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ABSTRACT

An Investigation to determine the ranges of various
lateral-directional characteristics required to provide
adequate flying qualities for turning manoceuvres at low
speed was undertaken using an airborne V/STOL aircraft
simulator. Five parameters were varied in a systematic
manner: the damping ratio, the frequency, and the ratio
of the roll-angle to the side slip angle in the Dutch roll
mode, together with the damping ratio and the frequency of
the numerator of the roll-angle to aileron-control-input
transfer function. The pilots performed a low speed,
visual manceuvring task and documented their assessment of
the characteristics through extensive comments and a
numerical rating. This report presents all the data
categorized with respect to the test parameters as
comprehensively as possible to allow others to examine
them thoroughly from various points of view. No attempt
has been made here to analyse the findings in detail.

This is the subject of continuing work.
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DB

SYMBOLS

Cross-wind speed, ft/sec
Decibels
Lateral aerodynamic force, 1lb

Lateral aercodynamic force excluding those
components at the top of the mast and at the
tail rotor, 1b

Acceleration due to gravity, ft/sec2

Height of main rotor above the centre of gravity, ft
Rolling moment of i1nertia of the simulator, slug—ft2
Yawing moment of inertia of the simulator, slug-ft2
cross product of inertia of the simulator, slug-ft2

Constants relating the stability derivatives in roll
and yaw to the silde force derivatives, ft

Modified values of kl and k2 to account for
nisalignment of axes, ft

Tail rotor distance aft of the centre of gravity, ft

iolling angular acceleration per unit subscript,
Pad/secz/unit subscript

OR
3cale length of turbulence, ft

?itching angular acceleration per unit subscript,
fad/secg/unit subscript

fass of the simulator, slug

fawing acceleration per unit subscript
?ad/sec2/unit subscript
OR

Jumerator expression of transfer functions
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SYMBOLS (Cont'd)

Angular rate of roll, rad/sec

Angular rate of pltch, rad/sec

Angular rate of yaw, rad/sec

Laplace operator

Flight speed, ft/sec

Lateral component of velocity, ft/sec
Vertical component of velocity, ft/sec

3ide acceleration per unit subscript,
ft/secz/unit subscript

Normal acceleration per unit subscript,
ft/sec2/unit subscript

Angle of attack, rad

Angle of sideslip, rad

Pilot's roll control deflection, in
Pilot's elevator control deflection, in
Pilet's yaw control deflection, in
Pilot's heave control deflection, in
Damping ratio

Pitch angle, rad

Roll subsidence root of the lateral-directional

characteristic equation, rad/sec

Spiral root of the lateral-directional

characteristic equation

Root mean sguare value
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SYMBOLS (Cont'd)

Roll angle, rad

OR
Power spectral density of turbulence,
rade/rad/sec

Change in heading.from approach direction

(in cross-wind expression), deg
Frequency, rad/sec
Partial derivative

Indicates "change in"

SUBSCRIPTS

Calculated (see Fig. 6)
Juteh roll
Fuselage

Just

Helicopter

Model

Initial condition
R0ll rate

lteh rate

Taw rate

spiral

Roll subsidence

‘n direction of lateral axis

Xiv



SIGN CONVENTION

The axes of this simulator are determined by the
orientatlon of the angular rate gyro package and the
accelerometers used in the "model-controlled" system.

The x-axis is considered positive forward, the y-axis
positive to theright and the z-axis positive downward.
Nose-up pitching, right rolling, and right yawlng motions
and the moments and control movements producing these
motions are positive. Motions of the aircraft nose-up
and nose-lef't cause positive changes in the angles of

attack and sideslip respectively.

CONFIGURATION IDENTIFIER

Refer to the flrst sheet of Table 3 for an explanation

of the configuration identifier.
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1.0 INTRCDUCTION

To enable pilots to take the fullest advantage of the
unique capabilities of V/STOL aircraft, it may be necessary
for aircraft designers fto provide flying characteristics
quite different from those of helicopters and conventional
fixed-wing airecraft. It was the object of thils research to
provide some of the information necessary to assess these
differences and to assist Cornell Aeronautical Laboratory,
Inc. in drawing up preliminary handling qualities
specifications under a United States Alr Force Contract.
Specifically, these flight tests using a variable stability
helicopter shown in Figure 1 and described briefly in the
followlng section, attempted to determine the ranges of
varlous lateral-directional characteristics required to
provide adequate flylng qualities for turning manoeuvres
at low speed.

The results are presented, in general, in the form
of pilot opinion contours with respect to the parameters
varied, but it is appreciated that there probably are other
characteristics which could be used more advantageously to
categorize the handling gualities, A comprehensive
description of the experimental conditions as well as the
piiots' comments and ratings have been included to allow

others to analyze the data from different points of view.
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The Dutch roll damping ratio, Lqo and frequency, w;;
the damping ratio, C¢, and the frequency, m¢, of the
numerator of the roll angle to aileron-control-input transfer
function, gk; and the ratioc of roll angle to sideslip angle
in the Dutch roll mode, I%Id, were varied in a systematic

fashion while the spiral root, 2 and the roll subsidence

g4
root, Ag, of the lateral-directional characteristic equation
were held constant at zero and -4 respectively. To effect
the desired changes in the five variable parameters and to
hold the other two constant, the electrical analogue which
comprises the "model" in the method used in the simulator
was "patched" to allow variations in seven lateral~directional
stability derivatives through seven gain-setting potentiometers
and seven switches (for sign changes) mounted in the cockpit
and selected by the safety pilot. The derivatives varied
were: LB’ the dihedral effect; Lp, the damping in roli; Lr’
the rolling acceleration per unit yaw rate; NB’ the weather-
cock stablility; Nr’ the damping in yaw; Np, the yawing
acceleration per unit roll rate; and Naa’ the yawing
acceleration per unit aileron deflection - a control cross-
coupling term.

The only other lateral-directional stability derivatives
ineluded in the analogue model were the control sensitivity

in roll, L and that in yaw, NG . Their magnitudes were
r

857

preset to fixed values which, it was anticipated, would



lead to comfortable consrol charaéteristics; All the othef
derivatives in the rolling and yawing equations of motion
such as Lar’ Nés Lé: et>., were held at zero., The pitching
characteristics were se’ to comfortable levels and remained
invariant throughout the programme.

The bulk of the research investigated two main themes;
the influence on pilot opinion of: (1) changes in the
positions of the latera.-directional oscillatory poles, as
described by L4 and Wy s with the zeros of the gﬂ transfer

a

o " £y and wy = wd),

three values of I%' (0.2, 0.75 and 1.5), and (2) altering
a

functlon on top of the poles (i.e., for

the positions of the zeros of the gﬂ transfer function with
a

respect to the poles at l% = 0.2 with the majority of the

|
investigation centring urouid Wy = 0.25, 0.5, 1.0 and tqg =
-0.1, 0, +0.2 respectively. The number of data points
flown was 161 with the rajority being evaluated by at least
two pilots. |

To create realistic flight conditions, synthetic
vertlical and lateral turbulence was introduced continuously
and a 10 knot crosswind was switched into the simulation
as the evaluation pllot started his approach.

A visual constant speed manoeuvring task, including
an approach almost to the point of touchdown, was performed

by the five pilots who participated in the programme. As

they flew the pattern, their comments were recorded on



1IN2410 INOCTIVNY |, 1FA0W,, TYNOILOIYIC -TvY3LYT 40 JILYINFHIS I E

(1 338) IINNYHD T10H

- 10714010y OL

¥

3ONIN8NNL
vy3aLv

S31va VA
ANy 708 MOS
Q31534803
-3NVA g

107d AL33vS ol_v
A8 QILVILNI _

QONIM - SSONHD o

Wd-

2Q+

—

_(1 338) T3NNYHD MVA NOILYSNIdNOD
N 10d0LNY OL QNYMHOL - 0334

TO04LINOD
0 S10d
NOILVMTIVAZ

SIALLVAIYIG AL1avLs
AALISOd 3AI9

OL NOILISOd Ni NMOHS
SIHILIMS TV : FL10N

107d NOLYNIVAI A8
Q3LVILUN 1378000
¥3a0NY Q3LYINWIS

s TOHINOD
H300NY S,107Nd
NOLLYNTIVYA



magnetic tape along with thirteen parameters defining the
motion of the simulator znd after landing specific items
were written up on a flight card and a rating assigned using
the scale of Table 1 (Ref. 2). A brief summary of pilot
experiénce is contained in Table 2(a).

This report presents the results of the experimenﬁs
as required by CAL contract S-68-48, but due to insufficient
time, a thorough analysis of the data could not be completed.
It is anticipated that a more comprehensive report ultimately

will be published.

2.0 TEST EQUIPMENT

2.1 The Simulator

These flight tests were performed utilizing a "model-
controlled" variable stability helicopter, described 1n
detail in Reference 1, wnich 1s capable of altering its
characteristics in four degrees of freedom - pitch, roll,
yaw and heave. (Although the lateral and longitudinal force
characteristics are affezted by the model parameters and
had to be taken into accaunt in this programme, no independent
means of directly altering the forces along these axes exist.)
In this simulation method, movements of the evaluation
pilot's flying controls (Fig. 2) supply electric signals
proportional to control deflections to the analogue computer.
The computer, which is rounted in the pod on the left side

of the aircraft, is "patched" for the characteristics of the
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equations of motion to be simulated and yields signals that
are properly scaled to represent the pitch, roll and yaw
angular rates, and the normal acceleration of the simulated
vehicle. These calculated motlons are compared with those
of the helicopter, as sensed by angular rate gyros and
normal accelerometers, and the autopilot, operating in a
closed-loop fashion, forces the helicopter to follow the
motions prescribed by the computer, The model-following
autcopilot was essentially as described 1n Reference 1 with
the addition of a so-called "feed-forward" compensation
circult in yaw (Fig. 3). This circuit was inserted to
overcome the slight droc:s (approximately 2 DB at 1 rad/sec)
in the directional control loop at low frequencies which
resulted in the actual h:licopter rate being somewhat less
than the commanded model rate, Figure &4 shows the Tfrequency
response characteristics of this channel. The low fregquency
portion was established ‘rom flight test data, but due to
excitation of structural modes, the simulator could not be
driven with higher frequency sine waves and the data above

6 rad/sec are thus estimuted. (During this work the normal
acceleration loop was no: closed, but the evaluation pilot's
"power lever", actuated :n the manner of a throttle control,
operated the helicopter collective control directly.) Other
inputs to the equations ¢f motion suech as synthetlic turbulence,

simuiated steady winds, :nd angles of attack and sidesliip as



Jiv HOVOdddV TTVNSIA S 914

1002 1v N¥NL S, GILYNIQHO-0D S

3A37 ONNOND
3A08Y ,000! 'LHOI3H 1iNJH1D

"SIM 0S '033dS HOVONL4Y
"3AIM bF ‘o9 'ITONY HLVd 30179
'‘ANIM OLNI HOVONddY I

VI B

ASVL HOVOMddY VNSIA

019-AvQa

",
.,

Qyv08 NMOQ-HDONOL— N



measured by vanes corrected for thelr mounting positions by
the helicopter rates of piteh, roll, and yaw were utilized
to produce realistic fl:ght conditions. Calibration of the
sldeslip vane around the trimmed flight condition indicated
that the flow effect wa: less than +5 per cent of the
indicated sideslip anglc; hence, no correction was made for
this factor.

By comparing the m:tions calculated in a laboratory
simulation of the equat’ons of motion using the pilot inputs
occurring during flight with the actual helicopter motions
recorded during the fliyht it was concluded that the |
programmed characterlstlics were attained with very acceptable
accuracy. This compariron is described in detail in
Section 3.1.1.

The simulator is always occupied by two pilots during
flight tests: the safety pilot who can take control whenever
a dangerous situation 1: developing and who looks after
setting the model characteristics on the computer and the
evaluation pilot who can perform any manceuvre in all
degrees of freedom within the flight envelope of the
helicopter used as the simulator. The evaluation pilot's
control levers (Fig. 2) consisted of a conventional centre
stick, rudder pedals and a "power lever", operated with the
left hand (like a conventional throttle control lever) and
moved forward to increase the normal force. The control

force gradients, supplied by springs with viscous damping,

10



are shown in Table 2(b) along with the break-out forces and
the maximum control throws selected for the stick and rudder
pedals. Adjustable friction only was available on the power
lever. Both press-to-release and "beep" type trimmers were
provided on the control column, The lateral trimmer was
used seldom and since the pitch trim changes experienced
were very small, the longitudinal trim was enmployed very
infrequently.

The conventlonal flight instrument panel, shown in
Figure 2, supplied the information necessary for the pilot
to accomplish the visual flyling task with the desired
precision,

To duplicate the ease of engine management present in
modern V/STOL aireraft, the engine speed of the simulator is
governed and requires no attention from the evaluation pilot
other than an occasional trimming (seldom more than once
per flight) through a switch on his power lever.

