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SYMBOLS

Rotor blade section 1lift curve slope
Horizontal stabilizer 1lift curve slope
Fuselage equivalent flat plate area

Blade chord

Rotor blede section profiie drag coefficient

Tip -u)xounted engine nacelle drag coefficient (based on inlet
area

Center of gravity

Rolling moment coefficient = T "'2
5 AR (2R)
L
Lift coefficient =3
5 p?as

Tip-mounted engine nacelle lift curve slope (based on inlet
area)
Mg

Fuselage pitching moment coefficient =
3 DE nR-(R)
N
% VPR (2R)

Yawing moment coefficient =

Thrust coefficient = g 55
p(uR )R
Horizontal force coefficient = 2X 55
o(nR® Q"R

Cycles to half amplituvde

Cycles to double amplitude
Y
Side force coefficient = —%--p—-’m—2

Distance from blade c.g. to flapping hinge

vii
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Rl R L L

Flapping hinge offset

Equivelent flapping hinge offset (relates main rotor spring
restraint to an equivalent offset hinge)

Distance of c.g. forward of main rotor hub
Acceleration due to gravity
Distance of main rotor hub above c.g.

Incidence angle of horizontal stabllizer with respect to
fuselage centerline(positive leading edge up)

Blade moment of inertia

Moment of inertia about the x-Xx axis

Moment of inertia about the ¥-y axis

Moment of inertia about the z-z axis

Product of inertia f Xz dm

Spring restraint constant per blade, pound-feet/radian
Distance of horizontal stabilizer quarter chord aft of c.g.

Rolling moment
Lift force

Helicopter mass

Mass of one blade

Plitching moment about c.g., positive nose up

Pitching moment about c.g. due to fuselage

Pitching moment &bout c.g. due to mein rotor

Pitching moment about 2.g. due to gpring restraint
Pitching moment about c.g. due to horizontal stabilizer
Pitching moment about c.g. due to offset hinge

Number of blades

viii




D

N Yawing moment

n Longitudinal acceleration

n, Normal acceleration

e, = zem)’

L7 - % p(haR)? + 5 ov,2

1, = e+ 5o(v,)2

R Main rotor radius

] Laplace trensform operator

8 Reference area

St Horizontal stabilizer area

8’1‘1‘ Tip-mounted engine inlet area

tix Time to half amplitude

t2x Time to double amplitude

T Thrust

u Perturbation of U

U Linear velocity along the R-X axis
VT Rotor tip speed

v Perturbation of V

v Linesr velocity slong the y-y axis
Ve Velocity vector of helicopter mass center
Vi Induced velocity at main rotor

(V,),  Induced velocity at horizontel stabilizer due to main rotor

v Perturbation of W
W Linear velocity along z-z exis
WG Helicopter gross weight

ix




X Horizontal force (positive aft)

Xf Horizontal force on fuselage

xﬁr Horizontal force on main rotor

XTT Resultant force due to airloads on tip mounted engine nacelles

x-X Horizontal reference axis (fixed in space)

X-x Longitudinal body® axis

x Distance parallel to x-x axis from heiicopter c.g. to component
of interest, positive aft of c.g.

Y Side force, parallel to y-y axis, positive to the right

-y Lateral body* axis
Vertical force, positive down

z-2 Vertical reference axis (fixed in space)

z-2 Vertical body* axis

z Distance parallel to Z-Z axis from helicopter c.g. to component
of interest, positive above c.g.

@, Forward tilt of rotor shaft with respect to z-z axis, positive
tilt forwerd

af Angle of attack of fuselage with respect to relative wind

B Blade flapping angle at azimuth y relative to horizontal refer-

v ence plane

= Bo + Bl cos ¢y + B2 sin y

Bo Coning angle

Bl Longitudinel tilt of tip path plane relative to horizontal
reference plane

Bls Longitudinel tilt of tip path plane relative to shaft

=Bt -k,
52 Lateral tilt of tip path plane relative to horizontal reference

plane

#These are moving axes, passing through the c.g. and rotating with the
body .
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=

Lock aumber = cpaRl‘/:[b

Rotor vertical advance ratio = z/QR
vhere 2 = vertical displacement of rotor hub from space
fixed origin

Blade pitch angle at azimuth y, relative to shaft

= 90 + 6, siny + 92 cos ¥

1
Blade pitch angle at azimuth y, relative to horizontal reference
plane _ 80 + (el- a&) sin v + 6, cos ¥

Collective pitch at .75 redius

Longitudinal cyclic pitch angle relative to shaft

Lateral cyciic pitch angle relative to shaft

Fuselage attitude angle, between x-x axis and horizontal plane,
positive nose up

Initial inflow relative to tip path plane, positive down

Ro?or advance ratio
= x/QR , where x = horizontel displacement of rotor hub from
space fixed origin

Forward tilt of rotor shaft with respect to Z-Z axis

Alr mass density

Rotor solidity = be/nR

Roll angle

* (o)
= tan —_—

wR

- tan-l(v_iz)
= ]
Blade azimuth angle Context should clarify
Helicopter yaw angle intended usage

Rotor rotational speed

x1
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tr tail rotor
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T tip-mounted engine nacelle

Stability Derivatives:
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1.0 SUMMARY

The purpose of the anelysis reported herein was to evaluate the feasi-
bility of the tip turbo concept from a stabiiity and control standpoint.
A crane configuration fuselege was mated to the Model 1108 rotor system
as a model for anelysis. This helicopter configuration was nct intended
as an optimum design, but as a realistic configuration suiteble for eval-
uating the flying characteristics. This configuration was evaluated from
hover to 108-1/2 knots for both the design gross weight and the return
mission gross weight.

