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NATIONAL ADVISORY COMMITTEE zOR AZRONAUTICS

TECENICAL iENORAFDU N0, 629

THE DANGEROUS FLAT SPIN AND TEE FACTORS AFFECTIXG IT*

By Richard Fuchs and Wilhelm Schmnidt

1o Yot ation
a) Axes

All the axes pass through the center of gravity
(CeGe) of the airplane, their positive direction being as
indicated by_the arrows in Figure l.

Air 2xes {fixed with respect to flight path):

X, path axis tangent to path of C.G. of airnlane;
Z, horizontal axis perpendicular to X;
Y, axis perpendicular-to both X and Z,

Body axes (fixed with respect to airplane):
x, fuselage axis {longitudinal axis);

¥y, strut axis (normal axis);
z, spar aXxis {(lateral ax 1s).

Other axes:

¥yi, @axis of 1ift in plane of symmeiry perpendicular

to X;
Zy, axis perpendicular to X and y,;
X;, aXis perpendicunlar to ¥ and z;.

*UDer gef&hrlicliche flache Trudelflug und seine Beeinfliis-
sung," from Zeitscarift flir ¥ “‘ugtechnik und Yotorluitschif-
fanrt, July 14 (p. 225), and July 28 (p. 359), 1930, pub-
lishedby R, Oldenbourg, dunich und Berlin.,
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b) Determination of Path of C.G. of Airplanc

v(m/s), velocity along flight path (path velocity);

¥(m/s?), change in path velocity with time;

¢ (dege), angle of glide, between axis X and its pro-

s . jection on horizontal plane; positive, when

’ airplane climbs;

o(1/s), change in gliding’angle“with time, accompanied
by change in angular velocity about 2Z; posi-
tive, when actlng clockwise avout the corre-

' spondlng axis as viewed in tqe p031t1ve direcc-
tion of the la ter; .

w(l/s), angular velocity about the vertical; positive

upward; positive, when acting clockwise about

the corrcsponding axis as v1owed in tho posi-
tive direction of the*latter, : '

c) Position of Airplane with Respcct to Path

a(deg.), angle of attaci’

u(deg.,), angle of bank _' : See.fig; 1;

T(degs), lateral angle (angle of‘§aw) .

ag(degs), angle of attack of horizontal empennuge

o' (deg.), angle of attack of vertlcﬂl empennsge,

&(l/s), change in angle of attack of airplane vlfh
time, accompanied by change 1n an?ul%r veloc~

ity c.’nou.t Zq 3

wiL/s), chonge in angle of bank with time, accompa-
nied by change in angular velocity about X;

T(l/s), change in angle of yaw with time, accomponied
.. by change in angular velocity about y. '
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All angular velocities are considcred positive, when
acting clockwisc about the corresponding axis as viewed
in the positive direction of the axis,

d) Rotation of Airplanc in Space-

Q(1/s), total rotational velocity about an axis fixed in
' space;_also voctorlﬂlwsum of rotatiornal veloci-.

tios w, @, @, & and T.

Qx = W sin @ + W -1 sin o
Qy = ‘W cos ¢ cos u + b sin u + T cos a
1

QZ1 =’ - w cos @ sin u + é cos U+ o

Q; = [(m cos® cosi + @ sinp) sina + (w sing + ﬁ) cosqa ]
cosT =[ - w cos@ sinpy +.é cosu + a Jsin T

Qj = {0 cosp cosp + ¢ sinu) cosa - (® sing + ) sino
+ T

Q, = [(w cosp cosu + @ sinp) emna + {(w sin® + u) cosa]

sinT +[ - w cos¢ sinu + w cosu +- a,]cos T,

Components of (! about the corresponding axes.- All
rotaticns are positive when acting clockwise about the
corresponding axis as viewed in the positive direction of
the axis,

Q, (1/s° »

R -} Change of angular velocity, with time

Q. (1/s?
¥y

- 1 2

Qy(1/s

about the corresponding body axis.
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”ref Local Constants

g(m/s?), acceleration due to gravity,
Y (kg /m3), air denéify; T h

In this'treatise' é? 2 e cqrresponding to an ale
titude of zbout 2300 m f§§¢6 t.). “
q = gé v? (kg/m®), dynamic pressure,
qg (kg/mz), dynanic ﬁ:essure_on horizontal empennage,
qi (kg/m®), dynamic presstre’on vertical cxpeununage. .

f) Characteris tics of a Junke”s A 05 Low~iirg Honoplane
(Figse 2-4) R

3;

G = weight of a¢rp1a = 160O kg,
F = wing area = 29.76 n°,
P = span = 15,94 m,i

t = wing chord (m),

ty = - " " in piddle =:2.2 =,
ta = " " at tips = l.b6 m,

T = distance of C.G. back of lesling =dge of wing =
OQBO m,’ ) . '

h = distance of c.G. above wing chcrd = C.42 {Fig. 4),

J = inertia moment of alrplano about axis
x = 300 mkgs®

Jy = inertia moment of airplane about axis
y = 550 mkgs?

= jnertia morent of airplanc about axis
z = 290 nkgs?



‘Merniorandun Foe -529 5

T .A.C.A, Technical
Fg = area of horizontal ctpcnnage = 4,80 n%,
g = "distance of c.,p. (center of pressure) of horizon-
tal empennage from axis . z = 5,27 1,
F = area of vertical empennage = 1,79 n®,
s
lg = distance of ce.pe of vertical -empennage fron axis

Sy = 5.48 n,

PV (m®), . ~effective danping areca of fuselage t
U (mz) . ] ] on " yertical
1t {m), distance of cCeDe

axis vy,

BH(degn) ’
. tive moment about axis =z
(elevator down).

of -vertical empennage from

empennage,

:

elevator deflection when gencrating a posi- °

g) Air-Force Coefficients, Air-Force Homents and

. Gyroscopic ioments

All coefficients have becn
measured forces in kilograms by
ments in mkg by gFt,.

qF

obtained by dividing the
and the measured mo-

cg» 1lift; positive in positive direction of axis yﬁ; 

Cys drag; " " negative _ ’“  " oon _X,

cq, cross—-wind force; positive in negative direction of
axis z,,

Cp = €y cos a + oy sin «, normal force; positive in posi-
tive direction of axis .y,

Cy = Cy COS O, - c5 sin a, tangential force at zero angle

of yaw; positive in negative direction of
When the sbove coefficients belong %to the
it is indicatcd by the subscript F.

C.

_(L-H-s

noranal force of horizontal emponnage,

axis

-
o

wing alone,
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cgls normal force of vertical empennage,

M, . aerodynamic moment of whole airplane about axis =z

L ! ’
Hp, " . m- " gwing alone e " Z,
g, " " " horizontal tail ¥ " Z.

When the éubscript 0 is used, it indicates that
the above moments are about the leading edge of the wing.

Kq, acrodynamic moment of wing. .alone zbout axis =,
L, T | " " t o n 'y’
LY, w  w. v, yertical tail about axis vy,
K1 e . " whole airplane - " W x,
Ly» n 1 " [ " o 1 T
Ly, eyroséopic moment about spar axis 1z,

Kg; " u " fuselage axis x,

Ly, " : n " strut axis y.

A1l moments are positive when acting counterclock-
wise about the corresponding axis, as viewed in the posi-
tive direction of the axis.

2. Purpose and Scope of this~Invostigation

It is known that the operation of the control sur-
faces has hardly any effect in a flat spin, so that the
airplanc can recover from it only after a long time and
often not at all., 4 flat spin must thorefore be consid-
cred cxtremoly dangerous, so long as no way is known for
rostoring tho normal cffcct of the controls.

