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ABSTRACT

Current rotorcraft maneuverability models are derived from high
speed fixed-wing simulations and do not accurately represent the unique
maneuvers or limits associated with rotorcraft. Two simplified rotor-
craft models are derived which are valid at low speeds and in unco-
ordinated flight and can be used to examine some of the fundamental
aspects of maneuverability and agility. The approach taken is to
separate the total induced power and propulsive power above that for
steady level flight from the usual expression for total power regquired.
The sum of the induced and propulsive power is then exzpressed in terms
of the horizontal and vertical accelerations in the maneuvering state.
Maneuver limits can then be calculated in terms of vehicle design
parameters. At low speeds, the attainable levels of acceleration,
deceleration, climb, and load factor depend on available control power,
control rates, and pilot limits as well as installed power. Because of
the direct connection between body attitude and acceleration, it 1is
suggested that an auxiliary thruster would increase vehicle agility,
especially at low speeds.

&

1. Introduction

Accurate assessments of agility and maneuverability are desired
because of their importance in defining rotorcraft effectiveness in
nap-of-earth (NOE) flight, air-to-air combat, and their impact on
overall pilot workload. Of particular interest to Sikorsky Aircraft as
a manufacturer and systems integrator is the relationship of these
characteristics to vehicle design parameters and to the design optimi-
zation process. In lien of full scale flight testing, simulations of
varying levels of complexity are used to predict the combat effective-
ness of a conceptual design. It is of interest, therefore, to consider
the applicability and limitations of models of varying complexity in
order to pursue the optimization process.

Projected roles for helicopters on future battlefields demand
increased levels of survivability and offensive mission capability.
The high density of lethal, ground-based threat systems, as well as the
presence of numerous threat helicopter forces, dictate a maximum use of
terrain masking in NOE flight to avoid detection. Once a helicopter is
committed to an engagement, superior performance, weapons and sensor
capabilities will be relied upon to provide the margin for success.

Simply adding armor and increasing the weight of the mission
equipment package is not an optimal solution. A balance must be found
between air vehicle performance, weapon characteristics, and sensor
capabilities to optimize the design as am integrated system. Because
these vehicle attributes drive the ultimate weight and cost of a design
it is important to identify the required levels of subsystem perform-
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ance during the design optimization process. As a result of the
increasing emphasis on NOE flight and air-to-air combat, attention has
recently turned to a better understanding of aircraft maneuversbility
and agility. This is especially true in the low speed flight regime
where rotorcraft can exploit their unique characteristics.

Combat simulation provides a means of supporting design trade-
off analyses by integrating the contributions of all subsystems into an
aggregate measure of system effectiveness. It can be used to gquantify
the improvements required in vehicle design and weapon or sensor
performance, evalvate likely engagement conditions, explore tactics,
and identify the optimum mix of vehicle and mission equipment package
performance. Such simulation results are often subject to validation
through flight testing. Project D-318, sponsored by the U.S. Army
Applied Technology Laboratories and the U.S. Navy Test Pilot School,
was a field trial simulating close air combat engagements between
O0H-58, AH-15, UH-60A and H-76 helicopters. Pilots found that low
speed, uncoordinated maneuvers played a major part in maintaining
weapons tracking of targets.

Current helicopter battlefield simulations are extensions of
_ three-degree of freedom point-mass models developed for fized-wing
design evaluation. They are primarily valid at speeds above 60 knots,
assume coordinated flight, and employ conventional fixed-wing maneu-
vers. At higher speeds this is a satisfactory approximation for
helicopter flight. However, speeds in the NOE environment are typi-
cally between hover and 40 knots. The unique flying characteristics of
the helicopter open up a new set of tactical maneuver choices not
available with a fixed-wing design. These include slowing to a hover
while tracking a target with a pedal turn, forward flight with large
sideslip angles to increase the off-axis weapons pointing envelope,
sideward flight and rearward flight. This paper discusses two simpli-
fied models which are valid at low speeds and can be used to examine
some of the fundamental aspects of maneuverability and agility.

2. Maneuverability

Maneuverability is taken to be associated with the limiting
flight paths that are possible for a givemn rotorcraft. Agility is
associated with the time required to establish the specific flight
path. In the sections that follow, the nature of these limits is
examined and the factors associated with achieving these limits are
considered. The boundaries on the flight envelope of a helicopter
arise from a number of sources, including: rotor design limits, avail-
able control power, acceptable body attitudes and rates, and installed
power. The limiting behavior of rotorcraft as governed by installed
power and control will be the focus of this paper. Rotor design limits
will not be considered.

3. Maneuverability Models

Mathematical models of maneuvering flight for rotorcraft tend to
fall into two categories: highly simplified and highly complex. On
one hand, highly simplified point-mass models (such as found in Refer-
ences (1) and (2)) assume that all maneuvers are coordinated and that
coordination corresponds to zero sideslip; the case for a fixed wing
aircraft. In reality, coordinated flight of a helicopter does not
occur at zero sideslip, even in steady flight. Furthermore, the
restriction to coordinated flight eliminates many maneuvers unique to
rotorcraft that may be employed at low speeds. On the other hand,
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highly complex simulations are available which give limited physical
insight into the important vehicle parameters that determine agility
and maneuverability.

