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AERONAUTICAL SYMBOLS 
1. FUNDAMENTAL AND DERIVED UNITS 

Length ____ _ 
Time ______ _ 
Force _____ _ 

Symbol 

l 
t 
F 

Metric 

Unit 

meter ___________________ _ 
second __________________ _ 
weight of one kilogram ____ _ 

Symbol 

m 
sec 
kg 

English 

Unit Symbol 

foot (or mile) _________ ft . (or mi.) 
second (or hour) _______ sec. (or hr.) 
weight of one pound lb. 

PoweL_____ P kg/m/sec ___________________________ horsepoweL __ ________ HP. 
S d {km/hr ------------------- ---------- mi./hL _______________ M. P. H. 

pee ------ ---------- m/sec ______________________________ ft./sec ________________ f. p. B. 

2. GENERAL SYMBOLS, ETC. 

W, Weight, =mg 
g, Standard acceleration of gravity = 9.80665 

m/sec.2 = 32.1740 ft. /sec. 2 

m Mass = W , 'g 
p, Density (mass per unit volume). 
Standard density of dry air, 0.12497 (kg-m-4 

sec.2 ) at 15° C and 760 lnm=0.002378 (lb.
ft.-4 sec.2). 

Specific weight of "standard" air, 1.2255 
kg/m3 = 0.07651 lb./ft.s 

mk2, Moment of inertia (indicate 8...>:is of the 
radius of gyration, k, by proper sub
script). 

S, Area. 
Sw, Wing area, etc. 
G, Gap. 
b, Span. 
c, Chord length. 
b/c, Aspect ratio. 
1, Distance from c. g. to elevator hinge. 
J.L, Coefficient of viscosity. 

3. AERODYNAMICAL SYMBOLS 

V, True air speed. 

q, Dynamic (or impact) pressure=i p"j72 

L, Lift, absolute coefficient OL= :s 
D, Drag, absolute coefficient OD= DS . q 
0, Cross - wind force, a b sol ute coefficient 

o 
OC=qS 

R, Resultant force. (Note that these coeffi
cients are twice as large as the old co
efficients Le, Dc.) 

iw Angle of setting of wings (relative to thrust 
I line). 

it, Angle of stabilizer setting with reference to 
thrust line. 

"I, Dihedral angle. 
Vl Reynolds Number where l is a linear 

P P:' dimension. 
e. g., for a model airfoil 3 in. chord, 100 

mi./hr. normal pressure, 0° C: 255,000 
and at 15° C., 230,000; 

or for a model of 10 cm chord 40 m/sec, 
corresponding numbers are 299,000 
and 270,000. 

Op, Center of pressure coefficient (ratio of 
distance of O. P. from leading edge to 
chord length). 

{3, Angle of stabilizer setting with reference 
to lower wing, = (it - iw). 

a, Angle of attack. 
E, Angle of downwash. 
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REPORT No. 273 

WIND TUNNEL TESTS ON AUTOROTATION AND THE " FLAT SPIN " 
By MONTGOMERY KNIGHT 

SUMMARY 

The jollowing report deals with the autorotational characteristics oj certain diiJe1'ing wing 
systems as determined jrom wind tunnel tests made at the Langley Memorial Aeronautical Labora
tory. The investigation was confined to autorotation about a fixed axis in the plane oj symmetry 
and parallel to the wind direction. Analysis oj the tests leads to the jollowing conclusions: 

Autorotation below 30° angle oj attac7c is governed chiefly by wing profile, and above that angle 
by wing arrangement. 

The strip method oj autorotation analysis gives uncertain results between maximum OL and 35°. 
The polar curve oj a wing system, and to a lower degree oj accuracy the polar oj a complete 

airplane model are sufficient jor direct determination of the limits oj rotary instability, subject to 
strip method limitations. 

The results oj the investigation indicate that in jree flight a monoplane is incapable oj flat 
spinning, whereas an unstaggered biplane has inherent flat-spinning tendencies. 

The difficulty oj maintaining equilibrium in stalled flight is due primarily to rotary instability, 
a rapid change jrom stability to instability occurring as the angle oj maximum lift is exceeded. 

INTRODUCTION 

Autorotation may be explained by a consideration of the torques brought into play by the 
rotation of a wing or combination of wings about an axis in the plane of symmetry and parallel 
to the wind direction. This phenomenon is recognized as a vital factor in the "spin" of an 
airplane. 

