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Summary. Based on a series of systematic analogue computations, charts are given for the determination
of peak amplitudes in incidence and sideslip for a general family of rolling and rolling pull-out manoeuvres of
aircraft subject to inertia cross coupling. The principal parameters governing the stability and response
characteristics of aircraft in rolling manoeuvres are discussed and formulae and data are given for their
determination.

1. Introduction. In order to increase performance the aircraft designer is forced to build more
and more structural weight and equipment into airframes, which have hardly increased in volume
during the last decade or so. As a consequence aircraft mass and inertias have increased without
corresponding increases of the aerodynamic surfaces to stabilize the aircraft. Moreover, the
supersonic aircraft being essentially a compromise between requirements at subsonic and supersonic
speeds is likely to show aerodynamic deficiencies at some speeds. This may further accentuate the
discord between inertias and aerodynamic forces.

One of the more dramatic consequences of these trends is the emergence of gyroscopically induced
instabilities in rolling manoeuvres. These phenomena were first observed in the U.S.A. in several
flight incidents and have recently been confirmed by flight tests in this country®. These divergent
flight conditions were theoretically predicted earlier by W. Phillips®.

Phillips’ theory, which together with some later refinements of the basic analysis will be outlined
in the first part of this report, can be briefly summarized to state:

(i) The gyroscopic moments on modern highly inertia-loaded aircraft reach such a magnitude
during rolling manoeuvres that they can no longer be neglected in their analysis. These terms couple
the lateral and longitudinal motions of the aircraft which must now be considered simultaneously,
contrary to conventional stability theory.

(i) The aircraft will become divergent in pitch and yaw if rate of roll exceeds either
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whichever value is reached first by progressively increasing rate of roll from zero.

# Previously issued as R.A.E. Report No. Aero. 2604—A.R.C. 20,196.



(i) Aerodynamic (or artificial) aircraft damping in pitch and yaw raise these limits, but for
practical values the benefit is limited.

In Ref. 3 it has been shown that the effect of the angular momentum of rotating engines will
modify these stability boundaries so as to make them asymmetric with respect to the sign of the
rolling velocity, e.g., with an engine rotating anticlockwise slightly higher rates of roll are permissible
to port than to starboard and vice versa. For present configurations the effect is, however, not very
significant.

In Ref. 4 the existence of an autorotational instability of the rolling motion itself was predicted,
which is also caused by aircraft inertia effects. This phenomenon will occur predominantly at
negative incidences of the principal inertia axis.

This is briefly the picture presented to date ‘by stability theory. It was, however, soon realized
that the knowledge of these unstable flight conditions by itself is an inadequate guide for the
designer and the operator of aircraft to assess the actual structural and piloting hazards in practical
flight.

In Ref. 4 it has been shown that excessive peak values of sideslip or incidence may occur in
manoeuvres with rolling velocities well within the stable range and that in other cases these critical
roll rates may be safely exceeded for a limited period. It is now generally accepted that structural
stressing and the determination of manoeuvring limitations must be based on full response calcula-
tions. Manual computation of the relevant equations of motion is quite impracticable. Only electronic
computors either of the digital or preferably of the analogue type are capable of handling this task
and even then, due to the great number of flight conditions to be considered, considerable effort
may be required. '

In order to obtain more readily-available design data, a systematic series of analogue computations
was carried out on GEPUS, a general-purpose simulator in the Royal Aircraft Establishment.
Approximately 8800 individual responses were computed and evaluated for peak loads in sideslip
and incidence. The results cover a very wide range of the most relevant aircraft parameters and a
comprehensive range of rolling manoeuvres,

In the first section of the report the theory of the stability of the aircraft as affected by inertia
cross coupling will be briefly discussed. The main part of the report will then give the results of the
response calculations in the form of charts and a discussion of all the relevant parameters which
have to be considered in their application.

2. The Stability of the Rolling Aircraft with Inertia Cross Coupling. 'The fundamental physical
phenomena which affect the stability of the lateral and longitudinal motion of the aircraft in steady
rolling are discussed.

2.1. The Equations of Motion. In order to simplify the analysis, principal inertia axes are used
throughout, as illustrated in Fig. 1. The derivatives are consequently defined in these axes and
have to be computed with respect to principal inertia axes, whenever this would make a significant
difference. In the equilibrium flight condition the principal x-axis is at an incidence «, with respect
to the flight path. From Fig. 2 it can be seen that the instantaneous incidence:

o = qp + Ax €))]

where Awa is the incremental incidence.



It is generally accepted (e.g., Refs. 2 and 4) that speed can be considered as constant. Using the
full Euler equations otherwise, the aircraft motion is now described by the differential equations:
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Rudder and elevator are assumed fixed, pitch and yaw angles small, to simplify the kinematic
relations, and it is assumed that there is no pitching moment due to aileron deflection, M, = 0.

The gyroscopic product terms in the three moment equations are explained in Figs. 3 and 4 and
in Appendix I as centrifugal moments. The terms pa and pfS are illustrated in Figs. 5 and 6 as
expressing purely kinematic relations.

It has been shown in some examples in Refs. 2 and 4, that gravity can generally be neglected at
least for the relatively-fast rolling motions in which inertia cross coupling is significant. The minor
derivatives Y,, Y,, Z, and Z, can also be neglected. As the product terms couple the lateral and
longitudinal equations and moreover make the equations non-linear, conventional methods of
calculus are impracticable. '

If one assumes that the pilot can and will control the rolling motion itself within reasonable
limits, rate of roll can be treated as an independent variable

(1) = F@)po : ()
where F(t) = p(t)/p, is a given function of time and p, a nominal constant value of rate of roll.
This assumption renders the rolling-moment equation (4) redundant, which could now be used to
compute the aileron manoeuvre required to perform the given rolling manoeuvre p(¢). Equations
(2 to 6) are now reduced to
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Using only the four equations (8 to 11), £(¢) is now indeterminate apart from the particular case
where it is justifiable to assume

£(2) = const p(f) - (12

otherwise the last term in the yawing-moment equation has to be omitted, though this may constitute
a noticeable error.

(85544) A2



In order to reduce the number of parameters for systematic analysis, the damping terms are
replaced by a single equivalent effective derivative in pitch and in yaw respectively:

Z,, M, and M, replaced by M;

Yy, N, and possibly the effect of the suppressed rolhng mode of the lateral oscillation are replaced

by N,.

It should be noted that the derivatives M; and N, as used here and defined by equations (15) and
(16) are not those derived from oscillatory wind-tunnel tests.

