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ANALYSIS AND MODEL TESTS OF AUTOGIRO JUMP TAKE-OFF

By John B, Wheatley and Carlton Bioletti

SUMMARY

An analysis is made of the autogiro jump take-off, in
which the kinetic energy of the rotor turning at excess
speed 1s used to effect a vertical take-off. By the use of
suitable approximations, the differential equation of mo-
tion of the rotor during this maneuver is reduced to a
form that can be solved. Only the vertical jump was stud-
ied; the effect of a forward motion during the jump 1is
discussed briefly. The results of model tests of the jump
take-off have been incorporated in the paper and used to
establish the relative accuracy of the results predicted
from the analysis. Good agreement between calculation and
experiment was obtained by making justifiable allowances.

INTRODUCTION

One of the recent developments of the autogiro is the

maneuver variously described as the " jump take~off," "di~-
rect take-off," and "jump-off." This maneuver, hereafter
referred to as the "jump take-off," is a take~off with a

flight path initially vertical, effected by the release of
excess kinetic energy stored in the rotor. The energy is
stored by driving the rotor at a speed greater than its
normal speed in flight, and during this process the pitch
of the rotor blades is reduced to zero. The driving mech-
anism is disconnected when the desired speed has been at-
tained, the rotor pitch is suddenly increased to either
its normal value or a higher one, and the consequent
thrust, which is greater than the weight of the machine,
1ifts 1t vertically from the ground. During the jump, the
rotor decelerates, and the propeller must be operated at
full throttle so that the forward speed of the machine
will be at least equal to its minimum speed in level
flight by the time that the rotor spced drops to its nor-
mal value. At this same time, if a rotor pitch greater
than normal has been employed for the jump, this high
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pitch must be reduced to normal. The machine now contin-
ues flight from the top of the jump as if a conventional

take-off had just been completed.

The jump take-off promises two important advantages:
first, take-off becomes independent of the type of ground
available insofar as mud, roughness, or high grass is con-
cerned; and second, the machine is enabled to clear much
higher obstacles in a given distance and thus can operate

from more restricted fields.

The possibilities of the jump take~off have been es-
tablished by some full-scale experiments. It is the pur-

pose of this paper to study the factors that govern the

Jump take-~off in its simplest form and to present the re-
sults of model tests in which the effect of differences in

the rotor parameters was determined.

ANALYSIS

Inborder to simplify the analysis, it will be assumed
that during the jump the forward velocity of the machine

is zero., The Jjustifications- of such an assumption are:

first, that the aeight of jump so obtained will represent

a lower 1limit to the heights attained in practice where

forward velocities of varying magnitudes will reduce the
induced power losses in the rotor; and sccond, the actual

magnitudes of the forward velocitiesgs attained will vary

with wind velocity, thrust-weight ratio, and piloting

technigque and consequently cannot be generalized even for

a single set of values of the rotor parameters.

Thesthrugts T ofa rotoxr iat attip~speed ratio of
zoro 1shy fromurefienence 1,

e 2 4 L )\ g8 1g N 4}
sznnnoa{23+503 S (2
waere p, air density, siug/cu. ft.

£, rotor angular velocity, rad./sec.

B rotior. radings.. tt.

A, axial-flow coefficient.

)
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80; rotor pitch angle at hubd, radians.

6,, difference between rotor pitch angles at hubd
and at tip, radians.

B factor multiplying radius to allow for tip

losses.
i rotor solidity, for rectangular blades egual
to number of blades ™ 'b Wtimes blade ehord ¢
— be
d ded b : = ==,
ivide e w i @ TR
a, '‘slepeof 1ift eurve" o@irotor blade airfoill see=

tion in radian measure.

Similarly, the rotor torque Q 1is

B sk P sl & . B
4ug kol B 03 holyd B =
(2)

where 6  1is the mean rotor blade profile-drag coefficient.

a=}o0® nR ca{i s

Inspection shows that, if Cp = ——== T — andy o=
wapils i
p G2 g’

Og =N Gy -~ § 68 (3)

The axial flow A QQ R 1is expressed as follows:

AQR==-v-h (4)
where.. Vi rotor induced velocity, ft./sec.
b, rotor wvertical velecity, ft./sec.

