il il %M/

TECHNICAL MEMORANDUILS

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
Noo. 630

THE STEADY SPIN
By Richard Fuchs and Wilhelm Schmidt
Luftfahrtforschung

Vol 8 0. el Febru%ry 27y 3929
Verlag von R, Oldenbourg, Hlunclhien und Berlin

Washington
it o R e e




NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

TECENICAL MEMORANDUM NO., 630

THE STEADY SPIN*

By Richard Fuchs and Wilhelm Schmidt

Nile 't 1gs &4 doikn

N = space vertical,

E = space horizontal, here tangent to a circular
eylinder with axig ™ m,

{ = space horizontal, perpendicular to m and 2

Air axes:

X = path axis,
Z = space horizontal, perpendicular to x,
y = axis perpendicular to x and z.

Body axes:

X = longitudinal axis,
y = normal axis,
Z = . laveral axis,
= 3w o ) 2
g = acceleration of gravity (m/s o
Y = air density (kg/m®),
Y 1 : .
—— T in this report
2g 20 2 i
= rY < . 2
6= e v dynamic pressure (kg/m?).
&
" I e - 3
*"Stationarer Trudelflug." From Luftfahrtforschung, Vol,

gll, No, 1, February 27, 1929, published by R, Oldenbours
Munich and Berlin, pp. 1-18.
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The following data apply to Junkers A

monoplane:

G = 1600 kg, gross weight,
F = 29,76 m®, wing area,
b = 186.94 m, epan,
t = L = 1,87 m, mean chord
5 ' ;

ty = wing chord (m),
t, = 2,20 m, chord at fuselage,
ts =i 1.i60"m, chorddatifwinasttilp,
z (m) = distance of wing component

the center of gravity of the
B o= 0,42 m,. cenfter lof sravity lfrom

in plane of symmetry,
» =' 0,80 m, center of gravity Ifrom
ve = S0C nkgs® inertia moment about
g axi'sl,

Jg = 550 mkgs® inertia moment about
J; = 290 mkgs® inertia moment about
¢ (deg.) = gliding angle,
w = vrate of rotation about space ve
Wy = W sin 0@,
Wy = & cos @,
wy = w(cos ® cos W sin a *+ sin @ cos
Wy = w(cos ¢ cos W cos a - sin @ sin
e = '~ Weos' 9 sln
wzl: W cos @ cos M

ty dz
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All rotations are positive when clockwise as seen in
positive direction of rotational axes,

v (n/s) = path velocity,
Av = Qy z (n/s) change in path velocity v due
e te rotaticn (v ,
4!
v cos® s S
P = —%—— (m) radius of helix,
aldeg,) = angle of attack 1
as defined in Figure 1
puldag.) = angle of bank
T(deg.) = angle of yaw, formed by axes x and z
after rotating about normsl axis Yy,
. Qzz i
Ao = b57.3 arc tan —g— (deg.) change in a due
to rotation Qx.
L (ke), eq = f% 1ift; in Girectlion of 1ift axts ¥ .
Qi =
pol ki W ¢ W ; .
W (kg), cy = == drag; in opposite direction to
2 path axXisg ¥,
Q (ki) ¢n = SE cross wind force; perpendicular to
< T o
1ift and drag,
i i DU : - h
N (Xg),; ogq = == = cg4 cos a + cy sin a mnormal force;
e in diresction of nermal azEichve
\ T - =
n (kg), 0 = == = cy c08 a4 - ca sin a tangontial
= force:; cnto; ite in direction
to loagitudinal axis X,
I.‘ILO
lig, (mleg) , ‘e l= =Tt acrodynamic momcnt about lead-
" 9 q ing ecdge,
-
( ) _ Yy
hlL 'n-hg ’ Cm qFt

aerodynamic momecnt
1 > about lateral axias g,




e (mkz)
Ep (mkg)

KQ (mkg)

e (mkg)

-

L, (mkg)
Lo (mkg)

All

ﬁ:‘{\d ge)

By (degs)

s

moments,
ositive rotations,

.Technical iemorandum Ngp, 630

it
14 : ;—i— clovator momont,
=H & v2
&
Uy : :
M = a—sm gyroscopic moment about the
v ; g .
‘¥ w2 lateéeral axis %
g :
Ky, ; X
i = —=- acrodynamic moment about lon-
Gae gitudlonl oxis X,
L Ky H
&P T SWn !
= g0 acrodynamic moment of
- 1 wing about longitudina
AT SO
Bl —= axis X,
= R
A KQ ‘ . ; 5 2 3
By = == aileron moment about longi-
9Er Tudrg ol axls X,
- i s 1 + s
K = ——sa.. gyroscoplc moment about longi-
=K G 4 Lo
L R tuulnal nxis X,
&
L1, Ba0% P
by = =i aerodynanic moment about nor-
i ) .
AR el et s Ly,
Ly . 0 ke
LF = e acrodynanic moment of wing
4%%° sheund mermal axle %,
Lg .
Ho TR rudder moment about norma
4 QER | medg® Lol
L i g
g = =& gyvroscopic moment about nor-
a¥b mal axis .
opposite in direction to the correspond-

are positivos
O displacement Lnn“rd,
0 - dowaward,

rudder displacocment,

aileron U .
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All control movements producing positive moments are
positive,