The article on the combined lateral and longitudinal
motion of airplanes (reforence 1) shows what stoady mo-
tions can be produced.by o giveon angle of deflection of a
control surface. Several cxamples arc given of how o
spin can be developecd. o
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‘The purpose of the present iavestigation is first to
determine all the conditions under -which a flat .spin ‘is,
possible; and then to determine the forces which cause a
perceptible disturbance of the equilibrium of all the
forces and moments existing in a flat spin, especially -
the forces-tending to reduce’ the .angle of attack of the
airplane; furthermore to compare the efficacy of tne avail-
avle nmeans - and for certain given cases, to find a way by
which aa- airplane can be quickly and safely. orought out
of 'a- dangerous flat spin and-restored to a small angle, o¢
uttuck 1 eCe,  LtO normal fll’nt. -

A Inowledge of the article mentlonﬁd in Rcfc“euce 2
at the end of this paper, is assumed. -It is there -shown
how to calculate, by a comparatively simvle method, the
valués of the variables belonging to a steady spin by
startlng with the assumption that the angle of yaw and
thie cross-wind force are small and that the 1ift -and drug
as well as the aserodynamic moment about +ne spar aals Z,
are 1ndependent of the totzl rotation, - In the course of
the following investigation it will be shown that the an-
gle of yow must de small in a flat spin, thus JuotIIYIng
the gbove assumption. It will also be. shown. thet the to-
tal rotation is very large and that the 1lift and drag, as
~well as the moment about the axis 1z, can no longor be
‘regarded as independent of the total rotation. Neverthe-
less, the results of the .investigatiom in Reference 2
were hardly changed, cven for the case in which consider-
‘atiom was given to the offect of the totol rotation on
the 1ift, drag and zcerodynomic mqments  Hence, .we musy
differentiate between two kinds of spins. In both kinds
the airplane has a very large angle of gllde and falls
almost vcrtlcully at an angle of attack excoedlng that . of
meximum 1ift, It is spoken of as a.steep or flat spin,
according to whether tho angle of attack is very large or
relatively smeall, Figure 5, token from an Amorican pub-
lice tlon\\rexcrence 3) shows an airplane in a flat spin,

The aefodynamic~forcés and moments acting on an air-
planc in a flat spin have ncver becn detormined in a
wind tunnecl, A mathomatical dotermination of tho acrody-
namic forces and moments acting on-an airplono in tho
most common case, oven in & side wind and for any total
rotatlon, is not-yot possible, because of the lack of the
roquisitc wind-tunnel data.: Fortunately, it is known
that, in a flat spin, the anglc of yaw must bc small and
the tptal rotation consists essenticlly cf o rotation
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about the path axis X, For this case a mathematical de-
termination of the aerodynamic forces and moments is
possible, provided the 1lift and drcg, as well as the mo-
ments about the spar axis 2z arc first measured in a
wind tunnel for anglos of attack up to about 90°, Such
measurecments were made on o Junkers A 35 low-wing mono-
plane, The results of the wind-tunnel tests with this
airplanc, as well as tho calculated acrodyramic forces
and momonts acting on the flat-spinning airplane, are
given in Section 3 of the present report, The fundamens
tal equations for balancing all the forces and moments
acting on the airplane are also given in the same section.

The very large angle.of attack and angle of glide,
as well as the relatiwely large total rotatiom belonging
to a flat spin, depend primarily on the mass distribution
and on the vertical empennage and tail end of the fuse-
lagc, The importance of the mass distribution for initi-
ating a flat spin. is explained in Reference 4, while the
effect of the shape of the vertical empennage and fuse-
lage tip is shown in Refeorences 1 and 2. 1In Section 4 we
shall find that the position of an airplane entering a
flat spin can be quite accunrately determined and that the
corresponding angle of yaw must be small, The assumption
that the angle of yaw must be small, which was taken as
the basis of all previous investigations, proves therefore
to be correct for the flat spin, : :

The effect of disturbances in a flat spin can be de-
termined mathematically. It has been shown that the
fundamental equations can be greatly simplified and
solved in such a way as to indicate which quantities are
affected by a change in the angle of attack, It is thus
possible to compare these quantities and to determine
which arc the most effective, This subject will be con-
sidered in Scction 5, : . . _

It will be shown that, in agrcement with reality,
the control surfaces have hardly any effect and that
there @8 practically but one way to reduce the angle of
attack very much in a flat spin, This is to suddenly in-
crease the upward slope of the curve of the coefficient
of the aerodynamic moment about the spar axis zZ as
plotted against the angle of attack, which is equivalen
to .a sudden enlargement of the horizontal empennago dur-
ing flight, : C e

The solution of the fundamental equations is obvi-
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ously correct only in so far as tne basic assumptlons are
themselves correct., This is the case only just after the
disturbance of the equilibrium., The effect of a disturb-
ance can be followed longer only with the aid of a numer-
ical intcgration, This is done in Scction 6 for the caso
of the sudden doubling of the horizontal cmpennage during
flight, This is the only way to judge regarding the pos-
sibility of recovery from & flat spin., It will be shown
that, while the angle of attack decreascs greatly, the
anglc of yaw incrcascs considerably, at locast in the be-
ginning, Therefore the accurate mathcmatical determina-
tion of all the . aerodynamic forces and monments acting on
the airplano becomes impossible, duc to the lack of the
requisite wind~tunnel data, Nevertheless the approximato
calculation of these forces and moments, as here made,
.without regard to the side wind, may ot lcast be regarded
as giving correct qualltatlve results, 2ll the more be-
cause the airplane, due to the sudden enlargement of the
horizontal empennage during flight, tips forward and
passes into a vertical dive without rotation or side
wind, Hence the results of the calculatlon are also
physically - 1nstruct1ve. :

" Lastly, the questions of especial interest to air-
plane designers will be considered in Section 7. It will
be shown, by way of example, nhow the horizontal cmpennage
might be constructed, so as to enable a suddon enlargo-
ment of its area durlng flight, iece, a quick and safe
recovery oeven from the hithorto Juﬂtly feared- flat spin.
It will also be shown how the tail end of the fusclage
and the differont tail surfaces could be designed so that
a flat spin would be impossible,

‘2. Introduction of the Mathematical Data Required
for This Investigation

a) The Airplane Investigated

The investigation was conducted with a Juynkers A 35
low=wing monoplane (Figs, 2-4), whose dimensions wore
given in Sectlon,l,-.' The 1ncrt1a moments werec deter-~
mined mathematlcally.
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" b) Available Wind—Tunnel Data

A1l the measurements were made in the thtingen wind
tunnel on a rigidly mounted model of the above 1ow-wing '
monoplane, both on the whole airplane and on the wing
alone. Tne ‘engle of attack o was varied between —20
and +90° The lateral angle T as nept at 0°,  In: gen—
eral the elevauor and rudder’ rcmalneﬂ in the aneutral po-
51t10n,_mcasuroments belng rade with an elevator dis-
placemont By . of +10° onlv at small angles of attack.,

, ‘icasurements were made of the llft and drag,and of -
the moment about the leading edge of the wing. Tho 1ift
and drag were divided ty qF ond the lca ading-cdge moment
by. qF%t,, thus obtaining the rospective absolutec or non=-
dimensional coefficients., In Figure 6 the. lift -and drag ,
coefficients .are plotted 'against the angle’ of attack, .
both for the whole a*rnlane and also for the wing alone,
In Figure 7 the coeff 1c1ent of the leading-edge moment is
plotted against the angle of atuack w1th the elevatqr
d1SD1acement as parameter.

c) Aerodj“amlc Forces and iioments Actlng on
an Airplane in a Flat Spln

A1l the forces 'and moments depend essentlally on the
angle of attack a, %he lateral angle (angle of yaw) T
and on the total rotation (), whose components about the
air axes are represented’by the cquations::
Path axis X,
Qg = w sin @ +_Q-e T sin o Q)
Lift axis n,
. : - ‘ -
Qy - = wcos ¢ cos L + ¢ sin u + T cos a (2)
1 S S .
Axis z, + X and y,,

Q,, == cos @ sin u + é cos M + a (3)
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Any cccurate determination of the aerodynamic forces
and moments acting on an airplanc with a sido wind and a
given rotation is generally impossible, duc to the lack
of the recquisite w1nd-tu4nel dbta, but is quite. po siblo
n & fl X7 spin.

A "flat spln" is a very stecp, ncarly stcndy srlral
flight in which tho fuselege is almost horizontal, For
such a flight case the angle of attack is accordingly vﬁ*j
?nry 1ﬂr§c and tho anglo of - glide 1s_npprox1m ately -90°

Fige Do :

Since, according to Section 4, tho'anglo of yaw must
be small in o flat spin and ceon tnoroforo exert hardly
any influenco on the acrodynomic forces and moments at
the corrcsponding .large angles of attack, and since, more-
over, according to equations (1) to (3), -the components
and Q, of the resultant rotation Q are very

small in compnrlson with the component {y, oll the aero-
dynanlc forcecs and moments acting or the oirplane depond
chiefly on the anglo of attack o and on the rotation

Qx about the path axis, Thoy con be calculated when

they have not been. determined” by 71nd-tuanol tcsts.

As ncentioncd above (3,b) the rosults of the wind-
tunncl tests cover only the coofficionts of 1ift, drag
and lcoding-odge monent in torms -of the angle of attack,
The correspondiag values arising from the rotation obout
the path axis, as well as the newly added cross~wind
force and the momonts .about tho ‘usolago and strut axes
‘(k and ¥), nust be culculated.