This paper describes and discusses models falling between the
above extremes with sufficient complexity to show the essential fea-
tures of rotorcraft agility and mameuverability. Comsiderable atten-
tion is devoted to some of the unique maseuvers that can be performed
in low speed flight.

4.  Aerodynamic Force Limits

The aerodymamic force limits of a flight vehicle are convenient-
ly ezamined in a wind axis frame. The equations of motion describing
the motien of the velocity vectoyr can be written as:

Vo o+ gsiny = gn

Vy + g cosy = g N, cos@w )
o Ngsindy
x =g cosy

¥ and y determine the orientation of the velccity V as shown in Figure
1. These equations of motion have been used in a number of studies of
helicopter maneuverability (References 1 and 2}. It has been assumed

that there is no aerodynamic sideforce om the vehicle (n ;= 0) and
that the bank angle is a clockwise rotation about the veloé?ty vector.
The condition n = O implies zero sideslip for a fized wing aircraft

and some nonzerénvsideslip for a simgle rotor helicopter due to the
presence of the tail rotor.

FIGURE 1. Flight Path Geometry
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These wind axis equations are taken from fixed wing practice
where it is straightforward toe associate the limits on the external
aerodynamic forces n__ (thrust minus drag) and n (1ift) with power
available and stall,”respectively. The pilot ha§“direct control over
n.. through elevator control of angle of attack and n__ with thrust.

) . ! . W
F5Y a helicopter the form is less convenient for stud§1ng maneuvers,
especially at low speeds. However, it is a convenient form for ex-
pressing the maximum values of the available forces n__ and n in
terms of power available for a rotorcraft. The orientation of" the
vehicle does not appear in these equations, but is implicit in the
generation of the aerodynamic forces Ny and N by control action.

Limitations placed on the values of Ny and n__ due to installed
power can now be examined. It is convenient Yo intréduce the following

normalizatien.

Define:
= (-
Yy = Gpp)
And then:
(2)
o R TR v v
R WV i V'’ Y

where ¥ is the main rotor figure of merit.
n and n are the resultant aerodynamic forces acting on the

helicopt§¥, divid&a by weight. It is assumed that Ny arises entirely
due to the main rotor:

r]zw = an

Ny is the resultant aerodynamic force produced im the direction of
ff¥ght less the airframe drag:

D¢ (3)

New = xR
Thus, rectilinear level flight is given by N, = 1 and Ny = 0.

Assuming, for simplicity, that the profile power is independent
of Totor operating condition, the power required is expressed as:

e i m ...:!'-;E- 3
BR=P, G v gV (4)
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The total induced power plus the propulsive power azbove that for steady
level flight can be written as:

1
J = k3 2 2 =
PED = My V¥ + [ )% + () 1% (5)
and the induced velocity is given by momentum theory as:
2 2
(ng)® ¢ (ny)

- e & el 4
T+ A7)

g

(0)

Assuming that rotor RPM is comstant, then:

PR = Piv

Thus the values of n and 1 available as a function of airspeed can
be estimated using ﬁgs (6FY- (6) given the installed power, disc
loading, {figure of merit and fuselage drag. These values, combined
with Egs. (1), determine the flight path characteristics.

An energy equation can be obtained from the first "of Egs. (1)
by multiplying by V dt and integrating to yield:

L v2 B} “E g
{2 + gh}f - [2 + gh]O = VHg OJ- QXWV“ dt (1)

This formulation applies throughout the speed range of the helicopter,
including hover. The simplicity of the formulation is obtained by two
assumptions noted in the Appendix. The effect of steady level flight
angle of attack is neglected in the momentum equation, while changes in
angle of attack due to maneuvering are retained. Also, it has been
assumed that New = Nup in the induced power expression.

Note that a force mnormal to the flight path, A, does uot
change the energy level of the helicopter and thus in an™"ideal" loop
or in fact any maneuver in which Ny = 0:

o~ + ¢h = constant (8)

' In horizomntal, wings-level flight, n__ is equal to acceleration.
Typical boundaries for maximum level acceleration and deceleration (n
= 1) are shown in Figure 2. The deceleration boundary is determined %%
the condition of zero power at high speeds and by maximum power at low
speeds. Maximum translational acceleration is limited by installed
power.
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The variation in normal aerodynamic force (n_ ) with flight
speed as a functionm of propulsive force (n_ ) is shown i Figure 3. As
may be seen from equations (1), the propul8ive force can be interpreted
as corresponding to acceleration or climb. The maximum normal aero-
dynamic force attainable in constant speed level flight occurs near
the speed for maximum effective lift-drag ratic of the rotorcraft for

- the parameters chosen for this example. The maximum wvalue of n
occurs at the speed where: a

o, PR, "
v % Nyw

At higher speeds, a considerable increase in the maximum nommal force
can be obtained by descent or deceleration. However, there is & rapid
reduction in attainable normal force with climb or acceleration and the
speed at which the maximum occurs decreases rapidly with climb angle as
can be seen from Eq. (9) and the figure. Thus, the best performance in
climbing turns tends to occur at a lower speed than that associated
with maximum load factor.

The power relationship defines a surface of normal versus
propulsive force as indicated, for example, in Reference (6). A cross
section of this surface at a given flight speed is shown in Figure 4.
The limitations omn n_  and n__ can be used in conjunction with Egs. (1)
to determine the afigular rites of the velocity vector which can be
achieved.