Introducing the parameters:

M :

wy = N/ - 73‘5 = undamped frequency of pitching oscillation (13)

wy = /\/ ]—\g = undamped frequency of lateral oscillation (14)
_ :

= - — =1

8y , (c_ug) e B og decrement of pitching oscillation (15)
Po

5 m N,

y = ——— ﬁ' = log decrement of lateral oscillation (16)

(7o)

to express the aerodynamic characteristics of the aircraft and introducing non-dimensional time
(¢p,) and the differential operator
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and the variables :
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equations (8 to 11) can be now written:
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g— Ft) — DAx = 0 (20)
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2.2. Stability for Constant Rate of Roll p,. Phillips' has analysed these equations for constant
rate of roll, i.e., for F(¢) = 1. As for conventional designs the structure of an aircraft is distributed
predominantly within the wing plane, the inertias are approximately related as:

C=4+8B (23)
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and equations (19 to 22) are now reduced to the system of linear differential equations:

— 7+ Ax— DB = q (24)
g—B—DAa =0 (25)
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Neglecting aircraft damping these equations will give the roots
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e
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The stability boundaries determined by this equation are plotted against the parameters
(walpo)? and (wy[pg)? in Fig. 7. For low rates of roll, i.e., in"the upper right-hand quadrant the
aircraft will display two stable oscillatory modes, each of which is a combined lateral-longitudinal

+

oscillation. As rate of roll is increased one of the two stability boundaries is eventually reached and for

2] > w,

5] >w¢f\/w-
B_ A4

(whichever of the two is reached first) one mode becomes divergent. With further increasing rate

or

of roll, the second stability boundary is crossed and the motion will be again oscillatory and stable
in the quadrant near the origin of the stability graph.

This is illustrated in Fig. 8 for three examples:

(i) Aircraft ‘A’, poor directional stability. Increasing p, progressively from nought, the vertical
boundary is reached first and the aircraft will be divergent (predominantly in yaw) for

B+ 4
(JJ6> (‘Pol>w¢N/B—-—g-

(i) Aircraft ‘B’, directional and longitudinal stabilities are “T'uned’ so that w, = w, (B + 4)/(B— 4).
No instability over the full range of p,. It should be noted, however, that stability will be very
marginal near the intersection of the stability boundaries, i.e., for p = w.

(i) Aircraft ‘C’, poor static longitudinal stability. The motion will be divergent (now predominantly

in pitch) if
,. , B+ 4
@ < ol <oy J5g

If inertia in roll, 4, is increased in relation to inertia in pitch, B, the vertical (yaw) divergence region
" contracts towards the origin. For 4 = B this unstable region vanishes as illustrated in Fig. 9.
(Fig. 8 applied to 4/B = 1/5, i.e. (A—B)/(A+ B) = 0-666.) Taking again the three aircraft
previously quoted as examples:

Aircraft ‘A’ is now stable to higher rates of roll, but the divergent condition remains there up to
infinite rates,



Aircraft ‘B’ does now become unstable after exceeding p, = wg.
Aircraft ‘C’ will become unstable at the same rate of roll as before, but the instability remains
up to infinite rolling velocities.

All three aircraft have now the same critical condition, i.e., they will become divergent if
© > |pg| > wy.

A physical explanation of the occurrence of these divergent conditions is given in Appendix I.
The aircraft motion in the stable condition at very high rates of roll (or vanishing aerodynamic
restoring moments) is illustrated in Fig. 10. The motion during a pitch divergence is illustrated

in Fig. 11 and the corresponding yaw divergence in Fig. 12. The stabilizing effect of inertia in roll
on this mode is illustrated in Fig. 13.

2.3. Effect of Aircraft Damping. Retalnmg dp and 8, in equations (25 to 27), the characteristic
equation will be a quartic

D+ a D3 + ayD? + gD + gy = 0 (29)
with the coefficients '
()b )
Po Po
B—-4 86 wy 8&” wy,
_ 0
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Setting a, = 0 gives the stability boundaries as:

(S
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These boundaries are shown for three values of (848,) as compared with those for the undamped
aircraft in Fig. 14. The three ratios 4/B considered are those used later in the computation of the
peak-amplitude charts. Damping has relatively little effect on the stability of the motion except in
the region where the two boundaries intersect each other for § = 0. There damping separates the

two unstable regions, allowing a margin in ‘Tuning’ the stabilities of the aircraft i.e., the ratio

wp/w,, for stability through the full range of rolling velocities. This is illustrated in Fig. 15 for the
case 4/B = 0. -

2.4. Effect of Engine Momentum. In Ref. 5 engine momentum is shown to couple the lateral
and longitudinal motion of an aircraft and to destabilize one of the two oscillatory modes of motion
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in the absence of rolling. This effect is symmetric, i.e., independent of the sense of the engine rotation.
The effect of the engine on the rolling divergence as analysed in Refs. 3 and 6 is however dependent
on the sense of the engine rotation and of the rolling velocity.

Introducing engine momentum K = w,l, equations (20) and (21) are now

wg\? By (wy C-4 _ K _ _
_(%) Aa—;(po)q+—§ F@)f + -7 = DI =0 (32)
wy\? _8_1#(5’_') B Ao Koo pro N D) o
(Po)lg = \3) T e Tt g 0 Cpo O =2 @

The asymptotic values of the stability boundaries are then modified by the engine effect to:

o c-a K 5
|:(P0> {wglpgl=0 B BPO ( )
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- e 35
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c  Cp ,
o) o4 K 5
I:(P [\ ) (wgl D=0 C CPO ( )
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The term K/p, = w,l,[p, is dependent on the sign of both engine rotation w, and rate of roll p,.
Thus for a given aircraft there will be two stability boundaries for rolling to port and to starboard
respectively. This is illustrated in Fig. 16. Stability is maintained to higher rates of roll if both engine
and aircraft rotate in the same sense and vice versa. In Ref. 6 it has been shown that the effect of
engine momentum on inertia cross coupling can be satisfactorily represented by data computed
without considering the engine. Such data as e.g., the charts given in this report, will apply to
the condition with engines rotating, if the two Phillips’ parameters w,/p, and wy[py are reinterpreted
as being ‘effective’ frequencies, i.e.,

LU0 2 (wg)z Iewe (Cl)]p)z
_< =[] + dlX
(PO)M Po Bp, o Po/

as illustrated in Fig. 17. For present designs the effect of the engine can be shown to be relatively

Q)!l,. 2 Ie(l)e
= (X 38
(Po) * Cpo 38

unimportant.

