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KATIOKAL ADVISORY COMMITTEE FOR AERONAUTICS. —

TECHNICAL FOTE 0. 179. J—

PRACTICAL METEOD FOR BALANCING ATEPLANE MOMENTS.¥

By H; Hamburger.

The present contribution is the sequel to a paper written

Jointly by Messrs. R. fucks, L. Hopf and H. Hamburgers** and

purposes to show how the metiaods therein contained can be prac-
tically utilized in computations. TFurtherwore, the caloulations
1eading up t0 the diagram of momente for three airplanes, whose
behavior in war service gave reason for complaint, are analyzed
and their components given. Finally, it is shown whak conclu~
sivns can be drawn from the diagram of moments in regard to the
defects in theese airplanes and what steps may be taken to remedy __
them. In order to avoid the necessity of continual reference —
to the formsr paper, the arguments developed therein will be
repeated wherever reqguired for clearness. The method previcusly
given for caiculating the tail moments has been considerably
simplified and made more practical in accordance with the data

furnished by L. Hopf.

1. Jalculation of Wing Moments.

The calculations are based on the GOttingen monoplane wing-

gsection tests. The coefficients are definzad as follows:

* Technische Berichte, Volume III, No. 7, pp. 392-303.
** Technische Berichte, Volume II, No. 3, p.463.
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norral force tangertial forne

Cp = : 3 O = : .
dvnawmic pressure X arsa dynaric pressure X aresa
a0 = moment about the leading edge
m ey

" dyaamic vressure X area X cnnrd

Since the ratic beiween span ard choerd of the experimental
model  is usaally 6 : 1, +the first problem consists in allow-
ing for the generally rore favorable aspect watio of the air-

plane wings, by aitering the coefficiente, obtained from the

tests, in a determined ratio, Thie ratio can be estimated Ifrom .

tests made by Mun™* on wing rodels with the same section (101)

and different aspect ratios. If, for instance, +the aspect ratio

of the airplane wings examined is 8 : 1, while the aspect ratio

of the experimental model is 6 : 1, the coefficients of the

air forces acting on the airplane become .

Cn(8) c4(8) € Cp(8)
C = G (]} ~n ~ = C (1) T c @] - C i m
Here the values Cp™ , 0t®  and o are the coefficients

of the model, Cp(8), C4(8) and Cx°(8) and Cpr(B), C4(8) and
C°4(8) are coefficients taken from Munk's paper,** for models

with aspect ratios of 8 : 1 and 6 : 1, respectively.

* Technische Bericihte, Volume II, No. 3, p.320.

*¥* Tdem. See tables 15 and 17 on pages 320 and 222.



! i l -
All’plane!\ Dy E b1 Cu 1 % .Zli % E ¢ ‘;
1 | o.ce Ir 7.36 | 1.65 | 1.20 { 5,68 | 6.13 i 10

11 ji2.3e | 11,00 | 1.50 | 1.50 | 8.5 | 7asa oo
11T 212 18 | 11.00 | 1.74 | 1.74 { 7.0c | 6.32 | ~0.8° ‘

The euffixes u and 1 indicate respectively whether the

coofficient belongs to the uwnper or lower wing. Furthermore, _

a is the angle between the chord of the upger wing and the di- .

Tectidn of the relative wind, that is, the angle of attack.

In order to distinguish between the angles of attack of the upper

and lower wings, we also use the symbols . &y and o3. £ is
the angle which the chords of the upper and lower wings make
with each other and is called the "decalage."' &= &7 - Oy,
that is, ¢ is positive when the upper wing has a smaller angle
of attack than the lower wing.

In -the tables, all the coefficients cm9, Cp, Gy refer to
'the angle of attack of the upper wing. If, for instance, air-
plane I has a decalage of ¢ = -1° +%hen Op1 = 0.583 and
corresponds to the angle of attack ay = 3° of the upper wing
and to the angle of attack Oq = Zb of the lower wing. As re-
gards the moments of the wings about the center of gravity, it
is characteristic that a large force acts on a short lever-arm,

since, in a well-designed airplane, the center of gravity and

the center of pressure (namely, the point of application of the
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resultant of the air forces) nearly coincide.

-4 -

The numerical val-

ues are, therefore, very sensitive to any displacement of the

center of gravity parallel to the chord of the wings.

A method

is given below, whereby all changes in the curve of moments,

for a slight displacement in the center of gravity, can be

quickly estimated.

Table II. Coefficients for Airplans I.

(Based on section 218)

o -3° 0° 30 &° 9° 12° 15°
Cr® | 0.088 | 0.233 | 0.296 0.334 0.380 0.422 0.410
o | 0.024 ! 0.198 | 0.279 0.331 0.3684 0.410 0;425“_fﬁ
O 0.018 | 0.428 | 0.868 0.882 1.077 1.238 1.855
Gp1l |-0-100 1 0.515 | 0.582 | 0.610 | 1.015 | 1.180 | 1.260 =
Cyy | 0.0683 | 0.0486| 0.0145 | -0.0160 { ~0.0725 | ~0.1240 -0.015§6¥:
Cgl 0.0700 | 0.0580| 0.0350 ! -0.0050 | -0.0490 | -0.1080 -0.14Qg;:2