In a flat spin the cross—wind forco is negligible in
conparison with the 1lift and drag., By cross-wind force
- With the coefficiont ¢ is necant a force in tho direcc-
tion. of the axis Z1 pcrpendicular to the path axis X
and to the 1ift axis y,¢ In a flat spin it is produced
chiefly by the fusclage and vertical componnage which, duo
to the rotatlon ux,u-ﬁro exposcd to a lateral air cur-
rent, o o o

Assuning the forces acting on the fusclage and ver-
ticol cmponnage to be combined into a singlo forco and
designating tho cocfficient of their components in the

"dlrcctlon of tho spor axis 2z by cit the corroesponde

- ing:dynonic pressure by q' and the. covresnondlug areca
by. - Ft', we then have, according to Flrure 8

@
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3

[

z‘E .

cpt os T

!
c —_
a
- F

a

Since P'/F is olways saall and-‘q‘/q NOVer o&X-
cecds 2, it follows that ¢ 1s negligidle in conmparison
with the 1ift and drag, oved for large valucs of ¢!
end zero angle of yaw, E : ' :

Thoe 1ift and drag produced by the othor parts of tho
airplane are hardly affected by the rotation Qx about

LR

“the path axis, For any given rotation QX the corré-

sponding vclues of the wing alone are:

+% . -
Cap = § [ [oag (a +hg) gos Ae +
Z=-3 4 1
+ ey (@ +Aa) sindq] ~——S——— t 4 z
| P .A : cos® Aa
4R | | “
&
Cw. = 2/ [eq. (a +4a) coshe -
' F b " ' :
Z::—--'é"

. .1
- c (e + Aa) sin Aq] ———=—— t 4 2
ag - -] cos?® Aq

z Q

where. Aa = §7,3 arc tan . The valuos. caF and CWF’

applicable only to the wing at rest, were derived fron
Figure &, -

"In Figure.9, caF and cwf are plotted against
and §§§" At the large values 9£ §;§‘ for the flat
spin, the corresponding 1ift and 4rag coefficients for
the stationary wing are consideradly altered, (Refer-
ence 5,)

IT the coofficionts of Lift and drag for the wing
alone are subtractod from the corresponding coefficients
for the whole airplane at the same angle of attack (fig.
6) and the resulting values arge added to those plotted in
Figure 9, the 1lift ard drag coefficients are obtained for
the whole airplane, as plotted in Figure 10 against a
and 55%.
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A knowledge of the momonts about the spar axis 2z
is nccessary for spin investigations, Thoso moments -are :
therefore determined -from the corrosponding noasured: mos-:
ments about the leading edge of the wing as followse ovov !

St

Let MF be the cooff1c1ont of tho aorodynami¢ mo-
mont about thc lcading cdge for the wing ‘alone and ?ﬁi;”‘

the corrospondlng coefficient for the whole airplane.; f;
Then ML - Mn yields the coefficicnt MH of the mo-

ment about the loading cdge of tho wing produced CthLlJ
by the horizontal ompcnnage.

If we draw a vertical line from the C.G. of tho air-
plane to the plane of the wing chord and designate the .
distance of its bottom ‘point from thoe leading odge of the
wing -and from the c.pe of the horizontal empennage by .r
and lg, respectively, we obtain for the coefficient Mgy
of the moment about the spar axis, as produced by the
horizontal empennage,

—— gt e e s e

MH = r + l’H (MLO - MI_‘O)

In Figuro 11, My is plottod against tho anglo of attack

The moment about the spar axis z is derived from
the cocfficient 7MF3 of the corresponding momont about

the leading edge due to the wing alone by the formula

RV 2 by

Up = Mp, - tl_an + 3, Sty
h Dbeing the vertical distance from the C.G. of the air-
plane to the plane of the wing chord and cy4 and cg;:

the respoctive coefficients of the normal and tangentigl
forces of the wing alone., In Pigure 12 these coeffi-
cients arc plotted against tho angle of attack,

‘The addition of My and My . yields the coefficient
My, of the acrodynamic moment about the spar axis for the
whole airplanc, Thesc cocefficients are plotted against
the angle of attack in Figure Il. ©So long as the dis-
tance r is approximately 0,36%t,, as for the airplane
investigated, the momcnt about the spar axis produced by
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the wing olone is small in comnﬁrlson w1tn tne corre-
sponalng moment of the horizontal cenmpennage at- - the
larg n"lov of attack belonging to the flat spin,-

At large angles of attack of the flat spin, tho
moment produced by the wing alonc about the spar axis
z, Gue to o rotation (g about the . path axis X, is
hardly changed. S .

Designating the cocf11c1cnt of the normul componcnt
of the total acrodynanic force acting on- the horlzontal
cnpennage by an ‘the corresponding dyndmic prossurec by

qg,» the area of tho horizontal emponnage by Fg and tho

distance between the c.pe. of the’ aeroddnanic force ond

~the spar axis by ly, the.coefficient Mﬁlao’ the monent

about the spar axis, duo to tho horizontal enpennage, be

COr0 S ) ‘ , -
. an ayg EH lH‘ . o R (4)
= qa T t; LT R

-

The coefficient cny 1is hardly affected, even by the
large rotations about the path axis occurring in a flat
spin, so that My dopends chiefly on the dvnaulc pres-
sure qg, for ”hlcn we-have the formula.

4 IH ~8in® « (b QX\?_, .

Accordingly the momeﬁt about the spar axis for any rota~
tion Qx about the path axis becomes

4 14° sin® a (’b QX\,EJ

¥g L+ T Y/

The addition of the coefficient Mp of the moment about
the spar axis due to the wing alone yields the coeffi-
cient of the moment about the spar axis dne to tkobw?ole
airplanes The latter is plotted against a ahd 22

Figure 13, At the largo vnlues'of ¢ and g?x fgr a

flat spin, the nmoment about the spar ax1s ior the station-
ary nodel is considerably changed. :

.

For a rotation (x about ‘the 3eth axis, the wing
alone produces moments 3oout the fuselage and strut axes,’
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who se respeotiﬁe}coofficiqnts KF- and Ly can de calcu~
latéd as follows: ' R _

2 ) o 1
I Ll A ) ——mie . z
Z = .= . !
2
42 |
- T : S R ,
- = ' + ="t z d
v = 3 128 / “ty (0 + Aa) cos® Aa O vz
‘z::_.._z-
. Z 5 L .
where Aa = arqatan,—;—.v'Tho rospective cocfficicnts
c and cyg . of the normal .and tangential forces for:

eXn)

thg wing alone aro taken from Figure 12, In Figurcs 14

and 15 Xy and Ly arc plotted ageinst @& and

bOx £ - -

ParL respoctivoly. - |
In addition to the above moment about the strut axis

¥y produced by the wing alone, duc to the rotation Qx,

there is another very important moment about the same

axis, produced principally by the vertical emponnagoe and

the talil end of the fusclage, whose cocfficient is desig-.

nated dy L',

If we imagine 2ll the forces acting on the vertical
empennage and the tail cnd of the fusclage combined into
o singlo forco and denote the coefficiont of the compo-
nent acting in the direction of the spar axis 2z Dby
c¢n's the corresponding dynamic pressure by q', the ef-
fective area of the vertical emponnage and fuselage ond:
by F" and the distance between tho stqut axis y ond
the cepe of thec aecrodynomic force dby 17 we then have

ent gt FM 1 :
Lt n g (5)

On the airploneé in question the greator part of the
vertical empennago lies above the fusclage and the hori- -
zontal empoennage, Whoen the angle of attack is small,
the wholc area of the vertical empennage is exposaed to
the air flow, In o flat spin, however, the anglc of at-
tack is very large, so that almost 2ll the vertical em-
pennage above the fuselage and the horizontal empennage
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is blanketed., \Fig. 16,) Heace the cffoctlve arca F"
is consideradbly smaller in o flat spin thon in normal
flight and has approximatoely the folloW1ng valuo:

Fo= B~ C sin a, _ o (6)
in which - ¢ 1is the blanketed portion at a = 90°,

The coefficient c¢,! depends principally on the an-
gle o', at which the cffectiveo arca 'F" is struck dy
the air flow,  In the absence of exporimental data, wo

arc using the normal-Iorce cooif1c1ont as plotted ogainst
a in Figure 17.

