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VERTICAL DESCENT OF THE AUTOGIRO* . .

By J. A, J. Bennett ‘ .
I. SUMMARY

Heretofore it has been tacitly understood that the
blade of the autogiro is essentially a windmill. The pur-
pose of this report is to show that only part of the sys-
tem of rotating blades really is in the "windmill decel-
erating attitude" when the profile drag 1s sufficiently
low, This particular part receives more torque from the
air loads than can be absorbed by the profile drag. As a

esult thereof the rotating autogiro blade, when its
torque is zero, is in part a propeller which functions in
the “annular vortex attltude.

\\.o-ée‘ S ;) 59*4

Wlthln this ettltude and in the bordering part of
twindmill decclerating attitude" the vortex theory of pro-
pellers is inapplicable. But Glauert** and Lock *** have
doefined the characteristic curve in reolation to two non-
dimensional porametecrs f and F from the data of pro-
pellor experiments in the range where the vortex theory
is no longer tenable,

II., INTRODUCTION

" In the vortex theory of the propellers it is shown
that the field of velocity, defined by the annular ambit of
radii r and r 4+ dr and by two planes sufficiently close

*"Jber den senkrechten Abstieg eines Autogiro." Zeit-
schrift fur Flugtechnik und Motorluftschiffahrt, April 28,
1932, ppe 219-222.

**#Glauvert, H.: The Analysis of Experlmentml Results in
the Windmill Brake and Vortex Ring States of an Airscrew,
R. & . No. 1026, British A,R.C., 1825.

**%*%T0ck, C. s He, Bateman, H,, and Townend, H. Cse BEet An
Extension of the Vortex Theory of Airgcrews with Applica-
tions to Airscrews of Small Pitch, Including Bxperimental
Results. BRB. & M, ¥o, 1014, British A,R.C., 1926

t
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before and behind the propeller.circle, is perfectly re-
solved by the angular velocity @ of the propeller, (as-
suming the rotation in the inflowing slipstream to be
zero), and by the mean axial wvelocity component vg Trel-
ative to the propeller circle through the respective cir--
cular surface, {iThis approximation is fulfilled gquite
closely, excepting the immediate vicinity of the tips,.'
These gquantities likewise reveal the resultant forces on
the wing elements, and for thal reason it is also possi-
ble to coumpute the 1ifting force d4dH and the torque dM,
expressed in w and v, from the ‘wind tunnel data for a
blade section with respect to infinite aspect ratio for
each. blaae element of radius T,

In order to express the process on a propeller math-
¢matically it is necessary to establish a relationship be-
tween quantity vy, at different radii and forward speed
v of the propeller, a relation naturally strictly valid
in the entire velocity field around the propeller. Ac-
cording to the theory of the vortex fields, the annular
particles consisting of air particles which have passed
the propeller circle between »r and ¢ 4+ dr, remain the

sane even after jet contraction in the eddy zone, where
the jet vecomes cylindrical again, and the pressure drops
to that of the free air. Consequently, v,/v depends
solely on the 1ift coefficient F relative to . vg:

(ag/dr) /(4 m P v2r).

Conformably to. the theory on vortex fields the relation
between vy/v and F assumes the simple form of

%@ﬁ“ vo/v =1 - F.

This relation retains its validity so long as a nor-
mal jet development is possible, It is shown to be in-~
valid for sufficiently low v, (positive or negative).