Along with power supplies for the various computing
elements, instruments, etc., the pod on the right side of
the aircraft contains a fourteen channel magnetic tape
recorder used to document various pilot inputs, aircraft
responses, and pilot's comments for analysis on the ground,
as indicated in subsequent sections. The parameters recorded
during these trials were: (i) lateral acceleration,

(i1) evaluation pilot's aileron input, (iii) evaluation
]

11



pilot's rudder input, {(iv) calculated roll rate, (v) actual
roll rate, (vi) actual roll angle, (vii) calculated yaw rate,
{(viii) actual yaw rate, (ix) actual yaw acceleration,

(x) sideslip angle, (x!) sideslip angle due to synthetic
gusts, (xii) helicopter taill rotor angle and (xiii) helicopter
lateral cyclic inputs. These latter two parameters were

found useful oceasionally for trouble-shooting the system.

2.2 The Visual Approach Aid

The only plece of =squipment outside the simulator
involved in the flight ftests was a visual apprecach aid which
was composed of three boards, two of which indicated
"localizer" (or approach direction) and glide path to the
pilot by their displacements relative to one another, and a
third board to mark the desired touchdown point following
the sidestep manoceuvre attempted at the end of each approach
(Fig, 5). For these tests the "flight path" boards were
spaced to indicate a 6 ieg approach path and were aligned
with the surface wind &t the beginning of each flight while
the touchdown board was placed at right angles to the
approach path and 300 f=2et to the left of the lower flight

path board.

3.0 THE "MODEL" EQUATIONS OF MOTION

3.1 Lateral-Directional Eguations

The majority of th: work conducted with this simulator

heretofore (e.g. Ref. 3) has concentrated on determining the

12



Influence of individual stability derivatives on pilot
opinicn and has not utilized a detalled knowledge of the
slde force derivatives of the basic helicopter or how they
are altered by the analogue model, This procedure could
not be followed while attempting to simulate overall
lateral-directional modal characteristics as was done in
this programme when all three equations, the rolling moment,
fhe yawing moment, and the side force equations had to be
taken into account to achieve orderly variations in the
'%Id ratio and in four factors of the roll angle to
alleron-control-input transfer function which was of the

following form:

K(82+2; w S+w2)
.69_(5) = 2¢ ¢” ¢ ,
a S(S+4)(s +2cdwds+md)
Since seven modal parameters, 7., w.,, §.,, W,, 2 R
d d ¢ ¢ Blg
Ag = 0, Ap = -4, were to be set to specific values,

adjustment of seven lateral-directional stability derivatives
through gain-setting potentiometers in the analogue computer
representation of the rolling and yawing moment equations
was required. LB’ Lp, Lr’ NB’ Np, Nr’ and N(Sa were selected
to effect these changes.

The lateral-directional equations of motion, in Laplace
operator notation, that were "patched" into the airborne

analogue computer, as shown schematically in Figure 3, then

took the form:

13




Rolling Moment;

—LB'B‘l'S(S—Lp)q)—Lr'r:L s B+ L

Yawing Moment:

~Ng *Bg = NS¢ + (S-N )r =Ny « 8 + N, -

N «+ 8§+ N
B

g " Bow * Ns, " %t Ng,
Assuming that all the significant stability derivatives

could be related to the control inputs, 5& and Sr, and the

responses, B, p and r as outlined in Appendix A, the side

force equation was of the form:
Side Force:

(US-YB)B-(g+YpS)¢+(U~YP)r = YB -Bg+YB -BCW+Y6 -Ga+Y

* 8
g Cw a r ¥

since cOoS BO = 1 and oy $ 0

(See Appendix A for an explanation of how the side force
derivatives are related to the model rolling and yawing moment
derivatives and the basic helicopter characteristics.)

The methods used to obtain electrical signals
proportional to the cross-wind effect, BCW’ and the desired
gust input, Bg, are outlined in Sections 3.3.2 and 3,3.3
regpectively.

The three equations of motion plus the expressions for
the side force stability derivatives contained in Appendix A

provided a digital computer programme at Cornell Aeronautical
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Laboratory, Inc, with enough information to calculate the
stabllity derivatlves necessary to yleld the desired modal
characteristics, Table 3 lists the stability derivatives
set on the model for each of the 161 configurations tested
and should be referred to for an explanation of the rather
complicated configuraticn designation system used throughout
the report, The levels of the medal parameters lndicated

in Table 3 are those obtalned by recalculating the transfer
function characteristics using the "rounded-off" stability
derivatives actually set on the alrborne analogue computer.
The control sensitivities in roll and yaw, L(5 and N, , were

6p

a 2
rad/sec’ respectively.

in

Due to the combinations of stability derivatives required to

held constant throughout at 0.4 and 0.75

achieve the desired modal characteristics (Nr was always

relatively small while Lp was approximately éﬂ) poor lateral-

directional control harmonization resulted throughout the

entire programme., This facet of the work was not appreciated

until a significant number of tests had been conducted and

it was then impractical to alter the contrel sensitivities.
Solving the three equations yields the gquartic lateral-

directional characteristic equation:

v st - [U(Nr + L)+ Yé] s3

: 2
+ [FNP + Lp)YB - LBYp - NBYP + U(Ner - NpLP) + U Nﬁ] S

+ [(Ner-Ner)YB + (N Lg-NgL, )Y + (NoL -N Lo)Y, + U(NpLB—NBLp)—gLé]S
+ g(LgN, - NgL ) =0
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Similarly the numerator of the roll angle to aileron

input transfer funct:on, gE(S), is
a

¢ _ 2 - -
Ns, = U LsyS™ [ﬁ(NsaLP NrLﬁa) + LBYéa LﬁaY?] S

+ [(NPL(S&—-NsaLP)YB + (N6aLB-NBL6a)YP +

+ (I\IBLI,—NI,Lfg)SE(Sa + U(NBLGa—NSaLB?J

Appendix B, contiuining the numerator eXpressions for
all nine lateral-directional fransfer functions relating
¢, ¥, and B to Sa, Grf and Bg’ has been included for the

convenience of the recsder,

3.1.1 Verification of the Lateral-Directional Characteristics

Since the modal parameters varied during this research
were dynamic in nature and interdependent in producing the
final motions, it can be appreciated that it would have been
a formidable task to v2rify the characteristics of each
configuration from flizht test data. 1In fact, such a
procedure would have b:ien tantamount to measuring the transfer
function characteristins (the numerator terms as well as the
"normal" modes of motion} of 161 different aircraft., Clearly,
this could not be accomplished in the time avallable andg
other, less comprehensive, tests were carried out, as outlined

below, to check the vaiidity of the results.
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Possible sources of error that could have influenced
the aircraft motion were:

(i) Incorrect lateral-directional stability
derivatives from the digital computer programme,

(i1) Inaccurate estimation of the side force
characteristics used to determine the rolling and yvawing
stability derivatives,

(141) Malfunctioning of the alrborne analogue computer
Oor the autopilot,

{(iv) Improper values on the gain-setting potentiometers,
and

(v) Inadequate model following.

To check the extent of the first of these possible
errors, namely that the desired transfer function characteristics
would result from the calculated stability derivatives, an
inverse procedure of calculating the modal parameters from
the derivatives, which were rounded off to the setifing
accuracies attainable on the airborne analogue computer, was
carried out. Any large discrepancies that arose were corrected
at this stage and the in-flight charactefistics to be expected
from the derivatives are given in Table 3,

It was indicated in the previous section that g knowledge
of the side force derivatives of the simulator was required
to obtain the lateral-directional stability derivatives that

would give the desired overall dynamics, These side force
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derivatives were estimated from the geometrical, inertial,
aerodynamic and test configuration characteristics as
outlined in Appendix A. To assess the influence of errors
in these estimates, the side force derivatives were varied
over significant ranges for.a representative selection of
configurations. Only minor variations in the modal
parameters, the primary variables of this programme, were
evident. Appendix A illustrates these results with a
representative example.

It was virtually impossible to ensure that the analogue
computer and the autopilet functioned properly at all times.
However, a qualitative assessment of the entire system was
carried out at the beginning of each flight by setting the
model to a so-called "Standard Configuration™ (see the last
configuration of Table 3 for the stability derivatives of
this model), which had a lightly damped Dutch roll mode ,

Ed = 0.1, and an easily monitored Dutch roll freaguency,

rad

w, = 1 ===,
sec

d
dynamic responses of this configuration to the "documentation

The pilots soon became familiar with the

rudder doublet" described in Section 3.3.4 and were able

to defect any gross inadejuacies that very occasionally
occurred. The subsequent ground simulation, described

later, of nine models chcien to cover a representative range
of stability derivatives, also indicated that problems of
inadequate simulation had not arisen during the corresponding
flight periods.
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To minimise the possibility of incorrect potentiometer
settings remaining undetected, thelr sign and magnitude was
monitored by the safety pilot after each configuration had
been flown, prior to their values being reset for the next
model,

The adequacy of the following of the model was assessed
qualitatively by comparing the flight records of the
calculated yawing and rolling angular rates with the actual
angular rates and was found to be very good.

The preceding checks indicated that the individual
contributions to the error between the actual and the
desired results were well within acceptable 1limits. To
1llustrate the magnitude of the total error arising during
the flights, a2ll three lateral-directional equaftions of
motion were synthesized on an analogue computer in the
laborateory using the verifled moment stability derivatives
and the estimated side-force characteristiecs., The flight
recorded pilot inputs and synthetic turbulence disturbances
were introduced and the calculated responses (pc, r.s Bc)
were compared with the actual helicopfter responses (pH, Ty
BH) resulting from the same lnputs. This procedure was
followed for nine configurations covering a wide range of
modal parameters and almost the complete range of stability
derivatives emplcoyed in the programme. The results are

shown in Figs. 6(a) to 6(i).
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The main control inpu: in the comparisons was the
"documentation rudder dout let" described in Section 3.3.4
(not always set to the samz amplitude}, but for the high
‘%' configuration (HH 100+30+430) of Figure 6h, the divergent
con?iguration (LH 100-20~22) of Figure 6f and the illustration
of long term following in Figure 6i (LH 129+20+50 - for
which Naa was the highest in the entire programme),
significant aileron inputs also were used by the pilots.

The reader should be czautioned at this point to interpret
Figures 6a to 6i carefully since: (1) the calculated responses
shown were obtained in the manner described above and are
not those of the model in flight which utilized the sldeslip
vane in its calculations, {(ii) the motion following the
rudder doublets 1s not necessarily due to the "normal" mocdes
only, as in some instances the pilot control inputs were not
zero. {The desired response may be seen from the values given
by the caiculated model which, 1n all cases, possessed the
required modal characteristics) (1ii) the natural atmospheric
turbulence affected the fiight responses but not the
calculated responses. (A1l the flight results shown were
recorded on moderately smcoth days, but absolutely calm air
was not always available), and (iv) the time scale of
Figure 61 is 2-1/2 times that of the other figures.

The first five configurations illustrated in Figures b6a

to 6e have the same frequency m¢ = wg = 1 rad/sec, the same

20



-~
-
L

B, RAD

B, RAD

FIG 6o

-as- - GROUND SIMULATION
I SEC

0 —— —
-
—a1- : HELICOPTER
O At prne " e s
+01- ‘

ROLL RATE, p

GROUND SIMULATION

-02— . L 'GROUND  SIMULATION

+02- |
02 . - o 7  HELICOPTER

COMPARISON OF HELICOPTER RESPONSE TO CONTROL INPUTS

WITH THAT EXPECTED FROM GROUND SIMULATION - MODEL No LH 100 +20 +10

21



——y ' —
-0I- | SEC
RAD — e e
+0.1=
. HELICOPTER
-0l=-
4 M

p' '3 ‘ o T sl

+0.1-
ROLL RATE, p
GROUND SIMULATION

-0l- ‘

re ‘% o M\/—v—_/_\_/
+0.1- _

T " HELICOPTER

“0-'"

e % 0 —/\/\'/_\___—/—W
+0.1-

YAW RA%E, v

—o2- 'GROUND  SIMULATION

B RAD 0 -/\L/\ M

+02-
-0.2- ’ HELICOPTER
B, RAD o \wﬁ/\\W
+02-
SIDESLIP ANGLE, B
FIG &b COMPARISON OF HELICOPTER RESPONSE TO CONTROL INPUTS

WITH THAT EXPECTED FROM GROUND SIMULATION - MODEL No LH 100 +20 +20

22



-0 -0~ t SEC
re=x —_——
D‘ $EC °
+04~-
-a1- HELICOPTER
RAD P i
p. .Fc, 0 M —
+01-
ROLL. RATE, p

GROUND SIMULATION

S
fe —
HEUICOPTER
_ -0i-
RAD
™ 'sec °
+0J4-
YAN RATE, T
-02- GROUND SIMULATION
Bc R8O O ~
+0.2—- _
-02- HELICOPTER
B, RAD c ' -
+Q2-
SIDESLIP ANGLE, S8
FIG 6¢ COMPARISON OF HELICOPTER RESPONSE TO CONTROL INPUTS

WITH THAT EXPECTED FROM GROUND SIMULATION - MODEL No LH 100 +20 +30

23



o —  — GROUND SIMUL ATION
T 1 SEC
e 0 — e
P ¢

+01—

HELICOPTER

-0l= o
p 'Q 0 ——-’\/uw
» s

+0.1-

ROLL RATE, p

GROUND SIMULATION

o \/\___/\/\_/\
e ':% 0 __/\/
+01-

HELICOPTER

-0.1-

r E y’\’/\_"-/\\/\-\/‘\
" 'SEC o ~/\/
+0.1-

YAW RATE, r
-02-~ GROUND SIMULATION
B RO O ’\/\/v\,J\
+02- |
Y 'm_ - o HELICOPTER
AwRAD ° "JJ\//\/'”\,\,/\
+02-
SIDESUP ANGLE, B
FIG &d COMPARISON OF HELICOPTER RESPONSE TO CONTROL INPUTS

WITH THAT EXPECTED FROK GROUND SIMULATION - MODEL No LH 100 +20+40

24



ROLL RATE, p

GROUND SIMULATION
-0l -

r‘% 0-——/\/\/\_,’\_,.%

+.1 -

HELICOPTER

RAD o r. _ I N . .

