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TECHNICAL REPORT R-57

STATUS OF SPIN RESEARCH FOR RECENT AIRPLANE DESIGNS !

By Ansmav I. Nemmouse, Warter J. KrInag,

and StaNLEY I. ScHER

SUMMARY

This report presents the status of spin research for
recent airplane designs as interpreted at the Langley
Research Center of the National Aeronautics and
Space Administration. Major problem areas dis-
cussed include:

(1) Interpretation

research

(2) Analytical spin studies

(8) Techniques involved in obtaining measure-

ments of various parameters in the spin

(4) Lffectiveness of controls during spins and

recoveries

(8) Influence of long moses, strakes, and ca-

nards on spin and recovery characteristics

(6) Correlation of spin and recovery character-

1sties for recent airplane and model designs.

Analyses are made of the existing problems and
general conclusions are drawn.

INTRODUCTION

The spin of an airplane and the recovery there-
from, like any other motion, depend on the forces
and moments acting on the airplane. A developed
spin, in general, has been considered a motion in
which an airplane in flicht at some angle of attack
between the stall and 90° descends rapidly toward
‘the earth while rotating about, and with the
wings nearly perpendicular to, a vertical or near-
vertical axis. Recently, however, high-speed
fighters and research airplanes have apparently
exhibited spinning motions at high speeds in which
the center of gravity of the airplane has followed
a ballistic path.

of results of spin-model

At one time the developed spin was considered
important as a tactical maneuver. At the
present, however, the spin is considered significant
primarily because it is a motion that can be
entered inadvertently and because fighter and
trainer airplanes are required to demonstrate that
the developed spin can be terminated satisfac-
torily. Controls which are effective in normal
flight may be inadequate for recovery from the
spin unless sufficient consideration has been given
to this problem in the design stage. In the past a
criterion, based on research with many designs,
was established for predicting spin recovery (ref.
1) and for determining the adequacy or inade-
quacy of controls while the airplane was still in
the design stage. However, with the advent of
jet- and rocket-propelled airplanes and the
accompanying changes in weight and mass dis-
tribution, it soon became apparent that this
criterion could, in many instances, be inadequate.

Current airplanes have weights which are appre-
ciably larger and have moments of inertia about
the ¥~ and Z-axes which may be 10 times as large
as those of World War IT airplanes. It cannot be
expected, therefore, that a spin of a current air-
plane, with its accompanying high angular mo-
mentum, can be terminated as effectively as a
spin of the earlier airplanes by aerodynamic con-
trols which generally are of similar size. Also,
because of short-span thin wings, the moment of
inertia about the X-axis of a current airplane is
generally relatively low and this can greatly
influence the optimum control for spin recovery.
Obtaining developed spins today is generally

! Supersedes recently declassified NACA Research Memorandum L57F12 by Anshal I. Neihouse, Walter T, Klinar, and Stanley H. Scher, 1957.
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difficult but, when obtained, the same factors that
make it difficult to obtain the spin may also make
it difficult to recover from the spin. Thus, it
may be necessary in the future to resort to
auxiliary means  such as extension of canards or
strakes, differential clevator deflection, or de-
flection of the engine jet- to stop the spin.

Current and future airplane designs may be
compromised too much for their intended uses in
providing adequate control for termination of the
developed spin; also, there is a rising problem of
pilot disorientation associated with developed
spins. As a result, the incipient spin (the tran-
sient motion between the stall and the developed
spin) must be given more attention than it has
been in the past, and preventing the developed
spin by proper control utilization while the air-
planc is still in the incipient phase of the spinning
motion may become a primary factor.

The present report discusses some of the follow-
ing major problem arcas which are currently being
considered in spin research: interpretation of
results of spin-model rescarch, analytical spin
studies, techniques involved in obtaining meas-
urements of various parameters in the spin,
effectiveness of controls during spins and re-
coveries, influence of long noses, strakes, and
canards on spin and recovery characteristics, and
correlation of spin and recovery characteristics
for recent airplane and model designs.

SYMBOLS

The body system of axes is used. This system
of axes, related angles, and positive directions of
corresponding forces and moments are illustrated
in figure 1. The definitions of the symbols used
throughout the report are as follows:

- . F
Cx longitudinal-force coefficient, 1—X~
2
ngR S
. . Fy
Cy side-foree coefficient, T
§PV328
. Fz
Cz normal-force coeflicient, R
5pVe'S
. F
p drag cocfficient, T—-—D—
5o Ve'S
. . M
C; rolling-moment coefficient, l—i—
QpVRZSb

__Horizontal

z

octs N
(o) Projection of relotive wind

Projection of Y
relotive wind

Zero ozimuth
reference heoding

Horizontal

(a) ¢ and ¥yg=0.
b)) 8x and ¢g=0.
(¢) #g and ¢x=0, und in this case ¢—=¢g.

Figure 1.—Body system of axes, related angles, and posi-
tive directions of corresponding forces and moments.

o a . My

Chn pitching-moment coeflicient, !
—pV3z:S¢

29 R
Cnn pitching-moment coeflicient (subscript

b denotes that pitching moment was
nondimensionalized by & rather than

by ¢), 7 Mr
3 pV2Sh
. . M,

C, yawing-moment coefficient, —————
LoVa2Sb
2P R -

¢y section side-foree coeflicient, 5 Iy

3 o Vi S,,'

T thrust, 1b

Fy longitudinal force acting along X body

axis, 1b

Fy side foree acting along ¥ body axis, 1b

Fy normal force acting along Z body

axis, 1b

Fy drag, 1b
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rolling moment acting about X body
axis, {t-1b

pitching moment acting about ¥ body
axis, ft-1b

yawing moment acting about Z body
axis, {t-1b

weight, 1

rocket foree parallel to X body axis, Ib

rocket foree parallel to ¥ body axis, 1b

rocket foree parallel to Z body axis, 1b

wing surface area, sq ft

projected arca based on chord parallel
to flow at angle of sideslip of 0°,
sq ft

longitudinal, lateral, and vertical body
axes of airplane, respectively

wing span, ft

reference body dimension (see figs. 16
and 17)

air density, slugs/cu ft

vertical component of velocity of air-
plane center of gravity (rate of
descent), fps

resultant linear velocity, {ps

components of velocity Vi along X, ¥,
and 7 body axcs, respectively, fps

resultant angular velocity, rps

components of angular velocity @ about
X, Y, and Z body axes, respectively,
radians/scc

engine rotational rate, radians/sec

airplane relative-density coefficient, >S5

ngh}: slugs

mass of airplane,

mean acrodynamic chord, ft

ratio of distance of center of gravity
rearward of leading edge of mean
acrodynamic chord to mean aero-
dynamic chord

ratio of distance between center of
gravity and X body axis to mean
acrodynamic chord (positive when
center of gravity is below X body
axis)

lincar distances along three body axes
measured from center of gravity,
positive in sense indicated in figure
1, ft

moments of inertia about X, Y, and Z
body axes, respeetively, stug-ft?

kx, ky, kz radii of gyration about X, ¥, and Z

IX JNE

Ixz

Iy—1Iy
mb?

Iy—1,
mb?

I—Ix
mb?

g

e

Pz

¢

¢r

[+

B

v

body axes, respectively, ft

polar moment of inertia of engine,
slug-ft* -

product of inertia about X and Z body
axes, positive when a point on the
X principal axis has positive com-
ponents along both the X and Z
body axes, slug-ft?

inertia yawing-moment parameter
inertia rolling-moment parameter

inertia pitching-moment parameter

acccleration duc to gravity, taken as
32.17 ft/sec?

total angular movement of X body
axis from horizontal plane measured
in vertical plane, positive when air-
plane nosc is above horizontal plane,
deg or radians

total angular movement of 1™ body
axis from horizontal plane measured
in YZ body plane, positive when
clockwise as viewed from rear of air-
plane (if X body axis is vertical, ¢g
is measured from a reference posi-
tion in horizontal plane), deg or
radians

angle between 17 body axis and hori-
zontal measured in vertical plane,
positive for ercet spins when right
wing downward and for inverted
spins when left wing downward,
deg or radians

angle of tilt of roll vane about X body
axis, positive when vane deflection is
to left, deg or radians

angle of attack, angle between relative
wind Vj, projected into the XZ-plane
of symmetry and the X body axis,
positive when relative wind comes
from below XY body plane, deg

angle of sideslip, angle between relative
wind Vy and projection of relative
wind on XZ-plane, positive when
relative wind comes from right of
plane of symmetry, deg

angle of inclination of a yaw vane with
respect to X body axis, positive
when vane is inclined to left, deg
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horizontal component of total angular
deflection of X body axis from
reference position in horizontal plane,
positive when clockwise as viewed
from verticailly above airplane,
radians

applied forece, 1b

pb

1’ D(pb)

. DC,
ié er )
T > ( )
ap"l
a(
_ DC}
b
a(,‘ )
_ oy
()
oCy
- (j,.‘é:;_gb__
~ (WR)
oC,
015 _T
o7 2 )
oC
C’ﬂ =—a?l
oC,
Cnﬂ :Tﬂ
o0y
py'ﬂz bﬁ}
AL, rolling-moment cocfficient due to a
rudder deflection
ACY . rolling-moment coefficient due to an
aileron deflection
AC, . yvawing-moment coefficient due to an

aileron deflection

AC,,,
ACw,
ACy,,
ACy ,
ACz,,
ACx,,

ax

az

¢
R
M
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yawing-moment coeflicient duc to a
rudder deflection

pitching-moment coefficient due to an
clevator deflection

side-force cocfficient due to a rudder
deflection

side-force cocfficient due to an aileron
deflection

normal-force cocflicient due to an
elevator deflection

longitudinal-force coeflicient due to an
elevator deflection

resultant acceleration along X-axis,
positive when directed along positive
X-axis, ft/sce?

resultant acceleration along Y -axis,
positive when directed along positive
Y-axis, {t/sec?

resultant  acceleration along  Z-axis,
positive when directed along positive
Z-axis, ft/sec?

time, sec

Reynolds number based on €

Mach number

3=—=sin 0

M3==SIN ¢z COs Oz

N3==0C0S ¢g CcOs Oz
A=ax—u,+‘ro,—qw,

B=—ay+v,—pw,+ru,
O=—ag+w,—qu,tpv,
Subseripts:

1 indicated

t true

T tilt

X X body axis

Y Y body axis

Z Z body axis

a aileron

e elevator

eng engine

E Euler

r rudder

aero acrodynamic moment
roc rocket

h horizontal tail

v vertical tail

N coefficient hased on plan arca of nose

A dot over a symbol represents differentiation

with respect to time; for example, u=

du
dt

e
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I. TECHNIQUES FOR STUDYING THE SPIN AND RECOVERY

A. INTERPRETATION OF RESULTS OF SPIN-
MODEL RESEARCH

TECHNIQUES FOR STUDY OF DEVELOPED SPIN

Experience has indicated that spins of airplanes
and recovery therefrom can be readily investi-
gated safely and at a comparatively moderate cost
by means of small dynamic models in a spin tunnel.
A dynamic model is one in which geometric
similarity between model and airplanc is extended
to obtain geometric similarity of the paths of
motion of corresponding points by maintaining
constant, in addition to the scale ratio of linear
dimensions, the ratios: force, mass, and time.
(See refs. 2 and 3.)

A spin tunnel is a vertical tunnel, generally with
a propeller at the top drawing air vertically up-
ward so that the force of the up-going air balances
the weight of the model. Such a tunnel should
provide for rapid deceleration and rapid aceclera-
tion of the air. Provision should be made for
maintaining the model near the center of the
tunnel and at a desired height.

Langley 20-foot free-spinning tunnel.—-Origi-
nally, the Langley Researeh Center had a 15-foot-
diameter spin tunnel.  (Sce ref. 4.) This was re-
placed in 1941 by a 20-foot-diameter free-spinning
tunnel with a maximum speed of approximately
90 feet per second.  Views of the Langley tunnel
arc shown in figures 2 and 3, and a desecription of
the tunnel is given in table T. Tn this tunnel,
models are launched with spinning rotation into
the airstream by hand. For recovery, the tunnel
operator sets up a magnetic field in the tunnel
where the model is spinning by allowing a current
to pass through copper coils placed around the
periphery of the tunnel. A magnet in the model
moves to aline with the magnetie field and, in so
doing, trips a catch which allows controls o move,
a parachute to open, a rocket to fire, or an item to

"be jettisoned. Photographs are taken of the

spinning motion by a side camera or by syn-

.chronized cameras on the side and at the bottom

of the tunnel. (Sece ref. 5.) As the side camera
photographs the motion, it also photographs
readings of a timing device and of a pitot-static
tube; thus, records of time and velocity are
registered on film. A six-component rotary
balance (table II) is available in the tunnel to
obtain force and moment data at spinning atti-
tudes and to provide acrodynamic data for

analytical studies. (Sce ref. 6.)

Spin tunnel as analog computer.—The¢ com-
bination of a spin tunnel and a dynamic model
gives what might be termed an analog computer.
At the scale tested, the aerodynamic and inertia
characteristics of the design are integrated and the
“computer” solves the moment and force equa-
tions to provide the ensuing spinning and re-
covery motion for the model.

Interpretation of spin-tunnel results.—DBe-
cause of the many wvariables in a spin, interpreta-
tion of spin-tunnel results for application to a
corresponding airplane is diflicult. Lack of quan-

titative data on the many possible variables has

i

S » H H
e 2 e e G 2T I AN

L-86258

F1eurE 2.—Exterior and cross-sectional views of Langley
20-foot free-spinning tunncl.
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Ficorr 3.—Iuterior view of tunnel.

neecessifated the isolation of only the primary
factors considered important in effecting the spin
and recovery. Continuous use has been made of
spin-tunnel experience with previous designs tested
and of comparisons, whenever available, of model
and airplane results. Thus, evaluating the spin
and recovery characteristies of a proposed airplane
design has not only involved the science of ac-
curately determining test results on the cor-
responding model but also the art of evaluating the
meaning of these results in light of previous model
results and corresponding full-secale results.  Lang-
ley spin-tunnel results are not interpreted rigidly
for a specific control setting, mass, or dimensional
configuration but rather are interpreted in terms
of the range of results obhtained for the combination
of mass characteristies, dimensional characteris-
tics, and control settings under investigation by
determining the extent to which slight variations
in these factors can alter the results,

Criterion for satisfactory recovery.—A criterion
has been developed for determining whether a pilot
would have adequate control in a spin to enable
him to recover satisfactorily. It was assumed
that, for most spins, the pilot would probably have
the airplanc controls set approximately at “normal
spinning control configuration”—that is, stick full
back and laterally neutral and rudder full with the
spin. In order not to compromise the airplane too
much for its intended uses, it was felt that, if
satisfactory recovery could always be obtained
from this control configuration, the airplanc design
would be considered as having satisfactory re-
covery characteristics, However, in order to
evaluate the recovery characteristics at normal

spinning control configuration, a so-called criterion
spin is selected for which ailerons are set one-third
of their full deflection from neutral in an adverse
direction for recovery, the stick position is allowed
to vary one-third from its full-up setting, and when
the rudder is reversed for recovery, it is moved
to only two-thirds of its full-against setting;
similarly, when ailerons or elevators are used for
recovery, they, too, are deflected to only two-thirds
of their full position for recovery. The cffect
of moderate changes in weight, center of gravity,
and moments of inertia is also considered. A
criterion for satisfactory recovery for model tests
was selected as 21 turns or less based on analyses of
available comparisons with full-scale results.
These analyses, in general, indicated that, when
recovery in the spin tunnel required more than this
number of turns, the eontrols were not sufficiently
effective and the corresponding airplance probably
would have unsatisfactory recovery characteris-
tics; this result might, in some instances, be an
indication that the controls are so ineflective as not
{o produce a recovery at all.  Also, a relatively
large number of turns may contribute to an un-
satisfactory situation beeause of a resulting large
loss in altitude and possible pilot confusion and
panic. This rule is not a hard and fast one and
judgment may be influenced by the nature of the
model results.