The so-called "flat spin" may be defined as a spin in which the longitudinal axis of the 
airplane is more nearly horizontal than vertical in contradistinction to the "normal spin" in 
which the reverse is true. The flat spin is a characteristic of certain unstaggered biplanes, 
notably the British B. A. T. Bantam and Short Springbo7c, and the American Boeing NB-l. 
This type of :spin is considered dangerous owing to the difficulty of returning to normal flight, 
and means of insuring against its occurrence are being sought. 

Autorotation has been studied for several years with the aid of wind tunnel rotationlll 
experiments and mathematical analyses based on force tests. Spinning tests of airplanes in 
free flight have also been made, and the e have been supplemented by tests upon light models 
dropped from a height. 

The present investigation was instituted for 'a further study of autorotation with emphasis 
laid upon the flat spin. Three airfoils of widely differing characteristics were tested as mono
planes, and tests were also made on an unstaggered biplane cell. 

The experiments, which consisted of both force and rotation tests from zero lift to 90° 
angle of attack, were conducted in the 5-foot, circular-throat, atmospheric wind tunnel (Refer
ence 1) of the Langley Memorial Aeronautical Laboratory. 

3 
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In this report three terms are used with reference to rotation about a fixed axis in the plane 
of symmetry and parallel to the wind direction. They are defined as follows: 

1. " table autol'otation" signifie a state of equilibrium in autorotation to which the 

FIG. I.-Biplane mounted on autorotation apparatus 

model retmn whenever distmbed 
therefrom. 

2. "Unstable autorotation" 
ignifie a state of equilibrium in 

autorotation uch that a small 
di tmbarice aiding the rotation 
cau es table autorotation, while 
an oppo ing disturbance brings 
the model to rest. 

3. "Ro tary ins tabili ty" sig
nifies a state of equilibrium in 
rectilinear motion such that a 
m~ rotary distmbance causes 
table autorotation. 

APP ARATUS AND TESTS 

Three aU'foil profiles were 
used in the tests. These were 
G6ttingen 387-FB (flat bottom), 
R. A. F. 15, and . A. O. A.-M1. 
Rectangular wings, 5 by 30 inches 
in plan, having these profiles were 
te ted as monoplanes. An unstag

gered biplane cell of G6ttingen 3 7-FB profile wa,g also tested. 
The autorotation apparatus, illustrated in Figures 1 and 2, consisted of a barrel containing 

ball bearings supporting a'shaft 
upon which the models were 
mounted as shown. A simple 
screw adj ustment permitted 
locking of the model at any 
desired angle of attack. A 
reduction gear and electrical 
contact at the down-wind end 
of the barrel operated a light 
outside the tunnel for deter
mining rates of rotation. 

The average rates of rota
tion in opposite directions for 
a given mean angle of attack 
am gave the re nIts presented 
below. The limits ofrotary in
stability were obtained merely 
by noting the angle of attack 
between which stable autoro
tation was induced when the 
model was disturbed slightly 
from re t. 

The force tests were made 
FIG. 2.-~ronoplane mounted on autorotation apparatus 

on the regular wire balance of the tunnel (Reference 1). Lift and drag were measured from 
approximately zero lift to 90° angle of attack. The biplane drag coefficients are corrected for 
strut drag. 
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All tests were run at a dynamic pressure of 20.2 kg/m2 (4.13 lb./sq. ft.), representing an 
average air speed of 18 m/s (40 .3 M . P. H.), and an average Reynolds Iumber of 153,000. 

Rates of rotation were checked to within ± 1 per cent. Limits of rotary instability may 
be relied upon to ± 1 ° and angles of attack to ± 0.10. The lift and drag data are accurate to 
± 1.5 per cent. The dynamic pressure showed a maximum variation of ± 0.5 per cent. 

RESULTS 

TESTS 

The results of the autorotation tests may be found in Tables I-IV and Figures 3-7, inclusive. 
Rates of stable autorotation are plotted against mean angles of attack in the curves. Rates 
of rotation are expressed nondimensionally in terms of the linear and angular velocities u and p, • 
respectively, as 

where b = span. This expression is merely the ratio of the wing tip speed to forward speed, 
and is analogous to the tangent of the effective helix angle of a propeller tip. 

Force test results are given in Tables V-VIII and Figures 8-12. Lift and drag are 
plotted against one another in the polar curves, the customary absolute coefficients being used. 

where Land D are the lift and drag, respectively, S the area, and q the test dynamic pressure 

(q = ~ p P, where p = density, V = air speed) all in consistent units. 

No corrections are made for tunnel wall effects, and hence these results are not" free air" 
data for the models tested. 

