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NACA RM L50H23

NATIONAL ADVISORY COMMITTEE FOR-AERONAUTICS
RESEARCH MEMORANDUM

PRELIMINARY EMPIRICAL DESIGN REQUIREMENTS FOR THE
PREVENTION OF TUMELING OF ATRPLANES
HAVING NO HORIZONTAL TAILS

By Robert L. Bryant
SUMMARY

An investigatlion has been mede of the design characteristics and
loadings that are conducive to the tumbling of airplanes that have no
horlzontael taells. Preliminary empirical design requirements hased on
model tests of 18 different configurstions are presented. A brief
explanation of the phenomenon of tumbling is appended.

INTRODUCTION

The summary of results of tumbling investigations of several dynamic
modele to determine thelr tumbling characteristics (reference 1) indi-
cated that tumbling may occur only for silrplanes having no horizontal
talls and that the degree of static longltudinal stability was indica-
tive of the proneness of an airplane to tumble. From analysis of the
datas of reference 1 and of additional dsta cobtalned in the pr~sent
investigation certain empirical design requirements for the prevention
of tumbling of horizontal tailless alrplasnes were indicated and are
presented herein. Results were also obtalned in the present investi-
gation from tumbling tests of five flst plates. Tumble theory advanced
by Dupliech 1in reference 2 is also discussed and eppended herein.

Al though further research will be necessary for complete solution of
the problem, 1t appeared desireble to present an empirical criterion at
this time based on existing kmowledge.

SYMBOLS

All aengles and vectorial quentities are shown in figure 1.
3 distance measured slong the horizontal earth axis, feet
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distance measured along the vertical earth axis, feet
angle of attack, degrees
fiight-path angle relative to ¢ eaxrth axis, degrees

sngular displacement 1n plich with respect to the earth ¢
axis, degrees o

average rate of pltch during any cycle of the tumble after
equilibrium has been obtained, radians per second

instantaneous rate of pitch, radlens per second
instantaneous resultant velocity, feet per second
acceleration tangent to flight path, feet per second2
acceleration normal to flight path, feet per second®
time, seconds

mass, slugs

welght, pounds

moment of inertia about the lateral axis, slug-feet2
wing ares, feet2

wing spean, feet

wing chord at any station, feet

mean aerodynamic chord, feet

distance from center of gravity to centroid of plan-form area,
feet

air density, slug per cubic foot
relative-density coefficlent based on span (Egg)

resultant aerodynamic force, pounds

resultant inertia force, pounds
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L 1ifE, pounds

drag, pounds

M pltching moment, foot-pounds
Lift
c 1ift coefficient T
2
Pit momen
CM pltching-moment coefficient ching i
Epvzsé
Cx normal -force coefficlent o force
12
Epv S

1oves

Cx longitudinal-force coefficient (I‘
2

ongltudinsl forcé)

Parenthetic subscripts:

(Ja due to angle of attack
(g due to time rate of change of angle of attack
( )q due to pitching velocity

APPARATUS AND TESTS

Models

The models were scaled from full-scale airplanes with the exception
of two research models G and I and five flat plates, models N, O, P, Q,
end R, which were built to an arbitrary scale. The dimensional charac-
teristics, mass characteristics, pitching-moment characteristics, and
plan views of the models are given in tables I and ITI in terms of full-
scale values, The models were made of balsa and ballasted with lead
weights to obtaln dynamic similarity to theilr actual or assumed full-
scale counterparts at some arbitrary altitude as indicated on tsble IT.
The assumed full-scale counterparts of the research models and flat
plates were such that theilr spans were within the range of the other
models tested, '
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Wind Tunnel and Testing Technigue

The .tumble tests were conducted in the Langley 20-foot free-spinning
tunnel, a vertical wind tunnel of dodecagonal cross sectlon capable of
alrspeeds up to approximately 60 miles per hour and is similer to the
fTormer Langley 15-foot free-splinning tunnel as described in reference 3.
For the testis, two methods of launching the models were employed: +the
model was released from a nose-~up attitude to simulate a whip stall in
order to determine whether the model would stert tumbling of its own
accord, or the model was launched wlth initial pitching rotation in order
to determine whether the model would continue to tumble once the tumbling
motion had been started. The simulsted whip stell was obtained by holding
the model in the air stream with 1ts nose up and simply letting go of the
model. When launched with initial pitching rotation, the model was held
in the alr stream and forced to rotate by &pplying a torque about the
lateral axis as it was launched.