From the momentum theory, as in reference 1, when the tip~
speed ratio 1is zero,

=]
20 T B SN0 )" + /A2
where V' = resultant velocity of rotor, ft./sec., aad is
equal to - v - h=AQ R. ZEquation (5) is written in such

a way as to show that the induced velocity v is independ-
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ent of the sign of A; but since A 1is always negative
during the jump,

Substitute for Cp from (1); then

1
)\ L i ——O' 8 B - == O B =0 7
A (QR o a B > a Ts a 61 {7)
1 i B @ e 5y
ge e o sl ool 1L
a8l " 16‘7"’113 > R fﬁ\lsgaB 2 QR
gl 2 ) A N3 ¢
+__..——’ —
12JaBOB b e @ity OB (8)

The equations for A, Cp, and CQ now make possible the

justification of a necessary approximation. On figures
1 and 2 are shown the variation of CQ with the vertical

‘velocity ratio ﬁ/QR for a series of values of 6,, with
8, always zero. The computation was made for o = 0,05
on figur®e 1 and for ¢ = =:,10 on figure 2.. It is pro-

posed that Cg Dbe assumed independent of h/QR; this ap-

proximation is seen to be reasonabdle on figure 1 for the
lower values of n/QR gt all pitches less than 16°; the
error introduced by the approximation is greater in figure
2 where the solidity is 0.10 but is still reasonably small
for the lower values of h/QR. Experimental justification
for this assumption will subsequently be presented.

£ @ is assumed constant during the jump, it De-
comes possible to obtain the instantaneous angular veloci-
ty of the rotor as a function of known constants., "Then

X 2 =
I1Q=qQq=pf ®wR CQ (92)
where 2, angular acceleration, rad./sec.a
T mass moment of ihewtdlatiof rotor about axis of ros=

tation, slug-ft.
oy wbiEnEgi cecs

Segregating variables and integrating
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& o Bl (20
S Billacaaun Bbed (10)

Letting the time be zero at the beginning of the jump, and
designating the initial rotor angular velocity as (%, .

1
By & - e Bl
1 Qg (11)
Q0
and F = & : (12)
e LD B G
. o “Q

Now let the total weight to be 1ifted by the rotor be W:
then

Th=r-w (13)
£

where h 1is the vertical acceleration of rotor, ft./sec.a.

The thrust T is given in (1) as a function of £, A,

and the physical constants of the rotor. However, A 4@
a function of h and £, as seen in (8), so equation (8)
will now be examined. The radical in (8) can be expanded
by the binomial theorem; then

i
ATl Bl b T& 6. 3%+ L sa g 84V
4 3 -
2 e 3 - ;L B Sg' % 6%“2
51 - R
'8 - - = Ml —— + (14)
3 4
{RcaeoB +160a613}

In figures 3 and 4 are presented values of A as functions
of h/QR for several values of the pitch angle Bs3 the
calculation was based on a solidity, of 0408 in figure &

and on g Solidity of 0,36 in fiasure 4.  ©Two methods of ecal=
culating A were employed. First, A was calculated di-
rectly from (8) and, second, the first three terms of equa-
tion (14) were used. The agreement between the exact ex-
pression and the approximation is considered satisfactory
for values of h/QR 1less than 0.07; it will later be

shown that the discrepancy is of such a character as to
perhaps be desirable. It will consequently be assumed
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that the first three terms of (14) constitute a satisfac-
tory expression for A.

Substitute for A from (14) in (1); the rotor thrust
T TDbecomes .

wj-

Gate 4 i % .
—2p(22TrR o a 1 caB

L TP TR I 4 ’
5 B g5 B (12 cab,3B +i5 0ahB

'S
4 J

N
b g% 20,84 (15)
3 4 !