Thus, it can be seen that a fixed correction in
moments or forces to allow for Reynolds number
by modification to the model is not utilized. It
is felt that, in some instances, corrections would
be unnecessary, that secondary effects of the
corrections applied might possibly be more
significant than the corrections themselves and
thus lead to erroncous results, and, furthermore,
that, even if a scale-effect correction were accu-
rately applied for the developed spin, it might
be inadequate and even inaccurate for the re-
covery phase. The technique setup is an attempt
to measure the ability of a control to do something
positive and consistent in spite of such factors as
scale, production tolerances on the airplane, and
almost unavoidable pilot inconsistencies in control
settings.  Probably because it is a stalled-flow
phenomena, spin-resecarch experience has indi-
cated that changes can often be made in aero-
dynamic and mass characteristics of a design with
little or no effect on the spin or recovery up to a
certain point, and then even a slight additional

(
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change may “trigger” an effect leading to a large
difference in results. Thus, it is felt that even the
slight dimensional changes of a model due to the
wear and tear of testing is a “salety valve” which
tends to expose the possible existence of a critical
condition. Therefore, instead of attempting to
pinpoint a specific result for a specific set of mass
and dimensional characteristies, an attempt has
been made, as previously mentioned, to evaluate
the range of results possible. In this connection,
one poor recovery out of several recovery attempts
has been considered almost as undesirable as
consistently poor recoveries. The philosophy has
been to assume that a proposed design is inade-
quate for spin recovery unless it can be proved
to be satislactory. Asa result, it might be expected
that in some isolated instances conservative con-
clusions might be reached and that a design not
being conclusively satisfactory based on spin-
tunnel results may nevertheless exhibit satisfactory
recovery characteristics.

Beeause an emergeney device is required on the
airplane during the spin-demonstration tests and,
also, because in some instances such a devieo
may be kept permanently on the airplane, such
tests are included in the model-test program.
The minimum-size tail parachute required to
cffect recovery within 2} turns from the criterion
spin is determined. The parachute is opened for
the recovery attempts by actuating the remote-
control mechanism while the controls are held
fixed at positions which tend to maintain the
spin so that recovery is due to parachute action
alone. The parachute towline is generally at-
tached to the bottom rear of the fuselage. The
folded spin-recovery parachute is placed on the
model in such a position that it does not seriously
influence the established spin. A rubber band
holds the packed parachute to the model and,
when released, allows the parachute to be blown
free of the model. On full-scale parachute installa-
tions it is desirable to mount the parachute pack
within the airplane structure, if possible, and it is
recommended that a mechanism be employed
for positive ejection of the parachute. Whether
parachutes or rockets (another type of emergency
spin-recovery device) are used, provision is
generally made on the model to compensate for
the mass changes associated with installation of
the emergencey device,

538922 60—2

Scale effect.—Models currently tested in the
Langley 20-foot free-spinning tunnel generally
range in scale from Y, to Y4, and the corre-
sponding Reynolds numbers of the tests (based on
wing chord) range from approximately 50,000
to 200,000. Scale may appreciably affect model
results in two predominant ways. There is a
possible effect of Reynolds number of the fusclage,
particularly if the fusclage nosc is long and the
projected arca of the fuselage is large relative to
the wing area. The cross drag on the fusclage of
the model as well as a probable side force on the
fuselage may be appreciably different from those
on the corresponding airplane. This could have
an important bearing on the balance of pitching
moments in the spin which, in turn, could affect
the balance of yawing moments through varia-
tions in angular velocities. It could also affect
the balance of yawing moments directly by a

‘variation in what might be called an autorotative

moment due to the side force on the fusclage nose.
(This effect is discussed in part ITB.)  Also, there
is a possible Reynolds number effect on the wings
if the spin is steep enough and the spin rotation
high enough that the outer wing of the model in
the spin is near enough to the stall angle to be
influenced in such a manner as to give less lift
than that on the corresponding airplane. This
effect could lead to a variation in the balance of
rolling moments and an accompanying difference
in wing tilt in the spin. The magnitude of this
effect would be dependent on wing section, the
magnitude being greater as wing thickness and
camber are increased (refs. 7 to 12). The differ-
ence in wing tilt could, in turn, Iead to a difference
in the gyroscopic yawing moments (Ix—Iy)pg In
the spin. In some instances, the Reynolds num-
ber effects may tend to nullify one another-—for
example, an incereased ineremental positive pitch-
ing moment on the model may tend to cause the
inner wing to be depressed, whereas a decreased
lift on the outer wing may tend to cause the outer
wing to be depressed. In specific cases, however,
the possible individual effects would have to be
considered. In the past, based on rather meager
information, there has been a general indication,
at least for airplanes up until a few years ago,
that the model spun with more outward sideslip
than did the airplane. (See refs. 13 and 14.)
This could possibly lead to optimistic tunnel
results for designs having their mass distributed
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chiefly along the wings but to pessimistic tunnel
results when the mass is distributed chiefly along
the fusclage. (Sce part TIA) This factor is
given cognizance in predieting full-scale results
from tunnel tests.

Tunnel technique.- A [actor which may also
lead to differences in model and airplane results
may be classified as tunnel technique.  The models
are launched in a flat attitude with high rotation
into the spin tunnel in order to be assured of
obtaining any flat spin that imay be possible.
Because of the high inertias of present-day de-
signs, spinning tendencies may be indicated on
the model which may not be readily obtainable, or
may not be obtainable at all, on the corresponding
airplane beeause the same high inertias augmenting
the spin in the tunnel will tend to make it more
difficult for the airplane to inerease its rate of
rotation up to that required for the spinning
condition, This can possibly make model re-
sults too conservative. Tlowever, experience has
indicated that, cven though airplane spin re-
coveries sometimes appear to be better than those
predicted by model results, oftentimes a spinning
condition with poor recovery may be eventually
obtained as a result of a violent mancuver, a
pitch-up, a directional divergence, or even an
madvertent asymmetric lateral location of the
center of gravity. Tn some instances, because of
the initial high angle of attack at which a model
is lnunched into the spin tunnel, an autorotative
moment due to the nose may prevail on the model
but may not occur on the airplane beecause it
never gets to a corresponding high angle of attack.
There is a possibility, also, that a Reynolds num-
ber effeet may be present on the model at the
initial high angle of attack at which it spins in
the tunnel because of launching rotation, which
may cause the autorotative tendencies between
model and airplane to differ.  This possibility is
considered in evaluating tunnel results.  In addi-
tion, beeause spins of present-day airplanes are
often very oscillatory in nature, primarily in roll
and yaw, there is sometimes a tendency for the
oscillations to resolve themselves into a  no-
spinning condition without movement of controls.
In the spin tunnel, the oscillatory spins are often
difficult to obtain, ecither because of the tendency
to resolve into a no-spinning condition or beeause
of space limitations. After many repeated at-
tempts, however, the spin can generally be main-

tained and tested for ease or difliculty of recovery .

It is not too surprising, therefore, that some-
times a spin on an airplane corresponding to that
obtained on the model may not be casily obtain-
able. Eventually, however, possibly because of
some fairly insignificant change in the airplane,
which may have a critical effect on the spinning
tendency, a spin may be obtained on the airplane
and, unless proper consideration has been given
this likelihood, the airplane may get into trouble
and may cven be lost in a spin.

TECHNIQUES FOR STUDY OF INCIPIENT SPIN

Beeause of the apparent inability of incorpo-
rating into the airplane provision for insuring
satisfuctory recovery from the developed spin,
more afltention has recently been given to the
meipient spin.  The incipient spin is considered
to be different from that of the developed spin
in that the former is a transient motion extending
from some point after the stall to some point just
before the spin becomes developed (equilibrium).
When and why some designs enter the developed
spin quickly and the ease or difliculty of preventing
the developed spin altogether are problems of
great importance.

Several years ago, a catapult was built for
incipient-spin studies (ref. 15) utilizing spin-
tunnel models.  Although results [rom this facility
have been useful, the technique is inadequate
because of space limitations.  Currently, a tech-
nique is being developed for studying the ineipient
spin by means of launching radio-controlled
models from a helicopter. These models range
from ¥, to ¥ scale in size.  If current and future
designs are compromised too much in providing
adequate control for termination of the developed
spin, it becomes increasingly important to pre-
vent the development of the spin. Recoveries
attempted during the incipient phase of the spin
may be more readily attainable than those
attempted after the spin becomes fully developed
because controls which are ineffective in  the
developed spin, owing to attitudes, rotation, and

gvroscopic cffeets; may be effective for termina- -

tion of the incipient spin.
B. ANALYTICAL SPIN STUDIES
During recent years, analytical investigations
have been initiated in which spin-entry, developed-
spin, and spin-recovery motions of airplanes are
studied by calculating time histories of the
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attitude, velocity, and acecleration variables of
the motions through the use of static and rotary
acrodynamic data and six-degree-of-freedom equa-
tions of motion. It is expected that these investi-
gations will augment the knowledge gained from
customary free-spinning dynamic-model tests and
full-scale-airplane spin tests and will aid in ob-
taining a better understanding of these often
inadvertent and sometimes dangerous flight mo-
tions. In references 16 and 17, calculation
methods were described and the results of some
initial step-by-step calculations were presented.
More recently, calculations have been made on an
electronic analog computer of the recovery
characteristics from a steady developed spin of an
unswept-wing fighter-airplane configuration as
affected by the application of various amounts of
constant applied yawing moments, rolling mo-
ments, or thrust force. Calculation methods and
rotary-balance acrodynamic data used in obtaining
the analog-computer results are presented and
discussed. The results are presented as time
histories of some of the attitude and velocity
variables of the motions. Statements are made
regarding the nature of the motions which ensued
after the moments or the thrust force were applied
and regarding the relative effectiveness of these
applied disturbances in causing recovery from the
steady developed spin. Equations and methods
used in calculations for incipient-spin studies are
also presented.

METHODS AND CALCULATIONS

Equations of motion.—The spin-recovery mo-
tions were calculated by an electronic analog
computer which solved the following basic equa-
tions of motion. These equations represent six
degrees of freedom along and about the airplane
body system of axes (sce fig. 1 for illustration of
body axes), which arc assumed to be the prineipal
axes:

=(I—~ Cx+gls+or—wgq (1)
2ub
L=m Cy -+ gms—+wp—ur (2)
T
w=m Cp+gns+uq—op (3)
172 — 1

,ulc zolT Ty qr 4)
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_ V2 Iy
q~2pk ] m b+—“__—” p (5)
17 —1Iy
P =gt 2 + ,Z rq (6)
where
l3='_ Sin 0
My == SIN ¢y c0s O (7

Tz = COS ¢z COS 5

In solving these equations, the computer made

use of the relationships

w
—tan-!-
a=tan™'— (8)
and

B=7 (9)

inasmuch as the rotary-balance data (discussed
subsequently) for each aerodynamic cocfficient
had been plotted as functions of the variables @ and
8. Also used were the relationships derived in
reference 16 but with different symbols:

[y= Mgl —Nyq
My=ngPp— I3
Tig={3q— mzp

It was more feasible to solve these diffcrential
equations on the computer than to solve directly
for the attitude angles 6z and ¢ in terms of their
trigonometric functions as written in equations
(7).

It should be pointed out that equation (9) is an
approximate formula, the complete one forside-
slip at the airplane center of gravity being

Ly
B=sIn ﬁ

However, it was necessary to assume that the
velocity ¥V was constant in the equations of motion
and to assume that the sideslip angle 8 was equal
to sin B8 in order that the awvailable electronic-
analog-computer equipment could be adapted for
making the calculations,

For the calculations in which a disturbance roll-
ing or yawing moment was applied to the spinning
airplane, an incremental value of C; or C,, respec-
tively, was added to the acrodynamic value ob-
tained from the rotary-balance data and used in
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the corresponding equation of motion. This pro-
cedure corresponds to inserting a term such as
Fy/Ix or Fy/I; into equation (4) or (6), respec-
tively. For the calculations in which an applied
thrust force was simulated, the term F/m was
added to equation (1).

Rotary-balance aerodynamic data.—The basic
acrodynamic data used are presented in figure 4.
1t consists of data obtained on the rotary balance
in the Langley 20-foot frec-spinning tunnel on a
model of the unswept-wing fighter-airplane con-
figuration shown in figure 5, with some fairing
having been made to the data and some inter-
polative techniques being necessary in order to
adapt it for use on the analog computer. As
noted in references 6, 16, and 17, some difficulties
were cncountered in originally obtaining these
data and they are considered to include some
inherent inaccuracies. Furthermore, the limited
computer equipment available did not allow
setting in the proper variations of aerodynamic
data to account for variations in the rate of rota-
tion of the model during the recovery motion;
therefore, the only data used were those obtained
while the model was rotating at the rate of the
initial, steady, developed spin. Because of the
shortcomings of the acrodynamic data, of the fair-
ings, and of the interpolative procedure used, the
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data as presented in figure 4 are considered to be
representative only of the general nature of forces
and moments acting on the model. As previously
mentioned, a complete description of the rotary
balance is contained in reference 6.

Preliminary analysis—The airplane was con-
sidered to be initially in an erect, developed,
steady spin (as opposed to either an inverted spin,
an erect incipient spin motion, or an oscillatory
spin) with the characteristics listed in table III.
Mass characteristics of the airplane and control
settings for the spin are also listed in table ITL
The spin characteristics listed in the table were
average values as obtained from free-spinning tests
of a 1/20-scale dynamic model of the airplane
being considered.

Modification of the aerodynamic data was nec-
essary (in addition to the fairing previously men-
tioned) so that the clectronic computer would
indicate the presence of the initial, developed,
steady spin before a disturbance was applied.
Tt was found that this could be done by adding
factors to each of the six acrodynamic coeflicients
in the equations of motion that were sufficient to
cause the computer to indicate constant values of
the variables of the motion when instructed to
solve the equations of motion without any dis-
turbance applied to the developed spin.
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The present investigation is believed to be of
value as an indication of trends when various
moments or forces are applied for spin recovery.

EFFECTS OF APPLYING DISTURBANCES

Time histories of the computer runs showing
the motions resulting after negative yawing mo-
ments, positive rolling moments, and positive
thrust forces were applied are shown, respectively,
in figures 6, 7, and 8. Presented are time his-
torics of o, B, I, my, p, ¢, and ». The specific
values of moments or thrust applied are listed in
these figures and, in addition, they are listed in

" table TV along with identifying run numnbers and

a brief remark concerning the general nature of
the result obtained. Some runs were also made
in which positive yawing moments (prospin) or
negative rolling moments (outhoard wing down)
were applied and, although the results of these
are not presented in figures or in tabular form,
they are discussed herein.

The significance of various motions obtained
when the disturbances were applied in the devel-
oped spin is considered in terms of whether recoy-
ery from the spin was achieved. In brief, an
airplane is considered to have recovered from the
spin when the angle of attack at the center of
gravity is below the stall. Usually, as this is
achieved, the airplane enters a steep pullout dive
without rotation; in some cases, however, it may
be turning or rolling in a spiral glide or an aileron
roll.  Also, sometimes, the airplane may roll or
pitch to an inverted attitude from the erect spin
and may still have some rotation but is out of
the original erect spin.

The computer runs were ended whenever o
became zero or when some other variable exceeded
a limiting value beyond which it could no longer
be handled by the particular electronic-computer
sctup used. For example, whenever 8 reached
+48°, the calculation run ended.
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As may be seen from figure 6, the application
of negative yawing-moment increments was [avor-
able in that they caused recoveries and in that
the time required for recovery decreased propor-
tionately as the negative yawing moment applied
was inereased within the range of moments applied ) ‘
during the investigation. Conversely, applying A oes.
positive increments of yawing moment hud adverse -
offects in that they aggravated rather than
relieved the spinning motion.

