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THE DANGEROUS SIDESLIP OF A STALLED AIRPLANE
AND ITS PREVENTION*

By Richard Fuchs and Wilhelm Schmidt

A large proportion of all airplane acc1dents occur
shortly after taking off or shortly before landing. They
may be of two klnd°° It may happen that the airplane
shows a tendency to slip over the wing without the pilot
having a chance to take protectlve measures against it by
control action, Then again, there are cases of sudden
nosing over without the pilot being in a position to coun-
teract it. This investigation covers only- that phase of
the problem which deals with the sideslip. We examine in-
to the circumstances under which this occurs, study the
behavior of present-day airplane types (monoplane, conven-
tional and staggercd blplane) therein and endeavor to ;1nd
a solution whereby thls danger may be avoided,

Occasionally the opinion is voiced that this .sideslip
could be prevented by using a wing whose 1ift maximum is
at the highest possible angle of attack and by making pro-
vision, through a limitation in elevator displacement, so
that an equilibrium of the moments about: the lateral axis
becomes impossible at the high angles of attack pertaln-
ing to those beyond tle 1ift maximum,

But these measures are no absolute preventative, as
we shall prove,

A sudden increase in angle of attack which may be al-
together independent from an actuation of the elevator may
be due to a straight upward directed wind squall, Thus,
referring to Figure 1, a vertical squall of only 5 m/s
(1644 ft./sec.), with a landing speed of 30 m/s (98,4 £t,/
sec.) already produces a 9. 5° 1ncroa‘e in angle of attack.
Bvon a vertical squall of merely 3 r/s (2.8 ft. /sec )
would raise this angle to a figure which would be boyond
that of the maximum 1ift, .

*YDas geflhrliche seitliche Klppen eines Flugzeuges uber
den Flugel und seine Becinflussung." From Zeitschrift fur
Flugtechnik und Motorluftschiffahrt, July 14, 1931, pp.
393-400,
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Again, an abrupt decrease in the relative wind veloc-
uy of an airplane can readily raise the angle of attack,
For example: Let the examined low wing Junhers A 35 (ref-

erenceg 1 and 2) monoplane land at an angle of attack

a = 13 in a straight glide, or, in other words, at an an-
gle still 4° below that of the maximum 1ift of the whole
airplane, Assume a landiag spced 28 m/s (85,3 ft, /sec )
which in still air is equivalent to the velocity at which
the air strikes the airplane. An assumedly sudden hori-
zontal squall of 7 m/s (23 ft, /sec ) strikes the airplane
from tae rear, thus lowering the relative wind velocity of
the airplane to 19 m/s (52.3 ft./sec.). - We shall desig-
nate this by v*, A similar increase in . angle of attack
could occur when the airplane lands in the wind and the.
latter suddenly becalms, In order to.follow the changed
attitudo of the airplane due to a change in relative wind
velocity the torms in the differontial equations of motion
endodying the aerodynamic forces. and momcnts must be .
changed to rocad v* .instead of - v, The rosult of the nu- .
merical inteogration is graphecd in Figure 2. The angle of
attack a.= 15 pertaining to approximately the maximum
wing lift is already exceeded after 0,2 s without the pi-
lot!s volition, even if the elevator displacement is re-
stricted

This passage. near the ground of tne angle of attack
beyond tnat of the maximum 1ift constitutes the danger of
the undamped -sideslip. In Figure 3 the moments about the
longitudinal axis-have been plotted against a rotation
about the path axis for various angles of attack. The en-
suing moments below the stalling angle are, as secen, pPos-
itive; that is, active against the indicatcd rotation,
whilec thoso boyond the stall at first becomo nogative, that
is, ‘accelerate an incipiont rotation,

Tow, howover, Wo-assume that the anglc of attack has
exceecdod the value for maximum wing 1ift only, and subse-
quently examine the reaction of the low wing Junkers mono-
plane landing in a stralght glide ageainst any arbitrary
-disturbance,