The final substitution required is that for O from
(B8): then

1 2yt ;) 1 1 3
T = ?090”“&‘ {—GaB B ol Gy e G Y
pﬂR & He & 12 16 /
(1~ 9 QCQt)
el .
: il 3 i 41 p&%ﬁ 5
+ =8 B" + =0, 3 % ~ S LR h 16
g . &yt J of pTTR5 . : L8]
¥ W tagigh)
This expression can be abbreviated by designating the ini-
tial value of the thrust coeffiecient as CTO, which is
a
: i sl @R ¥ %y a4 )\*
Co Oa { caB® 5 B (12 0a 8,3 +16 0a 6,38 3
1 3 1 4
= (5 Sl 7
4.2 85E o T 6.3 } (17)

Then T becomes

i p Qo> TR* Or 1 pQomR° 0aB e
5 5 P é‘ 5
pTR 2 pTR
(1 - e roQt) SR o roQt)

The expression for T in (18) may now be substituted in
(23), givtae

2.
H'Z e 3 082 WR CTO w E s
w p#R 8 W p'nR5

2
(1 - =— QCgt) (1 = == Qo0qt)

p QTR caB?
G oo OO T S - TR RN
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1l g 3 2
Let Bi=czpf mR 0aB (20)
)
p-w | .
Ra =& 9o B (21)
Ks = ¢ p Go° mR® Op_ (22)
Then
. K . K v
h4 —2t—h=—"2 g (23)
1 + Kot (1 + Eat)

This expregssion is seen to be a linear differential equa-
tiom in h which can be integrated quite simply. Refer-
ence to a text on differential equations establishes that
the solution of (23) is

X, Ki 1 Kl +1

3 sk % - TR (14K,t) 2 gt (J4kt) R +C

" K1-K, i K,+XK, - .

(24)

By transposition

. K > (1+Eat C

B = ~ _ 8! Z-+ O oL I (25)

(K1-K2) (14Eat) E1+K2 &

(1+Kat)%2
The constant €1 1is evaluvated by substituting the values
h = @prlash, “be=r0a then
g (E1-Kz) - Ez (X,+K2)

i = - - - (26)

Consequently
hoo o Ee __e(l4Eet) g (Ry-Fa)-Ee(Rytka) 0
g (X,-K5) (1+K,%) E1+Kp K,

72
B sin ) (ismad) "

Equation (27) thus expresses the vertical velocity h
during the rise in terms of the time t and the known
gconstants. of, thesveior, Eiwe Ka., ands Bsos, By, dikaet @iiffer-
entiation and integration of (27), the net vertical accel-




eration h and the: height . h can be obtained. Then

. XX X Ki(K;-K5)~E1Kz(K1+KE
- 253 o B0 . B 1& 1~K2)-E1K3(K, ;Z (28)
(Kllc) (1+7 ﬁt) K1+K4 L 1828
OB W, %y TRy %
And
2. g(t+4 Eot?)
h = f;(f_:i_f log (1+L2t) E
Kir B <Bq (X, +X
e A g(K1-Ka)-Ksl 1~~a) = + Gy (29)
. -
(By<%s) (K:® -RKg®) (1+E;t)%3
The constant Cz is evaluated as before by setting h =0

when t = 0;

g (K "K ) ot Ia."_', (Ix +1x."’
¢g = ——=1 ° 1 (20)
(K,-E5) (K1 “Ka" )

The resultant expression for h 1is

2
K g(t+3 Ezt™)
= j——;’:—'i“"‘ log (1+n.at) =l e b i g‘;; —————
I-g(i-l ‘.a) I‘:1+.-»g
g(7,-Ky)-Ea(T14+XK2) g(Z1-Ta)-Kz(Z1+E2)
. i T )
=t -1 (K1-Kz) (& ~Ke®)

(E1-Ez) (K12 -F2% ) (1+K2t) "2

Equations (27), (28), and (31) constitute the complete

solution of the equations of motion of the auwtogiro during
a jump take-off. The known factors required for the solu-
tion are the physical characteristics of the rotor, com-
prisinesithe’ rad TugtuRy ' the solidity @, the lart=curve
slope a, the gross weight W, the moment of inertia I,
the pitch angle Go, and the initial speed (,. From

these items the constants ¥i, Kz, and Kz are derived,

and the acceleration, vertical velocity, and vertical dis-
placement can then be determined.