The Military Specification for Helicopter Flying Qualities (MIL-H-8501A)
vas used as a guide for stability and control criteria. Specific items
checked egainst this specification were: control position and body
attitude as a function of forward speed; body attitude response at hover;
maneuver response at hover and forward speed; resporse to artificiel
disturbance at forward speed; and stick-fixed dynamics. All of these
requirements were met cor exceeded. In many cases the Model 1108 was com-
pared to additional criteria, other than MIL-H-8501A, which were felt to
be more eppliceble to & heavy 1lift helicopter. Control power criteria,
used eas a design objective for this report, far exceeds the requirements
of MIL-H-8501A.

All of the analysis is shown for the helicopter configuration alone,
with no addition of staebility augmentation. While augmentation is not
required to satisfy the criteria, it is shown that augmentation will be
required to achieve preferred handling qualities.




2.0 CONCLUSIONS

The tip turbo concept is feasibie from a stability and control stand-
point. This feasibility is based on comparison of the Model 1108 char-
acteristics with the requirements of MIL-H-8501A, as well as more strin-
gent criteria vhen it vas felt to be more applicable.

The control power criteria of MIL-E-8501A is not adequate for helicopters
of the Model 1108 weight class. A more applicable criteria is based on
flight test studies of helicopter angular acceleration due to control
input. These studies (reported in NASA TN D-58, Reference 8) indicate
désirable levels of control power to be two to three times that re-
quired by MIL-H-8501A.



3.0 DISCUSSION

3.1 Longitudinal Stability and Control

3.1.1 Longitudinal Trim Conditions

The Model 1108 has adequate control power to provide trimmed, levei flight
over the desired speed range. A reasonable body attitude is maintained at
all speeds, and sufficient margin of control is available for maneuvering.

Longitudinal cyclic position and fuselage attitude are shown in Figure 3
for level forward flight. The curves are smooth, with no objectionable
reversal in slope.

The incidence angle of the horizontel stabilizer and forward tilt of the
rotor mast were adjusted to provide a balance between two requirements:
(1) reasonable fuselage attitude over the desired speed range; and (2)
sufficient margin of control travel throughout the speed range to provide
at least 10 percent of the meximum available pitching moment in hovering.
Figure 3 shows these requirements to be satisfied. The most critical
condition for control margin is trimmed level flight at maximum speed,
with the aft center of gravity loading. Two degrees of control travel
are available beyond trim at this flight conditicn. This provides a
margin of 20 percent of the available control in hovering.

The slope of the cyclic control position is staeble over the desired

speed range for the normal gross weight. The light gross weight has a
stable slope, except for a small region of neutral stability from hover

to 20 knots forward. A stable slope is defined when a rearward displace-
ment of the cyclic stick is required to hold a decreased value of steady
forward speed, and a forward displacement is required to hold en increased
value of speed.

Control force stability with respect to speed follows as a consequence of
the control position stability. Control forcet at the pilot's stick will
be proportional to stick displacement. An irreversible actuator system
will be used to obtain hlade pitch, and a spring system will provide a
positive force gradient to the pilot's stick.

A spring restraint system has been included in the mein rototr design to
restrain the main rotor in flapping. This design feature has been added
to achieve desirable handling qualities. It was assumed that the spring
restraint would have little effect on longitudinal trim conditions. The
dynamic analysis of this report is based on the trim conditions of Figure
3 (which do not include the effect of the spring restraint). A calcula-
tion of the effect of the spring restraint substantiates this assumption.
The effect of spring restraint on fuselage attitude is shown on the fol-
lowing page.




The difference iz fuselage attitude due to spring restraint does not ex-
ceed 1 degrze over the entire speed rang=. This difference may easily
be balsxnced by a small change in stabilizer incidence angle, if desired.

Wg= 71,700 pounds, mid C.G.

A ol
30 86 100
Velocity, knots

deg:

-6 b

-8

/

Of = body attitude

-1G No spring restraint

== - Spring restraint included

Figure 1, Effect of Spring Restraint on Trim Attitude,

3.1,2 Dynamic Stability end Control

3.1.2.. Response to Control Input

3.1.2.1.1 Attitude Response at Hover

The response to control input has been designed to provide desirable
handling qualities, In order to achlieve the desirable characteristics,

it was necessary to include a spring system to restrain the flapping mo-
tion of the main rotor blades. A spring restraint of 374,000 foot-pounds
per radian per blade was found adequate, This amount of spring restraint
is equivalent to a flapping hinge offset of 1-1/2 percent of blade radius.
The resulting design provides attitude response characteristics which ex-
ceed the requirements of MIL-H-8501A (Reference 1), The control power
criteria, used as the design objective, is discussed in Section 5.5,

Table 1 compares the Model 1108 response with the requirements of Refer-
ence 1. The response to control input was obtained by calcuiating the
inverse of the transfer function, ai(e)/el(e). This analytical procedure,



in addition to an analysis of the effect of spring restraint, is discussed
in Section 5.3.4, The angular displacements, listed in Table 1, are in
response to a step control input as defined below.