2.5. Autorotational Rolling. For the present investigation, rate of roll is generally considered as
an independent variable, i.e., the pilot is assumed to control the rolling velocity positively. In Ref. 4,
it has, however, been shown, that aircraft may become unstable in roll once a certain critical rolling
velocity is exceeded, and to diverge towards an autorotationally stable rate of roll, The critical
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rolling velocity and the autorotational rate of roll are given as the lower and upper value respectively

of the solution of
2 2
V(L () =] e
wer

2
(2=l 3 -
w1/,0 U),/f

. B+ 4
@po’ = oyt g

2.
1+ (ﬁ) + oy
@y
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v =Ly L, 7,
2
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This instability is largely confined to flight conditions at negative incidence «, of the principal
inertia axis. The critical values of («yv) below which autorotational rolling can occur can be deduced
from equation (39) and are plotted in Fig. 18 against the relevant parameters. For a more thorough
treatment of this effect reference is made to Ref. 4.

3. Response Computations. The study of stability at constant values of p is of great value for the
understanding of the phenomena induced by the gyroscopic aircraft moment. For an assessment of
the severity of these phenomena during actual flight manoeuvres, however, the peak excursion in
incidence and sideslip must be obtained from fully-computed aircraft responses. A large number of
such computations covering a large range of aircraft parameters and rolling manoeuvres was carried
out on GEPUS, an analogue computor in the R.A.E. with the aim of obtaining generalized design
data.

3.1. The Equations of Motion. Retaining only major terms the simulator was set up to represent
equations (19 to 22) in the form

— 7+ F)Aa — DB = — F(t)y, (40)

g— F) — DAx =0 (41)

(e b oo
(%)25_% (%) r= 2 ﬁF(t)q Dr = —g—;’oF(t). (43)

This is a system of linear differential equations with variable coefficients according to the assumed
time history in roll as defined by the function F(£) = py(#)/p,. The terms on the right-hand side of
equations (40) and (43) represent the forcing functions, both being proportional to the roll-manoeuvre
function F(#). The response of the aircraft to these two inputs can be linearly superimposed from two
separately-computed solutions to the forcing functions oy F(z) and (N, Cpo)E(2), e.g.,

Aa(f) = Acy(2) + Aay(?) (44
It is, however, not possible to add peak values of «; and «, as they will generally not occur at the
same instant.

It was originally intended to compute aircraft responses to both inputs. However, after computation
of the much more important contribution due to the term F(£)ay, the simulator was no longer available
for this work and the contributions of the secondary effect of N, had to be neglected. Should there
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be evidence of a need for considering an N,, contribution, the computations may be resumed at
some later date and compiled into a series of charts complementary to those given in the present
report.

3.2. The Scope of the Computations on GEPUS. Neglecting N, equations (41 to 43) are
determined by the parameters:

w w A
4 4 F
.(Po) , ( 0) » %0r By B and £() ‘ : (45)

and by the constant «, to which the solution will be proportional.
The problem of obtaining design data from a systematic series of computations is now resolved into

(1) the choice of a réadily—computed and fully-representative type of rolling manoeuvre, i.e., of a
family of functions F(#), which can be expressed by not more than two parameters

(ii) the computation of the aircraft response to these rolling manoeuvres F(z) for a representation
range of the aircraft parameters, equation (45)

(iii) extracting peak values of Ax and f as the structurally most significant data from these responses
and finally compiling these into a manageable number of charts.

3.3. Choice of a Standard Rolling Manoeuvre F(t). Flight experience and theoretical work in
Ref. 4 has shown that the peak loads experienced by an aircraft during rolling manoeuvres vary
substantially with both the duration of the manoeuvre and with the manner in which rolling is
initiated and terminated. A realistic estimate of the manoeuvring loads on an aircraft subject to
inertia cross coupling must therefore take into consideration not only the potential steady-rolling
performance but also representative—and of course—critical time histories of control application,
or as this has been shown to be an adequate substitute, of rate of roll. The steady rate of roll py,
which in a dynamic manoeuvre may be a fictitious value never actually reached before the roll is
terminated, is contained in our non-dimensionalized treatment {equations (40 to 43)} in the
parameters (wy/py) and (wy/p,). The dynamic characteristics of the manoeuvre is then defined by
the function p(¢)/p, = F(#). F(t) is a non-dimensional function, defining the way in which a roll is
executed but not the actual level of rate of roll. Fixing both frequency parameters w/p, and F(¢) will
then completely define the manoeuvre. The problem of presenting generally-applicable design data
resolves now into two tasks.

(i) 2 manoeuvre function F(#) must be found which is representative of all practical rolling
manoeuvres, and which at the same time is defined by not more than 2 independent parameters,
so as to keep the volume of computing to a reasonable level.

(i) the parameters defining this idealized manoeuvre function F(¢) must be related to the aero-
dynamic and dynamic characteristics of a given aircraft, so as to enable the designer to select the
manoeuvre function F() appropriate to his design.

3.3.1. The roll-manoeuvre function F(¢). Inspection of a large number of flight records of p(z)
has shown that practically all rolling manoeuvres involving no actual roll reversal—as distinct from
bank reversal, which is represented—can be closely fitted to the family of functions illustrated in
Fig. 19. This manoeuvre function F(#) is generated by two exponentials, an asymptotic rise towards
a steady value (i.e., towards steady rate of roll p) followed at a specified instant #, by an exponential
decay towards zero rate of roll. Both the rise and the decay are governed by the same time constant £,,.

9



Introducing non-dimensionalized time (#p,) it is now apparent that this manoeuvre function
F(tp,) which shall henceforth be referred to as the ‘standard manoeuvre’ is fully defined by two
independent parameters

(¢pP0), the non-dimensionalized response "cime constant
(t1P0), the non-dimensionalized duration. '

Integrating the response function

f F(tpo)d(tpy) = f 2 (opoar - j :p(t)dt — A (46)

gives the ‘manoeuvre bank angle’ A¢, i.e., the total bank-angle change during the manoeuvre.
When applied to the ‘standard manoeuvre’ (see Fig. 20).

Fltp) = 1 —exp | — (%) for0 < ¢ < “7)
»
F(tp,) = [1 — exp ; - (-tt—l) } exp § - (ﬂ’%%@) fort > 1 (48)
we get v P :
J‘o F(tpo)d(tpo) = t1po = A, (49)

i.e., the non-dimensionalized duration parameter (#,p,) is identical to the manoeuvre bank angle Ad
and thus a most useful parameter describing a roll manoceuvre. Having established a standard
manoeuvre upon which the computation of aircraft responses can be based, it is now necessary to
correlate the parameters describing this response function to the appropriate response characteristics
of the aircraft.