The physical significance of the constants K,, Kj,
and Kz (equations (20), (21), and (22)) may assist in
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obtaining a clear understanding of the analysis. The con-
stant X, represents the amount by which a vertical veloc-

g Y o S ft./sec. would reduce the ratio of rotor
thrust to the mass being lifted at the beginning of the
Jump ‘talke=offl “NELls factior "ocecurs “In “the "dIfferentval
equation of motion divided by (1 + EKat), where X, 1is a

factor determining the rotor speed .as a function of time
(see equation (12)). The constant Kz is quite simply
equal to the ratio of the initial thrust to weight, multi-
plied by g; the accelerstion of gravity. It is conse~
quently apparent that K; must always exceed g 1in order

that a jump be obtained. In zdditdon; “whersmallier Ky
agnd Hs are for g given “malue o™ Ks, ™ ‘the zcreater ‘will
be the jump; and the greater Kg 3y with Ki . apd Ks
fixed, the greater will be the jump.

The alteration in the jump take-off that will be ef-
fected by a forward velocity during the jump will be al-
most entirely caused by the change in A 2and consequent-
1y in the induced losses in the rotor arising from a value

v
of W = ——ég%—g different from zero. The expression for

A Dbecomes, when | 1is not gzero,

s po M 20 (32)

and Cp and CQ both become dependent upon W to some

extent. If | mnever increases above 0.1, and the minimum
speed in level flight usually corresponds to less than that
value, the change in the expressions for Op and CQ can

be neglected as a first approximation, and the solution of
he equation of motion can be obtained step by step by con-
sidering only A to be a function of . Eqguation (32)
shows that A increases algebraically as | increases,
which means that Cp will be greater and CQ a smaller

negative value under that condition. It is consequently
obvious that an increase in P will increase the thrust
and decrease the simultaneous loss of kinetic energy in
the rotor, resulting in a greater jump. The step-by-step
solution of the jump take-off with forward velocity has
not been made, because the value of the results to be ob-
tained was considered incommensurate with the labor re-
quireds It 1s of interest that the time reguired for an
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existing autogiro to attain a forward speed of 25 miles
per hour duvuring a jump take~off is of the order of 2 sec~
onds; this represents the minimum time that should elapse
before tle vertical velocity reaches zero at the end of
the jump take-off for this particular machine,

EXPERIMENTAL INVESTIGATION

Apparatus and Tests

The model rotor used in the jump take-off tests had
the following physical characteristics:

Radius o i
Blade chord Q08 % .
Solidity ’ 0410

Moment of inertia (total) L3S slug-—ft.2
Airfoil section N.A.C.A, 0018

The pitch of the rotor blades was adjustable on the ground
but was fixed at a constant value while the rotor was being
brought up to speed and Jjumped.

The tests were conducted in the return passage of the
full-gscale wind tunnel, which provided an enclosed space
about 50 feet by 200 feet, 70 feet high. he apparatus
used in the tests is shown diagrammatically in figure 5.
The model rotor A supported the ballast B; the rotor
was driven by a 25~horsepower electric motor C through a
pair of bevel gears inside the box D. A means was pro-
vided for restraining the rotor from rising until a catch
was released by remote manual control. Cables E were
attached to the rotor and rose with it as it Jjumped; the
cables passed over pulleys near the roof and were wound
upon the drum F, which was actuated by the counterweight
Ge The diameters of the drum F and the pulley to which
the counterweight was attached were in the ratio of 10:1,
so that neglecting friction the cable tension would be Q.1
times the weight of the counterweight. The drum F was
restrained from rotation by a ratchet except in such a di-
rection as to wind up the cables X; this device prevent-
ed the model from falling after the completion of a jump.