Be RAD o \/\\;_\;/\__,_f&_/——’————

-02- : ' HELICOPTER

B, RAD

~ SIDESUIP ANGLE, 8

FIG Ge COMPARISON OF HELICOPTER RESPONSE TO CONTROL NPUTS
WITH THAT EXPECTED FROM GROUND SIMULATION - MODEL No LM 100 +20 + 50

25



Dutch roll damping ratio, ¢4 = 0.2, and the same |%|d = 0.2,
but differ in their c¢ vz lues which start at 0.10 and proceed
in equal steps to 0.50. {(These configurations and the one
of Figure 6i are identified in Figure 9 by the solid symbols.)
The normal mocdes éf moticn for all five configurations should
have been the same even though the stability derivatives
changed enormously. (For example Np changed from +4,64 in
Figure 6a to -11.4 in Figure 6e.) It can be seen, gualitatively,
that this was achieved and the comparison of the calculated
and the flight results, even for the sideslip angle which the
variable stability heliccoter is not forced to follow, is
excellent throughout.

The comparisons pres=nted in Figure 6f, 6g and 6h are

for low, intermediate, and high ,% configurations with

|
negative, zero, and positive valuesdof 4 respectively. The
pllot ratings for these taree configurations are presented
in Figures 18c¢c, b and a. Even for the strongly divergent
configuration of Figure &6f, it can be seen that the results
compare well.

The final figure of this group is included to illustrate
the system performance ovar a longer time period (140 seconds
of caleulated versus actual motions are presented) with
slgnificant aileron inputs in the presence of a large N6a
which was at its maximum value of 1.0. Once again, the

comparison indicates that the overall system was functioning

very well,.
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Although all these checks have not been carried out for
all 161 configurations flown during the programme, a
representative sample has been Investigated in a variety of
ways and indications are that the programmed test parameters

were achleved with acceptable accuracy.

3.2 Longitudinal Egquations

3.2.1 Piteching

Since this programme concentrated on the effects of
variations in lateral-directional parameters the longitudinal
characteristics were held at pleasant levels.

A previous programme conducted at this Establishment,
research at N.A.S.A, Langley (Ref. 4), and these tests
indicate that satisfactory pitch control is achieved if the

following values of the stabllity derivatives are used:

_ rad/s‘ec2
0-3 =4n

=
I

rad/sec2

Mq = -4.0 rad/sec

2
_ rad/sec
Mo = 0.5 —Faa

The form of the pitching moment equation then was:

q = Mée'ae + Mq'q_+ Ma-a

3.2.2 Heave
As was mentioned in Section 2.1, the normal-acceleration

closed-loop control of the autopilot system was not employed
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during this programme. R:ther, the evaluation pilot
controlled the normal for:e on the simulator by moving

a "power lever" with his _eft hand like a conventional
throttle actuating the safety pllot's helicopter collective
control lever through a pcsition control system. The

"gearing" between the two levers was adjusted to give a
of 8 ft/sec2
St’ ’ in

of the other vertical characteristics of the basic helicopter

heave sensitivity, 2 which in the presence

provided very pleasant hardling qualities in this control

mode,

3.3 Simulation of Specilal Effects

3.3.1 Tilting of Simulatcr Axis System

The side force equation of Section 3.1 assumes that
the X-axis of the reference system is aligned with the
initial direction of flight; that is, stability or wind
axes are used. If this is not the case, a term proportional
to the product of (i) the initial angle between the X-axis
and the direction of fiight, a s and (ii) the roll rate, p,
must be included.

The reference system >f this simulator is determined
by the alignment of the tlL-ee rate gyros which are mounted
orthogonally in a machined metal block. The X-axis (the
roll axis) is normally coiicident with the horizontal
reference line of the heli:opter and, since the helicopter

flies in virtually a level attitude when in straight and
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level flight at 50 knots, this reference system was valid
for the major porticn of the flight task. However, when
the pilot began to descend on the 6 deg glide path, the
attitude of the simulator remained invariant causing the
angle of attack to increase by the glide path angle. It
can be shown that such an angle between the relative wind
and the reference axis significantly alters the response
in sideslip to aileron inputs, in particular, and influences
other reponses to a lesser degree. Consequently, a mechanism
was 1nstalled to tilt the rate gyro package down by 6 deg
as the glide path was intercepted. This transition was
effected through a switch (see also the following section)
mounted on the safety pilot's collective lever and took
6 seconds to complete. (Since the autopilot system sensed
the pitching motion of the rate gyro package it attempted
to correct for the apparent disturbance resulting in a nose
up motion of the simulator which was extremely mild and
usually passed unnoticed by the pillot.)
3.3.2 Cross-wind

To provide the pilot with an indication of the influence
on the handling qualities of a cross-wind during the approach
to landing, the effects of the sideslip due to a 10 knot
cross-wind from the left was simulated during the descending
portion of each approach. The variation of sideslip due to

a cross-wind at right angles to the approach direction with
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changes of heading from the approach direction is described

by
A (U Sin ¢ + 'CW)
Boy = tan T Cos ¢ - v

Through non-linear funcztion generation a very good
approximation to this =quation (plotted in Figure 7) was
obtained. As the descant on the glide path was initiated,
the safety pllot operated the switch mentioned in the
previous section, phasing in this cross-wind effect over
a 5 second period.

The pilots were iastructed to carry out a sideslipping
rather than a "crabbinz" approach. Since the side force
characteristics of this simulator cannot be altered
independently and sinc2 all approaches were made into the
real surface wind, a properly executed approach resulted
in the ball of the tura-and-slip indicator remalning central
and the wings level, but with the evaluation pilot's roll
and directional contro.s appropriately displaced. This is
equivalent to simulating the cross-wind effects on an
aircraft with the programmed weathercock stability and
dihedral effect, but with zero side force due to sideslip,
YB.

3.3.3 Turbulence
To prevent extern:l turbulence from disturbing the

simulator unduly, flig-t tests were not attempted when the
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surface wind exceeded 10 <nots, but to simulate realistic

and repeatable flight conlitions both lateral and vertical
components of synthetic tirbulence, Bg and ag, were introduced
as shown in Flgure 3 with the spectral shapes shown in

Figure 8. These spectral shapes approximate the Von Karman

equaticn (Ref. 5)
L 2
39U"UJ)

L+ 8/3 (1.
' 2Jll/ES

¢({w) = K —
L+ (1.339

w)

gt | w

where the scale length, L, was chosen as 1000 feet for the
lateral component and 20C feet for the vertical component

(Ref, 6). A root mean sqlare value, ¢ = 3.4 deg, (cv =

B

5 ft/sec) was used laterally, since sim?lar turbulence %as
introduced in other subccaitracts of thils overall programme,
while ng = 2 deg (Uwg = 3 ft/sec) disturbed the pitching
motion. Since the value »f Mu was so low, the vertical
turbulence was never a fa:tor in the evaluation and was never
commented on by the pilots., Many of the values of weather-
cock stability and dihedral effect, however, were exceedingly
high - especially when th: '%|d ratio became large - and

the configuraticns were d:-rated due to the lateral turbulence.

3.3.4 Documentation Rudd:r Doublet

At the beginning-of .he evaluation of each configuration
a repeatable rudder doubl:t was used to disturb the model
and allow documentation o” its characteristics with a known

input that could be reproiduced in the laboratory. Repeatability
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of the input was ensured by artificially producing an

electrical doublet of the shape shown below by a computer
circuit which was energized through a switch mounted on the
evaluation pilot's power lever. The amplitude of the doublet
was readily controlled through a potentiometer in the cockpilt
and was set to gilve a reasonable response. Figure 6 illustrates
the responses of a variety of configurations to this simulated

rudder excilitation.

RIGTHT /_\

LEFT

0 | 2 3 4
TIME - SEC

DOCUMENTATION RUDDER DOUBLET

4.0 FLIGHT EVALUATION PROCEDURE

since the purpcse of this work was to investigate
lateral-directicnal handling qualities during turning
manoeuvres at low alrspeed, and since V/STCOL aireraft find
themselves in this flight regime most often during the
circuit flying and approach sequence, the following order

of events was employed to assess the characteristics of
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the various configurations:

(1) After adjusting the seven potentiometers and
selecting the seven switches (to determine the magnitude
and sign of each variable stability derivative), switching
out the two turbulence components, and raising the rate
gyro package, the safety pllot flew the simulator to 1000
feet above ground level and stabilized at 50 knots IAS on the
downwind leg of the circuit.

(2) The tape recorder was started and the previous
model of the flight was ldentified by stating its configura-
tion number. This served the dual purpose of identifying it
on the magnetic tape record and informing the evaluation
pilot of the model he had just completed to allow him to
insert its number on his comment sheet. Until this point
the evaluation pilot had been provided with no information
on the characteristics other than the fact that lateral-
directional parameters were being tested.

{3) The engine speed governor and the autopilot were
engaged and the analogue computer switched to its "operate"
mode at which time the evaluation pilot assumed full control
of the simulator.

(4) After stabilizing at 50 knots the synthetic rudder
documentation doublet (see Section 3.3.4) was switched in and
the electric flying controls were held steady as long as

required to obtain a reasonable record of the response or
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until recovery had to be mide from an unusual attitude such
as occurred in roll with the higher values of'|%ld.

{5} The doublet was »witched out, the turbulence
gwitched in and the contro .led evaluatlion manoeuvres Were
begun.

(6) During these manneuvres the pllot was instructed
to fly at 50 knots and to:

(a) maintain straight and level flight in the
presence of the turbulence for several seconds,

(b) turn through at least 45 deg of heading change
with 20 deg of bank using »ileron only, if possible, making
sure that the turn was hel:l long encugh to assess if a steady
bank angle could be held alequately before rolling out and
stabilizing on a selected neading or distinct geographical
point,

(¢} repeat step 'b) in the cpposite direction turning
through at least 90 deg of heading change,

{d) repeat steps (b) and (c) using rudder as
required to keep the turn "7rell coordinated (the ball in the
centre) finally rolling ou. tracking alcng the downwind leg
of the eircult once again,

(e) execute several turn reversals changing bank
from 20 deg one way to 20 leg the other, keeping the turns
cocrdinated,

{f) turn on to the cross-wind leg of the circuit
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pattern and fly until the "localizer" as indicated by the
approach boards (Sec. 2.2) was intercepted and then turn on
to the approach heading,

(g) proceed until the two boards were superimposed
indicating glide path interception and then start down the
glide path [At this point the safety pilot actuated the
switch on his collective lever which tilted the rate gyro
box down to change the simulator reference axes (Sec. 3.3.1)
and phased in the cross-wind (Sec. 3.3.2)1,

(h) continue the descent holding the approach
boards coincident until reaching 200 feet above ground level,
and

(1) execute a sidestep manoeuvre to move to the
left by 300 feet aiming to hit a point adjacent to the
"touch-down" board heading in the original approach direction
at 50 knots.

If the evaluation pilot desired a further look at
any particular manoeuvre he was quite free to repeat any or
all of them as many times as required.

(7) At approximately 10 feet the safety pilot assumed
control and landed the simulator.

(8) While the characteristics were being reset on the
analogue computer for the next configuration, the evaluation
pilot wrote his comments and rating (using the scale of

Table 1} on a fiizht card. Throughout the entire programme
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comments could be made orn any aspect of the model and after
flight number 60 (flight number 29 was the first evaluation
flight) the pilots were :zsked, in addition, to comment
specifically on the following features.
(1) Roll control
(ii) Yaw due to roll
(1i1) Coordinat:on (rudder control)
(iv) Oscillatory characteristics (not due to doublet)
(v) Effects or turbulence
(vi) Cross-—wind
(vii) Sidestep nanoceuvre,

(9) The procedure was repeated starting at (1) above
for each of the four models tested on each flight and, with
a total of one hour and fifteen minutes available per flight,
each configuration was actually flown for approximately

10 minutes.

4,1 Standard Configurat:on

To ensure that the :ystem was operating correctly, a
so-called "standard configuration" was set on the model for
the first flight of each day, and on most occasions, for the
first model of each flight, This configuration was selected
to have a low Dutch roll damping ratio (;d = 0,1) and a
relatively high Dutch roll frequency (uu.d = 1 rad/sec) which
could be monitored qualitatively by the pilots by exciting

the normal modes of moticn through the documentation rudder
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doublet as the simulator was flown from the base to the

test area. The other modal parameters for this configuration
- rad _ ¢ -

were wy = 1.0 S22, Ly = .01 and Igld = 0,2. The last row of

Table 3 Indicates the stability derivatives required to

achieve the desired characteristics.