Applying positive rolling-moment increments
was also favorable to recovery (fig. 7) but a
little less so than applying negative yawing-
moment increments because recovery took some-
what longer to occur for a given increment of
moment appliecd.  Applying negative increments
in rolling moment, in general, had adverse effects
in that rate of yawing and angle of attack
increased.

Generally, the effects of the applied yawing
and rolling moments as regards being favorable
or unfavorable to recovery for a design with this
type of loading (mass distributed primarily along
the fusclage) are in agreement with free-spinning-
tunnel results and analyses made over the years.
(Sce part TTA of this paper and refs. 18 and 19.)

Simulating the application of thrust forces up
to three-quarters of the weight of the airplane
indicated the relative ineflectiveness of this pro-
cedure for spin recovery for the subject configu-
ration. This is emphasized by comparing the
results in figure 8 (thrust application) with those in figure 6 (application of negative yawing mo-
ments), and this result is consistent with the analysis of part TTA of this paper.

Rudder hinge
65% chord - . _

F1cURE 5.—Rotary-balance model. S:=612 squarc inches;
“=11.52 inches.

INCIPIENT SPIN STUDIES

Because the need is great for knowledge of the effects of design factors and of various control-
manipulation techniques in maintaining or in regaining controlled flight and preventing the occurrence
of fully developed spins, calculations are being made to study spin-entry motions on an automatic
digital computer. Work being done includes the obtaming of aerodynamic stability-derivative data,
both static and rotary, which are as complete and suitable as possible in order to make the studies as
realistic as possible. The equations of motion being used for spin-entry studies are as follows:

. Iy—1; Ivz . Iz VeiSh V= Sh? VeSh? . 7 eSh?
gl T g L TP R g 0 Cpt 2 0 sin a2 Cr
Ve Sh? p V2 Sh oV i2Sh Fz ..y
'—‘—m_ 01;, cos af+ 21}}( ACy .+ 2I}X ACz,a“}“L]X—
]7,4[4\' ]XZ ?—IX_Z Q_IX.CYII;"JGV(g Px'yﬂz‘sfz pVRSFQ pI?RS(—'? y . pI/VRQSE Fz.m-?‘
7‘+ 0"L+ 4[Y C???qq_*_ 4IY Cyﬂlﬂ'ka—i- 2[)’ A(:’m.e 11’

=7, Pt T T oIy
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Fioure 7.—Time histories following application of positive rolling moment (moment applied to steady spin at time zero).

C. TECHNIQUES INVOLVED IN OBRTAINING
MEASUREMENTS OF VARIOUS
PARAMETERS IN THE SPIN

MEASUREMENTS DESIRED

Tn order to evaluate properly the spin and spin-
recovery characteristics of airplanes and to enable
comparison of model and full-scale results, meas-
urements of most of the items that are measured
in normal-flight testing should suffice. The tech-
nique involved in obtaining these items may be
somewhat different, however, because of the high
angles of attack encountered at spin attitudes.
Similar techniques would be involved for any
mancuver at high angles of attack such as an n-
cipient spin or a gyration beyond the stall. Time-
history measurements should be made to yield the
following information during the spin and recovery
(in order of importance):

(1) Number of turns in the spin and turns for
recovery; position of all-movable con-
trols including landing flaps, leading-
edge flaps, dive or speed brakes, and
slats

(2) Augle of attack and angle of sideslip at
the center of gravity of the airplanc

(3) Resultant velocity

(4) Angular rates about the three body axes

(5) Altitude record

(6) Earth-reference attitude angles of the

airplane
(7) Linear accclerations
(8) Angular accelerations
In addition to the aforementioned measure-

ments, it is important to have a proper evaluation
of the condition of the airplane at the time that
spins arc started as regards weight, center-of-
gravity location, and moments of mertia of the
airplanc. Power conditions during the spin should
also be noted. The pilot’s comments concerning
the spins and recoveries therefrom should be ob-.
tained as a supplement to all the recorded infor-
mation. Film records of each flight should be
made from a ground station and a chase airplane,
and film records from a gun camera in the airplane
undergoing lests may also prove to be valuable.

METHODS FOR OBTAINING DATA

Some suggested ways of instrumenting the air-
plane to obtain the items desired are pointed out
in the following scctions. A discussion of various
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Firavre 8. Time histories following application of positive thrust (thrust applied to steady spin at time zero).

types of measuring instruments is given in refer-
ence 20.

Control positions, altitude,and rotational rates.—
The control positions, altitude, and rotational
rates may be determined by instruments such as
those discussed in reference 20. The angular rate
gyros used for measuring rates about body axes
should, of course, be alined with the X, ¥, and 7
body axes to give p, ¢, and r, respectively; and
the resultant spin rotational rate about the spin
axis @ is the vectorial summation of these rates.
The number of turns in a spin may be obtained
from an integration of the time history of the
resultant rotational rate € about the spin axis.

Angle of attack, ahgle of sideslip, and resultant
velocity.—Dectermination of the true angle of
attack and angle of sideslip at the center of gravity
“of an airplanc is a more involved process in spins
than it is in the normal-flight range because the
linearizations and approximations made in the cor-
rection of vane readings for flight testing at low
angles of attack do not apply in the spin. As re-
gards resultant velocity, the pitot-tube type of
pickup alined with the fuselage axis used for the

normal-flight attitudes no longer gives valid read-
ings when spin attitudes are approachied. In addi-
tion, the yaw vane ordinarily used to obtain side-
slip angles at low angles of attack does not give the
sideslip angle at high angles of attack. Methods
for obtaining true angle of attack a,, true sideslip
angle 8, and true resultant velocity Vi, ure sug-
gested herein. Before explaining these techniques,
however, it would be well to examine the basie
reasoning involved in the measurement of acro-
dynamic angles. (In the discussion that follows,
unless otherwise indicated, it is assumed that the
veloeity and flow-direction pickups are removed
from the influence of the airplance and that me-
chaniecal inaccuracies that may be introduced, such
as boom bending, are negligible.)

The resultant velocity ¥ may be broken up into
three component velocities u, », and w along the
X, ¥, and Z body axes, respectively, as shown in
figure 9. The angle of attack « is defined as the
angle between the projection of the resultant ve-
locity on the XZ-planc and the fusclage X body
axis or

a—=tan~!

SRS



Tigune 9—Determination of « and 8. The angles o, ¥,
and ¢ are in the XZ, XY, and ZY body planes, respec-
tively.

Angle of sideslip is defined as the angle between
the relative wind (or resultant velocity) Vi and
the projection of the resultant velocity on the
XZ-plane or

1 v

B=sm o
Thus, the angle of attack and angle of sideslip at
the position of a flow-direction vane can be deter-
mined by making use of a swiveling-type eruciform
vane that has two degrees of rotation: one about
an axis parallel to the airplane pitch axis and one
about an axis that remains perpendicular to the
plane of the vane.

An alternate technique consists of using three
vanos, cach having one degree of rotation: A pitch
vane with its axis parallel to the airplane pitch
axis that yields the angle of attack «; a yaw vane
pivoted about an axis parallel to the body Z-axis
that yiclds the angle ¥; and a roll vane pivoted
about an axis parallel to the airplane X-axis that
yiclds the angle ¢7. (Sec fig. 9.) Three-vane nose-
boom and wing-tip boom installations of this type
are shown in figure 10. The angle-of-attack vane,
thus, gives an indicated angle of attack which may
be corrected to obtain the true angle of attack, and
the indications of the roll and yaw vanes can be
used to obtain an indicated sideslip angle from the
following relationship:

1
wfl +eot?pp - cotiY,

B,=sin~!

TECHNICAL REPORT R—H7—NATIONAL AERONATUTICS AND SPACE ADMINISTRATION

¥
/ \ ‘% 7
v, +rx Pitch vone-
v, +rx " p )
I I """ Yaw vone’ 4
iw, - gx+py I
w,-gx
Wing-tip boom Nose boom

TicvrRE 10.—Three-vane nose-hoom and wing-tip boom
installations.

TFrom this relationship, the sign of the sideslip
angle must be determined from the sign of ¥ or
ér... (f ¢, and ¢ vary between 0° and 180°, the
sign ol B, is positive; whereas, if ¥; and ¢, ; vary
between 0° and —180°, the sign of 8, is negative.)
The sideslip angle can also be computed from the
following relationships:

B,=tan"'(tan ¥, cos «;)

and

Bi=tan~1(tan ¢r ; SN o)

but these relationships become indeterminant at
indicated angles of attack of £90° and 0°, respec-
tively.

When these indicated angles are corrected to
the center of gravity, the influence of the rota-
tional rates must obviously be considered and
the resultant veloecity in the vicinity of the re-
cording vanes must be known. The resultant
velocity should be obtained from a pickup that
swivels so that it will aline with the relative wind.
The velocity recorded in utilizing such a tech-
nique will be an indicated resultant velocity at
the point of measurement Vi, ;; and if a;, 84, and
V&1 are known, the true angles and true resultant
velocity may be computed from the following
relationships if the vanes and velocity tube are
mounted on the nose boom (fig. 10):

a,=tan"? (tan ai+T

ey >
Th.: COS (B; COS oy

j .
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Ve :=[Vg 2 cos?a; cos? B+ (Vg cos B; sin a; 1 qr)®
+(Vg,: sin 51_7"1')2]%

B, —sin~! Ka.,rfiw>
Ve,

where the vertical and lateral distances of the in-
dicating vancs from the center of gravity are
assumed to be small and velocity components due
to p can be neglected.  As is indicated in the pre-
ceding equation and as can be seen in figures 9 and
10, the lincar velocities at the center of gravity
are as follows when a nose-boom installation is
used:

U= Vg, ; C0Os a; cOs B;
r,=Vkg, sin g;—rz

w,= Vg ; sin a; cos B, qx

If a wing-tip installation is used (fig. 10), the re-
duction of the indicated vane readings is somewhat
more involved than it is for a nose-boom installa-
tion and, also, it appears possible that for a wing-
tip installation shielding of the fuselage may give
erroncous readings at high angles of sideslip and
attack. Tn addition, for a nonoscillatory type of
spin in which ¢ is usually small, the angle of attack
indicated from a nose-boom installation usually
need not be corrected to obtain the true angle of
altack; this is not the case for a wing-tip installa-
tion. Based on these factors, it would appear
more desirable to use a nose-boom installation
rather than a wing-lip boom installation for
flight spin tests.

An alternate technique for obtaining the truc
angles of attack and sideslip and the true resultant
velocity that may be employed when a resultant-
velocity tube can not be installed on the airplane
depends upon the existence of a pitching rate or a
yawing rate. When this technique is used, two
pitch vanes and a roll (or yaw) vane must be used
or two yaw vanes and a pitch (or roll) vane must
be installed on a nose boom as indicated in figure
11. The velocily components for the technique
utilizing two pitch vanes and a roll vane are

I A€ ),
T tan ap—tan o

7,=(tan ¢r ; tan a)u,—ra

w,=(tan o) ¥+ qry

_-Roll vane

Pitch vones, _ \¢Tl
Sr ..

~ 1

= t=
: )

— kg - e ]

Yow vones,

v
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(a) Two pitch vanes and a roll vane.
(b) Two yaw vanes and a piteh vane.

(b)

Figure 11.—Three-vane technique for measuring angles
of attack and sideslip and resultant velocity.

and the velocity components for the technique
utilizing two yaw vanes and a pitch vane are

7 (2, — 1)

Y= an ¥ — an ¥

r=(lan ) u,—rry
w,={tan o) ¥, +qn

Thus, if the component velocities of the true
resultant velocity are known, the true resultant
velocity can be determined and the true angles
of atiack and sideslip can be computed. In these
equations the vertical and lateral distances of the
vanes from the center of gravity are assumed to
be small and, as a result, velocity components due
to these displacements can be neglected. Tt
should be pointed out that utilization of this
technique for spin flight testing is subject to certain
limitations. The two-pitch-vane installation will
usually record only slight differences in angle of
attack for nonoscillatory (or steady-lype) spins
when reasonable distances between the vanes
are used; thus, a two-pitch-vane installation may
not be reliable for nonoscillatory types of spins.
The two-yaw-vane installation will probably
not be useful for airplanes having spinning
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attitudes approaching 490° because the angle
of sideslip and resultant velocity may not be
determinable.

Angular accelerations.—In order to determine
the angular accelerations p, ¢, and 7, an electrical
differentiation of the angular rotational rates has
been used.  If an angular accelerometer is used for
determining these angular accelerations in spins,
however, a disk or cruciform type of sensing
element with the axis of the disk alined with the
axis about which the accelerations are desired is
preferable to a bar-type accelerometer.  The
disk-type accelerometer gives a true indication
of p, ¢, and 7, whereas a bar-type accelerometer
that is pivoted about its center records the effects
of certain cross-coupled angular velocities in
addition to p, ¢, and #. A tabulation of the total
measurements of bar-type angular accelerometers
(ptvoted about their centers) about the three body
axes of a spinning airplanc follows:

Quantity Alinement of

? Total measuremen
desired bar ¢ ement

Along X-axis g—pr ({vo low)

g

Along Z-axis G- pr (foo high)
R Along Y-axis p+gqr (too high)
p Along Z-axis p—qr (too low)
) Along X-axis 7+ pg (too high)
7

Along Y-axis F—pq (too low)

Linear accelerations.—As regards the lincar-
acccleration measurements in spins, when the
linecar accelerometers are displaced from the eenter
of gravity, these accelerations should he corrected
for the centrifugal and cross-coupled terms as
well as for the angular-aceeleration terms. The
total readings of linear accelerometers placed
along the three body axes are as follows:

Axis Total measurement
X ax —2 (P48 —y(i—pp) + 2(¢4-pr)
Y ay—y(rt+p) 4 x(F+pg) —z2(p—qr)
zZ az+a(g—pr) —y(p+ar) +2(p2+¢7)

Earth-reference attitude angles.—In order to
measure carth-reference attitude angles of an
airplane, an all-attitude no-gimbal-lock gyroscopie
reference wnit may be used. Another process,
which is very involved but which should give
reasonable indications of the earth-reference angles
if the instrument readings are accurate, involves
substitution of most of the quantities already

discussed into Euler’s foree equations. These
equations are as follows:
g sin bp=ax—u,+re,~—quw,=1
g cos Oz Sin ¢p= —ay+o,—pw,+ru, =B

g 08 g cos pg=—az+w,—qu,+pv,=C

Thus,
fp=—sIin"! 11
V£
¢p=1tlan™! &
and

¢=sin"!(sin ¢z cos Oz)

Use of these equations to determine space angles
thus involves a differentiation of the true linear
velocities along the three body axes to determine
it,, ¥, and w,.

Determination  of the FEuler angle ¢z, the
amount that an airplane has rotated about a
vertical space axis, is more involved than the
determination of the other Euler angles. The
rate of rotation about a vertical space axis ¥g
can be defined as %}E:_ZC;Q, and the angle ¥g
would then be obtained from an integration of
this term.

Determination of forces and moments. —I{ the
airplane is instrumented thoroughly enough to
obtain accurate measurements of the various
items that have been noted, the forces and
moment cocflicients in the spin can be determined
as follows:

CY:(IX%LI)?
Rl

a 2ub
¥ I"v}z, z2

(7?:
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It should be noted that product-of-inertia terms
are assumed to be small and are neglected in the
preceding equations; also, the pitching-moment

' coefficient is nondimensionalized on the basis of

the wing span.

