
TECrllJICAL TOTES 

NATIONAL ADVISORY CO~MITTEE FOR AERONAUTICS 

No. 582 

AI-ALYSIS a D I.WDEL TESTS 0:2 A- ~OGIRO Jur p TAKE-OFF 

By Jo h n 3. ITheatley and Ca rlton Bioletti 
Langley Memori a l Aeronautical La boratory 

Washington 
October 193 6 

REPRODUCED BY 
NATIONAL TECHNICAL 
INFORMATION SERVICE 

u.s. DEPARTMENT Of COMMERCE 
SPRINGfiELD, VA . 22161 



I --~ ------.. 
, 

NOTIC E 

THIS DOCUMENT HAS BEEN REPRODUCED 

FROM THE BEST COpy FURNISHED US BY 

THE SPONSORI N G AGENCY. ALTHOUGH IT 

IS RECOGNIZED THAT CERTAIN PORTIONS 

ARE ILLEGIBLE , IT IS BEING RELEASED 

IN THE INTEREST OF MAKING AVAILABLE 

AS MUCH INFORMATION AS POSSIBLE. 

-----~-
J 



NATIONAL ADVISORY CO MM ITTEE FOR AE Ro nAUT ICS 

TECHNICAL NOTE n o. 582 

ANALYSI S AND liODE L TESTS OF AUTOG I RO JUMP TAKE- OFF 

By John B . Wheatley and Carlton Eioletti 

SUMMARY 

An analysis is mad e of th e aut ogi ro jump take-off, in 
which the kinetic energy of the rotor turning at excess 
speed is used to effe ct a v ertical take-off. By the use of 
suitable approximations, the differential equation of mo
tion of the rotor during this maneuv er is reduced to a 
form that can be solved . Onl y the vertical jump was stud
ied; the effect of a forward motion during the jump is 
d iscussed briefly . The results of mod el tests of the jump 
take-o ff have been incorporated in the paper and used to 
establ ish the relative accuracy of the results predicted 
from the analysi s. Goo d agreement between calculation and 
experiment was obtained by mak i ng justifiable allowances. 

I HTRODUCTION 

One of the recent devel opments of the autogiro is the 
man euver variously des cri bed as the II jump take - off, II II di
rect take-off,1I and IIjump-o ff. 1I This maneuve r, hereaf t e r 
r efe rred to as th e II j u mp take- off, II is a take-o ff wi th a 
flight path initially vertical, effected by the release of 
excess kinetic energy stored in the rotor . The en e r gy is 
stored by driving the rotor at a speed greate r than its 
normal speed in flight, and during this p roc es s the pitch 
o f the rotor blade s is reduced to zero . The dr iving me c h 
anism is disconnected when the desi r ed speed has b e en at 
tained, the rotor p itch is su d denly i ncreased to either 
its no r mal v a lue or a higher one, and the consequent 
thrus t, which is greater than the weigh t of the machine , 
lifts it vertically from the g ro u nd . Durin g the jump , the 
rotor decelerates, and the propeller must be operated at 
full throttle so tha t the forward sp eed of the machine 
will be at l eas t equa l to its min i o u m s peed in level 
flight by the t i me t h at tn e rotor sp 0 ed dr o p s t o its nor
mal value . At t h is same time, if a roto r pitch greate r 
than no r mal has b e en e mp loy e d for the jump , this high 
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pit c h mu s t b ere d u c e d. ton 0 r rna 1 • The rna chi n e now con tin
ues flight from the top of the jump as if a conventional 
take - o ff had just been completed. 

The jump take- off promises two important advantages: 
first, take-off becomes independent of the type of gT ound 
available insofar as mud, roughness. or h i gh grass is con
cerned; and second. the machine is enabled to clear much 
higher obstacles in a g iven distance and thus can operat e 
from more restrictod fields . 

The possibilities of th e jump take-off have b ee n es
tablished by some full - scale experiments. It is the pur
po se of this p aper to study the factors that g overn the 
jump take- off in its simplest form and to present the re
sults of model tests in which the effec t o f differences in 
the rotor parameters was determined. 

ANALYSIS 

In order to simplify the anal ysis, it will be assumed 
that during the jump the forward velocity of the machine 
is zero. The justifications of such a n assumption are : 
first. that the ~leight of jump so obtained will r ep resent 
a lower limit to the heights att ained in practice where 
forward velocities of varying ma g nitud es will reduce the 
induced power losses in the rotor; and · second, the actual 
magnitudes of the forward velocities attaine d will vary 
with wind velocity, thrust - we~ght ratio , and piloting 
technique and consequentlY cannot be gene ralized even for 
a single set of values of the rotor parameters. 

Th e thrust T of a rotor at a tip-sp eed ratio of 
zero is, from reference 1 , 

wlle r e p, a ir density , Slug/cu. ft . 

0, rotor angular velocit y, rad./sec. 

R, roto r radius, ft . 