The models were generally tested with three elevator deflectionms,
full up, neutral, and full down with both positive and negative initial
pltchling rotation. Whip-stall tests were generally made only for those
conditions for which the model tumbled when glven forced rotetion. It
was considered that the model would tumble for a particular center-of-
gravity location if a tumble was obtained by any method of launching for
any elevator position.

Parameters Considered for Empiricel Criterion

The results of the Investigations summarized in reference 1 indi-
cated thet aspect ratioc, the square of the radius of gyration in percent
of the span squared and the degree of static longitudinal stability
appeared to be importent parameters with regard to tumbling. When in
the anslysls of avallsble data and data obtained in the present investi-
gation no way of using these parsmeters was found that would fit into the
scheme of separating the tumbles from nc tumbles, 1t was decided to loock
for parameters whose effect on the tumble were most obvious. Variastion
of the center-of-gravity locatlon has a decided effect on tumble results.
The center-of-gravity locatlon determines the degree of static longi-
tudinal stabillty which, 1n conjunction with the moment of inertis,
determines the initiel rate of pltch. Since the rate of pitch, which,
in the case of tumbling is equal to the rate of change of angle of attack,
determines the amount of hysteresis in 1ift (see appendix), it was
decided to consider the center-of-gravity location in percent of the
mean aerodynsmic chord as a basic parameter. The effect of the damping
moment is quite obvlious inasmuch as conventlonal-type models (with
horizontal tails) which have a large degree of damping will not tumble
even when the center-of-grevity location is such that extreme static
instaeblility exists. If the damping moment always exceeds the moment
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due to hysteresis in lift for any rate of change of angle of attack, the
tumbling motion can never get started. The usuel expression for wing
damping which considers only relatively smsll rates of pltch may not be
spplicable for tumbling motions in which the rates of pitch are appreci-
sbly larger. It was felt that some measure of the demping would be indi-
cated by the square of the distance between the center of gravity and
the centroid of the plan-form area. Damping, in addition to being a
function of the rate of pitch, is elso a funchtion of the rate of descent;
the rates of pitch and descent are respectively dependent upon moment of
inertia and mass, and therefore it was felt that the ratio of mass to
moment of inertia, or radius of gyration sgquared should also sppeer in

2
the damping paremeter. The expression h mh

Ty /m or TY_ was thus chosen

to represent damping.

RESULTS

The results of the tumblling investigation for the 11 speclific models
and the 2 research models are presented in figures 2 and 3. Figure 2
presents the results of tests of models having aspect ratlios grester
then 3 and varying up to 11, whereas figure 3 presents the results of
tests of models having aspect ratios of 3 or less. The results of the
tumbling tests of the flat plates are shown in figure L. The coordinates
on the figures are the two parameters previously discussed, center-of-
gravity position and mh /Iy. Resulits for both forced rotations and for

whip stalls are shown.

Interpretation of model tumbling results as epplled to corresponding
full-scale sirplsnes regarding the possibility of tumbling is as follows:
If 8 model does not tumble when launched with forced rotation, the corre-
sponding airplane will not tumble; if the model tumbles when launched
with forced rotatlon the corresponding airplsne may tumble but there will
be greater likelihood of tumbling if the model tumbles when launched from
a whip stall.