Nl 0l TDechniealslNite Now 582" 78

A time history of the height of Jjump was obtained by
attaching a cord to the bottom of the model and recording
the displacement of the cord, through a reduction mechan-
ism, on an N.A.,C.A, control-position recorder fastened to
the frame that served as a base for the motor and driving
mechanism. The rotor speed during a jump was measured by
photographing the rotor with a motion-picture camera
placed beneath the rotor with its lens axis vertical; time
was recorded on each frame by photographing simultaneously
a sweep hand rotating at one revolution per second. The
resultant time history of rotor revolutions yielded the
rotor speed and angular acceleration by two successive
graphical differentiations. A typical camera record is
shown in figure 6. Initial rotor speeds were, in addition,
observed on an electric tachometer connected to a magneto
driven by the shaft which in turn rotated the model.,

The tests made were of such a scope as to provide in-
formation on the effect of pitch angle, initial rotor
speed, and disk loading upon the height of jump. Since it
was necessary to maintain a small tension in the cables E
(fige. 4), tests were also made at fixed values of the three
primary variables but with varying amounts of cable ten-
sion, provided by changing the weight of the counterweight
G. Tests were made with pitch angles of from 6° to 18°,
with disk loadings of from 0.46 to 1.65 pounds per square
foot, and with initial rotor speeds of from 450 to 725
repems The initial rotor speed was limited in some cases
at large pitch angles because the motor power was insuffi-
cient to increase the speed further; in other cases, the
limiting rotor speed was that at which the height of jump
reached 20 feet to 25 feet, which was considered as high
as was desirable,

Results

The results of the model tests are presented in tables
I and II showing the maximum height attained by the rotor
as a function of the pitch angle, disk loading, initial
rotor speed, and cable tension; the cable tension ’I‘c as
tabulated is equal to O.1 times the counterweight. Table I
includes all data taken without measuring the rotor speed
with the motion-picture camera; the data in table II were
obtained while the camera was being used.

The form into which the data were transformed is illus-
trated in figures 7 and 8, which show, respectively, the
eurwes of "Height and “rotor revolutions " with " their first
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and second time derivatives. All differentiations were
performed graphicallys

The camera data are plotted in figure 9 in the form
of 1/Q against time, where l/Q is chosen ag the de-
pendent variable because the slope of the resultant curve
is a direct measure of the rotor torque coefficient, Ta=
ble III presents a comparison of the measured and calcu-
lated values of CQ'

In order to check the analysis, calculations of sev—
eral jumps were made employing the constants of the model
rotor. Since the influence of the cable tension on the
Jumps was uncertain, the calculations were made for sever-
al model weights equal to and less than the actual model
weight as an approximation of the influence of the cable
tension. The results of these calculations are presented
fafSioares” 1O 20, M5 YandltuEn

Precision

The experimental curves of height against time were
o btiaiined iwithin ITimitetof E02 oot at 'a Elven time." ‘The
graphical differentiation of the resultant curve unfortu-
nately depends to a large extent upon the fairing of the
height curve, so that the vertical-velocity curves may be’
in error by as much as 1 foot per second. The records of
rotor displacement against time could be read to within
129 of ‘angtlar displacement; the angular-velocity curves,
because of graphical differentiation, are less accurate
and probably are in error by as much as 0.5 revolution
per second.

Other sources of error in the experimental work are
almost negligible. The rotor pitch angle was adjusted to
within $0.1° at rest and, since the rotor blade section
was symmetrical and was balanced about the quarter-chord
point, the dynamic twist should have been small. Any er-
ror in the remaining physical constants of the model can
be neglected.

DISCUSSION

The introduction of approximations into the solution
of the equations for the jump take-off requires considera-
tion of the errors introduced in order to estimate the
validity of the final results. The two principal approxi-
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mations used are that the torque coefficient CQ be inde-

pendent of the vertical velocity and that the axial-flow
coefficient A can be satisfactorily expressed by using
only the first term of the expangion of the radical in
the exact expression.

