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An in-flight investigation in a variable stability airplane has shown that some degree of
spiral stability is desirable in cruising flight and that not all aspects of a stable spiral are neces-
sarily good. The amount of spiral stability needed and the acceptability of the handling
qualities are a function of roll damping, roll-to-sideslip ratio, and aileron friction characteris-
tics. A basic configuration representative of a high altitude, high speed, executive jet air-
plane was selected. The Dutch roll frequency and damping ratio and longitudinal handling
qualities were held constant. Two values of roll-mode time constant and roll-to-sideslip
ratio were evaluated for a large variation in spiral characteristics. In addition, a subset of
configurations was evaluated with aileron friction. The vehicle used was the USAF/CAL
variable stability T-33 airplane equipped with a wheel controller. Both VFR and IFR condi-
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tions were investigated.

Nomenclature
Fiw = aileron wheel force, b
g = acceleration of gravity, ft/sec?
I, = moment of inertia about z axis, ft-Ib sec?
I, = moment of inertia about y axis, ft-lb sec?
I, = moment of inertia about z axis, ft-Ib sec?
I.. = product of inertia, ft-1b sec?
kts = knots
L = rolling moment, ft-1b
Lg = (1/1;)(0L/3B), sec™®
Lse = (1/1:)(0L/d5s), sec™?
Lsaw = (1/I.)(OL/084w), sec™2 in.~1
Lsgp = (1/I.Y(QL/0bgrp), sec™2 in.~1
L, = (1/1;)(L/dp), sec™!
L, = (1/I,}(0L/or), sec™?
Ly = (1/1.)(OL/d¢), sec™?
Ly’ = [1 - (I:cz2/Ia:Iz)] “L; + (I.‘EZ/I:G)Ni]yi = B,8q,04w,
3e,0mP,P)139
N = yawing moment, ft-lb
Ng = (1/I.)(ON/2B), sec™?
Nsaw = (1/I.)(ON/0d4w), sec™2 in. 1
Nsgp = (1/I.)(ON /d8gp), sec~2in.1
N, = (1/I.)(d0N/op), sec™!
N, = (1/I.)(ON /or), sec™*
N = [1 = (Ie?/LL)] XN; + (Teo/I2) L), ¢ = By8a,04w,81,
SRP;pyr

Ny = side force acceleration, g units
Ny = normal acceleration, g units
P = roll rate, rad/sec or deg/sec
PR = pilot rating
R/C = rate of climb
RMI = radio magnetic indicator
r = yaw rate
Tys = time to one half amplitude, sec
T, = time to double amplitude, sec
v = true velocity, fps
Y = side force, 1b
Yg = (1/mV)(QY/0B), sec™!
Ysaw = (1/mV)(QY /0baw), sec™!in.~?
Yspp = (1/mV)(0Y /0rp), sec™t in. ™1

» = (1/mV)(0Y/0p), rad™?
Y, = (1/mV)(dY /or), rad 1
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angle of attack, rad

a =

8 = angle of sideslip, rad or deg

8o = aileron deflection, rad

a, = aileron command, rad

¢{sp = longitudinal short-period damping ratio

¢a = Dutch roll damping ratio ,

9 = pitch angle from trimmed level flight

Te = K&a/p/Kh/d)

TR = roll mode time constant, sec

T8 = spiral mode time constant, sec

¢ = bank angle, rad or deg

|¢/8la = magnitude of roll-to-sideslip ratio in the Dutch roll
mode

¥ = heading angle, deg

wg = Dutch roll undamped natural frequency, rad/sec

wgp = longitudinal short-period undamped natural frequency,

rad/sec

Introduction

N recent years, we have witnessed a tremendous change in
both the physical characteristics and operational use of
military, transport and general-aviation aireraft. In the latter
category, the increased power available from light weight
engines has led to the development of faster airplanes with
heavier wing loadings. A review of the existing handling
qualities of this present generation of airplanes indicated that
the flying qualities have not kept pace with their perform-
ance developments.

