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PREFACE OlL4ubs

The present report of Mr. Dupleich is the summary of a very
oxtensive experimentel study of the well-known mechanical phenomenon:
the rotation in free fall (ip air, for instance) of more or less
elongated rectangles cut out of paper or pasteboard. This phenomsnon,
the condltions for exlstence of which depend chiefly on the elongation
of the small plate and its welght per unit area, is essentlally an aero-
dynemic phenamenon and &s such, ralses questions of a certain interest
to our department.

The author has applied himself to this study as one would do in
the case of a physical phenomenon whiich analysis has not yet ventured
to penetrate and which would require, to begin with, investigation of
1ts general cheracteristics. Actually, one had to deal here with a
problem of mechanics, the active forces of which are, on one hand,
the welght of the body, and, on the other, the asrodynamic forces
related to the motion. Thus one is Justiflied in thinking that the
action of the fluid should have been anslyzed in order to determine
its mechanism and diatrlibution, for the laws of the motion are only
e consequence of this actlon, and knowledge of these laws 1s in
itself only a partial aspect of the problem.

This problem glves rise to certaeln fundamental questions to which
one would like to see an answer given. Why, for Instance, does the
plate in its falling motion rotate sbout itself, thus leading one
to assume that, at least under certaln conditions, another state of
steady fall would not be possible? BHow 1ls it that under the same
conditions the rotation leads to a steady motlon, that is, to the
existence of a mean equilibrium between the aerodynemic forces and the
wolghts? And how does this same type of steady motlon under different
conditions become unsteady to give way to other types of fall, now
steady, but which would have been Impossible under the previous
conditions? SubJjects like these have only been touched on insuffi-
clently by the author who thought he must limit himself to strictly
experimental study.

Thus, at flret sight, this report will perhaps appear to the
speclalists as a work lacking in the splirit of aerodynamics.

We belleve to have shown elsewhere - and no doubts seem
possible - that the moderm concepts of the mechanies af fluids do
not have the range attributed to them, that they Have not been more
than attempts (it is true, often successful in very limlited problems),
that one has too frequently taken a success as proof, that one has
comuitted the serious sclentific 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 systematlic, all
too systematic, exploitation of poor mathematical artifices, that, in
& word, the modernm theoretical mechanics of fluids is not a coherent
whole.
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However, it 1s certaln that it should have penetrated more deeply
into the sclentific groups concerned, for the services rendered by the
Preliminary investigations it has pramoted are too real to be Justifiably
1gnored, whatever 1lluslions certaln asrodynamicists may have entertalned
about 1t. And if a physiclst, in dealing 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 thilis negligence constitutes a gap.

A gap - but let us not deplore it too much, and not be so narrow-
minded as to stigmatize 1t. In fact, too many peoples tend to believe,
once and for all, in the perfection of a theoretical framework and to
forget about both observatlon of facts and their linterpretation as
not to make 1t deairable to see appear, from time to time, an essentially
experimental study like that of Mr. Dupleich, the merit of which lies
preclsely in the obJectivity of its abundent documentation.

And this i1s why - 1n spite of the reservation that had to be
expressed - the Ministry of Aviatlon has seen f£it to publish in its
collection this report of Mr. Dupleich whilch owing to its substential
qualities well deserves this mark of honor. '

Pierre Vernotte
Chief Englneer of Asronautlcs
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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECENICAL MEMORANDUM NO. 1201

ROTATTON IN FREE FALL OF RECTANGULAR WINGS
OF ELONGATED SHAPE¥*

By Paul Dupleilch
HISTORY AND SUMMARY

The free fall of rotating rectangular wings had been conslidered by
Maxwell in 1853 (reference 1). In a very brief theoretical study this
author attributed the sustained rotation to the air resistance whose
moment, with respect to the center of gravity, maintains the motion and
varles periodically with the speed of fall. He also showed that the
fall departs from the vertical in a plane normal to the axis of h
rotation and in a sense depending on the sign of this rotation.

He adds that, if the axie is incllined with respect to the horlzon,

the trajectory is no longer rectilinear but helicoldal, which is
inaccurate, because the axis will always straighten out again and o
assume & horizontal positlon. Lastly, Maxwell mentions the splral fall
of elongated trapezolds. b

In 1881 (reference 2) Moulllard gave a sketchy explenation for
the sustained rotating motlon of rectangular plates which placed the
center of pressurs (which he terms "center of gravity") outside the
geomstrical center; wlthout specifying the conditions of their
deotermination he plotted the trajectories of the vertices of the
rectangle with loops of large area, which in reality appears to be
only a very exceptional case.

In 1904 (reference 3) H. Moedebec studied the problem of Professor
Kdppen's rotating parachute (1901), a type of which had been exhibited
in Berlin in 1802. At the right and left of the parachute jJumper, two
sails of 6 x 19.5 me in over-all dimensions revolve in the manner of
rotors with paddles, by autorotation 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 & flying machine
by the addition of & motor which was to have maintained a speed of
rotation sufflclent to regulate the slope of the trajectory and sven
to meke 1t ascend at will.

The same question has been envisaged thecoretlically by Joukowsky
(reference 4) in the general framework of autorotation. As application
of his fundamentsl theory on the 1ift of surfaces, he shows that the

*"Rotation par Chute Libre des Ailettes Rectangulaires de Forme
Allongee." Publications Scientifiques et Techniques du Secretarlat

d'Etat & 1'Aviation, No. 176, 1941.
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path of the centser of gravity of the rotating plate departs from the
vortical of launching in a dlrectlon which depends upon the direction

of the rotation. According to his caloulatiens, the path should present
undulations in its vertical plane, but we have not been able to obssrve
a sign of this characteristic.

For lack of unquestionable theoretical results, Bouasse (reference 5)
. 8imply recorded the deficiencles of Maxwell's theory and explained one
of Mouillard's plots which agrees with no real phenomencn.

We have determined the characteristics of this mobion experimentally
and explalned 1ts indefinlte preservation.

Chapter I describes a wing launching device and the lnstallation
deslgned to photograph the trajectories.

In chapter II these traJectories are studied with respect to the
enveloping surface of a dlametrical plane of a hypothetical cylinder
which rolls and slides along an inclined plans.

Chapter III analyzes the process according to which a couple
maintaining s steady motion of uniform rotation indefinitely is set
up in the motion of the system about 1ts center of gravity.

In chapter IV the elements of the steady motion are determined
experimentally as functions of the wing characteristics (wing loading,
span, chord). Moreover, these elements are not rigorously constant
but periodic; thelr variations during one period sre treated 1n chapter V.

The study of rapld rotations 1s given in chapter VI.

Chapter VII contains a descrlption of the different modes of
launching, particularly of launching at a speed of rotation superior
to the speed of steady motion.

Chapter VIII confirms the preceding results on rotors with three-
or four half-peddles, angulerly equidlistant, forming paddle wheels
or prlsms.

Elastic bendlng, an obstacle to the study of excessively elongated
wings, is contemplated in chapter IX. This study resulted in the
experiments with cylindrical wings, described in chapter X.

Chapter XI evlidences the high stabllity of the steady motion of
.fall with the accompanying osclllations.

The helicoidal fall of 1sosceles trapezoids and, in particular,
an unexpected steady motion of fall, which are tied to the data of
chapter IV, are discussed in chapter XiT.
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Chapter XIIT deals with the rotation of graphite flakes in the
flame of a Bunsen burner and in a verticsl air current.

Chapter XIV concerns the fall in water.

This work, which resulted from the study of about 1800 photographs 3
was carried on under the direction of Z. Carrisre.

CHAPTER T
EQUIPMENT

Before an upright black screen, a platform P (fig. 1) pivoting
about a horizontel axis Q, is made to slide on a vertical rod YY,
around which 1t may assums any azimuth. Platform P carries a clamp T
which holds the wing MM' 1in a certain starting position. This clamp
is pressed against the small board by a spring R under tension by a
catch. The launching is effected from any desired spot by lifting the
catch by means of the wire T, passing over a gulde pulley fastened
to the floor, to the vertical of Q. The ceiling P is L.75m in
height, which is ample for establishing the steady motlon of descent
of light wings. Heavy wings (plates or rectangles of metal) which
require considerable helght of fall are launched from the top of an
18 m tower. On the other hand, the launching platform is large enough
so that the rod YY, which supports it by its rear edge, does not
disturb the motion to be studied.

One .or two l-kilowatt lamps of the arc or large tungsten-filement
type provide satisfactory lighting. T

A camera of f/2 aperture, placed in front of figure 1, records
the fall of the wing which eppears in white on the black background.

The exposed photograph of the wing in motion deflnes its envelope
very woll (and often uniquely). To locate the wing with respect to this
envelops, index marks on small pleces of white papsr (0.5 centimeter® for
a 24 x 8 centimeter wing, for example) are placed at one or both ends of
its froat section. Glued normaelly to the wing, these index marks lie
completely in the wake of the wing, so that they can cause no material
disturbance. A round but blackened index mark placed in the center
of the sectlon traces a line which is ldentical with the path of the
center of gravity projJected on the plane of vislion. For large suriaces
this index mark may bs replaced by a small ball of silvered glass.

To each one of these index marks there correspoands another, 1ln 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 the mean inclined plane, or else by a
reference scale of known length placed 1n the plane of fall.

The time of exposure is Inscribed on each negative dy the
simultaneous photograph of a black revolving disk, a narrow (3°)
sector of which 1s left white. Actuated by slectric motor and
frequently checked, the speed of the dlsk 1s one revolution in
1.4%4 seconds. The angle of the photographed sector is measured with
& Leneveu protractor at close to 2 minutes. The relative error is
always leas than 0.0001. The lengths at 1/20 millimeter are
measured on the enlarged positive or on the negative with a mlcroscope.
This accuracy ylelds a relative error generally less than 0.005.

The characteristics of a wing of negligible thickness are:
chord 2a
span 2b
wing loadling A
agpect ratio: k = g

a and b are always expressed in centimeters, and A Iin grams per dm?.

Platform Launching - Acceleration of Rotatlion

The wing is placed on the platform P, its long side parallel to

the edge O and normal to the plane of figure l. The center of gravity G,
being outside of the support, the gravity effects the launching (fall
end rotation) as soon as the opsrator frees the clamp T. By regulating
the inclination of the platform P with respect to the horizon and
lever arm OG = 1, the falling wing is given enough kinetic energy to
speed up the 1lnciplent rotation and casuse the mean trajectory to be
directed toward the right of the figure. Assuming zero sliding on

edge 0 of platform P, the released wing revolves like a psndulum
about this edge. When it reaches the vertical plane passing through O,
the launching, characterized by the speed of rotation reached at thils
instent, may be considered complete. The calculation of this initlal
speed of rotation, without interference of the resisting couple of the
air, is known to give only an approximate indication, by defining an
- upper limit that ls never reached.