Table IIT. Coefficients for Airplane II.
(Based on section 159)

o -3° 0° 30 a° 9° 12° 15°
°m | 0.113 | 0.216 | 0.262 0.317 0.361 0.394 0.394
®m | 0.117 | 0.214 | 0.359 0.317 0.364 0.410 0.396
Cnu 0.091 | 0.432 | 0.688 0.208 1.149 1.289 1,278
Cn1 0.095 | 0,430 | 0.667 -| 0.908 1.135 1.276 1.303
Ciu 0.0484 | 0.0336 ; 0.0047 | -0.0418 | ~0.1040 | -0.1720 | -0.1812
Ct1 0.0484 | 0.0335 | 0.0060 | -0.0550 | ~0.1230 | -0.1880 | <0.1751
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Tebls IV. Ccefficients for Airplane IIT. S

(Based on section 47)

« | -g° o® | 3° 6° g° 12° | 15°

-
} -

e

Caa” | 0-098 |

1 0.210 | 0.275 .| -0.324 | 0.379 | 0,435 | 0,444

om1® | -0.006 | 0.186 | 0.260 | 0.315 | 0.367 0.435 | 0.449
! ' o )

Cpu | 0.080 | 0.445 | 0.720 | 0,974 | 1.350 | 1.440 | 1.480

rm

Cp1 |-0.050 , 0.350 | 0.635 | 0.866 | 1.135 | 1.335 ;| 1.420

Ctz 0.0484 | 0.03865| 0.0055 | -0.0480 -0.1.080 | -0.1850 | -0-.3080

Ct1 | 0.0560 | 0.0450 0.0160 { ~0.0310 | -0.0880 | -0.1640 | -0.2140

The moments of the wings are calculated separately. It fol-
lows, from the definition of Gmuo, that the moment about the
leading edge = q Sy cu Cme®, when 4 is the dynamic pressure.  ___
The moments which have the tendency to tilt the airplane forward,
that is, to wake it nose-heavy, are here considered positive,
while negative moments make the airplane tail-~heavy. The moment
about the leading edge mist now be transformed, so that it will

refer to the center of gravity. This is done by means of the

formilasg:
= Su (ou Cmm® - %y Omu + Yu Ctu)s

.QLF @k$
|

— 0
= 81 (c1 COp3~ - %3 Cp3 + ¥v1 O1.

The meaning of xy, X1, Vu, Vi, vhich definitely fix the
position of the center of gravity with regard to the mean lead-
ing edge of the upper and lower wings, can be taken from Figures

1l and 2. Here the mean leading edge when the wings are swept
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tack, as in airplane III, is taken as a straight line lying atv

right angles 0 the chord and bisecting the frcnt edge of both

wings, as shown in Figure 2.

pendicular distance of the apex- of the upper (or lower) wing

Let %, and X3 denote the per-

from the mean leading edge ancé we have

by,

'il-b—é*tancl

Xy = Xy - tan Oy and x3 = -
Table V. - -
Airplane Sy l o | X X : X X3 Yu Y1
— =
13.82 i 8.32| 0 | = | -~ 0.768 | 0,230 | -0.690 | 0,683
. l ' |
17.50 115.00| 0 | == | -- 10.818 | 0.685 | -0.935 | 0700
III  {30-40 |15.80| 24 |0.790|0.570{0.660 | 0.452 | -1.170 | 0-590
Table VI. _
Airplane I.
o | -39 0° 30 g% | 9 | 13° 15°
} | .r ‘
2| 1.160| 0.3123 | -0.622 | -1.600 | —2.770 | -2.250 | -2.450
My =
< | 0-820| 1.720 | 1.860 | 1.690 | 1.500 | 1.300 | 1.074 __
. ] S
) . Airplane II. 1 _fi__
%% 0.885 | -1.085 | -2.765 | -4.015 | -5.265 | -5.380 | -4.98
M LoE
& | 2-160 | 0.735 | -0.975 | -2.780 | -4.750 | -5.860 | -6.32
Airplane III. =
M
=2 1 1.210 | 0.585 | -0.051 | -0.465 | -0.763 | 0.489 | 0.857
My '
?f- 0.973 | 3.038 | 2.835 | 2.184 | 1.233 | 0.635 | 0.239
My

Q

+ %% gives the total moment of the wings %?u.
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xy and x31 are reckoned positive toward the rear and

Yu and vy are positive upward, so that xy, x3 and v1 are
nearly always positive and vy, negative. Table V contains thé_i
numerical values used and Table VI the results of the calcula-
tions.

The total moment is now subject to modification on acovunt

of the mutual influence of the air forces acting upon the indi-

vidual wings, tke effect being as follows:

_ o105 2
AY, = o Zﬁga(gmMu +57.3 n 3 .
cy © ? gM
AMy = - b_ul'é%‘u(zmm +87.3 [n + (1 + N3 g5 >

Mp = M, + AM, + My + AMj.

b, + b
Here M is used as an abbreviation for —u;—afl , m andm

n are coefficients depending upon A and on the stagger ¢

The exact formulas have been given by Betz.* Table VII contains .

the computed values.

wing moment
dynamic pressure

The final wvalues for the expression are

plotted in Figures 3 to 5.

* "Berechnung der Luftkrafte auf eine Doppeldeckerzelle (Calcula-
tion of the air forces on the wings of a biplane): Technische
Berichte, Volume I, No. 4, p-106, note 1. For definite values of
A and$ -~we may also take m and n from plate LXV, Figure 2,
and plate LXVI, Figure 3.