5.0 DISCUSSION OF RESULTS

The ratings and comments of all pilots obtained during
the flight-testing programme are presented in Table 4. These
data which were used to reach the conclusions contained
herein, are published 1n as much detail as was avallable to
the authors in order to allow others to examine the results
as thoroughly as possible, A detalled analytical appraisal
of these results is currently under way and will be presented
in a subsequent report.

The pilots evaluated four configurations selected from
the complete programme during each flight. The results are
shown in the various figures either as contours of constant
pilot opinion for individual pilots, or as the individual
ratings shown in relation to the maximum, minimum and averaged
ratings of all pilots.

The roll subsidence root and the spiral root of the
characteristic equation were held constant throughout the

1

programme at KR = 4.0 Sec and AS = 0 respectively.

For the purposes of evaluating the effects of different
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parameters the results ace grouped under the following

headings:
(1) The effects of varying the zeros of the gL transfer
a
function at ‘%l = ),2 about the following Dutch roll
d

roots;
(a) wy = 1.0 rad/sec, Tg = 0.2
(b) wg = 0.5 rad/sec, tg = 0.0
(c) wy = 0.25 rad/sec, Zq = -0,1

(2) The effects of varying ‘% with

o

wy = w, = 1.0, 0.5, 0.25 rad/sec, and

T4 = 0.3, 2,0, -0.2 for each frequency.

(3) {a) The effects of varying the Dutch roll characteristics
at |%| = 0.2 whilst the locations of the zeros of the
d
éL transfer function were held in the following

4
relationship to thcese of the Dutch roll roots:

{.0¢ = wd; Cd) - Cd: Ed

with Wy = 1.0, 0.5, 0.25 rad/sec and

t4 = 0.3, 0.2, 0.1, 0, -0.1, -0.2, -0.3, -0.4, in general,
for each frequency.

(b) A similar investigation to that of (a), but with

Igld = 0.75,
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Wy = w¢ = 1,0, 0,5, 0.25 rad/sec and

L4 0.3, 0.0, =0,2 for each frequency.

(c) A similar investigation to (a), but with l%l = 1.5,
a

ws = w¢ = 1.0, 0.5, 0.25 rad/sec and

C¢ = 0.3, 0.2, 0.1, 0O, -0.1, -0.2 for each

4
frequency.

The stability derivatives required to obtain these modal
characteristics were derived as outlined in Section 3.1 and

are presented in Table 3.

5.1 Flights with the Zeros of the éﬂ Transfer Function
a

Varying about the Dutch Roll Roots of the Characteristic

Equation - Low I%’d

5.1.1 Duteh Roll at Highest Frequency and Moderate Damping

The characteristics of the lateral-directional normal

modes of motion were:

— _ 1
Wy = 1.0 rad/sec AR = -4, Sen
Lo = 0.2 Ag = O
§, - o2
d

w¢ and C¢ varying.

The pilots' comments for these evaluations are summarized
in Table Y4a, Since the ratings assigned by the two pilots

who flew the majority of the configurations in this phase of
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the evaluations differcd consilstently in certain regions,

it was felt that separate plots of pilot's ratings were
warranted. These are presented in Figures 9 and 10 in terms
of frequency, m¢, and camping ratio, c¢,.and in Figures 11
and 12 in terms of damped frequency, w ff:gg, and total

¢
damping,

%9

A comparison of Figures 9 and 10 shows that Pilot B,
in general, did not have as steep a gradient in his ratings
away from the characteristic Dutch roll root as did Pilot C.
The pilots' comments, lLowever, agree as to which parameters
caused the down-grading of the various configurations and
the difference in ratirgs reflects a difference in the degree
to which each pilot felt that these parameters affected his
performance of the task 1In relation to the effort required
of him,

The major difficulty experienced by all pilots, as the
zeros of the é% transfer function were moved away from the
Dutch roll pole, was due to the rudder coordination required
to counteract the yawing that occurred when aileron was
applied. Even as the line of minimum net yaw (line A4,

Figs. 9, 10, 11, and 12, obtained from the pilots' comments)
was followed away from the pele, pilots found that the phase
difference 1in the effect of Naa and Np caused considerable
coordination confusion, The reason for this was that, although

the two derivatives counteracted each other along this line,
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both were of sufflcient magnitude for the timing of their
individual effects to become apparent to the pllot in the

form of yaw, generated first in one direction by N5a’ closely
followed by yaw generated in the other by Np as the roll rate
built up. Since the damping of the Dutch roll mode was
moderately high, the open~loop oscillation that was excited
mainly in yaw by this effect was not sustained for long

encugh to be the major objection to the pilot. The predominant
complaint was concerned with the initial yaw excursions,

rather than with the control of the subsequent oscillatory
behaviour. However, control of the oscillatory characteristics
did demand increasing attention from the pilots as the zero

was moved from the pole because of the increasing magnitude of
the yaw excursions caused by both aileron application and by
turbulence., The oscillatory characteristics became most
noticeable to the pilot when the zero was moved to higher
frequencies and lower damping ratios. When it was moved to
lower frequencies and higher damping ratios, Pilot C found

an increasing tendency for large sideslips to bulld gquickly

from any small out-of-trim on the rudder pedals.
r

B
g
tions showed that the minimum open-loop response o turbulence

Analysis of the transfer function for these configura-

occurred on the line through LH 100+20+35 along which only
the derivative NG was varied and that the response increased

a
as paths perpendicular to this family of lines were followed
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in either direction, (The open-loocp 2. response is virtually

B
g
independent of the location of the zeros of the gﬁ transfer
a
function.) The pilots' comments confirmed that the effects

¢

of turbulence became most noticeable as the zeros of the T
a

transfer functlon were moved from the Dutch roll characteristic

roots in the direction of lower values of damping ratio and

indicated a pronounced gradient in the response to turbulence.

5.1,2 Duter Roll at Intermediate Frequency and Zero Damping

The chsracteristics of the lateral-directional normal

modes of motion were:

=4.0 1

= 0.5 rad/sec AR 0 =

als|

we
é‘ﬂ__
Il
]
N

w, and c¢ varying.

The pilots' comments are summarized in Table 4b and
the ratings by the two pilots, who again did the majority
of the flyirg with this grcocup of configurations, are plotted
in Figures 1.3, 14, 15, and 16. Figures 13 and 14 are

plotted in terms of frequency, and damping ratilo, c¢,

w¢,
whereas Figires 15 and 16 are pliotted in terms of damped

frequency, o fl—ci, and total damping,

w .
¢ 0°0
As wou..d be expected from the zero damping of the Dutch
roll mode, the oscillatory characteristics of these configura-

tions became much more apparent to the pilots than those of
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the previous group. Both pilots still found the yaw

generated by the application of alleron to be one of the
dominant, objectionable features, but the yaw oscillation
initiated by these excursions also demanded a considerable
amount of their atfention. There was & tendency for both
pilets to find that the frequency of the oscillation increased
when the zero of the g% transfer functlon was moved in the
direction of increasing w¢ along lines for which the only

derivative to be changed was N (see Fig. 13). Indeed,

0a
for low values of w Pilot C consistentiy commented on &

¢?

static instability in yvaw, rather than on the oscillatory
characteristics. Both pilots found that 1t was generally
possible to suppress the oscillation and the apparent
instability in yaw without undue difficulty with the powerful
rudder control available. However, 1f attention was not
given %o this aspect, large yaw oscillations or apparent
static divergences would quickly develop.

A small out—-of-trim on the rudder pedals caused elther
the rapid build-up of sideslip angle or high amplitude
oscillations in yaw, resulting 1n a need for continuous
attention to the trim pogition of the rudder pedals.

Turbulence effects were, on the whole, mincor in this

group, but any oscillatlions that were excited tended to

grow unless checked with rudder.
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5,1,3 Dutch Roll at Lowest Frequency and Negative Damping

The characteristics of the lateral-directional ncrmal

modes of motion were:

1
wd = (0.25 rad/sec AR = —11.0 Seo
zq = =0.1 Ag = 0
lg—[ = 0.2

d

m¢ and c¢ varying.

The pilots' comments for these configurations are
summarized in Table 4c. Owing to the lack of time, only
one pilot [Pilot C) flew the majority of these configurations

and his ravings are plotted in terms of frequency, and

w¢,
damping ra=io, P in Figure 17a, and in terms of damped

Jl-gg, and total damping,

frequency, m¢ w¢;¢, in Figure 17b.
Configurat:ions based on low levels of the damping ratio, c¢,
with w, = 0.25 rad/sec could not be evaluated as no convergent

¢

solutions were obtained from the computer programme in that
region.

The predominant difficulty occurring in this group
arose from the apparent static instability in yaw. A small
out-of-trim on the rudder pedals caused a rapid build-up of
sideslip angle. The rudder necessary to coordinate aileron
turns was generally not as objectionable as in the previous
two groups, but the poor weathercock stability resulted in a

requirement for much closer monitoring of rudder pedal position
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in both steady-state turns and in straight and level flight.
On isolated occasions the pilot commented on a low frequency
divergent oscillation, rather than on the apparent static
instability in yaw.

The effects of turbulence, in general, caused no problems

for the pilot.
¢

5.1.4 Summary of Conflgurations Evaluated with Zeros of 3a

Transfer Function Varied around Different Osclllatory

Characteristic Roots with Low ‘%l
d

(1) Configurations based on Wy = 1.0 rad/sec, Cd = 0,2

With the high prevailing damplng ratio cof the characteristic
eguaticn, the Duteh roll oscillatory mode was generally not the
dominant feature in the assessments of the configuraticns by
different pilots. The oscillations that did occur were mainly
in yaw, and thus 1t does not seem that the g% transfer funection
is the most relevant parametric notation with which to classify
the configurations. It is felt that a categorisation of the
configurations with parameters that are more directly related
to those physical aspects of immediate concern to the pllots,

B r

+— Or transfer functicns, may
Sa g

prove to be more gpproprilate.

such as for =xample, the

(2) Configurations based on w, = 0.5 rad/sec, =0

d 3

The use c¢f the location of the zeros of the éﬂ transfer
a
funetion to describe the flight characteristics of the

different coafigurations has even less physical justification
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than in the previous cases, since directional characteristics
dominated pillot attention throughcut the range.

(3) Configurations based on wy = 0.25 rad/sec,. = 0,1

'C'd

The location of the zeros of the él transfer function
a

become i1rrelevant in describing the flight characteristics of
the different configurations. Such steep gradients in pllet
opinion existed for very small changes in the location of the
zeros of this transfer function, that its use as a means of
classification could lead to complefely erroneous predlctlons
as to the handling qualities of aircraft with these open-loop

characteristics.

5.2 Effect of changing ‘%|d

The effects of changing l%\d from 0.2 to 0.75 and 1.5
were investigated with all other lateral-directicnal modal
characteristics remaining constant. In these configurations
the zeros of the g% transfer function coincided with roots
of the osclllatory mode of the characteristic equation.

The pilots' comments are summarized in Table 4d.

5.2.1 Duteh Roll at Highest Frequency and Various Damping

Ratios
The characteristics of the lateral-directional normal

modes of motion were:

= - = _ S
By = W, = 1.0 rad/sec A 4.0 vy
tq = &y = 0.3, 0, -0.2 g = O
and |%\d = 0.2, 0.75, 1.5



It may »e seen 1lmmedlately from their ratings, plotted
in Fig. 18a, that the pllots experienced varying degrees of
difficulty in flying these configurations, the difference
becoming mor: apparent with increasing '%Id' However, the
line of averaged pilots' ratings indicates a general
deterioration of handling qualities as.I%ld is increased,

At the Llowest [%|d, 0,2, all pilots agreed that the
configuration was one of the best behaved of the programme
with virtually no necessity to coordinate turns with rudder,
little noticeable effect of turbulence or cross-wind, no
difficulty with the sidestep manoeuvre and with aileron
sensitivity being adequate, although a little low.

The greatest differences in ratings in the programme
occurred for the intermediate |%|d, 0.75. All pilots found
that the alleron control power of this configuration was low,
and that too much of that available was required on the
approach to counteract the cross-wind, However, similarities
in comments e¢nded here. Pilot A found the configuration was
generally gocd, stable and easily controllable. In contrast,
Pilot € was zffected to a much greater extent by the aircraft's
response to turbulence, in that it caused an uncomfortable,
coupled rolling-yawing motion. He also found that he was
unable to rcll-cut of the sldestep manceuvre without rudder

assistance, tecause of the limited roll control remaining
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after the cross-wind had been counteracted. The cther
pilots were affected to varying degrees by the aircrafi's
response to surbulence and generally had some difficulty in
recovering frrom the sidestep manoeuvre because of the small
aileron cont:rol travel remaining.

It shoulid be noted that the low frequency portion of
the turbulence input could have a pronounced effect on the
amount of aieron avallable on appreach, as it could, in some
instances, add to the cross-wind effect and, in others,
counteract it, The execution of the sidestep manceuvre takes
approximately 20 seconds and a gust (amcunting tc a variation
in the wind direction) with a period of this order, could
have considerable influence on the performance of the
manoeuvre,

In corder to discover if poor control harmony affected
Pilot C's rating of the configuration, the rudder sensitivity,
N5r’ was rediced to such a level that the gain of the low
frequency, oren-loop yaw rate, r, to rudder, ér, response
was the same as in the configuration with the lower .%ld.
There was an improvement in his rating, but the comments
were generally similar to those in his previous evaluations,
the major difference being that he was able to recover from
the sidestep manoeuvre. This latter factor, which doubtless
influenced tre pilot's rating, cannct, of course, be

attributed tc the decrease in rudder sensitivity, The
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alleron sensitivity, Lsa, was then increased by 50%, whilst
that of the rudder, Nér, was returned to its normal value.
The result was a greater Improvement in rating, wilth no
difficulty being experienced due to a lack of alleron control
power.