But in this range the relatlon for the axial inflow (ac-
cording to the theory of vortex fields) is reestablished
by an empiricism, obtained by mathematically expressing

the test ‘data on model propellers. (See Lock and Glauert -~
footnotes, page 1.) This empirical relation, shown in
Tigure 1, ipterconnects the variables 1/F and 1/f,
whereby the dependent variable f is defined as

(aB/dr) /(4 w P v®. 1) = ﬂ#aa/vz) T
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cthus, £ and E ard ELEL coeffic1ents of an element rel-

at%ve to; v and va. _ S

With 1/f = 0 (according to figs l), the steady con-

dition v = O. is attained, Wna?eas. l/F tends toward a
finito limiting value Which Yanges boetwoen 1,0 (vortex the-
ory) and 2,0 /Clauer§ empirical value).. Fhen 1/F ox-
cocds this’ limit, fé* and v rotmln the same prefix; the
"W agrmal ‘running’ wttitude" ¢ reacheodi  If 1/F drops, Vo
and v assume the comtrary prafix, .the: "annular vortex
attitude" is ohtained wp 4o - 1/F .= 03 .:in this point Vo =
Q and 1/f assumes a definite 11m1t1ng value (— 240
accordlug to Glauert aAd‘Lock) : ST

‘If l/f exceeds thls 11m1t it réSuFts in Va/V < 1,
the "windmill decelerating atbltude." o

III. NOTATION

Vo speed of descent of autoglro.

'W, induced velocity on blade elemént of
‘ lengthl &ry - .7 -
T, radius of bIadegelemeﬂtﬁ

R, rading of blade tips.

n, number of blades, = :

t, chord of blade, assumed constant from

root to tips

Qg s blade angle, also assumed édnstanb,
counted from zero 1ift setting. - '

tys»  angle of attack of a blade element
counted from zero 1lift setting,

8, ‘((Io - @g)

W, angular velocity of blade,

s, Wfineness! = blade area _ (n %)

blade disk area (mm R)
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P, air density (= 0,125 "Newton"/m3 or kg s2/m*).

Cas 1ift coefficient, with a view %o the two-dimen~
sional flow at angle ags - ‘

Cw s drag coefficient to Cg.

Cwm, - mean value for CW‘ between a°;=,0"and do =
Go max (0 max = angle at which the dlade is
stalled i.e., about 9% or 0,16 radian for
Gottlngen Wlng sectlon No. 429)

H, 11ft1ng force almng axis of rotor = total
Welght of autogmro by constaat speed of de-
scent.,

dH, lifting forcé, due to the =n blade elements
of radius r. ‘

a, torque set up by fhe' n blade elenments of
radius T,

F and £ are defined by

aEfdr = 4T P (vg - W) F (1)
dH/dr = 4 Mz P vy2 £ (@)
X, r/R.
i, blade disk area loading = E/(m B®).

¢,y * Cal(2 qp) = 3.0 (assumed).

x1, (vo/wR)®/(cy o ag/?).

B, (8T ag)/(ey o).

Y, B/RRWay) = 4/3/(R ¢y 0 W)
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.. IV. THE TYPICAL CURVE "

Glauvert's data for the empirical part are:

1/F 0 0.26 0.5 0,75 1.0
- 12 00  2.87 ‘B.17  B.41 3,63

"'The ensuing curve ié‘lﬁ”féirly close accord with the
experimental values, when making allowance for the wind-
tunnel effect.

The ambit in which the autogiro biade functions in
vertical descent is: l/P < l. The relation between f
and ¥ 1is now expressed by a simpie formula. One satis-
factory epproximation to Glauert's curve is;

(1 - 2£)® = 3 £/ 7,
but for the purpose at hand
(1 - 2£)% ='8 (£/F)? (3)

is accurate enough. The straights obtalned by this
(3) are shown in Figure 1, )

V. THE BLADE ELEMENT

Disregarding the tangential component of the inter-
ference flow, the wind velocity relative to the blade el-
ement has the componeiits:

I. wr perpendicular to the axis of rotatlon and
to the blade element dr.

11, (v, - W) perpendicular to the plane of rotation.