3.3.2. Aircraft response involl. It is apparent that the rolling manoeuvre adopted as the ‘standard
manoeuvre’ in this report is the response of an aircraft with freedom in roll only to a square-top
function application of aileron as illustrated in Fig. 21. In this case the time constant of the aircraft
response is of course given by the roll subsidence root, which is obtained from Ref. 7 as
WIS I iy

o 1,252
where &, is the aileron angle applied. ¢£ is the ‘natural aircraft time constant’. This need not
necessarily be representative of the actual roll response achieved by a pilot controlling the aircraft.
There are two effects which may cause a pilot to depart from the execution of a pure step-function

tepo = |13-05¢, (50)

type of control application. Firstly the reaction forces in the aileron circuit (aerodynamic—or spring
feel, inertia, friction etc.) will slow his stick movement down and as a consequence the resulting
response of the aircraft in roll. This effect will be particularly noticeable, if the ‘natural’ aircraft
response is very fast, say if #£ < 0-5 sec. On the other hand it is known that pilots will speed up
an unsatisfactory slow rolling response by initially applying aileron in excess of the intended steady
value §,, provided, of course, the desired amount of excess aileron is physically available, i.e.,
& < Eyaxe Similar arguments will apply at the end of the manoeuvre. For simplicity it has been
assumed here that in fact the pilot will control the aircraft so that its response when building up
rate of roll and when terminating the roll is governed by the same time constant.

This ‘pilot modified time constant’ #, is now taken as the basis of our computed standard
manoeuvre, In Fig. 22 an attempt has been made to give a realistic relation between the natural
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aircraft time constant t; as determined by equation (50) and the actual roll-response time %, a pilot
can be assumed to achieve with this aircraft. The two basic assumptions used in the construction of
this graph are:

(1) The pilot will need approximately 0-2 sec to move the stick to the final position corresponding
to &. This will give a minimum for the response time ¢, of approximately 0-15 sec if the aircraft
response were instantaneous, i.e., i =0

(ii) The pilot will try to control the aircraft so as to keep the effective response time below 1-8 sec.

The full line in the graph Fig. 22 is simply obtained by fairing between these two conditions.
The amount of excess aileron required to achieve the assumed improved aircraft response when
ty > 0-5 has been calculated and plotted against 7 in Fig. 23. For conditions where only a fraction
or none of this excess control is available the corresponding achievable values of t, are given as
dotted lines in Fig. 22.

Finally it should be noted that the shortest possible response time ¢, should always be selected
as this will inevitably produce the most violent aircraft reaction to inertia cross coupling. This is
well illustrated by the example of computed values of peak sideslip angles to a rolling manoeuvre
with various response time constants £, in Fig. 24.

3.4:" Rolling Pull-Out. 'The most severe manoeuvre when considering inertia cross coupling will
frequently be the rolling pull-out. It is obviously very desirable to cover this case in an assessment of
the extreme loading conditions. For high-speed aircraft the rates of pitch achieved in even a sharp
pull-out are Quite negligible when compared with the pitching velocities occurring during inertia
cross-coupled rolling. Consequently it seems justifiable to neglect this rate of pitch in a computation
and the only remaining parameter which is significantly affected by the pull-out will be the increased
incidence o, corresponding to the ‘g’ applied. If this incidence a, is put on in the rolling pull-out
manoeuvre before the pilot applies aileron, the ‘standard manoeuvre’ considered in this Report
is fully representative, provided the value of «, chosen represents the incidence under ‘g’.

3.5. Bank Reversal. As the ‘standard manoeuvre’ does not contain a reversal of the rate of roll,
any manoeuvre demanding such a motion is not covered by the results given in this Report.

Rolling from a given steady bank angle to a steady bank in the opposite direction can, however,
be considered as equivalent to a rolling pull-out, if one assumes that the pilot maintains initial ‘g’
throughout the manoeuvre. This manoeuvre is thus covered by the computations based on the
standard manoeuvre.

3.6. Computation of Aircraft Response to Standard Rolling Manoeuvre. Neglecting N, and N,

the response of this aircraft to a given roll manoeuvre F() is described by equations (40 to 43) which
can be divided through by «, and are thus reduced to

- + F(tpo) — -D ﬁo = — F(tpo) (51)

o% ~ Fapy) . ﬁ - A_ 0 (52)
(2B -pE oo
R TR = AT
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As the only significant results, Aa/o, and Bfag, have been recorded for the full range of the aircraft
parameters, i.e., for all combinations of

2
(fg> = 0'25; 05) 1.07 1.55 2) 4’ 8’ 16

by

(‘ﬂ) ~ 0-25,0-5,1-0,1-5,2, 4, 8, 16

20

{50 = 0‘2} representing {85 - 2'0} representing

8, = 0-1) poor damping 8, = 05 good damping
203,10

and for the roll manoeuvres defined by
(t,p9) = 0-1,0-5,2:0

over the range of A¢ from 0 to 10 radians, i.c., to approximately 570°. It should be emphasized
again that A¢ is the total change of bank angle for the manoeuvre considered.

From each of these records of (Aajoy)(#) and (B/xg)(2), of which a typical example is given in
Fig. 25, the maxima of both variables, (Aafag)yrax and (B/ay)yax have been computed and have then
been plotted against the manoeuvre bank angle A¢ {equation (49)} for each of the recorded
conditions. It was found that these graphs of (Aa/oy)yax = f(Ad) and (Blog)yax = f(Ad) can be
separated into four distinct types, which are associated systematically with the four stability
quadrants in the applicable stability diagrams Figs. 7 to 9. These types are illustrated in Fig. 26
and their association with the quadrants in the (ws/p,)® — (wy/p,)? plane is shown in Fig. 27. As
there were 2204 such diagrams computed, the data contained in them had again to be concentrated
into a more presentable form.

3.7. Relationships between Peak Values of Ax and B and Manoeuvre Bank Angle Ad. Examination
of the four types of curves (Acfoy)yax and (B/ag)yax as functions of A¢ as shown in Fig. 26 reveals
some prominent features which lead to further simplification. 4

Type [A] occurs in the stable quadrants. Prolonged rolling does not lead to progressively
increasing peak loads, as the motion is inherently stable. This does not mean, however, that the
peak loads occurring in this condition might not be excessive, as indeed they very often are.