The difference in ratings can be attributed only in
part to these changes in control sensitivities, as the
different time history of the furbulence to which tThe alrcraft
was subjected may have caused varying degrees of difficulty
at crucial points during the evaluation.

The high .% 1.5, caused all but Pilot D considerable

d,
difficulty at this damping level. The major problem was that

of the large roll angles generated by small sideslips. The
roll control power available proved 1lnadequate for the task
and, on approach, full ailleron control deflectlon was regulred
for much of the time because of the cross-wind and turbulence.
This resulted in insufficient aileron being available to
recover from the sidestep manosuvre without rudder assistance
during the recll-out. Turbulence proved to be bothersome in that
it ecaused continual and large disturbances in roll. Improve-
ments in contrcl harmony and allercon control sensitivity,

made on the same basls as that used for the intermediate .%Id
ratic, did not this time prove to be of sufficient benefit

to overcome the difficulties experienced with the roll

excurslicns.
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(i1) £4=0

From the pilots' ratings for this group, plotted in
Figure 18b, it can be seen that the ratings deteriorated with
increasing l%ld, and that their general level was worse than
that of the previous group.

The main objection at low |%|d was to the yaw oscillation
fhat was continually being excited by the turbulence, The
aileron s=nsltivity was generally considered as quite good,
whereas tae rudder was a little over-sensitive.

At intermediate.|%|d pilots again showed an increased
differencz in their ratings. The general complaint was of
the oscillatory response in both roll and yaw to turbulence
and to ruilder inputs. The aileron control power was considered
to be low, especially in comparison with the sensitive rudder
control. Pilot C also flew the configuration with the aileron
control sensitivity increased by 50% and, although commenting
on the improved response in roll, did not change his rating
of the configuration.

All pilots agreed that the task cculd not be performed
adequately at the high |%'d' The major complaint was of the
severe ef’ect of turbulence in disturbing the aircraft in
roll. Even small sideslips caused such large roll disturbances
that full aileron was frequently required to hold off bank.
The cross--wind required full aileron for most of the approach

and the sidestep manoeuvre could not be accomplished
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satisfactorily. Increasing aileron sensitivity by 50% did
not improve matters.
(131) g4 = -0.2

The pllot ratings for this group are plotted in Figure 18c.
In this case the ratings consistently deteriorated with increasing
’%Id and the general level of ratings was worse than in the
previous groups of higher damping.

At low l%|d the dominant feature was the divergent yaw
oscillation that was excited by turbulence, The oscilliation
could be readily controlled with the powerful rudder, but
constant attention to this aspect was required.

At intermediate I%Id the oscillation again dominated the
assessments, the difference being that it now became much more
apparent in roll., Consequently, the low roll control power
was noticeable, with ensulng difficulties from the cross-wind
occurring on the approach., Small sideslips used up all the
rcll contrel available, resulting in the necessity to maintain
continuous rudder coordination,

At high |% this configuration proved to be virtually

4
unflyablie, Large roll excursions were continually initiated
by turbulence and sideslip, and control of the ensuing

oscillatory motion in roll dominated pilots' attention. The

aileron control power available was inadequate to cope with

the situation.
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5.2,2 Duzch Roll at Intermediate Frequency and Various

Damping Ratios

The characteristics of the lateral-directional normal

modes of motion were:

wg = Wy = 0.5 rad/sec ‘g = -4.,0 E%E
(;d = Cq] = O 33 O, “"0-2 ;\S = O
[

and is'd 0.2, 0.75, 1.5

The pllots' ratings are plotted in Figure 19a, The
comments «t low i%‘d indicated slight oscillatory tendencies
in yaw, a slight effect of turbulence and a need for small
rudder inputs for coordination.

At intermediate '%‘d a spread in pilots' ratings
occurred. In general, a long pericd cscillation in both
reoll and yaw, which could be checked relatively easily but
led to the dimpression that the aircraft was rather "loose!
about the lateral-directional axes, was evident., Pilots C
and E comnented on the lack of rell control power, esgpecially
in the presence of sideslip, and the sldestep manceuvre
required nuch attention from these pilots because of this
Tactor. 1The other pilots found the rocll control power
adequate. The effect of turbulence was minor, although it
did set off the oscillation.

At high |%|d oscillations in roll that were set off
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continually by both turbulence and rudder inputs dominated
the assessments. Alleron control power was generally inadeguate
for controlling the cross-wind and for manoeuvring.

(11} Ty =0

The pilcts' ratings are plotted in Figure 19b, and the
deterioratior. in handling qualities with increasing '%|d may
again be observed.

At low-I%Id the only ocbjectlonable characteristic was
the yaw oscillation of long period that was occcasionally set
off by rudder inputs. The oscillation was easily controlled,
but required attention.

At intermediate '%1d the oscillation in yaw became more
pronounced and made constant use of rudder necessary. The
cross-wind and sidestep manoeuvre caused no undue concern to
the pilot.

At high ’%ld control of the oscillation, which was
apparent in both roll and yaw, required continual attention.
Turbulence had considerable influence on the lateral stability
of the configuration and all pilots had difficulty with the
sidestep manocuvre because of the inadequate roll control
power,

(1i1) Zgq = =0.2

The pilots' ratings are plotted in Figure 1%c. From
the mean line 1t can be seen that the deterioration in pilots?

opinions of the configurations became more rapid with increasing

)
lgld'
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At low |%|d the complaint was of the oscillatory
characteristics in yaw which required much use of rudder
to restrain the directional response to the desired level.
The effect of turbulence was small,

At intermediate |%|d the osciilation, again mainly in
yaw, was more pronounced and was set off more noticeably
by the turbulence. Neither the silidestep manoeuvre nor the
cross-wind caused difficulty.

At high !%'d the oscillation in roll and yaw dominated
the attention of the pilot, with large roll angles being
generated by yaw. The effects of turbulence were severe,
requiring full aileron deflection occasionally on approach.

5.2.3 Dutch Roll at Lowest Freguency and Various Dampling

Ratios
The characteristics of the lateral-directional normal

modes of motion were:

wg = vy = 0.25 rad/sec Ag = ~4.0 -é—g-c-
cq = Ty = 0.3, O rg = O
and ‘%ld = 0.2, 0.75, 1.5.
(1) 4 = 0.3

The pilots' ratings are plotfted in Figure 20a. It will
be noted that no evaluation was conducted at the highest l%ld
since no converged solution was obtained from the computer

programme for this case.
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At low I%Id one of the dominant features was the adverse
yaw due to aileron application which set off yaw oscillations
of long pericd. These oscillations sometimes appeared to the
pilot to behave more as a static divergence in yaw and required
continual attention to rudder, Rudder coordination was
required in rolllng manceuvres.

At intermediate t%‘d adverse yaw due to aileron movement
again occurred and the aircraft had the same poor weathercock
stability that characterised the low ’E*Bl|d configuration;
consequently, constant attention to rudder coordination was
required.

(11) Lg = 0

The pilets' ratings of this group of configurations
are plotted in Figure 20b, from which it may be seen that
the rate of deterioration of pllot opinion decreased with
increasing I%Id'

At low |%.d oscillations of long period in yaw that
were easily, but necessarlly, ceontrolled with rudder, were
apparent,

At intermediate ,%Id the major complaint was of the
poor directional stabllity that required constant attentiocn
to rudder coordination. Turbulence, cross-wind and the
sidestep manceuvre caused no difficulties.

At high |%ld the general complaint was again of poor

directioral stabillity, but the disturbances were initiated
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to a greater extent by turbulence., The cross-wind and sidestep

manceuvre cculd be handied easily by the pilots,

5.2.4 Summsry of the Effect of |%|d

AT the highest frequency the major effects of increasing
‘%'d were:

(1) A marked increase in the effect of turbulence in
disturbing the aircraft, particularly.in roll.

(2) Ar apparent decrease in the roll control power
available, probably resulting from (3) below.

{(3) Ar increasing proportion of the available roll
centrol power being required to counteract the
rolling moment due to sideslip angle.

Decreasing damping levels caused a general deterioration

of pilots' ratings at all levels of |% because of the

|
increased pilot-workload required to coitrol the oscillations.
The effects of turbulence also became more pronounced at all
levels of [%!d with decreased damping.

At the intermediate frequency the major effects of
increasing I%id were similar to those at the highest frequency,
although the degree of their influence was smaller. The
oscillation in roll did not become dominant as quickly and
hence relatively more attention was available to counteract
the oscillation in yaw.

Unfortunately, the lowest frequency could not be

investigated fully because of the inability of the computer
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programme to produce converged solutions in all regions of
interest. From the limited data available, however, l%ld

did not appear to have a marked effect on pilots' opinions
since the objection at all levels was to the low directicnal
stability. The increasing effect of turbulence with increasing
‘%Id’ noted at the higher frequencies, was much less proncunced

at this frejuency.

5.3 The Effects of Varying the Dutech Roll Characteristics

and th= Zeros of the gE-Transfer Functicn
a

5.3.1 Low '%id

5.3.1.1 Du:cch Roll at Highest Frequency

The characteristics of the lateral-directional normal
modes of mo:ion were:

w; = w¢ = 1.0 rad/sec Al o= =4,0 —

Ty and c¢ varying Ao o= D

The chénges in pilots' ratings with decreasing Dutch
roll damping ratic may be seen from Figure 21, The pilots!
ratings, their envelcpes and their average values are
presented ir this figure, whereas the pilots' comments on
the configurations are summarized in Table le.

(1) c¢ = T4

The major effect of decreasing the damping of the
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characteristic oscillatory mecde was, not unexpectedly, the
inereasingly dominant regqulrement on the part of the pilot

to control the oscillatory characteristics of the aircraft.

As the damping was decreased turbulence, as well as the small
initial yaw response resulting from ailleron application,
played an ever increasing rcle in setting off the osciilation,
which was predominantly in yaw.

(11)

= T4 + 0,1

“¢

The gdifference between this group and the previous

group lay in the change in the relative influence of the yaw
generated by aileron application and of the turbulence in
seftting off the oscillations, which were again mainly in yaw.
The effects of turbulence were less severe and those of the

generated yaw more severe than in tThe previous group with

(1i1) c¢ = 54 = 0.1

In this group, the effect of fturbulence was more severe
in setting off the yaw oscillation than for the configurations
of {i) and the effect of yaw, generated by aileron in the
opposite sense to that for the configurations of (i11), was of
comparable severity to that in the second group., For a
given g the cumulative result of these effects was to
degrade the handling qualities in comparison to those of the
configurations with c¢ = T4 and c¢ = cd + 0,2, The magnitude

of the deterioration, in terms of averaged pilots' rating
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points, may be seen from Figure 24,

The characteristics of the lateral-directional normal

modes o motion were:

_ 1
wy = m¢ = 0,5 rad/sec AR = -4,0 YY)
Cd and §¢ varying AS = 0
|B|d )

The changes in pilots' ratings with decreasing damping
ratio are presented in Figure 22, and the pilots' comments
are sumnarized in Table A4F,

(i Ly = Tg

The effect of decreasing the damping of the oscilllatory
mode of the characteristic equation was not pronounced until
a damping ratio of Lq = -0.1 was reached. The oscillatory
mode was not excited readily by either turbulence or control
inputs &t damping levels in excess of this value. Thereafter
the decreasing directional stiffness allowed the rapid build-
up of sideslip from small out-of-trim on rudder, causing an
oscillation, predominantly in yaw, to build to levels that
requirec continual rudder attention for its suppression. The
effect ¢f turbulence was small until the lowest damping

ratios were reached, when some pilots felt that it excited

the oscillation moderately.

78



I
/WORST ImmNG
v

2
REST AVERAG'E RATING
i
1 |
La O ) 8 9 10
PILOT RATING
-1
-2f—Cg¢ a0l
-3
-4

i
8 9 10
PILOT RATING

3
2
A
0 i | 1
Lo | 2 3 4 8 9 ©
PILOT RATING
_‘l —_—
~2-Lg¢ = Lg- 0
-3

FIG 22  EFFECT OF [, AND [, ON AVERAGED PILOTS' RATINGS
AND ON PILOT RATING ENVELOPES; [$|,=02,w, = wp=05 RAD/SEC

79



(11) g, = gg + 0.1

The deterlorating in handling qualitles with decreasing
cd was <cue to the increasing coordination difficulties caused
by the initial adverse yaw followed by pro-yaw which was
generated by the application of aileron. Although this
effect was not too severe in itself, it did excite the
osclllation at low values of Cq- The diminishing directicnal
stiffness coupled with the sensitive rudder was alsoc a factor
in the ceterioration of ratings assigned to the configurations
as gd was decreased.