Iet m represent the wing mass, I +the moment of inértia with
respect to the edge of the platform and w,, the initial speed of

rotation. The kinetic energy theorem gives:



NACA TM No. 1201 5

Tw 2
Z = mgl (1 + sin B)
whers:
I - m(a? + 312)
3

By putting wgy = 2 Nj (NO = revolutions psr second)

1 6g(1 + sin B)1
Yo =22 2 312
ac + 31

a value independent of the weight and of the span 2b.

To illustrate: +the usual initial speed for a series of homogeneous
rectangles of the same chord of 3.6 centimeters, launched with 21 = a,
on the horizontal support (B = 0), is 4.8 revolutions per second.

In these conditions of launching, the initlal speed of rotation,
generally lower than the speed of steady motion, agrees quite well"
with experiencs.

The rotation is accelerated during the fall. A wing launched

practically without initial speed é = small) quickly assumes a

speed of rotation, which increases at the same time as the spesd

of fall. If the wing is light, the acceleration lasis only for
several revolutions, at the end of which the steady motlon is
practically attained. In the laboratory the acceleration measurement
is easier with the relatively heavy rectangles (thick pasteboard),
the spead of rotation for a 155 x 15 millimeter wing, weighing
10.9 grams per decimeter2, launched with Ny = 6.9 reaches

48 revolutions per second, after a fall of about 3 meters. A

110 x 15 centimeter plate welghing 550 grams, released on the
special platform, with Nj = 3, from the top of the 18 meter tower
reaches the ground at considerable angular speed (the angle of fall
being sbout 75°). Plates of iron weighing 1 kilogram attain steady
motion after a fairly long fall, which can be reduced dy reason of
an increase of Np.

Wings of very smsll dimsnsions, such as flakes of graphite, can
elso turn in the alr. In all those cases if ths launching is appropriate,
the steady motion can be realized, giving rise to an infinite motion of
descent, as will be shown hersinafter.
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CHAPTER II
KINEMATICS OF THE AVERAGE MOTION

In steady motion, with a legitimate approximation formulated later
in the ahalysis, the center of gravity G of the wing MM' describes,
at a constant speed V, a straight line XY inclined at an angle o
with respect to the horizon (fig. 2). Simultaneously the wing MM'
turns at constant speed w s&bout its major horizontal axis of which
G 1s the trace on the vertical plsne which contains XY.

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

The instantaneous speed of point A of the cylinder is the resultant
of the rectangular spesds aw and V. The instantansous 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

Congequently, the base of the motion is the straight line QR, parallel
to XY, of the ordinate
-v

The roller 1s the circle of radius g; rolling without sliding on the
upper inclinsd plans.

The wing, of span MM' = 2a, is a fraction of a dlameter of this
reoller; its envelope 1s identical wlth the envelops of this diameter,
hence the well-known equations (axes of fig. 3, origin 04)

X| =X = (29 - sin 209)

yq = (1 - cos 29)
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The curve OIAB represents the part corresponding to the spatial
period %ga The distence 0,B is termed "span of the arch."

The point of contact E, of the diameter, with its envelope 18
found immediately by plotting the normal to the trace of the wing
through C. A%t instant t+ +this point has minimum spesed, w CE. More-
over, at the subsequent instant the adjacent points of the wing also
pass at the sams point. In consequence, the photograph of the envelope
is very lumlinous and often alone visible.

To the point of inflection 01, there corresponds an actual
pivoting of the envelopsd dlamster about one of its ends. But the
arcs of the envelope comprised between the parallels gr and QR,
which are touched only by the geometric extensions of the wing, do
not appear on an exposure at V > wa, which is the most frequent case,
the limit points of real tangency being given by

cos @ = .

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 this tip, being thus very small, can produce an image on a
plate almost as much as the points of contact with the envelops.

Study of Negmtives

Let MM, and M’lM'2 represent the positions of MM' at the

start and finish of a photographic exposure. They still correspond
to the tangents to the two tips of the envelope arc fixed on the
negative; hence the rotation (®2 - ml) during the time At resd on
the chronograph. :

A mean speed of rotation is deduced. The true angular velocity is
periodic. Consequently, in view of the svaluation in fractions of
revolutions, the mean speed thus computed is not absolutely equal to
the mean speed over a perlod, especlally for the short and slow falls,
but the large number of negatives obtained assure sufficient accuracy,
since ths operation is always extended over several periods of the
phenomenon. More rigorous values will be deduced later from the
experimental study of the rotation. :

The corresponding positions Gy and Gp of the center of the
section are given by the centers of “MlM’l and MgM's or else by
the extreme positions of the luminous index mark.
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A mean speed V 1g thus defined. The remarks made concerning w
remain in force, V being actually periodic.

Quantity - is given eilther starting from V and from w
aw s

or by D ; where D 1s the dletance traversed by G during several

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

The tangent common to the arcs of the roller or the envelope defines
the angle o (fig. 2).

The measurement without correction of « requires a fall parallel
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 seme wing availeble, only those most nearly correct
were utilized. The photograph (fig. 4) represents the trajectory of
the 12 X 2 centimeter? wing for which A = 1.3 grams per decimetere.

CHAPTER III
SUSTENTION OF STEADY MOTION OF FALL

Let axis Ox be represented (fig. 5) by the tangent common to the
arches of the envelops, inclined at angle o +to the horizontal, 0 coin-
ciding with a contact point; axis Oy 1is perpendicular. The directions
are posltive downward. Iet x and y denote the coordinates of the
center of gravity G, 1 +the angle of incidence which 0x forms with
the half-wing whose edge shifts in the senss of the relative wind,
counted positive starting from Ox 1in the direction of the rotation}

1 varies periocdically from 0° +to 1800°.

With R as the air resistance (resultant of aerodynamic forces),
as function of 1, the moment of this force R 1is decomposed, with
regpect to the large axis of symmetry of the wing, into I', the "static"
moment, which will be the real moment of the aerodynamic forces if
incidence 1 was constant, and into 7, a supplementary couple due
to ths wing rotation. Lastly, let I be the moment of inertia of
the wing with respect to the preceding axis. s -

The air resistance R 1s assumed normal to the plate at every
instant. In reality, of course, the direction of the air thrust slopes
at a greater or lesser angle from ons side or the othsr of the normal,
depending on the incidence of ths plate. So in the equations the
resistance is introduced as being active only in the rotation. The
tangential component is involved in the forward motion of +the plate.
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The equations of motion in the foregoing conditions read:

¥ =mg sina - Rsin i

. (1)
y =mgcos o - R cos i B
d2i
Frei =

These equations themselves disclose that the motion of G like
the motion about G cannot be strictly uniform. But experience indicates
that they are quite often very approximately uniform, the perlodic
veriations of the speeds being of low amplitude.

Therefore

]
)

R sin 1 41

Fid

JC

J[ﬁ R cog 1 di
o]

according to which angle o satisfies the relation

/mRsinidi .
0
fﬁ
o]

ng sin @

A |

It
O

mg cos o

|
al-

(3)

tan a =

Rcos i di

The explanation is based on the inertlia of the steady motions, the
principle of which is known, but needs further study, since the two terms
have been little associated up to now.

The varistions of R sin i and R cos i between 0° and 180° can
be represented by the curves of figure 6a, which consist of two unconnected
branches, corresponding to two different aerodynamic conditions. OF )
the two values which give the curves for R cos 1 on abscissa i = 309,
for example, nothing defines beforehand that which should be retained
in a concrete case. '
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In the statlc conditions (i constant) to which the Preceding
curves refer, sudden Jumps occur from one curve to another (frcm one
steady motion to another) for no apparent rsason. The mechanism of this
indecision of the steady motion or of its instability is still too
littls known. ,

In the dynamic conditions, that is, those of the motion in question,
the aerodynamic conditions are entirely different. Around the rotating
wing there are turbulent circulations, the whole of which represents
a complex phenomenon, but which unquestionsbly seem to belong also to
two different conditions, separated, as in the static conditions, by
a real discontinuity in the neighborhood of the angle 1 = 30°. This
discontinuity is represented by the vertical Jump AC on the R cog i
curve in figure 6b. The passage from A to C, 1 being assumed
increasing, demands substantilally less action than in the static
conditions; the Instability of the condition QA is reduced; the
existing steady motlon tends to be prolongsd as much as possible; it
is in some manner endowed with lnertia.

Figure T shows the variations of the couples I' and ¥y plotted

7
against 1. The integral J[ I' d1 has a positive value; it represents
0

the motive energy of couple ' during the half revolution. The curve MNP
of couple 7y 1s very flat; the meximum and minimum have Pairly close
values. Hvidently T N

by
(r+7)dt =0
0

The motive energy of I', which 1s represented by the shaded area in
figure 7, is absorbed, in steady motion, by the resisting energy of
couple 7.

The total couple I' + ¥ cancels out for 1 = Bl end 1 = 52

(figure 7). 1In the interval By < i < Bp, the aerodynamic couple is
motive, for the rest of the perlod, resisting. In the motive interval,
the wing must therefore store up enough kinetic energy to clear the
gsecond intervael. Consequently, the motion cannot be sustained unless
the moment of inertia of the plate is sufficlently highj; 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 mnear 1, whose steady motion 1s very slow, turn
irregularly or not at all. The stable rotation of such rectangles is
always obtained by reducing the chord. , _
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The resistance R, on assuming the speed V of the center of
gravity constant, is approximated at

R = K,SV,

vhere S = hab 1is the wing areaj Ky & coefficient as function of i

and depending upon the aspect ratio k = % of the wing. Consequently .

Rsin i = Ki gin 1 SV2

and on putting

the formula

mg sin o = KSve
or

A sin o = KV2

according to which V 1is proportional to VA. This law has been verified
by experience.