Table 7.

Airplane I, Angle of Stagger ¢ = 16°, Gap G = 1.42 m(4.66 ft)

@ | -3 | 0° 32 1 e 9° 12° 15° .
%} { 1.980 | 2.032 | 1.238 | 0.090 | -1.370 |-0.930 | -1.376  ~ __
M l | =
?g 2.040 { 1.792 | 0.933 [ -0.183 | -1.442 |-1.551 | -1.541

| : - _ . | _ |

Airplane II, Angle of Stagger ¢ = 5°, Gap G = 1.635 m (5.36 f4)
Y . : S ' -z
%f | 3.045 !-0.350 |-3.740 | -6.795 | -10.015 |-11.140| -11.300 .
5% | 3.637 | 2.560 | 0.585 | -0.694 | -2.235 |-2.436 - 'tf

Airplane III, Angle of Stagger ¢ = 7°, Gap G = 1.78 m (5 84 ft) :
— | . =
M ! -
%} 2.182 | 3.623 ] 2.784 | 1.719 0.4705 | 1.134 1.086
iy | - -
. 2.455 | 4.066 I 2.950 | 1.549 | 0.02% | 0.714 0.928 .

3. GCalculation of Moments of Horizontal Tail Planes.

A new difficulty, of a totally different nature from those

encountered in calculating the wing moments, arises in connec-—

tion with the calculation of the moments of the stabilizer and

elevator.*

The moment of the tail unit consists of the product

of a long lever arm (distance of tail unit from center of gravity)

and a small force

{(1ifting force on the area of the tail which

is emall in comparison with the area of the wings).

Furthermore,

in consequence of the usual symmetry of section of the tail

planes (as contrasted with the high cambered wing sections) the

* Tachnische

Berichte,

Volume II, No. 3,

p-464.



-G -

variation in the location of the center of pressure of the air
forces on the horizontal tail surfaces is small and may, without
gerious errnr, be assumed to coincide with The elevator hinge.
If 1 is the CGistance of the center of gravity from the hinge of
the elevator and Fy the force acting at right angles to thgmf__ﬁw
horizontal tail surfaces, then the moment produced by the tail
is Mg = 1Fg. o _

In order to introduce non-dimensional coefficients again,

M;
we may put Fy = gy Sg Cpg and also a% = 18y COpy-

dere Sy 1is the total area of the horizontal tail surfaces and
Qg the dynamic pressure on the same, which differs from the

dynamic pressure q on the wings on account of the slipstream,

and which also couees the difference in equilibrium between

flight under engire power and gliding flight. Since the propel-
ler increases the dynamic pressure on the tail surfaces in
engine~driven flight and diminishes it in gliding flight, the

average is taken as qum = q. Hence the total moren’t of the air-
plane, under these &ggumpiions lies between the moments for
engine-driven flight and gliding flight, as has alteady been
confirmed by flight tests.*

In order %o judge the flying qualities of an airplane, it

is generally sufficient to calculate the tail woments with the.”
elevator deflection of 6 = 0 and also with it free. In bhoth
cases the curve of the coefficient Cpg (and, therefore, of the

woment of the tail) is considered approximately as a straight
* Technische Berichte, Volume II, Wo. 3, Plate 240, Fig. 15.
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line. The coefficient Cnpnx is firet calculated as a function
of the angle of deflection @y of the stabllizer. The straight
line tha*% representis this relation rust pass through the origin

in .the oy, Cpr diagram since, owing t0 the symmetrical shape

of the stabilizer and slevator csections, the normal force must

be zero when these planes are at zero angle of attack. If we

gaccecd in determining %gﬁﬁ, the tangent of the slope of th¢;”

_ 4o )
straignt line, then it iz clear defined b C = o= Qg
igh > n it is arly 1 ¥y OUnH a;ﬁﬂ "
The angle oy is here always exprecsed in degrees. %%ﬁﬂ is
dstermined by interpolation, with the aid of Tables VIII and IXi_ _

Table VIII. o
Plan form E ! . ~
of | Ru Rol. | Ru v Alb. 3
L. ) - . . - - g- lb‘ -
stabllizer tormr | o BE o1 ¢ IT | ¢ XII
and | | _
elevator ! :
i 5 : | s
%%gﬂ | 0.0593 | 0.0558 | 0.0558 | 0.0523| 0.045% | 0.0418 . -
" b t . PR -~
Aspect Tatio E% iz.lz 1.78 |3.26 |1.54 | 1.20 |1.18 .

Table IX. B
Rectangular plan form.
i
o |
Aspect ratio - o 2/1 3/1 /1 6/1 8/1
H ]
%%ﬁﬂ 10.0514 0.0437 | 0.0576 | 0.0698 | 0.0803 | 0-00925
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The values in the first table were taken from the stabilizer
and elevator measurements by Munk,* by replacing the curves
(there given for the normal-force coefficient Cpg, according to
the metnod of least equares) with straight lines, whose slopes
have been determined. The values given in the second table have
Yeen obvained in a similar manner from Foppl's thesis and are
ghown in Fizure 5, in oxder to make the interpolation easier. e
The plan form of the stabilizer and elevator, most closely resem-
Dling that of the airnliane to be calculated, is first chosen
from Table YIII and the aspect ratio of the stabilizer and ele-
vator, of the airplane in question, is further considered, in
the gense that the value of %ggﬁ, taken from Table III, is al-
tered proportionally bv means o} Table IX. 1If, for example, the
tall unit is similar to that of Lvg C II, ard hes an aspect
ratio of 1 : 3, we then put %EHH = C.0453 X %f%%%% = 0.0583.
o

Here 0.0332 is the value of %i?ﬂ for a rectangular plan form
H o

with the aspect ratio of the Lvg C IT tail. In order to check
this method of calculation, further experiments are now being
instituted at Gottingen.