3.0 4 7/ e

77ZVV
NORMAL FORCE

A NON-DIMENSIONAL VELOCITY

FIGURE 3. Influence of Propulsive Force and Normal Force
Available at Maximum Power
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FIGURE 4. Aerodymamic Force Boundaries at a Given Flight Speed

5. Angular Rate Limits

If we consider n_,_ and r_ . as control forces then Egs. (1) may
be used to determine angular rafé limits. However, for the helicopter
the connection between the forces and the controls available to the
pilot needs to be accounted for. This is illustrated by the following
simple examples. At low speeds, assuming that the primary force acting
on the helicopter is rotor thrust, then:

nxw .'(%) 5in (Bls * Bs - Y)

(10)

1

I -
r]zw W o8 (Bls * Ss Y)
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Consider two limiting cases for the climb angle rate. In a symmetric
pull-up with Ngy = 0» it can be shown from Eq. (7) that:
- 2
§ =& (ﬂzw cosy)
- fe -
VH vo (qzw 1)

Eis - (11)
. ve{n,, -1

T (nzw ~ cosy)

These relationships indicate that as airspeed decreases the
climb angle rate increases without limit. However, the condition that
Ay, = 0 from Eq. (10) implies that:

Bls * es R
Thus it is implied that the climb angle rate is equal to the pitch rate
and so the limit on the applicability of Eqs. (11) depends upon the
allowable pitch rate available from the longitudinal comntrel. On the

other hand, if a level body response is considered (BS = (), the
solutions to Eqs. (1) yield:
gln, -1 02
¥ = —yTor—— cos®y 12
VHVO
v
V".’\’ =
cosy

This relationship also indicates that the initial climb angle rate
increases without limit as airspeed decreases. However, this is a
perfectly reasonable result since it essentially corresponds to a
vertical acceleration at constant horizoantal velocity (¥ = -&) and the
very large angular rates are a consequence of the variables used to
describe the motion. This is a transient wvalue which will decay to a
steady climb due to rotor vertical damping. Thus, at low speeds, it is
necessary to be able to distinguish more detail regarding the maneuver
performed and the controls applied. Two coamtrols are available, the
collective pitch and the longitudinal stick, and thus a moment balance
as well as a force Dbalance is required to examine the maneuvers possi-
ble.

Comparison of Egs. (9) with flight test data on a high speed
loop entry at n, % 2 are shown in Figure 5 indicating a constant
energy maneuver. imilar conclusions are obtained for maximum heading
rate. That is for a level, constant speed turn (qxw = 0), Eqs. (1)
give:

=8 Mg -1




Again no limit on heading rate is indicated with decreasing flight
speed as shown in Figure 6, since the installed power permits n_ > 1
in hover. However, the condition n = 0 implies that the bogy yaw
rate is equal to the heading rate, %We., the maneuwver is coordinated
and the limit of the heading rate is governed by the maximum yaw rate
available from the tail rotor as well as the pitch control when the
aircraft is banked. If the body yaw rate is zero then:

y = 8T =T (14)

v
0

cos?y

and large initial heading rates are possible. Equation (14) corre-

sponds to lateral acceleration with a fixed body attitude (y = B8),
maneuver possible at low speeds and again is a possible maneuver at low
speeds limited by bank angle or maximum lateral velocity rather than
power. The maximum body yaw rate available from tail rotor control
inputs is large at low speed and decreases with airspeed due to side-
slip limitations.

200

SPEED
150 -

(I(N(TTS )

-

100 ' ! <
&\ 8

50 1

TIME  (SEC)

FIGURE 5. Entry into 2-g Loop Compared with Equation (9)
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FIGURE 6. Heading Rate atf Maximum Power and Yaw Rate

The equivalence of turn rate and body yaw rate in a coordinated
maneuver leads to an interesting observation because of the nature of
the tail rotor. The maximum body yaw rate allowable from the tail
rotor decreases at high airspeeds due to sideslip limitations. This is
illustrated in Figure 6. At low speeds, them, the tail rotor governs
the maximum angular rate available in coordinated maneuvers. At high
speeds the allowable r__ governs the limit. Thus at low speeds it is
convenient to consider“Coordinated turning as the reverse of the usual
case. That is, the tail rotor control produces body yaw rate and the
bank angle required to produce an equal heading rate is:

IR A
o, = tan "(3%) (15)

In hover, no bank angle is required and the application of tail
rotor will produce a vehicle yaw rate. At low speeds, if no bank angle
is applied, the helicopter rotates with the translational velocity
remaining approximately fixed in space with sideslip varying. If there
are no sideslip limitations, then the yaw rate and the heading rate are
independent and large heading rates are possible as indicated by Egn.

(13).

It can now be clearly seen that, when using Egqn. (1), the
assumption that Ny = 0 essentially implies that the body rates and the
velocity vector rates are the same. In this case the low speed limits
on heading rate and climb angle rate are determined by the control
limits on vehicle body pitch rate and yaw rate. HManeuvers with fixed
hody orientation at low speeds are possible and limits on heading rate
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and climb angle rate are high and a result of the coordinate system
used. To fully reflect these features of helicopter flight it is
necessary to consider models with additional coordinmates and it is
desirable to employ a body axis system as described later in the paper.