DISCUSSION

Where data permitted, two separstion lines have been drawn in fig-
ures 2 to 4 to separate the data for the models which tumbled when given
forced rotstion from the data for the models which tumbled from & whip
stall and from the data for the models which did not tumble. In addi-
tion, & line has been drawn, where possible, below which tumbles from a
whip stall sppear unlikely. The dashed lines are conjectursl and have
been drawn on the assumption that the separation lines are & family of
curves as some function of aspect ratio.
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Tunbling tendencies of nine models whose aspect ratlios were greater
than 3 and ranging g to 11 are indicated in figure 2. At a given value
of the parsmeter mh /Iy, the models would not tumble even when launched
wilth forced rotation for relatively forward center-of-gravity positions.
As the center of gravity was moved rearward, tumbles were obtained first
only from forced rotaetion, then from forced rotation and occasionally
from whip stalls, and finslly it appeared likely that tumbles would
always be obtained even from whip stalls for rearwerd center-of-gravity
positions. At a forward center-of-gravity position, increasing the
value of .mh2/Ty tended to fecrease the tumbling tendency from forced
rotation, whereas for s rearward center-of-gravity position the tendency
to tumble from whip stalls was increased for an increase in th/Iy.
This difference in effect of mh2/Iy may be partislly attributable to
a difference in rotational inertia. Large radius of gyration (high
inertia with low mass) would tend to prevent the tumbling motion from a
whip stall, whereas once the tumbling motion has been obtained from
forced rotation, 1t would aid in sustsinirg the motion.

These results indicate that the center of gravity need not be
nearly so far forward to avoid tumbles from whip stalls as it must be to
avoid tumbles from forced rotetion at low and moderste velues of mh2/Ty.
Thus, although no comparison between model and airplane tumbling results
is available, it appears that uniess an airplane encounters an extrinsic
force in flight (similar to that given a model when launched with forced
rotation, which is believed to be a rather remote possibility) the center
of gravity indicated on the figure as necessary to prevent tumbling mey
be conservative. Further, references 4 and 5 indicate that the increase
in 1ift due to pitching velocity decreases with either an increase in
Reynolds number or Mach number. There-is one instance (data unpublished)
where a body of near conical shape rotated in a free stream sbout an
axis normasl to the axis of symmetry but did not rotate at all when either
the Reynolds number or Mach number was increased. In spite of the fact
that a cone 1s not a very efficient 1lifting device, these results indl-
cate that some scale effect may be expected and that the full-scale air-
plane may be less prone to tumbling than the model.

Figure 3 presents the results of tumbling investigations for four
models whose aspect ratios were 3 or less. For these models, tests were
nmade only from forced rotation, and again the models would not tumble
for reletively forward center-of-gravity'positions but would tumble for
rearward positions.

Comparisons of results in figures 2 and 3 indicates that, for the
models of low aspect ratios, further rearward center-of-gravity positions
were permissible than for models with large asspect ratio before tumbling
tendencies were obtalned. These resulis appear to be consistent with those
in reference 2. The reason for the difference due to aspect ratlio was not

apparent, . _ e
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Results of tumbling tests of flve flat plates are presented in fig-
ure 4. These results show separation between conditions of no tumble
and those of tumbles similar to those obtained for the models. The
center-of-gravity positions for which no tumbles were obtalned were B
farther rearward, however, than were those for the specific models of . ~
similar aspect ratios (fig. 2). As previously noted, however, a spetific
model was sgid to be capsgble of tumbling if tumbles occurred for any
elevator position which includes elevator set to aid the tumbling ta-
tion. Because the tendency to tumble 1s greater when the elevators are
deflected in the direction of the forced rotation than when the elegva-
tors are neutral, and inasmuch as the flat plates had no elevator, |the
results of tests of the flat plates (with essentislly neutral elevator)
may therefore be somewhat optimistic with regards to the center-of-
grevity position required to prevent tumbling. The differences bebtween
the results of tests of flat plates and specific models may also be in
part due to the basic physical differences between flat plates and
actual airfoil sections. As noted in the sppendix, the hysteresis in
1ift is considered to be the primery motive force in tumbling motioms.
The results of reference 6 indicate that thin aslrfoils have less hyster-
esis in 1ift than thick airfoil sections. It would appesr therefore
that flat plates and wings of thin alrfoils may generally have less
tendency to tumble than wings of thick airfoil sectilons.