Long.
cyclic 1" or max.
stick _ _Trim _ deflection
position 1 =P Time
|
I
I
r ey
| Trim -
Body I |
attitud | -3 Time
@ I
'@1 sec. =>l
Figure 2. Longitudinal Control Response,
TABLE 1
PITCH ATTITUDE RESPONSE
(HOVER IN STILL AIR, SEA LEVEL, MID c.g.)
Angular Displacement in Pitch
Groes Iongitudinal at the End of One Second
waggt Cycﬁ;ﬂitick Model 1108 MIL-H-8501A Requirement
Aal, Deg. Aal, mgo
39,200 One inch tg 1.3 45
T1,700 displacement . 1.1 }Aa, =
*71,700 from trim. 5.6 L1 E 5&!@ 1000
39,200 Maximum 26.8 5.2 |.
71,700 displacement 26,7 L.3 Aal = _3_#80__
#71,700 from trim. 32,1 4.3 R/ Wg*1000

#Ioad suspended from c.g. by sling. (All other conditions have
rigidly attached 1oad.§




3.1.2.1.,2 Maneuver Control at Hover and Forward Speed

The Model 1108 satisfies the maneuver requirements of Reference 1. These
maneuver requirements are quoted below:

Reference 1, Paregreph 3.2.11.1:

a) Normal acceleration stipulation. Applies to speeds above that for
minimum power required.

"After the longitudinal control stick is suddenly displaced rear-
wvard from trim a sufficient distance to generate a 0.2 radian/sec,
pitching rate within 2 seconds, or a sufficient distance to develop
a normal acceleration of 1.5g within 3 seconds, or 1 inch, which-
ever is less, and then held fixed, the time-history of normal
acceleraticn shall become concave downward within 2 seconds follow-
ing the start of the maneuver, and remain concave downward until
the atteinment of maximum acceleration. Preferably, the time-history
of normal acceleration shall be concave downward throughout the
period between the start of the maneuver and the attainment of
maximum acceleration,”

b) Angular velocity stipulation. Applies to all forward speeds, includ-
ing hovering.

“During this maneuver, the time-history of angular velocity shall
become concave downward within 2.0 seconds following the start of
the maneuver, and remain concave downward until the attainment of
maximum angular velocity; with the exception that for this purpose,
a faired curve may be drawn through any oscillations in angular
velocity not in themselves objectionable to the pilot. Preferably,
the time-history of angular velocity should be distinctly concave
downward throughout the period between 0.2 second after the start
of the maneuver and the attainment of maximum angular velocity,"”

Time histories of longltudinel maneuvers are presented in Figure 4 for the
normal gross weight and center of gravity. These time histories were ob-
tained from the analog computer setup described in Section 5.3.5. Longi-
tudinal control inputs of .92 inches for hover and 1.0 inch for fo:ward
speed are the minimum control inputs satisfying paregreph 3.2.11,1 (a
and b), Reference 1. The points of inflection for the normal accelera-
tion time histories occur within 1-1/2 seconds or less from the start of
each maneuver. The point of inflection for the angular velocity occurs
within 1/2 second or less from the start of each maneuver. These maneu-
ver characteristics satisfy the required portion of paregraph 3.2.11.1,
Reference 1, and approach the preferable response.

The preceding discussion demonstrates compliance with military specifica-
tion reqiirements for pitch attitude response and maneuver characteristics.



An additional check on the maneuverability is desirable. As a heavy lifu
crane configuration, the Model 1108 may be called upon for precise posi-
tioning over a fixed ground reference, or for landing in a minimum of
cleared area. Military missions will demand a minimum of time required
to accomplish a pick up cr delivery. Unprepared or hastily prepared
sites, and adverse wind conditions must be considered. These conditions
make the need for precise horizonta'l control very apparent. The capabil-
ity of the Model 1108 for precise horizontal control is compared below
with a proposed maneuver criteria,

As an index of horizontael control, Mr. Robert R. Lynn of Bell Helicopter
Compeny, has proposed the following maneuver criterion (Reference 2).
The proposed maneuver is a horizontal acceleration from hover defined as
follows:

“From a hover, at maximum gross weight with full adverse trim (e.g.)
with a wind velocity of V8 from the critical direction, while main-
taining the initial eltitude, develop a steady state translational
acceleration of Ny, within t seconds from the start of the maneu-
ver. A curve of translational acceleration as a function of time
shall have no abrupt slope changes. During the maneuver, a control
margin of 10 percent of the total control travel shall be maintained
and equa% magnitude input and recovery control displacements wilil

be used,

The following definitions apply to the above maneuver:

&) The time interval, t = 1.5 seconds. (This was selected as the
maximum time duration that may be associated with the evaluation
of initial response.)

b) Vg =30 f.p.s.

c) The applied control input is 3/4 of the available control deflection,
to allow fo): real and not step inputs.

Reference 2 presents calcula*ed values of the translali:onal acceleration
capebilities of some existing helicopters (HU-1A, HU-1B, 47J, S-58, and
S-64), for the above maneuver. The calculated results may be summarized
as follows:

a) A longitudinal acceleration (n,) of 0.15g¢ 1s a representative value
for the assumed maneuver. (Since the helicopters considered are ac-
ceptable for general use from the standpoint of maneuverability, 0.15

g ma% be considered as a valid lower level for hovering maneuverabil-
ity.

b) Although the calculated values show some scatter, the longitudinal
acceleration capability did not appear to be a function of aircraft
size.




The Model 1108 was subjected to the same control input as the above pro-
posed maneuver for a comparison of horizontal control. The magnitude of

control input was calculated as follows:

Flight condition: Wg=71,700 1b., aft c.g.
Sea level, hover.