This report attempts a comprehensive survey of the
subject of spinning, and constitutes an extensien and
supplement to Fuchs and Hopf's "Acrodynamik," chapter IV,

Several British reports (references 4 and 5) carry
the notation that the angle of yaw is relatively small in
spinning and rarely exceeds 20°., The English have estab-
lished the effect of side slip for the most necessary
data in the wind tunnel at angles of side slip T < ~ 20%,

It is readily seen from Figures 5 and 6 (reference 6)
that the change in 1ift and drag with side slip amounts,
at the most, to 10% of the corresponding values with no
side slip so long as the yaw does not excecd 20%

In Figure 7 (reference 6) cross-wind force cqp,
perpendicular to 1ift and drag at 7T = 20° with si%e slip
has attained about 10% of 1ift with no side slip.

The change of aerodynamic moment about the lateral
axis, due to side slip becomes significant, according to
Figure 8 (reference 7), even though T < 20°,

Figures 9 and 10 (references 4 and 8) disclose that,
as a result of a rotation around the path axis, the roll-
ing and yawing moments are materially changed, as in
curves a; with no side slip or aileron displacement, in
curves ap Wwith aileron displacement, and especially in
cupves b with side slip.

It is seen, for example, with respect to the moments
about the longitudinal axis for a = 25° that the effect
of a side slip at. T = 9,56° 4ig equivalent to an aileron
deflection Bn = 5%

Thus, the
following evider

i 43

uning investigation proceeds from the

C

So' leng gg. T < 200, the changes in 1lift and drag
do not exceed 10% with no side slip; the cross-wind force
amounts, at the highest, to 10% of the lift. Hence the
computed v, U4 and @ values for T = 0°, as based upon
Cgs Cy and cQ, will undergo no substantial change for
any angle of yaw below 20°,
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‘But the moments about the body axes undergo marked

changecs with side slipe ©On the other hand, the aerody-
nanic moment about tho longituwudinal axis can be produccd
by a suitably choson ailoron displacement; accordiang to
Figure 9, and tho samc applics to the momonts about .the

Jormal and the lateral axes, as the corresponding eleva-

tor, rudder, or aileron disnlacements are 1nurodaced.

™

When we DPear in mind the fact that side slip . and the
corresponding control movements are identical in effect,
the balance -of the moments about the body axes with side

slip is all dbut revertidble to an oquilibrium by corre-
sponding control movements but with no side_slip.

Thus it becomes readily apparent that a study a

= 0° is not materially altered when it incluvdes the
es in aerodynamic forces and moments resulting from
gidip at T < 209,

For this reason we repeated our iavestiza
the case.of T = 0°, but confined oursclves f
part to the steady spin,

Calculations on uansteady sj

P c made only oc-
casionally, where it pertains to a numecric
se t

al integration
he equilibrium
rplane, and

to, elartiy

of the differcntial ecquations
of all forces and momcats acting
then only to several short equatioas
the problem of getting out of a s

The steady spin without side slip postulates:

Equilibrium of forces in direction of the air axes -

Path axis x: O = G sin @ - cy q ¥ g

.‘... . G ¢ - \

Lift axis y,: O=f v Wy sinp-G cos® cosutcy a & (2)
— o o

3 .

Axis L x'and y,: O = g v Wy cosp + G cosp sinp (3)

Equilibrium of moments about the body axes:

o o - \ .. & o
Longitndinal axis x: @ - (Jy - Jy) Wy @y = =K . (4)
Normal axis y: - (Jg = Jx) W, Wy = = L (5)

1A

Lateral axis z: - (Jg = Jy) Wy Wy = = & “(6)
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.

The above six equations embody the five variables:

Qs il W@ jand i @) fand reveal in econjunction withiTE=u0x
the position of the airplane completely.

The resolution of equations (1) to (3) yields in de-
pendence of o« and @, the other three variabdles u, v,
and w, for whaich all forces acting on the airplane are in
balance,

Lanlying these values to each one of equations (4),
(5), and (6).results in o and ¢ wvalues, at which, by
equilibrium of all forces acting on the airplane, the mo=
ments about the respective axis are also in equilibrium,

If these values of ¢ and a are plotted as curves of
¢ =f (a), three such curves are obtained corresponding
to the three equations (4) to (6)., TFrom each of these
three curves those values of « and ¢ are found at possi-
ble intersection points for which the simultaneeus equi-
librium of all the forces and all the moments is satisfied,
and for which, therefore, the steady spin is possible,

Our investigations centered around a Junkcrs A 35
low~wing monoplane with the latest test data on c,, cy,

-

and cp, and for angles of attack up to a = gov, - Uh=
fortunately they were limitcd to a stationary model with-
out aileron or rudder displaccmont and for certain cle-
vator settings within o =0 to a = 207,

The change in 1ift =2nd drag within this range is
slight with elevator displacement, as Figure 14 shows,
In addition, other pertinent data disclosed the aileron
and ruddecr movements to be practically without effect on
the acrodynamic forces, and notably on the acrodynamic
momecnt about the lateral axis, so that it is Jjustifiable
to assume cg5 ond cy, ospecially at higher a, as con-
stant for any control movement, and cq as evanescently
small at zero yaw,