The velocity components and the directibﬁ of 1ift and
drag, in Figure 2, are for positive &, that is, when the
resvltant axial flow through the blade circle is upward.
If 8 4is small, then

Vo ~W=d Wy, (4)
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In the following calcnlation the stall of the blade
toward the root was disregarded as practiced by Glausert#,
so that the 1ift and drag coefficients can be obtained
from ‘ - R .

ga, = 2'{31 Ug . (5)

Cw = Cynm . - (6)

The 1ifting force and the torque of a blade element.
are given by : ‘ . S

AH =n t P W2 r2 Ca dr/2 L ("

I

i = 0.t .0 W2 r3 (Cy =8 Cp) dr/z (8)

VI, DISTRIBUTION OF INDUCED VELOCITY ALONG THE BLADE

Equations (1) and'(z) yield:
£/F = (vgq = W)2/vo®
and:équation (3)
' 2f = 1 - /B (vo = M [veZ,

when vy > W, that is, when the blade functions in the
"windmill decelerating attitude," and

when v, < W, that is, when the blade element @unctions
in the "annular vortex attitude."

Inserted in (2), this attains to
dg/ar = 2 mr P (v,? -/ (v, - M?) (9)
when wvo > w3 and
qHfar = 21w T P vz +J8 (W = vo)®) (10)

when Vg < We

No., 1111, British A,R.C., 192G,
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Putting .05 = agv+,8 (6) and (7). result in -
dH/dr = cl n t P wa r2 (aa + 6) | _(lijé
With 0 =n t/(n r),. (9) and (11) yielé
2 nA/Z (vot— w)3 = c1 w R o (w ag r + voi- w)/2
fér Vo > w, Withf"* : ‘“ ‘ _ﬁzAfj L : ﬁﬁ%l
| B = avfs ag/(c1 6), ¥ = 4./5/(cy RO W,
x, = (vo/w R) /Cr o ag\ x'=r/R, we have:

Y?.(vo -w)? +2Y (vo- W) =B (x1~x), vy'> w (12)

and similarly:

o

VP n - ve)® 42V (W) =B (x-m), Yo<w  (13)

From (12) and (13) follow:

1

_ _B
dw/dx = =55 7 o = W) + 1

!
Ii

positive, wvg > ﬁ“

(14)

it
i

dw/dx g 1 positive, vo <'W

2Y Y (w - vg) +1

That is, W dincreases and (vo = W) and § decrease: as
X increases along the blade length.

From (12) and (13) follows:

v (vowﬁ-w).; = 1 +~/1 +.B (x1~~ ﬁ)' VQ:?MY_ (15)

Y (w-v) == 14/TFP (x=x1), vo<w (16)

The prefix of the roots in both equat1ons was S0 cho-~
sen that (14) is complied with,

The blade element functions inffhe'“Wiﬁdmill“déceler~
ating attitude" when X < x3; if x > x;, the "annular
vortex state" is reached When v, = w, then =x1 = X,

In tne case of xl < 1 the streamlihe pattern is as



8 ¥.A.C.&. Technical Memorandum No. 673

in PFigure 3. fhe air partlcles reverse at the blade tips
and describe a closed path about the tip cirele. "It is to
be assumed therefore (see Lock ~ footnote, page 1) that
the zone outside of the blade circls is in a state of tur-
bulence and thabt.the flow intermingles, according to the
Tollmien jet mingling theory (Zeitschrift far angewandte
ilathematilk: und Mechanlk 6, 1926), conformably to which the
momentum transport is explalaed as motion .of the "molecu~
lar" particles, In the presence of such turbulence, only

that part of the streamline having already passed the cir«
cle will return,

VII. ZERO CONDITION FOR - THE TORQUE
By uniform motion the torque must become zero. Thus
(8) yields
R
S nt P w e (Cy - 8 Cy) dr/2 (17)
0 .
In the case of x; > 1, this equation changes be-
cause of the insertion of the values for Og, Cp and )
from (4), (5), and (6), to '

Cym B g B o R 3 2
- 28 VW) x2 AX ot e VoW x dx 18
4 ¢y ' 0.) { ( © ) ’ w2 .cf) ( ° ) (18)

Substituting (12) and (15)" for (v4 - W) and (v4 -
w)*, followed by integration, affords