II. IMPORTANT FACTORS THAT INFLUENCE THE SPIN AND RECOVERY

A. EFFECTIVENESS OF CONTROLS DURING SPINS
AND RECOVERIES

A developed spin involves a balance of aero-
dynamic and inertia moments and forces; thus,
the effectiveness of any control in promoting or in
terminating the spin depends not only on the
gerodynamic moments and forces produced by
the control but also on the inertia characteristics
of the airplane. A spin about any axis in space
might be considered as being made up of rotation
of an airplane about an axis through its center of
gravity plus translatory motion in space of the
center of gravity. Because a moment is required
in order to terminate the rotation, it therefore
may be said that the spin is primarily a rotary
motion and thus is affected mainly by the moments
acting upon it. As previously indicated in
equations (4), (5), and (6), the equations for the
moments acting in a spin (principal axes being
assumed and engine effects being ignored) are,
respectively,

Ve Iy—1I,
p—2#kx2 01+ . qr
.V I,—Ix
G=g5 g2 Crot=p, P
o t,’i’ I_Y'—Iy
7._—2!11‘722 C"_?_ Iz pq

DEVELOPED SPIN

Whether an airplane spins steep or flat and what
its rate of rotation will be are apparently primarily
dependent upon the yawing-moment and pitching-
moment characteristics of the airplane. Low
damping in yaw at spinning attitudes or high
autorotative yawing moments lead to flat (high a),
fast rotating (high @) spins. The interrelation of
the aerodynamic pitching moment, rate of rotation,
and angle of attack in the spin for a given mass

N

distribution can be seen from the approximate
pitching-moment equation obtained by equating
the aerodynamic and inertin pitching moments:

—'A[Y, aero

% (T,—Ix) sin 2a

2=

From this relation it can be seen that a nose-down
(negative) pitching moment may not nose the
airplane down but may instead lead to a higher
rate of rotation and may in fact flatten the spin.
For given directional and lateral characteristics,
the pitching moment can influence the motion so
that it may vary from a high-rotation spin to a
low-rotation trim. Figure 12 shows that, for a
normal aerodynamic pitching-moment curve, the
corresponding angle of attack and rate of rotation
in a spin may assume a wide range of wvalues,
depending upon the equilibriurn conditions that
satisfy the other two moment ‘equations for the
airplane design. If the aerodynamic pitching-

moment curve has a steep slope and if the airplane

Sr
Stall 60°
)l/’\l
[o] i \
Gn -5} T~
-1.0} T~
-1.5' Pitching—moment h
6 characteristics
. s
_———— Stable s
_— Unstable il
Y _-7
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d o T
! ]
o] 30 60 90
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Ficure 12.—Effect of pitching-moment characteristics on
rate of rotation at angle of attack in the spin.
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should tend to spin flat, an extremely fast rotating
spin may result from which recovery may be
difficult to obtain because of the ensuing high
angular momentum in the spin possible for current
fichter designs with their high moments of inertia.

If, however, the pitching-moment curve becomes . -

unstable and shows a trim at a high angle of
attack, the corresponding spin may be very flat
with very slow rotation. Even when the rotation
is stopped, in this instance, the airplane may
remain in o trimmed condition at a high angle of
attack.

Because of the trend of current designs, the
steady developed spin has practically been elimi-
nated and in its place has come a cyclic large-
motion oscillation. As pointed out in references
19 and 21, the oscillatory spins, primarily in yaw
and roll, are associated with the long fuselage nose
lengths and the extreme mass distribution along
the fuselage of current designs. Therefore, it ap-
pears likely that the rolling-moment characteris-
tics at the spinning attitudes can also have a
significant influence on the motions being obtained.

Spin rotation and angle of attack also can be
influenced by the gyvroscopic moment produced by
the rotating parts of a jet engine. (See ref. 22.)
Because these parts continue to rotate at a fairly
high rate even though the engine is throttled back,
- the gyroscopic cffect of the engineon the developed
spin and subsequent recovery therefrom must be
given proper consideration.

RECOVYERY FROM THE SPIN

The cffect of any control in bringing about spin
recovery depends upon the moments that control
provides and upon the effectiveness of those
moments in producing a change in angular
velocity and thus an upsetting of the spin equili-
brium. The effectiveness of the applied moment
in upsetting the spin equilibrium, in turn, is in-
fluenced by the magnitudes of the moments in
balance in the developed spin. The effectivencss
- of the moments depends greatly upon the mass
distribution of the airplane. (See ref. 18.)

Experience has indicated that application of a
yawing moment about the Z body axis to oppose
the spin rotation is the most effective manner of
terminating the spin and bringing about recovery.
Thus, the effectivencss of a rudder deflection,
which generally creates a direct yawing moment
on the spin, is dependent upon the magnitude of

the yawing moment produced and upon the ability
of this moment to affect the existing motion.
Similarly, it appears. that elevator effectiveness
and aileron effectiveness, in the final analysis, de-
pend upon their ability to alter the yawing mo-
ments acting. It appears that the most effective
way to influence the spin and to bring about re-
covery is to obtain a yawing moment by applying
a moment about an axis about which there is the
least resistance to a change in angular velocity
(least moment of inertia). For example, the most
proficient way to obtain an antispin yawing
moment for recovery may be to roll the airplane
(if I is relatively low, as it is for current designs)
in such a direction that a gyroscopic yawing
moment to oppose the spin is obtained. Thus, it
may be more efficient, and in fact essential, to
obtain a yawing moment indirectly by rolling
about the X-axis rather than by a direct
application of a yawing moment against the
resistance of a large angular momentum about
the Z-axis, particularly when the moment of
inertia about the Z-axis Iz is relatively large
because of the concentration of mass in the
fuselage. Similarly, if mass is heavily concen-
trated in the wings, movement of elevators
downward may provide the most effective means
of applying an antispin yawing moment. This
effect can be explained by examination of the
equation dealing with yawing motion:

._MZ, aery I.\'_'IY _nnTﬂ I.\'_IY
= IZ + Iz pq_2ﬂkz"+ Iz pq

This equation shows that, for airplancs designed
about 1939, the rudder was the primary control for
recovery. Obtainable changes in the aerodynamic

,/n
Qukzz
radius of gyration), wherecas changes in the inertia

IX; IYPQ were (Iy—1Iy=0). In
z

recent years, increases in mass distribution along
the fuselage and in wing loading have tended to
make the changes in the inertia term much more
significant and at the same time to minimize the
changes in the acrodynamic term. For example,
modern high-speed fighters and research airplanes,
whose control surfaces are no larger than those of
airplanes of many years ago, have large negative
values of Iy—7, because the mass is heavily
concentrated in the fusclage; thus, it becomes

term were relatively large (low u and low

term small

1 e —— bt Wil <k ]
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extremely important that the inertia term be made
antispin (negative for a right spin) for recovery.
This can be done by controlling the algebraie sign
of the pitching velocity, for example, by tilting
the inmer wing (right wing in a right spin) down
relative to the spin axis. This tilting of the wing
downward makes the pitching veloeity q positive
(g=Q sin ¢) and gives rise to a cross-coupled
inertia eoffect which acts in a direction that termi-
nates the spinning motion. This effect ean be
considered to be similar to a so-called roll diver-
gence, exeept that it is utilized to diverge (recover)
from the spin. Extreme care must be exereised to
avoid tilting the outer wing down as this would
lead to a prospin moment. During World War 1T
when in many instances fuel, guns, bombs, and
engines were put on the wings and, as a result,
Ix—Iywas made positive, the same type of reason-
ing pointed the way toward use of clevators to
provide a nose-down or negative pitching velocity
q. Figure 13 summarizes these results and shows
that the effectiveness of the vertieal tail in termi-
nating the spin is greatly decreased as mass distri-
bution is inecreased along the fuselage or along the
wings. Because the effectiveness of the rudder in
terminating a spin depends on the ability of the
rudder to provide a yawing deceleration, its
effectiveness is lessened when 7, is large, such as
for extreme loadings along the fuselage or along
the wings. Also, beeause rudder reversal tends to
depress the inner wing in a spin, an undesirable
prospin increment in yawing moment could ensue
beeause of an unfavorable cross-coupled eflect
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Fravre 13- Influence of mass distribution on optimum
control movement for recovery from the spin.  (Sce ref.
1 for definition of tail damping power factor.)
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when the loading is predominantly along the wings.
When the loading is predominantly along the
fuselage (Ix—1Ty negative), allerons with the spin
(stick right in a right spin) can generally be
utilized to assist the rudder and, in general, expe-
rience has indicated that, if the stick is held back
longitudinally long enough, the pilot will be able
to discern more readily between the spinning
motion and the ensuing aileron roll.  When the
loading is predominantly along the wings (Iv—7Iy
positive), clevators down (stick forward) can
generally be of assistance for recovery. In the
latter case, ailerons against the spin would also
be beneficial.

Based on the foregoing reasoning alone, it would
be expected that the effect of ailerons for erect
spins would reverse when Jy—7, changes from
negative to positive. Actually, experience in the

past has indicated that, in the vicinity of
—1T . . . .
]‘\TbZ—YXIO“ of —50, ailerons with the spin (stick

right in a right spin) generally lost their favorable
effect and became adverse and for ailerons against
the spin the converse happened. (See ref. 18.)
This result, it is believed, has been primarily due
to a sccondary effeet associated with positive Crg
of the airplane and a resulting relative prospin
inerement in yawing moment beeause of the incre-
ment in inward sideslip that invariably occurs
when atlerons are set with the spin.  This condition
shifts the aileron reversal point. Similarly, spin-
tunnel experience has shown that, for inverted
spins, the aileron effect reverses at a negative value
of Iy—17y, the reversal point occurring in the

vieinity of -I—X;n_T{YXIW of —150 because the un-

shiclded vertical tail in the inverted attitude
makes C,, much more significant. Unless other-
wise indicated, aileron settings in the inverted spin
are given in terms of wing tilt relative to the
ground; and if the rolling moment is such that
the imner wing is tilted down (relative to the spin
axis), it is considered as an aileron-with setting.
For example, in an inverted spin rotating to the
pilot’s left, the inner wing would be the left wing;
moving this wing down relative to the ground
would be brought about by moving the stick
laterally to the pilot’s right. The aileron-reversal
points for both erect and inverted spins can also
be influenced by the elevator setting somewhat
and, in general, clevator-up settings (relative to
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ground) lead to an aileron-reversal point at a
somewhat more negative value of Iy —1y than do
clevator-down settings.

A factor affecting the spin and recovery that
may be likened to an aileron effect is the interact ion
of wing thickness and camber with mass distribu-
tion. In general, adding thickness or camber to
a wing will tend to lead to a spin with more inward
sideslip which may be favorable or adverse depend-
ing upon whether the mass is distributed chiefly
along the fusclage (Ix—Iy negative) or chiefly
along the wings (Jx— Iy positive), respectively.

On some current airplanes, ailerons are being
deereased appreciably in size, moved inboard, or
climinated altogether. For such airplanes, if a
developed spin is obtained, there may be great
difficulty encountered in recovery. In some in-
stances, the design incorporates spoilers, deflectors,
slats, leading-edge droops, or chord-cxtensions.
Spoilers are generally ineffective in a developed
spin because they are shielded at the spinning
attitudes. Because they give little or no rolling
moment in the spin, they cannot be substituted
for ailerons for spin recovery when a rolling
moment is required. Inadvertent settings of the
stick laterally against the spin (stick left in a right
spin) would, of course, also have no effect for
spoilers whereas such a setting could be adverse
for ailerons, Spoiler-deflector combinations can
have some cffect primarily because of the drag
and corresponding aerodynamic yawing moment
that the deflector provides in the spin.  (See ref.
23.) Extension of slats generally leads to an effect
similar to that of ailerons with the spin, that is,
stick rvight in a right spin.  (Seeref. 24.) TLeading-
edge droop and chord-cxtensions may have some
offeet in a critical case and their effect would be
in conformity with the rolling moment and the
corresponding wing tilt that they could produce
in a spin. Recent experience in the spin tunnel
has indicated that use of a differentially operated
horizontal tail may be effective for spin recovery
as a substitute for or to augment ailerons with
the spin.

All service airplanes that are spin demonstrated
are required to have an emergency antispin device
installed. Tail parachutes are more commonly
used although rockets have been used.  (See refs.
25 and 26.) At the present time, the size of
parachute required for a current design must be
determined by model tests. This would also

be true for determination of rocket forces to supply
an adequate antispin moment.  An existing report
on parachute requirements (ref. 27) 1is presently
considered to be inadequate for current high-speed
airplanes loaded heavily along the fuselage. The
reason for this inadequacy is that a tail parachute
provides both a large pitching moment and a small
yawing moment; the large pitching moment 1s
ineffective for spin recovery when the mass is
heavily concentrated in the fuselage, and the
small yawing moment is inadequate for recovery
for the same reason that the rudder loses its
effectiveness for extreme fuselage loadings.  Refer-
ence 27 is still valid for loadings where mass is
concentrated in the wings or for loadings where
mass is lightly concentrated in the fuselage because
here both the pitching moment and the yawing
moment could be conducive in bringing about
recovery.

The reason that the yawing moment is the most
cffective means of terminating a spin and bringing
about recovery may be explained by the following
analysis: As previously indicated, the spin is
generally considered to be a motion at un angle of
attack between the stall and 90°, the wings being
nearly perpendicular to the spin axis. For such a
motion, when there is an application of an anti-
spin yawing moment (negative for a right spin),
the yawing velocity 7 ean be decreased cither by
slowing up the rotation or by decreasing the angle
of attack, or both, with both changes being con-
ducive of recovery from the spin. Furthermore,
lowering the rotation generally leads to a nosing
down of the airplane beeause of the acrodynamic
pitching moment acting and to a decrease of the
nose-up inertia pitching moment. This condition
allows the airplane to become unstalled. On the
other hand, application of a nose-down (negative)
pitching moment can introduce a negative incre-
ment in pitching velocity either by nosing the
airplane down or by rolling down the outer wing
of the airplane (left wing in a right spin), or both.
Left wing down will be adverse if Jy— Iyisnegative
(eq. (1)); thus, the yawing velocity is increased,
the spin rotution is increased, and possibly the
angle of attack is increased rather than decreased.
Also, as previously explained, the response to a
nose-down acrodynamic moment may actually be
an increase in spin rotation © because the nose-up
inertia pitching moment increases to balance the
increase in the acrodynamic moment. Similarly,
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application of an antispin (negative) rolling
moment may roll the outer wing (left in a right
spin) down and, if Jyx— Iy is negative, can be
adverse and lead to an increase in rate of rotation
and angle of attack.

For current designs having extremely long
fusclage nose lengths, the criteria presented in
references 19 and 21 regarding the nature of the
spin and recovery therefrom are inadequate at
present, and it appears that, for a proposed design,
resort should be made to actual model tests in a
spin tunnel. This is primarily a result of the fuct
that the nose of the airplane can be the source of
a strong autorotative moment which ecan be
critically dependent upon cross-sectional shape;
also even slight irregularities of the nose due to
production tolerances may have a significant
effect in some instances.  As previously indicated,
the relative effects of the nose for model and air-
plane, in some instances, may be critically
dependent upon Reynolds number.

B. INFLUENCE OF LONG NOSES, STRAKES, AND
CANARDS ON SPIN AND RECOVERY
CHARACTERISTICS

Prior to the advent of jet and rocket-powered
airplanes, the influence of the fuselage in spinning
was generally small. Beeause of the current
trend toward very long nose lengths on contempo-
rary fighters, however, the fuselage efTfect, or more
specifically the effect of the fusclage forward of
the wing, may have considerable effect on the way
a contemporary fighter spins or recovers. In
some instances the forces and moments existing
on the forward portion of the fuselage may intro-
duce autorotative tendencies which may dictate
the manner in which the airplanc may spin.
Information available at the present time regard-
ing desirable shapes of the nose portion of the
fuselage from the spinning viewpoint and auxiliary
means for utilizing the nose portion of the airplane
to aid in spin recovery is discussed herein.