The data in figures 1 and 2 demonstrate that the as-
sumption of constant 'C is reasonable for the smaller

values of ﬁ/QR; in addition, figure 9 verifies the as-
sumption experimentally for the case of o = 0,10, since
the curves of 1/Q against time depart but a small amount
from straight lines. Figures 1 and 2 demonstrate that the
greater the solidity, the greater will be the departure of
CQ from a constant value. However, considerations other

than the jump take-off dictate that full-scale solidities
will approach 0.05; for such solidities, the errors intro-
duced by the assumption of constant CQ appear to be ncg-
1dgiblal,

.The approximation to. A . in which all terms bdbut the
first of the binomial expansion of the radical were neg-
lected, introducesan error demonstrated in figures 3 and
4. It will be seen that the approximate A is always al-
gebraically greater than the exact A. This condition is
not undesirable, because the jump take-off will always be
made in proximity to the ground plane, and "ground-effect"
will reduce the rotor induced velocity and consequently
change AN in the same direction as the approximation.
Unfortunately, the variation of the induced velocity with
distance from the rotor has not been established, so that
the actual magnitude of the grouvnd effect cannot be esti-
mated; the effect is undoubtedly important while the rotor
is less than one diameter from the ground, and the result-
ant change in A 1is probably greater than the error in-
troduced by the approximation. It is thought that these
considerations justify this approximation as well as the
first, and that the approximation to A introduces no
serieus ‘error in the analysia,

When applying the analysis, it is desirable to calcu-
late the rotor speed from equation (12) as a function of
time and to use this as a check on the height of rise. If
the rotor speed drops to its normal value before the verti-
cal velocity is zero, the height at this time should be
regarded as the maximum attainable, rather than the height
at which the vertical velocity is zero with the rotor
speced below normal. This conclusion follows from the con-
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sideration that the transition to normal flight must not
be hampered by the necessity to increase the rotor speed,
since such a requirement would probably result in a momen-
tary loss of height.

The validity of the analysis is attested by figures
104 1l vand 38+ ThEafisures ostabliab thel thesallow=-
ance that should be made for the cable tension is consid-
erably less than the noninal value of this variable, which
is a reasonable result considering the effects of friction
and the acceleration of the cable and drum by the counter-
weight., TFigures 10 and 11 show close agreement when the
allowances for cable tension are 10 pounds and 15 pounds,
respectively; the nominal values of the tension were 12.5
pounds and 17.5 pounds. The general form of the helght
and velocity curves in both figures agrees quite closely
with experiment. Figures 12 and 13 illustrate the same
points as figures 10 and 11,. except that a smagller allow=-
ance for the same cable tengion results in agreement; the
allowances indicated are approximately 3 pounds and 7
pounds for the 12,5-pound and 17.5~pound cable tension.
These values are rather small, and indicate that the anal-
ys%s is not as exact at a pitch angle of 18° as at one of
10 .

It will be noted in table III that the experimental
and calculated torque coefficients differ by an appreciable
amount. The ratio of the calculated to the experimental
value is between 0,81 and 0.86; the difference between the
measured and calculated torgques at a pitch of 149 and &
rotor speed of 600 r.pem, is 14 pound-feet. This value 1is
considerably greater than could be accounted for by bear-
ing friction.  The fact that the torque coefficient 1s in
error at the same time that reasonable agreement is ob-
tained on the height and velocity records indicates the
existence of a compensating error. It is considered pos-
sible that the source of this compensating error is the
ground effect, which would tend to increase the thrust of
the rotor when it was near the ground plane at no addi-
tional cost in torque. Another possibility is that the
rotor pitch angle increased slightly because of the dynam-
ic twigt of the rotor blades; while thig twist should be
guite small, a twist of approximately 1° would explain
most of the discrepancies between the torque coefficients
of tablie Bl

Because of the limitations encountered during the
model tests, it is unlikely that the experimental results




Nyl 0.4, Teehnieal Nobte No. B582 16

obtained will be directly applicable in design. They have
served a useful purpose in attesting the validity of the
mathematical analysis, which can be used with more confi-
dence than would have been justified without experimental
verification.

The principal uses of the analysis will be: the pre-
diction of the lower limits of the jump take-off for given
values of the physical constants of the rotor; the predic-
tillom of. the ©ffect ©f changes i@ the rotor to obbtein higher
jJumps; and the establishment of the form of the height and
velocity curves for jumps at constant pitch angles.