Foremost amonb the disturbances are the rotational
speeds u, T, and o, introduced as temporary initial ro-
tations “o’ Tos @nd ao, ~and which may be visualized as
having been set up by corresponding temporary control dis-
placements or wind squalls temporarily acting at the end
of the fuselage and tne wing tipa
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The result of the very . accurately executed’ numerical
integration.of the fundamental equations is appended in"
Flgures 4 to 64 The result of introducing an initial rota-
tion {1 is not only an expected angle of bank u 1in Fig~
ure 4, %ut an angle of yaw T as well, and the angle of
attack remalns, for the present at 1east practically con-
stant. : oo ' '

The initiated disturbance " Tos .in Figure 5, yields a
similar result.  The angle of attack changes at first very
little, Whereas an arbitrary initial disturbance, composcd
of say, fi, and &,, effects a chango in angle of attack,
the peculiar temporal character of the angles of bank and
yaw is malntalned according to Figure 6.

The behav1or of o which is examined here, is bound
up with the alrplane motion by great static leongitudinal
stability. -As ‘a matter of fact, we have here an airplane
attitude with appreciably high static longitudinal stabili-
ty. In this attitude the motion is split uwp in a slow C.G.
motion by constant a (Lanchester's phugoid theoryf‘(refer—
ence 3) and a rapid torsional vibration about the lateral
-axis by unchanging flight path, It is apparent that the
torsional vibrations set up by asymmetrical disturbances do
not effect any essential change. As far as the change in
angle of bank and yaw 1s concerned, it is practically imma-
terial whether q changes also. or not, and it is seen that
the asymmetric rotary motion 1s also 1early independent of
the symmetrical motion,

Accordingly, the sideslip following an arbitrary dis-
turbance may be conceived as.a combinod rolling and yawing
motion, which is practically independont of the pitching
motion, thus enabling us to separate the pitching motion
from the rolling and yawing motion, to which the following
is confined exclusively. '

Referring to Figure 4, the total motion during side-
slip consists primarily of a rotation Iy about the path
axis and a rotation Oy ~around the path vertical axis

placed in the svmﬂetrlcal plane of the aircraft. The
forces and the moment about the lateral axis change but
1ittle at the beginning of sideslip because the angle of
attack remains practically constant and the sideslip as
well as the total rotation is relatively small in contrast
to the moments about the longitudinal and the normal axis
which undergo marked changes even if sideslip and rotation

*The possibility of scparation was first indicated by
Reissaer,
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are small, For the subsequent investigation it is advisa-
ble to introduce the practically constant angle a as
parameter, and to consider the two variable nondimensional

factors K and L of the moments about the longitudinal

and normal axis, rgiéectively,,as being solely dependent
1Y b
on T, 5—% and E—FL' Strictly speaking, the two moments
should be considered as being simultaneously dependent on
these values, but for -lack of wind-tunnel data of such
kind, we assume both moments as being linearly dependent on
these figures which, in this case is of no moment because
the calculation is confined to short time intervals, TFig-

ures 7 and 8 afford an illustration of the Ly and LF

moments of the wing only due to sideslip plotted agalgst
the angle of yaw; the angle of attack is shown as paramec-
ter, Tney are taken from a British report (reference 4)
because there are no German experlments avallaole up to
such high angles of autaCk and yaw. i

The K and. the L. moments due to a rotation
“FQy Q)
bd
about the path axis are defined in the -usual mannor by cal-
culation as, for instance, for thec single wing of the Jun-
lrers monoplane, qnd appended in igurcs 3 and 9 with ro-

'b .
spect to §~% and with a as paramoter. Their depend-

ence on the shape of the wing is very pronouaced, (Ref-
erencc 5,) A calculation of an individual wing of almost

constant chord and scection yields for the E%D and
. : ¥y
L moments, due to a rotation (- about the 1ift axis
—FQ ) él
the following: 0 -
b2 A O pR 7,