- 0.1

(11ii) C¢ = T3

The effects of changing the damping ratio in these
configurations were not pronounced. The recurring complaint
at high damping ratios was of the yaw generated by aileron
application. This changed from adverse yaw, followed by
pro-yaw at the highest damping ratio, tc pro-yaw at the
negative damping ratios. The yaw folleowing alleron
application became less severe as the damping ratio
decreased, but, because the oscillatory characteristics
became more pronouriced, the coverall result was a requirement
for considerable rudder coordination to suppress either the
yaw due to aileron or the oscillation excited by it. The
effects of turbulence did not appear to have a consistent
pattern as the damping ratio was decreased, but seemed to

have varying influence throughout the range. Because of its
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long period, the oscillation often had the appearance of
a static divergence, Constant monitoring of the sldeslip
was required to suppress this divergence, particularly as
the damping ratio was decreased.

5.3.1.3 Dutch Roll at Lowest Frequency

The characteristics of the lateral-directional neormal

modes of motion were:

- — _ 1
wg = w¢ = 0,25 rad/sec AR = 4,0 Seo
%4 and :¢ varying ls = 0
&1 = 0.2
lﬁld )

The changes in pilots' ratings with decreasing damping
ratic are presented in Figure 23, and the pilots' comments

are summarized in Table ig.

(1)

E¢ = T3

Low directional stiffness dominated pilot attention at
gall ievels of Cd' As the damping ratic was decreased, yaw
with aileron application reached a minimum at about Lq = 0.1,
resulting in the minimum disturbance of either the long
period osclllation or of the apparent static divergence in
this region., However, it was still necessary for the pilot

fo provide good rudder coordination at this damping ratio,

mainly because of the poor directional stiffness.

C¢ =

The low directicnal stiffness was again tThe deminant

{(11) + 0,1

4
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feature for these models. Heading wander was initlated by
the yaw due to alleron applicatlon and the pilots generally
had diffiecu. .ty 1n coordinating the entries to and exits from
turns because of the changing rudder requirements. The
effects of turbulence were not a factor until g4 had been
reduced to --0.3.

(111) 44 = tq - 0.1

At high damping levels, the major difficulty was due to
the changin;; rudder requirements for the correct rudder
coordination of aileron inputs. The oscillatory characteristics,
again mainly in yaw, were more proncunced than in the previous
two groups, and the oscillation was readily excited by alleron
application and by turbulence. The directional stiffness,
although no: as low as in the previous two groups, did require
that attention be given to rudder trim positlon to prevent the
rapid bulld-up of large sideslips. As the damplng ratio was
reduced, the effects of turbulence became less pronounced. The
rudder cooriination required was smallest at damping ratios
of about §q = ~0.1, which coincided with the ‘lowest absolute
values of N, and Naa.

5.3.1.4 Summary of the Effects of Damplng on Pilots' Ratings

at Low ‘il
Blg

(1) Highes: frequency, wy = w, = 1.0 rad/sec

¢

At this frequency, the osclllatory characteristics in
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yaw dominated the assessment of the configurations by the
pilots. The oscillatlion was initlated by the effects of
turbulence and by the yaw generated following aileron
application. For this frequency, the locations of the zeros
of the %g transfer function in relation to the oscillatory
characteristic roots appear to be reasonable parameters with
which to represent the lateral-directional characteristies

of the configurations, because of the lateral and directional
coupling in the open-loop oscillatory mode. It should be
noted, however, that the influence of the location of the zero
of the %; transfer function on the above characteristics

must also be considered before the limitations of this

generalization can be formulated.

(2) Intermediate frequency, wy = wy = 0.5 rad/sec

This frequency led to transitional results among the
different parameters that dominated the lateral-directional
characterlstlcs of the configurations. The facteors which
caused pilots difficulty were: low directional stiffness,
osclllatory characteristlcs in yaw, yaw response to aileron
application and the effects of turbulence. No one parameter
dominated throughout the range of damping ratios investigated
and it was the net sum of the detrimental characteristices
that flnally led to the pllot's rating. In view of the
changing nature of the predominant parameter causing difficulty,

the use of the locatlion of the zeros of the %; transfer function
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as the mein parametric reference for configuratlons of this
frequency, is no longer justified, and can give a misleading
emphasils to the wrong parameters throughout much of the
range.

(3) Lowest frequency, wyg = wy = 0,25 rad/sec

The domlnant feature in the ratings gilven by the pilots

to configurations wilth this frequency arose from the yaw due
to allercn application. The directional stiffness generally
appeared to be low if not negative and the yaw following
alleron application caused large sideslip angles to bulld
rapidly, often with an oscillatory content. Turbulence
caused ccncern in some regions. As at the intermediate
frequency, the location of the zeros of the gﬁ transfer
function no longer provides a useful parametric form for

categorizing the configurations.

5.3.2 Intermediliate |%i
d

The lateral-directional modal characteristics were:

= = = 1
wd - w¢ = 1-0, 0-5, 0-25 I'adfsec AR = —}4.0 'égé—
Lqg = c¢ = 0.3, 0.0, -0.2 Ag = 0
i, - o

d

The various configurations with this i%‘ have already
d
been considered in Sectlion 5.2. Figure 35 presents these
data in the form of pilots' ratings versus damping ratio for

the three different frequencies.
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5.3.2.1 Summary of the Effects of Damping on Pilots' Ratings

£t Intermediate |1|
€ 8 q

(1) Highest frequency, wg = wy = 1.0 rad/sec

For these characteristics, the pilots found that the
oscillaticn in roll became more pronounced as tq was decreased.
Both turbulence and rudder inputs initlated predominantly roll
oscillatlions and the available roll control power caused the
pilots varying degrees of difficulty, as full aileron control
deflection was often required to overcome the large rolling
excursions. The deteriorating in the oscillatory characteristics
with decreasing damplng was, in general, found to be objection-
able, but on occaslon, the lack of sufficient roll control
power was the overriding, undesirable feature. Indeed, during
several evaluations two of the pilots considered that they
would have been unable to roll out of the sidestep manoeuvre
before ground contact, since the synthetic cross-wind and a
small amount of sideslip had diminished the roll control power
avallable In the recovery directlon to an extremely low level.

(2) Intermediate frequency, wg = we = 0.5 rad/sec

The osclllatory characteristics in both roll and yaw
became mor: pronounced for these configurations, as the
damping ralo was decreased. At the highest damping ratio,
the low roll control power agaln caused concern, but this

effect became less dominant with decreasing damping ratios.
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At the lowest damplng ratio, 4 = -0.2, the effect of
turbulence was quite pronounced in setting off the oscilla-
tion, particularly in yaw, and there was also a tendency for
the oscilllation to be exclited by the yaw following aileron
application.

(3) Lowest frequency, wgq = wy = 0.25 rad/sec

The dominant feature at this frequency was the need for
continual rudder coordination, because the low directional
stiffness allowed oscillations, mainly in yaw, to be easily
excited. Pillots did not complain of low roll control power
and did not experience the difficulties that ensued from it

at the higher frequencles.
5.3.3 High \$1
_ B g

The lateral-directional modal characteristics were:

wg T oW, = 1.0, 0.5, 0.25 Ag = -4.0 E%E
< C¢,- varying hg = 0
-2

8lg

The changes in pilots' opinions as the damping ratlo of
the oscillatory root of the characteristic equation was
decreased, are shown in the three parts of Figure 26. The
pllots' ratings, thelr envelopes and their averaged values
are presented in this figure, whilst the pilots' comments on

the configurations are summarized in Table bn.
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(i) wy = w, = 1.0, T = C¢

The major complaint at all levels of damping was of the
large roll excursions caused by small sidesllip angles. The
aileron control power available to counteract the roll was
inadequate to cope simultaneously with the cross-wind, the
turbulence and the need to manoeuvre., As the oscillatory
characteristics became more pronounced with decreasing damping,
an ever greater proportion of the task became impossible.

(ii) wd = h.\¢ = 0-5’ Cd = C¢

The characteristics of thls group of configurations
were similar to those at the higher frequency, except that
their effects were generally less pronounced. In relation
to the rolling characteristics, the linadequacies of the
directional characteristles became more obvious to the pilot
than in the previous group.

¢ ¢

The major characteristic of the low frequency configura-
tions tested was the decreasing directlional stiffness that
occurred with decreasing z4. Thls demanded strict attention
to rudder coordlnation. The effects of turbulence also became
more pronounced with decreasing tgs but low roll control power

was no longer a significant factor.
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6.0 CONCLUDING REMARKS

From an investigation into the effects of the lateral-
directional. characteristics on handling qualities of STOL
airecraft at. low speeds (50 knots), the following tentative

conclusions have been reached:

|-6-

(1) Vhen the zeros of the transfer funetion coincide

T+ o

with the oscillatory characteris ?c roots, increasing l%ld
generally causes a deterioration in handling qualities. The
deterioration 1s very marked at the highest frequency, but
is hardly rnoticeable at the lowest frequency.

(2) it the highest frequency, as is increased,

|
8 d
the effects of turbulence, particularly in roll, become very

pronounced, and small sideslip angles cause large rolling
moments. The rolling moments generated in the present inves-
tigation were of such magnitude at higher l%l that the pllot
often required considerably more roll controldpower to over-

come them than that available. This became especlally noticeable
after the roll due to the synthetiec cross-wind, introduced

during the approach phase of the task, had been counteracted.

(3) At the lowest frequency, the low directional

stability c¢f the ailrcraft becomes the major concern of pllots

d
(4) &s the location of the zeros of the

of all levels of '%

I-e

transfer
a

eristie roots

ct o

function is moved round the oscilllatory charac
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, the recurring complaints originate from the
d
handling characteristics in the directional plane. For this

¢
at low ‘B

reason, 1t would seem to be expedient to categorize the
handling qualitles by some means which has a more direct
bearing on those physical aspects of concern to the pllots

than does the Ei transfer function. The reasonable contours
a

of pilots' ratings obtained on the basls of the location of

the zeros of the Eﬁ transfer funection at the highest frequency,
appear to be due to a coupling between the lateral and
directional modal characteristics. At the lower frequenciles,

however, the 31 transfer function is no longer sensitive to
a

the major causes of deterioration in handling qualities, which
are associated with stability in the directional plane. As
‘%‘ is increased, the use of the L transfer function is

d

8a

still not considered as being particularly suitable because
the rolling excursions caused by the effects of turbulence
and sideslip angle increase to such an extent that the addi-
tional excitation of the characteristic modes, which occurs
with the movement of the zeros away from the roots, 1s of
1ittle more than academlc interest.

(5) An analysis, as to which parameters may better be
used to categorize the lateral-directional characteristics

tested herein, should be undertaken.
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APPENDIX A

Derivation and Influence of the

Side Force Stability Derivatives

In any variable stability system, the responses in
the six degrees of freedom can be varied at will only ir
six means of achieving moments and forces are available.
It is desirable also that the three controls providing
moments are such that the dominant effect of each is about
only one axis and that the unbalanced forces arising from
thelr use are small. Similarly the devices producing the
fhree forces should be aligned approximately with the
coordinate axes and cause only small moments about these
axes. In the variable stability helicopter used in this
investigaticon, lateral cyclic control, longitudinal cyclic
control and tail rotor collective control provide approximately
independent moments respectively about the x, y and z axes,
while main rotor collective control results in a force
approximately in the z direction. The lateral and longitudinal
cyclic and the tail rotor collective controls, moving in a
manner to produce the desired aerodynamic derivatives about
the x, y and z axes, give unbalanced forces approximately
along the x and y axes. Since there are no independent force
producing devices along these axes, apparent longitudinal
force and lateral force aerodynamic derivatives result that

are related to the programmed values of the pitching moment,
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rolling morent and yawing moment aerodynamic derivatives.

A.1 LEstimation of the Values of the Side Force Derivatives

If it is assumed that the only significant external
mements on the helicopter about the rolling and yawing axes
result from lateral forces at the top of the main rotor mast
and at the tail rotor and that these two axes are principal

aXxes, then at any instant, the total lateral aerodynamic force

is
= XX I L] - L] - . - |
Fy = 4 Lp p+L., P+LB B+Ls 6a+L6 6P+LB Bg
r | a r ’ |
IZZ r -
-~ —— |N_+p+N_+r+N_, -B+N, +S§_+N, *6_+N_-*p
[ i p r A 6a a Gr r 8 g_
FFy A.l

If mus< be remembered that Bg is a synthetic turbulence
that is felv on the helicopter only through forces produced
at the main rotor and tail rotor. FB Is the resulting lateral
aerodynamic force acting on the helicopter excluding the
contribution of those components at the top of the mast and
at the tail rotor. Because of the initial assumpticn, it
acts through the centre of gravity.