Limit of longitudinal cyciic travel, o, = 122
iess 81 required to trim 30 f.p.s. wind, -2°

102
Less 10 percent margin -1
Available 81 for maneuver 9°

8, input = 3/4(9) = €.75 degrees, .118 radian

Figure 5 shows an analog computer time history of horizontal acceleration,
following a control reversal input of this magnitude. A horizontal accel-
eration of over 0.3g is achieved in the required time interval. This
preliminary investigation indicates that the Model 1108 will be able to
perform precise hovering at least as well as the existing helicopters
compared in Reference 2.

3¢1.2.2 Response to Artificial Disturbance

The response of the Model 1108 to an artificial disturbance indicates
that the pilot should have adequate time for corrective action follow-
ing an attitude disturbance. The MIL-H-8501A requirement for response
to attitude disturbance is quoted below:

Paragraph 3.2.11.2, Reference 1:

“To insure that a pilot has reasonable time for corrective action
following moderate deviationc from trim attitude (as, for example,
owing to a gust), the effect cf an artificial disturbance shall

be determined. When the longitudinal control stick is suddenly
displaced rearward from the trim, th: distence determined in
3+2411.1 above, and held for at least 0.5 second, and then returned
to and held at the initial trim position, the normal acceleration
shall not increase by more than 0.25g within 10 seconds from the
start of the disturbance, except 0.25g¢ may be exceeded during the
period of control application, Further, during the subsequent nose
down motion (with the controls still fixed at trim) eny acceleration
drop below the trim value shall not exceed 0.25g within 10 seconds
after passing through the initial trim value."

Analog computer time histories of the response to an artificial disturb-
ance are presented on Figure 6. The control stick has been displeced 1
inch aft, corresponding to the requirements of Section 3.l1.2.1.2. The




maximum deviation of normal acceleration from trim is 0.2g, or less, for
both flight conditicas. This satisfies the requirements of Reference 1.

3.1.2.3 Stick-Fixed Dynemics

The longitudinal stick-fixed dynamics satisfy the requirements of Refer-
ence 1 without the aid of stability augmentation. Some stability augmen-
tation will be required to achieve desirable handling qualities beyond

the basic requirements of Reference 1. The need for stability augmenta-
tion is more fully discussed in the sections on lateral-directional
dynamics (3.2.2), and control power and demping criteria (5.5). It should
be emphasizea that the requirements of Reference 1 are very adequately met
by the stability of the basic configuration, but eugmentation will be re-
quired to achieve preferred flying qualities.

The dynamic behavior has been determined by examining the roots of the
characteristic equation of the longitudinal dynamics. The procedure for
obtaining the characteristic equation is described in Section 5.3.k4.
Table 2 presents the roots of the characteristic equation, plus the time
and number of cycles to double or half amplitude. The requirements of
Reference 1 are included for comparison. The modes of motion are pre-
sented for hover, meximum speed, and en intermediate speed, for 9atﬁ the
light and fully loaded gross weights. The datsa is presented fox the nom-
inal center of gravity, with the addition of one aft center of gravity
point for comparison. All of the short period and aperiodic roots are
well demped. The long period roots are either 1lishtly damped or slowly
divergent. Reference 1 allows some divergence for the long period roots,
if the time to double amplitude is greater than 10 seconds. The time to
double amplitude for the divergeni rcots far exceeds this requirement.

The modes of motion are more graphically presented as time histories on
Figure 7. The stick-fixed respon:e to an initial displacement of body
attitude from trim is shown for the fully loaded gross weight. The same
initial disturbence was used for all three speeds to provide a uniform
basis for comparison. These time histories were obtained on the anealog
computer circuit describved in Section 5.3.5. The long period mode is the
predominent mode for all three flight ccenditions. The short period and
aperiodic modes are so well demped that they do not appear in the tran-
slent response.
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Figure 3. Longitudinel Trim Conditions.
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Longitudinal Response to

Figure 6.

Artificial Disturbance.
WG= 71,700 pounds, Mid c.&.
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3.2 Lateral-Directional Stability and Control

3.2.1 Response to Control Input

3.2.1.1 Roll Response at Hover

The roll angle response in hover is similar to the pitch attitude re-
sponse in hover. The spring restraint system affects the roll and pitch
axes equally, except for the difference in fuselage inertias. Table 3
compares the Model 1108 roll response with the requirements of MIL-H-
8501A, Reference 1. The roll angle displacements, listed in this table,
are in response to the control input sketched below. (Note the differ-
ence in time interval between the roll and pitch response requirements.)
The method of calculation of this response is discussed in Section 5.k.1.

Lateral 1" or max.
cyclice _ _Trim _ | deflection
stick ] 4
position U —gp> Time
|
|
|
| | A¢
Roll : - ITrim i
angle »- Time
¢ | |
1l
5 sec.@‘

Figure 8. Lateral Control Input.
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TABLE 3
ROLL ANGLE RESPONSE

SHDVER IN STILL AIR! SEA LEVEL‘ MID C.G.z
Anguler Displacement in Roll

Gross Lateral at the End of 1/2 Second
"‘Z‘ig‘;t Cyciic Stick [ Model 1108 | MIL-H-8501A Requirement
g3DRe Ag, Deg. Ag, Deg.
39,200 One-inch 1.8 0.8 27
71,700 displacement 1.4 0.6 } A¢ = —
%71,700 from trim. 2.1 0.6 ,\/ Ws+1000
39,200 Maximun: 10.6 2.4 81
71,700 displaccment 8.5 1.9 Ad =
*11,700 from trim. 12.4 1.9 @ Wg*1000

¥Load suspended from c.g. by sling. (All other conditions have
rigidly attached load.)