P 4 '
105 Owm B* _ jo5 g% (%2 . L4 ...> 81+ )% (6 - B x)
16 ¢4 C&gz 2 |

/ . .
-8(1 - B + s,st @ m® + 26w 5 pm
+2p 98-8, x>1. (19)

If'lxl < 1, oquation-(l?) attains to

Cym R* ngwR f (vo_w)xa dx - ﬁgmgm f (w—vo)xa dx

4 gy

) 2 ’ : ’
+ %% J I'(vo--w)g x dx + %3 I (w-v)° x dx (20)
o . %
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‘The replacement of (vq - W), ¢w~s‘v5y, {vy < #)¥,
(w - vo)a by. equations (18); (18), (12) and (18), respecw-
tively, prcduces when‘integrate& s et | ,

105 @ 4 ',,««; el
16 ¥ [2 agwgm ' 2"5 (1 = xl)],"

= (6 95 15 5 55 X3 ~,- 5 xluﬁ xla) (1+B 6 x1)3/2~;

+

+28 B x1+.~.<@ %1 ~6) (1~+a m) o <.11 o (21)
VIII. LIFTING FORCE .

" FTor =x; >.1, the integration of (9), together with
(15) or (12) substltuted for  (vg = W) . and (vq ~ w)* "
concedes the liftlng ﬁorce. Thus, PEEE Ty
' s/2

JEEYE - (
=
;”(3+5B+36 K1¥‘(1~B+ﬁﬁ&z)3/2], x, > 1 (22)

Tor X < 1, equations (9) and (10) furnish

I o (rg e [ETwemm] dx+/ Evo /B )] x
21PR° 0

Then the substituﬁlon fram 512), (13), (15) and (16),
followed by 1ntegration manlfests : , ;

JE BN NS TR ¢y 2
2 b BE ‘(ﬁ | 15?35 : 2

+ gwgg [z(1+g“x1)% 3+«2 aeuaﬁ Xra (1+s 5 2y ]‘

G Tere LT P Xy < 1 - (23)
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IX NUMERIGAL SOLUTIONS 7

[

Equations (19) and (21) afford X1 as function of
the three fundamental quantities ag, 0 and GWm. The def~
inition of these individual valiies corncedes.by graphical
solution =x; from either (19) or (21), according to
whether x; > 1 or .x; < 1. The thus obtained values for
xy  are written in (22) or (23), wherefrom the correspondu

ing values for WR : are obtained, (i = loading
of blade dlsk area (* H/(ﬂ ). © To .make the results
more comprehensive, we put i = 9,76 kg/m? = 2 1b./sq.ft,

The distribution of. the induced -wvelocity can be com-
puted from (15) or (16) and the values for v,, after
defining =x,, from

Vo/(‘JJ R) = (01 0 ag x1/2)"2.

Pables I, II, and 111 show the effect of the change
in finseness, proflle drag and blade angle. The results
are graphed in Flbures 4, B, and 64 oo

X. SINXKING SPEED

The above calculation affords an explanation for the
great parachute action of the autogiro, which means the
ratio of drag coefficient (referred to blade disk area:

2 B/(w B P vog)) to the drag coefficient of the imperms—~
able annular disk, - If this ratio became greater than 1,
it was followed by difficulties up to now, 1In fact, a
previous report on propellers with low pitch* drew the
conclusion that the drag of a propeller which rotated
without torque, cannot exceed the drag of an impermeable
annular disk, This conclusion, however, was subsequent-
1y computed by experimental tests., (R. & K. No, 1014 -
footnote, page 1.¥ 'The drag coefficient of an impermea-
ble circular disk in free air is approximately 1.2 and,
according to Glauert (R, & M., No, 1111 - footnote, page
6) the maximum value of an autogiro is 2.0. The latter
figure rests on the assumption that the mean value of £

