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The present report of Mr. Dupleich is the summary of a very
extensive experimental.study of the well-known mechanical phenomenon:
the rotation in free fdl (* air, for ins12mce) of more or less
eloqted rectan@.es cut out of @per or pasteboard. This phenmenon,
the conditions for existence of which depend chiefIy on the elongatim
of the small plate and its weight ~er unit area, is essentially an aero-
dynamic phenomenon and as such, raises questions of a certain interest
to our department.

The author has apylied Mm8elf to this study as one would do in
the case of a physical phenomenon wlxlchanalysis has not yet ventured
to ~enetrate and which would requifi, to begin with, investi~tion of
its general characteristics. Actually, one had to deal here with a
problem of mechanics, the active forces of which eme, on one hsdi,
the weight of the body, and, on the other, the aerodynamic forces
related to the motion. Thus one is justified in thinking that the
action of the fluid should have been analyzed in order to detemnine
its mechanism and distribution, for the lam of tie motion are only
a consequence of this action, and knowledge of these laws is in
itself only a partial aspect of the prollem.

This poblem gives rise to certain fundamental questions to which
one would like to see an answer given. Why, for instance, does the

d
o

plate in its failing motion rotate about itself, thus leading one

3 to assume that, at least under certain conditions, another state of
*

●
steady fd.1 would not be possible? How is it that under the same
conditions the rotation leads to a steady notion, that is, to the

:
existence of a mee& equilibrium between the aerodynamic forces and the
weights? And how does this sane t~ of steady motion under different

‘* ~ conditions become unsteady to give way to other -s of faU., now

S! steady, but which would have %een impossible under the previous
conditions? SdbJects like these have only been touched on insuffi-
cientl.yby the author who thought he must Umit MmselX to strictly
experimental study.

Thus, at first sight, this report will perhaps a~pear to the
specialists as a work lacking in the spirit of aerodynamics.

We believe to have shown elsewhere - and no doubts seem
~ossible - that the modern conceyts of the mechanics cd?fluids do
not have the range attributed to them, that they Have not been more
than attempts (it is true, often successful In very limited.problems),
that one has too frequently taken a success as proof, that one has
comnitted tie serious scientific error of drawing very general
conclusions from a theory verified only under a single one of its
aspects and of believing in them, that one has lightly assumed the,
existence of a grandiose theory where there was only systematic, Ul
too systematic, exploitation of poor mathematical artifIces, that, in
a word, the modern theoretical mechanics of fluids is not a coherent
whole.
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However, it is certain that it should have penetrated more deeyly
into the scientific groups concerned, for the services rendered by the
preliminary investigations it has promoted are too real to be Justifiably
ignored, whatever illusions oertain aerodynamicistsmay have entertained
about it. And if a physicist, in deallng with an aerodynamic problem,
shows that he is not familiar with the modern theories or does not
attempt to make use of them, one must have the courage to recognize
that this negligence constitutes a gap.

A gap - but let us not deplore it too much, and not be so narrow-
-minded.as to sti@natize ft. In fact, too many people tend to believe,
once and for all.,in the perfection of a theoretical frsmework and to
forget about both observation of facts and their interpretation as
not b make it def3irableto see appear, from time to time, an essentia13.y
experimental study like t&at of Mr. Dupleich, the merit of which lies
precisely in the objectivity of its abundant documentation.

And this iS W~ - in spite of the reservation that had to be
expressed - the Ministry of Aviation has seen fit to publish in its
collection this report of Mr. Dupleich which owipg to its substemtial
qualities well deserves this mark of honor.

Pierre
Chief EY@neer

.
Vernotte
of Aeronautics

&
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NATIONAL ADVISORY COMM171T’EEFOR AERONAUTICS

TECHNICAL MEMORANDUM NO ● 1201

ROTM!TIONIN FRl!XFAIL OF RECTANGULAR WINGS

OF IZONGATEO SHAPE+

By Paul Dupleich

KISTORY AND SUMMARY

The free fall of rotating rectangdar wings had been considered by
Maxwell in 1853 (reference 1). In a very brief theoretical study this
author attributed the sustained rotation to the air resistance whose
moment, tith respect to the center of gravity, maintains the motion and
varies periodically with the speed of fall. He also showed that the
fall departs from the vertical in a plane normal to the axis of
rotation end in a sense depending on the sign of this rotation.
He adds that, if the sxis is inclined with respect to the horizo~, “–
the trajectory is no longer rectilinear but helicoids, which is
inaccurate, because the sxis will always straighten out again snd
assume a horizontal position, Lastly, Msxwellmentions the%spiral fall-
of elongated trapezoids.

In 1881 (reference 2) Mouillard gave a sketchy explanation for
the sustained rotating motion of rectangular plates which placed the -
center of pressure (which he terms “center of gravity”) outside the
geometrical center; without specifying the conditions of their
determination he plotted the trajectories of the vertices of the
rectsngle with loops of large area, which in reslity appears to be
O* a very exceptional case.

In 1904 (reference 3) H. kedebec studied the problem of Professor
K6ppen’s rotating p=achute (1901), a ty_peof which had been exhibited
in Berlin in 1902. At the right and left of the p~achuta jumper, two
sails of 6 x 19.5 m2 in over-all dimensions revolve in the manner of
rotors with paddles, by autdrotation about a horizontal axis, and
impose a trajectory, slightly inclined with respect to the horizon, on
the system. The apparatus was to be transformed into d flying machine
by the addition of a motor which was to have maintained a speed of
rotation sufficient to regulate the slope of the tra~ectory and even
to make it ascend at will.

The same question has leen envisaged theoretically ly JoukowsQ
(reference 4) in the general frsmework of autirotation. As application
of his fundamental theory on the lift of surfaces, he shows that the

*’kotation mar Chute Lilme des Ailettes Rectangulaires de Forme
Al+ong6e.” Publ~cations

d’Etit a lfAviation, No.

Scientifiques et Technique= du Secretariat
176,1941.

.—
—



2 NACA TM No. 1201

path of the center of gravity of the rotating plate departs frcznthe
vertical of launching in a direction which depends upon the direction
of the rotation. According to his caloulatiqns, the path should present
undulations in its vertical plane, but we have not been able to obsene
a sign of this characteristic.

.

For lack of unquestionable theoretical.results, Bouasse (reference 5)
simply recorded the defi.cienclea of Maxwell’s theory and explained one
of Mouillard’s plots which agrees with no real phenomenon.

We have determined the characteristics of this motion experimentally
snd explained its indefinite presemation.

Chapter I describes a wing launching device and the installation
designed to photograph the tra~ectories.

In chapter II thsse tra~ectories are studied with respect to ‘the
enveloping surface of a diametrical plane of a hypothetical cylinder
which roUs and sl:des along an inclined plane.

Chapter III analyzes the process according to which a couple
maintaining a steady motion of uniform rotation indefinitely is set
up in the motion of the system,about its center of gravity.

In chapter IV the elemsnts of the steady motion are determined
experimentally as functions of the wing ch-acterlstics (wing loading,
Span, chord). Moreover, these elements are not rigorously constant
but periodic; their variations during one period are treated in chapter V.

The study of rapid rotations is given in chapter VI.

.

Chapter VII contains a description of the diff’erentmodes of
launching, particularly of launching at a speed of rotation superior
to the speed of steady motion.

Chapter VZII confirms the preceding resfits on rotors with three-
or four half-paddles, angularly equidistant, forming paddle wheels
or prisms.

Elastic bendipg, an obstacle to the study of excessively elongated
wings, is contemplated in chapter IX. This study resulted In the
experhente with cylindrical.wings, described in chapter %.

Chapter = evidences the high stability of the steady motion of
fall with the accompanying oscillations.

The helicoidal fall.of isosceles trapezoids and, in particular,
an unexpected steady motion of fall, which are tied to the data of
chapter IV, are discussed in chapter XII.

—
.
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Cha@er XIII desls with the rotation of graphite flakes in the
flame of a Bunsen burner end in a vertical air current.

Chayter XIX concerns the fall in water.

This work, which resulted from the study of about 1$30 photographs,
was carried on under the direction of Z. Carribre-

CHAETER I

EQUIPMENT .-

Before an upright black screen, a Platform P (fig. 1) ,Pivoting
about a horizontal axis Q, is made to slide on a vertical rod YY}
sxound which it mag assume any azimuth. Platform T carries a clap T
which holds tbe wing MM’ in a certain starting position. This clamp
is pressed against the sxml.1board by a spring R under tensionby a
catch. !lhelaunching is effected fromsny desired spot by lifting the
catch by means of the wire F, passing over a guide pulley fastened
to the floor, to the vertical of Q. The ceiling P 3.s 4.75 m in
height, which is ample for establishing the steady motion of descent
of lightings. Heavy wings (plates or rectangles of metal) which
require considerable height of fall are launched from the top of an
18 m tower. Ch the other hsnd, the launching @atform is l~ge enough
so that the rod YY, which supyorts it by its rear edge, does not
disturb the motion to be studied.

One.or two l-kilowatt ls.gpsof the arc or large tungsten-filsment
type provide satisfactory lightlng.

A camera of f/2 aperture, placed in front of figure 1, records
the fsJl of the tig which apyears in white on the black background.

The exposed photograph of the wing in motion defines its envelope
very well.(amd often uniquely). To locate the wing with respect to this
envelops, index markq on small pieces of white papsr (0.5 centimeter for
a 24 x 8 centimeter ting, for example) sa-eplaced at one or both ends of
its front section. Glued normally to the wing, these index marks lie
completely in the wake of the wing, so that they cancausenomt=i~ .
disturbance. A round but blackened index msrk placed in the center
of the aecticm traces a line which is identical with the path of the
center of gravity projected on the plane of vision. For large surfaces
this index mark may bs replaced by a small bell of silvered glass.
To each one of these index marks there corresponds another, b black
paper, placed symmetrically at the rear of the wing.
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The scale for the wing itself is given in the position 00’
(fig. 3), perpendicular to tha meen inclined plane, or else by a
reference scale of lmown length placed In the plane OF fall.

The time of exposure is inscribed on each negative hy the
simultaneous photograph of a black ravolvi~ disk, a narrow (3°)
sector of which is left white. Actuated by electric motor and
frequently checked, the speed of the disk is one revolution in
l.~ seconds. The angle of the photographed sector is measured with
a Leneveu protractor at close to 2 minutes. The relative error is
always less than O.OOO1. The lengths at 1/20 millimeter are
measured on the enlarged positive or on the negative with a microscope.
This accuracy yields a relative error generally less than 0.005.

The

sand%

characteristicsof a wing of negligible thiclmess are:

chord 2a

span 2b

wing loading A

b
aspect ratio: k = ~

are always expressed in centimeters, and A in grams per dm2.

Platform Launching
.