The mean velue in a quadrant (0 <t <90° or 90° <i <180°) of the
component R cos 1 (1lift) ig proportional to the corresponding area of
the curve R cos i plotted against 1 (fig. 6). This area is larger,
in absolute measure, for the first quadrant than for the second, in
apite of the geomstric symmetry existing between the two quadrantsj if
the continued variation of incidence 1 had no effect on the dlstri-
bution of the serodynamic forces, the mean values of R cos i 1in the
twn quadrants are equal and of opposite sign. The mean 1ift in the
complete period is zero and therefore camnot be opposed to the weight
component mg cos « 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 by the phenomenon of
aerodynamic inertia, seems to be in agreement with the general
relation between 1ift and circulation, which constitutes Joukowsky's
theory (reference 4, p. 54%). On admitting, im fact, that the
rotation of the wing sustains by inertia a mean circulation (C)
having the direction of this rotation, (fig. 8), there must
correspond to this circulation a 1ift Q +which is directed
upward, considering the direction of the relative speed V.
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Inertla of Steady Rotatory Mnotions =znd Resonance

The Inertla of steady motions is a principle, the Justification of
which is found in the closely connected explanation furnished by a large
number of phenomena. Is it possible to obtain a direct check on it in
the case of the aerodynamic registance for a variable incidence?

To be successful in & static test the incidence variations must,
undoubtedly, be more rapld than those obtalneble by stopping the
variation for measuring the effect before producing a new one. While
thls may be applicable to rubbsr under variable tension, 1t is far
from being the same when aerodynamlic actions, such as coms into play
in the phenomens in question, are involved. Born of circulation and
vortices which attain their full development in an extremsly short
time interval, these actions must be measured at the same instant
the phenomencon of discontinulty involved is reached and this
situation must be encompassed by measurements immedlately before
and after in the process of svolution.

The conditions required are therefore practicelly unattalnable.
Even in the case where a record of the phenomenon 1ls possible, it is
never certaln that the resulis ggree with reallty; having obtained a
large number of graphs representing the studled variation, an average
must be made, which is always of doubtful interpretation.

The phenomena of resonance, easily obtainable for periodic
variations, produce these awerages automatically. TIn 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 be prescribed for the dynammmeter in proportion to the forces,
and the maximum and minimum values 1dentifiled.

The air current being vertical, the wing is made to rotate about
its large horizontal axis, by means of two plns supported on two cup
bearings on a horizontal rectangular frame (fig. 9). Soldered to the
frame, perpendicular to its plane, is a narrow metal shest whose axls
extends the line of the bearings of the frame. At its other end, the
sheet 1s clamped in a sollid support; the system 1s thus able to
oscillate in the horizontal plane by elastic bending.

In the absence of rotation, the action of the wind does not give
rise to oscillationy in steady autorotating motion, the vertical components
of the instantaneous resistances have no effect on the motion of the
gystem, which can be produced only by the variations of the horizontal
component (normal to the wind) of the aerodynamic resultant.
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But, as it is, the system is too sensitive to give acceptable
results. Without a damping device it masy, with 12 centimeters seating,
produce amplitudes of from 5 to 10 millimeters, which disturb the
autorotation considerebly to the point of complete cessation. This can
be remedied by damping; by means of two 2-centimetere vertical paddles
dipped in glycerin. This affords a sufficiently stable steady motion
where only the resonance amplitude, less than a millimeter, is perceptible
in the stroboscopic sight. -

With & 30 x 40 millimeter? wing, rotating at & speed of 6.7 revo-
lutions per second in a uniform air flow of 3 to 4 meters per second
(introduced by a vertical pipe of 70-millimeter dilamster, the orifice
being 50 millimeters below the frame), the maximum effort for increasing
incidences was found at an incidence of about 25°. This result in
correlation with others was obtained by a different experimental method.

CHAPTER 1V
EXPERIMENTAL DETERMINATION OF THE ELEMENTS OF STEADY MOTION

To a given wing there corresponds a given steady motion, defined
by its three parameters a,.ﬁ% = N, and V. The experimental study must

furnish these three parameters in form of three more or less complex

functions of a, k, and A. The curves of figures 10 to 13 represent these
functions.

The thickness 2¢ of the wings, which is assumed negligible
comparsd to the other two dimensions, does not enter in these formulas.
This assumption is perfectly legitimate for the light paper; thus, the
thickness of the lightest paper utilized (A = 0.14 gram per decimeterc)
is equal to 0.005 centimeter for a span of 1.5 centimeters, which .

corresponds to % = 0.003. For the large size wings, made of pasteboard
to insure rigidity, the thickness reached 0.3 centimeter for a span

of 32 centimeters, or approximately £ = 0.0l.

The amplitude of variation of the paremsters 1is necegsarily very
limited. If k 1is too close to unity, certain wings turn badly or
not at all, simply oscillating about a mean horizontal position. Never-
theless, it was possible to effect measurements for k < 1, over the
geveral half-revolutions of a fall which is not sustained becausge it is
unstsble. The test points obtained 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 exceeods an upper limit, the wings bsnd. 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
motion at the helght of fall permitted by the limits of the laboratory.
The bending is eliminated by fixing on each face of the wing, normal
to 1ts plane and along the major axis of symetry, & narrow strip of
Paper folded square, but then the additional resistance introduced
modifies the phenomenon (in rarticular, it increases angle a).

A special chapter 1s devoted to this particular cese, where the
bending of the wing assumes real importance. The values of wing loading
A for which it was possible to obtain complete measurements at the
height of fall available, range between O0.14 (cigarette paper) and

13.1 grams per decimeter=.

Table I gives the test data of which only a few are reproduced in
figures 10 to 135 E; F, and H represent the three functions of «a, N,
and V which define the steady motion for a given wing.

The aquantities
E = (2&k3)l/htan o
F = 2a3/% -1/3y

2
B = 1073 (2a)* siX -

are approximately constants for a given value of A (last colum of
table I); K 1is a coefficlent as function of A represented by the
formils

L= 0.27 AL/3 (see fig. 1b4) (1)
Ag functions of A, quantities E, F, and H vary along the curves
of figures 15, 16, and 17, which correspond to ths following egquations
(e in centimeters, A in grams per decimeter2):

(2:11:3)1/LP _A'l/5tan @ = 2.7

(2&)3/)+k_l/3N =1.8A+ 9.5 (2)

- 2
1073 (2a)* — V5 2234+ ¢
gin o

These rslations define the values of the steady motion within the
limits of the zone where the paramsters a, k, A can bs practically
realized.
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Quantity F cannot be less than 9.5, which forms the lower limit
of N for any glven values of & and ko

Quantity H is represented as a function of A by a straight line
which doss not pass rigorously through the origini but € 1is negligible
for the usual values of Aj; the third equation of (2) becomes then

-3(ea)t Y2
107> (2=2) sin @ 230

hence, with S designating the area of the wing,

-3 '
ASsinm:mgsina:l%—(ea)“st:stg

The coefficlent K = 43.5 X 10'6 (22)" (2 in centimsters) is to be
compared to the coefficient of resistance of a plate normal to the wind.

Through the medium of ¢ (equation (1)), K 1is dependent on 2 and
A. For high values of A +the factor (2a)H tends toward unity, when the
law u = O.EZA'1/3 ig extended. The mean resistance to the translation

follows then the law L43.5 X 10'6 SV2a The wing, whose rate of rotation

is then considerable, can be likened to a cyllnder with a maximum cross
section S; the coefficient of resistance is, in fact, near the coefficlent
of the cylinder (reference 6).

Ths elimination of @ bDetween E &nd H leaves

sin2 Q= E2
(22x3)1/2 + 2

hence

v* 2 106 5 £
(20)2* [(2ax3)Y/2 4 2]

or, written explicitly according to equation (2)

6 A 12/5

L
V ~. 7
(22) P [(2ax3)1/2 & 7,29 £%/7]

= 3856 x 10 (3)

V is given in centimeters per second by this formula.
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The experimental curves (flg. 12) give as function of k, for 2a
and A constant, a hyperbolic variation of V in accord with equation (3)

The formla giving the ratio ~ is more complicated. For the

aN
values of this ratio below 6.28, the roller paths of the vertlices of the
ving are looped. But it is difficult to obtain such trajectories,
gince bending is most often an obstacle to their formation. (For this
reason the curves of figure 13 are found limited.) However, their
existence has_been proved with wings corresponding to A = £98 grams
per decimeterg, 2b = 100 centimeters, and 2a = 20 and 31 centimsters,

v _
glving el 567«

To study the veriation of V with b constent, 2a in (3) is
replaced by 2, so that
Al2/5 20
(20) 2 [(26) 1/ + 7.2012/5]
If A 1is constant, v varies as

(%)

= 3850 x 106

(2p)1/ % 4 52

where E° replaces 7529A2/5. The derivative

Z

oo 5L [on? s /% (ou - 1)
(2p/ 2% + 52)2
cancels out for the two values of k:
k' =0
K" ELLEQ
o6/2(1 - ou)

For very small values of A, formule (4) lacks accuracy. For
A = 0.1%, in particular, the value of V computed by means of the
sxpression H 1s too low. The coefficient 4 computed by formmla (1)
mist be replaced by H' < 4. This gives, within the present experimental
limitations: 1 - 2u >0, even for A = 0.14, whareas the curve of
Tigure 14 gives 1 - 2u = O,

Quantity V presents a meximum for k = k". For A = 1.3 and
2b = 12, k" = 2,3, Table II, established experimentally to evidence
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this moximum, affords en interesting verification of the formulas. From
the existence of this maximum, the explanation of an unusual singularity
of motion is deduced in chapter XIIT.

The contents of table II were used to plot the curve (A = 1.3,
ob = 12) of figure 12j it represents a meximum for k = 2.3

The expressions

ten @ = £
11
(%)ﬂke
and
3
N = Fkl2
3

indicate that o decreases and N increases for A and 2Zb constant.

For the same values of k and A, that is, for similar rectangles
having the same wing loading, the constants of the steady motion vary
with the dimensions of the rectangle. These variations are illustrated
by the four curves in figure 18. ,

CHAPTER V

ACTUAL MOTION OF THE CENTER OF GRAVITY

1. Trajectory

According to equations (1) (chapter III) the movement of the center
of gravity camnot bs rectilinear ani uniform. It is studied by photo- T
graphing its trajectory, the outline of which coincides with that of
the center of the small side of the wing, obtalned by a white round
index mark. The wing is slightly blackensd so that the envelope still
remains visible on the negative.

Ths trajectory of G in all photographs, oscillates to both 3ides
of Ox. These oscillations are not attributable to launching, since they
are well developed from the start. In fact, as soon as the steady motion
of fall is reachsd, they themsslves are periodic, the period being of a
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half-revolutiony after several meters of vertical fall no damping 1s
observed. The assumption of disturbed trajectory is equally inapplicable,
because the period of the disturbed oscillations 1s differsnt from a
half-revolution; besides, such oscillations are damped.