According to the British reports the principal
changes in forces and moments about the lateral axis,
efifected by rotgtion ® oceur in tho: lift and in the drag,
as shown in Figures 11 and 12 (referencc 4), ZEven for

bwy ; ]
values of —=—= = 0,2 to 0,3, cncountcred perhaps in a

: > W 5 :
steep 'spin at relatively small «a, the change in cg4
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and ¢y omounts to about 10%. of tho valucs measurcd on
the quictly suspended model, So 1lift and drag may be
considered approximately constant for the rotations in
questions '

Figure 13 (refercence 7) reveals the reolatiwely
slight change in moment acbout the lateral axis when ros
tated about the path axis at largec angles of attack; at
small o the change is more pronounced ond is equiva-
lent to o small elevator displacement, ¥eovortheless, we
comnsidor ¢ as being about constant for any waluc of

m

bW _ .

—=., g0 that tho aerodynamic forcos as wcll as the acro-
v

ynonic moments about the lateral axXxis may be assumed
approximately constant, for all rotations w wunder con-
deration. :

As regards tho magnitude of the control nomonts, wo
were compelled to introduce them for large values of «
without data on the corresponding control displacements,
and to refer for small ¢« in part to measured elevator
setting, and in part to estimated aileron or rudder dis-
placementy.

The wing moments Xp and Ly about the longitudi-
nal and the normal axis were not mea ured, but were accu-
rately estimated by integration and by means of curves
cn and ct with respect to «e The inertia momonts

were defined by calculation as usual,

Equilibrium of Forces and ioments

in Stcady Spin with no Side S1ip

. Equations (1) to (3) yield the values W, v and
dependent on .o and @ for steady spin as

/ .
W= = 57,3 arc tan k!;~) (2)
- &
5 GRE sin Q
v= /- & hs (8)
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The cg5 and cy values applying to the airplane
were taken from Figure 14, while Figure 15 shows

v & f = 1095 S4B
A cw

city rises with

plotted ageinst o and 9, The path welo
s the drag increases.

increasing angle of climb and drops a

Figure 16 manifests

c 2 ve
w = N[).OOOO83 b (L B

relative to o and ©®. The rate of rotation increases
enormously by rising angle of climb and disappears for
level flight, For the latter the modified egquations (la)
to (3a) are wvalid:

O=-CGsing - ¢y q F (1a)

0=« G cos @ cos b + cg q F (22)

Dlise G cos ¢ sin L (3a)
as a consequence of which W =0 and tan @ = - %z.

Cyy
RS )

i

Figure 17 exhibits tan @ as well as the

a
corresponding values of @ referable to a, so that' ' o
may be read from Figure 17 for certain values of ¢ where
=B () :

The introduction of constant values W other than
zero into eguations (1) to (3) yields ¢ (© = constant)
(fig., 17) with resmect to a, which were taken from
curves W plotted against o and @ in Figure 164
73 : & [ v
Figure 18 shows Wl = = arc tan | g

\g .
&8 and ¢, Even in a flat glide the angle of bank becomes

very pronounced at the usual angles of attack, while an
airplane already inclines quite steeply in ordinary curve
flight, When w= 0, W disappears.

with respect to

k4 To compute the gyroscopic moments the rate of rota-
tions wx, Wy and Wy are necessary.

Conformably to Figure 16, ® does not become appre-
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nese angles be-

ciable at small gliding angles; but waen t
ge also, actording to Figure

come large, -|I Dbecomnoes
18 din which .case

|83

1t

speak

=
15
e
o
o
o
o
B
o
w
o
}.—J
‘_l
<
@

ng, means:

n
(g

We can indicate a aight line @la ed in the syn-
metrical plane of the aircraft, which passes through its
center of gravity, forms angle '@ with the longitudinal
axis. -and is parallel to that of the space vertical about
which rotation ®w is set up.’ The distance of tho space
verticel from this stralght line is

P

5 1

v_cos @
w -

=

. 0 il
f ©-—29=90 4 iwe £ind W ®, ac-
e v (acccording to (8) ) reveals o
ixed value, so that distance P Dbe-

Yor the casec o
cording to {(9) whil
tendency toward o f

comes very minute and rotation @ is almost.arowund the
above straight line, Thea the greoater o bocomes the
nore this straight life:is coincident with the normal

In Figure 19 the rate of rotabtion for Wx, Wy and
©, 4is given for ¢ = - 85°%, -80° and ~75°, It will be
noted that rate of rotation w, about the lateral axis
is always wvery low, that rotation Wy about the longitu-
dinal axis Wre¢on_nat s at small @, and rotation Qy
about the normal axis vhen o 1is high, o

) about the lateral axis is based upon:

rnegative gyroscopic moment (- lg) = aerodynamic moment
;..L .
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With the nondimensional Mg = . R inserted, we ob-
2
= v
d g
tain
(JK = Jy) w= " -
¥, =~ e (cos @ cos W sin a + sin @ cos a
& i 5
g (cos @ cos W cos ¢ - sin @ sin a),

which may be seen on Figure 20 in relation to o and @,
The gyroscopic moments do not appear until the gliding
angles are very high, and become very pronounced when
9 > = 85°%,