KFle = 5F °nr 3w Mg, T OGF °tr Ev

Figures 10 and 11 shows this cffect for the low wing mono=
plane‘

The L* coefficient due to the moment of fuselage and
vertical tail surfaces about the normal axis may be written
as
. Sk

L* = F* L cn* (a*)’

p—
3 tl
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where cp*. (a*) signifies that cp* 1is dependent on the

angle o* at which the air strikXes the end of the fuse-
lage and the- vertical tall surfaces. The validity is prac-
tically

1* Qg

v

Ly

a*:T"l"

The cp* coefficient of the noumal force applying at
the end of the fuselage and the vertical tail group is,
for lack of experimental data, replaced by the corresponding
coefficient of a flat, square plate.

The curves of the moments about the longitudinal aqd
tho normal aT*s, treated above, with respect to T,

D)-" .b.‘ay
and =——= can be equated for the pertinent range by

eV 2 v
a straight line as follows:

EFT = T . Ly, = m2 7
by Lo bidy
= - 1 — m —————
’EQX B3 3y : Ox * v
b bQy
i = mg o= - = Mg THT
o 2v “FQy ° 2v
1 =1

The moment about the normal 'axis due to thevfﬁselage
and the vertical tail surfaces may be expressed as

SLENA 27 12 Qy
L* := my T+ ) ’1>
- F ot b F ot 2 v
so as to yield a
: 150 be'
— ——._.X *‘-—— -
K=m T+ms 55+ ms 57 (1)

je
il

Fx 1* Q2
(mz + - m7 > T + Ma X +
\ F i 2 v

4 1

2P 1*7 N By
P —t=l
+ <m6 7 tl m7/’ 2v (2)
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Now we write equations (1) and (2) into the basic
equations, replace the products of several variables by the
‘first terms of 'a Taylor serics and, lastly, disregard the
terms which are small comparcd to the others, so that -

w=—;%%~;c§-u (3)
VI  Cos o Ox . i - ..."“j o o (4)
R T
b= - I (v B ) e
) YR oty vE F* 1* | 5Qy
| y—-WlL<m2+Ft1m7>T+_m4 2;1+
| 2 Fr 1x2 _ Wy
+(\m?+i§"y t‘l'm7> 2 ;1] )
wheredby ,'
Qx =fi - %'SinAai . . _ (8)
Qy = w cos ¢ + T cos S (9)
Equations (3) to (9) may be combined as
Q§_=a17+£1%+c1u:+diﬂ - | (10)
by'—'az'r"'ba'f"'ca“'*'daﬁ-. (11)
T = ea pot - es Qg T Qy (12)
VIS eq Qg (13)




Herein:

a1
by
Ci

d1

as’

dz

Ca

€3

€4
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2
YTt v

Yo F t, v cos a
4ng

( tan o ma - ms)

Y% b T® tl ve Cg,

ms

L V cos a 2 PH X3
_ <tanam4—m6——:b"-i,—a—"m7

Y b FP b, v ooy < R >
ne bF t,

Equations. (10) to (13) may be formulated as

wheredby

"

+P1L1+q_1u+ r1:r+s1T 0 (14)

i

,~p2:;_L+q2LL+:r‘+'rz_'T+szT 0 (15)
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= - bi es

= o= a1 &

= - (c3 * 4, 63+d25

== (c; e3 *+ c2)

= ~ (b ez * b2) |

= - (a; e3 + az)

and T ¥ &M into (14) and (15) the

interpretation of }\ is obtained by means of
>€+plx+q1' rn At
4 =0,
Pz Mt oaz K +r Mt s}
or 4 3 2 . ~
AN A N f Az Nt Az AT A =0 (16)
% with
Ay =p T
| YbPt, v cosa {
; = 2 + t
A Mg ang ms
5( 2 Fx (%% )1
Jy \tana, My = ms - "'_6 F tl’" my J (17)
A2=P1rz‘P2r1_+Q1+Se
| SVOEE TN r8gJy t 2 px 1¥2
_ (’Ythlv‘) 1 ngz ana my + (ms - m7> s
4 87 Jx Jy ~ Yb Fi, bFt;
' I (g, + I ) (18)
| - Mg M - .m mo
; © 75 T Y Eg, N0 by _
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-4