The motion of G comprises thus an oscillation to both sides of
Ox parallel to Oy. The nonginusoldal oscillation is unsymmetrical
with respect to the position OIA of the wing, corresponding to

1 = 900 (fig. 5). The trajectory meets this straight line 0;A at
point GO’ of the negative ordinate Tos which 18 not a minimm

(maximum in sbsolute Value); it 18 considerably incurved up to point
Gy of ordinate ¥y (minimm of y) and becomes tangent to the envelope

in point Gy, very far upward toward the lower vertex 0' of the arch.

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

envelope; generally, for low values of V the part practicelly common
to the two curves ceases near O0'j; for high speeds V it may extend
beyond 0's. In gll cases the maximum ordinate y’l (positive) of ths

oscillation (point G') is near zero or null.

Owing to the oscillation, the posltion O3D of the wing, for which

the true angle of attack is equal to 90°, is set with respect to OjA
in the direction of motione.

The oscillation, quite considerable for rectangles of large span
end whose fall and rotation are slow, is slightly perceptible on the
tragjectory of the small rectangles in rapld motion.

The displacement of the point of contact over the length of branch
OlG2 is squal to a. The motion of the wing with respect to its

envelope is then very nearly a pure rolling motion (minimm sliding).
From G, up to O' (trajectory practically identical with the envelopse),

the sliding motion increasesy it is still considerable on the remaining
branch 0'G, of the arch. )

The difference in incidence 1, between the two wing positions
corresponding tc a maximum and minimum oscillation, is around 9003
1 being equal to 90 + B at minimm Gl, the approximate equation of
the trajectory is of the form

y=€l+520052(i-ﬁ) B
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whers el and ¢ are defined by the relstions

2

€1 + €o y’l

€1 - €fp =71

The value of 90° + f is, morsover, poorly defined, since a relative
minimim is involved.

2. Speed

A rather narrow strip of paper is glusd to front and rear section
of the wing (blackened pasteboard) so that the motion is not modified.
The light source is an electric arc, fed by 50-cycle a-c giving a
meximum luminous intensity 100 times per second. To each maximum
flash corresponds one instantaneous view of the section. The
trajectory of G is projected on the space in the middle of the gtraight
successive images of the section. It can also be obtained with a black
centers.

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

The accuracy is satisfactory if, before measuring, the spaces of
meximm luminous impression which correspond to the pquidistant exposures
ars outlined on the negative. B

It geems simpler to photograph the path of the index mark placed in
the center and 1lluminated alone, by electric arc, but this would require
e powerful illumination. The first method has the advantage of locating
the successive positions of the wing which then permi?t the variations of
@ to bs determined.

The minimum speed V; of G is largely found in Gy (minimum
of y), while the maximm largely corresponds to the maximum of
gliding motione.

The minimum speed is compared to the previously defined mean forward
v - Vi

speed V. The corresponding variation is considerable for large

-
gize rectanglesy table IIT shows various values along with the corresponding
values of J,, Ji» and B.
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From the equation

X =mg sina - R gin 1

it follows that x' increases for 1 = 0, x" being positive. For
= 90° R gin i is spproximately maximum. Since its mean value is
equal to mg sin a, the maximum is higher than this valuej; consequently,
x" is then  Degative, x' passes through a maximum in the interval. For
= 180° x" 1s positive, x' passes through a minimum in the part of

tne trajectory corresponding o G-lo'e

If the tangentilal component of the resistance R, disregarded in
the foregeing, ls introduced, the results show that the latter favors
the advance for incidences ranging between around 20° and 160°, that
is, for a large portion of the trajectory located entirely above the
plane tangent to the envelope arches; for the rest of the period on
the other hand, the eoffect 1s a resistance to the advance.

3. Angular Speed

The squatlon

I-Q‘-CE=F+7

defines the varlatlon of the linstantaneous angular speed, controllable
on the photograph of the successive positions of the wing section, at
0.0l-8econd intervals.

For symmetrical positions with respect to 0;A (fig. 5) the
succegsive images of the tip are spaced farther apart on the arc OOl
of the envelope than on arc OlO'a The angulaer speed « increases

along arc 00; and passes through a maximum at 1 = Bp. As for the

minimm located near 1 = 0, it cannot be identified very accurately
on the photographs. -

With N, signifying the maximum speed in revolutions per second,
N +he mean speed defined by chronograph, O +the angle of rotation
described in 0.02 s, table IV gives thes results of the effected
measurements.

Quantity I' cancels out approximstely for 1 =0 and i = 90°.
Since 7y is consistently negative, the total couple for these two
values of 1 1is negative, for which w is decreasing. Quantity T
reaches its maximum for a value of 1 comprised between O and 90°;
T + 7), zero for one revolution on the average, is then positive,
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and o increases. In congedquence, (T + y) cancels out for i = B1
and B, (B1 < Bo), the angles between 0° and 90°, to which the

minimm and maximum of ® correspond.

In reality, I' is not canceled for the position O0;A but for O3D;
this divergence slightly shifts the maximum of ® toward 02]3e :

An spproximate expression of « reads

1
a)=91+<sin 2i+E sin lu)a

. 2
according to which «® is minimm or maximum for B
cos 21 = -133
L
To cos 21 = -1 corresponds an inflection of the curve of variation.

The minimm and meximum of o, which occur, according to the above
conditions, for i = *30°, are 60° distant, which is not very much
different from the obtained results.

Quantities Ql and {5, are determined by writing that ths minimm

- and the maximum o, occur for the indicated values, which glves

Ql”‘% ((Dl-i-(l)e)

9, = —&= (05 - o)
2 3y3

But to place the minimm and maximum at suitable values of 1,
it is necessary to shift the curve 60° + 2{31; hence the expression
for w reads

2

w:% (wl+m2)+3 (we-cul)[sinE (i-3O°-Bl)+%sin1+ (i—30°-ﬁl)]

Filgure 20 refers to a wing of 37.5 X 15 centimeterse, welghing
9.8 grams per d.ecimster23 the steady motion corvesponds to
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4o 15"
k.7 revolutions per sec
5.1 revolutions per ssc

351 cm/sec

The Enveloping Curve

The periodic variation of V and w, assumed constant in chapter IT
along with the oscillation of the path of the center of gravity, must,
in reality, divert the fora of the envelope from that of the cycloid.
- The real arcs cannot be symmetrical with respect to 014 (fig. 5),

since different quotients -gi correspond to the two angularly equidistant

positions of the wing, the quotients which define the curvature radius

of the envelope. In that part of the envelope substantially identical

with the path of G, the mean curvature is much less than in that of the
corresponding part upstream from 04 (fig. 21). This asymmetry, which is

appreciable for ths large-size wings, at slow rotation and forward speed,
shifts the point of the envelope, where the tangent plane is parallel
to the mean inelined plane, toward downstream. The fact 1s plainly
indicated on the 60 X 32 centimeter wing, of 6.61 grams psr decimeter
welght.

2

CHAPTER VI
RAPTD ROTATIONS

The heavy, long rectangles attain considerable speed of rotation
during falling. Since the helght of fall within the confines of the
laboratory 1s Insufficient, the recorded mean values are not, in general,
gteady motion values. This drawback 1s 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, comparatively 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

helght of launching above the floor, N +the msan speed of rotation
between the approximate helght levels Hi and HE’ table V gives the
recorded data. The wings were of heavy pasteboard, did not bend, but
thelr thickness, comparsd to the chord, was not negligible.
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The speed of rotation is, at the bottom of the trajectory, sufficlent
to produce an audible soundj but it is difficult to derlve =2 measuring
procedure from the angular speed of the wing.

Hence the application of the stroboscopic method and the use of ths

alternating arc. The procedure has proved to be very accurate. Its o

operating principle is as follows:

The fall being almost vertical at start, the phoﬁ;graphic lens is
placed at a distance, obliquely with respect to the plane of fall, in
such a way as to make the s3btrip of the negatlve impressed by the moving
wing almost vertical. The photograph (positive) appears in form of
horizontal, white bands of slightly varying width, unevenly spaced,
sach corresponding to the lighting recelved by the wing at the instant
of maximum light; black covers the position occupied by the wing when
it is in profile view at the instant of maximum. -

By way of illustration, assume that N 1is slightly higher than 50.
A bleck mark is made which corresponds, by assumption, to one position
of the profilej 0.0l second later the wing has turned at & half-
revolation + €7, and its actual position corresponds to the first image,

wiich is a very narrow, white, horizontal band. On the second image, the
wing will have likewise made a half-revolution + €, starting Trom the
first image, hence a little wider band. Om each image ths wing will
have made 2 half-revolution plus a fraction of a revolution, beginning
from the preceding imags. When ¢ + ep + - . - + €p ~ 1/k revolution

is reached, the wing, viewed exactly from ths front and with maximum
lighting, will be stersotyped as a rectangle of meximum width.
For €7 + €o 4 o o o + €5 ™ 1/2 revolution the wing appears substantlally

parallel to the position corrssponding to the first black, hence a sscond
black. Betwsen the two consscutive blacks, the wing has wade (n+ 1)
half-revolutions, within a time Interval equal to 0.01 n second-
Ths mean speed of rotation in this time interval is given in revolutions
per second by ’
N = 50 n+ 1

n .
Quantity N' and n' denoting the values corresponding to the subzeguent
luminous reglon, the ratio of the successively recorded speeds of rotation
ig expressed by

N_n+11 n'

N' n'+1n

The sems principle of determination applies to the case whare N < 50.
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But the order of magnitude of the mean angular spesd which 13 not
arbitrery must be known beforehand. The extension of the msthod, where
N approachss a multiple or sgubmultiple of 50, is easily made. The
condition of luminous beats is almost realized on the 155 x 15 millimeter
wing. The resulits.are included in table V.

This alternating arc method gives serviceabls records even when the
foregoing conditigns (N near to current freduency, or a multiple or
submiltiple of the latter) are not realized. After sufficiently
accelerated rotation, the envelope becomes discernible on the photographs.
It is thus frequently possible to locate ths positions in which the
flash has impressed the wing on 1ts envelope. The recording of several
successive posltions permits the approximaste determination of the speed
of rotation of the wing in 1ts passagse to the mean levels of these
positions, and to deduce the progressive values of acceleration up to
where the steady motion 18 reached.

The chronograph, photographed simmltansously with the wing, gives
an over-all check of the fall. The analysis of a negative with alternating
arc 1ls, moreover, facilitated by the comparison of an exposed negative,
the conditions of fall being identical. The photograph (fig. 22) refers
to the 210 X 25 millimeter wing in table V. The upper height level of
the recorded fall 1s about 20 centlmeters of that of launching, the
initial speed of rotation being 3 revolutions per second. The two
successive half-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 tlme of fall,
deduced from the total number of images inclusive of those missing, is
0.28 second, the exact time checked by the chronograph.