The aerodynamic moment, defincd as MLO = Cy, 9 Ft
on the leading edge of the stationary model in the wind
tunnel and reproduced in Figure 14 with respect to «
was replotted for moment My about the lateral axis and
expresscd in the samc nondimensional form as Mg, that
is, we substituted

-
-

wal

b4
ot

Figure 20 shows l; plotted against o for various
additional elevator momonts

ar
e (= ..
R

g

constant at any o, to which at small o a given eleva-
tor setting fg corresponds, It is noted that curve

(= MK)’ referred to a and ¢, and curve lj referred
to a intersect in several points for which (MK) = U1
that is, where the moments about the lateral axis are in
balance,

-

It

ﬁ) The equilibrium of the moments about the longi-
tudinal axis is expressed by

(Jy — J_Z_) u}:’r (.L)E = KL
negative gyroscopic moment (- KK) = aerodynamic moment
KL. :

The rotation Wy about the path axis induces wing
moments about the longitudinal axis exceeding by far any
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eventual aileron momcent X, . A damping moment of the
. : . %G o .

vortical tail group as occurs becausc of rotation w

about the longitudinal axis, may be disregarded. e

The integration cstimates the acrodynamic moments of

b
+3 .
wr r ' 'Y /V i ::/.\.A"\'. ~
Ep= J ey (@ tha, v +AV) = (——=! btz z d z
b 22 \cos Aa/s
Z= -5
-_ 3 ’
In particular, ¢, {a + Ac, v + Av) horo signifies
that c, 1is affected by « and by its effeatod change
W 2 i -
through Ao = 57.3 arc tan S—=— bocauso of rotation

e

VT AT
Wy, further by specd v and its chango through
Av = wy, z Dbocause of rotation Wy,.

fu

The integral was graphically determined against o
and @ so as to include any value of D

2N

To give the reader a picture of the method employed,

we include Figure 21 as typifying the distridbution of the
~ /V F AV\" . )
normal force over the wing; ¢, ——=—' tx 1is plotted
cos Aov
against wing span z, vThere the integral evaluates pre-
cisely EKp = 0., Wow it becomes ovident that for
il=l = 80° . and = = 279, the wing momocnt about the lon-
gitudinal axis is zero notwithstanding the prevalent rota-
tion Gy.
Zn

Figure 22 affords Ky = ;%g against o and @, and
the possibility of positive a%d negative wing moments,
They disappear when w = 0 f{the relevant points may be
cazlled outer zero voints), the a values pertinent for @
may be taken from the curve of Figure 17, TFor slow rates
of rotations gy, where Aa too ia smgll, the integrel
obviously becomes evanescent at values of o <for which

CURY® Cy," referred: %o o in Figure 23, exhibits an ox-
treme value, namely, point € for o = 14° and point E
for q = 3%2°, lLiorcover, it is positivo or nogative ac-
cording to whether Q&ﬂ 1 s lopti U

In keeping with this, small ¢ values, for which,
consistently with i 16, the rate of rotation

L
8 ;
mall, have, apart from the two outer-
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also one or two inmer points G and H; in sdditliohn, fox

de
o2 0 (o] n e %
o < 14 and o > 32°, TWwhere T > 0, only negative

wing moments, and for o > 14° and o < 329, where
de St "
E&E >0, only positive wing moments occur. As ¢ and

thereby Acq Dbecome larger, the positive moments become
more and more evanescent, the zero points G and H con-
tinue to come closer together and to assume still greater
values of o, wuntil only negative moments appear.

With the gyroscopic moment Ky expressed nondimen-
sionally

we have:

T = w2
Ep = = = = (cos?® cosy cosa -sin® sina) cos® sinp,
N

&

In confornity with Figure 19, the gyroscopic moment
is dependent on the always smaell rotation Ww;, hence is
itself very small, as indicated on Figure 24, and may be
neglected with respect to Kg.

As a result, our assumption is sufficiently precise
when it presumes the moments about the longitudinal axis
to be almost in balance for those values of o and ¢ for
which the moments of the wings disappear, or in other
words, for the zero positions of curve Xy with respect
to o and @, at least so long as no aileron displacement
occurs,

The insertion of an aileron moment, constant for any

e

S T 3N 0.01

-_

- il
rather corresponds at o = 0° to a Bg = T 4% aileron
deflcction, but at higher o« to a2 much greater deflec-

tion, so the abscissa of the curves must be shifted par-
allel to itself, upward and downward, reéspectively.
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Y) The moment equilibrium about the normal axis.is
expressed by eguation

<

(JE = JZ) Wy wz L

negative gyroscopic moment (- Lgx) = aerodynamic moment L1,

The rotation w; about the path axis induces wing
moments, which, aside from a rudder moment and from the
far from negligible damping moment of the fuselage and
the vertical %taill group, such as a rotation &, about
Dal mo-

the normal axis sets up, constitute the princip
ments acting about the normal axis.