~, a xial - flow coefficient . 
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8 0 , rotor pitch angle at hub, radians. 

8 1 , difference betw ee n rotor p itch angles at hub 
and at tip, radians. 

B, factor multip lying radius to allow for tip 
losses. 

cr, rotoi so l idity, for rectan gu l a r blades e qua l 
to numbe r o£ blades b time s blade chord c 

be 
divided by n R; rr = n R 

3 

a, slope of lift curve of rotor bla d e airfoil sec
tion in radian measure . 

Si milarly, the rotor torque ~ is 

(2) 
where 8 is the mean rotor blade profi le-drag coefficient . 

Inspe c t ion s h ows that , if T and 

~ ------_._;::- , 
P 0 2 n R::> 

( 3) 

Th e axial flow A 0 R is expressed as fol lo ws : 

AOR= -v-h ( 4 ) 

where v, rotor induced velocity, ft . /sec . 

h, rotor vertical velocity, ft . /sec. 

Fro m the mo mentum theory, as in refe rence 1, whe n the tip
speed ratio is ze r o, 

v == T 
2p-;-R2 J(~-: 1)2 

( 5 ) 

whe re VI = resu~tant vel oci ty of rotor , ft . /se c. , and is 

equal to v - h = A 0 R. :Dqua t ion ( 5 ) i s written in such 
a wa y as to show that the induce d ve locity v is independ-
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ent of the sign of 
during t h e j ump , 

A' , but since is always ne gative 

. 
h 

DR ( 03 ) 

Substitute f or CT fro m ( 1 ) ; then 

. 
2 (h_ I ]32) 1 80 13

3 1 ]34=0 ! 7) A + A - () a - () a - () a 81 
"DR 8 12 16 

a 
and A 1 13

a 1 h 'f 1 a 1 h () a - -< - - () a 13 OR) 16 2 DE ;, \1 6 2 

1 

+ 1 (fa 80 
B3 + 1 

() 8 1 B4}2 (8 ) 
12 1 6 

a 

Th e equat ion s for A, CT , and CQ now make possible the 

justificat io n of a necessary a pproximation . On figure s 
1 and 2 a re shown the variation of CQ with the vertic a l 

vel 0 c i t.y_ rat i 0 h I DR fo r a s e r i e S 0 f v a l u e S 0 f 8 0 ' wit h 
81 alway s zero . The computat io n wa s made for () = 0 . 05 
on fi gure 1 a nd for () = ",. 10 o n fi gure 2 .• It is pro
po~ e d tlat CQ be assumed independent of h/DR; this ap-

p roximat i on is se e n to be reas ona ble on f i gure 1 for t he . , a 
lower v a lues of h/DR a t all pitches less than 1 6 ; the 
error introduced by the approximation is g reat er in fi gure 
2 where the sol i dity is 0.10 but is still reasonably s ma ll 
f or the lower values of h /DR . Expe rimenta l justification 
for this assumptio n wi ll subsequ ent l y b e presented . 

If CQ is assum ed. constant during the jump, it be -
comes p oss ibl e to obt ai n the in st a ntaneous angular velo ci 
ty of the rotor as a funct i on of k nown constants . Then 

• a 5 
I D = Q = p (2 TT R CQ ( 9) 

. 
wh ere D, angular a cc e l eration, red./sec .

a
. 

I, mass moment of inertia of rotor about axis of ro 
tation, slug- f t . a 

t , t i me, sec . 

Se g r ega t ing v a riables and i n te g r a ting 

, I 
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1 

o 
5 P n R 

------
I 

5 

(10) 

Letting t he time be zero at the beginning of the jump, and 
designating the initial rotor angular velocity as ~, 

and 

1 
C1 = - n

~~o 

0
0 

---- --------------
5 

1 - ~_12._~__ 0 C n t 
I 0 ~ 

Now let the tota l weight t o be lifted by the rotor be 
then 

W h = T - W 
g 

(11) 

(12) 

W· • 

(1 3 ) 

wh e re h is the v ert ical acceleration of rotor, ft./sec. a • 
The thrust T is g iv en in (1) as a f unction of 0" A, 
and th e p hysica l constants of the rotor. However, A is - . 
a function of hand 0" as seen in (8) , so equation ( 8 ) 
will now be examined. Th e radical in (8) can be expanded 
by the bino mi al theorem ; then 

. 
A = J_ () a :B a - l ]:1_ -

1 6 2 Q-q 

+ .... ( 1 4 ) 

I n figu r es 3 and 4 ar e presented values of A as functions 
of h/OR fo r several valu es of the p itch a n gle 80 ; the 
c alcu l at ion was based on a sol i d ity of 0 . 05 in fi gure 3 
and on a soli d ity of 0 . 10 in figure 4 . Two methods of c al 
cul a ting A we re empl oyed . First, A waS calculated di 
rectly from (8) and , sec ond, the first three terms of equa
tion (14) were used. Th e a g r eeme n t oetwee n the exact ex
p r es sion and th ~ a p proxi mat ion is c onsi de r ed sat is fa ctory 
for v a lu e s of h/OR le ss tha n 0 . 07 ; it ~ill l ate r be 
shown tha t the discrepancy is of su ch a c har a cter a s to 
perhaps be desir a ble . It will consequentlY be assumed 

-------
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that the first thr ee terms of (1 4 ) constitut e a satisfac
tory express ion for A. 