CHAPTER VII

LAUNCHING

1. Platform Lasunching

The particulars of the launching from the platform, detalled in
chapter I, are as follows: : -

At a specific inclination B sand lever arm 0G = 1, (fig. 23)
the initial rotation, which has its inception in the tendency to draw
the wing toward the back of the support (toward ths right on fig. 23),
may become null in an azimuth B' (position 2 in fig. 23), starting at
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which the wing slides forward. Without changing the inclination B, but
by reducing the lever arm 1, which at the same time reduces its resistance
R and 1ts moment with respect to 0, it is generally possible to permit
the rotation to continue resulting in the previously studied steady motion
of fall. But the rotation can still be stopped in position 3, by giving
rige to a slide, this time toward the rear.

Whether forward or backward, those sliding motions are always of
limited distance, at the end of which, for any cause, & rotation begins,
which 18 accelerated very quickly at the expense of ths speed of the
center of gravity, and which, with a sultable speed of fall, may be
sufficient to result in the steady motion that is known. I not, it
results in a so-called switchback, which Mouillard undoubtedly wanted
to represent in one of his grephs, where the trajectory of the center
of gravity 1s represented with ths same curvsed arches obtalned for the
envelopes of the wing.

2. Launching by Motor

Two flexible wires (fig. 24b), the ends of which are wound around the
ends of the large axis XX', extended from wing A, and anchored by means
of a short radial pin, and pass over two Tixed pulleys R eand are
stretched at the other end by two equal weights P. These welghts hold
the axis against angle plates € which act as bushings. A lever L
immobilizes the wing at the start and is released by means of wire F
which allows the wing +to turm in its bushings up to the instant when
the wires bscome unhooked and the wing drops freely (toward the left in
the figure, if the wire is wound appropriately).

A few turns of the wire, with welghts of several hundreds of grams
are sufficient to give the wing a mch higher initial speed of rotation
than that of the steady motion. If the speed of rotation has bscoms
constant before the wire is released, the driving couple, equal %o
2P x 0.3 gram per centimeter (0.3 centimeter is the radius of ths axis)
is equalized by the resisting couple due to the air and to the friction
of ths axis on ths angle plates C. As soon as the weights are released,
the resisting couple and the reactions of the supports cease suddenly to
bs equalized; the result is an abrupt decrease in the speed of rotation.
The initial trajectory of G, the slope of which in the origin is that
of the resultant T' (fig. 2La), 1s concave downward. The initial motion
is largely parabolic, so much more curved as the rectangles are hsavier
and the rotation slower. . The lighting of the white section of the wing,
blackened over the rest of the surface, is secured by the alternating arc.
The angular speed NO is readily obtained by measuring the angular distance
of two successlve images.
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The following resulis were obtained:
Rectangle: 33.5 x 19 centimeters

Characteristics: total weight: 50.50 grams; a = 52057,
N = 3.0 revolutions per gsecondy V = 3.28 centimsters Per second

The sliding motion being negative at start, according to the present
conventlon, a particularly clear loop is formed, the area of which
increases with the launching couple, but afterward vanished quickly.

With a 600 gram per centimeter couple, it lasts no longer than the second
half-revolition. Here also the trajectory of G (black index mark on
white section) is periodically undulated, the mean trajectory presenting
an inflection point which is so mich lower as the launching couple is
greater.

Figure 25 shows the mean trajectories immediately following the
launching for the three motor couples glven in table VI. There is no
sign of any inciplent stablility oscillations of which Joukouwsky
determined the conditions of existence, although the launching by motor
with NO > N seems to be the mods most likely to produce them, 1if

edmitting that they could be produced.

Table VI gives the test data at height level H, measured downward
starting from the horizontal of launching. This table shows that N
passes through a minimum lower than the speed of steady motion, while N
is considerably higher. The initial rotation cannot be maintained and
dies down very quickly. The translation following the start is, in
fact, insufficient to produce an average motor couple TI' capable of
equalizing the reslsting couple 7 of the alr, according to the present
theory. By equation

0

dw

, I Pl r+yvy _
(I + 7) 1is negative immedlately after launching, and consequently
decreases; but, the motion of translation being accelerated under the
action of the gravity, I' increases and (I' + 7) decreases in absolute
valuey 7 varying in the same sense as w, I'+ 7 are nullified; w then
passes through its minimum. At this instant, the steady motlon not
being reached, I' continues to increase; the total couple becomes a
driving couple, w increases, and, consequently, 7 also, up to the
moment where the speed of translation and of rotation become such that
the mean value of '+ 7 in a half-revolution becomes zero; the wing
is then in steady motion.

The curves N = f (H) of figure 26 taks the forsgoing facts into
consideration. It is seen that N wreaches i1ts mean valus of steady
motion without oscillations. -
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The minimum angular speed increases with the launching coupls. For
very high initial speed, it may be conceded that N reaches the steady
motion by constantly decrsasing higher valuss.

The clogsely approximated values of table VI indicate that gé
increases from the start and for the first two values of the driving
couple, passes through a higher maximum then at steady motlon.

Rectangle: 8.5 x 34 centimeters

Steady motion characteristics: +total weight: 33.5 grams; a = LOOLS';
N = 9.5 revolutions per secondjy V = 376 centimeters psr second

With a 300 gram per centimeter launching couple, the initial speed.
of rotation is higher than the spsed of steady motion. It affords at
start four loops, the area of which decreases from the first to the
fourth. Again N decreases very quickly and passes through a minimum
below that of the steady motion. The results of the measuremsnts are
given in table VII.

The mean path of the center of gravity for an identical launching
couple is shifted considerably upward with respect to ths trajectory of
the preceding rectangle. The uneven weights are not the sole cause of
this difference; a difference remains even if the lighter of the two
wings is symmetrically overloaded so as to equalize the welghts. The
translation subsequent to launching develops a mean 1lift 2 which is
particularly important in the second case, where the inltial rotation
is greater than in the first case. The effect of this 1ift is to
deflect the path of the center of gravity gbove the direction T!

(fig. 24). Herein may be found & simple Justification of K&ppen's
idea, which, by increasing the speed of rotation of his psrachute by
adding a motor, should, at the same time, reduce the slope of the path
with respect to the horizon, or render it even ascending.

3. Hand Taunching

() Conventional method.- Mouillard spoks of launching by hand but
failed to give an analysis. To be successful would require heavy, elongated
rectangles. Grasped by the long sides between thumb and the first two
fingers of the right hand, which is moved downward and backward, the wing
is thrown vigorously forward and upward, say, at a 450 angls, for example
(point O, in fig. 28)3 it should be given & high speed of rotation about
its large axis held horizontal at the moment of launching. The trajectory,
ascending at Pirst, has the form of an incompletely closed loop
reminiscent of that of a boomerang (fig. 28).
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The initial speed of rotation being such as to direct the mean 1ift
Q@ downward (Joukowsky law), the result is that the trajectory curves
downward much more quickly than it would in the absence of this effect
of rotation. Beyond the apex H of the trajectory, the motion continues
practically as if it had becen launched from a platform in H. Starting
at the most forward peint I, the gravity is opposed to the lift Q
and accelerates the rotation, slowed down by the ascent, to the speed
of steady motlon.

(b) Other mode of launching.- The method of launching described and
analyzed in the following has not been mentioned elsewhers.

Suppose the sense of the initial rotation is changed, that 1s, from
bottom to top for the forward wing half (fig. 29). For this purposs
the wing 18 held between thumb and fingers of the right hand as before,
the hand ralsed above and behind the shoulder; then the wing is vigorously
thrown forward, while releasing the thumb befors the two fingers.

The initial lift @Q 1is now directed upward. At sufficient initial
gpeed of translation and rotatlon, the resultant of the mear asrodynamic
resistance R and of the weight 1s an upwardly directed force, hence
an upwardly directed concavity for the trajectory. At point T of the
trajectory, where the tangent is vertical, the conditions are similar
to thes initlal conditlons of launching by the conventional method, with
a vertical speed of projectlon. 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 enocugh to reach
point I. In the contrary case the trajectory is inflected at a point
marked I on the lower curve of figure 29, the point beyond which the
concavity of the trajectory remains downward.

L., Vertical Leaunching

The wing 1s released without speed in its own vertical planes, its
large side belng horizontal. Ths trajectory of the center of gravity
cannot be kept vertical indefinitely, even in still air; it curves
inward immedlately at the sams time as the rotation starts, to be
Joined asymptotically to the sloping straight line of the steady motlon.

Under the effect of the quickly attained speed, the least asymmetry
or the lsast incidence of the wlng becomes sufficient to start a rotation
of the wing, which 18 accelerated under the actlon of the aerodynamic
couple, and so much more rapidly as the prior vertical fall has been
prolonged. Thus the spesd of rotation impressed on the wing can be
high enough to glve rise, in ths first half-revolution, to loops, which
disappear, in the steady motion, If the latter does not permit 1t.
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CHAPTER VIIT

PADDLE WHEELS

The experiments included paddle wheels comsisting of identical,
angularly equidistant vanes mounted radially around an axis. The
characteristics are shown in table VIII. The measurement of the angular
differences made successively in the time interval by an index mark
placed on & section indicates that the rotation 1s speeded up, 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 (60°), the limits of which correspond to the positions
normal to PQ of one of the vanes (three in the case analyzed). Fram
H to I (flg 30) the curvature of the envelope is greater than
from I to J. This agymmetry recurs agaln at & complete revolutlon
of the paddle wheel. The translation between A and P 1is greater
than that between P and Q. B

For the first half-period preceding I, the ensrgy of couple T
(theoretical energy of resistance to pure translatlon) for the blade GA
(from 30° to 90° incidence) is motive energy (area a' a b c d (rfig. 31))s
the energy for the blade GC 1is resisting; blade GB 1s 1n the slipstream;
hence an excess of motive energy (area a b ¢ e). For the following half-
- period the motive energy for blade GA and the resisting energy for )
blade GB may De regarded as compensating each other; the resistance -
predominates on blade GC; the energy of the latter, first r981sting o '
(area a' e T g o), becomes then motive energy (area o g a a'); there still
is an excess of motive energy (area g & 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 <:cos Q= 92:), to the 1.90 meter height
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 energy of the resistance to forward motion for one
- period (90°, fig. 34) is motive energy for paddle GA (area o g a b c 4,
fig. 231); it is resisting for the paddle GD (area d c e f g o). The
motive energy on paddle GB and the resisting energy 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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Prisms

Regular prisms, of the characteristics indicated in table =,
launched from the platform with a low speed of rotation, give rise to the
same primordial phenomena as the single wings and the paddle wheels.