The results obtained with the flat plstes indicate thet in the
region in which tumbling occurred only by forced rotation, quite =
nuriber of no-tumbling conditions were also cobtained. This is probably
due to the fact that the parameters used for the current empirical
criterion to obtain sepsration between tumbling and no-tumbling condi-
tions do not completely dictate this separstion and that other factors
may have some influence. :

Some of the models tested tended to assume motions other then
tumbling motion when leunched for tumble tests. Such motions as rolling
or cart wheeling (rotation sbout the Z-axis) were experienced. The
results of 211 tumbling tests indicate that the models tend to tumble
or rotate sbout the axis of least moment of inertia and/or serodynamic
damping. If, for example, the moments of inertis about the X and Y body
axes were the same, some models may tend to tumble and others to roll,
depending on the relstive damping. Nonuniform gyrations sbout all axes
may also be possible. No investigations have been made of these specific
or different motions. As an example, however, model H, has been observed
to roll gbout the X body axis rather then to tumble. This rolling motion
could be stopped by alleron movement against the rolling motion. It is
probable that other nonuniform motions which have been observed could be
controlled by proper control manipulation inasmuch ss the models generslly
assumed conditions of unstalled flight during the course of the motion.
Such nonuniform motions generally occurred when the moment of inertia
ghout the Y-axis was larger than that sbout the X-axis.

o
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In summary, the separation curves for the specific models (figs. 2
and 3) have been redrawn in Pigure 5 showing an empirical criterion for
the prevention of tumbling. Design of airplanes without horizontal tails
in accordance with thils criterion should reasonably assure that the air-
plane will not tumble provided it is within the range of geometric and
mass characteristics of the designs presented herein. It appears desir-
able to meke the design fall below the lowest criterion curve (fig. 5);
but, should this be Impracticable, the design should fall below the
separation curve below which tumbles from whip stalls are not likely.
Center-of-gravity positions that fall below this line are generelly
necessary for normal stabllity.

CONCLUDING REMARKS

The results of tumbling investigations of several models in the
Langley 20-foot spinning tunnel have been studied with regasrd to the
design characteristics and loaedings that are conducive to tumbling. A
preliminsry empirical criterion for the prevention of tumbling is pre-
sented which indicates center-of-gravity positions and values of other
paremeters which should prevent tumbling. It sppears thet further
research will be required in order to understand completely the problem
of tumbling.

Langley Aeronautical Laboratory
Nationgl Advisory Committee for Aeronautics
Langley Air Force Base, Va.
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APPENDIX
THEORY OF TUMBLING MOTION

Dupleich has shown in reference 2 that tumbling is caused by a
phenomencn associated with a discontinuity in the serodynamic forces
resulting from a rspild change in angle of attack through the stall.
Figure 6, teken from reference 6, shows that this phenomenon commonly
known as hysteresls cen produce large variations in the serodynamic
forces due to rate of change of angle of attack. When the angte of
attack 1s belng varied so that a wing i1s golng from en unstalled flow
to stalled flow, the flow is altered in such a msnner that greater forces
result at any glven angle of attaeck than would for a static test at the
same angle of attack. Conversely, lesser forces result when a wing is
being unstalled. ’

The mechanics of the tumbling motion may be described by considering
the energy produced by the aercdynamic forces. Shown in figure T are
hypotheticel curves of pitching moments against angle of attack which
are believed tc be reasonsble and representative of a flat plate in
tumbling equlliibrium with the center of gravity at the 50 percent chord.
The aresas ocutlined by the moment curves represent the energy resulting
from the various moments. The flat plete ls used to 1llustrate the
mechanics of tumbling inasmuch as 1t 1s blsymmetrical and therefore
requires only one-helf revolution in pitch to complete a cycle of the
pitching moments. There are three separste aerodynemic pitching moments
in action during s tumble: +the static moment (M)a which initiates

the pitching motion; the moment due to rate of change of angle of .
attack (M)g which supplies the motive energy that causes the pitching
motion to accelerate more rapidly; and the moment due to pitch (M)q
which is the damping moment that causes the pltching motion to reach
the steady state. At the start of the motion more energy is supplied
by (M) than can be sbsorbed by (M)q, thus

p 5 & ]
EM)G' + (M)g + (M)q] do +f EM)G + (Mg + (M)q_] da >0 (1a)
o - |

This inequality exists until when during the nth cycle of the motion the
energy supplied by (M)g is exactly equal to the energy sbsorbed by (M)(1

and equilibrium is obtained
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nﬁ+% nw+

l:(M)m + (Mg + (M)q:l da + I:(M)CL + (Mg + (M)q] da =0 (1b)
nx | nﬁ+%

The kinetic energy of the tumbling motion during the nth cycle of the
motlion or any cycle after equilibrium has been estsblished 1is equal to
the totel energy supplied 1ln obtaining equilibrium.