Evaluated by integration, the wing moments are

+12’- i
(g ok S
L= 7 cp (o + Ag, ¥ % An) o (BEATN 2. oa s
T o t \ ’ ) 3z \"cos 18 X & 25y
)
Mo
which, in Figure 25, are plotted with reference to a
and @ in the nondimcnsional form of
Ly
L*p = o
= qFb
The outcr zero positions are valid for ® = 0O, the inner
when the integral disappcars, i.ce, first at small. @
and - for points K  and .J of g+ @s plotted
3

The wing mo-

against o in Figure 2. .
tive o ing to whether

ments become positiv r negative accor

dct

et 2> (O 1
da

The zero points K and J tend toward higher a
and come closer together as @ increases, At very high
o the moments about the normal axis become quite smally

The gyroscopic moment Lyx = - (Jg; - Jx) Wy Wy
may be disregarded with respect to ILgp.

As a result the moments about the normal axis are
practically in balance for those a and.®P at which 1
disappears, i.c., for the zero points of the Ly curves
roferred to o and @ at least as long as therc is no
rudder displaccment, and thc damping moments of the fusc-

t=f
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. < 3 . §

lage and of the vertical tail surfaccs duc. to rotation

wy about thc normal axis are dlS”C”urdud for the’ pros-
: . s »

ent owiag to. the lack: of exporimontal datas:

With an added rudder moJont congtant for mny e
we have: b T "

oL
wn

Lg = =% 0,01,

.iﬂ

o]
by
& <5

(=0

whieh at o gu, s practically caquivalont to
Bg = 2 20° ruddor displacomont, but at higher o to onec
docidodly. highcr; thus tho-.abscissa of the curves mus

shifted parallecl downwa ard -and upward, respcctively,

®

ll

; mping moments of the fuselage ond of the.verti-
cal tail group, iaduced by rotation W about thoc normal
pil ry important part in ths momont: equilibrium
abeut thc normal axis and must not bo ignorecd, - If the'
3 T
o "

T
vertical tail group, :and particularly the rear ond of tho
fuselage, presont a largoe area relatively romotc from the
noxmal axis, they nmay in fact bocome just as high as tho
wing momonts Lp, 'and dwven . surpass thom at largo d.

Hitherto our study dcfined tho values for @ and @
at which the forccs and.mgments al out ti¢ thrce -body axes
were in equilibriun, as exhibited in Figure 26 for the
special case of By  and g = 0° with-9P.-plotted

agdinst o, d;sregarq1ng the damping caused by the fuse-

e 1
lage and by the vertical tail unit., Curve a comprises
thoge values of o and @ for which, if w = 0, = il
forces- acting on the airplanc are iz equilibrium and,

s0 1 wilibrium if the spin

since tho momonts must also be in equi

is to 'be steady, whero -all curves of the moment equilib-
rium must start on this curve -ae, The b :‘curves. diyulce
the 'equilibrium of the moments obout the lateral axis
with -the respe ctlvo elevator noments,

As long as’rotation w -remains small, i,0., for recl-

atively small ¢ as showan in Figuroc 17, there aro practi-
cally no gyroscopic moments (see fig. 20), so. thab,  foxh &
given elevotor moment, those 'about' the laternl axis are
in equilibrium for 'those valiée’of & which Figure 20 re-
vesls as zero pOinﬁs on the " My ° " curve-roferablc to d.

Couseqv n*ly,-nur'vn 'b; ‘nust-beginet point A- on
curvec - aend ‘which fuérther belongs todn angle of attack
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a = 12°, TPor tho coordinatos of this point, bthat s Sdor
Q= B9 aaff g = 120, and ‘for those alone, a steady
spin is possible without clovator displaccmont, Ppoints

B ond C are defined in the same manner,

The greater the gliding angle 9 and thereby rate of
rotation w, the greater the gyroscopic moments and the
greater the tendency of the intersections of the Ii and
the (liz) curves toward higher angles of attack (fig.
20), thus deflecting the b curves more and more to the
right.e

At relatively small « and @ the b curves are
quite far apart for different elevator nmoments, but come
quite close to one another when o and @ assume large
values,

The d; ‘and the e, urves pertain to the equilib-
rium of the moments about the longitudinal and the nor-
mal axis, respoctively, by zcero control displacement,

Now we add an ailcron momont, constant for any «a,
to thosc about tho longitudinal axis of Figure 22, and
obtain now zero points on the KXo curves with respect to
a and ¢, whoso coordinates arc shown in Figure 27 -as
now curves 4 with parametor EQ’

It is scon that tho d curves are far apart while
& 1is relatively small, and continuc to approach one ‘an-
other at high o as @ Dbecomcs larger.

A similar study roveals the o¢ curvos in Figuroc 28
by rudder moment ILig. At large anglos of attack this
moment is usually veory small, making any cequilibrium for
¢ ond @ valucs other thon the wing momeont impossible,
at lcast so long as thoe domping momonts of tho fusclase
and tho vertical control surfaccs arc disrcgarded, Theso
damping moments may becomec comparatively large, thus mak-
ing a momocat equilibrium possible only for a small anglo
of attack.

A glance at Figurc 26 discloscs the fact that curvoes
b, d and e, even when disregarding thc domping nmomecnts
of the fuselage and of the vertical tail surfaces, never
intersect in one single point if no control movement oc-
curss The result is that as far as concerns the A 35, a
steady spin is impossible without control displacements.,
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Eowever, it is gquite possible to force such an in-
tersection point as, for instance, by a slight negative
elevator displacement Bz = - 3° which yields point E.