In particular, the advent of the executive jet transport, as a
replacement for the original piston powered fleet of executive
airplanes, has brought with it a number of handling qualities
problems. Their high-altitude, high-speed capabilities have
greatly magnified the consequences of these problems. These
consequences, namely loss of control, jet upsets or Mach tucks
have been the cause of many incidents and accidents. A “jet
upset” is aptly described as an inadvertent dive, character-
ized by very large excursions in altitude and airspeed from
the normal cruise condition.! The Federal Aviation Ad-
ministration, concerned with the seriousness of this problem,
initiated a number of programs to determine possible factors
that may contribute to its cause. These studies and other
related research?~® pointed out, among numerous other
factors, that lateral-directional handling qualities could in-
fluence the susceptibility of an airplane to a jet upset.

To this end, a flight test investigation was conducted to de-
termine the effect of variations in the important bank angle
control parameters on the cruise flight handling qualities for
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Fig.1 Aileron wheel characteristics investigated.

an airplane representative of a high performance executive
jet transport. Through an understanding of the effects of the
important bank angle control parameters, it should be possible
to determine how they affect the susceptibility of these air-
planes to an upset/overspeed condition.

Specifically, the effects of the spiral mode, roll mode, roli-
to-sideslip ratio and some of the interaction effects of the
aileron wheel characteristics were examined for a representa-
tive executive jet transport. Briefly, the spiral mode deter-
mines the tendency of the airplane to remain at, right itself
or diverge from an initial bank angle displacement. The roll
mode is descriptive of the way in which the roll rate builds up
following an external or control input and is usually a short-
term response. The roll-to-sideslip ratio determines how
much rolling motion is associated with a sideslip disturbance
in the Dutch roll mode.

The longitudinal characteristics were held constant so that
the evaluations of the bank angle control parameters would
not be influenced by varying longitudinal handling qualities.

Flight Test Program

A comprehensive review and analysis of the characteristics
of the modern subsonic executive jet, with particular emphasis
on those characteristics which affect bank angle control, were
made. Based on the results of this study and related flight
research accomplished previously, the flight test program dis-
cussed below and the evaluation matrix shown in Table 1
were designed.

It was immediately obvious that spiral stability was im-
portant. All of the executive jets for which numerical data
were available were found to possess some degree of spiral
instability in cruising flight. The spiral mode has probably
received less attention in past handling qualities research than
most of the other bank angle control parameters. This has re-
sulted primarily from the concept that the spiral mode is
usually a very slow divergence which is easily controlled and
therefore unimportant to the pilot. Now that airplanes are
operating closer to their eritical Mach number, the conse-
quences of a spiral divergence are much greater. A spiral dive
can directly establish the conditions for an upset or overspeed

Fig. 2 USAF/CAL variable stability T-33 airplane.
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Table 1 Evaluation configuration matrix

Dutch roll — wg = 1.9 rad/sec, {4 = 0.05
Longitudinal — wsp = 2.8 rad/sec, {sp = 0.36
Friction — No Yes
——
l6/8la — 1.7 3.0 1.7
TR — 0.55 1.5 0.55 1.5 0.55
- _ As A A
73 = —6 sec Be B
s = —17 sec % % A A A
75 = —29 sec B B
ro = — o A A A A
5 B B B B
g = 14 sec ﬁ A A
- A A A A
s = b sec B B B B

¢ A = pilot A, B = pilot B.

condition. Consequently the spiral mode was chosen as a
primary parameter for this investigation.

Just as the spiral mode strongly affects the long term bank
angle control, the roll mode equally affects the short term
bank angle control. With the trend toward wet wings and tip
tanks, it is anticipated that low roll damping will be a char-
acteristic that will be found in many of the newer executive
jets. Since the roll mode time constant directly affects both
the short-term and long-term bank angle control task, it is
necessary to include it in this investigation.

The airplane response to turbulence is listed as a contribut-
ing factor in the jet upset problem. The magnitudes of the
roll-to-sideslip ratio and the Dutch roll frequency and damp-
ing ratio strongly affect the susceptibility of a particular air-
plane to turbulence in the lateral-directional modes. Two
values of roll-to-sideslip ratio were investigated. Most of the
airplanes for which numerical data were available had damp-
ing ratios of 59, or less, thus, this value was selected. A
representative Dutch roll frequency was selected and held
essentially constant throughout the evaluation program.