The dynomic pressuro q' is rcprosonted'by’the for-

mula . : s o
- _ 4 1 7 si a (b wx\ ]

q' = q.[l + b?" \2 v ¥4

Consoquently the cocfficiont L' of the moment about the
strut axis y, priacipally produccd by the vertical om~
peanage and the tail cnd of tho fusclage duc to a rota—
tion {ly eabout the path axis, bocomes

12

: (F' - ¢ sin o) 1' 41 sin® a /b O \
Lt = ——- - [1 + . (2-=2) 1 o
P t, b 2 v
The coefficient ¢,' deponds on tae angle a', as rop-
resented by the formula
21 Q
- o X .
a arc tan 3 > v sin o
In Figuro 18, L!? s plotted agalnst tao ﬁnglo of at-
tack o w1th the paremeter —=,
. o V

d) Fundamental Equations

L

Equilidbrivm of the forcecs in the direction of the air oxos:
q : !

Path oaxis - X,

T cosa=cy qF {7)

@ e
4 3
ti
L
o
@
e
s

€
+
w
Q
o
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+[ - wcos® siny +@ cosu +a] cos ¥

to (15) may better be written as

(2]

On the assumption that the propeller tarust § it
zero, equations (7)

17
Lift azis .,
. e, Pt
0 =gv (@ cos @ sin U - @ cos u) =
-G cos@~cosu_+8iéosT sina +c, qF ' (8)
C Axis zi + X and y;,
G ) : C Lo L
0=73v (@ cos ©® cos W+ @ sin p) +
/ +G cos? sinp -S sinT -cq qF " (9)
Equilibrium of the moments hbout the body axes:
Fuselage axis x, ‘
Strut axis 7y, A B "
Iy C& - (J, = J5) Q, Qg = = Ly, (11)
Spar axis =z, '
Iz Qp -~ (Jg - JY)AQxAQY = = iy ~'i - (12)
The rotational velocities ((y, Oy and Q,) about
the body axes are defined as follows: :
Qx = [(@ cos® cosu +9 sinu) sing + (W sin® +1)cosa] cosT
- [-w cos¢ sinpy +Q cosu +a] sinT} (13)
Qp = (wecosq cosu-%é sing)cosa - (W sin® +u)sina + 71 (14)
Q, = [(w cos cosp + @ sinp)sing +(w sin @ +i)cosa] sin T

(15)
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follows:

cos h cos @ - YF

-Qp sin T +Q; cos T + g

& = v 2 ¥ ca (16)
. i cosT+Q, sinT tan o sin U cos @
B = o + g
os v
+ YE ¢ (e, sin W tan @ - cq(cos W ten @ + tana)] (17)

2G

T = (QX cos T + Q, sin T)'tan o +

'sin p cos @  YF v cq

tOy te v cos a T 2G cos a (18)
Q= - g 99$JQ.+ %% v (c, cos W + cé.sin ) (19)
¥ =-g sin 9@ - %% Cw Vg_ - ] | (20)
W= = gg ;é% 7 (cg sin p = cq cos W) 4 ’ (21)
Q, = - %g—§§ v? Ky + JI—: Iz o q, (22)
& = - gg_% v Ty + Eé;_g;iz Q, O o (23)
Q, = -’gz—;i v2 gL + iz_ggix O Qp (24)

4, Equilibrium Conditions of a Flat Spin

a) Equilibrium of the Forces

For the case when the .propeller thrust S and the
coefficient of the cross-wind force ¢, as well as all
their derivatives, vanish, thoe fundamental cguations
(7) to (9) show that: ST
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| _ .G 2 g .sin Q
v= v//- F Y Cy (25)
_.J/[ F? Yg4ca2 vz g2 (2;)
w = Z G2 cosf 9 ~ V2
v

- 57,3 arc tan —ég_ (27)

o)

In these equations c¢, and cy are the respective coef-
ficients of 1ift and drag for the whole airplane, Threse
coefficients are nearly independent of the angle of yaw
at ‘the large angles of attack prevailing in a flat spin,
On the other hand, according to Section 3,c, they are
largely dependent on the total rotation (2, which, in a
flat spim, consists ossentially of the rotation. Qg

about the path axis, This dependence is showg in Figure
bliv

£

10, Taking ¢, and ¢y from Figurc 10, 5 can bo

calculatecd by equations (25) and (26) for anyfgavon angle
of attack and anglec of glide, In Figure 19, 2X isg

. 2 v
plottecd aogeinst the angle of attack o with the angle of
glide @ os parameter., It is obvious that the value cor-
responding to any given angle of glide is ncarly constant
for the angles of attack in a flat spin, so that the co-
efficionts ¢, and cy for thesg angles of attack, cor-
rosponding to o constant value b can be taken from

s §

- v s . .
Figurc 10, It is obvious that, %qr the airplane investi-

gated, gE%, connot exceecd o maximum value of about 1,5
corresponding to an angle of glide @ of about -87°, oOn
the basis of these values, v, W and B arc calculated by
equations (25) and (27) and likewisc plottod .in Figure |
19. ) . . ' -

At the angles of attack and glide in a2 flat spin we,
have the following results accordiang to Fijgure 19: '

The path velocity v varies but little with the an-
gle of attack, being about 25 m/s (82 ft,/sec.) for the
airplane. investigated,

The rotational velocity.<niaiminishés with increas~
ing angle of attack, For example, at an angle of attack
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of 60° and an angle of glide of,-87°, w has a value of
about 5, that is, the airplané requires about 1,3 seconds
for a complete revolution about the vertical axis, The
angle of bank p_1is about -85°,

b) Bguilibrium of the Moments

The balancing of the moments abbut the strut axis y
is exprossed according to cquation (11) by

Jg = Jx) Qp Oy =

the negative gyroécdpic moment ~Lg 1béfné équa1'to the
aerodynamic moment LL. L ‘

It is obvious that the factor Jz; - Jx is so small
for airpl nes of the ordinary type that no considerable
gyroscopic -moment can develop about the strut axis,
Hence the balancing of the moments about the strut axls
is restricted to the aerodynamic moments alone, These
consist essentially of the moments produced by the wing
alonc and, above all, by the vertical ompennage and the
end of the fuselage, so that

LL = Ly + L',

can be written for the aerodynamic moment about the strut
axis,

The moments about the strut axis are therefore bdal-
anced. when Ly = 0, .that is, when Ly = = L!'., The mo~
ment produced by the wing alone, which accelerate the
existing rotation, must therefore at least equal the
damping moment due to the vertical empennage and the tail
end of the fuselagae, Both moments are nearly independent
of the .anglec of yaw, Hencoe the latter has hardly any of-
foct in the balancing of the moments about the strut axis,
An accurate determination of both moments is therefore
difficult, . It may still be maintained that the damping
moment produced by the fuselage tip and the vert}gal ome
pennage contlnually increcases with increasing 55
while the moment, which is produced by tio .wing aXone and
which accelerates the existing rotation, is necarly inde~
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1:39;
pendoent of §£§ and remnnins small, For tho 1nvest1gat0d
airplano, ﬂccording to ?1gurc° 15 and 18, a compgrlaon of

b L,
these two moments-is nos~1blo only when EEZ is not
grector than about 1,5 - i, o., when the angle of glide is
not grecater than about -87 ‘Henco the max1mum value of
bik
55%, and consequeﬂtly of ¢, 1is determined by tho bal-

ancing of tho non cnts about the strut axis,

Tho nonents about the fuselage axis ore balanced acw:
cording to cquation (10) :

(Jy'” Jz) C& Q

tho negative gyroscopic moncnt ';KK being equal to the
aerodynanic moment X;. The nondinmensional coefficients
Ky, and <Ky are obta ained through division dy qFt, and
the introduction of ecquations (14) and (16)., The aerody-
namic momecnt consists ossontlally of the wing moment, so

that we may put Kp = Kp It is nearly independent of

the angle of yaw and can be taken from ngurc 14, corre-

sponding to an angle of glide @ = - 87 i.ce, to a
bz

valuc of about 1,5 for Tg e In Figurc 20, KL and Kg
arc plotted against -the angle of attack, with the angle
of yaw T as paramotoer, for a gliding angle of -87%, It
follows that tho gyroscopic moment about the fuselage
axis is groatly affectedidy the anglo of yaw. Even at an
angle of yaw of *20°, any balancing of thc momonts about
the fusclage axis is no longor possible at the angles of
attack preveiling in a flat spin,

Tne momentv about the spar axis 2z . arec balanced ac-
cordlng to equatlon (12) ‘

(JX - Jy) QX'Qy = Y

the negative gyroscopic. moment ~My Deing equal to the
aerodynamic moment My, The nondimensional coefficients.
M; and ~Mp are obtalned fhrough division by qFt, and
the introduction of equations {13) und (14), The aerody-
namic moment is nearly 1ndcpendent of the angle of yaw,
In Figure 21, and =M aro nlobted against the an- .
gle of r_.’ctack V1%h the angie of yaw T as parameter, the
glldlng ¢ being ~-87%, It is found that tho angle of yaw
has hardly any cffcct on the balancing of the moments ‘



22 N.A.CJA, Technicnl Memorandum Hoe 629

PR Rk +

about the spar axis, so long as it is Ioss than about
+20°, the-angle of nttack being about 60°, ’ R

In summarizing; it may be said: thet the naximum

value of Bgz and the corrosponding angle of gllde Q

are determined by balancing ‘the moments about the strut
axis y; that any balancing of the noments about the fuse-
lage axis x 1is possible only at small. a1g1es of yow T,
lastly, that the anglo of attack @ is determined by bul-
ancing the moments about the spar axis =z. However, when
the angle of glide ¢, tho laterzl angle (anzle of yaw)
T, the angle of attack o and the valuo of 29% are
known, the velocity v, the rotation ® and the angle of
bank W can bo calculated, Thus tho fundamental equi-
lidrium conditions of a flat ,nln are fully dotermined.