- dac
The calculation of EEEH' gives -
H .

for airplane I, 0.0471
" " I, 0.0437
" i IIT, 0.0593.

In passing from the incidence gy of the tail to the inci-

dence < of the upper wing, it rust be remembered that the sta-

* Technische Berichte, Volume I, No.5 pp.168-189, more especially
Tables 157 and 158.
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bilizer is generally set at a smailer angle to the axis of the
crankshaft than the uoper wing. The stabilizer and the chord of
the upver wing are, therefore, at an angle {5, <=0 that -
%Gy =a - {;. Here the decalage is positive when, as is gener—
erally the case, the wing is set at a ctesper angle than the
stabilizer. If the value of op is put in the equation for _
CpnH, 1%t will be observed that, with a positive (g, the straight
line is displaced a distance (g, toward %the right, parallel to

~Tal

av
itself, so that Opy = aa%ﬁ

The effect of the downwash is yet to be considered. The

(o - tg)- B

coefficient of the normal force, as modified by the downwash,
may be denoted by Opg-© It follows, from the Prandtl theory,
that the downwash disappears in any case for the incidence at
which the 1ift becomes zero. Thig is the case, for example,
for & = - 4.5°. A% this angle, therefore, the value of OCpg*
cannot be altered by the downwash. If the curve for GnHE S
plotted against o, taking account of the dovnwash, may be ap- _
proximately represented by a straight line, the latter mist pass
through -the point P (Fig. 8) of the straight line Cpy, vhen
the abscissa o = - 4,5°. The straight line an5€ is, there- =
fore, definitely fixed, when its inclinétion %gﬁﬂ- has been 1;“i:;
determined. The inclination of the straighzclige is mudgcre~ -
duced by the downwash and, on an average, aaﬁﬂ-= 0.54 agﬁﬂ

A more exact value may be found by using the formula (de-

rived from Prandtl's vortex theory)
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. ‘
dgnaH TR chclzn-1 S
a

For biplenes we obtain

A= 0.62 %(1+/1+(§%>5>+%(1+ /i %1_3> o

The greatest value of A, which we have hitherto calculated
for the usual types of airplanes, is 0.80 and the smallest is 0.40.

For monoplanes

smomsfg (1o /1 G

while, with a difference of incidence (or decalage) (g,
the stramight line of the tail moments, uninfluenced by the down-
wagh, is displaced by an amount gy parallel to itself, the
parallel displacement of the line of moments of the tail without
decalage, and under the influence of the downwash, is consider—.-
ably greater than {, as can be found from Figure 8. The re-.
sults of the calculations are given in Table X.

In order to determine the straight line, which approximates -
the curve of moments of the tail with free elevator, as a func-
tion of the incidence of the upper wing, it must be remembered
that the free elevator, when the section is symmetrical, adjusts
itself automatically in the direction of the stabilizer, that is,
it has zero angular motion, 6 = 0, when the;moment on the tail
is zero. With o = 9.30, the moment of the tail vanishes, in

Figure-8, for € = 0. The elevator is, therefore, completely

without load for this incidence and consequently the stabilizer —
* Compare Technische Berichte, Volume II, No. 3, p.482.
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is similarly without load for the same angle, when their section

is symmetrical and the elevator is free, that is to say, the

straight line of the moments of the horizontal tail surfaces aiéo
passes through Zero, when the elevator is free.

of this straight line,

dcnﬂ€

doc

The inclination

is determined by the values of

ac
—a%g for rectangular surfaces having an aspect ratio of 1 to 3,

which is plotted in Figure 7 against the fraction

Cg . area of elevator —

Sy  total area of stabilizer and elevator

Table X.

Airplane ! I | 11 IIT
T t -

S | 2.48 I I
t ! : ) -
v | 5.34 i 5.375 ! 5.18 .
¢ ! 3.5° ' 2° R =
A { ~0.478 | -7.395 ~0.465 -
ST ! i . -t
—oH % ~0.0246 | 0.02364 0.0318
da ! —
| | =
Angle of attack | _=0 40 40 -
for zero 1lift | } 3 { * * =
f E _==
Angle of attack ' o bt B ==
for this angle }. 0.160 i 0.168 0.191 _
GnH€ ! i
t I

¢ ¥y 0.326 | .61 0.597

da q t

The values have been taken from the tests made by Munk,* by re-

placing the given curves with straight lines.

lor instance, with

* Technische Berichte, Volume I, No. 5. p.168. vnlates GTXVITT to



~ 15 -~

a rectangular stabilizer and elevator having an aspect ratio of
S

3 : 1, divided in the proportion of —§~= %, the value C.0576
ac N
for —E%F is replaced by 0.0428, as shown by Figure 6, in pass-

ing from the case of 6 = 0 +o the case of the free elevator.