Az = p1 s2 - P2 8, g, Tz = Q2 T3

© /YR ' r. 2 v
_ (V 1v> b v L( 4g~Jy cosP. m4\ m,
N2og 2 Jy Jy cosa LNYPFtivecosa 4
(m® o ELE ) my o+ oRes sing o]
B m= F %, '7/.A3 | . ‘ma @5_ .(19)
A4.5JQ1 S2 = Q2 Sy
N - - P > '
TPt vENT T YDE c. ., 2 Fx x* :
=~(#”wl ‘ : 'ca [( s T A A mv\ my
N4 g s Jgx dy G ocosa b F b /
/mz + 2 Fx 1% o > n ' (20)
G F t, S

In order to check the agreement of this solution with
the nunerical integration without any.omissions, the ex-
amined low-wing monoplane was used as actual ‘example for a
mathematical determination of p and T,

The following data are used as basis:. -

6 =20° ¢, = 1,29 op = 0.3l @

il

Y ='1,20 kg/u® v = 2508 m/s p, = 0° T, =0° T, =0,
e . : o - _ imparted
o ¥ Oy a passing asymmetric squall, has assumedly/
to the airplane an initial rotation about the path axis.'

my = +.l.2 Mg = = 2.7 ) m5' = + 3.5 mp = + 4,0

me = + 0,1 mg - 0.5.

i
+,
O
- -
(o]
B
)
i

= 0.239 577 L 0,185 &2 %°% L

TF
1

- e %%"% (0,054 cos 2.38t + 0,218 sin 2:38%)  (21)

“—0e 30t

5:77% 0,015 e -

= 0,047 ¢

-~ =€ 5%t (0,030 cos 2.38t + 0,166 sin 2,38t%) (22)
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Figure 12 shows E— (bank) .and ;_ (yaw) plotted
Ko ) ' Mo i
against the time. Both curves are in satisfactory agreement
throughout with those of the integration and disclose the
characteristic behavior.

The substltutlon of a development accordlng to the pow-
ers of .t .for the solutions of (14) and (15) reveals the
decisive significance of the coefficients p;, r;, p2 and
rs at the very beginning, But because of the marnltude
of p, and r against px and T, ,u and u must al-
weys be large with respect to T and T even for arbitra-
ry disturbances, in accordance with all exact calculatians
Thus the omission of T and. T in first approximation in
(14) results in a Faust formula for the behavior of .

It is

h. = (Mt - 1) | (23)
| o \1 | |
where ' R
* 4 g cosa Jx

The value computed according to the Faust formula -for:
the a2bove example is also shown in Figure 12, where the
typical behavior of the angle of bank is very much in evi-
dence, :

This brings us to the gquestion as to what constructive
q

k!
measures may have some effect on sideslipping, i.e., in-
crease in angle of bank . The guantities b, F and ¢,
arc dominant factors. Area F is specified by the de31 n'

na

b and t do not occur save in the connection b t;, i.ce.
essentially as the stated aresa F. F* and * occur on-
ly in tpc form of F* |* m,. So any change of these quan-
tities is WﬂOllV equivalent to a change in m; and we

can confine ourselves to a study of the changes in Jy and
Jy and from m; to ms. ' -

Ia accordance with the above example, one large posi-
tive, onc small negative, and two complex roots occur un-
der the roots of the bigquadratic cquation (16), whosc real
part is negative and small, In all practical changes of
normal wing design this phenomenon is typicaly . A change
in u and T is essentially governed by the large posi-
tive root A, and it is all a matter of finding in what
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manner this A, can be influenced,