*Lock, C, N. Ho, and Bateman, H.: Some Experiments on
Airscrews at Zero Torque, with Applications to a Helicop-—
ter Descending with Engine "Off" and to the Design of
Windmills, R. & li, Ho. 885, British A,R.C., 1923,
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over the entire disk area must be lower than 0,5 (see fig,
1), i.,e., that on an average the velocity through the disk
must be upward,

It is readily apparent that the mean velocity thrdugh
the disk is mostly zero and that the maximum (2H/(mR® P
ve2) = 2,0) is practically almost reached, because the
evaluation of section IX reveals the value for BH/(WREPVOQ)
between 1,72 and 1,985 for o = 0.07, ay = 4° and Oy =

0,01 it becomes 1,86. Because of the semi-empirical char-
acter of this assumption, upon which the present theory

was built up, it does not preclude still higher parachute
actions, but rather that the 1limit lies at around 1.7 (i.e.,
2H/(m R® P ve2) = 2,0) conformably to the test data ob-
tainable at the present time, ‘

It is perhaps superfluous to add that the steady lim-
- iting speed in vertical descent lies above the minimum at
which an oblique landing with stopped engine can be ef-
fected, The theory of this kind of lagnding forms the sub-
Ject of a further investigation,

The writer expresses his appreciation to Senor de la
.Cierva and to Professor Prandtl for their support in the
drafting of this article.

Translation by J« Vanier,
Wational Advisory Committee
for Aeronautics,
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TABLE I. INFLUEHCE OF FINENESS

g 0
. (I.g = 47 = 0,07; Cwm = 0,01
| o= 0,05 o= 0,07 o = 0,10

B 6.46 4,62 .23

%, 0.98 0,95 0,93

v, 9,32 9,20 9,15

wR 130 3 1.0.2 92.4

YoR| 46,2 33,0 , 23,1

x |(vo-w)|10°8 |20% 0| (vom|10%8,|30%as | (vo-%13.0%8 |10% 0,
0.0 | 4,81 e o 4,42 o o 3,59 | o | o
0.2 | 4,21 | 158} 228 | 3,75 170 | 240 | 3.32| 180{ 250
0.4 | 3,32 64| 134 | 8,94 67 | 137 | 2,60| 70| 140
048 | 2042 311 101 | 2.07| 31 | 101 | 1.76| ©2]| 102
0.8 | 1,32 13| 83 | 1,00| 11 8L | 0,76| 10| 80
1,0 0,17 ~1| 69 [~0.,37| -3 67 {~0.,44| 5| 65

TARBLE II, INFLUENCE OF PROFILE DRAG
ag = 4° = 0.,07; o = 0,07
Cym = O | Cwm = 0,01 Cuwm = 0402

8 4,62 4,62

X, 0,69 " 1.18

Vo 8.86 See Table I 9,51

wR 125 - 102

YR 33,0 3340

x (vo-w) 11038 | 103%0a0 R (vo—-w) 10$8r10?ao“"
0,0] 3.96 e o T 4.7 w | ®
0.2] 3.05 123 | 193 * 4,20 | 208| 276
O.4] 2,01 | 40| 110 5.57 87| 157
0.8] 0,73 10 80 2,84 47| 117
0.81-0,87 -9 61 2,04 25| 95
1.,0-2,12 ~17 53 1,07 11| 81
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TABLE III, INYLUENCE OF BLADE ANGLE

Cygm = 0.013 o = 0,07

ag = 0,035 Qg = 0407 ag = 0,105
2,51 6493
1,43 0.84
9.54 See Table I 9420
132 95,5
35.0 33,0
(vo-w) | 1038 |10%q, (vo-w) | 1035 |10%ae
4,33 » | o 4.66 . -
3.84 | 146 | 181 3.84 | 202 | 307
3,35 64 | 99 2,93 76 | 181
2.84 36 | 71 1,83 32 | 137
2.28 | =22 57 0.375 5| 110
1.65 12 | 47 ~1.30 | -14 | o1
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