Langley Memorial Acronautical Laboratory,
National Advisory Committee for Aeronautics,
Liangley Field, Va., Lsgust 7, 1936s
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TABLE I
Pitch Disk Initial Cable | Maximum Pitch Disk Initial Cable Maximum Fitch Disk Initial Cable Maxi mum
angle loading |rotor speed | tension | height angle loading rotor speed | tension height angle| loading |rotor speed tension hed ght

1 (approx. W (approx.) W (approx.)
- W
nR2 TR nR?

8, deg. |1b./sq.ft.|Ny, . Po m T, 1b. [H -, ft.o,, deg 1b./sq.ft. [No, T. P. md To, 1b. {Hyy, ft.0,, deg-| 1b./sq.ft.|N,, T. P. my Ty 1bo| Hpoyo fE.
6 0.46 650 12, ) 10 .76 550 17.5 17. 12 1.66 00 17 8.2
6 A6 624 12.2 §§.§ 10 .76 552 17.5 T 12 1.66 98 17.% 8.4
6 46 65k 7.5 15.8 10 .76 552 12.5 15.) L|las 1.66 698 12.5 7.0
6 e 602 7.5 9.0 10 .16 50 12.5 14.0 12 1.66 696 12.5 1.0
6 46 602 7.5 3. 10 .16 99 12.5 T+7 12 1.66 693 17.5 7:9
6 .76 72k 12.5 7.2 10 .16 199 12.5 7.7 12 1.66 695 17.5 7.9
6 .76 726 12.5 9 10 .16 495 17.5 10.0 14 1.66 687 17.5 10.2
6 .76 724 7.5 Z.z 10 .76 497 17.5 10.0 14 1.66 693 17.5 10.0
6 .76 724 7.5 7.2 10 -16 479 17.5 8.0 [ 16 1.66 700 17.5 13.0
8 .76 724 12.5 25. 10 .76 479 17.5 E-? 16 1.66 02 17.5 12.8
& .76 700 12.5 22.3 10 .16 479 12.5 A 1.66 48 17.5 9.5
8 .76 700 12.5 22.6 10 .16 479 12.5 g2l 76 1.66 650 17.5 9.7
8 .76 £ 175 27.0 10 .16 550 12.5 .8 | 78 1.66 655 7.5 s
8 .76 & 17.5 27.6 10 .76 550 12.5 .6 | 7g 266 64 17.5 11.5
8 .76 6l6 17.5 20.5 10 -16 550 17.5 19.0 | 1g 1.66 600 17.5 7.1
& .76 64 G0 20.2 | 10 .76 50 17.5 18.7 | 18 1,66 99 17.5 2
& .76 650 12.5 16.8 | 10 -16 00 7.5 26.8 | 1g 1.66 %0 12.5 9
é .76 650 12.5 1759 | 10 .16 600 17.5 2.6 | 18 1566 600 12.5 Tt
& .76 98 12.5 gl -16 600 12.5 23. 18 1.66 550 12.5 3.3
8 .76 02 12.5 1.7 | L0 -16 600 12.5 22.% | 14 1.66 850 12.5 52
8 .76 598 7.5 &. & 10 1.06 700 12.5 16.3 18 1.66 550 175 3.5
8 .76 598 7.5 &.8 10 1.06 190 12.5 7. 18 1.66 555 17.5 S
8 1.06 724 12.5 10.8 10 1.06 700 17.5 19.8 | 1g 1.66 550 17.5 3.8
8 .76 98 1725 1.7 10 1.06 00 17.5 19.8 18 1.36 550 17.5 9.0
8 .76 00 17.5 14,3 10 1.06 55 17.5 15.6 1¢ 1.36 B3 17.5 &2
8 .76 550 17.5 8.2 10 1.06 600 17.5 9.t | 3¢ 1.36 550 12.5 8.2
g .76 550 17.5 8.0 10 1.06 603 17.5 9.k | 14 1.36 50 12.5 7.4
8 .76 552 12.5 .2 10 1.06 600 12.5 7.9 18 1.36 00 17.5 13.8
8 .76 5l 12.5 5.6 10 1.06 598 12.5 8.2 18 1.36 600 17.5 13.8
8 .76 550 12.5 .5 10 1.06 550 17.5 k.5 18 1.36 500 17.5 .6
8 .76 561 7.5 ﬁ_s 10 1.06 g 7 17.5 4.6 18 1.36 500 17.5 1T
8 .16 580 7.5 6.8 10 1.06 50 12.5 3.3 | 18 1.36 500 12.5 25
8 .76 580 7.5 6.9 10 1.06 550 12.5 3.8 | 18 1.36 00 12.5 .0
8 .16 558 7.5 4.6 10 1.06 550 12.5 3.7 18 1.36 91 12.5 3.4
& .76 561 7-5 5.0 10 1.06 652 12.5 12.0
8 1.06 725 12.5 9.4 10 1.06 650 12.5 12.0
8 RV 543 17.5 37h7 10 1.06 652 17.5 1.6
8 RV 50 17.5 38.2 10 1.06 650 17.5 14.3
8 46 97 175 26.3 10 1.06 700 17.5 19.0
8 46 499 17.5 27.9 10 1.06 700 17.5 139.5
8 L6 ug7 12.5 19.8 10 1.06 700 12.5 17.;