3.2.,1.2 Directional Response at Hover

The yaw angle developed after one second of step rudder pedal input is
glven in Table 4 below. The change in yaw angle required by MIL-H-8501A,
Reference 1, is also indicated. The required yaw angle is achieved for
each condition, although the response for one-inch pedal input is marginal.

F Vo TR NG

R

TABLE 4

YAW ANGLE RESPONSE

GROSS WEIGHT = 71‘700 LB.
Angular Displacement in Yaw

Rudder Wind at the End of 1 Second
Pedal
Trout Condition Model 1108 MIL-H-8501A Requirement
npu AW, Deg- A‘y: mg'
Full left 330
NO Vind. "1108 -709 A‘oy =
pecac :\3/ W+1000
nouon 35-knot wind 4.3 -2.6
from right. * * Av = 110
1 inch left | No wind, -2.9 -2.6 qg/wc'qooo
Full right - 330
pedal No wind. 10.3 T.9 t AV T——'\/———
Wg+1000
" n (] 35-k!1°t wind 6
from left, 5.2 cE AV = -;—Q—
1 inch right| No wind. 2.4 2,6 N/ W; ¥1000
17




The yaw angle response is not symmetrical for left and right pedel in-
puts. This nonlinearity exists for the following reasons:

a) Steady tail rotor thrust, at zero rudder pedal deflection, must
balance main rotor bearing friction and torque for main rotor-
driven accessories.

b) Tail rotor thrust is a nonlinear function of tail rotor collective
pitck due to the effect of inflow velocity.

The above two effects are illustrated on Figure 9. The increment in
tail rotor thrust available for control (indicated by AT, . on Figure 9)
is shown for hovering in still air and with a 35-knot crosswind. In-
creased rudder pedal deflection is required to hover in a crosswind to
offset the increased tail rotor infiow angle.

Main rotor downwash was included in calculating the tail rotor thrust
curve of Figure 9. This accounts for the thrust curve not becoming
asymptotic at zero collective piteh. This beneficial effect of the
main rotor downwash will be reduced at lighter gross weights. Good
yaw response for small control inputs can be assured by designing the
tall rotors with some steady opposing thrust.

3.2.2 Stick-Fixed Dynamics

The lateral-directional behavior has been determined in the same manner
as classical fixed-wing airplane stability. Three degrees of freedom
have been considered: roll, yaw, and sideslip. The lateral-directional
equations of motion used in this report are provided in Section 5.4.1.
The equations of motion combine to form a fourth order characteristic
equation of the lateral-directional dynamics. The ruots of this equa-
tion correspond to the following modes of motion:

Hover: a) Long-period roll oscillation
b) Aperiodic yaw mode
c) Aperiodic roll mode

Forward speed: a) Dutch-roll oscillation

b} Aperiodiec spiral mode

c) Aperiodic roll mode
The characteristics of these modes are presented in Table 5 for the light
and normal gross weight loadings. The speed range is covered by three
flight conditions. All of the conditions are for the mid center-of-grav-
ity loading. The aft center-of-gravity loading is also shown at meximum
speed for comparison. Table 5 shows all of the modes to be stable, ex-
cept for the long-period hover mode for the fully loaded gross weight.
Each mode is more fully discussed in the text following the table.

18

PPTOTRT R

APt D b 550 Bl s 4




sl ORI 5 1

B

3

2000

I NO WIND

Tail rotor
thrust, Ttr’

1b.
1C00

AT, = 1650 1b.
full left pedal

N % % N N YN SN NN

.H

Full right pedal.

Full
left

Rudder pe%al deflection

|
+11°
7

S
Tail rotor collective

1000

|l 35 KNOT WIND l
£ - o

35-kt.wi

from righ = 600 1b.

Full left pedal

. 5-kt.wind
Full right peda

from left

Figure 9.

Tail Rotor Thrust for Control.

(Gross weight = 71,700 pounds.)
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Long-Period Roll Oscillation in Hover

This mode is the lateral counterpart to the long-period oscillation occur-
ring in the longitudinal motion. As in the longitudinal case, it is &
function of speed stability and angular velocity damping.

There is no direct military specification requirement for the damping of
this mode. The requirement of paragraph 3.2.11, MIL-H-8501A (Reference 1)
is the only related reference to dynamic characteristics. This require-
ment applies to longitudinal behavior in forward flight but may be con-
sidered applicable to the closely related roll mode. It states that for
long-period oscillations (10- to 20-second periods), the oscillation may
be divergent, but double amplitude shall not be achieved in less than 10
seconds,

Table 5 shows this motion to be lightly damped for the light gross weight.
The motion is divergent for the fully loaded configuration but requires
20,7 seconds to achieve double amplitude, The behavior of the long-period
hover oscillation therefore appears to be satisiactory.

ﬁyeriodic Yaw Mode in Hover

This mode corresponds to the yaw rate demping in hover. Reference 1 has
a specific requirement for this demping. Paragraph 3.3.19 of Reference 1
states: "The yaw angular velocity damping should preferably be at least

2'.’(Iz)'7 ft.-1b,/radian/sec.” Table 6 compares the yaw damping for the
Model 1108 with this requirement.