If it is assumed, as in the example on which Figure 8 is
baged, that the horizontal tail surfaces gge divided in the ratio
%g =_%3 it may then be-agsumed that Eggﬂ, in passing frqm
8 = 0 +to the free elevator, varies in the same ratio as with a
réctangular elevEtor having an aspsct ratio of 1 : 3 and that,
therefore, Eg%? - 0.0235 with a free elevator. The siraight
line of the tail moments is thus exactly defined for a free ele-
vator by the inclination and by the point Q (Fig. 8). If the

S
ratio == of the tail unit in question differs from %; then,

Sy
instead of placing 2.43 in the numerator of the proportionality
factor, the corresponding value must be taken from Fig. 7.
With free elevators, the following calculated values were Ob— _

tained for the three airplanes:
€

Airplane gg%% %E %ﬁ
I 0.0174 0.330
IT 0.0109 0.388 .
ITT 0.0213 0.400
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%. Diagcrams of Mnuents.

Three things are required in the diagram of moments:

I. In flat gliding and eteep climbing, that is, with a mean

angle of attack of the wings between 6° ana 90, the moments with

a free elevator must be nearly in equilibrium, in order that no
great deflection of the elevator may be required in this condition

of flight.

II. 1If the mean slope A of the curve of the wing moments
has been determined by replacing the curve by a straight line by
the method of least squares for values of a between 6° and 9°,
(Figs. 4 and 5) then the coefficient of static stability of the

a M -
wing, 3Fg '51 = tanA (a quantity which is always negative) should

not, except for the sign, differ greatly from the tangent of thgw

slope of the straight line, %& %?3 the coefficient of static

stability for the tail. Large deflections of the elevator will

otherwise be required, in order to equalize the moments for other

conditions of fiight, as, for instance, those with small angles

of attack. As a rule, we seek to obtain moderate static stabil-
ity, i.e., preferably the straight line for the tail rises a
little more steeply than the wing curve falls, so

_L_ET_+ I_J.Ii>0_
a q

& (e
Q
2| e
Q

It would apﬁeaz'that a high degres of stability of airplanes is
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da U :
preferred in England, since e 7? 'ig, on an average, 40 to 45%
d M
greater than 3a E?-_in British airplanes. Among German air-

planes, the Albatros class is characterized by its high stability.

Others prefer a more nearly neutral equilibrium and even slight

instability, in the bellef that this feature increases the maneu-
verability of the airplane. High stability can only be obtained
by improving the tail unit. If it is sought to attain it by ex-
cessive forward discvlacement of the center of gravity, nose-

heaviness generally results, a condition which has been observed

in several German airplanes. Slignt instability has been found

in various airplanes which have given good service. Perfect neu-

trality, that is, exact mirror-image relation of the two straight

lines, cannot actually bs attained, since the irclination of the

wing curve is quite sensitive to slight displacements oi the cen—

ter of grevity, even 2 cm (.787 in.), for instance, as always

occurs during flight, owing to fuel consumption. The value of
%E. %? is changed 11% on thg average by this displacement of

the center of gravity.

IIT. The moments of the tail and wing must each be small
for the most frequently occurring conditions of flight, i.e.,
with an angle of attack between 8% and 9°. Otherwise, the net
moment of thé wings and tail would be the difference between

large quantities so that, for relatively small disturbances,

large moments would appear, for which no reserve of control power

would be available and which might prove fatal to the pilot. It
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migt, therefore, be regarded as imperative that the curve of the
wing moments and also, in accordance with condition I, the
straight line of the taill moment should intersect the angle of

attack between 6° and 9°.

1. 1Ia cesigning airplanes, these three points may de con-
veniently taken in the reverse order, that is, we mav start
with condition III and endeavor to plzce the center of gravity
so that the mwoment of the wings disappears for an angle of attack

between 8° and 90, i.2., as close as possible to the center of

pressure of the air forces at this angle of attack, for when

these two points coincide, the wing moment vanishes.

3. The 1 X 8y of the tail should, further, be so dimen-
eioned that conGition II is fulfilled and the straight line of
the wing moment and that of the tail moment should, therefore,
intersect at the desired angle, according to whether considera- _

ble stability or neutrality of equilibrium is preferred.

3. Lastly, it is important thet the angle of décalage be~
tween the stabilizer and the upper wing be so chosen, that the
straight line of the tail moments shall cut the axis of abscissas
at the same point as the curve of the wing moments, whereby con-
dition I will also be Ffulfilled. .

The diagrams for %the three airplanes computed will now be ~

examined from these three voints of view. In airplane I, as the

diagram of moments (Fig. 3) shows, the center of gravity is in
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aoproximztely the correct position. Moving the center of gravity
ﬁorward about 3 cm (1.18 in.) would perhaps improve the flying
qualities somewhat, but this small deviation from the mest favor-
able position is insignificant. Condition III is therefore essen-

tiglly fulfilled. It is further seen that, as required by condi-

tion II, the curve of the wing moments descends almost as steep~

ly as the curve of tail moments rises.