Any steady curve flight is possible depending om the
chosen control movement - at least, for comparatively low
angles of attack, However, at very high angles a«a, say,
near point ¥, +the b, d and e - curves mest probably
never meet in one poimt; but, since the curves are so
close together, and there prevails at least an almost
perfect balance of forces and moments, we shall designate
such as "approaching steady" spin,

When the possible curve flight is very steep and the
respective angle of attack is above that for maximum
1ift, we ordinarily speak of "spinning" and we distin-
guish the "gsteep" from the "flat" spin, according to
whether the angle of attack is near that for maximum 1ift
or very large.

The tendency of an airplane to spin depends on the
mass distribution, the shape of the wing structure, the
position of the center of gravity, the area of the ex-
posed fuselage and the vertical tail group and its dis-
tance from the normal axis,

Hopf (reference 2) has already pointed out (see
reference 1, chapter IV) that the mass distribution pre-
dicts the magnitude of the gyroscopic moments (Jx - Jy)
wx Wy and thereby the moment equilibrium about the la®-

eral axig.

Assuming the mass distribution so changed that fac-

oy (95 - Jy), and thereby the gyroscopic moments, in-

crease to double and to half the value, yields the c;
ganatves curves in‘Figure 26.

The b and ¢ curves bespéak a less pronounced de-
flection as (Jx = Jy) decreases, If it were possible
to so design an airplane that Jyx = Jy, 1t would theo-
retically preclude the inception of afy gyroscopic mo-
ment about the lateral axis; the D and ¢ curves would
piin ‘parallel to the ordinate axise. For very small
Jx - Jy the b curves would not deflect to the right
until very high gliding angles were reached bdbut would
then deflect that much sharper, and become ¢ =~ =~ 90°
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for higher .a, thus meving a cons1derable distance away
from the other d and e curves.,

The result Would be that at sma11 ‘Jg = Jy ‘curvi-

linear flight would be impossible for angles of attack
above those attainable in level flight but not as yet
belonglng to: a - flab- oDln.

Thus it becomes apparent that spinning may be pre=-
vented more or less completely, at least for an average
range of «a, by judicious mass distribution,

We have seen that a2 rotation about the path, the"
longitudinal, or the normal axis may engender positive
and negative wing moments, It is not easily conceived
how the moments about the normal axis with respect to
those about the longitudinal axis can be disregarded, as
is done quite frequently. For a glance at Figure 25 re-
veals them of almost the same magnitude as the positive
moments about the longitudinal axis in Figure 22,

However, we confine our study to the moments about
the longitudinal axis and merely add that the same is
equally applicable to the normal axis,

Figure 22 unfolds zero points on the Ky curves
pPlotted against o and @, for angles of attack beyond
those of maximum 1ift and for whose coordinates the mo-
ments about the longitudinal axis are in equilibrium,
Now: compare the d; curve cof Figurc 26 for the case of
zero aileron momentss:

a, equilibrium of forces in straight glide
" i 4 and moments
br, about lateral ax

bal, 1 ] ]

bS 3 n ] "

S n & i i

ex n " n

d,, i longitudinal axis

e1, s normal axis

MH =0

My =-0,0011 -(displacement: upward) .

M= 2400010 ( " downward)
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M.

My = 0O and double gyroscopic moment,
gH = 0 and half gyroscopic moment,
MH:O’

Y = O.

The possiblility of spinning, 1.6es 0f & morerorslscs
complete balance of forces and moments in stalled steep
curve flight depends on the existence of one intersection
point each from the three curves b, d and e by corre-
sponding control moment as parameter, Because this is im-
possible when, for example, curve d 1is not present,

it is merely necessary to prevent the appearance of the
inner zero points on curve Ky with respect to o and

P, even for any possible aileron moment to make spinning
absolutely impossible,

We have seen that the wing moments about the longi-
tudinal axis are dependent only on the shape of curve c,
with respect to angle of attack, and that for small wg
these moments are negative or positive according to

dep
a‘&‘—' o T A 5

when the ¢, curve, valid for each wing section parallel
to the plane of symmetry, continues to rise with increas-
ing o, This depends on the shape of the wing, and thus
constitutes a second means for limiting the chances of
spinning,.

whether Only negative moments prevail

Even if it should prove impossible to completely
avoid a S8 ki of the wings alone, it should at least be
endeavorecd to have this occur at the highest possible a
and yet not too high, in order to prevent as much as pos-
sible a drop in the ¢ curve when @ assumes large
values,

n

Another successful method for combating the possi-
bility of spinning lies in thc constructive development
of the airplanc with rospect to the position of the cen-
ter of grawvity, which in the A 3b is '0.36% aft ofiithe
leading edge, that ds, relatively far back, Thc result
is that in level flight, for instance, even by zero ele-
vator displacement, the airplanc does not attain equilib-
rium before fairly large angles of attack have been
reached and the airplane can be stalled considerabdly.
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onsequently the b curves are casily made to intersect

curves d and e ‘in one point.