VARIATIONS IN CROSS SECTION

Effect of fuselage cross section.—Of the various
forces and moments acting in a spin, application
of an antispin yawing moment is the most effective
means of effecting recovery {rom a given spinning
condition, and provision of a large amount of
damping in yaw is the most effective means for
the prevention of flat fast spins. Thus, it would

appear desirable to incorporate as much aecro-
dynamic damping in yaw as possible in the fusclage
to prevent dangerous spin conditions.

As a simplified approach to the problem, first
consider the body shown in figure 14, the profile
of which is rectangular, as being a fuselage without
wings, tail, or canopy and at an angle of attack of
90°. (See fig. 14(a).) The cross-sectional shape
of the fuselage in this case is assumed to correspond
to a syminetrical airfoil.  As shown in figure 14 (b)
for this shape and flow direction, the assumed
body shape corresponds to a rectangular wing at
0° sideslip; changes in sideslip angle on the body
at an angle of attack of 90° correspond to angle-of-
attack changes on the rectangular wing. Simi-
larly, the rectangular fusclage at an angle of
attack less than 90° (fig. 14(c)), corresponds to
the rectangular wing being skewed or sideslipped
(fig. 14(d)). Thus, an analogy exists between the
damping in yaw of a fusclage about the spin axis
and the damping in roll of a wing about a roll
axis, and it would appear that the various factors
that affect the damping in roll of a wing may also
affect the damping in yaw of a spinning fuselage.
One of the basic factors involved is the sectional
lift-curve slope of the wing or, for the correspond-
ing fuselage at spin attitudes, the scctional side-
force curve slope. Tt is desirable that the side-
force slope (side force plotted againsi sideslip
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(b) Corresponding wing at
an angle of sideslip of 0°,

(d) Corresponding wing
skewed or sideslipped.

(a) Rectangular fuselage at
an angle of attack of 90°.

(¢) Reetangular fuselage at
an angle of attack less
than 90°.

Figure 14.-—Comparison of acrodynamic angles on a ree-
tangular wing at low angles of attack and a rectangular
fuselage at spin attitudes.
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angle) be negative and steep at spin attitudes in
order to dampen the rotation.

In order to illustrate the manner in which the
damping in rotation may affect the angle at which
an airplane spins (with the fusclage being assumed
to act as a skewed wing), the yawing-moment
characteristics are considered in relation to pitch-
ing and drag characteristics in figure 15, As is
indicated, for a given applied yawing moment,
decreasing the fuselage damping in yaw (assumed
to occur because of a decrease in the slope of the
sectional side-foree curve) makes for a flatter spin
and a higher rotational rate.

Section side-force data for various fuseclage
cross-scctional shapes are presented in figure 16.
These data correspond to an angle of attack of
90° of the fusclage and are presented for a crossflow
Reynolds number of either 1,000,000 or 200,000,
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Frevre 15.—Tlustration of manner in which the damp-
ing in yaw of u fuselage (assumed analogous to the
damping in roll of a skewed wing) might affect the
spin attitude of a contemporary fighter. An applied
yawing-moment coeficient of 0.02 in the spin is assumed.

or both. (The data for the elliptic scction were
obtained from ref. 28 and the data for the other
sections, detailed sketehes of which are shown in
fig. 17, were oblained from tests in the Langley
high-speed 7- by 10-foot tunncl.)  The most perti-
nent information as regards full-scale airplanes is
that for the higher Reynolds number since the
fuselage crossflow Reynolds number of con-
temporary fighters in spins will be in excess of
1,000,000 except for a small portion near the tip
of the nose. On this basis, the cross-scctional
shapes which would appear to be the most desira-
ble from the standpoint of damping in yaw at an
angle of attack of 90° on full-scale airplanes based
on variations of side force with sideslip angle are
numbers 2, 3, and 4 in figure 16. Cross section
number 1 would provide less damping than the
foregoing three cross scetions, and those indicated
as undesirable are numbers 6, 7, and 8. It should
be pointed out that the rectangular and square
cross sections with well-rounded corners had oppo-
site effects at the higher and lower Reynolds
numbers. This result implies that care must be
exercised when models having these cross sections
arce tested inasmuch as model and airplane may
have opposite effects in the very flat spinning
region. For the elliptic section, good damping
characteristics are indicated at a Reynolds number
of 200,000 and it appears unlikely that this would
be altered appreciably at higher Reynolds num-
bers. Although these data are two-dimensional
and were obtained at an angle of attack of 90°, it
is felt that they have application in the very flat
spinning range. Additional data for three-
dimensional bodies at lower spin angles of attack
arc needed.

In this connection it should be pointed out that
some spinning balance tests conducted on airplane
models in England in 1936 (ref. 29) to determine
the effect of fuselage afterbody shapes at low
Reynolds number (about 70,000) indicated that
sharp-edged rectangular and sharp-edged square
shapes provided propelling moments in the
moderately flat spinning range for spin rates that
would be obtained on contemporary fighters.
These data are consistent with the effects that
might be anticipated from the section data just
discussed. These spinning-balance data on after-
bodies also indicate that a sharp-edged rectangular
cross section with a semicircular top was the most
undesirable fuselage shape. Of two afterbody
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shape of the nose was alternately a flat-bottom
round-top configuration or a round-hottom flat-
top configuration. (Sce fig. 18 for nose-cross-
sectional shapes.) As is shown in chart 1, the
spin and recovery characteristics with the Jatier
nose cross section were superior to those with the
former nose cross section, with the round-bottom
section exhibiting spins only when the ailerons
were displaced against the spin or, rather, when,
because of both acrodynamic and inertia considera-
tions, the ailerons were displaced to give a prospin
yawing moment. The simulation of engine rota-
tion in the opposite sense to the spin (that is, a
clockwise engine rotation and a left-hand spin) had
little effeet and is not presented in the charts, Sim-
ulation of engine rotation in the same sense as
that of the spin had an appreciable effect on the
poor cross-sectional shape only (chart 2) in that
faster spin rates and poorer recoveries were
obtained than those obtained without engine
rotation being simulated. This result is undoubt-
edly attributable to the fact that the nose-down
pitching moment was inereased beeause of the
gyroscopic effects of the simulated engine (sce
ref. 22); thus, in order to balance this increased
piiching moment, the model was required to spin
al a faster rate. Under these conditions, recovery
from the spin was more difficult.

Brief free-spinning tests were also made on a
model of a contemporary fighter wherein the
original elliptically shaped nose cross section was
altered by flattening the bottom portion of the
fuselage forward of the wing. The model with
the elliptically shaped nose section was found

Maoss and dimensional
characteristics
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Ficvre 18, Cross-sectional shapes of noses investigated

on free-spinning model.  Model 1.
in charts 1 and 2))

(Test data presented
Full-scale values given.

difficult to spin, whereas flat, fast spins were
obtained when the bottom of the nose was
flattened. These free-spinning data are consistent
with the spinning balance data presented in refer-
ence 29 on fuselage afterbodies as regards the
merit of utilizing a round-bottom flat-top fuselage
section or an clliptie section rather than a flat-
bottom round-top section.

CONICAL NOSES AND NOSE APPENDAGES

Observed effects on noses having circular or
near-circular cross sections, including strake
effects.—Sharp-pointed noses of nearly cireular
cross section have been found to have considerable
effeets at spin  attitudes and, although their
effect has not been fully established, some unusual
aspeets of such nose shapes have been observed
both in free-spinning and force tests. On noses
of this type at spin attitudes, asymmetric yawing
moments oftentimes appear to exist which have a
great influence on whether a spin may or may not
be obtained. As has been indicated from force-
test results, the center of lateral load in such
instances is on the nose of the model and such
conditions apparently exist because of an carly
separation on one side of the nose, probably because
of an asymmetric vortex formation. Efeets
similar to this have been previously noted on a
sharp-nosed fuselage at angles of attack approach-
ing spin attitudes.  (Sce ref. 30.) Free-spinning
model tests indicate that these asymmetric
moments may be the result of some slight asym-
metry in the nose. Some models, for instance,
may spin readily in one direction and not in
another whereas at some later time the direction
in which the model will spin may reverse, this
reversal being observed many times during the
course of tests. On one particular sharp-nosed
model, merely rotating a very small portion of the
tip of the nose through a given angle caused
extremes between spinning readily and not spin-
ning; in this particular instance, this condition
indicated that slight imperfections near the tip
of the nose probably had a large effect on flow
separation on the whole forebody of the fusclage.
Flight experience on one particular sharp-nosed
design (results unpublished) lends evidence to the
fact that the asymmelric moments observed in
model tests also can occur on full-scale aireraft at
spin attitudes. Inasmuch as these asymmetric
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Fraure 16.—Two-dimensional side-force data for various fuselage cross-sectional shapes at an angle of attack of 90°.
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shapes that usually applied the most damping, one
had an clliptic cross section and the other had a
sharp-edged rectangular cross section with a
semicircular bottom.

Effect of altering nose cross section.—Inasmuch
as the shielding and interference effects of the
wing and the interference effects of the tail influ-
ence the afterbody of the fuselage, it appears that
the cross-sectional characteristics of this portion of
the fuselage could be obscured. In fact, spin-
tunnel experience has indicated that the effects of
fuselage afterbody shape could be neglected in
establishing criteria for the design of an airplane
for good spin-recovery characteristics. The nose,
on the other hand, should be relatively free of such
cffects and free-spinning model data and force-test
data have shown large cffects attributable to the
nosc. A brief summary of some results obtained
on a free-spinning model of a contemporary
fighter is shown in chart 1, wherein the sectional
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moments can exist, the possibility of either con-
trolling or providing such moments to aid in the
recovery from a spin becomes apparent. One
means for doing this is by placing small-span
spoiler strips or strakes along one side of the nose
of the fuselage as shown in figure 19.
Free-spinning model tests have shown that use
of strakes, properly placed and of sufficient width,
can provide large yawing momentsin the direction
desired for spin recovery. The reason for their
effectiveness is that by causing an early separa-
tion on one side of the nose portion of the fuselage
the pressure distribution around the nosc becomes
asymmetrical and, thus, a side force is created
on the nose and a yawing moment results. This
effect is shown pictorially in the smoke-flow
photographs presented in figure 20 for a model
nose at an angle of attack of 50° and an angle of
sideslip of 0°. At the present time the available
data are not sufficient to provide generslized
strake-design criteria and strake size and position
will have to be tailored to achieve the desired
effects by experimentation on cach specific design.
The following generalizations (based on free-
spinning and foree-test results) can, however, be
made: For maximum effectiveness a strake on
only the inboard side of the fuselage (right side
in a right spin) should be extended during the
spin to obtain recovery; the strake should start
close 1o the tip of the nose of the fuselage; and the
vertical location of the strake should be approxi-
mately the point of maximum fuseclage width.

Strake .

\

F1avre 19.-- Hlustration of u strake.

L-57-1608
Fravre 20.—Smoke-flow lines about a sharp-nosed model
with and without a strake installed. «=50°; g=0°,

Some static-foree-test results of a sharp-nosed
model that exhibited asymmetric yawing moments
at 0° sideslip are presented in figure 21. These
tests were conducted in the Langley 20-foot free-
spinning tunnel and the Langley 300-MPH 7- by
10-footl. tunnel.  As is shown in figure 21, for the
Reynolds  number range tested (500,000 to
1,400,000), a large negative yawing moment
occurred at an angle of attack of 50°, and a large
positive yawing moment occurred in the angle-of-
attack range from 65° to 70°. The center of the
lateral load was in the region of the canopy. In
order to attempt to nullify or reverse the asym-
metric yawing moments, the strakes shown in
figure 22 were investigated. The data presented
in figure 23 show that a single strake placed on the
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Fieure 21.—Variation of yawing moment and side force with angle of attack for model 2.

g=0°; M=0.07 to 0.20.

Horizontal tail on. Dimensions given are full scale.

appropriate side of the body (that is, on the left-
hand side when an asymmetric yawing moment
was obtained to the right) was effective in revers-
ing the direction of the yawing moment when
placed at about the maximum width of the body;
positioning the single strake lower on the body

reduced its effectiveness. Two symmetrically
disposed strakes were effective in nearly nullifying
the asymmetric yawing moments when the hori-
zontal tail was removed, but asymmetric yawing
moments, smaller in magnitude, still occurred
when the horizontal tail was installed.

P
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Additional static-test results were conducted to
determine the forces and moments acting only on
a conical nose when in the presence of the delia-
wing - body configuration shown in figure 24. The
nosc in this instance was of a much lower fineness
ratio than the one presented in figure 21 and had
a smaller canopy.  As the data presented in figure
25 show, no asymmelric yawing moments were
observed for this nose shape; at the very flat spin
attitudes the resultant force on the nose was the
drag force, but at the moderate spin attitudes both
a lift and drag were generated when sideslip was
applied.  The contribution of a single strake
located on the left-hand side of the nose to the side
force or to the incremental yawing moment of the
nosc aboul the center of gravity of the model was
consistent with that presented in figure 23. The
strake contribution was not greatly affected by
strake width at the very flat spin attitudes,

|
Nose length :
— 149" — -;

L 4137’ : -

FrovrE 24.—Strakes investigated on model 3. §=375
square feet.  Full-scale dimensional values given.
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In the moderate spinning range, however, the larger
span strake was much more effective than the
shorter span strake, particularly at negative
sideslip angles, that is, when the air approached
the nose from the side on which the strake was
located.

Effect of flap-type surfaces on fuselage noses.—
Free-spinning-model tests have indicated that
extending small flap-type surfaces similar to ca-
nards on the nose was effective in aiding spin
recovery on some models. Tn instances where
extending such surfaces simultaneously on both
sides were effective, the fuselage cross seetion near
the canopy was fairly deep and the surfaces were
hinged in the vielnity of the canopy. It was
apparent in such instances that the surfaces were
effective in inereasing the damping in yaw of the
nose portion of the fuselage. In instances where
the fuselage is deep and for cases where flat spins
are obtained, use of simultaneously actuated
surfaces appear to be justified; however, for the
steeper spin attitudes, or for slower rotating spins
where the inward sideslip on the nose may be
small, use of only one surface actuated on the
inboard side (right side in a right spin) may be
desirable and, if properly positioned, may be as
effective as the single strake previously discussed.

The effects of various canard arrangements on
the fuselage nose shown in figure 26 are presented

Nese_feram
ose leng
84" ]

,~Roughness added| Ao, B
ITAWAR é& i S
Section  Section A B :~Fuseloge reference
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%=
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Fi¢trE 26— Canards and strake investigated on model
4. Region in which roughness added is indicated by
shaded arcas. S==385.33 square feet; b=35.67 fect.
Full-seale dimensional values given.

in figure 27. These tests were conducted at a low
Reynolds number and it should be noted that at
a higher Reynolds number the forces existing on
this particular cross-sectional fusclage shape might
be different. Test results of the ¢lean model and
the model with roughness added to the nose
(region in which roughness added is shown in
fig. 26) are plotted in figure 27 and indicate that
the positive slope of the yawing-moment curves
of the clean model (indicating a propelling rather
than a damping moment) was nullified by the
addition of roughness at an angle of attack of
90°, but, for the lower angles, the curves were
essentially the same. It is interesting to note
that, for this nose shape, a prospinning moment is
indicated for angles of attack of 70° and above,
whereas for the steeper angles of attack the nose
provides damping. Regarding the various con-
figurations tested, the results indicate -that ex-
tension of one large ecanard surface high on the
fuselage or extension of a long strake gives the
most desirable results, whereas small symmetrieal
canards on the bottom of the fuselage give the
worst results. Tt is interesting to note that, for
angles of attack lower than 70°, removal of the
small canard on the bottom leeward side of the
fuselage had favorable effeets, whereas, for angles
of attack higher than 70°, there was no effect of
removing this canard. This result is attributed
to the fact that at the high angles of attack the
flow was separated on the bottom of the leeward
side whether the small low canard was installed
or not, whereas at the lower angles of attack the
small low canard on the leeward side caused the
flow to separate. These force-test data are con-
sistent with effects noted for a free-spinning model
of the same design.

