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INTRODUCTION

Considerable interest has been expressed recently in obtain-
ing data regarding the maximmm engular velocitles to which alrcraft
are subjected in flight. A consideratiun of information of this
nature is partlicularly important in designing high-speed roteting
machinery carried by the airplane, since this machinery must be
constructed to withstand the gyroscopic couple created by the
combined angular velocities of the rotating parts of the machinery
and of the alrplane - provided, of course, that the respective
planes of rotation do not coincide.

Designers of propellers and turbosuperchargers are especially
interested in having accurate data on meximum airplane angular
veloclties, since the high rates of rotation of these components,
together with any consideraeble angular motion of the airplane,
result in rather large gyroscoplc loads. In addition to these
major airplane components, numerocus small electric motors and
gears must be designed to withstand the forces created by pitching,
rolling, or yawing of the alrplane,

VARIATION BETWEEN DESIGN VALUES

The need for additional information on this subject 1s
indicated by the fact that different design values of maximum
angular veloclty are used by various organizations in the
aviation industry. One large memufacturer uses a design value
of 4 radians per second while another uses & value of adians
per second (these figures include a safety faotor of 1.5). Other
groups use still lower design values. As a result of the sbove
condition, some organizations are spprehensive that their epecific-
ation may be too small and structural failures mgy occur, while
others are concerned over the possibility that they may be
penalizing their design by the additlon of useless weight.



PURPOSE QF REPCRT

This situation led the Subcommlttee on Recovery.af Power from
Exhaust Gas, which is concerned with high-speed exhaust turbine
design, to request that avalleble information on this subject be
summerized and placed in convenient foru. The object of this
bulletin, then, is to present existing data on maximum rates of
eirplane angular motion, measured in both flight ard model tests,
to serve as a guide for the selection of eppropriate design values.
However, it is not tho purpose of this paper to recommend any
speciflc value,

SOURCES OF INFORMATION

The information conteined herein was selected from date.
accumlated over a period of yeers in various flight and model
tests reported by the NACA. An indication of foreign design values
has been obtained from British and German sources. In order to
obtain comments and information from persons famlliar with various
phases of the subject, the following mewmbers of the Committee's
lengley Memorial Aeronautical Laboratory staff have been consulted:
Messrs. M. N. Gough, H. A. Pearson, Philip Donley, and H, I, Johnson,
of the Flight Research Section; and Mr, Oscar Seidman of the Free-
Spimning Wind Tumnel Section.

DISCUSSIN

Angular rates of rotation are experienced by aircraft in
mensuvers lnvolving pitching, rolling, or yawing, or combinations
of these motions, such as spinning. In general, the greatest rates
of angnlar motion are encountered in stalled rather than unstalled
meneuvers, Lt may be expected, then, that greater gyroscoplc
forces will be imposed on rotating machinery during spins than during
snap rolls, dive pull-outs, and similar unstalled maneuvers.

The angular rate of rotation of an airplane in roll is given
by the commonly used design criterion pb/2v,
where
P rate of rolling, radians per second
b wing span, feet
v forwerd velocity of airplane, feet per second

(for exis nomenclature, see fig. 1)
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The mmerical valus of pb/2v 1g usually known for a given
airplane, and the rate of rolling msy thus be obtained from this
expression. TFor almost all combat elrcraft the value p 1is less
than 2 radlens per second, and the highest rolling velocity
obtainable with latest~type fighter airplenes is spproximately 3
radians per second. The latter figure is based on extrapolation of
low-eltituds flight measurements on two sircreft having modified
elleron control systems glving increased effectiveness,

It mey bs expected that maximm rates of roll can be ettained
at altitude up to near the celling of a given alrplene, slnce
high forward velocity may be obtained at altitude by diving prior
to entering & roll, This means that turbosupercharger installations
on high-altitude alrcraft may be subjected to a lerge angilar

veloclities while operating at near or maximum turbine revolutions
per minute.