- Acceleration of Rotation

The wing is placed on the platform P, its long side par~el to
the edge O and normal to the plane of figure 1. The center of gravity
being outside of the support, the gravity effects the launching (fall
and rotation) as soon as the operator frees the clamp T. By regulating
the inclination of the platform P with respect to the horizon and
lever arm (X = 2, the falling wing is given enough kinetic energy to
speed up the incipient rotation and cause the mean tra~ectory to be
directed toward the right of the figure. Assuming zero sliding on
edge O of platfozm P, the released wing revolves like a pendulum
a~out this edge. When it reaches the vertical.plane passing through 0,
the launch=, characterized by the speed of rotation reached at this
instant, may be considered complete. The calculation of this Initial
speed of rotation, without interference of the resisting couple of the
air, is lcmwn to give only am apprmimate indication, by defining an
.upper litit that is never reached.

Let m represent
respect to the edge of
rotation. The kinetic

the wing mass, I the moment of inertia with
the platform and Wo, tie ffiti~ speed of

ener~ theorem gives:

G,

.-

.
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IU02
—= IlgZ(l+ Sinp)

2

where:

I
m(a2 + 322)=

3

By putting W. . 2T No (N. = revolutions per second)

“o=$m~

a value independent of the weight smd of the spm 23.

To illustrate: the usual initial speed for a series
rectangles of the same chord of 3.6 centimeters, launched
on the horizontal support (P = O)j iS 4~8 revolutions P=

5

of homogeneous
with 22 = a,
second.

In these conditions of launching, the initial speed of rotation,
generally lower than the speed of steady motion, agrees quite weU”
with experience.

The rotation is accelerated during the falJ. A wing launched

( small) quickly assumes apractically without initial speed ~ = ,

speed of rotation, which increases at the sam& time as the speed
of fall. If the,wing is light, the acceleration lasts only for
several revolutions, at the end of which the steady motion is
practically attained. In the laborato~ the acceleration measurement
is easier with the relatively heavy rectan~es (thick yasteloard),
the speed of rotation for a 155 x 15 millimeter W@, w@@@3
10.9 grams per decimeter) launched tith No = 6.9 reaches
48 revolutions per second, efter a fall of about 3 meters. A
U-O x 15 centimeter plate weighing 550 grams, released on the
special platfozm, with No = 3> from the top Of the 18 meter tower -
reaches the ground at considerable angular syeed (the sngle of fell
being about 750). Plates of iron weighing 1 kilogx’amattain steady
motion sfter a fairly low fall, which can be reduced by reason of
an increase of No.

Wings of very small di?mnsions, such
also turn in the air. In all those cases
the steady motion c- be reaizedj giving
descent, as will he show herefiafter”

as flakes of graphite, csn
if tha launching is alqropriate,
rise to an infinite motion of
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CHAPTER II

KINEMATICS OF THE AVZIRAGEMOTION

In steady motion, with a legitimate approximation formulated.later
in the ~lysis, the center of gravity G of the wing MM’ describes,
at a constant speed V, a straight line XY inclined at an angle CL
with res~ect to the horizo~ (fig. 2). Simultarmously’the wing MM’
turns at constant speed w about its fijo~’horizontal axis of which
G is the trace on the vertical plane which contains XY.

The wing moves as if it were integral with a straight circular
cylinder C, of the same axis and of diameter 2a, sliding emd counter-
rolling along the line of greatest slope of the inclined plane WZ.

The instantaneous speed of point A of the cylinder is the resultant
of the rectangular speeds au and V. The instantaneous center of
rotation G situated on the normal in G to XY, verifies the relation:

CG = AG cot ACG = :

With v denoting the speed of sliding motion
.

V.v+aw

Consequently, the base of the motion is the straight line QR, parallel
to XY, of the ordinate

%

PC=;

The roller is the circle of radius v
;) rolling without sliding on the

upper inclined plane.

The wing, of span MM’ . 2a, is a fraction of a diameter of this
roller; its envelope is identical with the envalope of this diameter,
hence the well-known equations (exes of fig. 3} origin 01)

{

X1=X. & (2q3- sin Zp)

Y1=L (1 - Cos q)
2m

L
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L

.

?

The curve O,AB represents the psxt corresponding to the spatial
T-v-’period ~. The distance OIB is termed “span of the arch.”

The point of contact E, of the diameter, with its envelope is
found immediately ly plotting the normal to the trace of’the wing
through c. At instant t this point has minimum speed, w CE. More-
over, at the subsequent instant the adjacent yoints of the wing also
pass at the same point. In consequence, the photo~apb of the envelope
is very luminous.and often alone visible.

To the point of inflection 01, there corresponds an actual
pivoting of the enveloped diameter about one of its ends. But the
arcs of the envelope comprised %etween the ~arsllels q_r smd QRj
which are touched only by the geometric extension~ of the Win$y do
not appear on tenexposure at V> ua, which is the most frequent case,
the limit points of reel tangency being given by

Cos q) = +

They are most often replaced by connecting arcs which outline the
trajectories of the wing tip near the pivoting point o~ . The linear

speed of tlnistip, being thus very small, can produce m image on a
plate almost as much as the points of contact tith the envelo~e.

Study of Negatives

Let Ml% and M’lM’2 represent the positions of MM1 at the

st=t and finish of a photo$yaphic exposure. They still correspond
to the tsngents to the two tips of the envelope =C fixed on the
negative; hence the rotation (92 - ~) during the time At read on __
the chronograph.

A mean speed of rotation is deduced. The true eagular velocity is
periodic. Consequently, in view of tineevauation in fractions of
revolutions, the mean speed thus computed is not absolutely equal to
&he mesn syeed over a period, especially for the short’~d slow f~s~
but the large nunber of negatives obtained assure sufficient accuracy,
since the operation is always extended-over several periods of the
phenomenon. More rigorous,vslues will be deduced later from the
experimental study of the rotation.

The corresponding positions ~ and G2 of the center of the
section are gi~en 3Y the centers of MIM *~ and M@i’2 or else %Y

the extreme positions of the luminous index mark.
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A mean speed V is thus defined. The remarks made concerning w
remain in force, T being actually ~eriodic.

Quaatity ~u is given either starting from V and from o,
Dor by — where D is the distance traversed by G during se~er~

2mla’
revolutions n, measured along with a directly on the photograph.

The tsmgent common to the arcs of the roller or the envelope defines
the sm.gle a (fig. 2)● ‘

The measurement without correction of a requires a fall psrallel
to the screen. Moreover, this measurement may be falsified by accidental
rolling and yawing motions of the wing. Having a sufficient number of
negatives of the same wing available, only those most newly correct
were utilizefi. The photograph (fig. 4) re~resents the .traJectoryof
the 12 x 2 centimeter wing for which A . 1.3 ~ams per dec~eter2.

CHAPTER III

SUSTENTION 0)?SI’EADYMOTION OF FALL

Let axis Ox be represented (fig. ~) by the tangent common to the
arches of the envelope, inclined at sngle a to the horizontal, O coin-
ciding with a contact point; exis Oy is perpendicular. The directions
are positive downward. Let x and y denote the coordinates of the
center of gravity G, i the angle of incidence which OX forms with
the half-wing whose edge shifts in the sense of the relati~e wind,
counted positive starting from Ox in the direction of the rotation;
f varies periodically from 0° to 180°.

With R as the air resistance (resu?ltmtof aerodynamic forces),
as function of i, the moment of this force R is decomposed, with
respect to the large axis of symmetry of the wing, into r, the “static”
moment, which will be the real moment of the aerodynamic forces if
incidence i was constsnt, ant into 7, a supplementary couple due
to the wing rotation. Lastly, let I be the moment of inertia of
the wing with respect to the preceding axis.

The air resistance R is assumed normal to the plate at every
instant. In reality, of course, the direction of the air thrust slopes
at a greater or lesser em.@e from ona side or the other of -thenormal,
depending on the incidence of the plate. SO in the equations the
resistance is introduced as leing active only in the rotation. The
tangential component is involved in the forward motion of the plate.

.

.



NACA ThfNo. 1201 9

The equations of motion in the foregoing conditions read:

x“ .mgsina-Rsini
(1:

Y“ =mgcosa-Rcosi

d2i
I— =r+ydt2

(2:

These equations themselves disclose that the motion of G like
the motion a{out G cannot le strictly uniform. But experience indicates
that they are Wite often very approximately uniform, the periodic
variations of the sleeds being of low amplitude.

Therefore

/

3-C

mgsin a=+ Rsinidi=I’

o

mgcosad

[

Rcosidi=Q
X

o

according to which angle a satisfies the relation

rR sin i di

t~u. 0 (3)
r*

J R Cos i di

o

The explanation is based on the inertia of tilesteady motions, the
principle of which is 31U0-, but nee~ f~~er studYI since the ‘Wo ‘em
have been little associated up to now.

me variations of R sin i ~d R cos i between 0° ~t l~” cm
be represented by the curves of figure 6a, which consist of two uncomected

brenches, corresponding to two different aerodynamic conditions. Of
the two values which give the curves for R cos i on abscissa i = 30°,
for exsmple, nothing defines beforehand that which should be retained
in a concrete case.
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In the static conditions (i constant) to which the preceding
curves refer, sudden jumps occur from o~e curve to another (from one
steady motion to another) for no apparent reason. The mechmism of this
indecision of the steady motion or of its instability is still too
little known.

In the dynamic conditions, that is, those of the motion in question,
the aero~amic conditions are entirely different. Around the rotating
wing there are turbulent circulations, the whole of which represents
a complex phenomenon, but whtch unquestionably seem to belong also to
two different conditions, separated, as in the static conditions, by
a real discontinuity in the neighborhood of the angle i = 300. ThiS
discontinuity is represented ly the vertical jump AC on the R cos i
curve in figure 6b. The passage from A to C, i being assumed
increasing, demands substantially less action than in the static
conditions; the instability of the condition CIA is reduced; tie
existing steady motion tends to be prolonged as much as possible; it
is in some manner endowed with inertia.

Figure 7 shows the variations of the couples I’ anti y plotted
r%

against i. The integral

the motive ener~ of couple
of couple 7 is very flatj
values. Evidently

/
r di has a positive value; it represents

Jo
!7 during the hdf revolution. The cu~e MKP
the maximum and minimum have fairly close

/’
It

(r+y)di=o

Jo
The motive energy of r, which is represented by the shaded area in
figure 7, is absorbed, in steady motion, ly the resisting energy of
couple 7.

The total couple 1’+ 7 cancels out for i.plai =92

(figure 7). In the interval P1 < i < ~2, the aerodynamic couple is

motive, for the rest of the period, resisting. In the motive interval,
the wing must therefore store UT enough kinetic energy to clear the
second interval. Consequently, the motion cannot be sustained unless
the moment of inertia of the plate is sufficiently high; otherwise the
rotation stops in a position of the wing beginning at which the latter
starts to slide. This explains why the light rectangles of large area
and aspect ratio k near 1, whose steady motion is very slow, turn
irregularly or not at all. ‘l%estable rotation of such rectangles is
always obtained by reducing tinechord.
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The resistemce R, on assuming the speed V of the center of
gravity constant, is approximated at

where S . hab is the

end depending uyon the

srkl.on putting

the formula

or

according to which V
ly experience.