Substitute for A from (14) in (1); th e rotor thrust 
T becomes 

( 15) 

The final sub st i tution requir e d is that for 0 from 
(12); then 

1 8 4 - POe nR (Ja T = ___ -2... _ _______ _ ____ _ 

5 pnR 8 
( 1 - - ---- 0 C Q t ) I 0 

'1 

{ 
1 4 1 8 1 3 1 4 \ 2 

32 (JaB - 2 E 12 (JaB 80 + 16 (JaB 81 ) 

( 1 6 ) 

This expressio n can be a bbrevi a ted by designating the ini
t i a l v a lue of the t hrust coe f ficien t as CT t which is 

o 
.1-

=1. a-a {l2 (JaB 4 _l B2 ({2 3 1 4,2 CT (Ja 80 B + - - (Ja 81 B 
0 2 2 16 J 

, 

1 1 ~ + 8 B3 + 8d34 

3 0 4 .J 
(17) 

Th en T becomes 

(1 8 ) __ Y_~2~~~~ ~!~ ____ _ 1 
3 2 

pOoTTR (JaB . 
T ,., - ---- - - - -------- - h 

5 8 pTTR5 pTTR 2 
( 1 - OoCQt) ( 1 - OocQt) I I 

Th e expressi on fo r 
(13 ), g iving , 

T in (1 8 ) may now be sub s tituted in 

2 4 
pOo , TTR CTo 1 g 

- "- - - - - - ------ - ---- - -
, 8 'If 

n 3 "1:;2 P ~toTTR (Ja.o 
h - g (19) 

_ ____ _ ~J 
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L et Kl 
1 g 

°0 
R3 B

a = - - P TT CJ a 
8 W 

(20) 

P TT R 5 

Ka = - - ---- ~ CQ, I 
(21 ) 

K3 
g a R4 = P °0 TT CT W 0 

(22) 

Then 

• K3 
h = ---------z- - g (23) 

.. 
h + 

1 + Kat (1 + Kat) 

This expr~ssion is seen to be a linear differential equa
tion in h which can be integrated quite simply . Re f er
ence to a text on differential equations establishes t h at 
the solution of ( 23) is 

Kl Kl Kl 
• Ka K K -1 K +1 
h (1 + Kat ) = --..:.~- (1+ Kat) a - --~-- (1 + Ka t) a 

Xl - Ka Kl+Ka 
( 24) 

By transposition 

g (l+Ka t ) 
- - ------- + (25) 

. 
h = 

Th e constant 

Kl 

( l+Kat)i~a 

is evaluated by substituting the values · h = 0 at t = 0; then 

g (El-Ka) - K3 (Kl+ha) 
Cl = - --- ---- - - - ----- - -----

(Ki8 
- Eaa) 

Conse quently 

• K3 g(l+Kat) 
h = ---- - - --- -------- - - - ------ + 

(Kl -Ka ) (l+Kat) Kl+Ka Y.:l 

( Ie 1 a - Ie 8 a) (1 + y: at) K; 
. 

E quation (27) t h l S exp res s e s. t h e v e rtic a l v e locity h 

(2 6) 

(2 7) 

during the rise i n t erm s of t h e ti me t a nd the known 
constants of th e rotor Kl , Ka, a nd t3. By direct differ-

entiation a nd inte g ration of (27), t!le net vertical accel-

j 
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.. 
eration h and the he i ght h can be obtaine d . Then 

And 

gE a gKl (K1-Ka)-K1K3(K1+~a) 
~-------------------v-

1 + ::.~ 
( Kl a _ ICa a) (1+ Ka t ) K a 

g (K 1-Ka)- K3 (K l +K a ) 
- - - - -------------- - -------------

~.l:. -1 
( K1 - Ka ) ( K1a -Ka

a ) (l+Kat )Ka 

(28) 

(29) 

The co nstant Ca is evaluate d as before by setting h = 0 
when t = 0; 

( 30 ) 

The resultant expression for h is 

K3 g (t+ i Ka ta ) 
h = 1-;:---( :-:- -V--) log (1+ Kat) - - --- - --- -----

'a L1- o-a Kl+I~a 

g(K1-Ka )- K3(Kl+Ka) 
- --------------------------- ------ + 

Kl 
Ti- - 1 

( K 1 - Ke ) (K 1 a - Ea a ) ( 1 + Ka t ) ,- 8 

Equations ( 27 ), (28), and ( 31) constitute the complete 
soluti on of the equations of motion of the autogiro during 
a jump tak e-off . The known factors re quired for the solu
tio n are the phys i cal characteristics of the rotor, com
p rising the radius R, the solidity cr, the lift-curv~ 
slope a, the g ross ~eight W, the moment of inertia I, 
the p itch angle 80 , and the initi a l speed 00 . From 
these items the constants rr 1 , Ka, and K3 are derived, 

and the acceleration , vert i c a l v elocity . and vertical dis
p lacement c an then be determined . 