Considerably greater rates of rotation are encountered in
spins as compered with rolls, and for this reason, tkhe bulk of the
data included in this report deal with spin tests. Data accumu~
lated durlng tests in the NACA Free~Spinning Wind Tunnel of 20
representative monoplanes were presented in reference 1. The
Spin Tunnel Section at IMAL has investlgated about 100 specific
models and has obtained data on angular velocities in each case,
These data have been examined to find cases where umusually high
values of angular velocity were encountered. Table I lists values
exceeding any revorted in reference 1 for any type alrnlanc,
while table II lists high values for various type military air-
craft., These data supplement the data presented in referemce 1.

Table III contains data teken from various flight investi-
gations conducted by the NACA ard reported 1ln references 2 to 8.
While there is little full-scale information available for specific
airplanes for comparison wlth model tests, on the basis of fairly
complete data for two biplanes and limited data for three mono-
planes, it appears that agreement between flight end model tests
is reasonable. This point is discusscd in some detail in
reference 8,

The ebove data epplies to upright spins., Angular velocities
obtalned for inverted spins in model tests are about the same as
values obtained in upright spins. No flight measurement of
veloclties in inverted spins are avsilable,

In general, the components of veloclty about the longltudinal
and normal body axes of alrplanes in spins are about equal, Xor
steep spina, howsever, rétation is chiefly sbout the longltudinal



exis, and for flat spins the maximum rotation is about the normal
exis. In all cases ths rate of rotation about the lateral axis
‘is amall.

Although intentional spins are almost always performed with
the engine idling, it is conceivable that spins could be entered
accidentally at full englne power. At extreme altitudes during
violent mancuvers such as might be employed in combat, it is
possible if not probable that spins may occasionally accidentally
occur, In this case some pilots may maintain full engine power to
assist in regaining control of the alrplarne. The possiblllity of
spinmning under full power conditions at s.ltitude. although rather
remote, is, nevertheless real.

The ra.tes of rotation of singlo-engine airplanes in spins
tend to be slightly higher than the rotating speeds of two-engine
aircraft. This fact is indicated in reference 9 which gives rates
of rotation in spins from 2,6 to 4.8 radians per second for a

group of single-engine alrplenes and from 1.9 to 3 8 for a group
of multiengine alrplanes. )

Since angular velocitics experienced in pitching maneuvers
are not so great as thoso experienced in spinning and rolling,
pitching maneuvers may be neglected in this study. Referenco 12,
which gives data obtained from tests of seven alrplanes, does not
1ist any angular pitching motion greater than 2 radia.ns per second.,

FOREIGN PRACTICE

Availeble published information indicates- that both German
end English design practice is based on an anticipation of maximm
angular velocities of approximately 3 radiens per second, which,
with a safety factor of 2, givos a design valus of 6 radians per
second,

German airplane strength requirements described in detall in
reference 10 state that angular velocities used in the design of
engine mounts, wings, and tall surfaces should be obtailned from
the following formulas: v

h

0y & £0.35 ()

b
wg ‘=010 % - (2)



W, _ = E (3)

where

Wy, Wy angular velocities about the X and Y axes,
radians per second

Vh maximim indicatod airspeed. in level flight, feet
per second

v design diving 1ndicated airspeead, feet per second

VA indicated alrspeed at which high angle of attack load
factor is obtained, feet per second

b span of airplane, fect

£ acccleration of gravity, feet per second per second

n high angle of attack load factor

Examplos given in this reference indicate that the maximum
angular velocity cxpected is about 3 radisns per second. This
value, with a safety factor of 2, gives a design value of 6, which
is the figure used by certain .American menufacturers.

English practice is described in referonce 11 which states

that in ostimating the loads occurring on an airplene in a spin

the yawing angular veloclty should be chosen in accordance with
the following:

(a) Single~engine training airplanes, 3.0 radians per
second

(v) Twin-cpgine training airplanes, 2.5 radians per second

(c) Alrplanes other than trainers, the service duties of
which involve acrobatic maneuvers:

Single-engine, 2,5 radians per seccnd
Twin—-engine, 2.0 radians per second
(d) Airplanes other then trainers, the service dutios of




whic g
which do not involve acrobatic maneuvers 0.5 -v—s-ﬁ

where

v, stalling speed in level flight (flape up)
This refererce states that, for airplanes othor than
trainers the servica dutles of which involve acrobatic mancuvers
(eroup (c) sbove), the spin mey be regarded as occurring only
accidentally. The designer is directed to eliminate the possibility
of catastrophlc failurs in the epin; that is; failure of the engine
mount, for example, muat not occur, but compliance with proof-
load conditions need not be ccnsidered.