Induced circulation about the nose.—Another
possibility for utilizing the nose to bring about
spin recovery is to induce a flow circulation about
the nose and thus generate a side force in the
direction desired. This has been atiempted in
the spin tunnel on two models and the circulation
was induced by rotating the conical noses on
these models. These tests showed that, when a
prospin yawing moment was generated by the
rotating noses, {lat, fast spins were obtained;
when a yawing moment was generated in the
opposite dircection, however, the models would
not spin.
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IIIl. CORRELATION OF SPIN AND RECOVERY CHARACTERISTICS FOR RECENT AIRPLANE
AND MODEL DESIGNS

"~ Free-spinning-tunnel investigations of small
dynamic models of airplanes would be of little
practical value if the test results could not be
interpreted in such a manner as to predict at
least the possible and at best the probable spin
and recovery characteristics of the airplanes being
simulated.  Inordet to aid in maintaining suitable
techniques for interpreting the model spins and
recoveries and to keep abreast of the effects of

various dimensional and mass design features
which show up on contemporary and future de-
signs, a continuing cheek is made by the National
Acronauties and Space Administration to deter-
mine how well free-spinning-tunnel investigations
predict the behavior of full-seale airplanes. A
paper dealing with this subject was published in
1950 (ref. 14) and covered 60 designs typical of
those in use between 1926 and 1948. Recently,
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model and full-scale spin and recovery data for
91 additional designs have been evaluated and
this presentation will deal with these more recent
configurations.

Most of the full-scale airplane spin and recovery
data used in the study were obtained through the
cooperation of the Air Force, the Navy, and vari-
ous aircraft manufacturers. For some of the con-
figurations used, extensive data in the form of time
historics of variables such as angles of attack, air-
speed, angular velocities, and control deflections
during spin entries, developed spins, and spin-
recovery motions were available.  For other con-
figurations, only meager information such as pilots’
statements were available,

Tn order lo get a Teasonable comparison between
the full-seale and model results, it was necessary
to exclude the incipient-spin portions of the air-
plane flight records and any recovery atlempts
made during ineipient spins; only the developed
spin portions and recoveries therefrom were used.
This exclusion of some of the data is made beeause
of differences in the way spins are achieved in flight
and in the free-spinning tunnel.  (See part T of
this report.) Tu flight, an airplanc enters a spin
following roll-off just above the stalling angle of
attack after being brought up from lower angles
of attack, whereas in the spin-tunnel-testing tech-
nique, & model is hand launched into the vertical
airstream of the tunnel with rotation applied and
at a very high angle of attack above the stall (80°
to 60°), from whence it decreases angle of attack
as it loses launching rotation and achieves equi-
librium in a developed spin. It usually takes an
airplane from about two to five turns to altain
a fully developed spin after starting the ineipient-
spin motion, with the number of turns depending
upon configuration and control technique; recov-
eries are generally achieved much more readily
when attempted during the incipient phase of the
spin than when attempted after the spint becomes
fully developed.

In table V are listed some of the physical char-
acteristics of the 21 configurations being consid-
cred. The ranges of these physical characteristics
cncompass a variety of present-day operational
military aircraft which are normally required to
pass spin-demonstration tests.

Tt should be noted that seldom, if ever, were the
model and airplane being compared identical with

respeet to all factors such as weight, center-of-
gravity location, moments of inertia, control-
manipulation techniques, and all physical design
features; experience has shown that any one of
these fuctors ean at times have a critical effect
on spin and recovery characteristies.

Statements concerning the nature of erect spins
and recoveries obtained and the degree of agree-
ment or disagreement between model and airplane
spin and recovery characieristics are presented in
{he subsequent paragraphs for cach of the 21 model
designs as interpreted in this analysis.  (The num-
bering of the paragraphs is consistent with the
numbering of the models described in tables Vand
VI.) Where available, comparisons of inverted-
spin and recovery characteristies are included. A
summary of the results for erect-spin comparisons
is presented in table VI Tt should be noted that
this table lists control movements for optimum
recovery for both models and airplanes as deter-
mined by analysis of model and flight results,
even though the control manipulations used may
not have been the optimum. In the following
statements, some instances are discussed which
illustrate how close correlation and proper inter-
pretation of spin-tunnel test results have been of
immediate practical value for some airplanes.

(1) The tests of model 1 indicated spins at an
angle of attack of 53° and a spin rate of 0.32 revolu-
tion per second from which recoveries could not
be obtained. There were no adequate airplane
time-history records of attitudes and angular ve-
locities of the spin to use in comparing with the
model results. The full-scale-airplane tests indi-
cated that one spin was obtained on the airplane
from which control manipulation could not bring
about recovery, and the spin-recovery parachute
was used. In at Ieast one other instance, one of
these airplanes spun into the ground. Model and
airplane results appear to be in good agreement,

(2) Free-spinning-tunnel tests of model 2 simu-
lating the airplane indicated spins at an angle of
attack of 64° and a spin rate of 0.33 revolution per
second and the possibility of unsatisfactory re-
coveries. The angles of attack and rates of rota-
tion of the full-scale airplane were in agreement
with the model results, and in some of the full-
scale flights it was neeessary 1o use a spin-re-
covery parachute to save the airplane. This is
considered as good agreement between model and
airplane.

-y
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(3) On model 3 in its basic clean condition, steep,
whipping-type spins occurred and satisfactory re-
coveries were obtained by rudder reversal, When
the center external store was installed, flatter
oscillatory-itype spins were obtained with « varying
from about 55° to 70° and with a rate of rotation of
about 0.4 revolution per second. Satisfactory re-
coveries were obtained when the ailerons were
moved with the spin (stick right in a right spin) in

conjunction with rudder reversal. Full-scale tests, -

made for the clean condition only, indicated satis-
factory recoveries by rudder reversal. No time
histories of atlitude or angular-velocity variables
were availuble, Based on the limited full-scale in-
formation available, model and airplane results for
this design arc considered to be in agreement.

(4) Results of model 4 indicated the possibility
of “no spins” and also of spins at 0.22 revolution
per second with oscillations in « from 30° to 65°.
There are no time-history records in the available
flight report, but the general nature of the motions
obtained seemed to be similar to the model spins.
Model results indicated that good recoveries would
be obtained by rudder reversal followed by moving
the elevator down. On the airplane satisfactory
recoveries were obtained either by the same con-
trol-manipulation technique, by reversing the
elevator alone, or just by releasing the controls.
The flight report indicates that the elevator was
the effective control for recovery, whereas model
results indicated that the rudder was the effective
control. Based on the limited full-scale results
available, there seems to be general agreement
between mode]l and full-scale results, but the ap-
parent difference in effectiveness of rudder and
clevator between model and airplane can not be
explained, unless the airplane was not in a de-
veloped spin but instead in a steep spiral motion
which could be unstalled by lowering the elevator
or by merely releasing the controls.

(5) Spins at an angle of attack of 28° and a spin
rate of 0.26 revolution per second were obtained
for model 5. There were no available time-history
records of full-scale attitudes or angular velocities.
The full-scale report indicates that rapid recovery
from spins was obtained by full rudder reversal
against the spin, and this 1s in agreement with
model test results.

(6) Spins at an angle of attack of 36° and a
spin rate of 0.36 revolution per second were ob-
tained for model 6. According to the awvailable

records, the airplane spun flatter and slower, the
angle of attack « being approximately 45° and the
rotation being 0.19 revolution per sccond. In
spite of these apparent differences in the nature
of the spins, similar and satisfactory recoveries
were obtained for model and airplane by the nor-
mal control-manipulation technique (rudder re-
versal followed by downward movement of
clevator),

(7) Erect spins eould not be obtained on model 7
for normal control settings for spinning. The
available full-scale information refers to ‘five-
turn spins’” but includes no time histories of angle
of attack or angular velocities. These motions
ceased upon neutralization of all controls, and it
may be that these motions were glides and turns
at an angle of attack above the stall with prospin
controls held, rather than being fully developed
spins. Based on the preceding reasoning and ex-
perience in interpreting full-scale and model spin-
recovery results, it is considered that the model
and airplane results for this design are in
agreement,

(8) Tt was difficult to obtain erect spins on
model 8, and, when obtained, they were oscillatory
at angles of attack from 42° to 52° and rotated
at 0.24 revolution per second. Results indicated
satlisfactory recovery characteristics by simulta-
neous movement of ailerons with the spin and
rudder against the spin. DBased on limited
full-scale information, erect spins were not ob-
tained on the airplane.  As regards inverted spins,
there was at least one crash which apparently
resulted beecause the rudder was not held full
against the spin long enough. Later flights in
which inverted spin tests were made indicated
that satisfactory recoveries were obtained by full
rudder against the spin, and model tests were in
agreement. Based on the information available,
it is believed that, for this design, model and air-
planc results are in agreement.

(9) Tests of model 9 indicated that the airplane
would be reluctant to spin erect. However, if a
spin were encountered and allowed to develop
fully, it would be a very oscillatory spin (a of 42°
to 61° and £ of 0.26 revolution per second) from
which recovery by rudder reversal could be cither
poor or rapid. (The design had no ailerons;
spoilers used for lateral control were not effective
for spin recovery.) In the awvailable full-scale
data, there were no time histories of attitudes or
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angular velocities presented.  Although the spin
attempts are referred to in word deseriptions as
“five-turn spins,” statements are made that they
repeatedly changed direction after one turn or so
and ceased upon neutralization of the stick or
releasing of all controls. These results appear to
indicate “no spins.” Agreement is indicated in
recovery characteristics for inverted spins of air-
plane and model. Tt is believed that, for this
design, model tests have indicated the range of
possible behavior of the airplane.

(10) Spin tests of model 10 indicated that it
would be extremely difficult to obtain developed
creet spins and that, if a fully developed spin were
obtained, it would be very oscillatory and have
angles of attack ranging from 60° to 75° with a
rate of rotation of 0.26 revolution per second.
Although moving full rudder against the spin
gave some satisfactory recoveries, the character-
istics wore considered unsatisfactory because poor
recoveries were also obtained.  (The design had
no ailerons; spoilers were used for lateral control.)
When ereet spins were obtained on the airplane,
they were oscillatory but were at a much lower
angle of attack and rate of rotation (a about 25°
and € about 0.12 revolution per second according
to tecords) than were the spins obtained on the
model.  No difficulty was encountered in recover-
ing from spins on the airplane by neutralizing the
controls.

Besides having no ailerons and thus no adverse
Iateral-control effects, this airplane had small
maximum rudder deflections and had yawing
moments due to sideslip which remained stabilizing
at high angles of attack (unpublished data), and
it is known that cach of these factors can be
favorable as regards preventing divergence into a
high-angle-of-attack rapid-rate-of-yawing spinsuch
as some other airplanes exhibit.  The motion ob-
tained may have been, in effect, a high-angle-of-
attack gliding turn obtained with full prospin
cotttrols maintained.

This case can perhaps be considered as a dis-
agreement between airplane spin and recovery
characteristics and those predicted as possible
by the model tests although it is clear that both
model and airplane results indicated the proba-
bility of no erect spins.  The hard-to-obtain high-
angle-of-attack developed erect spin on the model,
however, should not be discounted as being im-
possible to obtain on the airplane.  The difference

between full-scale and model results may be due
to the differences in test technique between model
and airplane, as previously mentioned. Tt should
be mentioned here that on one occasion, because
of an erroncous, laterally unbalanced fucl-loading
condition (it has been reported), a high-angle-of-
attack uncontrollable spin was obtained on the
spin-demonstration airplane, during which rudder
reversal had no cffect, and it was necessary
to use the spin-recovery parachute to save the
airplane.

Inverted-spin and recovery characteristics were
satisfactory for both model and airplane.

(11) Tests of model 11 indicated oscillatory
spins between angles of attack of 34° and 62°, a
rotation rate of about 0.40 revolution per second,
and satisfactory recoveries by movement of
ailerons full with the spin and rudder full against
the spin. No [ull-scale records of « and @ were
available, but recoveries obtained and control-
manipulation techniques required for recoveries
on the airplanc were similar to those for the model.
Both model and airplane results also indicated
good recoveries from inverted spins by moving
the stick left in an inverted spin yawing to the
pilot’s right (this movement is considered as
ailerons with the inverted spin; see part TTA of this
paper) and reversing the rudder to oppose the
vawing motion of the spin. Good agreement
between model and airplane spin-recovery char-
acteristies is indicated.

(12) Results of the airplane and model 12 appear
to be in good agreement as regards the oscillatory
nature of the spins obtained, the possibility of
“no spins” when erect spins were attempted, and
the turns and control-manipulation techniques re-
quired for satisfactory recovery from both erect
and inverted spins. When crect spins were
obtained, they averaged an angle of attack of about
40° and a roiation rate of 0.23 revolution per
second for both model and airplane. The op-
timum control-manipulation techniques for re-
covery from both ecrect and inverted spins were
ailerons full with the spin and rudder full against
the spin.  (For inverted spins, placing the ailerons
with the spin involves moving the stick left in a
spin yawing to the pilot’s right.) Tn one full-scale
incident, an airplanc was lost after it failed to
recover from an inverted spin by rudder reversal,
but records salvaged from the crash indicated
that the rudder had heen held against the spin for

ﬂ”
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only one-half a spinning turn; model tests showed
that, although at onec-half a turn after rudder
reversal relatively little obvious change had oc-
curred in the spinning motions, at about one turn
the model was starting to recover, Subsequent
flight tests were made in which it was indicated
that maintaining rudder against the inverted spin
effected the recovery just as it did on the model.
It is considered that the model and full-scale results
for this design are in good agreemoent.

(13) Model 13 spun at an angle of attack of 72°
and a spin rate of 0.26 revolution per second. On
the spin-demonstration airplane, full prospin con-
trols were held for five full-spinning turns on only
one spin attempt. Based on analysis of the time-
history records for this flight and for other spin-
attempt flights; this spin is considered to be the
only fully developed one directly comparable with
the model results; this airplane spin was at an angle
of attack of 65° and a spin rate of 0.19 revolution
per sccond.  Both model and airplane tests indi-
cated that optimum-recovery technique inceluded
movement of ailerons full with the spin.  Model
tests indicated that even use of optimum controls
would not always insure satisfactory recovery.
Some time after the spin-demonstration flights, an
airplane was lost after being intentionally spun
during a pilot-familiarization flight. During this
incident, no attempt to recover by moving ailerons
with the spin wag made.  Tn at least one other inci-
dent, one of these airplanes spun in flat from an
unintentional spin starting at an altitude of 38,000
feet; the control manipulations used are not
known. The [ull-scale and model results are con-
sidered to be in good agreement.

(14) Full-scale results indicate agreement with
data for model 14 as regards the oscillatory nature
of spins and the number of turns required for re-
covery from erect or from inverted spins. Full-
scale spins indicate an average angle of attack of
42° and Q of 0.18 revolution per second.  No angle-
of-attack or rate-of-rotation data were obtained for
the model because its oscillatory behavior made it
too difficult to maintain it in the tunnel long
enough. For both model and airplane, satisfactory
recoveries were obtained from erect spins by simul-
tancous movement of rudder against the spin and
ailerons with the spin; whereas for both model and
airplane, satisfactory recoveries from inverted
spins were obtained by movement of the rudder

alone against the spin.  For this design, the full-
scale and model results are considered to be in good
agreement.