AUTOROTATION CALCULATIONS 

The strip method as applied to the analysis of autorotation con ists in treating individual 
wing elements. (parallel to the plane of symmetry) separately, and computing the torque due 
to each on the basis of their helical motions. Summation then gives the resultant torque for 
the entire wing which must be zero for the condition of stable autorotation. Ordinary foree 
tests carried to high angles of attack (assuming uniform distribution of resultant force across 
the span) furnish the data for these computations. In the present work no account is taken of 
the modification of force distribution by the tip form of the model, by centrifugal force and 
scale effect due to rotation, or by the tunnel walls. Tllis is the usual practice, but as demon
strated later, these factors are by no means negligible under certain conditions. 

The customary analysis, first made by Glauert, utilizes the curves of lift and drag against 
angle of attack. (References 2, 3, 4, and 5.) However, the work done at this laboratory has 
shown that the polar curve furnishes a simpler basis for the analysis. In addition, the polar 
itself is a means for the direct determination of the limit of rotary instability, subject to the 
same limitations as the strip method. 

Expressions 'for torque and force coefficients in rotation and the corresponding criterion for 
rotary instability are derived on the basis of resultant force in the Appendix. The criterion is 

d(OR) <0 
da 

where OR is the absolute coefficient of resultant force, and a, the angle of attack of the wing. 
This criterion is an approxinlation but, for all practical purpos~sl it gives the sa.m~ results as 
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Glauert's exact expres ion. (See AppendL"X.) Both criteria are subject to strip method 
limitations. 

The new criterion makes the polar a sufficient means of determining the ranges of rotary 
instability, since the relation ignifie a decreasing resultant force with increasing angle of 
attack. For this purpose it is e sential that the true polar (equal ordinates and abscissas) 
be used . The limits of instability may be found merely by noting the angles of attack at which 

1.4 _ St~ble lauttot~i'O~ / r---~l/ 
- - --:...Unsiable" .1 / 
---E---Roiary instabilily(Exp.) 

I .. " --c-" "(Calc.) J-/---,If--+--J---t--t---+--t--t--t---l 
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\ : I -- I I /'" I 
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1/ \< : c l 
1 II I [ 1 xJ. x 
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FlO. 3.-.\tltorotation test on Ooltingen 387-1<'B biplane (5 by 30 inches), G/c=l, stagger=O, q=20.2 kg/m2, Rey
nolds o. = 155,000 

the polar curve is perpendicular to a line drawn from the origin. The relative degree of stability 

. bili' . 1 ( ). . d' d hl b dOR ( fi 15) or III ta ty at varIOUS ang es am IS III lcate roug y y CO am da . ee g. . 

The calculated ranges of rotary in tability are includcd in Figures 3-6 and 8-11 for COlll

p arison with the experimental result. 
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-c- " ' " (Calc.) 
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I 

If ~c....., : / 
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10>- - £- -~ 

I 
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I I 
I 
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I I 

I I I 

r- - - £--1-->1 

I I I ..--)--. I I 

rJlc- l : 
I ~ I 
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x r I If 
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FIG. 4.-0ottingen 387-FB monoplane (5 by 
30 inches), q=2O.2 kg/m2, Reynolds No. = 
153,000 

d m 
FIG. 5.-R. A. F. 15 monoplane (5 by 30 

inches), Q=2O.2 kg/ml, Reynolds No. =152,000 

DISCUSSION OF RESULTS 

AUTOROTATIO TESTS 

d m 
FIG. 6.-N. A C. A. Ml monoplane · 

(5 by 30 inches), q=2O.2 kg/ml, 
Reynolds o. = 153,000 

T he test results shown in Figure 7 furni h a striking demon tration of the possible variation 
in autorotational characteristics of common types of airfoil and airfoil combinations. An 
outstanding feature is the wide difference, both in range and in magnitude, between monoplane 
I'l-nd biplane results, illustratin~ the already reco~nized effect of multiplaue interfer~llce. 
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The differing rates and ranges of autorotation up to 45° furnish a means of comparing tho 
effects of different airfoil profiles upon autorotation. 

Another and unanticipated feature is the well-defined autorotation of the ymmetrical M1 
airfoil, for which trip method calculations predicted but a slight degree of instability. 

The experimental autorotation curves are merely interpolated for unstable autorotation 
(shown by dotted lines in Figures 3, 4, and 5) since the apparatus did not permit of obtaining 
these values experimentally. In Figure 3 i included also a calculated curve of the value 
of tan q, at which unstable autorotation occurs for the biplane. The e addition are intended 
only as a rough indication of existing conditions. 