Snifting the center of gravity extremely far forward
renders this stall very difficult to reach. As last and
final antispinning method expounded in this study, we men-
tion the shape of the fuselage and of the vertical tail
group. With the sides of the rear fuselage, and the area
of fin and rudder as large as possible, relatively large
damping moments are invited, which, in particular, may
make a flat spin very improbdable,

Auvtorotation

In view of the fact that in & spin the rate of rota-
tion w"1 with respect to wy is very low, the result-
ing ¢ aerodynamic moments will always show satisfactory
agrecment with practical experience when the neasnrements
are made as follows

The model is mounted on an axis AB passing through
its center of gravity and placed in its plane of symmetry
so that any angle of attack may be obtained and the mo-
ments about the body axes can be measured direct,

Then axis AB is suspended in the wind tunnel so as

to be always in the direction of the air flow and so that
the model is actually able to execute the desired rota-
tion W-. Since wo did not make such measurcments on the

model of tho A 35 we interpreted matkhomatical
and ILn curves shown on Figures 22, 255 29 an

2 ; bux
ted against o and @, and against o and T rospec—

tivelye.

The zcro points of these curves reveal those values
of o and gié for which the aerodynamic moments about
the longitaliﬂnl and the normal axis are in egquilibriunm,
whereby the abscissa re shifted parallel to one another
for existing aileron and rudder moments - constant over

bl
any g"-{; -

U= - . -
The Eﬁ: values thus obtained are shown for moment

=

8.7 4 A 3 ’
equilibirum about the longitudinal axis.on Figure 31,
plotted against angle of attack a.
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It discloses, for the case of zero aileron moment, a
curve similar to those known from the ordinary autorota-
tion tests, Apparently several equilibrium positions are
feasible for one and the same o, which is only attribu-
table to the shape of curve c¢, with respect to the an-
gle of attack o of the wingse.

As regards the stability of the equilibrium po°1~
tions of the Xp curves plotted against o and

in Pigure 29, a discussion of equation 2 V
dwx
JX - (JZ - Ji) Wy Wy = = Ky

(eguilibrium of moments about longitudinal axis) dis-
closes:

If several equilibrium positions prevail, one must
always be stable, the other unstable, according to
whether

4 Ep

wa
2 v v/

bw
Applied to curve 2—5 plotted against o in Figure

3l it postulates:

Vv

orL <0

5 0 -
For small angles of attack up to o = 14 there is

but one single position of equilibrium where 295 &0

autorotation would not set in, b

An cangle o > 14° thas for a certain a, aside from
the equilibrium position

still a second which, conformably to the general discus-—
bw,
sions, is stable, while 5~$ = 0 Dbecomes unstable,
. ~ .
Here autorotation would set in,

250 . .
Beginning at o = 32°, there are, aside from

bWx g
o SR s v

two more equilibrium poultlons, of which since the top-

most is always stable and the positions alternatingly

stable or unstable, the lowest gﬁg = 1is stable again,
G v
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BE . o= BE° L are
appears, in which one
tion ol equilibriumic

pecial position R (see fig. 29)
stable and one unstable posi-
oincide,
A comparison with the ¢, curve plotted against a
in Pigure 23, discloses:

b,
The 5 = = 0 values relatc to stable equilibrium
positions so long as %SE >0, and to unstable positions
(64
when EEB < 'O
do

G and B on Figure 31, the points of transition from
stability to instability and vice versa, correspond to
points G and E on Figure 23; that is, to the extreme

values of the ¢, curves with respect to o, for which
8en 0
s
Hence the ‘important conclusion:
bw
The ranges of o for w2 =10, stable or unstable,

&GN

or in other words, where autorotation about the longitu-
dinal axis would or would not occur, can forthwith be
read from the ¢, curve referable o . S0 longias

de ] el bwx . %
E&Q >0, the equilibrium position = = O is unstable,
& -
. . . )
glee s autorotation setgliin, ' But,l'when %SR Bl o 18 g&& =50
a 2

ig stable; autorotation cannot set in,

When we introduce an aileron moment KQ, constant
i i
for any §&§, the abscissa in Figure 29 must be shifted
parallel upward or downward, according to whether K is
negative or positive. In this manner we obtain the new
equilibrium positions shown on Figure 31 against o with
EQ as paramctoer, '

A positive aileron moment, that is, one which in or-
dinary flight would turn the airplane still more in a
turn, extends the range of autorotation, while a negative
noment decreases it,

Pigure 32, taken from a British report (reference 8)
reveals similar curves for a biplane., Here, however, it
was not, as above, a gquestion of equilibrium of aerody-
namic moments about the longitudinal axis, dut about the
path axis,
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Figures 33 and 34 (v01~roncos 7 and 9), also taken
from a British report, apply to the moment cqnlllorlum
bout path axis =x, about which the rotation Wy oc-
currod '

e Tizé gap, stagger, decalage and aileron displacemcnt
cffect in general o change in mutual interference, honce
in gutorotation, = s

crcgseﬁ -wing gap, p031t1vh t ger, top wing ahead,

pos ithP decalage and alleron 01su1acement which ordi-
narily would force the airplane out of the curve, are
conducive to the diminution of magnitude and range of au-
torotation,

Effect of elevator displacement in steep and flat
sping :

It is generally conceded that any control displace-
ment in a steep spin effects an immediate and powerful
disturbance of the prevailing flight attitude, but that
all control displacements are obviously ineffective in a
flﬂt spin, Pushing the control stick forward is the -best

bsons, if any, to recover from the spin, These facts
;broc very weoll with our calculations,