6. Agility

In this section the influence of the contrel characteristics of
the helicopter on achieving the limiting values of acceleration defined
by the installed power will be examined. It has already been noted
that, above a critical flight speed, the ability to re-orient the
velocity wector is primarily a function of the normal acceleration
available, while below this flight speed the ability te turxn or pull up
is limited by the control effectiveness. It has also been seen that an
axial force variation along the flight path is required to change the
energy state of the helicopter.

Recalling the relationships between the thrust vector of the
helicopter and the wind forces n _ and n_., Egs. (10), it is seen that
the energy state of the conventitnal helICopter is altered by changing
body attitude. To accelerate or decelerate in level flight (y = 0)
without an auxiliary thruster, the following relationship applies:

V=g Ny x-g (BS + Bls) (16)

Thus, acceleration is related directly to body pitch attitude. The
longitudinal control produces a pitch rate which must be integrated to
produce a pitch attitude. The time required to achieve a longitudinal
acceleration is primarily a function of the steady pitch rate produced
by the controls rather than the time constant in pitch as shown in
Figure 7. Dooley has note a similar behavior in Referemce 3. A
thrusting device would give the pilet direct control over n__, conse-
quently body attitude changes would not be required. For a 1t rotor
aircraft accelerating with level body attitude, ®_  can be interpreted
as rotor tilt angle. This implies that high tift rates will be re-
quired to achieve horizontal acceleration rapidly. Reference 4 indi-
cates pilot allowable body pitch rates are about 20°/sec.

STEADY STATE RATE

08 T Qg = 20°/SEC

(“Z—")i = 1 SEC

q = 10%/8EC

0,176 == 88
ACCELERATION
0.0 ' : ; 4
105 025  .186
PITCH TIME CONSTANT =1 _ ( sec )
i
a

FIGURE 7. Acceleration After One Second as
a Function of Pitch Time Constant
and Steady State Rate
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Additionally, depending upon the initial state of the rotor-
craft, portions of the acceleration boundary are umavailable. TFigure &
shows acceleration from hover vs. time and also illustrates the accel-
eration boundary. This emphasizes the importance of pitch rate in
achieving the maximum acceleration and that rotor hinge restraint i
not of primary importance in achieving longitudinal acceleration.

30 +

e

Y A

= BOUNDARY
LONGITUDINAL 20 -
ACCELERATION Ll

L 20%/sEC \
( e’ )4 0 | ’ ’”ﬁfﬁ' PITOH RATE

rd

e /%\

A - - 109/SEC
- -~ _ /
1] } : } {
O 1 2 3 4

TIME (s&C)

FIGURE 8. Approach to Longitudinal Acceleration Boundary as a
Function of Pitch Rate

The deceleration limits indicated in Figure 2 are moderately low
at high speeds and temd to increase to very large values at low speeds
for straight lime flight. WNote that, in fact, the deceleration limit
is the zero-power (autorotative) condition at higher speeds and then
becomes the installed power limit at lower speeds. The values are such
that there is esgentially no limit onr deceleration at low speeds
associated with the vehicle parameters. Reference 5 supports Chis
conclusion showing that the deceleration capability predicted for an
OH-58 is essentially independent of installed power. Factors such as
acceptable body attitude and proper coordination of controls will limt
deceleration. Flight test results such as Refersnce 6 generally
support the comclusion that the maximum acceleration and deceleration
rates attainable are limited teo values below those associated with
vehicle parameters. At higher speeds, the deceleration rate may be
increased by sideslipping to increase fuselage drag or turning with
increased load factor, permitting 2 larger incidence for autorotation
as alsc shown in Figure 9.
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FIGURE 9. Deceleration as a Function of Normal
Acceleration in Autorotation

Large accelerations and decelerations are directly associated
with large body attitudes. In many tactical situations large body
attitudes are undesirable as described, for example, in Reference 7.
This reference states that "the ability to accelerate and decelerate
without pitching would drastically reduce pilot worklead", and also
implies that an acceleration/deceleration capability of the order of
0.3 g's is desirable. This leads to the conclusion that direct hori-
zontal thrust control is desirable. Direct horizontal thrust coentrol
could also be used to improve hovering control.

Another question of considerable interest in the agility of a
helicopter is the time required to reverse direction. It has been seen
that, in general, decreasing airspeed results in an increasing turn
rate (and body yaw rate). This tends to indicate that the fastest turn
around is achieved by decelerating while turning. Deceleration in-
creases the allowable load factor, as shown earlier, and the lowered
speed produces a faster turn rate at the same bank angle. The limit to
this maneuver is probably governed by allowable attitudes and pilot
technique rather than physical limitations of the aircraft. Under some
circumstances the fastest way to do a 180° turn may be to decelerate to
a sufficiently low speed that full pedal can be applied and then turn
rapidly in an uncoordinated maneuver. Reference 4 gives allowable
attitudes and rates as perceived by pilots indicating that comsiderably
higher vyaw rates are permissable near hover (55°/sec) compared to
translational flight (15°/sec). This tends to support the fact that
the fastest turn will be obtained by first decelerating im rectilinear
flight to a very low speed and then applying full tail rotor control.
In order to study this type of maneuver and other associated maneuvers
it was considered desirable to develop a relatively simple simulation
which would make it possible to investigate these various limitations.
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7. Simulation Studies

The wind axis formulation discussed in the £irst part of the
paper is convenient for examining the boundaries on available values of
the aerodynamic forces and some of the limitations on dynamic maneuver-
ing. However, it does not account for the manner in which these forces
are generated by the control system of the helicopter. It is diffi-
cult, with the wind axis equations, to treat the fact that the heli-
copter possesses control of the normal aevodynamic force n directly
through collective pitch and indirectly through longitudifgl control
which produces a pitch rate and an angle of attack change. The angle
of attack change alters n through the rotor 1lift curve sglope. How-
ever, the body attitude Zéhauges produced by these controls differ.