For the purpose of presenting the essential information from these graphs it is sufficient to give
the ceiling values of (Aa/ag)yax 0F (B/og)yax, to indicate the absolute maximum that can occur for
any rolling manoeuvre in this flight condition. For banking manoeuvres through smaller bank
angles A it is further necessary to give the initial slope of the peak values (Ax/aglyax OF (B/og)nax

with Ad, i.e., R
/(%) e
% )

In the actual presentation of the data the suffix < has been dropped as only maximum values will
be discussed. From those data, i.e., ceiling value and initial slope, the essential features of the
original graph (Aajay) = f(A¢) can be reconstructed, i.e., the peak values of incidence and sideslip
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for any of the banking manoeuvres considered can be approximately computed. The same procedure
has been applied to the other three types of peak-amplitude graphs.

Type [B] always occurs in that unstable quadrant in which the divergence is predominantly in the
freedom (incidence or sideslip) which is associated with a corresponding lack in static stability
(m,, or n, respectively), see Fig. 27. This type of diagram is defined, as shown in Fig. 29, by three
quantities, the initial slope, the final slope and the intersection of the final slope with the abscissa,
i.e., by the ‘critical bank angle’ ¢,. There is a further feature which allows further simplification
of the presentation of the final slope values. When the final slopes for the peak-load diagrams for
the three computed values of (¢, p,) are compared they are practically identical, so that one common
value of {d(Aafoy)/dd}rrnar, and {d(Blxy)/dd)prnar, need only be given for all the complete range of
roll-response constants (£, p,) .

Type [C] occurs at all points along the stability boundaries and is indicative of the neutrally stable
state of the aircraft motion in this configuration. This diagram is fully represented by a slope only.

Finally type [D] occurs throughout in that unstable quadrant in which the divergence is due to
insufficient static stability in the freedom not associated with the variable in question, ie., low
7, ot wy, for Aa and low m,, or w, for B, see Fig. 27. The peak loads contained in this type of diagram
are essentially small when compared with the corresponding values in the other freedom, i.e.,
Aa <€ B or vice versa. Thus it was considered sufficient to give only an approximate mean slope
through the curve, as they are not likely to constitute a severe design case.

The technique outlined above whereby peak-amplitude data are related to the quadrants of the
stability diagram is summarized in Fig. 30 for both A« and 8.

3.8. Presentation of Peak-Amplitude Charts. For presentation of these data in design charts
they were finally entered numerically into a grid of points in the (wy/py)? — (wy/pg)? plane of a
stability diagram for the given values of the inertia ratio 4/B, the aircraft damping parameters 8, and
8, and the roll-response time constant (¢,p,). By graphically interpolating between the points
obtained, curves were drawn for constant values of all the relevant data, ceiling values, initial slopes,
final slopes and critical bank angles. Ax and § data are given in separate charts which are arranged in
pairs on opposite pages. Each group of charts, representing a given inertia ratio 4/B and a given
- combination of damping parameters 8, and 8, is preceded by a single chart for the final slopes for
both A« and B as applicable to this group in one common diagram. The charts are plotted against
logarithmic co-ordinates of (wy/py)? and (wy/pe)®. An index to the charts and an illustration of their
arrangement is given in Fig. 31.

4. The Use and Interpretation of the Peak-Amplitude Charts. 'This section will summarize the
previous text into the form of instructions for the determmatlon of design peak values of Ax and 8
in cross-coupled rolling manoeuvres.

(i) The frequencies of the basic aircraft oscillations in pitch and in yaw, w, and wy, must be first
obtained either from theoretical or tunnel data, of m,, and #n, and expressed in the form

and
b/2)12
ot = zc[ ifzi ' &

where g and uy, are sea-level values of u, and g,
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The conditions found not infrequently when either or both of the static stabilities are non-linear
is of course not covered in the present investigations. If the non-linearities are only slight, the use
of suitably chosen mean values might suffice, in more severe cases, such as with pronounced pitch
up, only detailed computations will give satisfactory results.

(ii) The damping of the two aircraft oscillations, 8, and 8, must then be determined. 8, being
essentially small is of relatively little importance to the present problem, so that an approximate
value is usually adequate, as given by the simple expression:

nr
— + Y
7 oV
S, = —0- e
y = — 0:2406 o WIS (57)
Similarly:
m
Eﬁ + Zw oV
8 = —0-2406 2 WIS (58)
Wy

In the charts two levels of aircraft damping have been considered:
poor damping with §, = 0-1 and 8, = 0-2
good damping with 8, = 05 and §, = 2-0.

(iii) The simplified stability diagram without considering damping and engine momentum can
now be established for the given inertia ratio 4/B with the two boundaries at (wy/py) = 1 and
(wylpo)? = (B—A)(B+A).

(iv) Obtain the maximum steady rolling velocities for each of the flight conditions considered and
compute the corresponding minimum values of the parameters (wy/po)irn and (wy/po)irn- The
range of rates of roll can now be represented in the stability diagrams by radial lines as in Fig. 8
starting from the point (wy/pe)? = (wp/Po)ix and (wy/po)? = (wy/Po)irrn- Now a rough assessment
of the most critical rolling velocity p, can be made by taking a point nearest to the centre of the
unstable region crossed by this line. More reliable answers will, of course, be obtained by inspecting
the appropriate peak-amplitude chart. Due to the logarithmic scales used for these charts the radial
lines representing variable rate of roll in the linear diagram, will now always be lines at 45° to the
axes. In order to facilitate the location of a given condition or of a range of rolling velocities for a
given flight condition, the nomogram given in Chart 43 can be cut out and used in conjunction with
the peak-amplitude charts.

(v) The effect of engine momentum should now be checked by applying the corresponding

corrections to the two frequency parameters:
2
and | (w—‘#) + Lo,

G
Po Bp, [\ po Cp,

taking whichever sign of p will give the more severe response.

(vi) Now the roll-response time constant must be established for each flight condition by
calculating first the ‘natural’ aircraft response time '

WS i,
= —13:05 5
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and correcting this value then for the effect of pilot’s control using Figs. 22 and 23 to obtain the
response time constant ¢, describing the actual roll manoeuvre. It is realized that in some extreme
cases the range of (2, p,) covered in the present results does not completely cover all possible control
manoeuvres, it will, however, be usually possible to extrapolate beyond the largest value of
(tpp0) = 2-0 presented.

(vii) The incidence of the principal inertia axis must now be determined for each of the flight
conditions, using the incidence under ‘g’ when rolling pull-outs or bank reversal are considered.