Aileron friction was found to be present in some form in all
of the airplanes studied. About half of the airplanes had
sufficiently high friction in the aileron system to produce a
band of low lateral centering. The sets of aileron wheel
characteristics shown in Fig. 1 were investigated with the
major emphasis on the no friction configurations.

Equipment

The evaluations were performed in the USAF/CAL vari-
able stability T-33 airplane shown in Fig. 2. To more closely
represent the executive jet transport, the variable stability
T-33 was further modified to include a wheel controller for
the evaluation pilot. The evaluation pilot’s cockpit is shown
in Fig. 3.

A variable stability airplane is one in which the stability
and control characteristics of the basic airplane can be
altered. Briefly, the system operator in the rear cockpit, who
also serves as safety pilot, may vary the handling characteris-
ties about all three axes by changing the settings of response
feedback gain controls located on his right hand console.
Since the evaluation pilot is only connected electrically to the
control surface servos, he does not feel any of the control sur-
face motions due to the variable stability signals. The block
diagram shown in Fig. 4 illustrates the mechanism of the
in-flight simulation.

The variations in roll damping were primarily obtained
through changes in the rolling moment caused by roll rate de-
rivative L,’ and the changes in roll-to-sideslip ratio through
changes in the rolling moment caused by sideslip derivative
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Fig.3 Evaluation pilot’s cockpit in variable stability T-33.

Lg'. Variations in the spiral mode were obtained by the in-
troduction of the artificial stability derivative Ly’. A discus-
sion of the derivative Ly’ is included in Appendix I. In other
words, a rolling moment was produced as a function of bank
angle. The three-degree-of-freedom equations including the
artificial derivative L,’ are shown below:

Yo—8 Y.—1 (@/V)+ (¥, + S8
Ly L/ L¢'+ L8 — 8 r|=

Ny N/ — 8 NS &
~Youw —Yispp Suw
Loy’ L' | 327]
_NaAW, —NBRP
Evaluations

The various configurations were evaluated by two engineer-
ing test pilots. Since executive jet characteristics were being
simulated in a jet trainer, it was necessary to clearly define
the mission requirements before any meaningful evaluation
of the handling qualities could be accomplished. The air-
plane evaluated was considered to be a relatively high per-
formance executive jet operating in the high-altitude cruise
configuration. Although most of these airplanes have dual
controls, one constraint established was that the configura-
tions be evaluated as if they were being flown by a single
pilot. Emphasis was placed on both VFR and IFR operation
in both smooth and turbulent flight conditions.

As part of the evaluation, the pilot was asked to perform a
series of maneuvers normally required in the cruise mission.
The evaluation pilot was asked to make comments on a num-
ber of specific items for each configuration evaluated. These
comments were recorded in flight. In addition, the pilot was
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Fig. 4 Mechanism of in-flight simulation.

required to assign a pilot rating to each configuration. The
Cooper-Harper rating scale shown in Table 2 was used. The
pilot rating represents the pilot’s evaluation of the suitability
of the handling qualities for the cruise mission. Pilot comment
data were likewise considered primary data and played an
important part in the data analysis.

Summary of Results

The evaluation results for the high roll damping, low roll-
to-sideslip configurations are shown in Fig. 5. In general, the
pilots described the short-term bank angle control as excel-
lent, very predictable and precise. Neither pilot liked the
lightly damped Dutch roll which was easily excited in both
real turbulence and in the presence of the random noise dis-
turbances. With the good basic roll control characteristics,
the pilots found an unstable spiral as divergent as a time to
double amplitude of 13 sec to be acceptable and satisfactory.
The pilot ratings, however, indicate a rapid deterioration in
the handling qualities for unstable spirals with a time to
double amplitude of less than 20 sec. The major pilot com-
plaints for the unstable spiral mode were the poor unattended
operation of the airplane and the need for continuous pilot
attention to bank angle control. There is a wide range of
acceptable and satisfactory stable spiral values which do not
become unsatisfactory until a time to half amplitude of 2
sec. At this point, the pilots complain of the excessive aileron
forces required to hold a steady turn. In general, the pilots
expressed a high degree of confidence in the stable spiral con~
figurations.