The physical ' si gn ificanc e o f the constants Xl' Ka. 

an d K3 (e quations (20). ( 21), aj,1d. ( 22 » may assist in 
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obtaining a clear understanding of the analysis . The con
stant Kl represents the amount by wh ich a vertical veloc-

ity ~ of 1 ft./sec. would reduce the ratio of rotor 
thrust to the masS being lifted at the beginning of the 
jump take- off. This factor occurs in the differential 
equation of motion divided by (1 + Kat ), where Ka is a 
factor determining the rotor speed ·as a function of time 
(s ee equation (12)). Th e constant K3 is quite simply 
equa l to th e ratio of the init i al thrust to we i ght , multi
plied by g, the acce l e r at ion of gravity . It is conse
que ntl y apparent that K3 must always exceed g in order 
that a jump be obta in ed . In addition, the s mal l er Kl 
and K2 are for a given value of K 3 , the g reater wil l 
be thc jump; and the greater K3 is with Kl and Ka 
f ixed , the g reater will be the jump . 

The a lteration 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 ~ and consequent 
ly in the induced losses in the rotor arising from a value 

of I-L == 
v cos a. 
------- different from zero . 

[2 R 
~ becomes, when I-L is not zero, 

. 
h 

DR 

The expression for 

( 32 ) 

and CT and C~ both become dependent upon I-L to some 
extent . I f I-L neve r i ncrea ses above 0 . 1, and the minimum 
speed in level flight usually co r responds to less than that 
value, the change in the expressions fo r CT and CQ, can 

be neglected as a first app roxi matio n, and the solution of 
the equation of motion can be obtained step by step by con
sidering only ~ to be a function of I-L . Equation ( 32 ) 
shows that ~ i ncreases algebraically as I-L increases, 
which means that CT will be g reater and CQ a smaller 
negative value under that condition . I t is consequent l y 
obvious that an increase in I-L wil l increase the thrust 
and decrease the simultaneous loss of kinetic energy in 
the rotor, resulting in a greater jump . Th e step-by - step 
solution of the jump tak e - off with for ward velocity has 
not been made, because the value of the results to be ob
tained was considered incommensurate :vith t}l C l a bor re 
quir ed . It i s of interest that the time required for an 
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exist i ng aut o g i ro to attain a fo r ward speed of 25 miles 
per hour dur ing a j u mp ta "e-- off i s of the order of 2 sec
onds ; th i s represen t s the min i mum time that should elapse 
before t~e vert i ca l v el o city r eachos zero at the end of 
the jump take- o f f f o r th i s pa rti cular mach i ne . 

EXPER I ._ENTAL INVE STIGAT I ON 

Apparatus and Tests 

The r; o de l rot or used i n the jump take- off tests had 
the follow i ng phys ic a l chara c ter i stics : 

Rad i u s 5 ft . 

Blade ch o rd o • 523 ft . 

Solidity 0 . 10 

Moment of inert i a (t o tal) 3 . 23 s 1 ug - ft . 2 

Airfoi l section . A . C . A . 0018 

The pitch of the rotor blades was ad justable on the ground 
but was fixed at a conGt~nt va l ue wh ile the rotor was being 
brought up to speed and jumped . 

The tests were c o nduct ed in the return passage of the 
full - scale wind tunne l , whic~ provided an enclosed space 
about 50 fee t by 200 feet , 70 feet high . The apparatus 
used in the tests is shown d iagraIDBatically in fi gu re 5 . 
The model r ot or A suppo r t e d the oallast B; the rotor 
was driven by a 25- horsepower electric motor C through a 
pair of bevel gears inside the box D. A me ans was pro 
vided for rest r aining the roto r from rising until a catch 
was released by remo te manua l control . Cables E wero 
attached to the r otor and rOse ~ith it as it jumped; the 
cables passed o ve r pulleys nea r the roof and were wound 
upon the d r um F , which was a c tuated by the counterweight 
G. The diame t e r s of t~e drum F and the pulley to which 
the counte r we i ght was attached were in the rati o of 10 : 1 , 
so that negle c ting fr i ct i on the cable tension woula be 0 . 1 
time s the weight of the counte r \ eiGht . The drum F was 
restra in ed from r otation by a r atchet except in such a di
rectio n a s to wind up the cab l es E ; this device prevent
ed the mode l fr o m fallin g afte r the cOI!lpletion of a jump . 