(viii) The peak-amplitude charts for the appropriate values of 4/B, §, and 8y, and (£,,p,) can now
be selected by referring to the index in Fig. 31. From these charts estimates of the peak values in
incidence and sideslip and their variations with the duration of the manoeuvre, i.e., the manoeuvre
bank angle A¢ can be read. This may be facilitated by using the nomograms given on Chart 43.
Thus by reference to the explanatory illustrations in Fig. 30 graphs of

Aayrax = f(Ad) and By = F(Ad)

can be drawn. The incidence A« is an incremental value and the actual peak aerodynamic incidence
must be computed as

ayax = Dayax + o + o,

where a,, is the wing incidence with respect to the principal inertia axis. If required the data may
be interpolated. ’

(ix) The graphs of ay,x (Ad) and B(A¢) will now permit the evaluation of peak amplitudes for a
given change of angle of bank manoeuvre through A¢ or alternatively determine manoeuvring
restrictions by limiting bank angle or rate of roll for structural integrity.

(x) Finally it is advisable to check for the possibility of autorotational rolling states using Fig. 18
and equation (39). This phenomenon is usually associated with a negative inclination of the principal
inertia axis.

(xi) The data presented in this report cover most of the practical rolling manoeuvres and also the
more important aircraft parameters. The results may therefore be taken as a guide for the assessment
of the severity of the cross-coupling phenomena for a given aircraft.

However there are two important omissions:

(i) Roll reversal is not considered. This manoeuvre should be expected to give loads in excess of
those obtained when rolling through a comparable bank angle in one direction only.

(if) The aerodynamic cross-derivatives #, (yawing due to roll) and n; (yawing due to aileron)
have been neglected. If any or both of these are large in relation to #,, they may notiéeably affect
the aircraft response in rolls. If the results obtained from the charts in this report give critical
loads it may be necessary to check these by more detailed calculations, i.e., by computing the
complete equations (1 to 6) or the simplified form in equations (8 to 11).

5. Conclusions. Based on a large number of analogue computations, charts are presented for the
evaluation of peak amplitudes in incidence and sideslip for most practical rolling manoceuvres
including rolling pull-outs and bank reversals, but excluding roll-reversal.

The charts cover a comprehensive range of the principal parameters governing the effects of
inertia cross coupling on the aircraft response. The derivatives #,, and n; are neglected, this may in
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some cases cause inaccuracies demanding more detailed calculations. The effect of the more important
parameters is analysed in the text and their influence may be summarized:

(i) An aircraft will develop large amplitudes in incidence and/or sideslip or it will actually become
divergent in these variables, if it is rolled with rates of roll at or near critical values. These critical

rates of roll are determined by the frequencies of the familiar lateral and longitudinal oscillations
of the aircraft.

(ii) Deficiencies in 7, will produce divergence predominantly in sideslip, marginal m,, will result
in a divergence predominantly in pitch.

(i) Aircraft damping will reduce the severity of the aircraft response.

(iv) Engine momentum will worsen the aircraft response slightly for rolling in a sense opposite
to the rotation of the engine and vice versa.

(v) Increasing inertia in roll in relation to inertia in pitch will reduce the possibility of a yawing
divergence, the pitch divergence for marginal m,, will, however, be unchanged.

(vi) The aircraft amplitudes and thus the loads will be proportional to the initial incidence of the
principal inertia axis. Considering rolling pull-outs and bank reversal manoeuvres the incidence

appropriate to the steady normal acceleration of the given manoeuvre must be taken and the response
will be correspondingly more severe.

(vii) The time lag of the aircraft rolling in response to aileron application has a considerable
influence on the magnitude of the peak amplitudes in sideslip and incidence, resulting from cross-
coupled rolling. The shorter the roll-response time lag, the more violent will be the aircraft motion
and as a consequence the resulting loads.
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LIST OF SYMBOLS

Inertia in roll

A
B Inertia in pitch
b Span
C Inertia in yaw
d .. .
D = Dot differential operator
0
o= f_, non-dimensional rolling rate
0
g Gravitational acceleration
. A L Lo
i, = B inertia coefficient in roll
. B . Ce
gt = -k inertia coefficient in pitch
. B . . N
B = inertia coefficient in pitch
Z ¢ inertia coefficient in yaw
C = AN
m(b|2)?
1, Inertia of engine rotor about rotor axis
K = w,, engine momentum (position for clockwise engine rotation) '
L Rolling moment
L = 2 aileron power
dL
L, = e damping in roll
dL . ‘ Co
L, = B’ rolling moment due to sideslip
dc,
dcC,
"
(2v)
dC;
b e
[ Tail arm; characteristic length in longitudinal stability
M Pitching moment
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LIST OF SYMBOLS—continued

amM . -
~—, static stability
doc

L—ic:;-«qw, damping in pitch

aM

da

dc . o1 .
% —doz”f , static-stability derivative

_L dC?}L

2 ]
gl
I

pitch-damping derivative

Yawing moment

d
——, weathercock stability

B

N . o
—~, damping in yaw

dr
dcC

7

ap

rb
Yov
Rate of roll (rad/sec)

, weathercock-stability derivative

, damping in yaw derivative

Steady rate of roll

E, non-dimensional rate of roll
0

Rate of pitch

g, non-dimensional rate of pitch
9o

Rate of yaw

7 . .
— , non-dimensional rate of yaw
0

Wing area

Period of the short-period longitudinal oscillation
Period of the lateral oscillation

Time

Duration of aileroﬁ application
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By

s o &

$r
Ad

LIST OF SYMBOLS—continued

Roll-manoeuvre time constant

Natural roll-response time constant

Side force
dY
B
dY

dr
ay

dp

ac, . o
1 ¥ side-force derivative

d
True speed (ft/sec)
Indicated speed (ft/sec)
Aircraft weight

Vertical force

iz
du
z
dq
dz
da

ac, , normal-force slope
do
Incidence

Trimmed incidence
Incremental incidence

Angle of sideslip

Log decrement of the short-period longitudinal oscillation

Log decrement of the lateral oscillation

Angle of yaw

Angle of pitch

Angle of bank

Critical angle of bank

Total bank-angle change in a rolling manoeuvre
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No.

1

o

o8

LIST OF SYMBOLS—continued

2
wy = %, frequency of short-period pitching oscillation
0
27 e
w, = -T;, frequency of lateral oscillation
w, Angular velocity of engine (positive clockwise)
¢ Aileron angle
£ Steady aileron angle
S
teg = 26-2 % , relative lateral density at sea level
w|S N .
pp = 13-10 T/ , relative longitudinal density at sea level
o = p/p, Relative density
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APPENDIX I
The Product Terms in the Euler Equations as Centrifugal Moments

The gyroscopic cross-coupling terms appear in the Euler equations in the form:

AM = pr(C— A) ’ 69

AN = pg(A—B) (60)
AL = gr(B-C) (61)

Their interpretation and thus the understanding of the resulting divergent flight conditions may be
assisted if they are reduced to readily-visualised physical terms.