For the equilateral triangular priem, the photograph of the envelops ‘
of a rectilinear index mark disposed according to a height of the principal
section (fig. 35), gives for a 180° rotation an incomplete arch with
uneven endsj; the long branch corresponds to the displacement 6f 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 energy of the resistance of translation
(area h' h 4, fig. 31) is balanced by the resisting energy over the
following thirty degrees (arva d h h'). TFor the other half-period, the
energy corresponding to the seme face is resisting (area h' h c £ g o)}
but the energy on face BC is motive energy (area o g a ¢ h h'). There
1s an excess of motive energy, indicated by the shaded area.

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

Case of Circular Cylinder: Special Experiment

A circular cylinder 1s released with initisal rotation, obtalned by
previous rolling on en 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 ig asymptotic in a vertical
plane; the unsustained rotation tends toward zero.

CHAPTER IX

BENDING

The excessively elongated wings bend during falling; for the light
vaper wings, the bending occurs at k > 5. Torsion may even accompany
bending. A slight initial curvature of the large axis induces bending
which grows progressively with the angular 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 necessary to

blacken it and provide white paper index marks as indicated in figure 38.

The mean trajectory of the center of gravity is always the line of
maximim slope of an inclined plame (fig. 39). In A the small sides of
the wing are normal to the wind, and the concavity of the wing 1s turned
toward the bottom of the inclined plene. In C, after a rotation of a
half-revolution, the concavity 1s turned upward. In ZE, after & rotatlon
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 arches of the envelope corresponding to two comsecutive half-
revolutions appear very uneven. In reality, the small forward sides of
the wing, fixed by the photograph, are close together iIn A and C,
due to the rotation gbout an axis upstream from A and downstream from C.
Contrariwise, they are farther apart in C and E where the corresponding
axes of rotation are beyond C and upstream from E. The lndex mark,
placed elong the small axis of the wing, encloses & 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 curvature cannot remein constant at each instant, in steady motion.
Even when assuming V and ® constant, the position of the wing with _
respect to the wind causes a variation in bending. From A to 3B,
the resistance R, adding its effect to that of the central centrifugal

force Fqp, 1lncreases the deflectlion of the wing; it is the same 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 Fy and increasing

Fo, produces a decrease in bending moment and a correlatlve decrease in
the wing curvature, which 1s minimum in C.

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

Comparing the wing to a portion of a circular cylinder of radius R,
26 Dbeing 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 —

OG:bQG-sinG)

6%

The point O passes alternatively and periodically above, then below the
mean inclined plane.
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The photograph in flgure 40 refers to a wing provided with the index
marks of figure 38; its general characteristice are: 2a = 9 centimeters,
2b = L4.5 centimeters, and A = 9.92 grams per decimeter<. The results
are: AC = 43 centimeters, and CE = 16 centimeters; the deflectlon in A
being T-4 centimeters, and in C, L.%4 centimeters.

CEAPTER X -
CURVED WINGS

The case involved 1s that of a wing whose "profile," instead of
being straight is now circular (circular arc). The surface of the wing
becomes cylindrical. The curvature of the wing is defined by the rise
of the circular arc. For such wings a steady motion of descent of the
kind discussed 1n the foregoing 1s not stable except when the rise is
small. For instance, a 25 X 10 centimeter wing, welghing 2.0k grams
per decimeter® has no stable steady motion if the depth of camber exceeds
1.7 centimeters.

The period comprises 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 relative 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
half revolution -AB is much longer than the second BC, with a flatter
mean curvature.

For the afore mentioned wing (25 x 10 centimeters), with 0.7 centimeter
depth of camber, the two arches GH and BK have a span of 23.8 centimeters
and 19.8 centlmeters, respectively. For the same wing, but flat, the span
of the arches was uniformly 21.5 cgentimeters. TFor & 33 X 15 centimeter wing
weighing 7.38 grams per deciméter® the span of the arches Is 64 centimeters
and 43 centimeters (fig. 42) for 1.9 centimeter height of camber;

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 ig of a- high order, particularly in
the neighborhood of E; in consequence the envelope appears &as & very
thick black line on the negatives.

The peculiarities of this form of the envelove can be roughly explained
according to the aerodynamic characteristics of thin, circular-arc airfoils
(reference 6, p. 52).
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At H, the resistance to translation is maximum; applied from H +to
E at short distance from the center, this resistance decelerates the
rotation more than it does the translation, hence, the slightly greater
curvature of the arch between H and E +than downstream from E. Near
E, the motlon appears to approach a pure sliding motion, with & minimum
disturbance of the fluld. As soon as the incidences are clesrly negative
(relative wind on the convex face), the resistance approaches the leading
edge of the wing, and its moment with respect to the center of gravity
is greater here than for the positive incidences of the same sbsolute
value: after that a rapld acceleration of the rotation. Along GD the
rotation 1s slowed down by a very high moment couple. The deceleration
persists downstream from D as far as peint 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 fagh that at low
positive incldence the resistance is applied to the rear half of the
surface.

The several negatives obtalned gave the same geometric peculiarities
for the two =mrches of the envelope.

CHAPTER XI

STABILITY

In the steady motion of falling with a wing rotating gbout 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 axis of inertlia Gx cannot be maintained in a stable steady motion
of descent; the wing tends to fall quickly with erratic motions. By
averaging enough initiel speed of rotation, several half-revolutions
of the wing may be obtalned, an unsteady motion of the sort which enabled
the curves of figures 10, 11, and 12 to be plotted corresponding to k < 1j
in no way is it possible to fit it in the scheme of steady motion. On

the contrary, every result based on the preceding studies is proof of the

gtabllity of the steady motion at rotation about axis Gy; a new one can
be produced the following way:

Assume that the wing, placed on the horizontal launching platform,
is given an initial rotation about a straight line of its plane parallel
to the platform rim D and forming an angle u with Gy (fig. 43).
The negatives show that the center of gravity, at the beginning of the
fall, still describes, on the average, a straight line normal to D and
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gioped at an angle o with respect to the horizon. The axis Gy describes
about G a small cone of quasi-uniform motion defining a period of
nutation. This period of nutation, at least when k 1is great;, has a value
several times the period of rotation of the wing. On the negatives the
envelope arches follow along a wavy line with little difference from the
gstraight line of the inclination o which remalns the mean trajectory

of the center of gravity. But this nutation and these oscillations are
gulickly damped, and Gy ultimately resumes a horlizontal direction normal

to the mean trajectory wilth the rotatlon continulng about this axls until
the normal motlion is established.

During the disturbed period of motion, the center of gravity 1s
always animated by an osclllatory 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 inclined plans dus to the
nutation. Figure 43.represents, at the right, the contour of this
trajectory, plotted according to the photographs.

In this same tramsitory 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 1n steady motion 1s directed along Gy,
has now a component P along Gx. When Gx 1s parallel to the inclined
plane, the couple P governs the amplitude of the oscillations which may
be called rolling oscillations of the wing (engular 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 moment 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. k4).

In &1l cases, rolling and yawing have small angular amplitudes) to each
angular difference of a specific slgn there corresponds, one half-period
later, a difference of the same value and of opposite sign; the
corresponding couples P, equal and of opposite signs, have a zerc mean
value. :

The preceding action is superposed by & damping effect (en action
roughly proportional to the speeds) which reduces yawlng and rolling and
finelly stabilizes the motion with the axis Gy horizontal in the inclined
plane.

With Hp indicating the height of launching and u the initial
gsetting, table X glves the number of revolutions =n, starting from height
level H, over which an oscillation of Gy 1s sustailned.

Joukowsky, after studying the disturbed motion of the center of
gravity, concluded that the latter approaches the rectilinear trajectory
either agymptotically (a > 700 32'}) or by oscillations (o < 700 32').

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 from the variation of the instantaneous resistance R over the
period of a half-revolution, appear essentially different from those
described by Joukowsky.

CHAPTER XIT

ISOSCELES TRAPEZOIDS

The existence of a maximum speed recognized from a study of the normal
motion of fall of rectangles of span 2b led to a summary consideration of
isosceles trapezoids, obtalned by a slight reduction of one of the small
sides of the rectangie.

On conceding that each section of the wing, comprised between two
parallels to the bases of the trapezold, corresponds to part of a rectangle
of the same chord and span 2b, a speed of rotation V near the average
velues V; and Vo characteristio of rectangles of the same span 2b

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

the trapezoid, can be predicted for the trapezold. We put k = E and

b

K:-a- (K>k)-

When the straight line GI, parallel to the bases, is the principal
large axis of inertia (fig. 45), and the launching is suitable for readying
the rotation, the mean trajectory of G 1is still the line of meximum slope
of an inclined plane. This case differs fram the problem already treated
only by the unevenness of the successive arches. The period of motion
corresponds to a camplets revolution. ‘

If, on the other hand, the large principal axis of inertia is the
straight line GO, the trapezold assumes a steady descending motion, with
rotation about this straight line; but the mean trajectory of G 1s
then, as a rule, & helix outlined on a cylinder of revolution with vertical
axis D. This vertical axis cannot be registered with precision except
in the case of small trapezoids of light paper; with these 1t was possible
to effect a sufficient mumber of revolutions about this axis at the height
of fall at disposal in the laboratory.

The axis 00' +turns with, on the average, a constant angular speed u
ebout D. In this motion the points O and O' projected on the horizontal
plane describe, on the average, two circles centered on D and of radius R
and r. It is natural to admit, to begin with, that R must be greater

than r, or in other words, that the small base is always turned toward the
axis D of the cylinder. The existence and the conditions of maximum
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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
trapezoid must be reversed.

Let k' denote the aspect ratio corresponding to the maximum speed
of translatlion of a family of rectangular wings of common span 2b.
If k' >K >k for the trapezoidal wing in question, it may be asserted
that the speed of tramslatlion is increasing for the corresponding rec-
tangles whose chord decreases from 2A +to—2a: in these conditions 1t
is natural to imagine that the large chord is insgide, the =mall one, out-
gide, that 1s, that R < r.

These preclisions have been confirmed by experience, and 1t was
possgible to obtaln, in the desired conditions, very stable helicoidal
falls with the large chord of the trapezold located on the inside.