R= KiSV2,

wing area; Ki a coefficient as function of i

aspect mtio k = ~ of the -g. Consequently .

Rsini= Ki sin i SV2

[

SC

K;=- Ki Sin i di,

(J3

mgsina= =2

Asina= ~z

is proportional to ti. This law has leen verified

The mesm value in a quadrant (O<t<90° or 90°<i <1800) of the
component R COS i (lift) is Proport;o~~gto6~ co~espondin$ area Of
the curve R cos i plotted against . . ‘Ibisarea is larger,
in absolute measure, for the first q~drant th~ for the second/ in
spite of the geometric symmetry existing letween the two qwdrsnts; if
the continued variation of incidence i had no effect on the distri-
bution of the aerodyntic forces~ tie man ~~ues of R cos i in the
tw~ quadrants are equal end of oppasite sign. The me= lift in the
complete period is zero and therefore csnnot le ,opposedto the weight
component mg cos a during the steady motion of the wing. Hence the
existence of a mean thrust at right angles to the inclined trajectory
of the wing.

This conclusion, which can be explained %y the phenomenon of
aerodynamic inertia, seems to le in agreement with the general
relation between lift and circulation, which constitutes Joukowsky’s
theory (reference 4, p. >4). on admitting, i~ fact, that the
rotation of the wing sustains hy inertia a mesm circulation (C)
having the direction of this rotation, (fig. 8), there must
corresp~nd to this circul~.tiona lift Q which is directed
upward, considering the direction of the relative speed V.
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Inertia of Steady Rotatory Motions and Resmmznce

The inertia Of steady motions is a -principle,the justification of’
which is found in the closely connected explanation furnished by a large
nuniberof phenorue?m. Is it possible to oltain a direct check on it in
the case of the aerodynamic resistance for a variable incidence?

To be successful in a static test the incidence variations must,
~doubtedly, le more rapid than those obtainable by stopping the
variation for measuring the effect before producing a new one. While
t~is may be applicable to rubler under v%criabletension, it is far
from being the same when aerodynamic actions, such as come into ylay
in the phenomena in question, axe involved. Born of circulation and
vortices which attain their full.development in ‘m extremely short
time interval.,these actions must be measured at the same instant
the phenomenon of Uscon.tinuity involved is reached and this
situation must be encompassed by measurements immediately lefore
and.after irithe ~rodes~ of evolution.

The conditions required are therefore practically unattainable.
Even in the case where a record of the phenomenon is possille, it is
never certain that the results @gree with reality; having obtained a
large number of graphs representing the studied variation, an average
must be made, which is always of doubtful interpretation.

The phenomena of resonance, easily obtainable f’orperiodic
variations, produce these averages automatically. In autorotation, in
a uniform wind, a wing can transmit the variations of periodic efforts

.

which it experiences to an oscillating dynamometer; degrees of freedom
may le prescribed for the dynsmmmeter in proportion to the forces,
and the maximum smd minim values identified.

1

The air current %eing vertiesl, the wing is made to rotate about
its large horizontal axis, by means of two pins sup~orted on two cuy
%earings on a horizontal rectangular frame (fig. 9). Soldered to the
frame, perpendicular to its pltie, is a narrow metal sheet whose axis
extends the line of the bearings of the frame. At its other end, the
sheet is clamped in a solid support; the system is thus able to

* oscillate in the horizontal plane by elastic bending.

In the alsence
rise to oscillation;
of the instantaneous
system, which can >e
component (normal to

of rotation, the action of the wind does not give
in steady autorotating motion, the vertical components
resistances have no effect on the motion of’the
produced only by the variations of the horizontal
the wind) of the aerodynamic resultant.

.

.
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But, as it is, the system is too sensitive to give ac~eP~ble
results. Without a damping device it hay, with 12 centimeters seating,
produce amplitudes of from 5 to 10 millimeters, which disturl the
autorotation considerably to the point of com@ete cessation. This can
be remedied by demying; by means of two 2-centtieter2 vertical paddles

dipped in glycerin. This affords a sufficiently stalle steady motion
where only the resonance em@itude, less than a millimeter, is perce@ille
in the stroloscolic sight.

With a 30 x 40 miUimeter2 wing, rotating at a speed of 6.7 re~o-
lutions per second in a vmiform air flow of 3 to 4 meters per second
(introducedby a vertical pipe of 70-milM.meter dismeter, the orifice
being 50 millimeters below the frame), the msximum effort for increasing
incidence was found at en incidence of about 25°. This result in
correlation with others was oltained %Y a different experimental method.

CHAPTER IV

EXPERIMENTAL DEITRMINATION OF TEE ELEMENTS OF STFADY MOTION

To a given wing there corresponds a given

by its three psmmeters a, ~ = N, and V. The
%

furnish these three parameters in form of three

steady motion, defined

experimental study must

more or less comylex—
functions of a, k, and A. The curves of figures 10 to 13 represent these
functions.

The thickness 2C of the tings, which is ass~ed ne@.i@ble
compared to the other two dimensions, does not enter in these formulas.
This assumption is perfectly legitimate for the light paper; thus, the
tliclmess of the lightest paper utilized (~ = 0.14 gram per decimeter)
is equal to 0.00> centimeter for a span of 1.5 centimeters, which

corresponds ‘m E = 0.003.For the large size wings, made of Pas~e~o@
a

to insure rigidity, the thickness reached 0.3 centimeter for a span

of 32 centimeters, or approximateJ-Y ~ = 000Is

The amplitude of variation of the parameters is necessarily very
lhi ted. If k iS tOO close to uity, certain ~ngs t- Yati or
not at all> simply oscillating alout a mean horizontal position. Never-
theless, it was possible to effect measurements for k < 1> over ‘he
several half-revolutions of a fall which is not sustained because it is
unstable. The test points o%tained this way are located on a curve
extending the curves of figures 10 to 13 where they are recorded.
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If k exceeds am upper limit, the wings bend. This limit, which
increases with the thickness, is rather high for the pasteboards which
are also very heavy, and which, besides, are difficult to put in steady
mction at the height of fall petitted by the limits of the laboratory.
The lending is eliminated by fixing on each face of the wing, normal
to its plane and along the major axis of symmetry, a narrow strip of
paper folded square, but then the additional resistance introduced
modifies the phenomenon (in particular, it increases angle a).

A special.chapter is devoted to this particular case, where the
bending of the wing assumes real importance. The values of wing loading
A for which it was possible to oMa3.n complete measurements at the
height of fall a’vailalle,range between 0.14 (cigarette paper) ad

13.1 grams per decimeter.

Table I gives the test data of which only a few are reproduced In
figures 10 to 13; Es F, and H represent the three functions of a, N,
and V which define the steady motion for a given wing.

The quantities

14E = (2ak3) / tana

are approximately constants for a given value of A (last column of
table I); v is a coefficient as function of A represented %y the
formula

p = 0.2TA-1/3(see fig. 14) (1)

Ae functions of A, cyantitfes E, F, and E vary along the curves
of figures 15, 16, and 17, which correspond to the following equations
(a in centimeters,A in grams per decimeter):

(~~3)V4 ,A-1/5tm ~ .2.7

(2a)3/4k-1/3N= 1,8 ~ + 9.5 1 (2)

These relations define the values d the steady motion within the
limits of the zone where the parameters a, k, A canbe practically
realized.
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Quantity F cannot be less th=9=5, whichfo~ the lo”~erl~t
of N for emy given values of a and k.

Quantity E is represented as a function of A ly a straight line
which does not yas’srigorously through the origin; hut C is negligible

for the usual values of Aj the third e~tion of (2) becomes then

72lo-3(2a)~== 2M

hence, tith s designating the azea of the ting,

A5sina=

10-3
mgsina= ~ (a)~ # . ~“’2

The coefficient K = 43.5 x 10-6 (~)p (a in centimeters) is tobe

compared to the coefficient of resistance of a @te normal to the wind.

Through the medium of v (equation (1)), K iS de~ndent on a ~
A. For high values of A the factor (2a)P tends toward unity, when the

law v = o.27A‘1/3 iS extended. The me- resistance to the translation

fo~ows then the lS,W 43.5 X 10-6 W2. The wing, whose rate of ro~tion

is then considerable, can be likened to a cylinder with a maximum cross
section S; the coefficient of resis~nce is} in fact, near the coefficient

of the cylinder (re~erence 6).

The eli~nation of ~ %etween E and E lea7eS

S~2 a =
~2

(2ak3)1/2 + E2

+ = 106
=2 E2

(2a)2V [(2ak3)1/2 + E2] .

or, mitten ex@icitly according to equation (2)

-V4= 3856 x 106
~ 12/5

(2a)2v[(2Sk~)1/2 + 7.29 A2/5]

T is given in centimeters per second by this formula.

hence

(3)
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The experimental curves (fig. 12) give as function of k, for 2a
and A constant, a hyperbolic variation of V in accord tith equation (3).

The formla giving the ratio V is more complicated. For the
a

values of this ratio below 6.28, the roller paths of the vertices of the
wing are looped. But it is difficult to oltain such trajectories,
since bending is most often an o“cstacleto their formation. (For this
reason the curves of figure 23 are found limi,ted.) However
existence has teen proved with wings corresponding to A =

~epgw

2aper decimeter , = 100 centimeters, and 2a = 20 and 31 centimeters,

giving 5.5.7.

To study the variation of V witla b constant, 2a in (3) is

replaced by ~j so that

d+ = 3850x 106
A12/5k2P

(@~c(~)l/2k + 7.29A2/5j

(4)

If A is constant, $ varies as

z k~=
(2b)1/2k + E2

where E2 replaces 7.2~2/5. me deri~ati~e

cancels out for the two values of k:

k’=0

k“ =
2@2

2%1/2(1 - 21i)

For very small values of A} fozmnil.a(4) lack~ accuracy. For
A = 0.14, in partictiar, the ~~ue of V computed by means of the
exyrossion H is too low. The coefficient v computed by f’ormul%(1)
must be replaced %y p’ < P. This gives, within the present experimental
limitations: 1 - 2V >0, even for A = 0.14, whereas the curve of
figure 14 gives 1 - 2V . 00

Quantity V presents a maximum for k = k“. For A = 1.3 and

Z% = 12, k“ = 2.3. Table 11$ esteiblishedexperimenta~ to evidence
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this maxim-m, tifords = interest~g ~er~ication of
the existence of k~s ~-~ the e=-tion of ~
of motion is deduced in chapter 2ZII.

end

The

2%= 12)

The

indicate

For

17

the formulas. From
l.ulusuasingularity

contents of table 11 were used-to plot the curve (A = 2.3,
of figure 12; it represents a ~-for k = 263”

expressions

that a decreases and N increases for A sad 2b con~tit.

the same values of k end A, that is, for similar rectangles
having the same wing loading, the cons~ts of the ‘team ‘tion ‘arY _
with the dimensions of the ractamgle. These variations are illustrated
ly the four curves in figure 18.