At low speeds, the vertical {force, or callective, control
produces little fuselage attitude change due to the absence of angle of
attack stability, M . As the translational speed increases, if the
helicopter exhibits 'a stable angle of attack stability, the vertical
foree control produces a body attitude change. In effect then, the
force and moment comrtrels become similar in that both produce a flight
path rate as well as a pitch attitude rate. The response of the
helicopter becomes similar for both contiols and it may be less impoxr-
tant to distinguish between these comtrol inputs as is implied when
using simplified models such as Eq. (1) considering n and 1, as

- zv Rty
control inputs.

Typical contrel relationships in the vertical plane are illus-
trated in Figure 10. The flight path rate limit is obtaipned from the
installed power. This value can be achieved in a transient due to
collective application, and then will decay due to vertical damping to
steady climb (¥ = 0) and is important in a maneuver such as a bob-up.
If the vehicle possesses angle of attack stability, the flight path
rate will decay to a small value at low speeds. As airspeed increases
and consequently M increases, the rate will approach the power limited
value. Applicati&% of lomgitudinal stick will produce a steady pitch
rate and an associated equal flight path rate. The pitch rate will be
limited by the control system. The figure shows, as an example, the
case in which the longitudinal contrel cannot generate the power
limited value of - at lower speeds.

FLIGHT PATH

AATE COLLECTIVE TRANSIENT

" [PORER LiMET)
.i [+3:] Lol L
COLLECTIVE, STEADY STATE

(BEGIEEC] LONGITUDINAL STICR

e -

NON-DIMENSIGNAL VELOCITY v

FIGURE 10. Typical Limits on Flight Path Rate
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At high speeds, the actions of the collective and longitudinal
stick become equivalent. A similar independence exists for the lat-
eralfdirectional axes at low speeds where the lateral control of bank
produces a headipg rate but little change in body rate and the tail
rotor produces body rate but little change in the heading rate due to
the weak side force characteristic. As the speed increases the direc-
tional stability of the vehicle will increase and it becomes reasonable
to assume that a bank angle produces heading rate as well as a body
turn rate. In some studies it may be satisfactory to assume perfect
coordination,

A simplified set of equations has been developed to properly
reflect these features of the mechanics of flight which allows inde-
pendence of body motion and flight path motion permitting uncoordinated
flight as well as coordinated flight at non-zerc sideslip. Emphasis
was placed on retaining only the dominant <features of helicopter
maneuvering noted. While it is realized that considerably more complex
models could be developed, it was considered that the equations of
motion described below could be used to identify the dominant para-
meters associated with the maneuvering of helicopters.

A set of conventional body axis equations is employed. No small
angle assumptions are made and so the conventional Euler angle rela-
tionships are used. In the simplest form the equations of motion are:

U+ g sind = X _(U) + X, 6
u @ T
V+UR - g cosd sing = Y (0) + YV (17)
- J
W-1UQ - g coso cosﬁ\x 2, (U) + ZW + Zy 8
C C
MY QMg 8= 0
p
N,V MR + L‘STRGTR =0

A =0

LVV + LPP + L5A6
The body rate Euler angle relaticnships are:

8 cost + & cosf sin ¢ = Q

¢ cosB cost - é sind = R (18)

o .
112
la~]
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In this form, the angular time constants have been neglected.
They can, of course, be readily incorporated in the moment equations.
They are likely to be of importance and will be incorporated in later
studies. The temms X (U), Y (U), Z (U) provide simplified trim beha-
vior; X {U) for attitule vs. girspeeg, ¥ (U} for nom-zero trim sideslip
and Z (1) to represent the collective variation with airspeed in level
flighg. Various inertial terms were assumed. to be swmall for simpli-
city. The angular damping and control semsitivity terms were assumed
independent of airspeed and the directional stability and angle of
attack stability were assumed stable and proportional to the velocity
U. Control inputs include longitudinal thrust &,, collective &, ,
longitudinal stick &_, lateral stick, 6, and tail rotor G&.,. TheSe
equations were consillered to represent f%e simplest possible” formula-
tion of the equations of motion of a helicopter which permit hovering,
forward, rearward, and sideward flight and permit investigation of
large amplitude maneuvering. Thiz model, with the assumptions regard-
ing the variation of directiomal stability and angle of attack stabil-
ity with translational velocity, gives the basic relationships desired
for the action of lateral control, tail rotor, collective and longi-
tudinal control indicated by Figures 6 and 10. Control power effects
can be readily examined by limiting the allowable magnitudes of the
control deflections. These equations serve as a useful starting point
for studies of maneuverability and agility. Additional complexity can
be readily added.