Helicoldal falls with R < r have been obtalned in all cases, on
trapezoids of very dissimilar ratios of k eand K but always smaller
than k'. However, 1f k' 1s a little greater than unity, stable
rotations are difficult to obtain, which explaing the fact that k 1is
then necessarily small or even less than unilty.

Conversely, for k' < k¥ <K, R should be greater than r, the
habitual helicoidal fall, with the small chord of the trapezold 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 = «) which were, more-
over, very stable. The last result, qulte unexpected for trapezolds with
uneven chords, is easily explained in the case where the chords differ
only slightly. Table XI gives some numerical results. )

The axis of rotation of the wing describes a regular helicoid with
director cone, the directrixes of which are the helix described by G
and the vertical axis of the same hellx; the acute angle which with this
axis forms the axis of rotation, 1s 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 speed of G, hence an 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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CHAPTER XIIT
ROTATTON OF GRAPHITE FLAKES IN A VERTICAL ASCENDING WIND

Screened graphite flakes are introduced in & vertical pipe into which
flows the air from a wind tunnel. The wind discharges into free air
through a vertical cylindrlcal nozzle of l.32-centimeter diameter. In y
this air current the flakes rise while turning, up to the Jet exit, then
fall again. The rotation, which was recorded by camera, ls, moreover,
plainly visible to the eye. ) T

Figure 46 shows a vertical plane passing through the axis 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 o
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 particle with respect
to the air i1s rendered very difficult in the experimental conditions by
the calibration of the alr blast; the effect of rotation of the flake
(deviation of the trajectory with respect to the vertical) is supplemented
by that of the divergence of the streamlines. These two effects are L
cumulative on both sides of the axls, where the rotations are of opposite
signs; the rotation at the left of the axis (fig. 46) is clockwise, at
the right, counterclockwise.

The vertical speed V 1in the alr flow decreases when the point moves
away from the orifice and at the ssme time from the axis of the Jet. The
position of the fleske, at which this speed V 1s equal to the vertical R
projection v of the speed of the flake with respect to the air, corresponds :
to the apex of the trajectory. Above this position, the eirspeed becomss
less and less perceptible, the flaske assumes a descending motion which B
tends toward the steady motion of fall (still air). S

The photographs allow for these facts and show the regular succession
of envelope arches which contrzct toward the apex of the trajectory.

Confetti, 3.9 millimeters in dlsmeter, produces the sgame results.

To the case of the flakes revolving about an axis normal to the line R
of vigion, there correspond the records of the trajectories devoid of
luminous periodicity.




38 NACA TM No. 1201

Similar results are obtained by spreading graphite flakes near the
air holes of a lighted Bunsen burner; the flakes are carried off by the
fleme in red heat (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 wlth the flame which, in spite of all the precautions teaken,
remains tinged. The curvature of the envelopes cannot be discerned here,
nor the sign of the rotations be identified.

Reference 1s 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 phencmena were encountered with mica or aluminum
gcale introduced in a vertical alr current; but it was not possible to
obtain negatives on which the directions of rotation could be identified.

CHAPTER XIV
FALT, IN WATER

The sole purpose, 1n this concludlng chapter, is to demonstrate,
by experiment, the similarlty existing between the rotation of wings
in free fall in the alr and the analogous phenamenon produced in water,
to end with the general conclusion that the fall of a rectangular wing
in any fluld of low viscosity gives rise to steady motions which are
completely deflned for every fluid by the characteristics A, a, kX of
the wing.. (Throughout this chapter, A designates the apparent wing
loading, that is to say, a deduction made fram Archimedes' principle.)

These experiments were made in a tank of rectangular sectilon,
200 X 65 X 80 centimeters in size, with the 80 centimeter dimension being
the depth of the water. The temperature of the water was kept constant
at about 13° for the comparison of the measurements. The photographs
were teken 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 lmmersed platform whose
edge 1is parallel to the small slde of the tank. The mean plane of the
trajectories coincldes with the large plane of symmetry of the tank, in
which & submerged white reference mark fixes the scale of the lengths,
and a plumb line the vertical. Above the tank and near this plane of
symmetry, a l-killowatt lemp provides adequate lighting for the wings,
which are palinted white. The chronograph is placed above the tank.

The span 2b of the tested wings is small enough to free the
rotation from any wall interference effect.
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To obtain stable descent in rotation on the inclined plane requires a
relatively high apparent wing loading. For instance, a 30 X 8 centimeter
iron plate of an apparent weight equal to 523 grams (218 grams per decimetere)
does not turnjy two identical plates, stacked, turn but are at the limit
of stable motion. The motion becomss completely stable with three plates
stacked, (654 grams per decimeter ), but the putting in steady motion also
requires more than 80-centimeter depth of water.

This necessity of a value A hilgher than utilized in the alr experi-
ments without difficulty arises from the specific weight of the fluid to
which the effects of the resistance are proportiocnal.

In these conditions the thicknmess 2¢ of the wings, which may becaome
true prisms, is, as a rule, no longer negligible relative to the chord;
in point of fact, no sufficiently high value of A 1is obtainable except
by an increase in thickness. The thickness is equal to O. 67 centimeter
for the 5-centimeter-wide ilron plates listed in table XII; it reaches
1.05 centimeters for the lead plates 3.5 centimeters in width. In these

two cases the valus for the quotient % is, 0.13 and 0.3 respectivei§.

The lever arm should be falrly short at start of launching to insure
a low initial speed of rotation; a few millimeters are sufficient. If 1
is too long, the resistance to launching, which increases with 1, stops
the plate before it has turned 90°, and 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 1is sufficient,
whence the mode of launching (forward sliding motion) utilized for the
wing formed by two 30 X 8 centimeter iron plates, cited in the foregoing-
Table XTI gives the steady motion characteristics for several iron
and lead plates. - —

The curves representative of «, N, and V (figs. 48, L9, 50) plotted
against k have the same form as the corresponding curves for the fall
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 then 80 centimeters.

The search for camplete 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 & new parameter.
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According to table XII, the expressions

B = k3 *san o F - x~1/% E = 10
sin o

are sensibly constant for the tested plates at constant chord and thick-
ness and a specified apparent weight per decimeter®. These expressions are
of the same form as for alr, except that in F, the exponent of k takes

1

the value - L in place of -gu

5

In a regular state of motion (fig. 52), the path of the center of
gravity presents oscilllations of high amplitude. This amplitude itself
is Important for wings of small dimensions. The traJjectory is to a
great extent ldentical with the envelope of the plate from which it does
not break away cleanly except in the reglon of minimum elongation on
elther side of 0A (i = 900°).

The point G of minimum elongation is still shifted considerably
downstream with respect to OA. The asymmetry of the arches with respect
to OA, which in alr is appreciable only when the wings are of great
dimensions, appears here for wings of small dimensions (15 X 5 centimeter
wing in the teble, for instance). The curvature in E (upstream from OA)
is disbinctly greater than that in F (downstream). The point 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 Y < g.28.
an

‘The envelope arches, for the 15 X 5 centimeters <:§% = 9-6> and the
30 X 5 centimeter wing <:§% = 6.5> in teble XII, present points of

inflection. For the second wing, the softly rounded region around the polnt
of inflection is evidence of the presence of & loop, of very small area

it 1s true, while the ratio gﬁ is higher then 6.28.

This premature formation of loops is due to the high amplitude of
oscillation of the trajectory of G and to lmportant variations of V
and N during one period, and which are the result of this severe
oscillation. _

i
|
H
i
|
i
i
i
i
i
|
i
I
]
i
|
!
!
%
i
!
|
!




NACA T™M No. 1201 L1

The speed of translation of G 1is minimum for a position of the
section of the wing near the stationary tangent; 1t 1s seen on the
successive images of the section, photographed with the electric arc;
these images are severely contracted in this region, cutting off arcs
of minimum length on the trajectory of G.

Quantity g% varies conslderably throughout the period. Very

approaches this limit on the arc of great curvature. In the case of

the 30 X 5 centimeter wing g% becames even less than 6.28 in the

point of inflection. The looping depends on the As value at this _
point. aN 7

It was stated that the tangent OT +to the polint of inflectlon
of the envelope is not perpendicular to the mean inclined plans; it
ig shifted downstream at an angle u wlth respect to the normal. For
the fall in air this displacement does not appeer because the envelopes
for the wings employed in the tests present unreal points of inflection
situated in the geometric extension of the part of the arch that is
materially swept by the wing and recorded by the photograph; nevertheless,
the asymmetry of the arches of the large wings raises suspiclons about
this particular geometric peculiarity. For the 15 X D centimeter and
30 X 5 centimeter wings, the angle u is equal to 5° end 6°, respectively.

Vertical Launching

As In free alr, a steady motion of fall in vertical sliding is im-
possible. After a certasin height of fall, starting fram vertical launching,
the path of the center of gravity curves inward, slowly at first, then
very rapldly, which corresponds with the incipient rotation of the wing
with the water which it encircles. The angular acceleration can assume
a conslderable value, resulting in a second, considerably shortened arch,

with a g% substantially below 6.28 and a slowing up of the fall,
which disappears in the followlng, much longer arch. o L

If its 1inertia is inadequate, the wing is unable to perform the
second quarter of the revolution, for which the resisting couple is
maximum. The rotation becames zero in an azimuth where it ushers in
a new and long slide, which may end in a rotatiom.

Quadrangular Prisms 7 -

The necessity for giving wings sufficient thickness and inertia in
order to obtain 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 prisms give rise to perfectly regular steady motions, in water.

Sustained rotation, almost impossible on thin rectangular wings over
the period of a half revolution, is easily secured here over the period
of a quarter revolution. The aerodynamic couple belng motive energy four
times per revolution and the inertla considerable, the azimuths, where the
couple is resigting, are easily passed.

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

Osclllating Fall

If A 1is sufficiently small and the dimensions of the plate are
appropriate, the rotation may beccme impossible. It is then replaced
by a steady motion of oscillation, the laws of which pose & new problem.
The results furnished by several photographs ere shown by way of example.