Reverting to the original figures of the example for

JEO and Jzo as well as my, to My, we,post Jx = ¢

JEO’ my = € My etc. Then we plot the dcpendence of root

A1 against € for Jx = € Jxo’ fqr m = ; My, etq., for
example,

Referring to Figure 13, we find that only an enlarge-
ment can lower the positive root Ay with respect to in--
ertia moments Jy and Jy, But it is seen that even a
doubling of Jy, which already is wholly beyond the scope
of practical possibility, can lower the root no more than
to abont 2/3, or in other words, can have no decisive ef-
fect on the essential course of angle.of bank ., A change
in mg, that is, in the profile pertaining to the vertical
tail surfaces or in its area has no appreciable effect on
A1, The values m;, mpz, as well as ms and meg charac-
terize the moments about the longitudinal and the normal
axis set up by the wings gs a result of sideslip and rota-
tion about the 1ift axis, respectively. Although depend-
ent on the wing shape they have, in themselves, no appreci-
able effect on Ay, But a change in mz and ms influ-
ences root A; very materially. 3Both values denote the
moments about the longitudinal and normal axis,.respective-
ly, follow1ng a rotation about the path axis. They are,
according to Figures 3 and 9, generally negative and posi-
tive, respectively, as soon as the stalling angle is
reached, They accelerate an initiated rotation about the
path axis, i.,e,, make autorotation possible. The smaller
mz and mes are, the smaller root A; becomes, that is,
the smaller the accelerating moments about the longitudinal
and normal axXis set up by an initiated rotation about the
path axis. The dominant effect of Jy and m3 1is also

recognized in the Faust formula (23) .

A material change in inertia moments, "Jy and J& is

seldon encountered in conventional types -because their en-
largement would offer serious constructive difficulties.
The values m; to mg are closely bound up with one an-
other, They all change, as a rule, as soon as one is
changed, '

To bring out the pronounced eifect of m,, we use two
examples: In the first it was assumedly possible to lower
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ity to nalf in a wing structure, ‘so that,

my = + 0,80, . mg

+ 0,40 ‘Mg ~ 025

1l
it

mz = + 0,05  mg =+ 1,75 my, = + 4,00,
We 2lso raised Jx  from 300 to 375 - and: Jy from 550
to 625 1in this eXample. : -

Now we have:

b = 0,444 " P - 0,304 7038 %

- 272 (0.140 cos 4.04”t + 04114 sin 4(04ft11

~ 'In the gecond exanple we v1suallze.afwin ‘structure in
which m», Thas already assumed a small pos1t1ve value, that
is, a wing Lree.;rom autorotatlon and 1n accor ance Wltn
it ' ' '

=
I
li

+ 0.4 7 me 0 . nmg 0

1l

mz = 0 mg =+ 1,2 m, = + 4,0,
Jx and Jy, remain uncianged. Now,

0,451 e O 37t 0.371 -2+ 21t .

o—.F

- 7% 885 (0,090 cos 1 80 t + 0,024 sin 1,80 t).

Figure 14 shows the results of both examples for
along with the normal behavior,. I+ is readily seen that
the danger of sideslipping can be effectively prewented
only by the use of a wing which is proof against autoro-
tation., (Reference 6,)

Another question thrusts itself wupon one's mind -
whether or not the sideslip night not be effectively influ-
enced by appropriate control action, and for that reason
we also examined the effect of the control actions on side-
slipping, We assumed that the pilot notices the sideslip
after one second and then attempis to counteract it by con-
trol displacements,

Aileron displacement is practically useless in all
circumnstances, The angle of bank continuves to increasec in
shows, The rudder displacement
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is somewhat more effective, It seems to lead, according to
Figure 16, to a slight damping of the sideslip., Bgth re-
sults agree with the British tests. (References 7 and 8,)
The elevator (displacement downwapd) is most effective,
Figure 17 shows that the angle of bank ceases to increase
after a time and that the sideslip is damped., But even in
this case the time - only a few seconds - does not suffice
to impart a profitable magnitude to the angle of bank, be-
fore reaching the ground. :

Thus the successful prevention of the dangerous side-
slip resides in the above stated measures, Since any mate-
rial change in inertia moment is out of the quostion, it
bocones primarily a problem of preventing the wing from au-
torotating (roference 6) in the wind tunnel.