FORCE TESTS A D A TOROTATIO CALCULATIONS 

The polar diagrams in Figure 12 aJTord another illu tration of the marked diJIerence between 
the characteri tics of the monoplane and the unstaggered biplane. This difference has previ
ously been attributed to the shielding of the upper wing of a biplane by the lower (References 6 

14 

12 

10 

.8 

Tan, <P 

. 6 

.4 

.2 

o 10· 

v-I--I'-~ 
[I 

/ 
/ 

V 

rl 
/ GCifl inqe n .38 7-F8 biplone 

I--

V --- ., .... rnonoplone-
--- - - - R.A.F. IS .. 
-- --- ---- ---- N. A .C.A.-M I .. -

/ --" / V ) 
A .... 1-- II 

'f/( " " .. -\ V I 

r'x' :1/\ .. - r-
~ \1\ 

I 
I . 
I 

20' 40· 50· 60· 70 · 80· 90' 

FIG. 7.-Autorotation tests on rour model~ . 
and 7), and recent biplane pre sure distribution experiments carried to 90° angle of attack 
(conducted at this laboratory), proved thi fact conclusively. Positive stagger or upper wing 
overhang may be expected to reduce biplane autorotational tendencies by reducing this 
shielding, thereby approaching the monoplane condition. (Reference 8.) The same may be 
said for an increase in gap, except that for practical gap-chord ratios the reduction in shielding 
due to gap increase will probably be small compared with that for stagger increa e, or for 
overhang. However, it was not po ible at the time of test to include an investigation of the 
effects of stagger, overhang, and gap throughout the first quadrant, and very little data of this 
nature for angle of attack above 30° ha been made available elsewhere up to this time. 

In Figure 8-11 the calculated and experimental ranges of rotary instability are hown to 
demonstrate the use of the polar as a criterion. The e curves show that, with the exception of 
the M1 wing, the lower limits of instability are in good agreement and for each wing are practi
cally at the point of maximum OL' None of the monoplanes show, either by experiment or calcu
lation, any definite tendency to rotate above 35°1 while the biplane has distinct autorotational 
tendencies in the region above 45° . 



8 REPORT NATIONAL ADVISORY COM UTTEE FOR AERO AUTICS 

1.2 

~ __ -1"o"o~ .J 

I,~ 
-..., //)-5';' ~ I .. ____ Co/, 0O//':' 

t--! C' I~~~ 
~~ ~ . ~ 

Ife
• I zt\ I) y 

/ 

/:./ 
\ V e~ / 

]/ ~ V;Si~ ~ 45 

""~ / Q 

if V :so' 

1~2 ~ 
a -' 

55' _c. 

01 / ~ \~ 
/ 60' '? 'q:. 

111 j 
V ~ V 6t! \ \ ~ 

""-

Ik--
~ 70/ ---I--

~ IS l-----I--
80' 

I V ~5' 
Iqn' 

/.0 

.8 

.6 

.4 

.2 

0 .2 .4 .6 . .8 1.0 1.2 1.4 
CD 

( -----------FIG. S.-Force test on Oottingen 387-FB biplane (5 by 30 inches) G/c=I, 
stagger =O, q=20.2 kg/m', Reynolds NO.=I56,OOO 

1.2 

It t-. 10;'o). JI I CO/c., Y /-?s;'a . 

13 ~ F----r----...b'1 ~//,-~ 

J~ I~ U3 ~~40' 
-21 ~5' 27

130 4~ 
3' V 5~ 

/ / 
I 55' ~ ~ 61 I 

./ / / 
65' 

~ II / 

II / V Zl'~ 
/ 80' 

~ 
/ 

85 

90 

1.0 

.8 

.6 

.4 

.2 

o .2 .4 .6 .8 1.0 1.2 I. 

c 
fIG. 10.-Force test on R. A. F. 15 monoplane (5 hy 30 inches), q=20.2 kg/m', 

Heynolds No .= J55,0Q() . 