AC?ITJALMOTION OF THE CENTER OF GRAVITY

1. Trajectory

Accorting to equations (1) (chapter 111)
of gratity ca.rmotlJ9rectilinear a.rduniform.
graphing its trajectory, the outline of which

tha mo~ememt of the center
It is studied %y photo- ““
coinciiiaswith that of

tilecenter of the small side of tinewtngj oltiined 5Y a white r~~d

index mark. The wing is slightly blackened so that the envelope stilJ-
remins ~isible on the negativee

TIE trajectory of G b dl photo~phs~ osci~tes to both ~i~es

. of ox. Tnese oscillations are not attrilnztalleto launching, since they
are well &eveloped from the start. Zn fact, as soon as ths steady motion

of fd.1 is reached, they the~el~es are periodic, tha peri~ ~e~g of a
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half-revolution; after several meter~ of vertical faU. no damping is
olsened. The assumption of disturled trajectory is equally inapplicable,
lecemse the period of the distwleci oscillations is different from a
half-revolutionj besides, such oscillatims are damped.

The motion of G comprises thus an oscillation to both sides of
Ox parallel to Oy. The nonsinusoidal oscillation is unsynmetricsL
with.respect to the position OIA of the ting, corresponding to
~= 90° (fig. 5). The tra~ectory meets this straight line OIA at

point Go) of the negative ordinate yo$ which is not a minimum

(maximum in absolute value); it is considerably incurved up to pojnt
~ of ordinate yl (minimum of y) and becomes tangent to the envelope

in point G2} very far upward toward the lower vertex O’ of the arch.

From this point of contact, G2 on the curve is very ftit on the

envelope; generally, for low values of’ V the part practically comnon
to the two curves ceases near Ot; for high speeds V it my extend
beyond 0’. In al cases the ~i~ ordinate Y’l (positive) of the
oscillation (point G1) is near zero or riu12e

Owing to the oscillation, the position 03D of the wing, for which

the true angle of attack is e~al to 90°7 is set with respect to OIA
in the direction of motion.

The oscillation, ~ite considerable for rectangles of large span
and whose fall and rotation are slow, is slightly perce~tible on the
traJecto~ of the smaU. rectan@_es in rapid motion.

The displacement of the ~oint of contact over the length of %ranch

01G2 is equal to a. The motion of the wing with respect to its

enveloye is then very nearly a pure rolling motion (minimum sliding).
From G2 up to O’ (trajectorypractically identical with the enveloye),

the sliding motion increases; it is still considerable on the remaining
branch 01G2 of the arch.

The difference in incidence i$ between the two wing positions
corresponding to a maximum and minimum oscillation, is around 90°;
i being equeJ-to 90 + @ at minimum Gl, the approximate eWatfOII of
the tra~ecto= is of the forat

y=~
1

+ G2 Cos 2 (i - p)
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where ‘1 m ‘2
are defined ly the relations

cl + 62 = Yrl

61 - <2=71

T%e value of 90° + F is, moreover, Ioorly defined, s~ce a relative
minimum is involved.

2. Speed

A rather,narrow strip of paler is glued to front and rear section
of the wing (llacke~ed pastetmar~) so that the motion is not modified.
The light source is an electric src, fed by 50-cycle a-c giving a
maximum luminous intensity 100 times per second. TO each maximum

flash corresponds one inst~taeous view of the section. The
trajectory of G is projected on the space in the middle of tilestraight
successive images of the section. It can also le obtained with a hack
center.

The successive positions cut this trajectory in segments in one-
tenth of a second, the length of which estimates the instantmeous speeds.

The accuracy is satisfactory My ~efo~ mea~ring~ the SPaces ‘f
maxim luminous impression which correspon~ to the equidistant exposuzws
are outlined on the negative.

It seems simpler to photograph the path of the index =rk placed in
the center and illuminated alone, by electric arc, lut this would require
a powerful illumination. The first method has the advantage of locating
the successive positions of the wing which then permit the variations of
m to be determined.

The minimum speed ~1 of G is largely found in ‘1 (Urhlinnlm

of y), while the ~- ~ge~ corresPo-~s to ‘he ‘mm ‘f
sliding motion.

The minimum speed is compared to the previously defined mean forward
?- V-1

speed V. The corresymding variation — is considerable for large
v

size rectangles table In ~ho~~ ~rio~ ~~ues ~ong ‘tin ‘he co~es~onm~
values of Yoj Yl} - ~“
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From the equation

x“ =mgsina-Rs$ni

it follows that x’ increases for i = 0, x“ being positive. For
f=90°,RF3ini is approximately wximum. Stice its meam.value is
equal to rngsln a, the maximum is higher than this value; consequently,

is then negative, x’ passes through a maximum in the”interv~. F~~
1800 x“ is yositive, x~ yasses tarough a minimum in *I23part of
trajectory corresponding to GIO~.

If the tangential.comyonent of the resistance R, disregarded in
foregoing, is introduced, the results show that the latter fa~ors
advance for incide.ncesranging between around 20° ad 1.600,that
for a large portion of the trajectory located entire~ a%ove the

plane tangent to the envelope arches; for the rest of the period, on
the other hand, the effect is a resistance to the adv~ce.

3. Angular Speed

The equation

defines the variation of the instantaneous angular speed, controllable
on the photograph of the successive positions of the wing section, at
OeO1-second intervals.

For symmetrical yositions with respect to OIA (fig. 5) the
successive images of the tip are spaced farther apart on the arc 001
of the envelo~e than on arc O1O’. The angular speed m increases

along arc 001 and passes through a maximum at i = ~2e As for the

minimum located near i = O, it cannot be identified very accurately
on the photographs.

With N2 signifying the maxim speed in revolutions per second,
N the mean speed defined by chronograph, fl the ang3.eof rotation
descri%ed in 0.02 s, table IV gives the results of the effected
measurements.

Quantity 1? cancels out approximately for i . 0 and i = 90°.
Since y is consistently negative, the total codple for
values of i is negative, for which o is decreasing.
reaches its maximum for a value of i comyrised between
(J7+ 7), zero for one resolution on the a~erage, is then

these two
Quantity r
O and 90°;

positive,
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.
and m increases. In
ad @2 (Pl < 132)1the

minimum emd maximum of

In reality, ~ is

a

consequence, (r + 7) C=cels out for i=pl
engles %etwee~ 0° ~d 90°, to which the

CD correspond.

not canceled for the position ‘lA ~ut ‘or 03D~
this divergence slightly shifts the maximum of m toward O.-#.

An approximate expression of u reads

* CD.fll+ (sin2i+~ 2 )
sin 4i $12

according to which u is minimum or maxinm.mfor

-1 *cos2i=—
4

To CiOS 2i = -1 corres~onds = inflection of the curve of variatioa.

The tiimum and -- of m, which OCC~~ accor- to the a~o~e
conditions, for i = ~30°, are 600 dis~nt, ~bich is not ve~ ~ch

different from the obtained results.

Quantities fll and f12 are determhed by wittig that the minimum

~ and tinemaximum 02 occur for the indicated valuesy which gives

1 (q +@(21.–
2

(22= 2 (CD2
3d5

But to ylace the minimum and maximum
it is necessary to shift the curve 60° +
for m reads

- @

at suitable values of i,
al; hence the e=ression

i
2 (UJ2-~) sin2(i- 30°-pl) +~sin4 (i-300 -P~)u)=+ (q+m2)+—

30 1

Figure 20 refers to a wing of 37.5 x 15 centkters2, we%@ing
9.8 gram per decimeter2j the steaU motion comesPonds to
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cL=47015~

N = 4.7 revolutions yer Bec

Nl = 5.1 revolutions per sec

V = 351 cm/sec

NACA TMNo. 1201

The Enveloping Curve

The periodic variation of V and u, assumed constant in chapter II
along with.the oscil.b,ti,onof the path.of the center of gra~ity, must,
in reality, di~ert the form of the envelope from that of the cycloid.
The real arcs cannot be symnetri,calwith respect to OLA (fig. 5),

since diff’e~entquotients L corres~ond to the two angularly equidistant
h

positions of the wing, the quotients which define the curvature radius
of the envelope. In that part of the envelole substantially identical
with the lath of G, tinemean curvature is much less than in that of the
corresponding part upstreem from 0Y4 (fig. 21)0 This asymmetry, which is

appreciable for ths large-size wings, at slow rotation and forward speed,
shifts the yoint or the envelope, where the tangent @ane is parallel
to the mean inclined Qlane, toward downstream The fact is plainly
indicated on the 60 x 32 centimeter wing, of 6.61 grems yer decimeter2
weight.

CHA2TER VI

RA21DROTATIONS

The heavy> long rectangles attain considerable speed of rotation
during falling. Since the height of fall within the confines of the
laborator~ ie insufficient, the recorded mean values are not, in general,
steady motion values. This drawlack is evidenced by the fact that in
the vicinity of the floor the trajectory is still concave upward and
that N still increases. The speed of rotation, compa~atively low at
start, increases very rapidly. The contour of the envelopes indicates
that it has no loops.

, With NO and H denoting the initial speed of rotation and the ‘

height of launching above the floor, N the meem speed of rotation
letween the approximate height levels El and H2, talle V gives the

recorded data. The wings were OA= heavy pasteboard, did not bend, but

their thiclcaess,compared to Lhe chord, WEW not ne@.igible”
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~h.esyesd of rotation is, at the %~ttom of the traJector7~ s~ficient
to yroduce an audible 30UJN% bu~ it iS diffic~t to derive a ~asuring
procedure Srom the angular speed of the ‘wing.

Hence the .ayplicationof the stroboscopic method and the use of the
alternating arc. The procedure has proved to le very accurate. Its
o~arat~g ~r~nciple is as folloWS:

o
The fa~ %eing slbnostvertical at start, the lhoto~lhic lens iS

placed at a distace, obliquely with respect to the @.ne or -fall,in
such a way as to make the strip of the negative imlressed ly the moving
wing almost verh}cd.e The photo~ph (positive) ap~ears in form of
horizontal, white bands of slightly varytig width, um.evenlyspaced,
each corresponding to the lighting received ly the wing at tileinstamt
of maximum light; 11.ackcovers tileposition occ~zpiedby the wing when
it.is in profile view at the instant of maximum.