Complaints were received regarding the tail-heaviness of
airplane I in engine-driven flight, which did not appear in glid-
ing flight. The diagram, in fact, shows that the negative mo-
ments of the tail preponderate, since the moment curves of the
wings and tall do not intersect on the axis. From this it may
be concluded, that the difference of incidence between the sta- _
bilizer and the wings is about 2° greater than appears best for _
the flying qualities. The stabilizer might, therefore, be in-
clined about 2° more to the engine axis. Such small discrepan-
cies can generally be corrected simply by bracing the wings and
in this way altering the angle between the chord of the wings
and the axis of the crankshaft. Complaint was made, however, in
the case of this particular airplane, that on account of the un-
suitable arrangement of the brace wires, the requisite adjust-
ments could not be made in the manner indicated. After this de-
fect was remedied, the flying qualities were perfectly satisfac-—
tory.

The fact that complaint of nose~-heaviness in the above air-

plane was made in reference to flight under power and not in
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gliding flight, is explained simply by the fact that the tail is
legg effective in gliding than in vower Iflight, in which the dy-
namic pressure on the tail is irncreased by the slipstream.

It is often assumed that tail-heaviness, when it occurs only
during power flight, is a consequence of the moment produced by

the propeller thrust. The propellsr thrust, during flight near

i

. s s o] 0 .
the ground, with a mean incidence of 6  to 9, may be estimated

at 270 kg (595.3 1b.) and the dynamic pressure q, at 53 kz/m®

(10.65 1p/ft°). Since the center of gravity is about 0.10 m

I

above the axis of the crankshaft,

moment of oropeller thrust ebout center of gravity_
dvaamic pressgure

This value is considerably smaller at higher altituvdes. The

thrust with the same angle of attack amounts to only 306 kg

(454.2 1b.) at an altitude of 4000 m (13123 f£+.) and accordingly

monment = 0.40.

dynamic pressure Thig value is, however, of little im-

portance in comparison with the moments of the wings and tail
(Fig. 3).

Figure 4 is a characteristic example of the diagram of mo-
ments for a very tail-heavy airplane. In this case, none of the
three conditions has been fulfilled. Firstly, the straight line
of the wing wmoments intersects the angle of attack axis at OO,

ingtead of between 6° and 9°. Secondly, the fall of the curve
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of moments is much steeper than the rise of the straight line of

the tail moments. The airplane is, therefore, decidedly un-
stable. Lastly, the straight line of the tail moments and the
curve of the wing moments do not intersect the angle of attackw;;:
ut the same point. The curve of the wing moments was originally
calculated for a center‘of gravity which corresponded with the

information given by the menufacturer. This gave a curve (also

plotted in Fig. 4), which cuts the angle of atteck axis in the

manner required by condition III. The center of gravity, de-
termined in this manner, was, however, 19 om (7.48 in.) further
forward than the center of gravity found in the completed airplane,
to which Tables V-VII refer. Tests with various airplanes of
this type gave further evidence that the center of gravity was
always in about the same position, but that the difference in
decalage between the stabilizer and the wings frequently amountedl
to only 10, instead of 23°. The fact that these airplanes be-

haved fairly well in flat gliding flight in still air can be

explained only by the small decalage, which was, indeed, still .

further reduced by the tautness of the brace wires and the re-
sultant warping of the wings. Under all other conditions of
flight, the airplane was very tail-heavy, and was considered ex-
tremely dangerous in gusty weather. These observations confirm
the above theory, according to which, the defects, resulting

from large individual moments of the wings and tail, become es-
pecially evident in such possible disturbances of the equilibrium

as are met with in rough weathex. I@ order to Tender alrplane II



usable, the center of gravity must be shifted forward at least
19 em (7.48 in.) and the dimensions and sebting of the tail mugh,
of course, be altered accordingly.

Tée opinions of the pilots were divided in regard to air-__
plane III. Some contended that it behaved perfsctly in the air,
while others complained that it was nose-heavy. The dlagram of
moments (Fig. 5) shows two curves for the wing moments. The one
is calculated with reference to the center of gravity of the -
fully loaded airplane. It cuts the angle of attack axis at 9?___=
and condGition III is, therefore, tolerably well satisfied. For
this position of the center of gravity, the airplane also com-
plies with conditions I and II, as shown by Figure 5.

The approximate formula, which is further explained below,
has been used in calculating the curve of wing momente for the
case vhere the fuel supply is exhausted and the airplane is only
lightly loaded. The curve of the wing moments, for the thus
altered position of the center of gravity, shows, in fact, a
marked nose-heaviness and it may therefore be assumed that the
pilots, whose opiniéns differed, flew the airplane under differ-

ent loads. The defect may be remedied by shifting the center L
of gravity backward. A reduction in the amount of the sweep
back of wings would have the same effect, since this is tanta-

mount to advancing the mean leading edge of the wings.



4. The Approximate Formuls and its Application.

In the above calculations, the curve of the tail moments
was at Tirst represented by a straight line, while the wing mo-
ments for different angles of attack were specially calculated.
In order, however, to facilitate the comparison of this curve
with the straight line of the tail moments and in order to
transform the wing moments cuickly, when it is desired to refer
them to a different center of gravity, a straight line was again
used to represent the curve of the wing moments between 0° and
9°. If the angle between the straigh% line and the incidence

axls is denoted by A, we have

OpT = wing moment about center of gravity .
n dynamic pressure X total area of wings X mean chord

o] , T ¢cq 8 ac
The mean chord cp = U :t - 81 L. —Eg; jg a mean value for
1 1

the derivation of CpT with respect to the angle of attack o,

again recloned in degrees.