- - - -- -- -----~-~ 

, : 
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A time history of the height of jump was obtain ed by 
attaching a cord to the bottom of the model an d recording 
the disp lacement of the cord, through a reduction mechan~ 
ism , on an N. A . C. A. control-position rec o rder faste ne d to 
tae frame that served as a base for the motor and d riving 
mechanism . The rotor speed during a jump was measured by 
p hoto grap hing the rotor with a motion- p icture came ra 
p laced beneath the r ot or with its lens axis vertical; time 
was recorded on each frame b y photographing simultaneously 
a s weep hand rotating at one revolution per second . The 
r e sult a nt time history of r o tor revolutions y ielded the 
rotor spee d and angular acceleration by t wo success i ve 
g r ap hica l differenti a t i ons . A typical ca me r a record is 
shown in fi gure 6 . Init i a l rotor speeds were, in add i tion, 
ob served on an electric tacho meter conne cte d to a mag neto 
driven by the shaft wh ich in turn rotated the model . 

The tests made wer e of such a scope as to provide in
formation on the effect of p itch ang le, initial rotor 
speed, and disk loading upon the he i ght of jump . Since it 
was necessary to maintai n a small tension in the cables E 
( f i g . 4 ), tests were also made at fixed values of the th r ee 
p ri mary v ariabl es but with varying amounts of c ab l e ten
sion, ~ rovid ed by c hang ing the we i gh t of the counte r weight 
G. T e~ts were mad e wi th pitch ang les of from 60 to 18 0 , 

with di s k loadings of fr o m 0 . 46 to 1 . 66 pounds pe r s quare 
foot , and wi th initial rotor spe eds of from 450 to 725 
r . p . m. The initial rot or speed was limited in s ome cases 
at large pitch angles because . the mo to r power was insuffi
cient to increase the sp e ed fu rther ; in o the r cases , the 
1 i Til i tin g rot or s pee d was t ha tat w h i c h the he i g h t of jump 
r eac h ed 20 feet to 25 f ee t , wh ich was c onsidered as hi g h 
as was desirable . 

Results 

The results of the mod e l tests are presented in tables 
I and II showing the ma ximum he i ght attained by the rotor 
as a function of the pi tch angle , disk loading, i n i tial 
rotor sp eed , and cable tension ; the cable tens ion Tc a s 
tabul a t ed is equa l to 0 . 1 times the counter 7e i ght . Table I 
i nc l udes all data take n without measuring the rotor sp ee d 
with the motion- p icture camera ; the dat a in table II were 
obt a in ed while the camera was being used . 

The fo r m into whi ch the data wer e transformed is illu s 
trated in fi~ures 7 and 8 , wh i ch sh ow, respectively, the 
curves of height and rotor r e volutions with the ir firs t 
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a nd se cond t i me de rivat iv es . 
pe r formed graph ica ll y . 

All differentiations were 

Th e camera data are p lotted in figure 9 in the form 
of 1 /0 aga i nst time, where 1/0 is chosen as the de 
pe ndent v a ria b l e because the slope of the resultant curve 
is a d irect measure of the rotor torque coefficient. Ta
ble III presents a comparison of the measured and calcu
lated v a lues of CQ• 

I n order to check the ana lysis, calculations of sev
e ral jumps were made employing th e constants of the mode l 
roto r . Sinc e the influence of the cable tension on the 
jumps was uncertain, the calculations were made for sever
a l model weigh ts equa l to and less than the a ctual model 
we ight as an app roximation of the influence of the cable 
tensio n . Th e results of these c alculati ons are presented 
in figures 10, 11, 1 2 , and 13. 

Precision 

The exper i mental cur v es of height against ti me were 
obtained with in l i mits of i002 foot at a g i ven time. The 
g raphic a l different i at ion of the resultant curve unfortu
nately depends to a larg e extent upon the f a iring of the 
he i gh t cur v e , sO that the v e rti c al-vel ocity curves may be " 
in error by as much as 11 foot p e r second . The records of 
rotor d isplaceme nt aga inst t i me could b e read to with in 
±2° o f angula r displacement; the a ngu,lar- vel o city curves , " 
because of g r a phical differentiation, a re less a c curate 
and pro bab ly a re i n error by a s much a s ±0 . 5 revolution 
p e r second . 

o the r so u r c e s 0 fer r 0 r in t 11 e e xp e rim e n tal w 0 r k ar e 
a l most negligi ble. Th e rotor pitch an g le was adjusted to 
within ±O . lo a t rest an d, since the rotor bl ad e section 
was symme trica l a nd was balanc ed a bout the qua rter-c h ord 
po int , the dynamic twist should h a ve been small . An y e r
ror in the remaining phys ic al constants of the model c an 
be neglecte d . 