BY way of ilJ-ust=tion, ass- that N is sli@tU higher Vfla ~“e
A black mrk is nade which corresponds} ~Y assmtiony to one Position
of the profile; 0.01 second ~ter ~fle‘~n$ has turned at a hal-f-
re-vol-ltion+ 619 ~~d its actual position corresponds to the first ~gej

w’.lichis a very narrow, whitez horizon= -~ on the second image, the
wing will have likewise made a half-revolution + ~2 starbing from the

first image, hence a little ~der bando @ each i~ge the ‘ting‘iU
have made a half-revolution plus a fraction of a revolution, leginning
from the preceding image. When G1 1-G2+ . . . + ~p ~ l/~ revolution

is reached, the wing, viewed exactl-yfrom ths front and ~t~ -i-
lighting, will be stereotyped as a rectan~e O: MZXi~ ‘~dth”
For c~+~p+eoo+~n /m 1 2 revolution the wing aTpears substantially

half-revolutions,
Th3 maan speet of
per second by

Quantity N’ and

parallel to the position corresponding to the first %lack, hence a second
hack. Between the two consecutive blacks, the wing has made (n + 1)

within a time interval equal to 0.01 n second.
rotation in this time interval is given in revolution

N.50-
n

‘ denoting the values corresponding to the subsequent
luminous region, th~ ratio of the succe~si~e~ recorded speeds of rotation
is expressed ly

N n+ln:..— —
Nt n!+ln

T’nesame principle of determination applies to the case where N < 50.
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But the order of magnitude of the mean angular speed which is not
arbitrary must be lmown %eforehanci. The extension of the me%hcd, where
N approaches a multiple or submultiple of 50, is easily made. The
condition of luminous beats is almost realized on the 155 x 15 millimeter
wing. The results.are included h talle V.

This alternating arc method gives serviceable records even when the
foregoing conditi~s (N near to current fremency, or a multiple or
submultiple of the latter) are not realized. After sufficiently
accelerated rotation, the envelope becomes discernible on the photographs.
It is thus frequently pos8ible to locate the positions in which the
flash has impressed the wing on its envelape. The recording of several
successive positione petite the approxinmte determination of the speed
of rotation of the wing in its passage to the mean levels of these
positions, and to deduce the progressive values of acceleration up to
where the steady motion is reached.

The chronograph, photographed simultaneously with the wing, gives
an over-all check of the fall. The analysis of a negative with alternating
arc is, moreover, facilitated by the comparison of an exposed negative,
the con~itions of fall being identical. The photograph (fig. 22) refers
to the 23.0x 25 mi~imeter wing in table V. The upper height level of
the recorded fall.is about 20 centimeters of that of launching, the
initial ~peed of rotation being 3 revolutions ~er second. The two
successive hal.f-revolutions~corresponding to the second and third
luminous region, fully visible on the photograph, are traversed in
0.09 and 0.06 second, respectively, hence at a mean angular speed of 5.6
and 8.3 revolutions per second. The 2.7 increase in a half-revolution
corresponds to a substantial acceleration. The total tirm of fall,
deduced from the total nurtiberof innges inclusive of those missing, iS
0.28 second, the exact time checked by the chronograph.

CHAPTER VII

LAUNCHING

1. l?latformI&unching

The particulars of the launching from the platfoti, detailed in
chapter 1, are as follows:

At a specific inclination p and lever arm OG = 1, (fig. 23)
the initial rotation, which has its inception in the tendency to draw
the wing toward the lack of the support (toward ths right on fig. 23),
may become null in an azimuth j3’ (position 2 in fig. 23), starting at
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which the wing slides forward. Without changing the inclination p, but
by reducing the lever arm Z, which at the same time reduces its resistice
R and its moment with resyect to O, it is gene.=lly ~ossible to ~ermit
the rotation to continue resulting in the previously studied steady motion
of fall. But the rotation cam still.le stopped in position 3, by giving
rise to a slide, this time toward the rear.

Whether forward or backward, those sliding motions are slways of
limited distance, at the end of which, for any cause, a rotation begins,
which is accelerated very quickly at the expense of ths speed of the
center of gravityJ and which, with e,suitalle speed of fell, may be
sufficient to result in the steady motion that is bow. If not, it
results in a so-called switchback, which Mouillard undoubtedly wanted
to represent in one of his graphs, where the t=jectory of the center
of gravity is represented with the ssme curved arches obtained for the
envelopes of the wing.

2. kUnChing by Mctor

T%o flexible wires (fig. 24b), the ends of which sre.wound eround the
ends of the large exis =’, extended from wing A, and anchOred bY means
of a short radial lin} and ~ass over two fixed puUeys R and are
stretched at the other end by two equal weights 2. These weights hold
the uis against angle plates C which act as bushings. A lever L
immobilizes the wing at the start and is released by mesms of wire F
which allows the wing to turn in its bushings up to the instant when
the tires become unhooked and tilewing drops freely (toward the left in
the fig.xre,if the wire is wound appropriately).

A few turns of the wire, with weights of several hundreds of grams
are sufficient to give the wing a ?mzchhigher initial speed of rotation
than that of the steady motion. If the speed of rotation has become
constant before the wire is released, tiledriving couple, equal to
2P x 0.3 gm,m per centimeter (0.3 centimeter is the radius of the sxis)
is eqzalized %y the resisting couple due to the air and to the friction
of ths ~is on the angle plates C. As soon as the weights are released,
the resisting couple and the reactions of the supports cease suddeinlyto
be equalized; the result is an ab~pt decrease in tie speed of rotation”
The initial trajectory of G, the slope of which in the origin is that
of the resultsat T’ (fig. 24a), is concave downward. The initial motion
is largely parabolic, so much more curved as the rectemgles are heavier
and the rotation slower. .The lighting of the white section of the wing,
llackened over the rest of the surface, is secured %Y the alternating arc.
The angular speed

of two successive
‘o is readily obtafied %y measuring the angular distance
images.



26 HAC!A‘TMNO. 1201

The following results were obtained:

Rectangle: 3305 X 19 centimeters

Characteristics: total weight: 50.50 $rams; u = 5205’;
n = 3.0 revolutions per second; v . 3.28 centimeters per second

The sliding motion %eing negative at start, according to the present
convention, a Pa~fc@m~ Cleu loop is formed, the area of which
increases with the launching couple, lut aftefird vanished quickly.
With a 600 gram per centimeter couple, it lasts no longer than the second
Imlf-revel-ltion. Here also the tz’qlectory of G (black index mark on
white section) is periodically undulated, the mesa trajectory presenting
em inflection Ioint which is so much lower as the launching couple is
greater.

Figure 25 shows the mean tra~ectories immediately following the
launching for the three motor couples given in talle VI. ‘Thereis no
sign of any incipient stalility oscillations of which Joukouwsky
detetined the conditions of existence, although the launching by motor
with No > N seems to be the mode most likely to produce them$ if

admitting that they could be produced.

Ta31e VT gives the test data at height level H, measured downward
starting from the horizontal of launching. This ta%le shows that N
passes through a minimum lower than the speed of steady motion, while No
is considerably higher. The initiel rotation cannot be maintained and
dies down very quickly. The translation following the start is, in
fa?t, insufficient to produce an average motor couple I’ capable of
equalizing the resisting couple 7 of the air, according to the present
theory. By equation

Ig= r’+7

(r + 7) is nW9tfVe immediately after launching, and conse~ently u
decreases; but, the motion of translation bsing accelerated under the
action of the gravity, r’ increases and (r + 7) decreases in alsolute

value; 7 varying in the same sense as w, ~+ 7 are nuIJ_ified;u then
yasses through its minimum. At this instant, the steady motion not
~eing reachedj I’ continues to increase; the total couple becomes a
driving couple, co increases, and, conse~ently, 7 also, up to the
moment where the speed of translation and of rotation lecome such that
the mean value of 17+ 7 in a half-revolution lecomes zero; the wing
is then in steady motion.

The curves N = f (H) of figure 26 tak~ the foragoing facts into
consideration. It is seen that N reaches its mean value of steady
motion without oscillations.
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Tfleminimum angular speed increases titlithe launching couple. For
-veryhigh initial speed, it may le conceded that N reaches the ste~Y
motion 3Y constantly decreasing higher values.

The closely alyroximated values of table VT indicate that ~

increases from -thestart sad for the first two velues of’the driving
couple, passes thro-ugha higher maximum than at steady motion.

Rectangle: 8.5 x 34 centimeters

steady
I?=

With a
of rotation

motion characteristics: total weight: 33”5 g~; a= 40045’;
9.5 revolutions ler secon&; v = 376 centimeters per second

300 gram per centimeter launching couple, the initial syeed
is hi@er than the speed of steazy motion. It afffomlsat “–

start four loops,‘the area of which iecreases-from the first to the
fourth. Again N decreases very quickly and passes through a minimum
below that OY the steady motion. The results of the measurenmnts are
given in table VII.

The mean path of the center of gravity for sznidentical lau??ching
couple is shifted considerably upward with respect to the trajectory of
the preceding rectangle. The uneven w,eightsare aot the sole cause of
this difference; a difference remains even if the lighter or the two
wings is synmmtrical.lyoverloaded so as to equalize the weights. The
translation subse~ent to launching develops a mean lift Q which is
particularly Important in the second case, where the initia rotation
is greater than in the first case. Tileeffect of this lift is to
deflect the path of the center of gxavity abo~e the direction T!
(fig. 24). Herein may be found a simple Justificatim of Koppen’s
idea, which, by increasing the speed of rotation of ~s Parachute bY
adding a motor, should, at the sme time, reduce the slo~e of the _@th
with respect to the horizon, or render i-t even

3. Hand Launching

ascending.

(a) Conventional method.- MouilJ.atispoke o? launching by hand but
failed to give an analysis. TO 33 successful would reqyire heavy, elongated
rectangles. Gmsped ly the long sides between thumh emd the first two
fingers of the right hand, which is moved downward and %ackward, the wing
is thrown vigorously forwafi and upward, say, at a k50 arIg13, for t~xample
(point O. inf’i~. 28); it sho~dbe @~en a ~@ speed O? rotation ab~ut
& larg; axis ~eld
ascending at first,
reminiscent of that

~~rizontal at the moment of launching. The trajectory,
has the form of an incompletely closed loop
of a %oomemmg (fig. 28).
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Tne initial speed of rotation %eing such as to direct the mean lift
Q downward (Joukows~ law), the rwnilt is that the trajectory curves
downward much more quickly than it would in the absence of tlnis effect
of rotation. Beyond the apex H of the tra~ectory, the motion continues
practically as if it had been launched from a ‘platformin H. Starting
at the most forward point 1, the gravity is opposed to the lift Q
and accelerates the rotation, slowed down by the ascent, to the syeed
of steady motion.

(b) Other tnodeof launchin~.- The method of launching described and
snalyzed in the following has not leen meationed elsewhere.

Suppose the sense of the initial rotation is changed, that is, from
bothomto top for the forward wing half (fig. 29). For this purpose
the wing is held,between thumb and fingers of the right hand as be?ore,
the hand raised alove and }ehind the shoulder; then the wing is vigorously
thrown forward, while releasing the thumb before the two fingers.

The initial lift Q is now directed upward. At sufficient initial
speed of translation ad rotation, the resul.temtof the meti aerodynamic
resistance R and of the weight is an upwardly directed force, hence
an upwardly directed concavity for the trajectory. At point I of the
trajectory, where the tangent is vertical$ the conditions are similar
Lo the initial conditions of launching ly the conventional method, with
a vertical speed of projection. The trajectory forms thus a complete
loop, as represented in figure 29. This motion is,,of course, possible
only when the wing is given an initial speed high enough to reach
point I. In the contrary case the trajectory is inflected at a point
marked I on the lower curve of f’igure29, the petit beyond which the
concavity of the trajectory re?mins downward.