N nsn
L 1y5° = [ + (g + (M),] ax (1c)

0

The energy due to the static moment absorbed by a flat plate or eny
bisymmetrical sectlon during a cycle will be zero 1f the path of the
center of gravity is along a straight line. Experiment has shown (refer-
ences 1 and 2) that the deviation of flight path from a straight line is
small (flight-path angle 1s nearly constant) and the flight path therefore
may be consldered as a straight line. Equations 1 mey then be written
omitting (M)g. It thus appears that tumbling occurs when the energy
supplied by the pltching moment due to rate of change of angle ofattack
exceeds the energy absorbed due to the damping moment. This condltion
can exist only if the static moment and the moment of inertia are such

as to permit & rate of change of angle of attack that for the given
aercdynemic shape will generate sufficient hysteresis in 1ift. In the
cese of a wing whose static pitching-moment curve is unsymmetrical more
or less hysteresis in 1ift must be genersted to balance the energy
resulting from the asymmetry of the static pitching moment.

The flight path of a tumbling wing is determined by the balance of
the instantaneous sercdynamic snd inertis forces and moments. (See
fig. 1.) The equations of motion for the three degrees of freedom are:

o a2t
at?

W - [(n)a + (D) + (p)q] sin 7 + [(I;')ob + (L)g + '(L)q] cos 7 (2)

2 -
e W @ [ D s B s )

=
[

ry & L g + (g + () ¥
¥ 5 = [(a + (g + (M)g] (%)
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Because the variables in equations (2), (3), and (L) are nonlinear
and are interdependent, a genersl solution of the equatlons 1s not
possible by currently known methods. Because the aerodynamic forces
and moment are not constant, the velocity of the center of gravity as
well as the rotation sbout the center of gravity can not be uniform.

As previously indiceted, however, the resulting flight paeth will not
deviate apprecisbly from & straight line end therefore % P g—i’. In

the case of tumbling, this rotation in plich % is not smell, as in
most stability problems, and exceeds all known velues for which data
have been teken with regard to 1ts effect on 1ift, drag, and pitching
moment. It gppesrs that 1ift, dreg, and pitching-moment dats must be
obtained throughout the range of wvalues of pilitching velocity peculiar

to the tumble for any perticulser alrplane in questlon before a solution
to equations (2), (3), eand (4) can be obtained. For complete solution
of the tumble problem more knowledge will be required ebout the mechanics
of, and.the parameters which control, hysteresis and demping at velues of
pltching velocity peculiar to the tumble.
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TARLE I.- DIMENSIONAL CHARACTERTSTICS OF MODELS TESTED
[ﬂbdel values are presented in terms of full-scele values]
ot | seare | §255 | (4555 ezt Toper ovegp 2" <L 6 o B s
A [1/16 23.30| 427.00] 1.27 |-==-- 0.0 238.00| 10.02
1/20 60.00| 490.00} T7.36 j0.248| 21.9 back [109.80| 69.70
¢ {1/57.33|172.00|4020.00} 7.36 |0.248] 21.9 back |315.00| 200.00
D |[1/17.8 | 5k.00]| 356.00] 8.20 [0.376] 15.0 fwd 85.82| -29.10 (£wd)
E [1/17.55} 38.67| 496.00| 3.01 |0.600] 35.0 back {157.00{ 83.56
F |1/20 51.67| 362.00| 7.37 |0.249| 22.0 back | 9k.50{ 60.10
g (1/20 4%,58( 517.%0| 3.8% |1.000| 30.0 beck |1hk0.00] T7T.20
H {1/20 29.42] 375.00[ 2.31 |0.000{ 37.6 back |203.90| 101.90
1t |1/30 30.00| 673.20| 1.34 ]1.000} 45.0 back {272.00| 88.80
J |1/16 39.00] 293.31| 5.19 |0.253} 24.9 back }102.30| 49.30
K |1/30 |[13%.00[1800.00{10.00 |0.167| 11.2 back {190.80] 82.80
L |1/60 290,00 |7920.00f 10.60 |0.200| 0.6 fwd |[375.60| 20.88
M (1/20 26.83| 200.00| 3.60 |0.455] 38.1 back | 93.68| 62.48
2y {1/e0 50.00| 250.00{10.00 |1.000| 0.0 60.00( 0.00
20 |1/20 45.00| 225.00| 9.00 |1.000{ ©0.0 60.00| 0.00
2p |1/20 40.00| 200.00| 8.00 [1.000| 0.0 60.00 0.00
29 |1/e20 35.00( 175.00{ T7.00 |1.000| 0.0 60.00 0.00
2R [1/20 40.00| 266.70} 6.00 |1.000| ©.C 80.00| 0.00
lResearch models.
2F1at plates.