1.4 
I~ ~ dcL 

IV It~ -1"0;' C.Jr.C'-~ 
Ic' 

21' 1'0 6//.: . 
~:v. I~fc-" ~'0X/ - - 1--r- f-r-

c5' II;I 
1.2 

s· 

I I 
6' / ~\ I~ 

II 
35' 

Ui ~~40' 
3Z' ~5" 

3J ~ ~ 55' 

/ 
~ 

~O' 
0 ~ \ 65' 

I /; NO' 
r!3 VI 75~ 

'- I 
80' 

r \ 
85' 

1.0 

.8 

.6 

.4 

.2 

'\ 
0 -8' .2 .4 .6 .8, 1.0 

, 
1.2 90 1.4 

FIG. 9.-Force test on Oottingen 3 7-FB monoplane (5 by 30 inches). q=20.2 
kg/m', Reynolds NO.=155,OOO 

1.2 

~J 
f'~%· 0":' I ~//,-~ 

-:f5;' 40' JIJ ~~,}~ ~ 45' 

J~k5- ~ 
~ Ie el/ 

~ 
1 I' ~ 

l !fl II ~~ 
/ 70\ 

~ / 
75' 

87\ 

~ 
18", 

I~o' 

/.0 

.8 

.6 

.4 

.2 

o .2 .4 .6 .8 1.0 1.2 1.4 

c 
FIG. n.-Force lest on~. A. C. A.=MI monoplane (5 by 30 inches). q=20.~ 

• kg/m l , Reynolds No.=I56,OOO . 



WIND TUNNEL TESTS ON AUTOnOTATION AND THE" FLAT SPIN" 9 

Figures 10 and 11 show that the accuracy of the trip method is to be questioned between 
the angles of maxi.:mwu OL and 35°, though it may be relied on reasonably well beyond these 
limits. Doubtles the discrepancies may be attributed largely to the basic asswnption of 
uniform force distribution acro s the span. 

The very apparent similarity of the monoplane polars from 30° to 90°, and the wide differences 
between monoplane and biplane in Figure 12, indicate that wing arrangement and not wing 
profile is the controlling factor over this range. . 

The radial lines drawn in Figure 12 together with the point hown on the curves indicate 
the relative posiLions of the normal to the chord and the re ultant force vectors for 30°, 45°, 
and 90° angle of attack. Figure 17 
shows this relation hip more completely, /.6 

and it is evident that between 30° and 
90° departure of the resultant force /.4 

vector from the normal to the chord 
is les than ± 3°, for any of the models 
tested. 1.2 

Figures 13 and 14 are included in 
this report to demonstrate the feasi
bility of u ing the first quadrant polar 1.0 

of complete airplane models for deter
mining roughly their limits of rotary 

.8 
instability. Figure 13 is taken from 
force tests made at the Washington CL 

avy Yard upon a 1/16 scale model of .6 

the Boeing NB- 1 seaplane. (Reference 

U_' G6'lLqL J87-t bLonl I 
I--. - - n "" monoplone 

f; h 
---- R.A.F. /5 ,,~-
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X d = 90' , 

9.) Similar results for a 1/24 scale 
model of the Douglas XO- 2 landplane .4 

are given in Figure 14, as obtained 
from te ts recently made at this labora
tory at the request of the Army Air .2 

Corps. Calculated range of rotary 
instability are shown on these curves. 
Experimental ranges for the XO-2 are 0 

given in FigW'e 14. 

r~ 
11'1 'v 

[:x~ V 0. 

\ 
/ 'X, 

\ :\ . 
:'1 ~1. 

.4 .6 .8 /.0 1.2 /4 

The criterion for rotary instability 
FIG. 12.-Force tests on four models 

is developed from the strip method analysis of wing systems only. Therefore the presence 
in the complete model polars of the force upon body, tail, and landing gear may be expected 
to introduce elTors in determi Ding the limits of rotary instability. However, in spite of these 
spurious eHects, flat-spinning tendencies are distinctly indicated for the models in Figure 13 
and 14, and in the latter figure the calculated range of instability are in fair agreement with 
experiment. 

In Figure 15 are shown curves of the complete criterion for rotary instability, d~A), 
against angle of attack. (See AppendL",{ for derivation.) This criterion indicates not only the 
state of equilibriwn, but also the degree of stability or instability. The points shown are values 

of cos am d~~R) and are included to show that the simpler expression may be used with good 

accuracy. The following deductions may be made from these cW'ves: 
MaximlUn damping (stable) tendencies occur at or near zero angle of attack and are of 

practically the same magnitude for all the models tested. 
53898-27--2 
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M aximum autorotational (un table) tendencies occur in each case just beyond maximum 
lift, and vary widely in magnitude for the different models. 