Taking equation (61) for the pitching moment as an example, it can be seen from Fig. 3 that the
two simultaneous angular velocities p and » add up vectorially to a resultant angular velocity

Q. = V(p*+1%) (62)

the axis of which is inclined to the principal inertia axis of the aircraft at an angle ¢ defined by
¥
tane = — ' ' 63
5 (63)

For simplicity, the inertias of the aircraft are represented by two pairs of identical masses so that
inertia in yaw ’
C = 2myx,? (64)
and inertia in roll

A = 2myxs? : (65)

It is now readily seen that rotating the aircraft about the axis of the Q-vector will release
centrifugal forces in the sense that the pair of m; masses produces a positive (nose up) pitching
moment and the m,-pair, i.e., the contributions to inertia in roll, a negative (nose down) pitching
moment, if both the rates of roll and yaw have identical signs. The reverse applies if the two rates
have opposite signs so that the angle ¢ = tan—! r/p becomes negative.

The centrifugal pitching moment is '

M= SFx cose + Y Fyx,sine (66)
with the centrifugal forces given as
F = m(xsin e—2cos )22 ‘ (67)
M = Q2 {Tmx,? — Timgx,2}sinecose
using equations (64), (66) and (67)

M = p? %1 + (%)2 tanecos?e{C — A}

and with equation (65)
M = pr{C — A}.

The gyroscopic Eulerian term equation (59) is thus explained as the action of centrifugal forces
acting on the body spinning about an axis not coincident with one of its principal axes.
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The same phenomenon is illustrated in Fig. 4 for the yawing-moment term according to equation
(62).

The terms pa and pp are simply kinematic relations as illustrated in Figs. 5 and 6. In both Figures
the aircraft is assumed to perform pure rolling about its body axis. If the aircraft motion starts with
an initial incidence «, positive sideslip will develop so that after rolling through 90° this sideslip
will equal the initial incidence .

Similarly if the aircraft is initially under a sideslip B, negative incidence will develop so that after
rolling through 90° incidence will be « = — f,.

APPENDIX II
Physical Explanation of the Divergencies Due to Rolling

Based on the physical concepts of the product terms affecting the motion of a rolling aircraft as

derived in Appendix I, the phenomena leading to divergencies in pitch and yaw can now readily be
visualized.

(@) The stable region near the origin of the wy-w,~graph corresponding to very high rates of roll
and vanishing static stabilities, i.e., very small values of w; and w. If an aircraft rolls around its
principal inertia axis with a steady rate pq, as illustrated in Fig. 10 and this axis is initially inclined
to the flight paths it will experience a periodic variation of incidence and sideslip. If the aerodynamic
restoring moments ,, and 7, are vanishingly small, this motion goes on undisturbed—the condition
is stable. The principal inertia axis will retain its attitude in space.

(b) Divergence in pitch of a rolling aircraft with low m,, and large #,.

Assuming the aircraft again rolls with p, about its principal inertia axis, which is initially at an
incidence o with respect to the flight paths. (Fig. 11. I.) Due to the kinematic relation

pu =

sideslip tends to develop as shown by the dotted condition in Fig. 11. ITa. If however directional
stability 7, is assumed to be very large, this will be suppressed and the aircraft is forced back to

line up directionally with the flight path. This imposes a yawing motion into the alrcraft which is
equal to the ,8 it is suppressing, i.e.,

¥ = pu. | (68)

This rate of yaw will combine with rate of roll to a resultant angular velocity Q, which is aligned
with the flight path. As a consequence the centrifugal forces as shown in Fig. 11. IIb will produce
a pitching moment

My = pr(C—A4) ~ prB = p2aB. (69)
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If this pitching moment is greater than the aerodynamic restoring moment

My = oM

o

(70)

holding the aircraft at this incidence, the incidence will increase and so on ad ¢nfinitum. The motion
is thus unstable if

MG > - MR:
ie., if | X
. Ma
Pz > — -‘B— = w02. (71)

(¢) A similar process is responsible for the divergence in yaw for aircraft with small #, and large
wm,, (Fig. 12). The aircraft rolls with an initial disturbance in sideslip 8 which gives kinematically

M=
and if m,, is large enough to suppress this build up in «
=g (72)
If the gyroscopic yawing moment )
Ng = pg(4—B) = p°R(4A~ B) . (73)

is larger than the directional restoring moment

sideslip will increase progressively. Thus the motion is unstable if

Ng > — Np
or
N ‘N, C
2 _ s _ A
Pr-g- T teoE-a
ie., if
- C
P>l gy

If inertia in roll 4 > B, this type of instability will not occur for even very low values of wy,
as is illustrated in Fig. 13,
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F1c. 1. System of axes used in the analysis,

FLIGHT PATH

Fic. 2. Definitions of incidences,

g = Initial trimmed Incidence of
a = Instantaneous | principal inertia
A« = Incremental axis.

Fie. 3. 'The gyroscopic product terms as centrifugal
moments. Pitching moment, M = pr(C— 4).

F1G. 4. 'The gyroscopic yawing
moment, N = pg(4—B).



4

p e it
FLIGHT PATH

F16. 5. The effect of the kinematic term po = 5 on
the build up of sideslip when rolling about the body
axis at an incidence to the flight path.

Fic. 6. The effect of the kinematic term pB = — &
on the build up of negative incidence when rolling
about the body axis at an angle of sideslip £ to the

flight path.
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CHART 9. Ceiling values, and initial slopes with A¢, of incidence peak
values, Aoprax, and critical bank angle for pitch divergence, ¢p. A/B = 0,
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42