Figure 6 shows the evaluation results for the low roll damp-
ing, low roll-to-sideslip configurations. This group of con-
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Fig. 5 Pilot rating data for the high roll damping, low
roll-to-sideslip configurations without aileron friction.
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Table2 Pilotratingscale
ACCEPTABLE SATISFACTORY Excellent, highly desirabie, Al
Meets all requirements Good, pleasant, well behaved. A2
May have deficiencies and expectations, good
which warrant improve- enough without improve- Fair. Some mildly unpleasant characteristics. Good
ment, but adequate ment. Clearly adequate enough for mission without improvement, A3
for mission. Pilot for mission
CONTROLLABLE compensation, if
required to achieve UNSATISFACTORY Some minor but annoying deficiencies. improvement A4
Capable of being acceptable performance, Reluctantly acceptable. is requested, Effect on performance is easily compen-
controiled or managed is feasible. -Deficiencies which sated for by pilot.
in context of mission warrant impro . Per-
with available pilot formance adequate for Moderately objectionable deficiencies. Improvement is
attention. mission with feasible needed. Reasonable performance requires considerable AS
pilot compensation. pilot compensation,
Very objectionable deficiencies. Major improvements A6
are rieeded. Requires best available pilot compensation
to achieve acceptable performance.
UNACCEPTABLE Major deficiencies which require mandatory improve- Uz
ment for acceptance, Controliable, Performance inade-
Deficiencies which quate for mission, or pilot compensation required for
require mandatory im- minimum acceptable performance in mission is too high.
provement, |nadequate
performance for Controllable with difficulty. Requires substantial piiot us
mission even with maxi- skiil and attention to retain control and continue mission,
mum feasible pilot
compensation. Marginally controllable in mission. Requires maximum U9
available pilot skill and attention to retain control.
UNCONTROLLABLE Uncontroilable in mission 10,
Control will be lost during some portion of the mission,

figurations was perhaps the most surprising and therefore the
most interesting. There was a strong preference for a moder-
ately stable spiral. The pilot ratings indicate a gradual im-
provement in handling qualities for an increase in stable spiral
up to a time to half amplitude of about 4 sec. This improve-
ment in the handling qualities is attributed to two factors:
first, the improvement in unattended operation and secondly,
the apparent change in the roll mode time constant resulting
from the increased spiral stability. In other words, the rapidly
convergent spiral mode makes it appear that the pilot has a
better short-term roll response because he is able to reach a
steady-state roll rate sooner. The degradation in pilot rating
below a time to half amplitude of 3 sec is again the result of
the increased aileron wheel forces required to hold a steady
turn.

Figure 7 shows the pilot rating data obtained for the high
roll damping, low roll-to-sideslip configurations with aileron
friction. The pilots found that precise bank angle control was
difficult and that there was a tendency to oscillate about a
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Fig.6 Pilot rating data for the low roll damping, low roll-
to-sideslip configurations without aileron friction.

given bank angle. Because of the difficulty in centering the
ailerons, trimming presented a problem and tended to mask
the effect of a slightly stable or unstable spiral. In general,
the aileron hysteresis caused the cruise flight characteristics to
be evaluated as unsatisfactory. An unstable spiral tends to be
accentuated by the aileron friction. A stable spiral does not
necessarily make the airplane better to fly, but it does set a
bound on the roll-off tendency. Thus, the consequences of a
mistrim are much less with the stable spiral.

The evaluation results for the high roll damping, high roll-
to-sideslip configurations are shown in Fig. 8. The major ob-
jection to these configurations was the large rolling response to
external disturbances. The large rolling moment tended to
excite the spiral mode making an unstable spiral quite objec-
tionable. Because of the excessive rolling response and the re-
quirement for continuous aileron inputs in turbulence, the
forces required to hold a steady turn became objectionable for
a moderately stable spiral value.