DISC USS ION 

Th e introduct ion of ap~r o x i mations i nto the solution 
of the equation s for t 11 e ju~"~p take-o ff requires considera
tio n of the orrors int ro du c ed in order to estimate the 
validity of the final results . The two p rincipal approxi -
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mat ions used are that the torque coefficient CQ be inde

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

The data in f i gure s 1 and 2 demonstrate that the as
sumpt ion of.constant CQ is reasonable for the small er 

values of h/OR; in addition, figure 9 verifies the as
sump t ion e xp e rim e n tal l y for th e cas e 0 f () = O. 10 , sin c e 
the curves of 1/0 aga i nst t i me depar t but a small amount 
from straight lines. Figures 1 and 2 demonstrate that the 
greater the sol idity , the breater will be the departure of 
CQ from a constant value . However, considerations other 

than the jump take-off dictate that full - scale soliditie s 
will approach 0 . 05; for such solidities, the errors intro
duced by the assumption of constant CQ appear to be neg
ligible. 

The approximation to . r... in which all terms but the 
first of the binomial expansion of the radical were neg
lected, introducesan erro demonstrated in figures 3 and 
4 . I t will be see n t ha t the a p pro x i rna teA i sal way s a 1-
gebraically greater than the eAact A. This condition i s 
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 A 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 ground effect cannot be esti 
mated; the effect is undoubtedly important while the rotor 
is less than one diamete r from the g round, and the result 
ant change in A is 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 
serious error in the ana lysis. 

When applyinb the analysis, it is desirable to calcu
late the rotor speed from equation (12) as a functi on of 
time and to use this as a check on the he i g ht of rise . If 
the rotor spe e d drops to its normal value before the verti 
cal velocity is zero, the ~eight at th is time should be 
regarde d as the maximum attainable, rat l er t~an the height 
at which the vertic a l velocity i s zero with the rotor 
speed below normal. This con clusion follows "f rom the con-

J 
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s iderati on that the t r ansition to normal fli ght must not 
be hampered by the necessity to increase the rotor sp ee d , 
since such a requirement would pro bablY r esult in a momen
tary loss of height . 

Th e va l i dity o f the ana l ys i s is atte st ed by figures 
10, 11 , 12 , and 13 . Th e figures es tablish that the allow
an c e that sho u ld b e mad e for the cable tension is co nsid
e r ably les s tha. n the no Llinail. va lu. e of this variable, wh ich 
is a re a sonable result consid er ing the effects of friction 
and the acce l e ration of t h e cahle an d drum by the counter
ue i gh t . Fi g u res 10 an d 11 sho w cl ose ag r eemen t when the 
a llowa nce s for cable tension are 1 0 pounds a nd 1 5 pounds, 
r e spe ctively ; the nominal va l ues of the tensi on we re 12 . 5 
p ounds and 17 . 5 p ounds . The g e neral form of the height 
a nd vel oc ity c urv e s i n both figures agrees quite closely 
with expe rimen t . Fi g ur e s 1 2 and 13 illustrate the same 
p oints a s f i gure s 10 a nd 11 , exc ept that a smaller all o w
an c e for the same cabl e ten. si on results in ag r eemen t; the 
allowances ind ica t e d a re a pp roxima tely 3 pounds and 7 
pounds fo r the 12 . 5- p ound and 17. 5- pound c a bl e tension . 
Th es e v a lues a r e r a t he r small, and indic a t e that the anal 
ys is is not as exact a t a pitch an g le of 1 8 0 as at one of 
100 . 

I t will b e no t ed i n t a ble I II that the experiwcntal 
and calculated to r que coeffici e nt s di ffer b y an a p preciable 
amoun t . The ratio of the calculated to the exper i mental 
value is b e tween 0 . 8 1 a nd 0 . 86 ; the diffe ren c e b etween the 
mea sured and calcu lat ed torques at a p itch of 1 4 0 and a 
rotor spee d of 600 r . p . m. is 1 4 pound- feet . This v a lue is 
c o nsiderably g rea t e r tha n could be accounted fo r by bear
ing fr icti o n . The f a ct tha t t he to r que coe ff icie n t is in 
erro r at the same ti me that reas onab l e agreement is ob
tain ed on tho heigh t and velocity records indicates the 
e xistence of a co mpe nsating e rror. I t is considered pos 
sible that the source of this co mpensating error is the 
g round effe ct, wh ich would tend to incr ea se the thrust of 
the rotor whe n i t wa s n e a r the ground p l ane at no addi
tio n a l co st in torque . Another pos sibility is that the 
r o tor p itch a n gle increase d slightly because of the dynam
i c t wist of the rotor blades; while this twist should bo 
q 11 i t e sma 11, a t w i s t 0 f a PI) r 0 x i rna t 01 y l Ow au 1 d e xp 1 a in 
mo st o f the dis c repan ci e s between the to r que coefficients 
of table III. 

Becau se of t h e limita ti ons en countered during the 
mo d el t e sts , it is unlikely tha t the experimental results 

1 
j 
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obt ained will be direct ly applicable in design . They have 
served a useful purpose in attesting the validity of the 
mathematical analys is, wh ich can be used with more confi
dence than would have b ee n justified without experimenta l 
verification. 