The envelope, viewed in projection on the plane of vision (fig. 53),
is formed by & succession of equal, upwardly concave arcs, each of which
corresponds to a single oscillation. In these oscillations the motion
about the center of gravity is a pitching motion about the long saxis
of the wing, which maintains a direction that ig leargely fixed and
horizontal; the pltching 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 axis, is animated by a synchronous
ogcillation (rig. 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 the fall the
pitching angle of the wing, sliding towasrd the right, for example, is
negative and increasing. Simultanecusly, 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 positive and reasonably
congstant. The fall can but begin again; now it is toward the left,
with a sliding motion which starts in a plane which i1s 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 half wing that 1s considered as leading
the motion. The sliding 1s rapid at first, then, as the pitching angle
increases, the horizontal speed of the center of gravity decreases, and
cancels out in the same condlitions as before (most leftward position of
center of greavity).
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The photographs of figures 53 and 54 refer to aluminum wings of
6.5 X 2.5 centimeter and 5 X 3.7 centimeter dimensicns (A = 6.19 grams
per decimeter?), the periods of oscillations being 0.9 and 1.23 seconds.
In free air, Yarge and light wings, abandoned in the horizontal
position, give rise to & 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 easlly obtainable in
water with very long plates. For a 12.7 X 1 centimeter aluminum plate,
welghing 0.8 gram, this rotation is effected at the rate of one revolution
for about eight camplete oscillations.

Transiated by J. Vanier
National Advisory Committee
for Aeronautics
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TABLE I
A b 2a | 2b a N v T s
k = Iy revolutions N E F H
g/an? om | em | deg |min per sec em/s
0.1k% 2,66 1,5 il k2 1 35 9.5 8 |1l,2f2,1%} 9.79| 11.7
-cee | 333 ---- 5 38 | 30 10.2 76 | 9.9 2.1T| 9.37| 1.k
——— h.oo| ----- 6 3k | 50 10.8 73 9.0} 2.16} 9.30| 1.4
1.3 6.00 2 12 32 5 11.9 106 8.9 2.85 | 11.1 25.2
— 3.00 3 9 42 1 45 7.1 11 §10.712.75 [ 11.% 25.2
——— 3.33 | ----= 10 %0 10 T4 111 10.0 2.75 11.k 25.2
——— k.00 -r---112 36 | kO 7.9 107 9.0{ 2.81 |11.1 25.3
== | 5.00]| ==--- 15 33 | 10 8.4 103 | 8.2|2.86{11.1 | 25.6
— 2.50 L |10 5 | 35 5.3 115 |10.8] 2.88 |11.0 | 26.1
-—== | 3.00]| ===~ 12 41 | 30 5.6 109 | 9.7|2.86(11.0 | 25:3
———— 2.30] 5.2 |12 Xy |25 L.k 110 9.6 2.75 | 11.4 26.0
——-- | 2.00 6 |12 46 | 10 3.8 109 | 9.6 2.76111.5 | 25.8
———— 2.33| -=-=- ik k3 } 10 k.0 106 8.8 2.81{11.5 25,8
—— 2.66| ---=- 16 39 | %0 k.2 102 8.1 2.75 | 11.5 25.h
——— 3.00 | ===-- 18 37 | 35 5.3 100 7.81 2,78 [ 11.5 25.8
———— %.00] ====-m 24 32 | 10 L7 93 6.6} 2.76111.5 25.6
-——-- 1.50 8 12 50 5 2.7 107 9.912.75{11.1 25.1
2.0% | 3.00] 3.6 [10.8 | 4k | 20 T4 159 | 11.9| 3.70]13.5 | A47.3
——— k.oo{ ~---- ik | 38 | 50 8.3 153 | 10.2] 3.73{13.7 | k48.1
——- 5.00 | ===-= 18 33 | 30 8.6 12 | 9.k{ 3.03]13.2 k7.1
--=- 3.00 5 115 k1150 5.7 152 | 10.7| 3.09 |13.k | 47.8
-—- | 2.00] 6 |1%2 %9 | 1o k.5 156 |11.6] 3.13 {13.5 | u48.8
— 2:33 | ~=--- 14 45 1 30 4.6 150 | 10.9| 3.06{13.3 k7.9
———— 2.66| ~=-m- 16 42 | 45 4.7 1%7 | 10.4) 3.05 | 13.2 48. %
——— 3.00| ==--- 18 ¥ | 30 4.9 1hlh 9.8} 3.07 { 13.2 48.0
. ---—- | 3.00] 8 |2 351 5 k.1 138 | 8.%] 3:13[13.5 | k8.3
- 0.80| 10 8 63 | 50 2.2 162 | 1k.7) 3.12 {13.3 48.5
———— 0.90] =-=-- 9 & | 30 2.3 160 | 13.9] 3.07 {13.4 48.3
——m- 1.00| =~--- 10 5% | 50 2.4 158 |13.2] 3.08 | 13.5 48.0
. e} 1.80] - 16 9 | 50 2.8 148 | 10.6| 3.05}13.5 | 47.6
—— 2,00 ===-- 20 35 | 20 3.1 ilk2 9.2} 3.07 | 13.% 7.1
cem= | 2.50| ===== 25 11 | 00 3.2 138 | 8.6} 3.09;13.3 | 48.1
-—— 3.00| ====- 30 37T | 30 3.4 133 7.81 3.05 | 13.3 48.1
2.57 3.00| 8.0 |24.0 Lo | 15 4.3 147 8.6 3.27 | 1k.2 50.5
5.14 3.00| 5.65| 16.96] 46 | 50 7.5 2k | 1.8 3.77119.3 | 114.3
6.32 3.00| 8.0 |2k.0 45 5 6.3 270 | 10.7| 3.86120.8 | 141.31
7.38 4.10{ 5.8 ]23.8 42 | 10 9.3 307 | 11.4] k.04 | 21.6 | 178.4
-——— 3.00| 8.0 |24%.0 k6 | 10 6.9 312 | 11.3] k.02 | 22.8 | 182.3
-——- 2.20| 15.0 | 33.0 48 | 20 3.8 306 | 10.7| L.0k | 22.% | 184.2
——— 2.35| 17.0 | k0.0 46 | 10 3.4 298 | 10.3| k.02 | 21.k | 182.3
T7.94 1.76] 19.0 | 33.5 o) 5 3.0 328 | 11.5| k.08 | 22.6 | 197.6
8.89 3.00| 8.0 |2%.0 Y7 1 15 T-7 350 | 11.5| 4.17{25.% | 213.6
} 9.18 | 1.50| .0 | 6.0 | 65|25 10.5 398 | 19.0| k.20 |25.7 | 203.7
- 2.00| 3.0 6.0 & | 55 ik.3 ko1 | 18.7] 4.16}26.0 | 207.8
-——— 1.66f 6.¢ | I1o.0 &L | 25 8.1 38 | 13.8| 4.20]26.5 | 208.2
i 11.59 | k.oof 8.5 |3%.0 | k1| L5 9.5 376 | 9.3| &.28]30.% | 273.9
13.1 3.00| 3.57]10.72| 5k | 30 19 »68 | 13.8| k.35 | 31.2 | 309.5
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TABLE ITI
A 2b X 2a o VIV |y - vy Jo | 1 B
gr/d.m2 cm2 degrees| min fom/d em/s v cm | cm | degrees
7.38 |40 x 17 NSy 10 {2981 236 0.11 {0.9 (1.1 16
11.8 hh.5 x 21 49 20 {396} 359| 0.09 {1.0 1.3 23
.61 |60 X 32 b6 00 258 226 0.12 | 1.9 {2.9 29
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TABIE V
A 2b X 2a L b H No Hy Ho N
g/dm? 1 Sl rev/sec m m rev/sec
10.9 | 155 x 15 | 10-3 | 4.75 6.9 2.251 1.25 48.0
—emm | mmmmem—- ---- | 4.00 -—- 2.58 | 2.42 25.0
L EEL L LT e el I T --- 2.00| 1.82 33.0
21.6 | 210 X 25 8.4 | k.75 5.2 2.50 | 0.20 29.0
19.0 | 280 x 24 | 13.7 ) =--- 5.9 2.301{ 1.7 20.8
=== | mmemme—- —eee | e -—- 2.10§ 0.85 26.5
P R cee fa=-=| === 2.35|0.60| 28.8
-——- | = --- ---- --- 1.65| 1.15 0.0
-} ———————- --- -—-- --- 1.101] 1.00 33.3

L9
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TABLE VI
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TABLE VII

H N E N

v | ¥ , v | X

all aN

cm | rev/sec cm rev/sec
13 25.0 375 3-77 119 9.8 363 | 8.79
38 16.0 |368|5.65 136 9.4
60 12.2 |354 | 6.91 | Steady motion 9.5 3761] 9.31
Th 11.3 |350 | 7.5k

51
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TABLE VIII
Number of| 2b X a | Total H N v a
Welght ‘ g%
Blades cm? g cm rev/sec | cm/s deg | min
3 26 X 5.5 | 8.62 350(30) 2.3
photo | 195 3.6 183 8.791 T0 | 30
(fig. 32)
130 L.o 214
4 20 X 5 10.28 350(H,) 2.0
190 3.8 271 | 1hk.hh .
photo
(fig. 33) 1ko .3 84 | 30
110 L, L 300 | 13.82
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TABLE IX
Number of | Total Width | Span H N v a
Weight | of Face s
Faces g cm cm cm rev/sec | cm/s aN  ldeg | min
3 15,12 1k 36 35O(HO) 1.2
210 1.7 260
1o 272 71 | 50
90 2.0
I 15.84 11 36 350(E,) 1.1
205 1.2 173 |18.21
71 | 20
138 1.6 190 | 15.07
T0 1.8 199 | 1h.4h
Radius
® 4.98 2.851 22.5 260(35)
200 2.6 226 | 30.77
150 2.4 260 1 38.311 80
128 2.3 270 | 41.45
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Figure 3.

Figure 4.
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Figure 5.
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Figure 19.

Figure 20.
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Figure 21.
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Figure 23.

FJ
Figure 24a. Figure 24Db,




Th NACA TM No. 1201

100 50 0
Distances /17 cm ‘ 28
450
1400
N ‘
© 1150
9
"?&c
écx: 52°5"
- Hem
Figure 25,
er N revolutions per sec i
S
4
3 500 .
3\0200 gr‘cm
2 L
1 _
0 , ; X , Hem
50 100 150 200

Figure 26,




NACA TM No. 1201

N revolufions per sec
Rectangle 8,5x 34cm?

Couple 300 gr.em

\\_—.——' Rectangle 33,5x19cm®
= =

1 H 1 ] Hcm
50 100 150 200

Figure 27.

Figure 28,




—
o
Q
—
)
=
b
=
5
=
&=

Figure 29,




Figure 30.

a’ h d i oegrees
O 10 20 30 40 50 60 70 80 90
Figure 31.

*ON WL VOVN

TOCT

LL







NACA TM No. 1201 79

Figure 33,

Figure 32,
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Figure 40.

Figure 41.
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Figure 42,
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Figure 43.
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Figure 44.
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Axis of the jet

Figure 406. Figure 47.
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Figure H2.
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