Figure 9 shows the evaluation results obtained for the low
roll damping, high roll-to-sideslip configurations. The large
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Fig. 7 Pilot rating data for the high roll damping, low
roll-to-sideslip configurations with aileron friction.
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rolling response to external disturbances, associated with the
high roll-to-sideslip ratio, are magnified by the low roll damp-
ing. Consequently, none of these configurations were very
good. The airplane is difficult to trim and very sensitive to
out-of-trim conditions. There is also a tendency to over-
control and set up bank angle oscillations during a tight track-
ing task.

In general, an unstable spiral increases the pilot attention
required for bank angle control and generally results in over-
controlling tendencies. The consequence is that airspeed
control is difficult and the trend is toward speeds higher than
the normal trim speed. Thus, a moderately unstable spiral
greatly increases the susceptibility of an airplane to a jet
upset or Mach tuck. On the other hand, a moderately stable
spiral usually resulted in speeds lower than the normal trim
speed. This is perhaps explained by observing that the pilot
will have to hold an elevator force which is a funection of bank
angle for turning flight. When the airplane tends to over-
bank beyond what the pilot expects, because of an unstable
spiral, the pilot will normally not be holding encugh elevator
force to keep the airplane from tending to pitch nose down.
The opposite is true with the stable spiral where the bank
angle tends toward wings level and the pilot will usually have
too much elevator force resultmg in an increase in pitch atti-
tude.

Low roll damping likewise increases the jet upset suscepti-
bility of the airplane but not to the same extent as a mod-
erately unstable spiral. . Again, with low roll damping, in-
creased attention to bank angle control is required. The air-
plane is sensitive to out-of-trim conditions and equally dif-
ficult to trim. The tendency is toward overcontrolling in
bank angle which leads to increased airspeeds.

An increase in roll-to-sideslip ratio only indirectly in-
fluences the tendency for a jet upset. In turbulence, it in-
creases the attention required for bank angle control and acts
as a triggering device for an unstable spiral. This was espe-
cially true for the low Dutch roll damping simulated in this ex-
periment.

The numerous aileron wheel inputs required when aileron
friction was present in the system caused many inadvertent
elevator inputs. The consequence was that pitch attitude and
airspeed control were poor. The poor trimmability and in-
creased attention required for bank angle control also in-
fluenced the pilot’s control of airspeed. Thus, the introduc-
tion of aileron friction does increase the susceptibility of the
airplane to a jet upset.

Conclusions

It was shown that the acceptabﬂity of the lateral-direc-
tional handling qualities for cruising flight are a function of
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Fig. 8 Pilot rating data for the high roll damping, high
roll-to-sideslip configurations without aileron friction.
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Fig. 9 Pilot rating data for the low roll damping, high
roll-to-sideslip configurations without 'aileron friction.

roll damping, spiral stability, roll-to-sideslip ratio and aileron
friction.

It was shown that some degree of spiral stability is desir-
able. However, the amount of spiral stability desired varies
as a function of the. other bank angle control parameters
present.

For cruising flight, the pilots were quite intolerant of a
mildly unstable spiral but found a wide range of stable spirals
highly desirable. However, a highly stable spiral was found to
have a degrading effect on the handling qualities because of
the excessive forces required to hold a steady turn.

With low roll damping, the basie handling qualities can be
significantly improved by the introduction of a moderately
stable spiral. The stable spiral not only gives better long
term and unattended characteristics, but causes an apparent
change in the roll damping, resulting in better short-term roll
control characteristics.

The introduction of aileron hysteresis causes a marked
degradation in the handling qualities and tends to mask the
effects of a slightly stable or unstable spiral mode. There is a
greater preference for a stable spiral when aileron hysteresis is
present. ’

The combination of high roll damping and high roll-to-
sideslip ratio caused only a slight degradation in the basic
handling qualities. However, with the high roll-to-sideslip
ratio, the pilots were quite intolerant of even a slight spiral
instability. They were also intolerant of a high degree of
spiral stability, because of the excessive forces required to
hold a turn as well as to fight the increased rolling motions
due to external disturbances.