These equations of motion were programmed on a small digital
computer and the output used in conjunction with an Evans and Suther~
land multi-picture video display system. The display comsists of three
sections as shown in Figure 11. The upper third of the display gives a
plan view of the two helicopters, the center third gives a view out the-
cockpit and the lower third has representations of various imstruments.
Two display units are available such that experiments can be flown with
twoe independent aircraft. Cyclic and collective control sticks are
used to apply inputs to the real time simulation. It is challenging to
fly and experienced pilots have commented favorably on its essential
realism. Preliminary results have shown the importance of body atti-
tude and indicated the disadvantages of conventional contrel methods
where acceleration is achieved by body attitude.

FIGURE 11. Evans and Sutherland Video Display
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Conclusions

1. Highly simplified, three-degree of freedom, point-mass models
are satisfactory approximations for rotorcraft simulation at
high speeds. However, they do not account for the umique low
speed, uncoordinated maneuver capabilities of rotorcraft.

2. A simple, six-degree of freedom (force and moment balance)
body axis formulation has been developed which realistically
simulates the control action and motion of rotorcraft at low
speeds, including hover, sideward, and rearward flight.

3. The apprpach of expressing the total induced power and
additiond propulsive power required for maneuvering in terms
of the horizontal and vertical load factors permits the
calculation of total power required as a function of maneuver
state or the determination of maneuver limits as a fumnction
of vehicle design parameters.

4. Coordinated flight at low speeds is limited by tail rotor
control power. Uncoordinated flight is constrained by
various factors in addition to available power, such as
allowable body attitudes.

5. " In many maneuvers it may be that the level of attainable
accelerations and turn rates are governed by the limits
placed on body attitudes and rates by the pilot, and oot
those associated with wvehicle parameters, Therefore, simu-
lations have a valuable role in quantifying the effectiveness
of design concepts, but must accurately represent the rotor-
craft’s unique low speed characteristics.
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g. Notation

A rotor disc area, ft?2

Df parasite drag of rotorcraft, lbs

f equivalent flat plate area of rotorcraft, ft?
h altitude, ft

M main rotoxr figure of merit

Nﬁﬁggg) component of main rotor force along flight path, positive in
direction of flight, 1b

Nd§<éz) component of main rotor force normal to £light path,
positive up, lb

N resultant aerodynamic force along flight path, referred
to as propulsive force, 1b

resultant aerodynamic force normal to flight path,

“w referred to as normal force, 1b

PR power required, hp

PAV power available to main rotor, hp

ip énduced power plus p;opulsive power above that required
or steady, level flight, hp

v resultant flight velocity, fps

VH reference velocity, fps

v induced velocity, fps

Ve resul?ant aerodynamic force along flight path normalized
by weight

N resultgnt aerodygamic force normal to flight path
normalized by weight

Y flight path angle

¥ heading

¢w bank angle about velocity vector

es body pitch attitude

i body vaw attitude

Bls longitudinal cyclic pitch

), steady level flight

{ )* normalized quantities
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11. Appendix

The power required for the main lifting rotor can be written in
terms of the resultant forces acting on the rotor parallel and perpen-
dicular to the flight velocity of the rotor (NXR’ N g) as

- 2 2 3’2 + -
PR NxR vV + (NxR + NzR ) v o+ PO (4-1)

where Po is the profile power and v is the induced velocity,

The resultant aerodynamic force balance in the direction of the
wind can be written for the complete helicopter as:

wa NxR - Df (4-2)

and

Zw = NrzR

where Df is the drag of all of the components of the helicopter.

It is assumed that the induced velocity is given by momentum
theory:

1
(N 2 + N'? 2)'é
v = KR =R (A‘3}
Jlv - Vsing)« + (V cose)®

In this case,

N
sing = : xR e
(NxR * NzR )
. (8-4)
cosg = N zwR " 5,
QNXR * NZR )

The induced velocity can be expressed in terms of N ., and NZ
using {A-4). In the propulsive term in Egn. (A~1), éilmlnateg
using equation (A-2). It is satisfactory to assumexghat Ngp =

since N can take om large values compared to N only at low speeés
when th&“airframe drag is small and so NxR &N

xw’
The resulting power equation is:

. 2 2% -
PR = wa vV + (wa + NZW 1% v + P+ Pf (A-5)




 
 
    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 1 to page 1
     Mask co-ordinates: Left bottom (410.03 4.95) Right top (437.76 70.32) points
      

        
     0
     410.0333 4.9544 437.765 70.322 
            
                
         1
         SubDoc
         1
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     0
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 1 to page 1
     Mask co-ordinates: Left bottom (-1.98 20.80) Right top (70.32 838.89) points
      

        
     0
     -1.9808 20.8011 70.3197 838.8869 
            
                
         1
         SubDoc
         1
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     0
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 2 to page 2
     Mask co-ordinates: Left bottom (524.57 808.09) Right top (565.08 837.73) points
      

        
     0
     524.5726 808.0907 565.0763 837.7275 
            
                
         2
         SubDoc
         2
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     1
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 2 to page 2
     Mask co-ordinates: Left bottom (552.23 31.60) Right top (601.63 839.70) points
      

        
     0
     552.2336 31.6047 601.6284 839.7034 
            
                
         2
         SubDoc
         2
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     1
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 2 to page 2
     Mask co-ordinates: Left bottom (356.63 25.68) Right top (394.17 76.06) points
      

