of the derlved formul " It was found that the
static 10ﬂg1tud1nal stablllty of the Wnte depepds largely on the

profile used.‘ ”he fundanental oondltlon for attalnlnv static

L]

*The formulas for the moment-coefficient of the wing and of the
empennage can also be applied to a tail-steered airplane. In
the case of the empennage the downwash of the wing rwust also be
taken into consideration. '
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stability in the normal flight range is the fact that the moment

curve of the empennage for small angles of attack must pass ‘F

throdgh zéfo as the momenf.curve of the wing. This fact can be
expressed as follows. If momeht balance is to exist for the
Ente within the mormal flight ran?eland if stability is to pre-
vail within the whole anglefof~attack range, the angle-of-attack
range between zero and maximum 1ift muét.be greater for the em-
pennage than for thé ﬁing;TfThié fundamental stability condition

for the Ente is expressed by the formula

OnFy > Omi - (24)
or .
o = g >y - P | (237)
0 d ¢, /O 25 + Y "o
da \7°°° 7 %/

With the aid of further epproximations, it was demonstrafed that
SRy > Cnlg? only when - oq §>aHb (36)

The attainable stabilify for'a:given 1océtion of the C.G.
is proportional to thé différepcéibétﬁcén Inpy and amH6 or
Q and qHO. Likéwise; the effécﬁ;éf shifting the C.G. 1is prqpor~
tional to the difference between aﬁpd aend iy (Figs. 1lla
and 11b). This indicates that the empéﬁn&gé iequires a more
highly cambered profile than the wing. In this ‘case the best

way is to adopt a profile with a fixed C.P, for the wing and a

more highly cambered profile is adopted for the wing, a slotted

more highly cambered profile for the empennage. -If, however, a i
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profile must then be used for the empennage. In this way stabil-
ity and moment balance within the normal flight range can be at-
tained with the eleévator either locked or floating.

In conclusion a Tew profilés of medium thickness and differ-
ent carmbers were investigated with respect to their suitability
for Ente airplanes. -

Translation by Dwight . Hiner,

National Advisory Committee
for Aeronautics.
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