Beyond 35° the characteristics of the monoplanes are practically identical, with small stable 
tendencies between 45° and 75°, and practically neutral equilibrium at 45° and between 75° 
and 90°, 
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Beyond 45° the biplane shows instability, and neutral equilibrium between 75° and 90°, 
As the angle of maximum lift is exceeded, strip method and test results begin to diverge, 

agreement being reached again at 35°, Due to this divergence no attempt can safely be made 
t o interpret the curves between these limits. 
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By far the .most important deduction to be made relates to stalled llight. The curves 
show that in the vicinity of maximum liIt thore is for each model a rapid change from rotary 
stability to instability. This means that the orthodox airplane in flight suddenly beromes 
laterally unstable as maximum lift is passed, and if small rotary disturbances are not promptly 
corrected for by ailerons and rudder, the rapidly increasing autorotational forces may become 
large enough to overcome the control forces, and a spin ensues. 

For greater safety in flight every efl'ort should be made in the direction of maintaining 
rotary stability and improving lateral control above the stall. Especially should rotary 
instability be an immediate object of investigation in wind tunnel and free flight research. 

CONCLUSIONS 

Although this investigation is far from being exhaustive, the following general conclusions 
may safely be drawn from it: 

1. Autorotation below 30° angle of attack is governed largely by wing profile, and above 
that angle by wing arrangement. 

2. The trip method of analysis furnishes a criterion for rotary instability which is in good 
agreement with experiment above 35° and also in the vicinity of maximum OL' 

3. Strip method results are to be questioned between maximum OL and 35°, and this fact 
calls for further investigation of that region. 

4. The polar curve of a wing system furnishes means for the direct determination of the 
limits of rotary instability and, for a rough indication, the polar of a complete airplane model 
may be used similarly, subject in both cases to strip method limitations. 

The following statements relative to the airplane in free flight may now be made with 
reasonable assurance: 

1. An airplane with a monoplane wing is not capable of flat spinning. 
2. An airplane with unstaggered biplane wings has inherent fiat-spinning tendencies. 
3. Positive stagger or upper wing olcrhang may be expected to reduce fiat-spinning 

tendencies. 
4. The difficulty of maintaining equilibrium in stalled flight is due primarily to rotary 

instability, a rapid change from stability to instability occurring as the angle of maximum 
lift is exceeded. 

LANGLEY (fEMORIAL AERONAUTICAL LABORATORY, 

ATIONAL ADVISORY COMMITTEE FOR AERONAUTICS, 

LANGLEY FIELD, VA., April 21, 1927. 
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APPENDIX 

STRIP METHOD ANALYSIS 

Following is the strip method derivation of the expressions for torq ue and force coefficients 
in rotation, and also the development of a criterion 
for rotary instability. 

The symbols used are illustrated in Figure 16. OR 
is the resultant force coefficient (absolute) for the angle 
of attack a, while Of> and Of> are its components, re
spectively, along and normal to the axis of rotation. 
The angle of the wing chord to this axis i a",. The 
effective wind velocity V E is the vector sum of the veloc
ity V along the axis and the tanr,ential velocity V R . 

The wing chord and span are represented by c and b, re
spectively, and, in this derivation, c is a constant. 

Therefore the torque increment due to a given wing 
element of width 6y n,t a distance y from the axis of 
rotation may be written 

llA= 0.4yc (6y) (1) 
where 

1 
q' =2' P VE 2 

1 

CR'~ ____ -l 

C" 

= 2 p (V sec 6a)2 FIG. l6.- Wing olement in autorotntion 

=q (sec2 6a) 

6a being the algebraic sum of the angle of attack of the element in question and am· 
torque for the wing is therefore 

j '" 11.= qc OAY (sec2 6a) dy . _,I, 

and reduced to nondimensional coefficient form 

(2) 

The total 

(3) 

(4) 

where A}. is the coefficient of autorotational moment. T he lift coefficient (force normal to 
axis) is 

(4a) 
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The corresponding equation for moment about an axis in the plane of symmeLry and 
normal to that of autorotation is similarly 

(4b) 

while the drag coefficient in rotation is 

If'/' On='f)2 Ot>. (sec2 ~a) dy 
-'I' 

(4c) 

If we now consider very small angular velocities we may determine the criterion of rotary 
in tability for the model at rest. The angular velocity is to be taken sufficiently small that 
variations in OA along the span may be considered linear. For this condition equation (1) 
shows that, for a given wing element, the increment of torque 

where 
~A=KOA 

K=q'yc (~y). 