Others - models of specific sirplanes.

*aT
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TABE II.- MASS, PIICHING-MOMENT CHARACTERISTICS, AND TWLE MESUCTS OF MODSLE TESTED
[Moder vaiues are presentes tn terms of full-scate values]

Losding .
Typical Center-of-gravity 2 Tunble
Hodel Cy against Oy, Weight n Iy locaticn_ -;L- result
curves (1v) Hex Altitude | (plug-foet2) {percent &) T (a)
laval (£t} .
A x|
y 13,000
2 | 26,858 | ge.on 35.08 19,367 .3 0.76 .
] 2.0 ¢
233" CF alg2% &
Iz Cu| . 15,000
W obta 6,526 | s.; L6 2,27h 2.0 .33 o
-1, z
L— so'——’ o5 1ec. i 6,64 2.98 473 2,619 2k.0 -k o
C6 af 25%¢c
C S| 20,000
/| 153,000 2.93 5.7 %33,500 1.5 -8 o
\\F ? t _A ]
l-' Tz [ s el 1m5,000 [ 293 3.50 433,700 20.0 .69 .
CGaresxn
15,000
o
r5) = 3,86 | z.@ b3 5,369 8.0 az |
S oF= 3 3,%07 2.38 3. b, 275 16.0 .13
i 3,85 2.61 A3 &, 86, 13.0 a7 +
a4 -] T [X-X-% 8%
CG.af [8% & 3 2.6 k.13 3,85k 23.0 a2 o
7,886 | 5.3 8.5 5,738 18.0 .27 o
15,000
1k,517 9.89 15.72 22,943 16.7 -3 *
1k,48% 9.87 15.68 23,810 2k.0 K- .
E Con 1k, A8k 9.86 15.68 25,2 22.6 22 +
1k,8616 9.9% 15.82 29,935 32.6 .08 o
i 1k,549 .91 13.75 29,762 37.6 .0k =}
J ] 40 Co
a8.67- 6. att63% & || 2395 | 9.m 15.09 18,991 /.7 .03 o
R i —
14,857 | 10.11 16.07 o4, 387 1.6 .26 +
1,872 | 0.1 16.07 17,663 |- 0.6 - 16 T
heTE | 1011 16.97 35,954 0.6 .08 a
20,000 1
F e T b,766 3.36 6.2% 1,920 a.2 R o
: b, 766 3.33 624 2,1% 19.2 . o
‘\Vlt I N wém |- 38 6.12 2,09 7.3 a7 +
166 . [ 5 L0C,
1 CGate5%E 3,69 | 2.98 5.8 2,251 20.0 .29 o
3,691 2.58 £.85 2,133 16.2 A a
‘G Cu 20,000
o ] ] 7,832 | w3 532 3,432 2.7 .36 o
| J i 7,832 | W3 8.3 h,88% 17.1 T3 PR
3 0 C, .
| b— oo CGat2ssnhe} 82| A3 6.32 7,706 7.9 .76 *
15,000 : . .
11,638 13.80 23.00 27,619 2.0 26 +
H 12,153 | 1.5 228\ 26,50 0.0 TR
12,153 | 1h.50 22.84 26,800 Tme oy o ]
I o <7 ipe || 16,082 | 19.20 30.40 65,000 ah.0 18 o
R ;2 Eo _ .o Ly
2 CGal 2227 |17 300 | 20.60 32,70 6,00 29.9 .07 o
12,13 | 1w%o 22,80 5,90 ¥1.6 03 o

o) & Foole from ® whip stall. \E'ACA;