Once autorotation has been eliminatod, thoe incrtia mo-
rmonts lose their dangorous aspecte.

Accordiang to the preceding explanations the wholc mo-
tion of the airplanc at the beginning of sideslip is esscen-
tially a rotation about tho path axis, during which the
angle of attack, as well as the rate of speed, may be as-
suricd unchanged, Furthermore, it was seen that the angle
of yaw remained absolutely small, Consequently, the dan-
ger of sideslipping can be interpreted only from the auto-
rotation as it may be observed by a wind-tunnel test.

In order to make it possible to comparc various typic-
al airplanes with respect to sideslip, the autorotation
process is followed mathematically.

The equilibrium of the moments about the path axis is
expressed as

Jg Qg = = - v2 F t; KV

2g g’
with Jy = inertia moment of airplane about the path axis,
and K'F = coefficient of moment -~ essentially set up by

Ox .
the wing only - about the path axis due to a rotation 'Qx
about the path axis. Since the angles of-attack in guestion
are comparatively small, this factor may be made to equal
the Ky coefficiont of the corrosponding moment about the
;LX .
longitudinal axis.,.
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For ressons of intcgration of the nbove difforential

equation, 'this X, =~ of the momont obout the longitvndinal
X eesbola e 4 B0
axis is assimilated to a parabela with rospect to _X,.

Now comparc the doited line in Figurec 3. We have a'vA'

=T, T ¥wazw P/
) [:X p & ) “

B
|
}
i
|
{

with p and r as denoted in Figure 3., Wo .singled out
the moment curve for that anglc of attack at which the

slope of ms3 1is greatest, because the magnitude of m3
is, as we have seen, the primary factor in sideslipping,

S Q. - '
How we iusert E—é = U and the differential equation

reads: .

Yv b PF tl-r'ﬁ (v )

{I =

With:abdisturbanée AU. of U magnitude in timegiﬁ—
terval t =_O ~as basis, we have:

Cy _DE e>"t , ‘ : (24)
E'eAE - 1 b
wheredby -

3= LU

AT -.'"5

V‘v bhF t, r

A= -
' & Jdx P

Now, since Qi = 1, equation (24) yields:

_2vp, 1-F oMt
i

(25)

With r = = 0,21, 1 *+ 0,330 and AU = 0.031, our
previous example shows :

1 + 0,104 o 2%

1,104

b = 0,168 1in

This solution checks very closely with the numerical
integration appended in Figure 18, and again shows that the
inception of sideslip is quite satisfactorily reproduced by
the autorotation test in the wind tunnel,
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In accordance with thisg oxamplo, AU is ordinarily
set at +0,031, that is, “o = + 0,1, The u values,
computed accordlng to the domonstratcd mcthod, are compared
in Figurc 18 with three practical typcs of airplanes.
(References 9 and 10,) One could expect that diversificd
bohavior of thesc types would become noticeable hore with

cspect to autorotation., Bat it beccomes apparcnt the angle
of bank: pu practically changes in the same way for 2ll
these types. This becomes comprehensible upon reflection.
that mns, and moreover, the inertia moment, are the domi-
nant factors when no autorotation prevails,

Tronslation by J. Vaniler,
Naticnal Adv*%ory Committec
for Acronautics, '
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speed of flight, v* = reduced relative wind velocity.
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Fig. 4 Temporary course
of the variable
following a passing
asymmetric disturbance.

b, = +0.1 (1/s)

Fig. 5 Temporary course
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following a passing
asymnetric disturbance.
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Fig. 6 Temporary course
of the variable
following a passing
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axis against v with,a. shown as parameter
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Figs. 10,11,12
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Fig. 18, Increase in angle of bank following a
passing asyrmetric disturbance
o = +0.1 (1/s).
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Fig. 19, Increase in angle of bank following a
vassing asyrmetric disturbance
o = +0.1 (1/s).

Figs. 18,19
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