An ultimete factor of 2.0 is required throughout the
structure under the iorces rssvliing from the above rates of
rotation,

In discussing the gyroscopic forces on the engine-
propeller instelletion, it is pointed out that the mean gyroscopic
couple is Iw{} where

I polar moment of incrtiae of the prcpeller, slugs per
square foot :

w angular velocity of the propeller, radians per secoad,
eppropriate to the spacified.\ravolutions per minute,

that is, _2 , (propaller)

€0 (rpm)
Q angular velocity of the airpiane as a whole

The actual value of the gyroscopic couple used for propeller-
stress celculations depcnds on the number of propeller blades. For
three or more bledes tho prooeller behaves as a simple gyroscope,
that is, a rotating uniform disk, and the resultent gyroscopic
couple has a steady value Iw(l.

For a propeller with only two blades the couple varies in
magnitude end direction during a revolution. In the plane in which
the steady gyroscoplc cowle would act for a simple gyroscope,
the actual couple fluctuvates between O and 2ItXJ, so that the
latter value is used for stross determinstions. There is also a



couple in .th= plane at right a.ngles to the above which fluctuates
-between -Inﬂ Twl. _

" The actual conplas to. be taken are sta.ted in the stressing
cases. Bach condition to be investigated, howeveir, 1s frequently
the worst of a number of possibilities and some selection has. to
be made., JNor convenlence the gyroscopic couple 1s alweys assumed
to be given by the formula .IuwX}, and the increase assoclated with
a two-blade propeller is obtained by adjustment of the value ae-
sumed for the rate of rotation (i of the alrplane as a whole,

" CONCLUDING HEMARKS
- A brief study of the.British prectice outlined above rovesls

* 1l1ttle new information. Although no mention is made of difflcultios

arising from gyroscopic loads on superchargers, this factor has

been given considecration in establishing speciflcations for eng:.ne
mounts and propellers.

r

It is possible that the rotating rates of machinery carrled
by the airplene and the rotating rates of aircreft, which have
been increased during recent years, are just epproaching the point
where difficulties may be exporicnced. -

- Although the gyroscoplec couple is of primary concern to stress

analysts studying roteting parts, des:Lgners should not overlook the
fact that in a epin there is also en acceleration on various parts
of the airplane because of their displacement from the axis of
gpin rotation. The staff of the Frce-Sploning Wind Tunnel have
observed acceicrations in a steep epin as high as 3.5g along the
alrplane normel axis. lower accelerations are encountered in flat
spins.

Some of the angular velocities reported from model tests are
extremely high. Rates of rotation thus measured are larger than
the design values employed by any manufacturer, yet production
parts such as exhaust ges turblnes are gemorally gliving satisfactory
service, In such cases, the question arisos as to why structural
failures have not occurred in flight. Several answers to this
question may be offered. In the first place, there is no assurance
that some fallures bhave not occurred. A few fallures of exhaust
gas turbine shafts have polnted toward gyroscoplc forces as the
possible cause. However, this point has not been proved, end there
is certainly no indication of widespread trouble, as might be
predicted in view of data presented from model tests.



Another answer to the question is that cases of full power
splne during which %1 turbine was rumning at meximm revolutions -
per minute ¢re extremely rare, if not nonexistent, and turbine .
wheels have thus not been subjected to the most severe possible
gyroscopic forces, )

CONCLUSIONS

It appears that in the great majority of cases, a maximum
angular velocity design factor of 6 radlans per second is adaquate
to provide for all intentional maneuvers and all except the most
severe accldental maneuvers. . )

Despite the eppvarent absence of trouble from this factor at
the present time, the trend toward ever-increasing rates of rotation
of turbines and similar aircraft components msy eventuslly leed to
serious trouble in this rospect. New alrplanes with more effective
control surfaces and capeble of higher rates of rotatlon, which
will soon be in production, may produce greater gyroscopic loads
than hsve been experienced. heretofore.