The principal uses of the analysis will be: the pre
diction of the lower limits of the jump take-o ff for g iven 
values of the physi c a l constants of the rotor; the predic
tion of the effect of changes in the rotor to obtain higher 
j umps ; and the establi shment of the form of the he i ght and 
velocity curv e s for jumps at constant pitch anglos . 

Lang l ey Memorial Aeronautical Laboratory, 
National Adviso r y Committee for Aeronautics, 

Langley Field , Va., August 7, 19 36 . 
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Pitch Disk Initial Cable l4aximum Pi tch Disk angle loading r"otor speed tension height angle loading 
..JL 

(approx . ) W 

'!1Rs ~Ri 
8

0
, deg . Ib./eq.f t . No. r. p. m. Te. lb. ~x' ft. 80

, deg . Ib./sq.ft. 

6 0. 46 650 1?·5 22.6 10 ·76 6 .46 654 12·5 21.3 10 .76 
6 .46 654 7·5 15·S 10 .76 
6 .46 602 7·5 9.0 10 .76 
6 .46 602 7·5 9.~ 10 .76 
6 .76 724 12.5 7. 10 .76 
6 ·76 726 12·5 ~ . 9 10 .76 
6 .76 724 7·5 .2 10 .76 
6 .76 724 7·5 7·2 10 .76 
S .76 724 12·5 25.~ 10 .76 
S .76 700 12·5 22 . 10 .76 
B .76 700 12·5 22.6 10 .76 
S .76 ~oo 17·5 27·0 10 .76 
B .76 17·5 27.6 10 . 76 
S .76 6~~ 17·5 20·5 10 .76 
S .76 64S 17·5 20.8 10 .76 
8 .76 650 12·5 16.8 10 .76 
S ·76 650 12·5 17·9 10 .76 
S .76 ~9S 12 ·5 11.5 10 .76 
S ·76 02 12·5 11. 7 10 .76 
S .76 59S 7·5 S.S 10 1.06 
S .76 59S 7·5 S.S 10 1.06 
S 1.06 724 12.5 10.8 10 1.06 
8 .76 ~9S 17·5 14.7 10 1.06 
S .76 00 17·5 14.3 10 1. 06 
S ·76 550 17·5 8.2 10 1.06 
8 .76 550 17.5 S.O 10 1.06 
B ·76 5~2 12·5 4.2 10 1.06 
8 .76 5 9 12·5 5·6 10 1.06 
S .76 550 12.5 ~.5 10 1.06 
S .76 561 7·5 .S 10 1.06 
S ·76 5S0 7·5 6.s 10 1.06 
S .76 5SO 7·5 6.9 10 1.06 
S .76 5g8 7·5 4.6 10 1.06 
8 .76 5 1 7·5 5·0 10 1.06 
S 1.06 725 12.5 9.4 10 1.06 
S .46 549 17·5 37·7 10 1.06 
S .46 ~50 17·5 3S.2 10 1.06 
8 .46 17·5 26.3 10 1.06 
S . 46 4§~ 17·5 27.9 10 1.06 
8 .46 497 12 · 5 19.5 10 1.06 
S .46 

tt4
9 12·5 19·5 10 1.06 

S .46 I 

44
9 12·5 10·7 10 1.36 

S .46 
I 44§ 12·5 11.0 10 1.66 

8 . 46 17·5 16.6 10 1.66 
8 .46 451 17·5 17.4 10 1.66 

10 1.66 
10 1.66 

~---~. 

TABLE I 

Innial Cable llaximum 1'1 tch 
rotor speed tension height angle 

(approx . ) 

No. r. p. m To. lb. Hmax. ft. 80
, deg. 

550 17·5 17.~ 12 
552 17·5 17· 12 
552 12·5 1~.1 12 
~50 12·5 1 .0 12 
4

99 12·5 7·7 12 
4

99 12·5 7·7 12 
4

95 17·5 10.0 14 
4

97 17-5 10.0 14 
4

79 17·5 S.O 16 
4

79 17·5 1·7 16 
4t§ 

12·5 6.3 16 
12·5 6.2 16 

550 12·5 14.S IS 550 12·5 14.6 IS 550 17·5 19.0 IS 
~~ 17·5 lS·7 IS 

17·5 26.S IS 600 17·5 27.6 IS 600 12·5 23.4- IS 600 12·5 22.4 IS 700 12·5 16.~ IS 700 12·5 17· 18 700 17·5 19.8 18 
~oo 17.5 19·5 IS 
666 