If we consider two wing-tip elements (1, 2) such that 1 is on the up-going or small-angle-of
attack tip, and 2 the down-going or large-angle tip, we have from Figure 16 

OAI = ORI cos {3t = ORI cos (am-crt) 

On the basis of linear variation of force between tips, the initial condition for rotary in
stability is that 

or 

We may write 
OAf - OAI = OR. (cos am COS crt + sin am sin crt) - ORI (cos am COS crl -sin am sin crl) 

Dividing both sides by 2~a we note that in the limit 

and the c.riLerion becomes 

OA.-OA. d(OA) 
2~a = - da 

ORt cos crt - ORI cos crt de OR cos cr) 
2~a - = da 

d(OA) _ d(On co cr) + . d(On sin cr)< 0 
~- cos am --d-a-- sm am da (7) 
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Figure 17 shows the variation of () with angle of attack for the models tested . Since () < 10° 
the following approximations may be made, the criterion becoming 

Vi\' Gcitlinqen 387-FB manop/one 
8 .1--I--+--+---..,.ofL--l---;'-\l--!--- - - - " ". bip/'.:::Q:..:,rI=,er---1---l 

/
1- \ --------------- R.A.F. /5 manop/one 
" \ ~~~~~/h'Lf'~~_tl-~·~~~--~·==+-·~N.~·~A~.C~.~A~.-~M~/~m~o~n2op~~~o~n~e~-+_~ 

/'/ 
4·L-~_+-+./~~_+~~~_+~~~_+~--+_~~--+_~~~ 

.- // 

o· 10· 20° 30° 40° 50° 60· 70· 80· 90° 
cI. 

FIG. 17.-Curves of CT vs. a 

Figure 15 shows that with the excoption of the maximum negative values of d~~A) the 

second term of equation (7) is negligible and since cos am is always positive in the first quadrant, 
our cri terion becomes 

(8) 

Glauel't' criterion is 

which is exact, but equation (8), in spite of its approximate nature, for all practical purposes, 
gives the same results. 

t 

TABLE I 

Autorotation Test 

Gottingen 3 7-FB biplane (5 by 30 inches) 

G/c=I, stagger=O 

am degrees 

20 
22 
25 
27. 5 
30 
32.5 
35 
40 
45 

q=20.2 kg/m2 

Reynolds N umber= 155,000 

tan 4> amdegr~ 
----I 

O. 373 
.417 
.4 2 
.528 
.593 
.696 
.7 7 
.945 

1. 063 

47. 5 I 
50 
54. 3 
59.9 
61. 
66. 7 
69. 2 
74. 7 

1. 125 
1. 197 
1. 293 
1. 3 2 
1. 373 
1. 338 
1. 322 
1. 930 

I 
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TABLE II 

Autorotation Test 

Gottingen 387-FB monoplane (5 by 30 inches) 

q=20.2 kg/m2 

Reynolds Number= 153,000 

aM degrees tan if> aM degrees tan if> 

17. 1 0.319 25 O. 45 
19.5 .376 30 . 503 
20.2 .3 9 33. 5 .526 
22. 5 .429 37 . 509 

TABLE III 

Autorotation Test 

R. A. F. 15 monoplane (5 by 30 inches) 

q=20.2 kg/m2 

Reynolds Number=152,OOO 

a", degrees tan </> am degrees tan if> 
- - -

15 O. 152 31 0.308 
15.4 .161 32 .214 
17 .22 32. 5 . 196 
20. 2 .307 33. 8 .161 
25 .338 34. 1 .147 
30 

I 
.341 

--- -

TABLE IV 

Autorotation Test 

N . A. C. A.-M1 monoplane (5 by 30 inches) 

q=20.2 kg/m2 

R eynolds umber= 153,000 

am degrees tan if> aM degrees tan </> 

I 

16 0.07 22.1 O. 236 
16.5 .093 25 .257 
18.1 .152 2 .23 
20 .20 28. 6 .115 I 
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a degrees 

-
-6 · 
-3 

0 
+3 

6 
9 

12 
15 
1 
21 
24 
27 

a degrees 

-6 
-3 

0 
+3 

6 
9 

12 
15 
1 
21 
24 
25 
27 

TABLE V 

Force Test 

Gottingen 3 7-FB biplane (5 by 30 inches) 

Gjc= 1, stagger = 0 

q=20.2 kgjm2 

Reynolus N umber= 156,000 

CL CD a degeees CL 

- 0.006 O. 046 30 O. 7 4 
+.100 .030 35 .766 

.262 .02 40 .734 

.438 .037 45 .669 

.620 .051 

I 
50 .596 

. 798 .072 55 .505 

. 95 .09 60 .415 
1. 104 . 126 65 .312 
1. 236 .160 70 .226 
1. 324 . 19 75 .170 
1. 365 . 244 0 .128 
1. 052 .344 