Ir Fy is expressed in terms of aerodynamic side force

derivatives, namely,

F, = m [Yp-p+Yr-r+YB-B+Y6a-6a+Y6r'6P+YBg-Bg{] A.2
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then 1t follows that these apparent side force derivatives

are:
oF
- 1 B
Yo o= kgL - kN + 2 —
)8
oF
_ 1 B
Y. = kL, - KN, + o p)
r
JF
_ 1 B
Tg = Kabg - KlNg + o T,
A3
aF
1 B
Y = k_L - k.N + o
Sa 1 Sa 2 éa m 5
a
ol
_ 1 B
Ts = Kilg — KNy 4 &
r r r 8
r
Yg = kilg = kplNg
g
IXX
where kl = m'hr
AL
IZZ

It would be expected that to a good approximation, the
aerodynamic side force of the helicopter body, FB, is a
function of only the sideslip angle. In this case, the

above expressions reduce to

97



r 1r 2°r

YB = leB - k2NB + YBf = YBg + YBf A.S
Ysa = leGa - kzNﬁa
Yar = leér - k2N6P

Under the conditions of the present tests, the values of
iF o
Y = L. s k. and k, have been estimated to be
Be m 1 2

o

|

oI

B

v = -3.74 Tt/sec’

Bf rad
kl = 1,16 ft
k2 = 0,76 ft

From estimates of the magnitude of aerodynamic forces
and momerts arising from terms that have been neglected, the
above expressions would appear to give reasonably accurate
values fcr the side force coefficients when the reference
axes are aligned with the helicopter's principal axes (in the
present case, the reference axes directions are those of the
rate gyros). Misalignment of the roiling and yawing axes
from the helicopter principal axes requires that additional

moments bz provided to overcome the coupling moments produced

98



by the cross product of inertia Ixz'r These additional moments

are:;
AL = =TI T
XZ
AN = —IXZ P
Then, the side force becomes
Ixx Ixz |
F = —_ e — 7+ o+Lo+ . + . + .
v L hr gt o jo Lr r+Lg B8 Laa 63 Lﬁr Gr LB Bg
-1zz Ixz i
-]—=— 4+ —| |[N_p+N_-r+N,*B+N, *6_+N. & _+N B
i lt hr P r 8 6a a Gr r B8 g_
+ Fy A.B
and

k' - Ixx + X2 _ Ixz

1~ mh m- 4 1 me

r t t

AT
I I I

' TEZ X7 X2z

“2 " ma. T mh Kot ohn

r g

If the rolling reference axis is misaligned 6° from
the helicopter principal axis, corresponding to the change
in angle of the gyro package for the glide slope portion of

the task in these tests, 1T -75 slug ft2 approximately and

Xz
kl = 1.16 - .04 = 1.12
k| = 0.76 - .16 = 0.60

2
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A,2 Experimental Substantiation of Estimates

Some: flight experiments were conducted to show that
the above procedures gave good estimates for the apparent
side force derivatives., In flight, measured lateral
acceleration is proportional to the total lateral aercdynamic
force acting on the helicopter. The parameters p, r, B8, Ga’
Sr and Bg irn equation A.2 were measured, the expressions
for the side force derivatives from A5 were assumed and
the wvalues of kl, k2 and YBf adjusted to give the best fit
between the computed value of the right hand side of equation
A.2 and the measured left hand side given by the recorded
lateral acceleration. The dominant response during these
tests was 1n yaw so that the lateral side force was
insensitive to the value of kl, but the required values of
k2 and YBf to give the best fit agreed closely with the
estimated values. These tests were conducted with the rate
gyro packige in the position for level flight so that it
was not poissible to check the influence of IX on the wvalue

Z
of k..

2

In addition to the above tests, an indirect verification
that the previous procedures give adequate estimates of the
side force derivatives is glven in Section 3.1.1. The
equations of motion, including the effect of the estimated

side force derivatives, were programmed for certain

configuratiions on an analog computer in the laboratory.
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The control movements of the evaluatlon pllot and the

synthetic turbulence recorded on magnetic tape during the
flight tests, were used as inputs to this analog and the
resulting computed respcnses were compared with the in-flight
measured responses of the simulator. The comparisons are

shown in Figures 6a to 6i, The sideslip angle, B, in
particular is sensitive to the side force derivatives and

it may be seen from these Figures that the previous assumptions
provide an adequate estimate.

The effect of the predicted reduction in kl and k2
caused by the 6° tilt in the rate gyro package on the modes
of motion and the numerator rcots of the nine transfer
funetions relating bank angle, yaw rate and sideslip angle
response to alleron, rudder and synthetic lateral turbulence
was checked for a number of models used during the investigation.
The influence was small in all cases with the values given
in Table A.1 for model LH 10041041 being typical. It can be
seen that the only significant changes occurred in the real
factors of the numerators of the B/Sa, ¢/6r, B/ér, and B/Bg
transfer functions, and these changes were offset by
reciprocal changes in the constant multipliers. Hence, the

response is different only at very high frequencies.
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INFLUENCE OF VARIATIONS.IN.kl and.kz.ON.FACTORS

TABLE A,1

OF RESPONSE TRANSFER FUNCTIONS

DENOMINATOR FACTORS

kl k2 Spiral Roll Subs,.
Mode Mode
1.16 .76 ,0010 3.9951
1.12 .76 . 0010 3.9973
1,16 LEO .0010  3.9962
NUMERATOR ¢ T0O Ga PACTORS
kl k2 ConStant
Multiplier
1,16 16 A
1.12 .76 A
1.16 LED LU
NUMEERATOR » TO Sa FACTORS
kl k2 Constant Real
Multiplier Factor
1.12 .76 -.3300 -1.1399
1.16 .60 -.3300 ~-1,1403
NUMERATOR B TO éa FACTORS
kl k2 Constant Real
Multiplier Factor
1.16 .76 00724 -.3569
1.12 .76 .00828 -.3565
1.16 .60 .00784 ~-.3562

102

Dutech Roll Mode

Damp. Ratio

.1010
.1011
.1002

Damp. Ratio

. 0113
.0113
.0104

Damp. Ratio

L1947
.1940
.1939

Real
Factor
. 0392
.0392
.0392

Nat. Freq.

L9946
.9943
.9945

Nat. Freq.

1.0028
1.0028
1.0028

Nat. FPFreq.

.6090
.6086
.6085

Real
Factor
45,6329
39.9222
42,1849



TABLE A.1 (Cont'd)

NUMERATOR ¢ TO,Sr FACTORS

kl k2 Constant Real
Multiplier Factor
1,16 16 ~.0213 ~29.,4750
1.12 .76 -.0213 -29,4750
1.16 .60 -.0225 -27.9142

NUMERATOR r TO Gf FACTORS

kl k2 Constant Real

Multiplier Factor Damp. Ratio Nat. Freq.
1,16 .76 .75 4,2172 L0467 2755
1.12 .76 15 4,21g4 .0U67 L2754
1.16 .60 .75 4,2198 L0467 L2754

NUMERATOR B TO Gr FACTORS

kl k2 Constant Real Real Real
Multiplier Factor Factor Factor
1.16 .76 -.0675 .0033 4,1849 111.2286
1.12 .76 -.0675 .0033 4,1845 111.2395
1.16 .60 -.0532 .0033 4,184y 140.9052

NUMERATOR ¢ TO Bg FACTORS

kl k2 Constant Real Real

Multiplier Factor Faetor
l-l6 076 —.8”0 40129 .01-“40
1.12 .76 -.840 L0129 L0440
1.16 .60 -.840 .0129 .04kbp

NUMERATOR r TO Bg FACTORS

kl k2 Constant Real Real
Multiplier Factor Factor
1.16 .76 1.700 L 0blo 2.1641
1.12 .76 1.700 Lol 2.1641
1.16 .60 1.700 Lohho 2.1641
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TABLE A.1 (Cont'd)

NUMERATOE B TO Bg FACTORS

kl k2 Constant Real Real Real
Multiplier Factor Factor Factor
1.16 .76 ~.0242 L0010 2.3860 69.1246
1.12 .76 -.0264 L0010 2.3937 63.1992
1.16 .60 -.0236 ,0010 2.3940 70,7448
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APPENDIX B

Summary of Lateral-Directional Transfer Functions

The factors of the nine lateral-directional transfer
functions relating responses ¢, r, and 8 to inputs Ga, Gr
and Bg are itemized below,.

Denominator Factors

Su: U
3.
S ~[U(Nr+Lp) + YB]
2
S<: [(NP+LP)YB - LBYp - NBYP + U(Ner—NpLP) + UNB]

S ¢ [N L=NL yyg + (NpLg=Ngly)¥, + (NgL ~N L)Y,

+ U(NpLB-NBLp) - gLB]

constant: (NPLB - NBLP)g

Numerator Factors

Aileron Input

$
(a) Nﬁa

82: u L5
a

[€7)

{—L6 YB+LBY5 +U(N6 LP_NPLS )]

a a, a a

constant: [(N_ L. ~Ng Lr)YB + (N LB-NBLﬁa)YP + (NBLr"NrLB)YG

a a a

+ U(NBLéa—NG LB)}

a
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(b) N

U Nﬁ
a

8% [U(N L. ~Ng L} = N, Y, + N, Y, ]
P, 8P §. 8 B8,

St [(NgL -NL: )Y, + (N;L, =N, L)Y + (N L_-N,L )Y. ]
6,7 p PS8 B8, 6,78 p PR BTPTTS,

constant: (NBLG - N LB)g

a a
B
{c) Ng
a
3,
S Ys
a
2
S7: [Ly Y_ + N, Y. - (N +L )Y - UN, ]
éa D 6a r r p Ga Ga
S [(N, L_-N_ L, )Y + (NIL. -N. L Y+ (N.L -N L )Y
6a r r éa p D Ga Sa p’r rp pr 6a

+ U(N, L =N L, ) + gL, ]
Ga PP 6a 5a

constant: (NéaLr - NrLGa)g

Rudder Inputs

(a) N®
6I’

S (LBY6 + UN; Lr)

r r

constant; [—N5

LY *N¢ LY +(N,L -N_ L_)}Y, -UN. L_]
- r g ér B r B r "r B SP Gr B
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(b) NY

constant:

(e) N8

constant:

UN
Gr

(=N, Y, + N - UL N, )
6,8 B 6n pé,

£N5erYB—N5rLBYp+(NpLB—NBLp)Yﬁr]

-N, L,g
6r B8

s
r

[N, Y - (N_+L )Y, - UN_ ]
Gr r rp Gr Gr

[N, LY «N, L Y 4{(N. L. =N L )Y, +UN, L_]
6r rp Gr pr rp pr Gr 6r s

Synthetic Turbulence Inputs

(a) N¢
Bg

S2:

constant:

U LB

[—LB(YB—YBg) + U(NBLP—NrLB)]

(N Lg=Ngly.) (Yg=¥g )
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(b)

(e)

constant:

U NB

[~N, (Y, ~Y
B 6 Bg

(NBLp—NpLB)

Y
Bg

[—(Nr+Lp)YB

[(Ner-Ner

(N,L

B r ~ NrL

)+ U(NPLB—NBLp)]
(Y.-Y,. )
8 Bg
+ LBYp + NBYr - UNB]
g
)YB + (NBLP-NPLB)YP + (NpL

g

+ U(NBLp-NpLB) + LBg]

B)g
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TABLE 3
TEST CONFIGURATION CHARACTERISTICS

CONFIGURATION
IDENTIFIER

STABILITY DERIVATIVES

N N N NB L

8 r p T

LL 112+20+44

\T

N

Sign and Magnitude of §¢ x 100

Sign and Magnitude of tq X 100

////

rad.
Magnitude of m¢ [EEET} x 100
Level of w.: L = 0.25, M = 0.50, H = 1.0 kad.
s} sec.
tLevel of |$] : L = 0.2, M = 0.75, H = 1.5
DR
IN ABOVE EXAMPLE:
141 = o0.2
B'OR
wy = 0.25 gg%:
_ rad.
w¢ =1.12 sec.
4 = +0.20
Zs = +0.44
1(a)| FLIGHTS ARQUND wg = 1.0 g5 = 0.2
LH 100420+50 .98 | 1.09 | -12.4 | -1.13 .83 | =5.45 | ~.85
T7+20+40 .80
70+20+37 .75
61420+34 .69
LH 129+20+50 1.0 28 | - 6.74] ~ .39 .61 [-4.64 | -.80
121+420+47 .90
112+20+44 .80
100+20+40 .68
94420438 .62
81+20+34 .52
73+20+31 ' U5
56+20+26 l .35
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TABLE 3 (11i)

CONFIGURATION STABILITY DERIVATIVES
IDENTIFIER Nca Nr Np NB Lr Lp LB
LH 132420438 .70 -.203| -2.81 . 347 Juo2sl 418 -.776
121420435 .563
111+20+33 L5
100+20+430 .324
91+20+28 .238
76+20+24 .111
60+20+21 0
LH 130+20+25% .30 -.383 .84} 1.09 .265f -3.951| -.78
124+20+24 .219
111+20+22 | .061
100+20+20 | -.053
86+20+18 1 -.189
T6+20+17 .27
644+20+15 | .35
LH 137+20+18 .20 | -.35 2.80| 1.46 .187| -3.99 | -.789
123+20+17 .014
111420416 127
100420415 .233
90+20+14 .329
LH 144420412 .12 | -.263 4,64 1.83 .111| =4.07 | -.811
115+20+11 .252
100420+10 Lh12
S04+20+10 .504
68420+ 9 .68
1(b) |FLIGHTS AROUND wy = 5, tq = 0
LM 65+ 1+22 87 .28 -6.88 | -.455 .24 b, 23 | -.40
55+ 1+20 .748
50+ 1+19 .70
45+ 1417 . 649
29+ 1+15 .533
9+ 1421 460 !
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TABLE 3 (1iii)