For tho.stoep . -spin curves ‘b, d and e in Figuré 26,
reveal distinctly oxprossed intersections which provail
for well-defined control displacoments only; the curves
for the.corrcsponding control displacements are, more-
over, far apart,

In a flat spin the conditions are different, Dis-
tinet intersections on:the threoce curves b, & and e are
most likely altogether precluded; the curves for 2ll con=
trol displacements are very closo together,

So in order to prosago the manner, and more portic-
ularly, tho time intorval during which the momentarily
proscnt flight attitudo is changed, wo made soveral cal-
culations on unstcady flight, Weo limitcd ourselves to
the effect of a positive clevator displacement (pushing);
once in a steop, perfectly steady spin, thon in a flat,
"approaching steady" spin - (E and F on Figurc 26),
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We defined the two flights as follows:

—vvs-\——-——-«

number
o W T ? v w of |BE |Pq |Bs

} - turns

StCGP 2 ~ Ly >)
epip |1760 [-B544 | O |~6745 | 61,8 [1.96| 3.2 |6 |0 O
{%iz 64,0 8a,2 o |«80 | 2a .8 lE. 82| 1,81 0 |0 i@

We started with the differential equations defining
the equilibrium of all forges and momeants acting on' the
airplane; then we introduced an additional elevator mo-
ment My = + 0.0021, which corresponds to a By = + 18°
elevator displacement at small q. This was uwsed to dise-
turb the "perfect" as well as the "approaching perfect!
position of eqguilibrium in the steady and in the flat

. apin,

Wumerically integrated in 1/20 and 1/10 second in-
tervals, the differential equations revealed the data
graphed in Figures 35 to 37.

In a steep spin a push on the control stick effects
an. instantaneous and powerful change in flight attitude.
The angle of attack, in particular, promptly assumes a
normal range, and the rate of rotation w drops very
quickly, (Reference 10.)

In a flat spin the effect of "pushing" is altogether
different, The gradual and secemingly periodic change in
angle of attack is strilking. 4An equally periodic change
in all other variables is bound up with it, so that the
airplane, if at all able, would assume another and, above
all’, normal attitude of Flight only very slowly. 'The
fact that pilots who went into a flat spin uninteantional-
ly were able to get out of it again by alternatingly
pushing and pulling in the tempo of the ensuing vibra-
tions, seems to bear out our coantention, ‘
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Chofniic R f1er o Eown

With the object of further clarifying the problem of
spinning, and to supplement and extend the data in Fychs
and Hopf's ."Aerodynamik," Chapter IV (reference 1), the
equilibrium of the forces and moments acting on an air-
plane is discussed in the light of the most recent test
datae Convinced that in a spin the flight. attitude by
only small angles of yaw is more or less completely
steady, the study is primarily devoted to an investiga-
tion of steady spin with no side slip. At small «,
wholly arbitrary and perfectly steady spins may be
forced, depending on the type of control displacements,.
But at large a only vory stecp and only "approaching
steady" spins are possidble, no matter what the control
displacements,

A stcep curve flight for which, in addition,. the
angle of attack exceeds ‘even that for maximum 1lift, is
generally called "spin" and we distinguish the "steep
spin" from .the "flat spin" according to whether the an-
gle of attack is near To that for maximum 1ift or very
large.

From the designer's point: of view, the spinning ten-
dency of an airplane can be materially lowered by:

1) Wing shape: a continuous rise of the Cn. - CUTVE
against o wvalid for each wing cross section
parallel to the symmetrical plane. ZEven if not
altogether mnavoidable, the cpn ., should not
occur until very high angles of attack ‘have becen
reached, and should only be so large that the
drop in the . Cq . curve is as small as possible
fior hligh wvaluea of a.

2) Mass distridbution: inertia moment Jyx about the
longitudinal axis and inertia momoent™ Jy about
the normal axis should be as nearly alike as
possible.

3) Position of tho coenter of gravity of the air-

* plane: should be extremely far forward.

4) Correct shape of rear end of fuselage and of ver-
tical tail group: the sides of the fuselage, par-
ticularly 4t the rear '‘end, as 'well as the area of
the vertical tail group should be as large as pos-
sible and be exposed to the air stream in all di-
rections,
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It is expressly emphasized that thecse exigencies
were set up without regard to any other flight charac-
teristic, and merely from the point of view of prevont-
ing as far as possible, the ecntry into a spin,

A study of the effect of control displacements in
the discussed spinning attitudes roveals that the steep
spin, in contrast to the flat - and I think most exhibi-
tion flights belong in this class -~ can be reverted to
normal flight in vory short time and is, for that reason,
not dangerous.
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Figs.26,27,28
Approaching steady flat spin
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N.A.C.A, Technical Memorandum No.630 Figs.29,30
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N.A.C.A., Technical Memorandwa No.630 Figs.31,32,33,34
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Figs.35,30 Chenge in flight attitude due to an elevator moment My =+0.0021
(displacement downward) in 2 not dangerous steep and a dangerous flat
spin for zero aileron, and rudder moment. The 5 variables are
referable to time,
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