The position of the center of gravity behind the leading
edgs is denoted by its distance x from an assumed mean leading
edge of the biplane, measured parallel to the chord of the upper

wing and mway be written

= B Sy T E S
Su * 81
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If row Opr° is the coefficient of the total moment of the two
wings about the mean leading edge lying in the chord of the upper -
wing (for which x = 0, w, = 0), and if Cpy and Otr are the L

coefficients of the normal force and the tangential force of the

biplane, then we have

o N X
Omp = Cmy” + o C47 - Z— Cnr (1)
~ C .
Sur _ dCgp” |, ¥y 90pr _ X dCpp (2)
do da ey da cyp do

ac
In order to devise an approximate formula for —EEI, aver-

. 40,7° dC.m ac ;-
age values were calculated for —5%2’ —a%% and —EE;-, by

replacing the known measurements for biplanes (within a range of _._ -
a from Oo +to 90) by straight lines by the method of least squares,
by determining the tangents of their slopes and by taking the

mearn.

In this way, we obtained the following mean values:

ac,,m° ACam - ac :
—wl_ = 0,00837, —%IL = 0.00942, ——nl = 0.0844. It is seen
da da da

dCs

that the value of —ag; is only a seventh part of the value of

ggnl. Hence 9%%; is seven times more sencsitive to displace-~
a F—

ments of the center of gravity to the rear or to the front (that

is, to & change of 53), than to displacements up or down (that
m

is, to a change of %u). We may, therefore, conclude that sta-  _
m

bility in an airplane depends chiefly on ﬁ;' and, in fact, we
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Tind that the numerical value of this exoression lies between

cuite definite limits in sirplanes which have

tion. In airplanes with high stability,

and 0.36 and in neutral or slightly unstable

given satisfac-

falls between 0.33

airplanes, between

0.36 and 0.40. 1In airplanes where gi is gmaller than 0.32 or

greater than 0.4C, nose-heaviness or tail-heaviness must be ex—

pected. The values

of __}S..’
Cm

are given in Table II.

for the three airplanes calculated,

Table IT.
Airplane I It E IIT
T
Actual c-g- | Fully Lightly
center according i loaded loaded
of to | airplane | airplane .

gravity | manufacturexr . :
X 0.378 0.505 0.378 0.327 0.281
Cm L

It would appear desirable to introduce a mean value for
dac
mT

Cm

shall only depend upon g;.

as the mean value for &

and the mean deviation is 0.103.

'approximate formilia

Cm

dcmT
da

fu also and to state the approximate formula so that

da

The quantity =0.59 has been chosen

The maximum observed deviation is 0,28

= 0.014 - 0.0828 X

Cm

In this manner we obtain the

This formula, which differd somewhat from that given previously,*

* Technische Berichte, Volume II, No. 3, p.483.
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has been derived from more extensive data and should, therefore,

be more reliable.* The corresponding formula for monoplanes is

e ———

ACpp _ ¥ l X o
) 0.0172 f 0.0126 - " 0.0756 s - - .

Since the difference in value of % between a “parasol®

monoplane and an airvlane with low-set wings is too great, it is

not here possible to introduce a mean value fér g. The greatest
observed deviation of the walue of E§%$ (obtained from the ap-
proximate formula for biplanes), from that obtained in the manner
described, by taking the mean of the curves of the wing moments,
amounts to 23%, the mean error being 12%. It ie, therefore, ob-
vious that this approximate formula can only serve as a guide
and can, in no way replace exact calculation. The lack of ex-
actness in the approximate formula is chiefly due to the mean .
dggé and g%;, in which the differences in the |

. . dCpr .
wing sections have much influence. The mean valuc for Ja 1S

values for

mach more useful and may now be used for transforming the curve
of wing moments, when it has been calculated for one center of___
gravity, to another center of gravity.

In order to make this procedure plain, we will use airplane
IT for an example. The roments of this airplane were calculated
for the actual center of gravity, which lies 19 cm (7.48 in.)

behind the center of gravity given by the manufacturer. The e

* %—% is made nearly equal to the values given in Technische
H -~ Te T

Berichte, Volume II, No. 3, p.483, in connection with the approx-
imate formula. These values are somewhat too high. They vary,as
a rule, between 2.4 and 3.4 and only rise to 5, when the tail
design is very favorable.
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ejquivalent straight line, found by the method of least squares,

forme witk the angie A, wirose tangent is -0.52. Then

dCpm _ 1
da S c¢p

tan A = -0.0202. For the woment about tne center of

gravity .19 m (7.48 ia.) furtber forward, we obtain, on the

ac c 0.19
basis of forrmla (2), m's _o.0203 + QE%; .