8 L6 499 12.5 19.5 10 1.06 700 12.5 I7s
8 L6 es 12.5 10.7 10 1.36 1700 12.5 5l
8 46 Lho 12.5 11.0 10 1.66 135 12.5 g.
8 i 4 175 16611 38 L e T 2
g z s X i
e 20D 7.4 10 1,56 700 17:5 i
10 1.66 702 17.5 4.5
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N.A.C.A., Technical Note No. 582 il
TABLE II
Pitch Disk Initial Cable | Maximum
angle loading rotor speed tension height
B (approx.)
TRZ
By, deg. | 1bs/sq.ft. | N, Tepo.m. B, B Boemy $8a
10 1.36 700 175 9.2
10 1.36 650 1% 8 6.3
10 138 600 st sl
10 1.66 700 17.5 4.5
10 1.66 700 N 448
14 Le8b 650 1745 14,6
14 1u56 600 178 9.9
14 1.36 599 1746 9.5
14 1.36 549 196 Bl
14 1.36 550 1% B Byl
14 1.66 647 17%6 Tl
14 1.66 599 17.5 4.0
14 1.66 600 178 540
14 1.66 600 17,5 4,8
14 1.66 650 1¥.6 7.9
18 1:06 500 175 11.0
18 1.06 500 1%:5 11,3
18 1.06 550 176 177
18 1.06 550 178 16.6
18 1.36 550 1%7:5 9.3
18 1.36 550 1746 9.2
18 1.36 497 175 B
18 1,36 4 500 & 3.8
18 1.36 | 600 17.5 13.5
18 1.36 | 600 176 14.0
18 1.66 | 550 . 1945 Al
18 1.66 | 550 I 196 3.8
18 1.66 ; 597 195 Ta7
18 1.66 i 603 17,8 T
18 1.66 l 647 17.5 1044
18 1.66 E 647 175 10.2
b ¥ > s sl e
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TABLE III
Pitch angle @ l} Meas. Calc.
_\&2/
dt
sec./rad.
60, deg. ot CQ CQ

10 0. 005256 -0.000726 -0.000587
14 00812 -.001122 -,000969
18 <275 -,001760 -,001460
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Figure 1.~ Calculated torque coefficient Cq as a function of the
vertical velocity ratio B/OR for several pitch angles.

o = 0.05.
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Vertical velocity ratio,ﬁ/QR
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Vertical velocity ratio, h/OR

Fig. 3
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Figure 3.~ Calculated axial-flow coefficient Aas a function of the
vertical velocity ratio h/QR for several pitch angles -

exact and approximate solutions. o = 3.05.
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Figure 6.- Sample test record of rotor displacement,
speed, and acceleration against time.
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Figure 7.- Typical height,vertical velocity,and vertical acceleration
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Figure 9.- Reciprocal of rotor speed, l/O ,plotted against time for several pitch angles
and initial rotor speeds.
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