        
     0
     356.6303 25.6774 394.1703 76.06 
            
                
         2
         SubDoc
         2
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     1
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 3 to page 3
     Mask co-ordinates: Left bottom (421.38 9.90) Right top (459.95 72.21) points
      

        
     0
     421.377 9.8965 459.9538 72.2128 
            
                
         3
         SubDoc
         3
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     2
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 3 to page 3
     Mask co-ordinates: Left bottom (0.00 30.67) Right top (68.25 829.90) points
      

        
     0
     0 30.6686 68.2512 829.9001 
            
                
         3
         SubDoc
         3
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     2
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 4 to page 4
     Mask co-ordinates: Left bottom (529.87 821.06) Right top (557.61 836.91) points
      

        
     0
     529.874 821.0594 557.6057 836.9061 
            
                
         4
         SubDoc
         4
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     3
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 4 to page 4
     Mask co-ordinates: Left bottom (552.65 47.54) Right top (604.16 838.89) points
      

        
     0
     552.6536 47.5424 604.1554 838.8869 
            
                
         4
         SubDoc
         4
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     3
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 4 to page 4
     Mask co-ordinates: Left bottom (380.32 25.75) Right top (428.85 79.24) points
      

        
     0
     380.3208 25.7532 428.8513 79.2358 
            
                
         4
         SubDoc
         4
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     3
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 5 to page 5
     Mask co-ordinates: Left bottom (421.92 5.94) Right top (455.59 66.36) points
      

        
     0
     421.9184 5.9448 455.5926 66.3603 
            
                
         5
         SubDoc
         5
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     4
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 5 to page 5
     Mask co-ordinates: Left bottom (7.92 35.66) Right top (68.34 838.89) points
      

        
     0
     7.9234 35.6573 68.3389 838.8869 
            
                
         5
         SubDoc
         5
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     4
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 6 to page 6
     Mask co-ordinates: Left bottom (550.50 49.40) Right top (620.67 841.05) points
      

        
     0
     550.4985 49.4008 620.6697 841.0511 
            
                
         6
         SubDoc
         6
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     5
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 6 to page 6
     Mask co-ordinates: Left bottom (398.30 21.73) Right top (431.90 73.12) points
      

        
     0
     398.296 21.7276 431.8991 73.1207 
            
                
         6
         SubDoc
         6
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     5
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 7 to page 7
     Mask co-ordinates: Left bottom (423.09 12.89) Right top (448.85 62.43) points
      

        
     0
     423.0878 12.8863 448.8496 62.4282 
            
                
         7
         SubDoc
         7
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     6
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 7 to page 7
     Mask co-ordinates: Left bottom (2.97 45.58) Right top (49.54 338.87) points
      

        
     0
     2.9725 45.584 49.5419 338.872 
            
                
         7
         SubDoc
         7
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     6
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 7 to page 7
     Mask co-ordinates: Left bottom (-34.68 417.15) Right top (73.32 837.26) points
      

        
     0
     -34.6793 417.1482 73.322 837.2635 
            
                
         7
         SubDoc
         7
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     6
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 8 to page 8
     Mask co-ordinates: Left bottom (548.58 33.79) Right top (623.11 844.73) points
      

        
     0
     548.5764 33.793 623.1113 844.732 
            
                
         8
         SubDoc
         8
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     7
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 8 to page 8
     Mask co-ordinates: Left bottom (394.54 31.81) Right top (428.33 82.49) points
      

        
     0
     394.5378 31.8054 428.3269 82.4891 
            
                
         8
         SubDoc
         8
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     7
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 9 to page 9
     Mask co-ordinates: Left bottom (430.83 8.92) Right top (447.67 69.33) points
      

        
     0
     430.8321 8.916 447.6693 69.3316 
            
                
         9
         SubDoc
         9
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     8
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 9 to page 9
     Mask co-ordinates: Left bottom (16.84 52.49) Right top (77.25 836.91) points
      

        
     0
     16.8371 52.4945 77.2527 836.9061 
            
                
         9
         SubDoc
         9
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     8
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 10 to page 10
     Mask co-ordinates: Left bottom (550.67 49.52) Right top (615.05 833.93) points
      

        
     0
     550.6728 49.5232 615.05 833.9348 
            
                
         10
         SubDoc
         10
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     9
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 10 to page 10
     Mask co-ordinates: Left bottom (391.22 32.69) Right top (434.79 85.18) points
      

        
     0
     391.2154 32.6861 434.7938 85.1783 
            
                
         10
         SubDoc
         10
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     9
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 11 to page 11
     Mask co-ordinates: Left bottom (424.80 4.93) Right top (462.34 67.17) points
      

        
     0
     424.7951 4.9316 462.3351 67.169 
            
                
         11
         SubDoc
         11
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     10
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 11 to page 11
     Mask co-ordinates: Left bottom (2.96 46.42) Right top (66.19 835.75) points
      

        
     0
     2.9637 46.4232 66.189 835.7518 
            
                
         11
         SubDoc
         11
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     10
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 12 to page 12
     Mask co-ordinates: Left bottom (549.51 47.42) Right top (600.90 841.05) points
      