I 
85 . 072 

42 .450 90 .014 

TABLE VI 

Force Test 

CD 

-----

O. 509 
.59 
.676 
.730 
.769 
.788 
.776 
.728 
.634 
.633 
.656 
.676 

I 
.6 2 

Gottingen 3 7-FB monoplane (5 by 30 inches) 

q=20.2 kgjm2 

Reynolds umber= 155,000 

CL CD a degrees CL CD 

- 0.005 0. 052 30 0.840 0.53 
+ .127 .030 32 .876 .602 

.323 .029 35 92 .6 0 

.534 .036 40 51 .776 

.744 .050 45 .811 54 

.94 .070 50 .751 .941 
1. 136 .095 55 .700 1. 02 
1. 2 5 .124 60 .631 1. 124 
1. 377 .162 65 .544 1. 195 
1. 41 .217 70 .452 1. 270 
1. 37 .2 3 75 .347 1. 32 
1. 260 .331 0 .232 1. 356 
1. 075 .395 5 + .113 1. 390 

36 .461 90 -.009 1. 3 9 

17 
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a degrees 

-2 
0 

+3 
6 
9 

12 
13 
15 
18 
21 
23 
25 
27 

ad agrees 

0 
3 
6 
9 

12 
15 
18 
21 
25 
30 
35 

TABLE VII 

Force T est 

R. A. F . 15 monoplane (5 by 30 inches) 

q=20.2 kg/m2 

Reynolds umber= 155,000 

CL CD a degrees CL 

-0.015 O. 016 30 O. 866 
+. 163 .015 35 .938 

.3 3 .021 40 .908 

.597 .035 45 .834 

.810 .055 50 .760 
' . 981 .081 55 .703 
1.011 .094 60 . 637 
1. 025 .138 65 .558 
. 907 . 279 70 .463 

04 .324 75 .353 
.7 9 .355 80 .241 
.7 9 .391 85 + .119 

04 .438 90 - .00 

TABLE VIII 

Force T est 

N. A. C. A.-M1 monoplane (5 by 30 inches) 

q= 20.2 kg/m2 

Reynolds N umber= 155,000 

CL 

I 
CD ~ a degrees CL 

-0. 006 0.011 40 O. 63 
+.216 .015 45 .802 

.422 .032 50 .725 

.619 . 0 1 55 .6 0 

.717 .159 60 .619 

. 694 .207 65 .546 

.6 0 .248 70 .463 

.695 .298 75 .369 

.735 .374 80 .266 

. 837 .508 85 .155 

.883 . 648 90 .031 
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CD 

O. 523 
.679 
.786 
.854 
.929 
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1. 111 
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1. 409 

CD 

--

O. 746 
.816 
. 881 
.970 

1. 066 
1. 153 
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1.296 
1. 345 
1. 375 
1. 377 
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Positive directions of axes and angles (forces and moments) are shown by arrows 

Moment about axis Angle Velocities 

Force 
(parallel Linear to axis) Sym- De~igna- Sym- Po itive Designa- Sym- (compo-

Designation bol symbol tion bol direction tion bol nent along Angular 

axis) 

LongitudinaL __ X X rolling ____ _ L }-----+ Z roll ______ tJ> u p 
LateraL _______ Y Y pitching ____ 111 Z----+X pitch _____ 0 v q 
NormaL ___ ___ Z Z yawing _____ N X----+ Y yaw ___ __ 'It w r 

Absolute coefficients of moment 

o -~O - M 0 _ N 
L- qbS M- qeS N - qfS 

Angle of set of control surface (relative to neu
tral position), D. (Indicate surface by proper 
subscript.) 

pv, 

Diameter. 
Effective pitch 
Mean geometric pitch. 
Standard pitch. 
Zero thrust. 

pa, Zero torque. 
p/D, Pitch ratio. 
V', Inflow velocity. 
Vs, Slip stream velocity. 

4. PROPELLER SYMBOLS 

T, Thrust. 
0, Torque. 
P, Power. 

(If "coefficients" are introduced all 
units used must be consistent.) 

TI, Efficiency = T VIP. 
n, Re,olutions per sec., r. p. s. 
N, Revolutions per minute., R. P. M. 

1>, Effective helix angle = tan-1 (2;n) 
5. NUMERICAL RELATIONS 

1 HP = 76.04 kg/m/sec. = 550 lb. /ft./sec. 
1 kg/m/sec. =0.01315 HP. 

1 lb . = 0.45351)24277 kg. 
1 kg=2.2046224 lb. 

1 mi./hr. = 0.44704 m/sec. 
1 m/sec. =2.23693 mi./hr. 

1 mi. = 1609.35 ill = 5280 ft. 
1 m = 3.2808333 ft. 