(15) Free-spinning-tunnel tesis of model 15 in-
dicated spins at an angle of atiack of 45° and a
spin rate of 0.31 revolution per second and that
recoveries would be unsatisfactory unless ailerons
were defleeted full with the spin in conjunction
with rudder reversal,  Full-seale information
available was based on two instances in which air-
planes have gone into inadvertent spins,  In one
instance the pilot held ailerons against the spin
and was able to get the airplane out of the spin
only after a large number of turns and a dangerous
loss of altitude. In the other instance, a fatal
crash ensued.  Based on the limited imformation
available for the airplane, it is considered that
model and airplane results are in agreement.

(16) The possibility of “no spins” is indicated
by results of both model 16 and the airplane.
When spins were obtained, the model spin was
at an angle of atlack of 45° and had a spin rate
of 0.30 revolution per second, and the airplane
spin was at an angle of attack of 40° and a spin
rate of 0.23 revolution per second.  Model results
showed that recoveries by rudder against the spin
would be poor but, if ailerons were moved full
with the spin as the rudder was reversed, recoveries
would be satisfactory.  On the airplane, the pilot
used this recovery teehnique and the ailerons were
so cffective in providing recovery that the airplane
rolled over into an inverted spin before he neutral-
ized ailerons to regain normal control. Further
model tests were then made and indicated that
recovery on this design could be achieved by only
partial movement of ailerons with the spin, a
result which was later proven in flight.

As regards recovery from inverted spins for this
design, available model and airplanc results indi-
cated that satisfactory recovery can be obtained
by moving the rudder full against the spin,  ITow-
ever, in one instance on the airplane, the pilot
became disoriented during an inverted spin and
applied rudder full with the spin instead of against
the spin and finally saved the airplane by using the
spin-recovery parachute.  Additional model tests
were then made to determine whether recovery
from inverted spins could be obtained by merely
neutralizing the rudder, and the results indicated
that satisfactory recoveries could be obtained
thereby on this airplane. Tt is of interest to
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mention that for this design, which had no power-
boost for deflecting the rudder, pilots have ex-
perienced very high rudder-pedal forces when
altempting either to reverse or neutralize the
rudder during inverted spins.  The full-scale and
model results for this design are considered to be
in good agreement.

(17) Results of model 17 indicated oscillatory
spins with angles of attack from 45° to 80° and a
spin rale of 0.30 tevolution per second with
marginal recovery characteristics from ereet spins
by movement of rudder against the spin and
ailerons with the spin.  On the airplane, no trouble
was encountered in  obtaining recoveries by
neutralizing all controls. Iowever, the airplane
spins were at considerably steeper angles of
attack than were the model spins and averaged an
angle of attack of about 35° and a spin rate of
about 0.30 revolution per second. Model and
full-scale inverted-spin and recovery test results
were in excellent agreement and indicated that,
in order to obtain recovery, either full rudder
reversal or rudder neutralization accompanied by
simultaneous movement of ailerons full with the
spin must be used. One crash ensued after failure
to use cither of these techniques.

Beeause of the discrepancy in erect spin and
recovery characteristics, which may have been due
to the differences in test techniques between model
and airplane, this case is considered to be a dis-
agreement.

(18) The basic model 18 spun at an angle of
attack of 44° and a spin rate of 0.39 revolution per
second, and the airplane spin is believed to have
been similar. Recoveries on the model were
satisfactory by means of rudder reversal against
the spin and were unsatisfactory when the elevator
was moved down simultancously as the rudder
was reversed.  On the airplane, trouble was also
encountered in recovering when the pilot used
simultancous rudder-reversal and stick-forward
movements, and he had to firc emergeney spin-
recovery rockets to save the airplane. In subse-
quent flights, the pilot used rudder reversal and
delayed moving the stick forward until another
half turn of the spin, and was able to get satis-
factory recoveries. Model tests also showed that
strakes were required to provide good recovery
when certain external stores were attached, and
flight tests indicated these strakes to be necessary

and sufficient on the airplane. Inverted-spin and
recovery characleristics for model and airplane
were also in agreement.

(19) In regard to model 19, a major change was
made in the airplane after an early discussion with
the personnel of the Langley Spin-Stall Branch,
and only the final design was tested in the Langley
20-foot free-spinning tunnel.  The model spun at
an angle of attack of 50° and at a spin rate of
0.37 revolution per sccond, and full-scale records
indicated a spin at an angle of attack of 47° and
0.34 revolution per second. Spin recoveries for
both model and airplane were similar and satis-
fuctory when the rudder was reversed and move-
ment of the clevator down followed. Recoveries
from inverted spins were also satisfactory for both
model and airplane. Model and full-seale results
for this design appear to be in good agreement.

(20) Two possible types of spin were indicated
for model 20. One type was a spin at an angle of
attack of 74° and with a spin rate of 0.28 revolution
per sccond, and the other type was a spin at an
angle of attack of about 54° and a spin rate of
0.10 revolution per second.  The model was much
more prone to spin at the steeper attitude than at
the flatter attitude. TReecoveries from the stecper
spin by rudder reversal were satisfactory but,
from the flatter spin, the model would not recover
when simultaneous rudder reversal and aileron
movement with the spin were applied. The air-
plane on several occasions entered a flat developed
spin similar to the flatter spin of the model, being
at an angle of attack greater than 70° and spinning
at approximately 0.22 revolution per seccond.
Recoveries could not be obtained by rudder and
aileron movement just as they could not be
obtained on the model. In several instances, the
spin-recovery parachute had to be used and one
test airplanc crashed. Model tests at Langley
have indicated that the use of fuselage nose
strakes on this airplane should have a favorable
effect on recovery when full rudder reversal and
ailerons full with the spin are used. The test
results further indicated that for optimum effect
of strakes, a strake should be extended for recovery
only on the inboard side of the fuselage (right side
in a right spin). Analysis of this effect is given
in part IIB of this paper. A further advantage
of using extendable strakes rather than fixed
strakes is to avoid possible worsening of longi-
tudinal stability characteristies at high angles of
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attack. Brief tests made of the airplane with
strakes installed indicate agreement with the
model tests made with strakes on. In general,
it is felt that model results predicted full-scale
results adequately.

(21) Results of model 21 indicated the pos-
sibility of flat-attitude rapidly rotating spins
(«=83°, ©=0.49 revolution per second) from
which recoveries were poor as well as of a steeper
type oscillatory spin («=62°, 2=0.22 revolution
per second) from which simultancous reversal of
the rudder against the spin and movement of the
ailerons with the spin gave good recoveries. Full-
scale flight tests are proceeding cautiously and the
manufacturer, who has been working in close
cooperation with the personnel of the Langley
Spin-Stall Branch, has so far been able to avoid
the flat rapidly rotating spin. Recoveries have
been good from the steeper type of spin, and it
has been found essential that ailerons be moved
with the spin to achieve these recoveries. Model
and airplane results appear to be in agreement.

For 19 of the 21 designs compared, it is con-
sidered that free-spinning-tunnel model results
were in good agreement with corresponding full-
scale airplanc spins and recoveries. In the other
two cases (models 10 and 17) there appear to be
some significant diflerences between model and
airplane results. It appears that some of the
differences which have been noted between model
and airplane behavior during spins and recoveries
are due to differences in testing technique between
free-spinning-tunnel modecls and airplanes as well
as to differences in physical features, control-
manipulation techniques, and possible scale effects.
It should also be borne in mind that many more
repeat launching tests are made with models than
is possible in flight, and sooner or later some pilot
may get into whatever spin condition the model
results indicate as possible. Until or unless this
happens there may appear to be poor correlation
for a particular design. Events similar to this
have occurred from time to time in the past.

Another factor which is being encountered today
and sometimes gives the wrong impression to a
pilot as regards full-scale and model spin correla-
tion oceurs because of the high inertias of present-
day airplancs which causes them to enter what
might be termed trajectory spins. These can be
encountered when the spin is first entered and the
airplane is spinning about an axis inclined between

the horizontal and vertical. To the pilot who is
headed straight down one moment and is hori-
zontal the next, the spin would be termed oscil-
latory, but it may only scem oscillatory because
the spinning motion at the time is about an in-
clined axis. The same situation could exist at
high speeds where the airplane could go out of
control and would in effect be in a trajectory spin
about a near-horizontal axis. These types of spin-
entry motions as well as inverted spins entered
inadvertently during mancuvers or while attempt-
ing ercet spins or during recovery from some erect
spins have accentuated a rising problem of pilot
disorientation that sometimes makes it extremely
difficult to determine the proper direction in which
to move controls for recovery. This pilot disori-
entation can give the impression of lack of agree-
ment between model and airplane behavior. Ref-
erence 31 discusses some of the apparent reasons
for pilot’s loss of orientation and points out that a
disoriented pilot in a confusing inverted or erect
spinning motion should attempt to orient himself
with respect to direction of turn by referring to
the airplane rate-of-turn indicator in order to de-
termine properly the direction of the yawing com-
ponent of the total spin rotation. In some cases,
it may become necessary to provide a convenient
automatic device to assure spin recovery from an
inadvertent or otherwise confusing spin motion or
from a motion in which a pilot cannot physically
actuate controls even if he is completely oriented.
The latter could happen, for example, when the
spin has a high rate of rotation and the pilot is
well forward in the airplane and far ahead of the
spin axis, for which case accelerations on the pilot
as high as 7 or 8¢’s have been indicated as possible.
Even though this acceleration acts transverse to
the long axis of his body, this may nevertheless
have serious consequences as regards incapacitat-
ing him for proper handling of controls. Tt may
be possible to install an automatic system in which
rate gyroscopes sensitive to rolling and yawing
velocities would actuate servos to move the con-
trols properly for recovery regardless of whether
the spin is erect or inverted. Such a system would
probably have to be tailored to each airplanc
design, depending on control manipulation re-
quired for optimum recovery. Separate devices
may be required for recovery from developed
spins and for recovery from incipient-spin motions
where the required control technique may vary.
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It may be said that {rec-spinning-tunnel tests
of modecls, properly interpreted, can give good
indications of the probable spin and recovery char-
acteristies of corresponding airplanes and have
proven to be extremely reliable as a means of de-
termining optimum control technique for best
recovery from spins.  Proper control over and
specification of exact values and configurations for
the factors of weight, center-of-gravity location,
momenis of inertia, control-manipulation tech-
niques, and physical design features during flight
spin tests, along with complete instrument time-
history records as discussed in part IC of this
paper, should aid in allowing better future cor-
relation between airplanes and models.

CONCLUSIONS

A study has been made to determine the status
of spin research for recent airplane designs. Major
problem areas considered were interpretation of
results of spin-model rescarch, analytical spin
studies, techniques involved in obtaining measure-
ments of various parameters in the spin, effective-
ness of controls during spins aund recoveries, in-
fluence of long noses, strakes, and canards on spin
and recovery characteristies, and correlation of
airplanc and model spin and recovery character-
istics. The following general conclusions are
drawn:

1. Proper interpretation of spin-tunnel results
involves accurate consideration of possible scale
effects, effeets of tunnel technique, and evaluation
of results for specific conditions of acrodynamie
and mass characteristics and control settings in
terms of sensitivity to possible variations at the
spinning attitudes.

2. The results of initial studies involving auto-
matic computing machines have indicated the
value of analytical techniques in augmenting
knowledge gained from free-spinning-model tests
and airplane spin tests.

3. In order to measure angle of attack and side-
slip at spin attitudes, a swiveling-type cruciform
vane that has two degrees of rotation or, as an
alternate, three vanes cach having one degree of
rotation may be used.

4. The resultant velocity at spin attitudes
should be obtained from a pickup that swivels to
aline with the relative wind.

5. In measuring angular accclerations in spins,
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an accelerometer should be used that does not also
record cross-coupled terms.

6. In order to measure flow-direction angles
and resultant velocity at spin attitudes, different
techniques must be used from those employed
at low angles of attack. TFor the transfer of the
indicated measurements in spins to the center of
eravity, linearization of the transfer terms is not
adequate.

7. The spin is primarily a rotary motion and can
most effectively be termimated by a moment or
moments. It appears that provision of a yawing
moment is most effective for this purpose and that
the most cffective way of providing such a moment
is greatly dependent upon the mass distribution of
the aurplane.

8. Spin attitude and rate of rotation are appar-
ently greatly dependent upon  the pitehing-
moment characteristics of the airplane and upon
the relation of these characteristics to the yawing-
moment characteristies. Tt appears that rolling-
moment characteristics may also have an appre-
ciable influence upon the oscillatory nature of
the spin.

9. ITigh moments of inertia of current airplanes
and possible high angular velocities in the spin may
make it extremely difficult to insure satisfactory
recovery through use of available controls on an
airplane.  Furthermore, pilot disorientation in the
developed spin may prevent correct nse of controls
¢ven when they are sufficiently effective. Tt thus
becomes increasingly important to prevent the
developed spin by termination of the motion dur-
ing the incipient spin phase. Controls incffective
in the developed spin because of attitudes, rota-
tion, and gyroscopic cffects may he effective for
termination of the incipient spin.

10. For contemporary fighters having long nose
lengths, the cross-sectional shape of the fusclage
forward of the wing can have a considerable
influence on the spin and spin-recovery charac-
teristics.

11. For certain cross-sectional shapes of the
nose, the Reynolds number at which the nose
is operating during spins may have a considerable
influence on whether the nose provides a damping
or a propelling moment and may be significant in
interpretation of model vesults.

12. Use of a properly placed extendible strake
or extendible canard-type surface actuated on
the inboard side of airplanes having long nose

/-
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lengths (that is, right side in a right spin) may
aid in the termination of spins.

13. The results of free-spinning-tunnel model
mvestigations, properly interpreted, give good
indications of the probable spin and recovery
characteristics of airplanes and are extremely
reliable as a means of determining optimum
control technique for best recovery from spins.

14. For proper correlation of model and airplane
spin test results, it is essential that accurate
values of mass and dimensional characteristics at
the time of the spin tests be stipulated.