-5, Effecct of Disturbances in o FLat Spin

a) Simplification of the Fundamcntal Equations

0n the .assumption that the ongine is stopped, .the
suitably alterecd fundamental cquations (16) to (20) can
be still further Slellfled fo* flat spins, as follows,

If the inltlal stato of cou111br1um of a flat spln'
be disturbed, a numerical int egratlon (Section 6) shows
that the path velocity v changes but little at first,
so that may be considered constant. 1In a flat spin
a balanclng of ‘all the forces and ﬂoments acting on the
airplane is possiblc, according to Section 4, only when
the angle of yaw T is small, In the folloW1ng inves-
tigation of the initial position of ocguilibrium, it is
assumed that 7, is so small that sin 7, "is epproxi-
mately zoro and cos T, is approxinately 1,

Acepiding to Section 3,c the acrodynamic: forces and
moments acting on an airplanc in a flat spin depend not
only on the angle of attack but also on the totol rota-

tion. ), which consi'sts ossentially of the rotation Qx
about tho path axis, If this initial positioan of cqui-

librium is disturbed, the nuncerical integration shows

(fig, 24) that the only inportant cffect at first is g
change in the rotation (, about the spar axis, while
" the componcnts of the total rotation rouain. noarly cone—
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stant, The cross-wind force (Scection 3,c) is negligidbly
small in comparlson with the 1ift and drw , so that its
coefficiont Cq may be considcred zero,.

The 1ift is produced. principully by the wing and is
hardly affected by the accompanying rotation (. It ac-
cordingly decpends almost entircly on the angle of attack
o and on the rotation QQyx about the path axis and can
be taken from F 1gurc 10 to correspond to a2 given rotation

1195 A
QXf that is, to a given valuec of §E%j“at~constant V.
The curve of the l1ift coofficient c¢,,. as plotted
‘ LY
against the angle of attack a. with §~§“ as paramcter,

can, according to Figure 10, be recgarddd. as a straight
line for the angleo of atuacL 1n qucstloa, so that we o
can put ¢y =m;, o + n'1 No assumptions nucd to be.made
recgarding the drag coeff1c1ont Cye

The moment about tne spzr ax1s is ff cted by the
accompanying rotation (, in so far as on additional
moment is produccd, mainly by the. horizonta 1 cmpennage,
which tonds to damp the rotation z. This additional
damping momcnt of the horizontal cmponnage is. duc mainly
to a change in the anglo ag coused by the rotation Q.
" On the other hand the accompanying dyramic pressurc can .
at first be regardad as constant, because 0y is then .
small, Tnec cotfficicnt of this add1t10n11 horizontal-

cmpennage momont can accordingly be written %_2? Aag,

in which

_ g (7 ~ lm
Aag = arc tan —S--2= ~ = Q,

Since, according to Pigure 11, the wing moment is nocorly
constant at the large angles.of attack prevailing in a
flat spin, we caen put

a My . 4 Mp

d G,H -'d. G,H'

The curve of the coofficiont My of the total moment
about- the spar axis, as plotted against the angle of ate

by
tack o with the p;rameter 5—;, can, .according to

Figurc 13, be regardéd as & straight line My = mz2 @ + n2
for the amgles of attack in gquestion, so that
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o vy s d Uy L, 4 Mg
- is coxnstant and we can . put- ~ =. N3z,
d « ) T ‘ . d ag .d 64

dence

S oo lg .
<ﬁL-=.m2 @+ np +=F mp (.

~The nonent about the fusclage axis is hardly affoct-
cd by tho operation of the allerons at the large angles
of attack . prevailing in a flat spin,  If any change, in
the shape of the wing during flight bo -disrecgardced (vblcn
7111l be shown to havo hardly any cffoect on the alteration
of the zngle of ttaCn), the nmoument about the fusclagoe
axis is nateris lly atfoctei only by the ongle of attack
and by the rotatlonvabout tho path axis, - The curve of
the corrosponding coefficicnt in‘terns of tie angle of
attack can, according'to Figure 14, bc roprosontud gj a.
straight lino KL = Oy o + E ~for the parameter L

2 v
belonglng to a fl@t spln. T

" The alrplane ‘moment L; about the strut axis con—
sists essentially of the moment Ly produced by the wing
and the moment L' produced by the tail end of the fuse-
lagc and the vértical empennage, as expressed by the equa-

- tionr Ly = Ly + v, “Tho moment Lﬂ produced by the wing

alonc may bo regarded as constant at first,

Thc‘cocfficicnt:of the moment L! produced by the
fusclage ond and the veortical ompenrage is representod
according to equation (5), by tho Fformula

i
o= cyt g FM1
. q Pt
in.whibh, according to oqudtion (6), F% = F! - ¢ sin «

caen be put for the offoctive aroco of the fusclage end and
vortical ompecnnage., In a flat spin the total rotation
consistes csscntinlly of o rotation Qy- about the path
o¥is, vhich, at the largo angles of attaclk, ncecarly oguals
the rotatlon Q abount the strut axis, The dynanmic
pressure ql ag be regarded as constant at firast and
be calculatod as follows:

Qyo\

af = a1+ g
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On the contrary, the angle a!, ot which the fusc-
loge end and the vertical cmpennage arc struck by the air
flow, and tho coefficient "e¢,' of the corrcsponding
normal forcec are quite sonsitive to any chounge in the ro-
tation. Qy. 4 '

f
o ‘ A ~ 1.
v

In Figuro 17 the coofficiont cn! 1is plottod agoinst >ai
o§ (which amounts to nearly the same thing) against 57,3

Qy . This curve can ‘be represented by a straight line,
as follows:
cy' = mst! a' = mg Qy
L C 7 ‘
in which m4 approximates 57.3';7 mgetse Hence the coef-
ficient of the total moment about the strut axis becones

}Qy 1]
LL=LF+[1+ \—-———° ] %-—-t-;m,,ny

Hence IL; deponds princlpallj on thc rotatlon Q
about the strut axis _

0f the fundamental equations (16) to (24), sorving
for the determination of the nine variables,

Qy, My T3 vV, ©, W; O.x, Qy and QZ

equation (20) docs not necd to be con91dcred bocause of
the assumption that the path velocity v 1is constant at
first, which lecaves only cight differential equations to
be intograted, By simplifying thesc. on the basis of the
above assumptions, by devecloping thc terms from thoe prod-
ucts of several variables into a Taylor series, only the
first terms of which are considered and, lastly, by neg-
lecting the terms which are small in comparison with the
others, we obtainecd tho following eight differcntial
cquations of the first orders
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. t

@ = ey atby T Hey Qp »._‘Hg»“;f +£i C “o(28)
T = az a i o -Ld.o, Oxres Optfa L (29)
éz :Aaa ¢ +c3 Q 5 +da Qx+ea Qut+fs C o (30)
éx = ag O *ee fly - tes Qptfe E 7 (31)
Qy = C - - . eg nyfs . . (32)
W= as'a+b6fr%bs szdg Q;f _#f6+g6 p+hs'¢ '(35)
¢ =a,a O thte e 0 (34)
w = as & | _ *fe+gs wthe ¢ (35)

Equations (28) to (32) no longer contaln the quantitles
Wy, ¢ and w, so that a separation of the variables is
possible, and equations (33) to (35) no longer nced to be
considered in calculating the ospeclally important change
in the anglo of attack a.