4. Vertical Launching

The wing is released withmt speed in its own vertical plane$ its
large side leing horizontal. Th3 trajectory of the center of gravity
cannot be kept vertical in~efinitely, even in still airj it curves
inward immediately at the same time as the rotation starks, to be
Joined asymptotically -tothe sloping straight line of the steady motion.

Under tineeffect of the quickly attained speed, the least asymmetry
or the least incidence of the wing lecones sufficient to start a rotation
of the wing, which is accelerated under the action of the aeroc@amic
couple, and so much more rapi~ as the prior vertical ~all has been
prolonged. Thus the speed of’rotation impressed on the wing can be
high enough to give rise, in the f’irsthalf-revolution, to loops, which
disappear, in the ~teady motion, if the latter does not permit it.
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CHAPTER VIII

PADDLE WmEGs

The experiments included paddle wheels consisting of identical,
angularly equidistant vanes mounted radially around an axis. The
characteristics are shown in table VIII. The measurement of the angfisz
differences made successively in the time interval by an index mark
placed on a section indicates that the rotation is speeded uy, starting
from the launching on the platform, as in the case of the single wing.

The motion photograph of the steady motion shows an asymmetry in
the half-periods (600), the limits of which correspond to the positions
normal to PQ of one of the vanes (three in the case analyzed). From
H to I (fig. 30) the curvature of the envelo~e is greater than _==,__=_=
from I to J. This asynraetryrecurs again at a complete revolution
oi the paddle wheel. The translation between A and P is greater __ ___
than that between P and Q.

For the first half-period preceding 1, the energy of couple I’
(theoretical energg of resistance to pure translation) for the blade”“GA
(from30° to 90° incidence) isrnotive energy (area a’ a b c d (fig. 31));
the ener~ for the blade GC is resisting; blade GB is in the slipstream;
hence an excess of notive ener~ (area a b c e). For the following half-
period the motive ener~ for blade GA and the resisting energy for
blade GB may be regarded as compensating each other; the resistance
predominates on blade GC; the energy of the latter, first resisting “
(area a’ e f g o), becomes then motive energy (area o g a a’); there still–
is an excess of motive ener~ (area g a e f). The excess of motive
energy over the whole period is gaged by the shaded area; this energy
of couple I’ in a complete period corresponds to the upkeep of the
rotation.

The envelope of a paddle of a four-blade paddle wheel is formed by
very incomplete arches by reason of a very substantial sliding motion.
On applying the formula which approximately defines the limit points of

the visible part of the envelope
(

m’)cos q = — , to the 1.90 meter Ee_L@t
v)

level, it is found that the arch just about corresponds to a rotation of
the wing of 52° only. This result checks with the photographs.

The theoretical ener~ of the resistance to forward motion fqr one
period (90°, fig. 34) is motive ener~ for paddle GA (area o g a b c d)
fig. s1); it is resisting for the paddle GD (areadcefgo). The
motive ener~ on paddle GB and the resisting ener~ on paddle GC may
again be regarded as compensating. The last two paddles being in the
slipstream, the air resistance predominates on the first two, hence the
excess of motive energy represented by the shaded area in figure 31.
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Rims

Regular prisms} of the characteristics indicated in table Et,
launchedfrom the ylatformwith a low speed of rotation, give rise to the
same primordial phenomena as the single wings and the pa@lle wheels.

For the equilateral triangular prism, the -photographof the envelope
of a rectilinear index mark disposed accordi~” to a height of the principal
section (fig. 35), gives for a 2800 rotation an incomplete arch with
uneven ends; the long branch corresponds to the displacement of the
characteristic point between center of gravity and apex of the triangle.
The upkeep of the motion is still attributable to the inertia of the
motions.

During a half-period starting from 1, the face AC! alone catches
the wind; for 30° the motive ener~ of the resistmce of translation
(areah’ h d, fig. 31) is balencedly the resisting erier~ over the
following thirty degrees (srea d h h’). For the other half-period, the
ener~ corresponding to the same face is resisti~ (srea h’ h c f g o);
but the energy on face BC is motive energ (area o g a c h hi). There
is an excess of motive energy, indicated by the shaded area.

For the quadrangular prim, the energy of the resistance over a
period is resisting for the face AB and motive for the face #ill.The
shaded area again represents the energy of sustention (figs. 31 and 36).

Case of Circular Cylinder: Special Experiment

A circulsr cylinder is released with initial rotation, obtained by
previous rolling on an inclined plane. The”Magnus effect deflects the ..

trajectory of the center of gravity downward, which farther on presents
an inflection point, as indicated in figure 37. In this motion the
cylinder counterrolls on a surface which is asymptotic in a vertical
plane; the unsustained rotation tends towsrd zero.

cm~ IX

BENDING

The excessively elongated wings bend during falling; for the light
paper wings, the bending occurs at k > 5. Torsion may even accompany
bending. A slight initial curvature of the ~srge exis induces bending
which grows progressivelywith the angulsr speed.
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The envelopes obtained by camera are difficult to interpret. To
locate the wing at different instants during falling, it is nece~:.aryto
blacken it and provide white paper index maks as indicated in fig~e 38:

The mean trajectory of the center of gravity is always the line of
maximum slope of an inclined plene (fig. 39). In A the small sides of
the wing are normal to the wind, and the concavity of the wing is t~%~
toward the bottom of the inclined plane. In C, after a rotation of a
half-revolution, the concavity is turned upward. In E, after a rotation
of one revolution, the wing reassumes the same position with respect to
the plane as in A. The wing curvature remains the same. The period is
a complete revolution.

The erches of the envelope corresponding to two consecutive half-
revolutions appear very uneven. In reality, the small forward sides of
the wing, fixed by the photograph, are close together in A and C,
due to ~he rotation about an sxis upstream from A and downstream from C.
Contrariwise, they are fsrther apart in C and E where the corresponding
axes of rotation are beyond C and upstream from E. The index mark,
placed along the small axis of the wing, encloses a strongly undulated
curve, visible in figure 39.

At incipient bending during falling, the curvature of the wing
increases under the action of the centrifugal forces due to the rotation.
The curvat~e c~ot remain constant at each instant, in steady motion.
Even when assuming V end u constsnt, the position of the..wingwith
respect to the wind causes a variation in bending. From A to B,
the resistance R, adding its effect to that of the central centrifuge
force Fl, increases the deflection of the wing; it is the sane from

D to E. This effect gives a maximum curvature in A and in E.
From B to D, on the other hand, R being opposed to F1 ~d increasing
F2, produces a decrease in bending moment end a correlative decrease in

the wing curvature, which is minimum in C.

After its passage to A, the wing straightens out again; the
section is shifted backward and the trajectory of ‘1‘ deflected suddenly
upward, increases the curvature.

Compari~ the wing to a portion of a circular cylinder of radius R,
26 being the angle of the two extreme angles of the directrix, the
distance of center O of the wing (of span 2b) to the axis of rotation
is

@=b (e-sin@)

e2
The point O passes alternatively and periodically above, then below the
mean inclined plane.
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The photograph in figure 40 refers to a wing pro~ided wtth the index
mrks of figure 38; its general characteristics are: 2a = 9 centimeters,
2b = 44.5 centimeters, and A = 9.92 grams per decimeter. The results
are: AC = 43 centimeters, and CE = 16 centtieters; the deflection in A
being 7..4centimeters, and in C, 4.4 centimeters.

CHAPTER x

CURV73DWINGS

being straight is now
becomes cylindrical.
of the circular arc.
kind discussed in the
small. For instsnce,
per decimeter2 has no
1.7 centimeters.

The case involved is that of a wing whose “profile,” instead of
circular (circular arc). The surface of the wing
The curvature of the wing is defined by the rise
For such wings a steady motion of descent of the
foregoing is not stable except when the rise is
a 25 x 10 centimeter wing, weighing 2.o4 grams
stable steady motion if the depth of camber exceeds

The period ccmprises two half-revolutions (fig. 41) which constitutes
an analogy between the envelope arches obtained in the actual case and those
of the deflected wings. From A to D the convex side of the wing faces
the relati~e wind, from D to E, the concave side. The convex side
again faces the wind from E to C. The arch corresponding to the first
hal$ revolution AB is much longer than the second BC, with a flatter
mean curvature.

For the afore mentioned wing (25 x 10 centimeters), with O.~ centimeter
<

depth of caaiber,the two srches GH and IDS have a s~an of 23.8 centimeters
and 19.8 centimeters,respectively. For the same wing, but flat, the span
of the arches was uniformly 21.5 centimeters. For a 33 x 1> centimeter wing

2 the span of the arches is a centimetersweighing 7.38 grams per dectieter
and 43 centimeters (fig. 42) for 1.9 centimeter height of.cmnber;
40 centimeters for the flat wing.

Along the shortest arch, the curvature of the wing and its envelope
have the same sign and also similar numerical magnitudes. The contact
of the envelope and of the enveloped is of & high order, particularly in
the neighborhood of E; in consequence the envelope appears as a very
thick black line on the negatives. —

The peculiarities of this form of the envelope can be roughly explained
according to the aerodynamic characteristics of thin, circtiar-arc airfoils
(reference 6, p. 52).
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At H, the resistance to translation is msximwn; applied frcrn H to
E at short distance from the center, this resistance decelerates the
rotation more than it does the translation, hence, the sllghtly greater
curvature of the arch between H and E %han downstream from E. Near .
E, the motion appesrs to a2proach a pure sliding motion, with a minimum
disturbance of the fluid. As soon as the incidence are clearly negative
(relative wind on the convex face), the resistance approaches the leaging
edge of the wing, snd.its moment with respect to the center of gravity
is greater here than for the -positiveincidence of the same absolute
val>e: after that a rapid acceleration of the rotation. Along GD the
rotation is slowed down by a very high moment couple. The deceleration
persists downstream from D as far as point N where the center of
thrust passes to the leading edge (relative wind on the concave face). ._
The slight curvature of the arc DH is due to the faq$ that at low
positive incidence the resistance is applied to the rear half of the
surface.

The seversl negatives obtained gave the ssme geometric ~eculiarities
for the two ~ches of the envelope.

CHAPTER XI

srlYEmxTY

In the steady motion of falling with a wing rotating about one of its
principal axes of inertia Gx and Gy (fig. 43), the equilibrium of the
forces and moments is on an average established in one period. But
for such a steady motion to take place $effectively,the stability is a
necessary condition.