CONFIGURATION STABILITY DERIVATIVES !
IDENTIFIZER Néa N, Np Ng L, Lp Lg
LM 72+ 0+11 .680 | .015} -3.30 {-.12 .080| -3.98 - .395

66+ 0+11 .563 |
60+ 0+11 486 | :
55+ 0+11 .28 %
50+ 0+11 .368 |
4+ 0+11 .318 :
4o+ 0+11 .283 ! !
24+ 0+14 .180 |
LM 72+ 0- 4 .292 1,040 .099{ .224 | -.084} -3.99; - .403
65+ 0- 3 .197 i
56+ 0- 1 .100
50+ 0+ O .028
43+ 0+ 2 | -.038 !
35+ 0+ 4 ~.101
25+ 0+ 8 -.160
LM 71+ 0-18 | -.039 .321{ 3.58 | .555 | -.249 -4.271 -~ .421
65+ C-16 | ~.113
59+ C-13 -.185
504+ ¢-10 § -.283
43+ c- 7 -.343
39+ €~ 5 -.375
1(c)| FLIGHTS AROUND w, = 0.25, g4 = -0.1
i LL 33-1C- 6 .597 | -.142 ] -4.38 [-.181 |-.151| -3.76| -1.97
! 27-1C- 2 .521
25-1C+ 0 499
22-1C+ 2 470
16-1C+ 9 420
LL  34-1¢-19 .349 | -.079 | =-1.92 |-.053 [-.291| -3.83 | - .201
29-1C-14 .284
25-1¢-10 .237
19-1C- 3 .185
14=1¢+ 5 .150 j
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TABLE 3 (iv)
CONFIGURATION STABILITY DERIVATIVES
! !
IDENTIFIER Naa N, Ny Ng ] L, : L, Lg

LL 08-10+23 118 | - .0791-1.92 i- .053!- .291 -3.83 t-.201
03-10+76 .107 :

LL 35-10-34 .121 .152| .538{ .OT4|- .437'-4.06 ' - .208
31-10-29 .067 5
26-10-21 . 003 é
25-10-19 §-.010 §
21-10-14 | -.045 :
14<10+ 0 -.099

EFFECTS OF |3

_ DR

LH 100+30+30 [ -.08 | - .63 | 1.06 | 1.14 Bl 1-3.9 |~ .75

MH 100+30+430 J-.084( — .882( 1.0 1.57 | 1.58 !-3.62 [ -2.83

HH 103+29+29 | -.08 | -1.2 .92 | 2.2 3.26 [-3.22 | -5.79

LH 100+ 0+ 0O . 009 L0511 .279] .984}~ .053/-3.99 |- .822

MH 100+ 0+ 0 ; .008 046! .29 .94 |- .1611-3.95 | -3.05

HH 100+ 0+ 0 | .006 .o47 .304 L9041 - .324(-3.91 | -6.03

LH 100-20-20 | .071| .383[- .397| .869|- .3891-3.92 |- .855

MH 98-20-19 . 064 .213|- .35 .488(-1.37 i-3.72 | -3.05

HH 100-20-20 , 068 .009|- .289[ .o024]-2.62 1-3.49 |-5.90

LM 50429+29 |[-.16 | - .40 | 1.76 .39 .39 {~3.84 |- .38

MM  49+30+30 -.156 [ - .8491 1.58 797 1.53 1=3.38 |-1.45

HM 47+30+28 -.16 -1.57 1.29 1l.49 3.38 {~2.63 {=3.2

LM 50+ 0+ 0 .028 .040| .099| .224|- .0B4[-3.99 |- .403

MM 50+ 0+ 0 .027 -026f .108| .15 [- .275|-3.96 |-1.5 |

HM 51+ 0+ 0 .026 .009 .118 .0571- .534(|-3.93 |-2.96

LM 50-20-20 .150 | - .097|-1.14 .107|- .396(-3.85 |~ .409

MM 50-20-20 L149 | - .27 |~ .99 |- .285[~1.38 {-3.47 |-1.46

HM 50-20-20 L149 | - L773|- .792(- .818|-2.74 i-2.95 -2.91
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TABLE 3 (v)
CONFIGURATION STABILITY DERIVATIVES
, v
IDENTIFIER Néa N, Np NB L, Lp LB

LL 24+31+#32 {-.25 | - .32 | 2.61 .17 .34 1-3.79 |- .19

ML 25+30+32 -.26 -1.07 2.25 565 1.47 |~-3.02 |- .78

LL 25+ 0+ O .116 .001| - .766 L0006 - .144)1-3.96 |- .201

ML 25+ 0+ O .107 | - .098| - .65 |~ .134}- .534]-3.85 |- LTh

HL 25+ 0+ 0 .107 | - .237|- .612|- .338]-1.05 |-3.70 |-1.50

. 9 T T o mam
3(a)] EFFECTS OF wy, Ly, AND Wys Ty AT IE R = 0.2, HIGHEST wy

LH 100430430 §-.08 | - .63 | 1.06 | 1.14 41 i-3.9 - .75
+20+20 -.053 - .383 .84 1.09 .265{-3.95 |- .78
+10+10 -.022! - ,15 .58 1.04 .11 | =40 - .8
+ 0+ 0 .009 L051 .279 .984|~ .053[-3.99 |- .822
-10-10 | .04 .23 | - .0u8 .928|- .219(-3.97 |- .84
-20-20 | L0711 .383] - .397 .869|- .389{-3.92 |- .855
-3C=30 4 .101 .51 |- .76 .809(- .560{-3.85 [- .868
=4¢-40 .132 .609| =1.14 L7471 .731]-3.75 |- .879

(11) Wy = Wy Ly = tg + 0.1

LH 100+3C+40 .3011 - .311} -2.52 .392 .58 |[-4.23 |- .765
+20+30 L3241 - ,203]-2.81 L3447 Jagsi-b4.14 |- L776
+10+20 .35 - .11 | -3.1 .30 27 1=4.03 |- .79
+ C+10 .375| - .047]=3.4 .25 .1071-3.90 |- .794
~1C+ 0 Loz 0 -3.7 .199|- .052(-3.74 |- .80
-2(=10 430 .026] -3.99 L148|- .211|-3.57 {- .804
-30=20 .4rg .030| =4.27 .095(- .368|-3.38 |- .806

(1ii1) w¢ = Wg3 §¢ =4 - 0.1

LH 100+3C+20 -. 462 | - .652] 4.69 1.88 .263(-3.88 |- .773
+2C+10 -. 412 - .263] 4.64 1.83 L111438-4,07 |- .811
+1C+ 0 -.364 .099| 4.50 1.77 |- .053(|-4.23 |- .844
+ (=10 -~.319 Juz2f 4,28 1.71 |- .227|-4.36 |- .874
-1¢-20 -.277 L734] 4,01 1.64 |- 408 |-4.46 - .900
-20-30 [-.237( 1.0 3.67 | 1.58 |- .5951-4.53 |~ .924
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TABLE 3 (vi)
| CONFIGURATION STABILITY DERIVATIVES
|
] - ! : i ..
| IDENTIFIER Naa NN Ng L. : L, .
| MEDIUM w, '
Yo = “ad %o T %4 ‘
50+29+29 | -.16 ‘- .40 | 1.76 -39+ .39 |-3.84 .38
! +20420 | -.095 - .21 | 1.26 .335 .236{-3.94 .389
| +10+10 | -.03 .~ .06 | .70 | .28 | .076|-3.99 - .40
l + 0+ 0 028 « .0ko{ .099| .224 - .084|-3.99 403
-10-10 .096 ~ .086| - .597| .158|- .238|-3.94 - .407
-20-20 215 . .097{-1.1% .107 i~ .396]-3.85 409
-30-30 .212 © ,058{-1.75 .048 i~ .5441-3.71 - .410
-40-39 .286 .~ .ob3|-2.42 L0221~ .676/-3.51 ' - .407
(ii) UJ¢ = md; E(p = Ed + 0.1
50+30+40 .207 - .058|-1.70 034 | .578{-4.19 | - .386
+20+30 .257 ¢ .006|-2.22 013 | .408|-4.16 - .391
+10+20 .31 ¢ ,032]-2.76 .06 .2h | -4.08 | - .39
+ 0+11 .368 . .015|-3.30 .12 .080}/-3.98 ' - .395
-10+ 0 433 . - .042|-3.86 .175 |- .080]-3.81 ' - .395:
-20-10 497 0 - L142|-4.35 .231 - .231{-3.61 - .392
¢=md; ;¢=r,d—0.l i
LM 50+30+20 | -.508 - .45 | 5.06 729} .232|-3.80 ‘- .383
| +20+10 | -.430 - .137| 4.69 675 .O77|-4.01 |- .398
! +10+ 0 | -.354 .12 | 4.14 607 |~ .080(-U.15 |- .415
: ! !
+ 0-10 | ~.283: .321| 3.58 555 |- .2b9f-4.27 .- 421!
| -10-20 | -.215{ .467| 2.91 B9l |- Lh13}-4.31 T - 429
! -20-30 | -.148  .558] 2.18 426 |- .575{-4.31 |- .434
; -30-40 | -.084 :  .600]| 1.46 362 |- .733]-4.25 | 438,
'.‘

—
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TABLE 3

{vii)

CONFIGURATION STABILITY DERIVATIVES
IDENTIFIZR N6a N, N, Ng L, ' L, o

LOW wy

(1) wy = wg; Ty = Ty |

LL 25431432 ]-.25 |- .32 | 2.61 .17 .34 1-3.79 .19
+20+420 |-.126 |- .113] 1.59 122 | .176](-3.94 .195
+10+#10 | -.005 |- .008{ .431| .065| .013|-4.0 .199
+0+0 | .116 | .o01|- .766| .006 |- .144]-3.96 .2013
~10-10 237 |- .079}-1.92 .053 |- .291]-3.83 201
~20-20 341 - .224|-2.8 102 |- .u435]-3.63 .201
23030 ' 474 |- .457]-3.77 |- .163 |- .55 |-3.35 |- .198]
—40-40 604 | = 750~k 48 .219 |- .6501(-3.02 193

(11) wy = w3 Ly = T4 + 0.1 1

LL 25+30+40 .ob1 |- .103|- .o741 .036| .se22(-k.0 .19
+20430 | .148 | .021}-1.13 |- .o1s| .342|-4.08 |- .194
+104+20 | .26 .055|-2.26 |- .068| .168[-4.06 |- .197l
+ C+10 .395 | .005|-3.54 .133| .013{-3.96 |- .198
~1C+ O 499 |- .142]-4.38 181 |- .151|-3.76 197
-20-10 625 | = .358|-5.23 238 {- .290(-3.50 .195
-3¢-20 .76 |- .637|-5.9 294 |- Lu12|-3.17 191

(111) wy = w3 Ty = gg = 0.1 |

LL 25+3C+20 | -.522 |- .299| 5.26 311! .183}-3.8 .193
+2C+11 | -.387 |- .031| .27 .255| .022{-k.02 .199i
+C-9 §-.138| .194| 1.88 | .138|- .296|-4.15 |- .207
-1c-19 {-.o01 .152]  .538 | .0T4|- .437|-4.06 .208
—20-29 .116 .026|- .733| .011|- .567]-3.88 .208
~3C-39 234 |- .16 |-1.80 047 |- .6871-3.64 |- .206

118



TABLE 3

(viii)

{ CONFIGURATION

STABILITY DERIVATIVES
IDENTIPIER Nsa N, Np N L, Lp Lg
) — — ~ )
3(c)| EFFECTS OF wy, L, AT EIDR = 1.5 (wy = wy, Zp = g THROUGHOUT)
(1) Highest Wy
HH 103+29+29 [-.08 | -1.2 | .92 | 2.2 3.26 [-3.22 [-5.79
100420420 f-.0541} - .632 .807| 1.79 | 2.09 [-3.63 |[-5.94
103410410 [ -.02 | - .20 .59 | 1.35 .88 {-3.86 |~6.0
100+ 0+ O .006 .ohT7 .304 .904 |- .324|-3.91 |-6.03
100-10-10 .037 L1131 - .o002 AU4571-1.50 [-3.78 |[-5.499
100-20-20 .068 .009| - .289 .024|-2.62 |-3.49 [-5.90
(11) Medium Wy
HM 47+30+28 |-.16 | -1.57 1.29 | 1.49 | 3.38 |-2.63 |-3.2
51+20420 |-.095]| - .61 1.16 L9771 1.92 [=3.5 -3.08
53+10+ 9 | -~.03 | - .10 .71 .51 .63 -3, -3.0
51+ 0+ 0 | .026 .009 .118 .057 |- .534|-3.93 |-2.96
50-10-10 ! ,088 | - .225{- .433 .385]|-1.70 |-3.60 |-2.93
50-20-20 | 49| - 773 - .792 .818|-2.74 {-2.95 |-2.91
(i1i1) Lowest w4
HL 25420420 [-.138] ~ .598| 1.53 .649| 1.58 [-3.43 |-1.71
25+10+10 | -.016| - .012 .537 L1292 .138{~-3.97 |-1.5
25+ 0+ 0 L107 | - 237~ .612 .3381-1.05 |-3.7 |-1.5
"STANDARD"
CONFIGURATION
LH 100410+ 1 [ -.33 | + .06 | 4.1 1.70 |- .036i -4.19 |- .84
i
2L
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