The coefficicnts in. equations (28) to (32) have tho
following valuos:

¥

= - J_E Y o
e
Cl = 1

- .YFEy
fo= 26 o

Q
as = —_~EQ__
cos® aq
dz = tan Qg
02 = l
Q. «a
1)
fo=m— 02
cos” ap
Y V2 F t
az= -—g———z——— mj

2 g Jy ‘0
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'\(Ftl le

Cz3 = = 2gJ, mao
!
ds = iéfggfz Qyo
£y = - Zézz_g;ﬁl na - :T.z_?;iz Qp, O,

Y V2 ¥ tl
Q4 T e o= Mg

2 8 Jx o
J.. = J
= X2
c, 3 Qyo
J'v hnd JZ
= 2 O
€. T “Z g
Jo - Y v2 F ot
= - X2 0.0 R 5
Te % Vo 2o 2 g Iy 23,
Y FM 1! v2 /'L"Q 2
6 = = —mo—mmm 1+ (——20 V] m,
. 2 g Jy \ v / (¢}
e = Y P t, v3 .
5 - T2 g .J'y For

b) Solution of the Fundamental Eguations

From equations (28) to (32) we can derive an equation
of the following form: :

.G: - a,i_a ~— (a2b1.+a301)a - (bld-2+cjld3 )Ox - (blez+C133)Qy
- Clca QZ - (bl fg +Cl fa) = O (37)

in which
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;= - Tr m

az by +t az ¢; ¥ - 0, ~ ‘éwg“&‘;——_mao ~ - 1‘8.5
' ‘ L Jg = J \
b1 dz2 + ¢y d3 ® - Wy sin P, sinqy (1 + ———3-——1/ ¥+ 0,3
Z
. ' ' Jo = J
[ . : X ~
b1 ez + c; e3 ~ - Wo sin @5 cos a4 (1 - ___3;_E> ~+ 3,2
. Y F tl lE v ~
'Y vEF b ~ 489
2 g Jz nzo, ~ ’

so that equation (37) may be expressed numerically as
follows'

“*0 ’ (o]

It is therefore obvious that, in normal construction,
the terms with Qy; and Q; are negligibly small in com-
parison with the other terms and can be omitted, The an-
g€le of attack is at first hardly affected by any change
in the rétation () about the fuselage axis, which might,

Co8e, be forcidbly produced by changing the shapo of the
wing during flight, According to equatlon (32), the -¥o-
tation (4 can be oxprossed by the formula .

Qy=_-——+(Qyo+-s-\ est ~ Qy + . (Qy es - f5) t,

so that, by using this value, the follbwing nonhomogens-
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ous differential equotion of the second order is obtained
for a.

‘&‘A*aj a+tqga=r71t+s.

The damping is so slight that it docs not need to be con=
sidcred at the beginning, Hence oscillation: sets in
cbout a meoan position which changes with time., A% tho
beginning (2s we shall sco), this is in thqrou ghly sat=
isfactory accord with o numerical intcgration carricd out
as accurately as possi ble, The solution is dofived'from
the initial conditions and theo constmnts gy * oand s of
the differential eguation with uhG folloW1ng valucs.

4

(Fo_ W‘F‘fi v2

9T Sesay tTEEY . [Tl (38)
-1 L. | -
r o= (Y E B VIV q ¢ +‘is___iz\
R 2 g Jy 7 X0 Jg 7/
LI AR Lo W -
J e L (Yo | 1
\LF + [l + (\ v > ] Qyo mé’o - J (39)
YN ‘ Ty ve.? b :
= (—-%o N - . :
s (cos Qo /- o ,on Qyo © 8 dg T2, (%O)

This form of the differential equation and its solution
is very essential,-beccausc it indicatcs the mcans by
which tho angle of attack can be’ oufflclently reducecd to

cnable recovery from tho dangerous cond1+1on.' From this
solution we can dotormino what quontitics are roully ine
volved, ' ‘

If we refrain from altering the wing and the imertia
moments during the spin, then mao, np and mg, are

the only quantities remaining in equations (38) to (40),
which enable the pilot to change the angle of attack,:
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6, Dangor of tho Flat Spin

~ The climination of danger from: a flat spin is synon-
ymous with the determination of the effect of mcasures
for disturbing it and for rcstoring the airplane to nor-
mal flight at a small angle of attack..

It has alroady becn stated in Scction 5 that the
only practicable way to change the anglo of attack is to
altor the quantitics ma;, ng, and mnsge. The quanti-
tics mz, and. np, indicate only the slope or parallel
displaccment of the straight lincs ropresconting the
curve of theo coocfficiont corrcsponding to the moment
about the spar axis, as plottod against thoe angle of at-
tack according to Figurse 13, -lLikewise, ms indicatces
only the slopo of the straight lines which represcent the
curve of the normal force corresponding to the fuselage
end and the vertical cmpcennago as pleotted against the an-
g€le of attack according to Figure 17, Figurc 22 repro-
sents the beginning of the oscillation produccd by doub-
ling the valucs N2y, Nz, ond g, corresponding to
the state of gquilibriunm, he angle of attack is but
slightly roduccd by a parallel displacement of the moment
linc corresponding to the doubling of =nz,, Which night
perhaps be attaineddy cxtrome prossurcs, Ailcron and
rudder dofloctions do not enter into equations (38) and
(40) and conscquently have nothing to do with tho ques-
tion of roduaing the anglc of attack, This agoin con-
firms .tho fact that theso controls have almost no offect
in o flat spin, BEvon tho doubling of ng,, which, as
shown by & norc thorough investigation, night be at«
tained by doubling the arca of the vertical ocmpennage,
effeets only o slight change in the onglc of attack,

The greatest change is effecceted, according to Figuro 22,
by doubling mnzgy. According to equation (4) tho cobffi-
ciont U of the noment of the horizontal empennage
about the spar axis can be represented by the formula

Cny 98 Fm lm
1
E qF t, ’

in which

~ 4 12 sin® q /b Qe
ay = q¢ (1 + 2B~ ( A%
b 2 v /
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So long as the rotation. QX about the path axis does not
change: much, qg romains nearly constant, The coeffi- -
cient ¢y - of the normal forco on the horizontal cmpon-

nage depends not only on tho anglo of attack, but also on
the plan form of the horizontal ompcnnaze Fg and on its
profile, It rcmains constant for onc and tho same angle
of attack, if the profile is not changed and the shape of
the altered horizontal empennage is similar to the orige
inal shape, Under the conditions

.MH =,V C FH lg,

iseq, the coe1f1c1ent of the moment of the horizontal cm-
pennage increcases with its area F and with the dis-
tance lﬁ of the cepe 0of the horizontal cmponnage from
tho spar akxis, If, for oxample, the arca of tho hori=
zontal cmponnage is doublecd, the cocfficiont Mg of the
moment of the horizontal cmpennage is also doubled, in-
volving, however, no change in the wing moment, - The
curve My = mp; a + np of the cocfficicnt of the aocrody-
nonic moment about the spar axis, as plotted in Figurc 13
against the anglec of attack «, assumes theroforec very
ncarly the desircd doubled sliope m,. Accordingly, the
most effective way to change the angle of attack is to
increase the area of the horizontal empennage, This en=
largement must be cffected suddenly and during tho spin,
since it is only in this way that the large calculatcd
change in thc angle of attack due to tlde sudden doubling
of the surfacc arca can take placc according to Figure
22+ Section 8 will show how this requlromont can be
structurally fulfilled, .