17·5 15.6 IS 
17·5 9. 4 IS 603 17.5 9.4 IS 600 12·5 7·9 IS 

59S 12·5 S.2 IS 
5~0 17·5 4.5 IS 
~56 17·5 4.6 IS 

12·5 3·3 IS 
550 12·5 3.S IS 
g50 12·5 3·7 18 

52 12·5 12.0 
650 12.5 12.0 
652 17·5 14.6 
650 17.5 14.3 
700 17 ·5 19·0 
700 17·5 19·5 
700 12·5 17·3 700 12·5 17.7 
700 12·5 7.~ 735 12·5 

j :9 700 12·5 
700 12·5 ~.7 700 17 · 5 .2 
702 17.5 4.5 

Disk Ini t iel 
loading rotor speed 

17 
~Ri 

Ib./sq.ft. No' r. p. m 

1.66 
~~ 1.66 

1.66 69S 
1.66 696 
1.66 693 
1.66 695 
1.66 6S7 
1.66 693 
1.66 700 
1.66 ~02 1.66 4s 
1.66 650 
1.66 6~5 1.66 6 8 
1.66 600 
1.66 ~66 1.66 
1.66 600 
1.66 550 
1.66 550 
1.66 550 
1.66 555 
1.66 550 
1.36 5~0 1·36 5 3 
1.36 550 
1.36 ~~ 1.36 
1.36 600 
1.36 500 
1.36 500 
1·36 500 
1.36 ~oo 1.36 91 

Cable 
tension 

(approx. ) 

Te' lb. 

17·5 
17·5 
12·5 
12·5 
17·5 
17·5 
17 ·5 
17·5 
17 ·5 
17·5 
17·5 
17·5 
17 ·5 
17.5 
17.5 
17·5 
12.5 
12·5 
12·5 
12·5 
17.5 
17·5 
17·5 
17·5 
17·5 
12·5 
12·5 
17 · 5 
17·5 
17·5 
17·5 
12·5 
12·5 
12.5 

lIaxilllUDl 
height 

~. ft . 

S.2 
S.4 
7·0 
7.0 
7·9 
7.9 

10.2 
10.0 
13·0 
12.S 
9·5 
9·7 

11.5 
11.0 
7'4 
~:9 
7·1 
3·3 
3.2 
~.5 .2 
3·8 
9. 0 
S.2 
S.2 
7.4 

13.S 
l~.S 

.6 
4.4 
~.5 .0 
3. 4 
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TAB LE II 

--~~!~~- --:~!If::---[,-:-:E~t-~~~~:T~!f~tf~;: --M~:~;~f--- -
nR 2 

~~~-~:~~ -~~~~.~~~~~~l--~~-~-~~~~~.~- --=-~~-~~~-- -~~~~~-~~:..--
10 1 . 36 700 17 . 5 9 . 2 
10 1 . 36 650 17 . 5 6 . 3 
10 1 . 36 600 17 . 5 2 . 6 
10 1.66 700 17 . 5 4 . 5 
10 1 . 66 700 17 . 5 4 . 2 
14 1 . 36 650 17 . 5 14 . 6 
14 1.36 600 17 . 5 9 . 9 
14 1 . 36 599 17 . 5 9 . 5 
14 1 . 36 549 17 . 5 5 . 0 
14 1 . 36 550 17 . 5 5 . 2 
1 4 1.66 647 17 . 5 7 . 0 
1 4 1 . 66 599 17 . 5 4 . 0 
14 1.66 600 17 . 5 5 . 0 
1 4 1.66 600 17 . 5 4 . 8 
14 1.66 650 17 . 5 7 . 9 
18 1.06 500 17 . 5 11 . 0 
18 1.06 500 17.5 11 . 3 
18 1 . 06 550 17 . 5 17.7 
18 1.06 550 17 . 5 16 . 6 
18 1.36 550 17 . 5 9 . 2 
18 1.36 550 17 . 5 9 . 2 
18 1.36 497 17 . 5 5 . 0 
18 1.36 500 17 . 5 3 . B 
18 1.36 600 17 . 5 1 3 . 5 
18 1.36 600 17 . 5 1 4 . 0 
18 1.66 550 17 . 5 4 . 1 
18 1 . 66 , 550 I 17 . 5 3 . 8 
18 1 . 66 597 I 17 . 5 7 . 7 

___ ~~ ___ 1 ___ ~~~! ____ 1___ i~! ______ l ___ ~~~~ ____ l ___ ~~~! ______ _ 
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TABLE III ------------- ------~-------l------------ --

P i tch ang l e ~~Q) . Meas . Ca lc. 

dt 

8 , deg . ~~~~~~~~ C
Q 

---~~~-------t---~~~~;;;--- --~~~~~~;;~---
I 

- 0 . 00058 7 

1 4 . 008 1 2 -. 001 1 22 -. 0009 6 9 

1 8 • 0 12 7 3 - • 00 1 7 60 - • 00 1 4 60 
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Vertica l 
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Figure 4 .- Calcula t ed a xi a l-flow co.: ffi d c:'l t A a s a f unction of the 
verti cal vel ocity r a ti o ~/nR f ur several :pitch angl 0s
exact and appr oxi na t e solutio::1s . (J = 0 . 10 . 
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Start-

Figure 6.- Sample test record of rotor displacement, 
speed, and acceleration against time. 
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