TABLE 6
YAW RATE DAMPING IN HOVER
MIL-H-8501A 3equirement
27(1, )7
Gross X z Model 1108
Weight 27(x,) —
z
b ft.-1b. Yaw Damping Yaw Damping
* rad,/sec, per Sec, per Sec.
M
39,200 74,100 91 1.31
71,700 95,500 81 .30
A S
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Aperiodic Roll Mode in Hover and Forward -Speed

This mode corresponds to the roll rate demping. Reference 1 has a require-
ment for the emount of this demping in hover. The requirement for flight
at forwvard speed is not specified. Table 7 shows these minimum require-
ments to be easily satisfied.

TABLE 7
%
e asmaremd
MIL-H-8501A Requirement
Gross o7
Welght Velocity .7 18(1::) Model 1108
18(1 ) —_—
x I
X
ft.-1b. Roll Demping | Roll Damping
1b. FROLS rad./sec. per Sec. per Sec.
39,200 0 47,000 .62 2.06
l €0.0 K.A. N.A. 2.65
108.5 N.A. N.A. 1.78
71,700 0 85,000 A48 1.18
l 60.0 N.A. N:A. 1.69
108.5 N.A. N.A. 1.22
\A_————un_-—-———

Spiral and Dutch-Roll Modes at Forward Speed

There is no requirement for the behavior of these modes in MIL-H-8501A,
Reference 1. Referance 35 provides recommended requirements for lateral-
directional nandling qualities. These reguirements are recommended for
inclusion in military specifications for helicopters intended for instru-
ment flight.

The requirements recommended by Reference 3, page 19, for dutch-roll and
spiral mode behavior are as follcws:

a) "At lending approach speeds and above, the lateral oscillation known
as dutch-roll shall be well eriough damped to lie on the favorable
side of the acceptable-marginal boundary of 'Figure 5 herein.' It
shall in no case be less than corresponds to half amplitude in two
cycles,"

22
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b) "A spirel divergence shall in no case be stronger than correeponds
to double amplitude in 7 seconde. Although convergence in this
mode is desirable, slow divergence is permitted, provided the dutch-
roll demping is sufficient.”

The Model 1108 dutch-roll and spiral modes, listed in Table 5, are sum-
marized below. The dutch-roll mode shows more damming than the minimum
recommended requirement. The dutch-roll oscillation converges to hal?

amplitude in well under 2 cycles. The spiral mode ie stable at both
speeds investigated.

20k “““‘1411111111114
. Recommended 1limit (Ref., 3)

O Wg = 39,200 1b

15 Model 1108 G_2% .

Cycles to A W™ 1,700 1b,
half ampli.
tude, ci 1.0

s . ==

0 ¢ 2 1 1 i 4 { N
0 Lo 60 8o 100
Forward velocity, knots

Flgure 10, Dutch-Roll Mode,

Spiral -1 Stable
root, )
per sec. —A
O $ v ] ! 1 c‘ e L
0 Lo 6 80 100
Forward velocity, knote

Figure 11, B8piral Mode,
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The "Figure 5" referred to in item(a)on the preceding page applies to a
configuration having greater roil damping than the Model 1108. Reference
3 shows desired dutch-roll and spiral characteristics to be a function of
roll damping. The recommended dutch-rolil and spiral characteristics for
a degree of roll demping similar to the Model 1108 is more critical and

is shown below.
.t 7// /
-.6% / // Acceptable

Model 1108
39,200 and
Spiral mode _ s} : < %= 71,700 1b.
damping, ® l Ma.rginal

per second. = 60 and 108.5 kts.

| Un- / /// /

*42 acceptable

Dutch-roll mode damping

l/ci

Figure 12. Lateral Handling-Qualities Boundaries.

(Roll damping = -2.67 per second)
Figure 6, Reference 3
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Calculated values for the Model 1108 are within the “marginal® region of
the recommended boundaries. It should be emphasized that the recommenda-
tions of Reference 3 apply to instrument flight, and should be interpreted
in that context. The boundaries will be indicative of very desirable
hendling qualities. The "marginal" region is defined by Reference 3 as
follows: "Considerable pilot effort required. Little attention could

be given to other cockpit duties, such as radio, navigaticn, etc. Ac-

ceptable for flight in the event of stability augmentation device fail-
ing."

This illustrates the need for stability augmentation to provide good
handling qualitiee. It also demonstrates that the basic configuration
is flyaeble without augmentation. With sufficient control power to allow

effective augmentation, the Model 1108 should exhibit good handling qual-
ities.
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5.1

5.0 APPENDIX

Configuration Description

The stebility and control analysis was based on the configuration shown

on Figure 13.

This configuration is not intended to be the optimum helicop-

ter design for the Model 1108 rotor system. It was selected to provide

a realistic configuration for stability and control enalysis. The dimen-
sions and characteristics are summarized below:

Tail

Main Rotcr:

Airfoil section (constant) .e.veveeccveocececocconcnsne
Chord {constant), ft. sececesccccccccses cectecsccans
Diameter, ft. .ceccececcecreccocccnsconsasoccnssaccses
Number of blades .ccecsccccccscessccccccoasscscscnne
SOLIAILY eeeeeeeeneesorecasaoasosasnsassssasanannns
Tip speed, ft/sec. - HOVEr secececrocceacacsncsnanse

= Cruise ceceeececccocececescnsoee
Twist, degrees .ceececcescccscsscersccncccssosssssnses

TYPE ccecectcccoccsarsosscssssocsonvastsssnsscnssnsscs

Collective pitch movemer* degrees ..cccecececeocossee
Lateral cyclic movement, degrees ..ce.cceccecosscscces
Longitudinal cyclic movement, degrees s.ccocceececoecs