= -0.0105,

ac.
when we subsiitute for —agm, the approximate valiue 0.0638.
. i
The prime in the coefficient Cn is intended to designate that

this coefficient refers to the new center of gravity. If the

angle which the new straight line of the wing worments makes with

the angle of attack axis is cCenoted by A', then

The direction of the new straight line, which represents
the course of the ving woments with a fair approximation, has
thus been calculated. In order to locate the straight line, we

must have one more point. We therefore calculzte the quantity

MT', which is referred tc the new center of gravity for an angle

of attack of 0°. The momen: about the old center of gravity was

0.086 for & = 0°. For the ne7 center of gravity, we therefore

Y _ _ :
obtain —%— (for @ = 0) = 0.086 + S CGpp 0.19, in vhich M is

again to be referred to the new center of gravity. The value of

Cur for O° can be easily calculated by the approximete formu-

las of Blasius and Hamburger.* When the effect of the mutual inf

fluence is but slight, the results given by the approximate form-

* Technische Berichte, Volume II, No. 2, p.341l.
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ula (for o =-©o) agree well witn the results of the tests.__Thg o

HAm?

calculation gave Cpy = C.32. Then -2 (for a = GC) = 2.49..

The corresponding straight line is dravn in the diagram of the _

moments in Figure 4. For comparison with this.-straight line,

which was found by an approzimate calculation, the values of the

curve were plotted, which —were obtained by exact caiculation of

the wing moments about the new center of gravity. It is obvious _

that the agreement is exceedingly guode. | o
The wing momrenss for airplane III are transformed aécording

to the sane msthod, when the center of giavity of the fully Lcad-

ed airplane saifts to that of ithe lightlyv loaded airplane. For

the coefficient of norimal force, the calculatiion gave

~

Opgp = 0.36 for o = 0. o

From the previcus calculation, we obtained %f = 4,07, when —
a = 0. Since the center of gravity of the lightly loaded eir- . _
plane is 8 cm (3.15 in.) forward of the position for the fully

lozdsd airplane, the wing moment referring to the new centoer of
L]

gravity, when &« = O, Lecomes %? = 4,07 + 8 S..7 0.08 = _' o

= 4.07 + 386.2 X 0.36 ¥ 0.08 = 5.11. T

e
1l

The angle of inclination A of %the stzaizht line, which rep-
resents the wing momants about the new center of gravity, is

found from the formule

U ™
¥ o tan A + S aCpz C.08.
q da

. .4
tan A = 3o

If the curve for the wing moments previously found for air-
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plane III is replaced by a straight line, we have tanA = 0.453,
Putting the nean value Q%%; = 0,06328 and S = 36.2 in the —
forrula for tan A', we obtain +tan A'= -0.371. A straigh% line
7.th tnis slope, which cute the axis of the ordinates at 5.11

(Fig. 5), mugt therefore represent the wing moments about the new
center of gravity. For this airplane the question is further
reised as %0 how the center of gravity must be shifted, in oxrder
“hat, with an average load, the nose-heaviness may be removed or

(vhizh amounts to the same thing) that the curve of the wing mo-_

ments may cut the angle of attack axis at approximately o« = 7130-

For this purpose, we start from the celculated curve of wing
noments for the fuily loaded airplane and denote by & <+he amount ]
the center of gravity must be shifted. Here & must be positive
when the certer of graviiy is moved backward and in the other
instance, as in the previous transformation, it must be negative.
e again assume this curve to be represented arproximately by a
straight line and denote its inclination to the axis of the ab-

gcissas by A.. In order to calculate 6, we seek to express

A in two different ways by means of &. First, we have

£
" %} (for a = 0) . _
tan A = =3 , when Mg" 'is taken as the wing moment
7.

abort the new position of the cemter of gravity. According to

equation (1), we have

¢ M
%?—(for a=0) = ?f'- S OnT & (3)
Therefore, sann = =207 - 36.3 % 0.36 % (&)

7.3
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JOn the other hand, by referenre 10 egua+ion (3)’
tmf=+~‘ =mnh_s@ﬂﬁ= o
da

(5)
= -(.45% - 38.2 X 0.0628 X §

Bv means of ecuations (4) and (5, we obtain a linear equa-
tion for O, which gives the value 8 = 0.026. Ve obtain the

new straight line for the wing meoments by calcuiating tan N

-|m" .
from ecauation (5) and %f (for a = 0) from equation (3).

Thie straight line is also drawn in the diagram of momente in _ ..

Figure 5. %hile the accuratsiy calculated curve fur the ving

momenss was referred *o a center of gravity at a distance -~

Xy = 0,66 m from the upper mean leading edge, the new curve of i

moments is referrel %o au center of gravity 0.66 m + 0.038 m =

0.688 m (2.26 f+.) from the upper leading edge. —-——
The wings of airplane III had a marked sweep back

o = 2.5°. Since a diminution of the sweep back corresponds to .

a shifting of the center of gravity tackward, ~e are in a posi-

I

tion to calculate how much thieg sweep back must be reduced, in
order to make the nose-heaviness disappear. ror the fully loaded

airplane, the distance of the center oF gravity from the mean

upper leading edge ie Xy = 0.79 m (2.59 ft.) and for +the light-
1y loaded airplane it is X, = 0.71 m (R.33 f£%.), so that we have

Xy = 0.75 m (3.46 f4.) for an average load. As, hovever, tae



igtence should te Eu = (0.883, the rsan leadinz edge tmust ve

7

2 tanG = 0.7% m ~ 0,398 m = 0.087 m (.22 £t.) from the apexr ~

| o e

cf “he wings. Iutsing, s avove, by = 12.18 m (40 f+.), —~e

s = - o
obtain 3.045 teano = 0.067 and therefore, o = 1.35

rarslated by
National Advisory Committee
for Aszronautics.
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