O Tumble when given forced rotation. -
+ No tumble. .
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TARLE IT.- MABS, PITCHINCG-MOMENT CHARACTERISTICS, AND TUMSLE KESULTS OF MODRLS TESTED - Coctimued

Loeding
Typicald Center-of-gravity Tmhle
Model Gy agsinst O Feight * Ir location 2 | remot
curves (1n} Hes Altitude { mlug-Toeat?] {percent Iy ()
level (re)
15,000
10,453 6.75 10.70 10,816 RS 0.33 +
! Cn 10,493 6.15 0,70 10,658 8.3 -2 o
=
- w53 | 675 | .70 1,3%e *a.3 0 | o
L_ _—! 5, 15,811 | 10.00 16.10 10,7597 E-% k8 +
20 CGaf25% & 1,81 | 10.00 16.10 12,022 9.2 o7 +
) 15,811 | 10.00 16.10 10,757 =k .50 +
15,000
J “ = b, 602 5.3 é.la 1,030 | 25.1 .63 o
"\77 I 9,000 | 10.88 16.36 1,520 %6.8 .7 o
| 59’ ' 3 5 78 Ca 13,292 15.15 2k.1k 1,925 26.8 82 a
£Gof2ZTK &€ e | s.m 8.k 1,030 6.3 Ik o
K - =] 60,60 3.28 —_— 232,708 2.0 1T a
:::;9—071 0,600 | 388 | --—r 232,708 2.0 a | o
|—— /.u'——l -+ S
CGat2l% & 6a,600 | 328 [ -—oe 232,708 2.0 i
L Cm 20,000
] 317,000 1.80 3.39 10,036,370 26.0 03 ]
= I |
I‘_““' ? & 0o 1.8 . o .
C.G at 20% E 31'!'.,900 3.9 10,018,370 . 275 R -] =}
M ) 15,000
“| 6,815 | 10.%% 16-60 2, 19.9 3
=1
L - 6,815 | 0.8 | 16.60 2,880 2.6 2t | o
£ Loc
fe—2603 CGof202% & 3,820 8.93 ikgo 2,64 15.9 r ] +
10,000
3,038 3.28 Ls:r. 127 .k &5 *
3,038 3,18 L3 § 9% 35.8 53 o
N = 3,08 | 3.8 [ ™ 9.4 3 | o
5,363 5.98 T.56 ™ 33.6 L.k +*
- ~ T 5% | 3.3 7.56 & 7.1 %6 | o
[‘—50 D ) oG
5,363 5.58 7.56 64 k.0 .53 o
3,363 5.58 1.56 663 0.1 k- +
5,266 5.5 T.43 545 0.0 .08 ju]
5,363 5:58 T.56 03 k.5 .06 a
10,000
1,775 2.28 3.09 ak 32.0 53 +
T 1,7 2.8 3.09 ;] 371.0 ~3k a
1,73 | 2.8 3.9 ] %0.0 2k c
2,610 3.36 - X} 63 30.0 1.8 +
a 2,790 | 3.5 %.86 T2 3.0 T | ©
— Similar to 2,790 3.59 .86 (23 38.0 53 o
e medel N 3,54 | hLa 6.2k 5k 3.0 15 |+
3,584 k.61 6.2 L. 36.0 1.0k o
3,584 ».6 6.2k [ 4.0 L [
56051 T-3 9.50 682 I .36 a
| 3,613 7.3 9.90 6a8 30.0 -30 ]
5,675 1.3 9.50 k6o .0 K o
{a) Xsy

O Tumdle from a whip stall.

0O Tushle vten given forced rotation.