‘"It mgy be possible that future ovidence of the oceurrerce of )
structural fallures, or the irmediate possibility of such fallures
resulting from this cause may make it necessary to conduct a full-
scale investigntion of this factor, although such flight tests are
not believed to be necessary at this time.

National Advisory Committee for Aeronau’cics,
Waah.ington, D. C.
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TABLE I

MAXIMUM ANGULAR VELOCITIES IN SPINS, .OBTAINED FROM MODEL SPIN TEST DATA

[ 411 data are for the rudder-with spins ]

YOVK

Air~ |Weight Power aE‘ ¢b Full-scale angular velocities® Control setiing|Airplane Airplane |Manufacturer
plane| (1b) (bp) | (deg) [(deg) n ] q condi-
(rad/sec)|(rad/sec) |(rad/sec)|(rad/sec)|Allerons E%g;" tion
1 8984 (1125 at 13 -1 6.97 1.57 6.80 -0.132 With Down (d) Xp-39K. Bell
18,000 f%
3387 - 82 3 6.65 6.59 .92 .232 |Neutral |Neu- (e) Xp-77 Bell
3 tral
3387 - - 46 -49 2.95 £2.05 2.12 -2.330 | Agailnst |Up (g) XP=-77 Bell
to to to to to
65 15 1.35 2.67 .761

'Ingle between the vertical and the thrust axis of the airplane.
bAngle of the right wing axis below the horizontal.

°p, q, and T are angular velocities about the body longitudinal,

dIorma.l loading, flaps and landing gear down.
®Normal loading.

fAccura.cy of r, p,

together with average 4 .
&center of gravity 5 percent K.A.C. forward of normal location.

and q 1is questionable since the values were

lateral, and normal axes, respectively.

determined by using extreme values of o and #

149




TABLE II.- SUMMARY OF ANGULAR VELOCITIES IN SPINS

Cases where component angular veloclties are higher in a given airplane category than reported in reference; all data are
Ebr the rudder-with spins.]

Reference: "Angular Velocities in Spins as Indicated by Model Tests in the NACA Free-Spinning Wind Tunnels," by
Hartley A. Soule, C.B., NACA, March 1942.
AiT- |Weight Power o Full-scale angular velocitles Control setting|Airplane|Airplane | Manufacturer
plane| (1b) (hp) (deg) |(deg) 0 T P Allerons|Ele- | condi-
(rad/sec)|(rad/sed|(rad/sec) (rad?sec) vator | tion
Single-engine training monoplanes
1 4,614 - 30 8 3.07 1.53 2.66 0.427 N u Eag BT-04A North American
3 3,890|320 at 33 14 2.93 1.60 2.45 .710 N U a XNSN-1 Naval Airecraft
sea level
2 3,290(320 at 33 =17 3.60 1.96 3.03 -1.055 A D (a) XN5N-1 Naval Aircraft
sea level
3 © 4,467 - 223 3 4.85 1.82 4.50 .254 w D (v) BT-14 North American
Twin-engine training monoplanes
1 [12,197] - 26 -9 3.39 1.49 3.05 -0.530 A | D J(c) [xar-15 | Stearman
Single-engine fighting monoplanes
1 13,633 - - - 5.59 - - - N U sag XF14C-2 | Curtiss
1 3,387 - 39 -20 3.70 dz,33 2.87 -1.365 N U a Xp-77 Bell
to to to to to
59 30 3.17 1.91 1.850
2 3,387 - 79 2 4.96 4.87 .95 .173 N U gag XpP-77 Bell
2 3,387 - 46 -49 2.95 dz.12 2.05 -3.330 A U a Xp-77 Bell
to to to to to
65 15 2.87 1.25 .761
3,387 - 83 3 6.65 6.59 .92 .232 N N 2ag Xp-77 Bell
3 8,984(1135 at 13 -1 6.97 1.87 6.80 -.132 w D f XP-39E Bell
18,000 ft
Twin-engine fighting monoplanes
1 11,889 - 43 0 4.02 2.74 2.94 0 N i a v-173 Vought-8ikorsky
1 11,889 - 65 1 5.37 4.78 2.23 .092 w D g v-173 Vought-8ikorsky
1 6,283 - 43 1 5.52 3.76 4.04 .097 w U h v-173 Vought-8ikorsky
1 6,383 - 38 7 5.03 3.10 3.96 .612 w N i v-173 Vought-8ikorsky
3 20,360|1700 each| 49 3 1.95 1.47 1.238 .068 N if a XpP-67 McDonnell
at 25,000
ft
Single-engine scout and observation monoplanes
1 5,097 - 28 ) 2.86 1.34 2.53 -0.149 N U a 0-52 Curtises
1 5,007 - 34 -6 3.45 1.93 2.86 -.361 N N a 0-52 Curtises
1 5,097 - 33 =17 3.39 1.85 2.85 -.993 A D a 0-52 Curtiss
2 6,320 - 64 - 3.00 32.69 1.32 - A D j XSE-1 Bellanca <
3 4,675 - 22 1 3.37 1.22 3.03 .057 bf N a X082U~1 | Chance-Vought 2