        
     0
     549.5101 47.4241 600.9031 841.0511 
            
                
         12
         SubDoc
         12
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     11
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 12 to page 12
     Mask co-ordinates: Left bottom (386.44 25.68) Right top (435.85 84.98) points
      

        
     0
     386.4361 25.6809 435.8524 84.9806 
            
                
         12
         SubDoc
         12
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     11
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 13 to page 13
     Mask co-ordinates: Left bottom (423.90 1.98) Right top (470.45 65.37) points
      

        
     0
     423.8992 1.9831 470.4489 65.3699 
            
                
         13
         SubDoc
         13
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     12
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 13 to page 13
     Mask co-ordinates: Left bottom (-4.95 19.81) Right top (79.23 835.92) points
      

        
     0
     -4.9521 19.8107 79.2335 835.9156 
            
                
         13
         SubDoc
         13
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     12
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 14 to page 14
     Mask co-ordinates: Left bottom (537.42 28.64) Right top (608.54 837.73) points
      

        
     0
     537.4152 28.6411 608.5437 837.7275 
            
                
         14
         SubDoc
         14
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     13
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 14 to page 14
     Mask co-ordinates: Left bottom (373.42 14.81) Right top (438.63 84.95) points
      

        
     0
     373.4245 14.8105 438.6256 84.9511 
            
                
         14
         SubDoc
         14
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     13
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 15 to page 15
     Mask co-ordinates: Left bottom (424.54 14.91) Right top (480.22 70.58) points
      

        
     0
     424.5384 14.9052 480.2155 70.5824 
            
                
         15
         SubDoc
         15
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     14
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 15 to page 15
     Mask co-ordinates: Left bottom (11.93 47.72) Right top (74.57 828.19) points
      

        
     0
     11.9308 47.715 74.5676 828.1896 
            
                
         15
         SubDoc
         15
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     14
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 16 to page 16
     Mask co-ordinates: Left bottom (549.91 34.68) Right top (596.48 838.25) points
      

        
     0
     549.915 34.6848 596.4844 838.2543 
            
                
         16
         SubDoc
         16
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     15
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 16 to page 16
     Mask co-ordinates: Left bottom (387.42 22.79) Right top (425.07 89.18) points
      

        
     0
     387.4176 22.7947 425.0695 89.1808 
            
                
         16
         SubDoc
         16
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     15
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 17 to page 17
     Mask co-ordinates: Left bottom (424.80 2.96) Right top (451.47 70.13) points
      

        
     0
     424.7951 2.9558 451.4683 70.1327 
            
                
         17
         SubDoc
         17
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     16
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 17 to page 17
     Mask co-ordinates: Left bottom (13.83 36.54) Right top (62.24 833.78) points
      

        
     0
     13.8305 36.5442 62.2374 833.776 
            
                
         17
         SubDoc
         17
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     16
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 18 to page 18
     Mask co-ordinates: Left bottom (547.42 49.57) Right top (592.05 804.26) points
      

        
     0
     547.4225 49.5695 592.0493 804.2589 
            
                
         18
         SubDoc
         18
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     17
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 18 to page 18
     Mask co-ordinates: Left bottom (396.68 64.45) Right top (422.47 81.30) points
      

        
     0
     396.683 64.4451 422.4674 81.3042 
            
                
         18
         SubDoc
         18
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     17
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 18 to page 18
     Mask co-ordinates: Left bottom (392.72 24.78) Right top (431.39 70.40) points
      

        
     0
     392.7162 24.7768 431.3927 70.3954 
            
                
         18
         SubDoc
         18
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     17
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 19 to page 19
     Mask co-ordinates: Left bottom (424.34 2.97) Right top (454.02 61.33) points
      

        
     0
     424.3445 2.9724 454.0189 61.3322 
            
                
         19
         SubDoc
         19
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     18
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 19 to page 19
     Mask co-ordinates: Left bottom (0.00 44.52) Right top (58.36 832.87) points
      

        
     0
     0 44.5166 58.3597 832.8676 
            
                
         19
         SubDoc
         19
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     18
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 20 to page 20
     Mask co-ordinates: Left bottom (550.67 43.58) Right top (596.23 839.88) points
      

        
     0
     550.6728 43.5807 596.2321 839.8773 
            
                
         20
         SubDoc
         20
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     19
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 20 to page 20
     Mask co-ordinates: Left bottom (390.22 26.74) Right top (418.95 79.24) points
      

        
     0
     390.2249 26.7436 418.9471 79.2358 
            
                
         20
         SubDoc
         20
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     19
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 21 to page 21
     Mask co-ordinates: Left bottom (424.45 1.97) Right top (452.22 74.36) points
      

        
     0
     424.4508 1.9676 452.2186 74.3622 
            
                
         21
         SubDoc
         21
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     20
     1
      

   1
  

    
   HistoryItem_V1
   AddMaskingTape
        
     Range: From page 21 to page 21
     Mask co-ordinates: Left bottom (-7.93 27.75) Right top (69.42 835.99) points
      

        
     0
     -7.9337 27.752 69.4195 835.9935 
            
                
         21
         SubDoc
         21
              

       CurrentAVDoc
          

      

        
     QITE_QuiteImposingPlus2
     Quite Imposing Plus 2.1
     Quite Imposing Plus 2
     1
      

        
     0
     21
     20
     1
      

   1
  

 HistoryList_V1
 qi2base