+ No tumble.

|
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TABLE II.- MASS, PITCHINKI-MONENT CBARACTERISTICE, AND TUMBLE RESULTS OF MODELS TESTED - Concluded

Loading
Typicel [ Center-of-greavity s Tomble
Model Oy sgainst Op Weight - Iy - location o= result
curves {1B) Ses | Altitude | (mlug-feet®) (percent &) Iy (a)
level (rt)
1,370 2.2k mﬁ?gg B 32.0 0.67 +
1,370 2.2k 2.99 43 35.0 52 fa)
1,370 2.24 2.99 39 38.0 .ho o
P 2,3e% 3.78 5.12 k8 32.0 1.23 +
Similar to 2,32k 3.78 5.12 ko 36.0 .68 [a]
l‘—:—:,“' — model N 2,32k | 3.78 5.12 37 39.0 .55 o
3,24 5.33 7.21 k2 36.0 1.2 +
3,256 5.33 7.21 39 %0.0 .63 [o]
5,06k 8.25 11.17 523 28.0 .37 +
5,064 8.25 1117 K36 30.0 .35 a
5,06k 8.25 11.17 400 0.0 .10 o
5,06% 8.25 11.17 Mo k.0 .05 o
1,240 2.64 J.oéogg X0 35.0 50 +
1,240 2.6k 3.58 36 38.0 3% o
¥ 1,gk0 2.6% 3.%8 3k ho.o .26 [}
2,038 k.36 5.85 37 37.0 -T2 +
Q 2,08 | 436 5.85 3% wo | wm| o
Similar to 2,038 k.36 5.8 n .0 .22 o
ﬁ model N 2,805 5.97 8.08 81 33.0 1.57 *
2,803 5.97 8.08 38 37.0 1.03 n
2,803 5.97 8.08 3k ho.0 .65 o
&,h08 94T 12.82 aé2 8.0 .36 ]
L7 9.7 12.82 435 30.0 .3 o
L) 9.0T 12.82 361 ho.0 11 u]
k, 528 9.57 1.82 339 ik.o .03 o
Lo | v | he 11k 3.0 a5 .
1,580 1.9% 2.62 105 37.0 .37 o ]
1,%80 1.9% 2.62 99 38.0 .29 o
R ! 2,506 3.08 h.17 36.0_ - s’h i _F’.___
Similar fo 2,%06 3.08 b7 95 39.0 A6 o]
,7‘__:: *:la,__l model N 3,48 | ro0 5.66. 105 36.0 BER
3,428 k.20 5.66 136 38.0 .50 o
3,428 &.20 5.66 92 k1.0 A5 o 1
s,e72 | 6.46 8.76 1083 26.0 2| g
5,212 | 6.56 8.76 823 36.0 36 | o
5,872 6.46 8.76 800 38.0 .13 o

{a) Xey
O Tumble from & whip atall. . — AP VP

O Tumble when given forced rotation.
+ No tumble.
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Figure 1.- Angular and vectorial relationships for a tumbling wing.



O Tuumble (even from whip stall )
O Tumble(Ffrom Forced rotztionl
50 + No tumpble leven From forced
roetation)
Letters denote models givers
in table I.
¥
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Flgure 2.- Tumbling tendencies of sirplans models having no horizontal
tall and vhose aspect ratios are between 3 and 11.
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A OTumble (From Fforced rotation)

50
+ No Fwmble(even From rForced
R rOfa?z/b/?
e o Letters dernote modals
40 e given in f2ble I.
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Figure 3.~ Tuubling tendencies of alrplane models heving no horizontal
tail and whose aspect ratios are between 1 and 3.
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C.G. location, percent €

30

O7umble (even From whipstal/)
O Tumblef from forced rofotion)

+No Fumble (ever from Fforced
rotation)

Iy

Figure L.~ Tumbling tendencies of flat plates whose aspect ratios are
between 6 and 10.
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Flgure 5.~ Preliminary design requirements for the preventlon of
tumbling of airplanes having no horizontal teil.
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Clark _(' T
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Figure 6.- Normal- and longitudinal-force coefficients of a Clark YH
wing whose angle of attack is being varied rapidly at an airapeed
of 37.5 feet per second.
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Pifching Moment, M

nr+1mr
S gl =
e t (Moz T (Mg i

nm

]
h 7r+_§ nmw+mw
Angle of attack, el

Fligure T.- Hypothetical curves of pltching-moment distiribution for =

" Plat plate in tumbling equilibrium with the center of gravity at
the centroid. The areas sbove and below the zero moment represent
the energy galned and lost, respectively, during a half-revolution.
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