. Single-engine bomber and torpedo monoplanes

YOVR

1 12,877 - 65 -1 2.64 2.40 1.12 ~0.046 N u a 8B2¢-1 Curtiss
2 7,6156f 950 18 -6 5.89 1.83 5.60 -.615 w D k SED-1 Douglas
2 7,615 950 2l =5 6.60 2,37 6.16 -.575 | D 1 8BD-1 Douglas
2 7,615 950 72 -1 4.29 4.09 1.33 -.075 N D m SBD-1 Douglas
Twin-engine bomber monoplanes _ .
1l 25,730 - a7 -2 2.45 " 1.11 2.18 -0.085 N u ga A-286 Douglas
3 19,050 {1275 each| 43 8 3.10 2.12 2.37 .431 b4 A-20 Douglas
at 12,000 _
4
2 19,050 {1275 each| 36 13 2.36 1.39 1.91 .530 W U (f) A-20 Douglas
at 12,000
ft
3 26,594 - 23 > 3.80 1.42 3.52 .132 |1/2 W D (a) ‘B-26 Martin
Twin-engine transports and cargo airplanes
1 41,945 11600 each| 23 -2 2.07 .81 1.91 -0.072 N U (a) Xc-823 Fairchild
at 13,500
b :
1 41,945 |1600 each| 22 -1 2.95 1.11 2.74 -.052 ¥ U (£) XC-82 - Fairchild
at 13,500 . :
't
1 41,945 1600 each| 26 -9 2.28 .99 2.03 -.353 A D (n) Xc-82 Fairchild
at 13,500 )
¢
2 35,554 - 35 -7 1.82 1.04 1.49 -.232 N U ga; DC-3 Douglas
] 25,554 - 68 -6 2.230 2.04 .83 -.230 A N o - | DC-3 Douglas
Four-engine transports and bombers
1 120,000 - 15 -1 2.89 do.75 2.80 -0.050 N U (a) XB-29 Boeing
to to to to to .
75 5 ) 2.80 0.75 0.252
1 {120,000 - | 16 -8 3.07 d0.54 2.00 -.2186 N if (p) XB-29 Boeing
to to to to to
75 13 2.00 0.54 0.466
8¥ormal loading. bNormal loading, flaps 45° down. CCenter of gravity 4 percent M.A.C. forward of normal location.

dAccuracy of r, p, and q is gueetiona.ble since the values were determined by using extreme values of o and g
together with average L . Center of gravity 5 percent M.A.C. forward of normal location.

fNormal loading, flaps and landing gear down. 8Normal loading, leading edge atabilizers 30° down.
ass added along wings. iIntermediate loading.