Experience indicates that a rotation impressed on a wing about the
mean sxis of inertia Gx cannot be maintained in a stable steady motion
of descent; the wing tends to fall.qtickly with erratic motions. By
averagi~ enough ‘initislsyeed of rotation, seversl half-revolutions
of the wing may be obtained, an unsteady motion of the sort which enabled
the curves of figures 10, I.1,and 12 to be @otted corresponding to k < 1;
in no way is it possible to fit it in the scheme of stqady motion. On
the contrsry, every result based on the preceding studies is -proofof the
stability of the steady motion at rotation about sxis Gy; a new one csn
be produced the following way:

Assume that the wing, placed on the horizontal launching platform,
is given an initial rotation alout a straight line of its @ne ysrallel
to the platform rim D and forming an sngle U with Gy (fig. 43).
The negatives show that the center of gravity, at the beginning of the
fall, still descri~es, on the averagel a straight line normal to D s-@
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sloped at an angle a, with respect to the horizon. The ._gxisGy describes
about G a small cone of quasi-uniform motion defining a yeriod of
nutation. This period of nutation, at least when k is great-;has a value
several’timesthe period of rotation of the wing. On the negatives the
envelope arches follow along,a wavy line with little difference from the
straight line of the inclination a which remains the meen trajectory
of the center of gravity. But this nutation and these oscillations ere
quickly damped, and (2Y ultimately resumes a horizontal direction mormal
to the mean trajectory with the rotation continuing about this axis until
the normal motion is established.

During the disturbed period of motion, the center of gyavity is
always animated by an oscillatory motion analogous to that which it
represents in the established normal motion; as a result,-the end of the
great axis which follows the same oscillation fluctuates about its mean
trajectory, itself oscillatory along the mean incllned plane due to the
nutation. Figure 43 represents, at the right, the contour of this
trajectory, plotted according to the Photoqaphs.

In this ssme transitory period, the aerodynamic resultant is no
longer situated in the plane of symmetry Gx of the wing; the resultant
moment with respect to G, which in steady motion is directed along Gy,
has now a component P along Gx. When Gx is parallel to the inclined
plene, the couple P governs the amplitude of the oscillations which may
be called rolling oscillations of the wing (angular oscillations about the
trajectory of the center of gravity; one wing tip rises above the inclined
plane while the other drops below). When Gx is normal to the inclined
plane, P governs the yawing mczuen$of the wing (oscillation about an
axis located in the mean plane of the trajectory of G and normal to it).
Figure 43 represents, at the left, the yawing oscillations (fig. 44).
In all cases, rolling and yawing have small emgulsr amplitudes; to each
angular difference of a specific sign there corresponds, one half-period
later, a difference of the same value smd of opposite sign; the
corresponding couples P, equal and of opposite signs, have a zero mean
value.

The preceding action is superposed by a damping effect (an action
roughly proportional to the speeds) which reduces yawing and rolling end
finally stabilizes the motion with the axis Gy horizontal in the inclined
plane.

With Ho indicating the height of launching and u the initial
~etting, table X gives the nuniberof revolutions n, starting from height
level H, over which an oscillation of Gy is sustained.

Joukowsky, after studying the disturbed motion of the center of
gra~ity, concluded thatithe latter approaches the rectilinear trajectory
either asymptoticd.ly (a > ~Oo 32’) or by oscillations (a < 700 321).
No trace of such oscillations was found on any of the negatives. The
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only oscillations encountered are those discussed in chapter V. And these,

resulting fron the variation of the ins%sntsmeous resistance R over the

period of a half-revolution, appear essentially different from those
described by Joukowsky.

CHKPTER XII

ISOSCIILESTRATEZOIE

The existence of a maximum speed recognized from a study of the normal
motion of fall of rectangles of span 2b led to a sumnsry consideration of
isosceles trapezoids, obtained by a slight reduction of one of the siiall
sides of the rectsngle.

On conceding that each section of the wing, comwised between two
parallels to the bases of the trapezoid, corresponds to psrt of a rectangle
of the same chord _ SP 2b~ a speed of rotation V nea the ave!%e
values VI and V2 characteristic of rectangles of the same spsn 2b

and respective chord 2A and 2a, measured at the lmge and small.base of

the trapezoid, can be preticted for the trapezoid. We put k=~ end

K=: (K>k).

When the straight line GI, parallel to the bases, is the principal
large axis of inertia (fig. 45), and the launching is stitable for readying
the rotation, the mean trajectory of G is still the line of msximum slope
of an inclined plane. This case differs from the problem already treated
only by the unevermess of the successive srches. The period of motion
corresponds to .acomplete revolution.

If, on the other hand, the large principal sxis of inertia is the
straight line GO, the trapezoid assumes a steady descanting motion, with
rotation about this straight line; but the mean trajectory of G is

then, as a rule, a helix outlined on a cylinder of revolution with vertical
axis D. This vertical =is cannot be registered with precision exce~t
in the case of smsll trapezoids of light paper; with these it was possible
to effect a sufficient number of revolutions about this sxis at the height
of fall at disposal in the laboratory.

The axis 00’ turns with, on the aver%e, a const~t wfi~ sPeed u
about D. In this motion the points O and O’ projected on the horizontal
plane describe, on the average, two circles centered on D ad of ra~us R
and r. It is natural to admit~ to begin with, that R mUst~e__greale_Y=____
than r, or in other words, that the small base is always turned towsrd the
axis D of the cylinder. The existence and the conditions of msximum
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speed described in chapter IV make the generality of the fact doubtful,
and desirable to predict the conditions for which the orientation of the
tra~ezoid must be reversed.

Let k’ denote the aspect ratio corresponding to the maximum speed
of translation of a family of rectangular wings of common spm 2b.
If k’ >K >k for the trapezoidal wing in question, it may be asserted
that the speed-of translation is increasing for the corresponding rec-
tangles whose chord decreases from 2A to–2a: in these conditions it
is natural to imagine that the large chord is inside, the small one, out-
side, that i~, that R< r.

These precision have been confizmed by experience, and it was
possible to obtain, in the desired conditions, very stable helicoidal
falls with the “lsrgechord of the trapezoid located on the inside.

Helicoidal falls with R < r have been obtained in all cases, on
trapezoids of very dissimilar ratios of k and K but always smaller
than k’. Howeverj if k’ is a little greater than unity, stable
rotations are difficult to obtain, which explains the fact that k is
then necessarily small or even less than unity.

Conversely, for k’<k<K,R should be ~eater than r, the
habitual helicoidal fall, with the small chord of the trapezoid on the
inside. This also has been confirmed by experiment.

Lastly, for k < k’ <K, the two previous modes of fall were obtained,
as well as the falls in the inclined plane (R = r = m) which were, more-
over, very stable. The last result, quite unexpected for trapezoids with
uneven chords, is easily explained in the case where the chords differ
Otiy slightly. Table XI gives some numerical results.

The axis of rotation of the wing describes a regulsr,helicoid with
director cone, the directrixes of which me the helix described by G
and the vertical axis of the same helix; the acute angle which with this
axis forms the sxis of rotation, is open toward the top. Due to the fact
that this angle is different from 90°, the axis of rotation is not
orthogonal to the direction of the syeed of G, hence sn oblique angle
of attack of the wing with the relative wind, which must have its ,
reflection in the laws of motion.
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CHAETER XIII

ROTATION OF GRAFECTX FLAKES IN A VERTICAL “ASCEND~G WIl!LD

Screened graphite flakes are introduced in a verticsl pipe into which
flows the air from a wind tunnel. The wind discharges into free air
through a vertical cylindrical nozzle of 1.32-centimeter diameter. In
this air current the flakes rise while turning, up to the jet exit, then
fall again. The rotation, which was recorded.by cemera, is, moreo,ver,
plainly visible to the eye.

Figure 46 shows a vertical plane passing through the sxis of the
nozzle, the observation being limited to the flakes whose trajectory
remains approximately in this plane, the only ones whose envelopes are
distinct on the negative. The flakes are seen to turn about the line
of vision, in one or the other direction, at the same time as the visible
effect of a force appears to prevent the flakes from rising vertically
to the pipe outlet.

The determination of the motion elements of the psrticle with respect
to the air is rendered very difficult in the ex~erimental conditions by
the calibration of the air blast; the effect of rotation of the flake
(deviationof the trajectory with respect to the vertical) is supplemented
by that of the divergence of the streamlines. These two effects are
cumulative on both sides of the sxis, where the rotations are of opposite
signs; the rotation at the left of the sxis (fig. 46) is clockwise, at
the right, couriterclockwise.

The vertical speed V in the air flow decreases when the point moves
away from the orifice and at the same time from the axis of the jet. The
position of the flake, at which this speed V is equal to the vertical
projection v of the speed of the flake with respect to the air, corresponds
to the apex of the trajectory. Above this position, the airspeed becomes
less and less perceptible, the flake assumes a descending motion which
tends toward the steady motion of fall (still air).

The photographs allow for these facts and show the regulsr succession
of envelope scrcheswhich contract towsrd the apex of the trajectory.

Confetti, 3.9 millimeters in diemeter, produces the ssme results.

To the case of the flakes revolving about an axis normal to the line
of vision, there correspond the records of the trajectories devoid of
luminous periodicity.
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Similsr results sre obtained by spreading graphite flakes neer the
air holes of a lighted Bunsen burner; the flakes are carried off by the
flame inred hea% (fig. 47). Every bright line visible on the photograph
represents an arch of the trajectory.

Photographing the trajectories is difficult because the red hot flakes
are blended with the flame which, in spite of all the precautions taken,
remains tinged., The curvature of the envelopes cannot be discerned here,
nor the sign of the rotations be identified.

Reference is also made to the sparks which fly up in the hot air from
a chimney; their trajectories appear like luminous dashes, explainable
by the rotation.

Lastly, the same phenomena were encountered with mica or alumtnum—
scale introduced in a vertical air current;
obtain negatives on which the directions of

CHAPTER Xrv

FALL IN WATER

but it was not possible to
rotation could be identified.

The sole purpose, in this concluding chapter, is to demonstrate,
by experiment, the similarity existing between the rotation of wings
in free fall in the air and the analogous phenmenon produced in water,
to end with the general conclusion that the fall of a rectangular wing
in any fluid of low viscosity gives rise to steady motions which are
completely defined for every fluid by the characteristics A, a, k of
the wing. (Throughoutthis chapter, A designates the apparent wing
loading, that is to say, a deduction made from lirchimedes’principle.)

These experiments were made in a tank of rectangular
200 x 65 x 80 centimeters in size, with the 80 centimeter
the depth of the water. The temperature of the water was
at about 130 for the comparison of the measurements. The

section,
dimension being
kept constant
photographs

were taken with the camera set before one of the long sides of the tank
fitted in the center with a glass window 80 x 90 centimeters (14 millimeters
thick). Launching was effected from a completely immersed platform whose
edge is perallel to the mm.11 side of the tamk. The mean plane of the
trajectories coincides with the large plane of symmetry of the tanki in
which a submerged white reference mark fixes the scsle of the lengths,
and a plumb line the vertical. Above the tsnk snd near this plane of
syumetry, a l-kilowatt lamp provides adequate lighting for the wings,
which are painted white. The chronograph is @aced alove the tank.