Spring restraint per blade, ft-1b/rad. ..cccoceessss

Rotors: (characteristics per rotor)

Chord (constant), ft. cececcesscesseasoccssscscosnnns
Diameter, fte .eccccoceccscoccosssnsccccceocssscncsnns
Moment arm, ft. (main rotor hub to tail rotor £ ) ...
Number of DladeS ceieccececoserssscssssscscacssoncns
Number of tail rotors (see Figure 14 for

AYTANEEMENT ) cceeceecsoconcsssssssoncsosssssssssscns
SOLEAILY o vevvonenensocncesnossssensoansnssassnsenes

Tip speed, ft/sec- 8 0 000 000900 P0 PR RBIRRREBNOE

., TWiSt, degrees 900080 00 000000000000 00000 RBOTIEROERTSES

Collective pitch movement, degrees .ceecvececcccccsns

Stabilizer:

2

Area, ftv 900 2 8000080000080 00 0+ 800080000 RRISOSBROSTSS

Aspect ratio cecevcororecccecasctvsonstscasanssscnenes
Chord (constant), ft. seceessssccccncosscaccascccose
Incidence, degrees ceecicesecstccsccsscococossconses
Moment arm, ft. (main rotor hub to stabilizer

qQuarter chord) «.ececececssocectsasssssscssssssssnnas

Span, ft. LR NI I B I B SRR IR Y BURE U RN BN B RY BURY B BU R BURY I BT RN BUAY BURE I B B B Y )

a7

0015

€.5

111.8

L

0.148

€50

600

-10
Teetering




Puselge 0 *

Equivalent flat plate area, ft.a:
InCludins cargowd 0 0000000 0000000000000 0s00000 2%
cargo md remed ® 0000 000 00020200 R000SBSIOELISESEPLIBOOTCSS loo

[ T

Tip Turbo Engines:

Inlet area, 2 (both engines) ceeeecceoccccsccccccss 2.08
#Lift curve slope of nacelle, (aCL/aa),n, per red. .... 4,5

muntine 000 0 0SSP 0000 SO O0E 0N 0000000000000 0c000000O0C0O0O0OO0 wer-under
Nmer of enginee per blade 000 00005000 0000000000000 2

.PrOﬁle drq, cdm 00 00 000000000 RLOOSOOOOEOINOIPPOEOETSOPROOROPODS .282+h.12f

5.2 Mass Properties

Blade mass properties, per blade:

(1ncluding effect of engines at blade tip)

M‘", 'lug‘ 00 0000200000000 000000000000000 00000008 108.7
Distance of c.g. outboard of hub, ft. socesepuens 29,4
Flapping moment of inertia about hub, slug-ft€.... 138,700

Helicopter mass properties:

(8ee Table 8,)

*Based on inlet area, .1
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5.3 Longitudinal Analysis Methods

5.5.1 Main Rotor Trim Parameters

The main rotor trim paremeters are presented in Table 9. These trim
parametere have been calculated using an adeptation of the iterative
method outlined on page 83 of Reference 4. The following six egquations
are iterated until a simultaneocus set of solutions is obtained to within
an accuracy of .0l percent between successive sets of sclutions.

(xo)n+1 = “o(alo)n + \’10/‘m (1)
th
Ta (xo)n+l - p‘o(elo e Blo)n
(® ey = RN (2)
3% ¥
16 (eo)n+1 - 5/b'(xo)nﬂ
(81,- %1+ Byl = - 5 uo[ Y uf (3)
(8,) (1 +u2) u ()
Y n+l o 0 o‘n+l
(ao)n+l - 2 [ 4 * 3— (elo- alo+ﬁl°)n+l - _'3_] (h)
L uo(ﬁo)n+1
(Bag = ®26)ne1 = - s[m (5)
p (N e
(alo)n+l = ﬁ%ﬁ -32 ot (eo)n+1“o(ho)n+l * 02n+ (910"a1°*'51°)n+1

+u (8 )n+1 z 9(l+u/2)] '%');_R

0(R)S s [0y + -510C/20) ) }

(€)

W

Iteration of Equations (1) through (6) was started using the following
approximate expressions:

N o~ -C_x§>+.‘_,ig
0 p‘o CT fiR
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hCT/ca * XO

- 2
2y us

Induced velocity was calculated by the following formula:
2 k 2 b
(e P [amay) e o )|
V =)

i 2

0 ~
o

The tip loss correction factor = 1.0 for the above equatiomn.

Effect of Horizontal Force Due to Tip Turbo Nacelle Airloads:

Zquations (1) through (€) are obtained by the method described on page
83 of Reference 4, with one exception. This exception is the last term
of Equation (€), repeated below:

oC.
np(sm)‘?s,mp [(CDTI‘* .51 ('SFL),H,]

ZWG

The equations of Reference 4 are derived for a rotor blade free of dis-
continuities, and therefore do not account for the tip-mounted engine
nacelle. An expression for the horizontal force due to the tip-mounted
nacelles, Equation (19), is derived in Section 5.3.4. The change ‘n
t11t of the tip path plane, Aﬁlo, required to offset an increment of
horizontal force is illusirated in the following vector diagram.