15. Existing criteria regarding the nature of
the spin and recovery therefrom are considered
madequate for current designs having extremely
long fusclage nose lengths. It appears that, at

present for a proposed design, resort should be
made to actual model tests in a spin tunnel,  This
is primarily a result of the fact that the nose of
the airplane ean be the source of a strong auto-
rotative moment which can be critically dependent
upon cross-sectional shape. Also, cven slight
irregularitics of the nose due to production
tolerances may have a significant effect in some
instances,

16. For current designs, determination of g
proper emergency spin-recovery deviee should be
made by model spin tests.

LaxarLEy Resuarcn CENTER,
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION,
La~xcrey Fiewp, Va., May 29, 1957,
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STATUS OF SPIN RESEARCH FOR RECENT AIRPLANE DESIGNS

TABLE I..-THE LANGLEY 20-FOOT FREE-SPINNING TUNNEL

Speed range, fps_ o e 0 to 97
Dynamic pressure, Ib/sq ft_ - ______ Otoll
Reynolds number per ft
Tdling . L e 84,000
MaxImum . e 620,000
Test secetion:
oS ON L . o oo Vertical
Number of sides . oo oo 12
Distance across flats, ft__ o ____. 20
Length (vertical), fto e iecemieeenn 25%
Type throat o e Closed
Return passage e Annular
Tunnel construction:
Test seetion_ o _ .. Riveted structural steel frame
with steel sheet skin
Housing_ e Structural steel frame covered
with eorrugated asbestos
Fan:
Diameter, £t e e 21
Number of blades o el 3
Material o oo Wood
Speed . o e e Variable
Fan drive:
1 A 2 3 U SR Direct
Motor__ e 400 horsepower at 530 rpm; 1,332
horsepower (maximum) at
700 rpm; direct current
Speed control ... Armature voltage control,
constant ficld
Toeation_ . e Exit cone
Cooling . e ecieeceeem s Air
Air flow:
Smooth and of inereasing velocity gradient of 6
pereent from center to three-fourths tunnel ra-
dius, stable wvertical veloeity gradient (slight
divergence of walls)
High aceeleration of airstream, ft/see?. .. 15
High deccleration of airstream, ft/see? . i 25
Method of smoothing:
Two sets of turning vanes downstream of end of
exit conc; honeycomb and screens in entrance
cone
Energy ratioo - o oo 0.5
Turbulenee factor_ e e 2.0

Indicating and recording equipment:
Motion-picture camera with timer and airspeed
indicator (manometer); also, stop watch and
tachometer

47
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TABLE IT.—ROTARY BALANCE OTF LANGLEY 20-FOOT
FREE-SPINNING TUNXNEL

Balance:
4 T et Resistance strain gage
Components (body 8Xe8) oo m oo e e s oo 6
Location of measuring elements. oo o cccocomcacenoa- Box which fits into model
Large Small
Load range: balance  balance
Normal foree, Yo e 26 15
Tongitudinal foree, b - o o 15 4
Tateral foree, Yoo o oo e 4 2
Yawing moment, ft-Ib e 8 3
Rolling moment, ft-1b_ . o 15 3
Pitching moment, ft-1b_ oo 12 6
Model support:
Ty P e m e e e Goosencek rolary arm (can
be readily moved to side
for free-spinning tests)
ConsStrUCtION - - o e e oo oo e meeee oo Welded tubular steel
Operation:
DriVe - e e e = 14 horsepower; variable-speed
alternating-current motor and
a right-angle gear head
Speed, TP oo o oo £+ 200
Range of attitude:
Angle of attack, deg. oo e =90
Angle of sideslip, deg. - oo +180
Spin radius, £ oo e 0 to 214
Method of attitude ehanges . e Remote control
Indicating equipment:
L §12T TG s S SRR Manometer
ROUATY SPeEA. _ o e oo e e Tachometer
Forces and MOMETHS - o o e oo et mmmmmmmmmcm o mmmmm Microammeter
Scale (approximate) of models tested:
Targe Dalamnee . oo e 1/10
Small Balanee - - o o e o e e e mmmmmmmmmmm e mem e ———— 1/20

-



STATUS OF SPIN RESEARCH FOR RECENT AIRPLANE DESIGNS

TABLE III.—MASS CHARACTERISTICS, CONTROL SETTINGS, AND SPIN
CHARACTERISTICS FOR AIRPLANE CONFIGURATION

Mass characteristics:

Weight, Ib_ e e 17,835
L 0.212
C
B 0.009
w at 15,000-foot altitude._ . e icmcaes 17.35
I, slug-fU3 e 17,342
Iy, slug-Tt2 e 37,920
Lz, shag-f82 e 53,396
x—1y 14T 104
BT et TPy ULy U 14710
ITv—
B -110< 104
mb?
=t~ 257 ¢ 10~4
mb?
Control scttings:
Elevator, up (stick back), deg. oo 20
Ailerons, against spin (stick Ieft in spin to pilot’s right), deg___ ____________________ 14
Rudder with spin (right pedal forward in spin to pilot’s right), deg.._____________ 30
Spin characteristics:
P, Tadians 800 e e 1.5080
, TN /SO0 e o o e 0.0152
r, Tadians/sec. . . o e 1.5610
1y BDS e 150.058
L o T —12.833
W, F DS L e 155.373
VDS e e e e e 216
o, deg e 46
B, O e ——— e —3.4
O ry deE e e ————————— e e —emm —44
L U 0.56

TABLE IV.—COXNDITIONS INVESTIGATED AND RESUME OT RESULTS

Results Disturbance Approximate
Run on applied duration of Remarks
figure— run, sec

1 6 AC,=—0.01 7.2 ato 0, p to 0, r approaching 0;
recovercd

2 6 AC,=—0.025 4.7 Generally similar to run 1, only
more rapid recovery

3 6 AC,=—0.04 3.3 Same as run 2

4 7 AC;=0.01 13. 4 a and p to O; r almost to 0;
recovered

5 7 AC,=0.03 6.3 Similar to run 4, only more
rapid; of interest is trend to
more inward sideslip as AC]
is inereased

6 7 AC;=0.04 6.2 About samc as run 5

7 8 w 15.5 a approaching 0 rapidly; 8 oscil-

Ttht’T{ lations large; may indicate

rollover, recovery imminent

8 8 3w 10. 9 B8 became too large negatively;

Thrust, e machine stopped
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TABLE V.—SOME PHYSICAT CHARACTERISTICS OF AIRPLANE DESIGNS FOR WHICH AIRPLANE
AND MODEL SPINS AND RECOVERIES ARE COMPARED

. . Wing o o _
. Angle of win Weight : Ty In—Tvy Iy—1Ig Iz--1
Model Airplane type sw?'cip, degg e][% ’ llc{)z;(siélnfgc, T o o - X
1 Midwing attack 0 at 0.30¢ 19,200 | 35.00 | 1.32 — 49104 | --143X10~¢ | 19210
2 Low-wing attack 0at .50¢ 15,175 | 37.91 | 1.66 | —117 —127 244
3 Low-wing attack 33 at .235¢c 13,313 1 51.24 ; 2.94 | —383 —132 515
4 Midwing fighter 0.at .27c 13,000 | 52.00 | 2. 52 | —205 —108 313
5 Midwing fighter 0 at .50¢ 21,500 ; 53.75 | 2. 45 | —144 —79 223
6 Midwing fighter 0 at .50¢ 31,000 | 51. 14| .80 63 —292 229
7 Midwing fighter 35 at .25¢ 20,545 | 41.42 1 1.78 | —188 —221 4109
8 Midwing fighter 35 at .25c 24,656 | 46.06 | 1.87 | —174 —183 357
9 Midwing fighter 35 at .25¢ 15,600 | 52.00 ; 2.92 | —304 —126 430
10 Midwing fighter 35 at .25¢c 14,100 | 56. 40 | 5. 10 | —567 —-103 670
11 Midwing fighter 40 at .25¢ 25,000 | 76.92 | 1.79  —210 —179 389
12 Low-midwing 43 at .25¢ 26,878 | 51.79 | 5.03 | —639 —06 735
fighter
13 Low-midwing 45 at .25¢ 23,996 | 63.82 | 5. 20 —466 —80 546
fighter .
14 Low-nidwing 45 at  .25¢ 29,054 | 65.73 ' 4. 44 | —B57 —105 662
fighter
15 | High-midwing 60 at .25¢ 6,709 | 38.56 | 5.84 | —879 —64 0943
research
16 Midwing fighter 53 at leading | 16,821 | 30.20 | 3. 04 | —361 —156 517
edge (delta
wing)
17 Tow-wing fighter 35 at .25¢ 16,500 | 48.72 | 1. 88 | —147 —142 289
18 Low-wing trainer 0 at .25¢ 8,216 | 30.31 | .28 : —59 —180 239
19 Midwing trainer 0 at .25¢ 5,400 1 20.36 1 .91 21 —214 193
20 Low-wing fighter 40 at leading | 36, 884 7.00 1 7.41 | —677 —58 735
edge
21 High-wing fighter 42 at .25¢ 20,800 ; 53.08 | 7.55 | —840 —77 917
Maximum__ . 60 36,884 | 87.99 | 7. 55
Minimum ... ... 0 5,400 | 29. 36 . 80
S J
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TABLT. VI. -COMPARISON OF LERECT SPINS AND RECOVERIES FOR MODELS AND AIRPLANIS

Model Airpbl:lnc
Recovery Recovery Remarks (Sce
Model charac- Control charace- Control text for details)
a, deg Q, rps | teristies positions a, deg | Q, rps | teristics positions
satisfae- | for optimum satisfac- | for optimum
tory (yes| recovery tory (yes recovery
or No) or no)
) (9 (9
1 53 0. 32 No None N.AL N.A. No None Agreement
2 64 .33 No None 64 0. 33 No None Agreement
3 (9 Q] Yes R.A, then N.AL N.A Yes R.A, then Agreement
I..D. E.D.
4 7230 to 65 .22 Yes R.A., then EN.A. . N.AL Yo R.A., then | Considered an
E.D. E.D. agreement
5 28 . 26 Yes R.A., then N.A. N.AL Yes R.A,, then Agreement
.D. ED.
6 36 . 36 Yes R.A,, then 45 .19 Yes R.A, then Agreement
L.D. E.D.
7 No spin 6] Considered an
agreement
8 12421052 .24 Yex R.A. and No spin Considered an
AW, agreement
P9 fei42 {0 61 .26 No R.A,, then EN.AL | ANLAL Yes F.N, or Considered an
E.D. R.C. agreement
110 1.2 G0 to 75 .26 No R.A,, then k25 ho12 Yos FE.N.and Some
E.D. R.N. disagreement
11 734 to 62 .40 Yes R.A. and N.A. N.A. Yes R.A. and Agreement
AW, AW,
12 J.x 40 .23 Yes R.A. and 1.2 40 .23 Yes R.A and Agreement
AW, AW,
13 72 .26 No R.A. and 65 .19 | Probably | R.A. and Agreement
AW, no AW,
14 ", (o Yes R.A. and 742 .18 Yes R.A. and Agreement
AW, AW,
15 45 .31 Yes R.A. and N.A. N.A. ® @] Agreement
AW,
16 £ 45 . 30 Yes R.A. and £ 40 .23 Yes R.A. and Agreement
AW, AW,
17 745 to 80 .30 No R.A. and 35 .30 Yes E.N. and Disagreement
AW. R.N.
18 44 .39 Yes R.A., then t44 .39 Yes mR.A., then Agreement
E.D. ED.

a Model controls at criterion spin settings; sce part TA.
b Airplane controls at normal for spinning.

¢ For definition of satisfactory recovery, see part IA.

4 e and Q@ approximate for airplanes.

¢ Rate of descent too great to hold in tunnel for measuring & and Q.
/ Oscillatory spin.

¢ ““No spins” also obtainable.

* May have been ‘no spin.”

i Model spins very difficult to obtain.

i Spoilers used for lateral control.

k¥ Not known because optimum controls not used.

Abbreviations

! No records, but believed approximately correet based on verbal information.

N.A. not available

R.A. rudder against spin
I..D.  clevator down

A. W, ailerons with

E.N. elevator neutral
R.C. release all controls
R.N. rudder neutral

= Very important not to move rudder and elevator together; sce text,
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TABLE VI.—COMPARISON OF ERLECT SPINS AND RECOVERIES FOR MODELS AND ATRPLANLS—

Concluded
Model Air{)lane
(a) )
Recovery Recovery Remarks (Sce
Model charac- Control charac- Control text for details)
a, deg Q, rps | teristics positions a, deg | @, rps | teristics positions
satisfac- | for optimum satisfac- | for optimum
tory (yes recovery tory (yes Tecovery
or no) or no)
< (9 (9
19 50 0. 37 Yes R.A., then 47 0. 34 Yes R.A,, then Agrecment
I.D. E.D.
" 00{ 74 .28 No None >70 .22 No None Agreement
- 54 .10 Yes R.A. and
AW,
u 01{ 83 .49 No None
- 62 .22 Yes R.A. and N.A. N.A. Yes R.A. and Agreement
AW, AW,
s Model controls at criterion spin settings; sce part IA,
b Airplane controls at normal for spinning. Lo
¢ For definition of satisfactory rccovery, sce part TA. Abbreviations
4 ¢ and @ approximate for airplanes. -
» Two types of spin obtained with model. R.A. rudder against spin
I.D. elevator down
AW, ailerons with
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CHART 1.—EFFECT OF NOSE CROSS-SECTIONAL SHAPE ON SPIN AND RECOVERY CHARACTERISTICS

OF MODEL 1 (SEE FIG. 18) WITH NO ENGINE ROTATION SIMULATED

[Ior aileron-against and aileron-neutral spins, recovery was attempted by full rudder reversal and simultaneous movement

of the ailerons full with the spin; for aileron-with spins, recovery was attempted by rudder reversal.

was attempted from and steady-spin data were presented for rudder full with the spin.)]

(Recovery

Model 1 Attitude, Direction, Loading (see fig. 18)
erect right
Altitude, Center of gravity, 33
30,000 ft pereent ¢

Engine rotation not simulated

Model values converted to full scale

Flat-bottom, round-top nose (fig. 18)

U—inner wing up

D—inner wing down

10U 33U - 12U
85. 6 29D 80. 8 16D 75. 7 20D
Elevator
full up
> 2 0. 25 28: 0. 18 290 0. 15
(Stick back) 90 9 83 5
2}, 23,23 P13 13 SIS
@ a -3 ¢
12U 10U 53 aUu
86.5 | 11D 824 | 16D , 95 17D
Elevator Ailerons
neutral Allerons full against 568 full with{ No
_ — 2 0.2 —/———— i
268 0. 30 (Stick left) (Stick right) spin 290 0. 12
4, 43,>4% >2%, >3% >, >h
Round-bottom, flat-top nose (fig. 18)
a b
60 24U
79 6D
Elevator
full up No No
> 2 0. 16 i i
(Stick back) 83 spin spin
b4
a b
52 29U
89 30D
Elevator
neutral Ailerons full against No Ailerons full with No
N - ) )
2761 0.20 (Stick left) spin (Stick right) spin
a1 ¢
al ¢J
deg deg
vV, | @
a Oscillatory spin, range, or average values given. fp; rp’s
® Model entered a glide.
¢ Two conditions possible. Turns for
4 Upon recovery, model entered a spin in opposite direction, recovery
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CHART 2 EFFECT OF NOSE CROSS-SECTIONAL SHAPE ON SPIN AND RECOVERY CHARACTERISTICS
OF MODEL 1 (SEE FIG. 18) WITH ENGINE ROTATION SIMULATED
[For aileron-against and aileron-neutral spins, recovery was attempted by full rudder reversal and simultancous movement

of the ailerons full with the spin; for aileron-with spins, recovery was atiempted by rudder reversal. (Recovery was
attempted from and steady-spin data were presented for rudder full with the spin.)]

~J

Model 1 Attitude, Direction, Toading {sce fig. 18)
ereet right Tull engine speed simulated, fly-
- wheel rotation clockwise viewed
from rear (same sense as spin
Altitude, Center of gravity, 33 direction)
30,000 ft { percent T .
Model vahies converted to full scale U—inner wing up D -- inner wing down.
Flat-bottom, round-top nose {fig. 18)
74 | 250 7%.6 | 12U 62 | 17U
88 | 29D 18D 83 0
Elevator —
full up
— 2068 | 0. 38 268 @ 0. 30 276 | 0. 20
(Stick back) ) |
>6, >8, 29 4, 5, 7 >2, >4
a as ¢ b ‘ &
65 | 30U 70 | 15U 34 | 210
82 | 20D 82 1 17D 00 | 25D
Elevator - Ailerons full Alilerons full —_—-
neutral against No with
261 : 0. 35 268 | 0. 25 spin 268 | 0.18
(Stick left) (Stiek right)
: 4,143,951 Bi1>25>4 23,>2,>3
!
Round-bottom, flat-top nose (fig. 18)
o ase b 5
62 l 190 73 | U
77 J 15D 87 | 7D
Elevator
full up l No No
: —> 320 ; 0. 21 283 0. 16 spi spi
; (Stick back) t =P spin
1 7 444
g,— are b .3 b
50 | 35U
82 | 35D
Tlevator Ajlerons full
neutral Yo against No Ailerons full with No
— | 306 0.20 spin — spin > spin
{ (Stick Icft) (Stick right)
41 41
2’z
a, b,
deg deg
- e Oscillatory spin, range, or average values given. -
B t Model entered a glide, v, Q,
B ¢« Two conditions possible. fps p3
4 Upon recovery, model entered 4 spin in opposite direction.
Turns for
recovery
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