The combination of low roll damping and high roll-to-side-
slip is just barely acceptable. The low roll damping tends to
magnify the large rolling motions that oceur in turbulence.

The following conclusions were made concerning the effect
of lateral-directional handling qualities on the susceptibility
of an airplane to a jet upset: 1) A moderately unstable spiral
greatly increases the susceptibility of an airplane to a jet up-
set or Mach tuck. 2) Low roll damping likewise increases the
jet upset susceptibility but not to the same extent as a mod-
erately unstable spiral. 8) An increase in roll-to-sideslip ratio
only indirectly influences the tendency for a jet upset and this
shows up mostly in turbulence. 4) The introduction of
aileron hysteresis was found to increase the susceptlblhty of an
airplane to 8 jet upset.

Appendix I: Artificial Derivative L,

Since Ly" was an artificial stability derivative introduced to
obtain the desired spiral mode characteristics, it was necessary
to analyze the effects that it may have on the other modal
parameters. This was done by comparing the variations in
the numerator and denominator characteristics for the p,
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B8, and r transfer functions obtained with variations in Ly’ with
those variations obtained by a set of stability derivatives that
produced the same roll mode, spiral mode, and Dutch roll
characteristics. For the configurations studied, it was found
the Ly’ derivative was quite powerful in controlling the spiral
mode root, had little effect on the Dutch roll mode, but did
cause a significant change in the roll mode root.

Since 1/7r =~ L,’, it was logical to vary L, as a function of
Ly" in a manner which keeps 7z constant.

Starting with the open-loop transfer function,

¢(S) - Laa'(S2 + 2§‘¢w¢ S + w4,2) (2)
84(8) S + 1/7)(8 + 1/7£)(S% + 2FawsS + wa?)

and using 8./¢ and d§./p feedback loops, the aileron inputs
from the variable stability system would be

80o(S) = Kspizp + Ksaip9 = KsaisS + Ksaigd) (3)
sac = Kﬁa/l)(K5a/¢/K3a/P + S)d’ (4)

The block diagram for the resulting closed-loop system is
shown in Fig. 10 and the closed-loop transfer function is

$(S) _ (5)/84(8) ®)
0a.(8) 14 ¢(8)/8a(8) 1K saio(8 4+ Ksaig/Ksaip)]

The closed-loop roots are obtained from

R (s i)]- oo

The objectiveis to vary Ks,/» and Ks,/¢ in such a fashion that
the closed-loop Dutch roll and roll mode roots are held con-
stant at their open-loop locations, while the spiral root is
varied. This may be seen by plotting the locus of the closed-
loop roots from their zero-gain locations. We obviously want
closed-loop zeros located on top of the open-loop roots which
are to be invariant. Substituting Eq. (2) into Eq. (6) we have

L5, (8% + 284048 + w?) (Ksa1p) [S + (Ksarg)/ (Ksain))

S+ /I8 + /DS + Kaod + 09)
@
It can be seen that if (K8s./p)/(Ksaie) = Tr, {¢ = {4, and

wg = wg, then the root locus will be as shown in Fig. 11 and
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Eq. (7) reduces to
~1 = LKoo/ [S + (1/78)1 = Ls,"1+K 5019/ [S + (1/75)]  (8)

Thus, to keep the roll mode constant, it is necessary fo make
Ksup = 7Ksos a8 Ks,e is varied to change the spiral
mode root.

From Eq. (8), we can see that if we wish S to be the desired
spiral mode root and 1/75 is the spiral root when Ks,/y = 0,
then the 8.4 gain required to provide the desired spiral mode
root is given by

Ksuld, = (1/Tsdenred) + (1/stasm)

TrLaa

9)

This combination of gains kept the roll mode essentially
constant and satisfied the condition that the desired modal
characteristic variations were small for changes in Ly'. An
additional study was performed to show that the proper
aileron and rudder pedal forces were obtained in a steady co-
ordinated turning maneuver.
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