§=0 {tpboy =01  GOOD DAMPING
20 7 17 ] {
/ [ 1T 11 \
N4 RN W] \

. i1 \ |

/ ! v \ /

/

; FHITA

w D
~
\\

\\\
//

| 5 ani / e '@\
ue 2 4 , . )6.
{E} «\;%,}/ / \‘ \ \& & T RN
1/

/
02 [yt 004 06 08 1D
Po ‘

Cuarr 10. Ceiling values, and initial slopes with A¢, of sideslip peak
values, Byrax, and critical bank angle for yaw divergence, ¢y A/B = 0,
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Cuart 11.  Ceiling values, and initial slopes with Ad, of incidence peak
values, Aoy ax, and critical bank angle for pitch divergence, ¢p. 4/B = 0,
{t,po} = 05,8, = 2:0, §, = 0-5.
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Cuarr 12.  Ceiling values, and initial slopes with A¢, of sideslip peak

values, Barax, and critical bank angle for yaw dlvergence ¢p. A|B =0,
{tppo} = 0-5, 85 = 2:0, 5, = 05.
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CHART 14. Ceiling values, and initial slopes of sideslip peak values,
Bumax, and critical bank angle of yaw d1vergence ¢y AJB =0,
. {tppo} = 2:0, 85 = 2-0, 3, = 0
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Crarr 16.  Ceiling values, and initial slopes with A¢, of incidence peak
values, Aaprax, and critical bank angle for pitch divergence; ¢p. A/B = §,
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Cuarr 18.  Ceiling values, and initial slopes with A¢, of incidence peak
values, Aogyax, and critical bank angle for pitch divergence, ¢p. A/B = 4,
{tppo} = 05,8, =025, =0-1.
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Cuart 19.  Ceiling values, and initial slopes of sideslip peak values
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Cuarr 20. Ceiling values, and initial slopes of incidence peak values
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Cuart 21.  Ceiling values, and initial slopes of 'sideslip peak values,
Buax, and critical bank angle for yaw divergence, ¢p. A|B =13,
{tppo} = 2:0, 8 =0-2, 8, = 0-1.
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{tppo} = 0-1, 89 = 2-0, 85” = (-5,
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Ceiling values, and initial slopes with A¢, of incidence peak
values, Aagrax, and critical bank angle for pitch divergence, ¢p. A/B = 1,
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Cuart 24. Ceiling values, and initial slopes with A¢, of sideslip peak
values, Byax, and critical bank angle for divergence, bp. AIB =14,
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CHart 25. Ceiling values, and initiai slopes with A¢, of incidence peak
values, Acyrax, and critical bank angle for pitch divergence, ¢p. A|B = L,
{tpbe} = 05, 85 = 20, 8, = 0-5,
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CHart 27.  Ceiling values, and initial slopes with A¢, of incidence peak
values, Aoy ax, and critical bank angle for pitch divergence, ¢p. A/B = 1,
{tppo} = 20,8, = 2:0, 8, = 0-5.
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Cuart 28. Ceiling values, and initial slopes with Ad, of sideslip peak
values, Byrax, and critical bank angle for yaw divergence, ¢, A/B = 4,
{tpp()} = 2.0) 80 = 2'0, 8,# = 0-5.
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Cuarr 30.  Ceiling values, and initial slopes with A¢, of incidence peak
values, Aoy o x, and critical bank angle of pitch divergence, ¢ A/B = 1-0,
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Cuarr 32, Ceiling values, and initial slopes with A¢, of incidence peak
values, Acprax, and critical bank angles of pitch divergence. 4/B = 1-0,
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Cuart 33.  Ceiling values, and initial slopes with A¢, of sideslip peak
values, BDIIAX‘ A/B = 10, {tpp()} = 05, 86 = 02, 8!0 = 0-1.
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Cuart 34. Ceiling values, and initial slopes with Ad, of incidence peak
values, Aoy 4 x, and critical bank angle of pitch divergence, ¢y 4/B = 1-0,

{tppoy =2:0,8,=102,0,=0-1.
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CHART 35. Ceiling values, and initial slopes with A¢, of sideslip peak
values, Byax. 4/B = 1-0, {t,po} = 20, 8, =02, 8, = 0-1.

71



(85544)

& <10 good DAMP\NQ{

$e= 2:0
Sy =05

APPLIES TO ALL VALUES OF {£p Po}

20
10
8
e FINAL SLOPE .OF
A o) -
(V'\o)wxx JC @ ¢>
4
2
-0 -
0-8 vol 1T — ]
/ 5 // = —
06 1>
L~ /
7 S /
0-4 7
/ . //—
7
-2 o4 2 4 ] 6 10

o6 08 IO

(et

Cuarr 36. Final slopes of Aayax with manoeuvre bank angle, Ad.
: A|B = 1-0, good damping.

73

E*



£ -0 {tpPu} = 0l GOOD DAMPING
20T, X
A N\ ||
I N N P i T
I. \ >\ 02 I—
10 \ \\\ - ﬁ/ /____________ ety
8 \ O/\ ] PRV ‘/ﬂa B
\ T 1
6 —1 | 7 -
-} /“/ 7
| AT
4 \ I o T B B il
~=ct ]+
(] : -
{E} /// v O LA - ]
Y Pt / L
2 — \(5 —,_)Ji v
\0'3‘ 1 2 e A
== 2,9/ ____v/ e
=T L P ~
e =
1o e -~ L s L —
N d - l
0-8 : T =
INCT |y 1L
06 a0 d @ =
A o} © -
(4 AR A
N Pe
04 / 0/-0 ~
/ / Ve 1
/ / ///
v . 1
N‘?/
/ A
0-2 o4 06 0810 2 {w“’r 4 6 8 10 16
Fo
1-0
VoL / %
0'8 7
[ ) / o
06l—w LA pd
&) / e
Po & b‘/ /
0-4/ Q’:’ / ,5/// /
/./ Z
o-zl 0-4 o6 08 I-0 2 {w 2 4 6 8 10 16
v
)

Cuarr 37. Ceiling values, and initial slopes with A¢, of incidence peak
values, Aayrax, and critical bank angle of pitch divergence, ¢p. A/B = 1-0,
{tppo} = 01, 85 = 2:0, 5, = 0-5.
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Cuarr 38. Ceiling values, and initial slopes with Ad, of sideslip peak
values, Byax. A/B = 1-0, {t,p} = 0-1, §, = 2-0, 8},, =0-5.
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CHarT 39.  Ceiling values, and initial slopes with A¢, of incidence peak
values, Aoyax, and critical bank angles for pitch divergence, .
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Cuart 40. Ceiling values, and initial slopes with Ag, of sideslip peak
values, fyax, 4/B = 1-0, {t,po} = 0-5, 85 = 2-0, 3, = 0-5.
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Cuart 41.  Ceiling values, and initial slopes with A¢, of incidence peak
values, Aayrax, and critical bank angle for pitch divergence, g

AIB =10, {t,pp} = 2:0, 8, = 2:0, 8, = 0-5.
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CHART 42. Ceiling values, and initial slopes with Ad, of sideslip peak
values, Byax- 4/B = 1:0, {t,pe} = 2:0, 35 = 2:0, 5, = 0-5.
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