The span 2b of the tested winge is small enough to free the
rotation from any wall.interference effect.
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To oltain stalle descent in rotation on the inclined plane requires a
relatively high apparent wing loading. For instence, a 30 x 8 centimeter
iron plate of en appsrent weight equal to 523 grams (218 grams per dec2meter2
does not turn; two identical plates, stacked, turn but are at the limit
of stalle notion. The motion becomes complete~ stable with three plates
stacked, (654 grams per decimeter), but the putting in steady motion also
requires more than 80-centimeter deyth of water.

This necessity of a value L higher than utilized in the air experi-
ments without difficulty srises from the specific weight of the fluid to
which the effects of the resistance are proportional.

In these conditions the thickness 2C of the wings, which may beccme
true prisms, is, as a rule, no longer negligible relative to the chord;
in point of fact, no sufficiently high value of A is obtainable exce@
by en increase in thickness. The thickness is equal to 0.61’centimeter
for the 5-centimeter-wide iron plates listed in table XII; it reaches
1.05 centimeters for the lead plates 3.5 centimeters in width. In these

two cases the value for the quotient ~ is, 0.13 and 0.3 respectively.

The lever mm should be fairly short at start of launching to insure
a low initial speed of rotation; a few millimeters are sufficient. If Z
is too long, the resistance to launching, which increases with 2, stops
the plate before it has turned 90°, end the plate then slips away at
high speed. This soon resuLts in a curvature of the trajectory, then a
rotation which is continued in to the stable motion if A is sufficient,
whence the mode of launching (forward sliding motion) utilized for the
wing formed by two 30 x 8 centimeter iron platesj cited in the foregoq.

Table XII gives the steady motion characteristics for several iron
and lead plates.

The curves representati~e of a, N, and V (figs. 48, 49, 50) plotted
against k have the sane form as the corresponding curves for the falJ.
in air.

The unstable motion (k < 1), as in the case of air, lies in the
extension of the characteristic corresponding to the stable motion; but
in consequence of the very substantial sliding, the exact measurements
necessitate a greater depth of water than 80 centimeters.

The search for complete formulas defining the constants of the
steady motion will require long series of experimentation. It is likely
that the thickness will.enter the formulas as a new parameter.
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According to table XII, the expressions

H=1O -3 ~2

sin a

are sensibly constant for the tested plates at con;tant chord and thick-
ness and a specified a~parent weight per decimeter . These expressions sre
of the same form as for air, except that in F, the exponent of k takes

the value -~ in place of -~.
.

In a regular state of motion (fig. ‘52),the path of the center of
gravity presents oscillations of high amplitude. This amplitude itself
is important for wings of small dimensions. The trajectory is to a
great extent identical with the envelope of the plate from which it does
not break away cleanly except in the region of minimum elongation on
either side of OA (i = 900).

The point G1 of minimum elongation is still shifted considerably
downstream with respect to OA. The asymmetry of the errcheswith respect
to OA, which in air is appreciable only when the wings are of great
dimensions, appears here for wings of small dimensions (l> X ~ centimeter
wing in the table, for instance). The curvature in E (upstream from OA)
is distinctly greater than that in F (downstream). The yoint of contact
of the tangent common to the envelope arches has shifted downstream with
respect to the center of the arch.

If the motion of the center of gravity was rectilinear and uniform
and the rotation constant, the looped rolls of the vertexes of the wing -.

are formed theoretically for ~ < 6.28.
aN

The envelope arches, for the 1> X 5 centimeters

($= 6.5)
(%= ‘“6) ‘d ‘“e

30 X 5 centimeter wing in table XII, present poihts of

of inflection is evidence of the

it is true, while the ratio ~

This prematme formation of
oscillation of the trajectory of

inflection. For the second wing, the softly rounded region around the yoint
presence of a loop, of very small area

is higher thsn 6.28.

loops is due to the high amplitude of
G and to important variations of V

and N during one period, @ad which are the result of this severe
oscillation.
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The speed of translation of G is minimum for a position of the
section of the wing neer the stationary temgent; it is seen on the
successive images of the section, photo~aphed with the electric arc;
these images are severely contracted in this region, cutting off arcs
of minimum length on the trajectory of G.

Qusntity ~~ varies considerably throughout the period. very

much higher than 6.28 along the srcs of li@t c~atwe~ its ~~ue..
approaches this limit on the arc of ~eat curvature. In the c_a_s_eof

the 30 x 5 centimeter wing ~ becomes even less than 6.28 in the

point of inflection. The looping depends on the ~ value at this
point.

It was stated that the tangent OT to the point of inflection
of the envelope is not perpendicular to the me~ inclined plane; ft.
is shifted downstream at an angle u with respect to the normal. For
the fall.in air this displacement does not a~pear because the envelopes
for the wings employed in the tests present unreal points of inflection
situated in the geometric exten~ion of the pert of the arch that is
materially swept by the wing and recorded by the photograph; nevertheless>.
the asymmetry df the arches of the large wings raises sus~icions about
this psrticul.srgeometric peculiarity. For the 15 x 5 centimeter and
30 x 5 centimeter wings, the sngle u is equal to ~o and 6°, respectively.

Vertical Launching

As in free air, a steady motion of fdl in ~ertical sliding is im-
possible. After a certain height of fall, stsrting from vertical la..mching,
the path of the center of gravity cur~es inward, slowly at first, then
very rapidly, which corresponds with the inciyient rotation of the wing
with the water which it encircles. The angular acceleration csm assume
a considerable value, resulting in a second, considerably shortened arch,

with a $ substantially below 6.28 and a slowing up of the fall,

which disappears in the following, much longer .smch.

If its inertia is inadequate, the wing is unable to perform the
second quarter of the revolution, for which the resisting couple is
maximum. The rotation becomes zero in an azimuth where it ushers in
a new and long slide, which may end in a rotation.

Quadrangular Frisms

The necessity for giving wings sufficient thickness and inertia in
order to obtati regular rotatory falls prompted the tests of square prisms.
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Of the most diverse sizes and materials (brick, iron, lead, for example),
.

these prims give rise to perfectly regukx steady motions, in water.

Sustained rotation, ahnost impossible on thin rectangular wings over
the period of a half revolution, is easily secured here over the period
of a querter revolution. The aerodynamic couple being motive energy four
times per revolution and the inertia considerable, the azimuths, where the
couple is resi~ti~, sre easily passed.

With identical prisms but made of material lighter than water, steady
ascending motions can be obtained, the prism having a cownterrolling
motion on an inclined plane located above the envelope.

Oscillating Fall

If A is sufficiently small and the dimensions of the plate are
appropriate, the rotation may become impossible. It is then replaced
by a steady motion of oscillation, the laws of which pose a new problem.
The results furnished by several photographs sre shown by way of example.

The envelope, viewed in projection on the -planeof vision (fig. 53),
is formed by a succession of equsJ_,upwardly concave arcs, each of which
corresponds to a single oscillation. In these oscillations the mution
about the center of’gravity is a pitching motion about the long axis
of the wing, which maintains a direction that is largely fixed and
horizontal; the pitching amplitude may become some 10° higher, starting
from the horizontal plane.

The center of gravity, which moves in a vertical plane perpendicular
to the fixed direction of the long sxis, is animated by a synchronous ?

oscillation (tig. 54). The pitching angle is regarded as positive when
the advancing half wing is situated above the horizontal plane passing
through the long axis. On passing the mean vertical of th6 fall the
pitching angle of the wing, sliding toward the right, for example, is
negative and increasing. Simultaneously, the angle of attack increases,
which quickly raises the hydrodynamic resistance and results in the
arrest of the rightward displacement of the center of gravity (horizontal
speed nullified); the pitching angle is then posi_tiveand reasonably
constant. The fall cen but begin again; now it is toward the left,
with a diding motion which sterts in a plane which is largely the plane
of the wing at the preceding arresting moment (plane tangent to the end
of the envelope arch). The angle of pitch is now to be considered as
negative since it is the other hslf wing that is considered as leading
the motion. The sliding is rapid at first, then, as the pitching angle
increases, the horizontal speed of the center of gravity decreases, and
cancels out in the same conditions as before (most leftward position of
center of gravity).
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6.5
per

The photo~aphs of figures 53 and 54 refer to aluminum wings of
x 2.5 centimeter and 5 x 3.7 centimeter tiensions (A = 6.19 grems
deci.ineter2),the periods of oscillations being 0.9 and 1.23 seconds.

In free air, l%rge and light wings, abandoned in the horizontal
position, give rise to a similar steady motion of fall.

An oscillating fall in which the pitching axis, instead of main-
taining a fixed position as in the foregoing, turns about the mean
vertical of the motion, probably by warping, is easily obtainable in
water with very long ylates. For a 12.7 x 1 centimeter aludnum plate,
weighing 0.8 gram, t~s rotation is effected at the rate of one revolution
for about eight complete oscillations.

‘I&anslatedby J. Vanier
National Advisory Committee
for Aeronautic
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TABLE I

K
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;: i
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3.8
4.0
4.2
4.3
4.7
2.7
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8.3
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4.5
4.6
4.7
4.9
4.1
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9.3
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111
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l%
153
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306
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8.6

M..8

10.7

u..k
n.3
10.7
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2.17
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TABLE II

.

a
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5

N
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7.9
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v
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.

.
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T4J31iZIII

A 2b x 2a a v ~1 V.vl Yo xl P

gr/dm? cm2 degrees mill@s ~=/~ v cm cm degrees

7.38 40 x 17 46 10 298 236 0.11 0.9 1.1 16

11.8 44.5 x 21 49 20 396 359 0“09 1.0 1.3 23

6.6J @ x32 46 00 258 226 0.12 1.9 2.9 29

1-
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TABLE IV
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TABLE VI

CCMPLE H N
~ C!O-OT’LEH N T

g-cm cm rev/see d g-m cm rev/8ec z

120 0 3 600 0 5.8
2.5

4: 2.4
12 3.8

10.o~ 33 2*9
102

7.54
2.6 12.56

163 ‘2.7
76 2.8 10.05

I_3_8 2.9

300 0 4.4
Steady
motion 3.0 11.50

2.8
4; 2.6 9.42
99 2.7 11.93
159 2.8
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TABLE TII

H N E N
v & v T

a
cm rev/see cm rev/see

13 25.0 375 3“77 UL9 9.8 363 8.79

38 16.0 368 5.65 136 9.4

60 12.2 354 6.91 Steady motion 9.5 376 9.31

74 U*3 350 7.54
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r

Nuniberof

Blades

3

photo
(fig. 32)

k

photo
,(fig. 33)

2bXa Total
Weigh

~m2 #3

26 x 5.3 8.62

2ox5 10.28

NACA TM No. L201

TABLE VIII

H

cm

350(HO)
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350(HO)
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N

rev/see
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J
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v
~

cmls aN
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300 13.82

CL

deg tin

70 30

84 30

.

I
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TABLE IX
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TABLE x
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A

@.m2
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iron

887
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2a
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1.50 5.0
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6.00 ---
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