Of coursc the approximato solution of the fundamecn-
tal cquations is valid only so long as the fundamcnteal
assumptions are corrcect, Such is thc casc only for the
timo immediatoly after the disturbance, Further changes,
cspecially in the anglo - of attack, can be determined on-
ly by numcrical iantcgration, This has becon donc for the
casc of a suddcn doubling of the arca of tho horizontal
cmpennage during a spin., In Figurces 23 and 24, the ninc
variables v, @, W, Oy MKy T, st‘.Qy and Q, arc
plotted against the time, The assumptiéns underlying
the approximate integration hold good waon the path ve-
locity v and the rotations Qx and Q _ about the
rospcctive fuseclago oand strut axos very but littde, at
lcast during the period immediatcly following the dis-
turbance, Alnmost the whole change in the rotation Q
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then becomos ovidont through a change in the rOuatlon Q‘7
about the.spar axis, In Figure 22 tho corrcsponding :
change in tho angle of cttack, as determincd by the nu-
merical intecgration, is plotted alongside the exact go-
lution., At tho beginning, the approximate integration

yields almost the same rosult as the accurato numorical
integration, S :

Howeover, as soon as the angle of cttaclk assunmes -
considerably smaller valucs, the numerical integration
deviates from tho zapproximate one, Thorc is no oscil=-
lation. about the mean position, as in tho approxinate
intogration, but the an 1glo of attack drops to still L
smaller valuos, whereby the angle of yaw incrcases vory o
rapidly, at lcast in .the boginning., The airplanc noscs
over and .turns about the strut axis in such a way that
the air flow strikes the fusoclage alinost perpcndlculnrly.
The resulting pressurc against the vertical cnpeanago
and tho tail end of the fusclage crcatos a nonent about
tho strut axis, which turns. tho fuselage in the d;roc—
tion of fall, i.c,, again rcducos the ongle of yaw, -
Sincc the total rotation also diminishes greootly with
tine, and the anglo of glido.approachos~—909j the air-
plone soon enters a dive which is free fronm rotation and
side wind and from which it can level off, The pilot is
therefore able to pull an airplane guickly out of a dan-
gerous flat spia by suddenly enlarging the area of the
horlzontal empennage,

A diminution of the angle of attack, very similar
to that produced by the sudden cenlargemecat of the hori-
zontal empennagc, can also be drought about, without the
action of the pilot, by the zirplane suddenly encounter-
ing - a strong ascending current, since it is entirely
indifferent, as regards recovery, whether the guantity
mz, or v2? is doubled in eguation. (38), Doubling v°

would correspond to increasing the s1nk1nﬂ spca2d in a
flat spin from about 30 m/s (100 ft.,voc.) to about 42
m/s (138 ft,/soc.)s Tho ascending curront must accord-
ingly have a velocity of about 12 m/s (40 ft,/sec.) to
produce tho same effcct as doubling the aron of the- ,
horizontal ompennage., Such an up-currcnt is conceiva- =
ble, so that it is not impossible for an airplanoc to
nose over without the aid of the pilot., On the other
hand, thec ecncountering of a down-current would greatly
incroase the 4if flculty of rccovcr1ng from 2 flat spin,
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It should 2lso bc mentioned that an cirplane can
also be brought out of a .dangerous flat spin.by tho
proper handling of the olovator, Figuro 22 shows that a
single strong push produces o periodic change in the
angle of attack,.which is practically synonymous with an
oscillation of the airplane about the spar axis, It is
ooviously possible, by rcpcated pushes in time with tho
initiatod oscillations, to incrocaso their amplitudo to
whatover degrcc may be nocessary for recovery from the
spin, Apoericans-haveo. conducted a sories of ozpor1monts
on tho reccovory from a flat spin, Thoy succcecded in lev=-
cling off the airplanc by tho above maneuver, but only
aftor falling o long distance, The vertinent paragraph
in the Amoricen report (referonce 3) rcads: - -

"Should this bo incffective after scveral additional
turns an attompt should be made to rock the nlanec out,
using the engine in conjunction cach time the controls
arc movoed for recovory. It is nccessary, of course, to
work with tho natural period of the plano in attempting
rocovery by this mcans, the controls being oporated vory
much in tho same manner that a scaplano is rocked on the
step for taklng of T4

7. Constructional Measurcs

a) For'Rccovoring from a Flat Spin

The prescent thoorectical investigation shows, in |
agreement with practical cxpcrionce, that tho operation
of the controls causes only a very slight disturbance of
the equilibrium of all the forces and moments acting on
an airplane in a flat spin, Hence an airplane can be
brought out of such a2 spin only very gradually and often
not at alle The'investigation shows, moreover, that a
sudden increase in the moment of the horizontal empennage
during e spin. immediately and greatly reduces the angle
of attack and causes the airplanc to nose over strongly, .
so that it can be gquickly and safely brought out of the
flat spin, which has hitherto becn justly feared.

This result is not at all ‘surprising, It is obvi-
ously possiblc to recover from tho dangerous flat spin
if the airplonc can be forced down suddenly to the small
angle of attack at which all the controls bocome fully
cffective, Jyst thc fact that the controls have practi-
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cally no effect at the large angles of ‘attack prevail-

ing in a flat spin, is the real reason why tne.operation
of the controls can bring an airplane out of such a spin
but very gradually and often not at azll, ‘

On the other hand, enlarging the area of the hori-.
zontal empennage increases its moment just when it has a
very large angle of attack, as in a flat spin, Construc-
tionally thero is no insurmountable obstacle to such an
cnlargement of the horizontal empennage, A possible con-
struction is shown, e.8., in Figurc 25, Ia ordimary
flight the dotted movable portions arc cnclosed in the
stabilizer, Ipn case of need they can be projoctod so as
to form a considerable onlargemont of the horizontal em-
pennagc,

o LY

b) For Preventing the Ppssibility of a Flat Spin

The best way known to make a flat spin wmpos51blo,
is to give the proper form to the verticel empennage and
to the tail end of tho fuselage, In refcrence 2 wo
called attention to the fact that the surfoces for damp=-
ing thc rotation about the strut axis (particularly the
vertical empennago and the tail ond of tho fuselage) must
be made as large as posesible and so arranged that they
are exposed to the air flow from all ilrect1ons, especial-
ly from obliquely underneath,

Many airplane fuselages are so built that, as seen
from the side, they taper greatly toward the tail, while,
as scen from above, they arc too broad even at the tail,
so that the arca of. the lateral surfaccs of the fusclage
at the tail are small and the vertical cmpennage, situ-
ated chicfly above the fuselage.tip, is largely shieldod -
from the air flowing from obliqucly underncath, Tho
horizontal ocmpennage produces a similar effect to & still
greater degree, so that the vertical empennage is almost
completely blanketed from air currents coming from ‘O
liquely underneath, '

Due to the unfavorable shape of the fusclage and the
shape and arrangement of the tail surfaces, the damping
.monents about the strut axis are frequontly too small to
cnable the preventionm of a flat spin., A flat spin cannot
always be prevented by enlarging the vortical emponnage,
at least when the latter is situated above the fuselage
and the horizontal emponnage,
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The foct that, despite the unfavorablec shapo and ar-
rangement of the fusclage and vortical erpenuwagc, mnony
of the airplanes thus constructed hove not fallen into
flat .spins, docs not prove that they are incapable of
doing soe ‘It has bvecn found thet airplancs supposcd to
be spinproof have noverthelecss follen into dangerous flat
spins undcr.spocial conditlono. : ' .

Tne rlsk of falling into:-a flat spin can be groatly
Teduéed by a sultablo construction. of the fuselage tip
and of the vertical ompennagos, Thore arc airplaoncs | ‘
whose fusola#o tips, as secn from above, arc but littlo
broader than the superimposcd vcrtlcul cmpennagos 1f,
morcover , spacos orc loft pctween the fuselage and the
horizontal empennafe,. as’ shown in Figure 26, so that the .
vertical empennage is exposed to the air flow from all
possible directions, including that from obligquely tnder-
neath, and if, furthermore, the lateral surfaces of the
fuselage end and the vertical empennago are made as lar
as possible, tho flat spin will then be impossiblo,”

8, Sumn ar.y

This report deals first with the fundamontal data
rcguired for the investigation, Thesc arc chicfly the
aorodynanic forccs and momeants acting on an airplanc’in’
a flat spin, It is shown that theso forces and moments
depend principelly on the ongle of attack and on the ro-
tation about the path axis, and cen theroforc cither .bo
measured in a wind tunnel or calculoted from wind-tunnecl
measurencents of 1ift, drag and noment about the leading
ocdge of the wing of an airplane modol at rest, Tho
1ift, drag ond momont about the spar axis aro so grecat-
ly altercd by the rapid rotation in o flat spin, that
they can no longer, as in rcferonco 2, ve regarded os in-
dependent of the rotation, No substantial change in the
angles of attack and .glide occurring in a flat scpia, as
found in reference 2, is involved, The cross-wind force,
as compared with the 1ift and drag, can Do disregarded
in a flat spin., Practlcally.uho only aerodyaaﬁlc noment
about the fusclage axis is that produced by the wing as
a result of the rotation, 1In addition to the corrGSﬂond-
ing acrodynanmic noment about the .strut axis, as produced
by the wing alone, thero. is another a aerodynanic nonent
principally produced by the verticol ompennago and tho
tail end of the fusolage., This nonent is due to the
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ropid rotation, which it constantly tends to darp.