JMoments of inertia A and C decreased 20 percent A and moments of inertia B and ¢ increased 20 percent B.
N means Neutral, A Against, W With, U Up, D Down.
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TABLE II (Concluded)
Alr- |Weight Power [+ 4 '] Full-scale angular velocities Control setting|Airplane|Alrplane|Manufacturer
plane| (1b) (bp) | (deg)|(deg) o) T D Ailerons |Eleva—| condi-
(rad/sec)| (rad/sec)|(rad/sec) (rad?sec) tor tion
Single-engine training biplanes

1 1,762 - 60.5 - 3.46 3.01 1.71 - N U a XN3Y-1 | Consolidated
2 3,704 - 40 -3 2.38 1.47 1.75 -0.119 N U a XN3N-2 |Naval Aircraft
3 2,847 200 at 62 21 2.49 2.20 1.17 .892 N U q NB-1 Boeing

sea level
3 2,544 | 300 at 61 9 3.60 3.15 1.75 .564 W N () NB-1 Boeing

sea level
3 2,544 | 200 at 61 19 3.35 2.84 1.58 1.055 W U (a) NB-1 Boeing

sea level
4 2,803 | 235 at 20 10 3.38 1.12 3.08 .570 v N (8) N3N-3 |[Naval Aircraft

sea level

Single-engine fighting biplanes
1 3,334 - 39 - 3.87 2.45 2.77 - N u t F4B-2 |Boelng
1l 3,915 - 37 - 3.67 2.22 3.93 1.404 N U a F4B-2 |Boeing
] 3,334 - 49 2 3.39 2.56 2.33 .118 X U a XBFB-1 |Boeing
3 3,783 - 59 3 3.96 3.39 2.04 .208 X D £ F2Fr-1 |Grumman
Single-engine scout and observation biplanes
1 5,023 gggoa} 43 =3 2.82 1.92 2.07 -0.147 N U (a) XO8N-1 | Naval Aircraft
t
1 5,299 gggoa} 53 -1 3.34 2.87 2.02 .058 A N (qa) XO8N-1 | Naval Aircraft
t

1 5,299 5880a; 25 K 4.08 1.73 3.70 .497 W N (q) XO8N-1 [Naval Aircraft

5 t '
2 5,356 21 2 5.21 1.87 4.86 .183 w N (q) X08sS-1 | 8tearman

kl(oments of inertia A and ¢ increased 15 percent 4.
lNormal loading, canopy open, landing gear down.
Mgenter of gravity 6 percent M.A.C. forward of normal location.

Dgenter of gravity 10 percent M.A.C. rearward of normal location.

OMoments of inertia B and ¢ inoreased 25 percent B.
PMoments of inertia A and C decreased 53 percent 4.
ormal seaplane loading.

TMoments of inertia A and C increased 30 percent A, center of gravity 5 percent M.A.C. forward of normal location.

®joments of inertia B and ¢ increased 30 percent B.

®Normal carrier loading.

Moments of inertia B and C 1increased

52 percent B.
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TABLE III

HIGH ANGULAR VELOCITIES MEASURED IN FLIGHT

Q
Alrplane rad/sec)Maneuver|. Source of data

Boeing PW—9 2.7 Roll |Reference 2 (1930)
2.7 Spin

Curtiss F6C-3 4,8 Roll Reference 3 (1930)
3,95 Spin

Curtiss F6C-4 2.72 Roll Reference ¢ (1931)
3.78 Spin

Consolidated WY-1 3.47 Spin Reference 5 (1932)

XN2Y-1 4,62 Spin [|Reference 6 (1934)

Boeing F4B-—2 4.3 Spin |Reference 7 (1935)

North American BT9-—A 3,28 Spin Reference 8 (1940)
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Figure 1l.- Explanation of axes used in describing angular motion of aircraft.

Positive directions of axes and angles {forces and moments) are shown by arrows

Axis Force Moment zbout axis Angle Velocities
(parallel :
Designation |Symbol|to axis) |Designation|Symbol|Positive |Designa-|symbol|Linear (compo- |Angu-
symbol direction| tion nent along axis)|lar
Longitudinal--| X X Rolling=-—| L |Y ——>Z |Roll ~—=| @ u P
Lateral—--—-—- 1 b4 Pitching———| M Z —X |Pitch~—| 8 v a
Normal-—~—=e— p/ Z Yawing-————m N X —Y |Yawe——| ¥ W r
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