The irnitial conditions for o flat spin are as fol-
lows, The principal nonent cbout the strut axis consists
of the aerodynanic nmoment produccd by the wing alone, _
which accelorates the existing rotation, and tho damping
noncnt produced by the vertical cnpennrage and the tail
end of tho fusclago., These rionents can bde balanced only

for a“givgn‘quimum value %—%, corresponding to a defi-
nite maximum angle of glide . The lateral angle (angle
of yaw) .T must be small, in order for it to be possible
to balance the moments about the fuselage axis at a given
angle of glide, Lastly, the angle of attack o is do=-
termincd by balancing the momonts about the spar axis,
when the angle of glide 9 -and-the lateral angle T are
known, . - - -

The characteristics of a flat spin are thus deter-
mined, For the airplarme in question, they are:

Path velocity v = 25 m/s,
Angle of glide @ = -87°%,
Rotational velocity @ = 5(1/s),

iee, the airplane requires about 1,3 s for one revolu-
tion. about the vertical axis;

Angle of attack a = 60°,
Angle of bank mw = - 85°,
-Lateral angle : T snmall,

(angle of yaw)

The investigation of the cffect of disturbances in a
flat spin begins with tho intogration of the known funda-
mental equations pertaining to the oquilibrium of the
forces and moments acting on the airplane., These funda-
mental equations can be advantageously transformed and
simplified, so as to onablc the separation of the varia-
bles and eospccially ‘the determination of the very impor-
tant anglo of attack, from which we can ascertain the
requisite factors for reccovery from the dangerouvs condi-
tione It is shown that, in ‘agrcement with experienco,
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the ‘controls have hardly any cffect ond that the only re-
meining means.is a suddén increase in the slope of the
curve of the moment cocfiicient about .the spar axis in
terms of the angle of attack, The reguisitc increase in
the slope of this curve can be effected by a sudden en-
largement of the horizontal empennage during the spin,

The dangerousness of the flat spin can only be de-
termined by following the effect of a disturbance on the
variables over a considerable period of time, This is
possiblo only by a numerical integration, which was made
-for the case of a sundden doubling of tho horizontal em-
pennage and led to the following at least qualltatlvely
correct result.~

Due to tae sudden doubling of the area of the hor1~
zontal empennage during flight, the airplamre quickly
noses so far over that the angle of attack is reduced to
that of normal flight. For a time the rotation of the
airplane 2about the strut axis continues, so that the lat-
eral angle is very large at first and the side of the
fusolage is struck almost vertically by the air curront,
The fusologo end and the vertical empcanage then damp the
rotation about the strut axis so strongly, that the fusc-
loge axis gradually approaches the diroction of tho path
axis and tho lateral angle diminishes, The rotation grad-
ually-dinminishes, and the angle of glide approaches «90°
The airplano soon gocs into o dive without rotation or
side wind., The suddon enlargement of the horizontal cm-
pennagoe is thereforo the most effoctive means for bring-
ing an airplane guickly out of a dangerous flat spin.

The sudden encountering of an up=currcnt by a flat-
spinning airplanc may causc it to nosc over and recover
from the spin without the cid of the pilot, ~ The sudden
encountering of a down~current would, however, greatly
incrcasc the difficulty of rccovering from a flat spin.
It is quite possiblo that an airplame which is often put
into o stecep spin without going into a dangorous 1at_
spin may novortheless fall into the latter under certain
conditions. Hence it is§ very rash, simply on the basis
oT tgut flights, to claim that an airplanc cannot flat-
spin, until it has been. satisfactorily demonstrated une
der ﬂll possible condltlons o? flight,

Another way to rccover from 2 11 .t spin , "lthouﬁh
not so quidtly, is by .the correct operation of tho .cle-
vator, A4 single strong push on tho control stick caousos
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a sllght poriodlc variation in the angle of attack and
starts an oscillation of thc airplanc about the spar
axis, By ‘alternate- nushlng and pulling in timoc with the
original oscillations, their amplltado can be increascd
as much as may be necessary for recovery from tho- spin,
American experiments with flat-s plnnlng airplancs have
demonstrated that an airplanc can thus be brought out of
a dangorous flat spin, o :

The sudden onlargement of the horlzontal emponnuge
during flight as required for quick recovery from a flat -
spin, can be accompllshed as shown, for example, in Fig-
ure 25+ The stabilizer is prov1dod with toloscoping
parts which aroc enclosed in the stabilizer during ordi-
nary flight, but can be proJccted in case of need, so as
greatly to enlargc thc arca 01 the horizontal empoanuge.

IT it be- dosircd to avoid all possibility of a flat
spin, the horizontal empennage may be so constructed as
to leave spaces next to the fuselago (fig, 25), thus ex=~
posing the largely dimensioned vertical ompeonnage and
lateral surfaces of the. ond of tho fusclage to air cur-
rents from all possible directlons and e°p001ally from
obliquoly undernoath. . . :

9, Reforeéences

1, Baranoff, A, v, and Hopf, L.: "Untersuchung zon ubor
die komblnlerte Seiten- und Langsbewegung von Flug~-
zeugen.," Luftfahrtforschung, March 20, 1929, Vol,
ITI. (¥4A.C.A, Tochnical Memorandum Wo. 620 (1931):
Combined Pitching and Yaw1ng zotion of Alrplanes )

2+ Fuchs, Richard and Scnmldt Wllnelm. ¥Stationarer
Trudelflug." Report 117 of the D.V.Le (Deutsche
- Versuchsanstalt fur Luftfahrt),. Berlin-Adlershof;
Luftfahrtforschung, Fed. 27, 1929, Vol. III.
(FeAeCoAs Technical Lemorandam Ho. 630 (1931):
The Steady Spin,) .

3. Ofstie, Ralph A.: The Flat Spln. Aviation, Dec, 21,.
- 1929, Vol, 27, PP 1203-1206, :

4. Fuchs-Hopf: Aerodynamik, published in 1922 by Re Co
Svhmldt & Go.. Berlin W 62,



HeAsCWoAs Technicol Mernorandum Noe. 629 59
Reforences (Cont,.)

5. Seiferth, R.: "Urtersucnung cincs Tindradflugzcugs."
Zeitschrift fir Flugtechnik und Hatorluftschif-
fahrt, Hev, 27, 1906, Vole 17, 1 .4,C,A, Technical
Memorandum Heoe 394 (1927): Testing a Tindmill Air-
plane ("Autogiro®),)

6, Fuchsg, Richard: "Rechnerische Ergebnisse tUber Storwnr
des gefahrlichen Trudelstandes," A& paner read at
the meetlng of the W.G.,L, (73 sﬁen chaftliche Gescll-
schaft fur Luftfahrt), Hov. 7, 1929. TeGoLe Yoar-
book, 192 (TeA.CsA. Technical MHemorandum No., 591
(1930): Hathomatical Treatiso oa the Rccovery from
a Flat Spin,)

7+ Fuchs, Richard and Schmidt, Wilhelm: WIuftkrafte und
LuLtkraftmernte bei grossen An stellw1nwoln und
iare AobanﬁlgLelt von der Tragwerksgesialt, Re~
port 168 of the DeVele; Z.Feile, Jon. 14, 1930,
Vol, 21. (N.A,C.A. Technical Memorandum Ho. 573
(1930): Air Forces and Air-Force Moments at Large
Angles of Attack and How They are Affected by tho
Shape of the Wing,)

Translation by Dwight M, lijner,
National Advisory Committeco
for Aeronautics,



N.A.C.A. Technical Yemorandum No.62%

- v v v v

Y LY P L R )

VIR VY

-

OWOoOEEENRUHTNQQEEHEDQ WY

-

Figs:1,3,3,4

Normal force ¥

Strut axis y

Angle of wing setting p
Lift A

Lift axis y3

y axis L to x and z
Tangential force T
Fuselage axis x

Lateral angle T

X axisi1to y and 2z
Angle of attack «

Path axis x

Drag W

Spar axis z

z] axis +1to x and y3
Cross-wind force Q
Horigzontal axis z i+ to x

ly = 5,37 m R, tp=1.60m
S, t7=2.20 n
=z T G=1600 kg
V. R0 U Fped.e0 n?
L | Vv, F= 29.76 m®
> Fig.2
[ s | AR H) -t
) AL
\\;/E i .
y
4 1g=5.48 m
Fg=1.79 m? Al ah
BT+ : < '
=0,80 m VA
1=0.42 m b -
Fig.4

Figs.3,3,4 Plan, front and side views of Junkers A35
low-wing monoplane. ”

[



N.A.C.A. Technical Memorandum No. 623 Fig.5

Fig.5 TFlat-spinning seaplane falling almost vertically at
a midspan angle of attack of about 60°
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Fig.25 Horizontal empennage enlargable during
flight. ‘
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Fié.26 Horizontal enpennage with open spaces
next to fuselage.
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