Thrust
AX
88y "~ W
W o o
G Aﬂlo
AX
As an approximation we have
AXpp
(881, )pp = W,
From Section 5.3.4
aC
S ¢ 2 L
By = 5 p(R)"Spn [CD'IT* '51(5'&")”] (19)
Finally,
2 oCy,
np(AR)Spo | Cppp + 51 557
TT

(881 )pp = o
This agrees with the last expression of Equation (€).
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5.3.2 Fuselage Attitude Versus Forward Speed

Equation (11) was used tc calculate trim fuselage attitude as a function
of forward speed. The results of this calculation are plotted on Figure
3, page 11. The trim equation, plus the source of each term, is given
below. The trim equation is derived at the end of this sectior, begin-
ning on page 37.

A acM A . ka
Wom s QAL °quR[(CMf)af=C %, “f]* TSlig(ig- B)v - (B, &)

-Wh + ﬁoA.nef + QfSR ( ) dtst 2 " _TE

]
OJ
cv
el

(11)

Aﬁ = Fuselage equivalent flat plate area, ft2

e. = Distance of c.g. forward of main rotor hub, ft.
h = Distance of main rotor hub above c.g., ft.
i

= Incidence angle of horizontal tail with respect to fuselage
centerline (positive leading edge up), radians

It = Distance of horizontal tail 1/4 chord aft of c.g., ft.
b = Number of rotor blades, mair rctor

R = main rotor blade radius, ft.

S = nR%, ft°

S, = Horizontal stabilizer area, ft2

W; = Helicopter gross weight, 1b.

The above terms are all geometric and mass properties. These properties
are tabulated in Sections 5.1 and 5.2 for each configuration considered.
The remaining terms are given below.

a, = Horizontal stabilizer 1ift curve slope, per radien

For aspect ratios, A, less than 6:

A
a, = 2n(m) , per radian (page 145, Reference 5)
p=3
a, = n(3/6) = 3.1416 per radian.

For this analysis let a, = 3,0 per radian,

t
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(CMf)a =0 "= fuselage pitching moment coefficient at zero angle of
T attack, dimensionless.

Assume (CMf) = 0 for this analysis.

af=0
Tre fuselage contours are not adequately defined at
this time to justify an approximation of this term.
The value will be zero for a symmetrical fuselsge.

oC
_*ED_( = rate of change of fuselage pitching moment with angle
T of attack, per radian.
M
CM = &R by cdefinition
where:
M = pitching moment, ft-lb.
q = dynamic pressure, p.s.f.
S and R defined above.
oCy i oM/ da,,
551'. - qSR
a(K, -K.) rd E
% = —32—-5—1—f w? dx, ft-1b/deg. (pg. 226, Ref.6)
o)
where:
K2-K1 = fuselage correction for fineness ratio
~ .6, for I/D = 2522 - 2.7k (pg. 226, Ref. 6)
Ve = local fuselage width, ft.

dx = increment in fuselage length

The fuselage planform, used as a mcdel for this analysis, is sketched on the
following page.

Integrating the square of the width of this planfocrm with respect to this
length, we have

4
f wf. dx = 7386 ft3
o °
Substituting in the equation of Reference 6,

oM _ q(.6)(738¢)
X~ 6.5

5 , Tt-1b/degree
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2.8 1l.17
. - ==
.[ k75" T
‘;7
20.6° T
T \—'j
.j__. - -
N
ps—12,25 Lo
et— —27.5' —
= 56.5' =

Let

Figure 14, Planform Dimensions .- Stability Analysis Model.

aC
M _ Mda _ .6)(7386)(57.3
= —qSLR = SONE , Tt-1b/rad.

R=55.9
% .6(7386)(57.3)

H

= ,0127/read.
o
£ 36,5(x)(55.9)
BCM
5 - .013/rad. for this analysis.
T
kq = spring restraint per blade, ft-1b/rad.
= 374,000 1b-ft/rad. Note: This term was not included
in the calculations for Figure 3, page 1l. This spring
effect was included for the comparison shown in Figure 1.
1 2
ﬁo = -2— p(p,n,R) » p.B-f-
1 2.1
af =3 p(p,QR) + 3 pr , p.s.f.
1 2 .1 2
ﬁ.t =3 p(uas )~ + 3 D(Vi)t ,p.s.1.
\
-1/ 1
9 - ten” (25 )
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w1

' W
Vi = induced velocity of main rotor, fp.s. = Ku —;7 ¢ 2
* 2p1tR2

= induced velocity of main rotor at the horizontal
stabilizer, L
f.p.s.= 1.hlh(-ﬁ-)vi

o, = angle of attack of fuselage with respect to the relative
wind, radians.

fil = longitudinal tilt of the tip path plane relative to the
horizontal plane, radians. (This term calculated in
Section 5.3.1.)

E = forward tilt of rotor shaft with respect to vertical

body axis, radians, = 1/57.3 radiens.

Derivation of Trim Fuselage Attitude as a Function of Forward Speed

This derivation is restricted to steady, level flight. Figure 15 serves
as a simple model fcr analysis.

For trimmed, level flight:

IF, = 0 (assuming L, small )
Z+ W= 0, Z = W
ZF, = 0 (assuming L, small)
er+xf=0, er=-xf .
Xy = -(1/2)(0)(uaR)%A
IM =20
cg
mc8=Mmr+Mf+Mt+Msy=O
where :
Mcg = pitching moment &bout c.g.(positive nose up)
L " " " " (due to main rotor)
1R My = " " " " (due to fuselage)
‘ M = " " " " (due to horizontal tail)
Mgy = " " " " (due to spring restraint)

Fach cf these moment terms will now be derived,

37
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Vertical !

Main rotor hub
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Horizontal
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™

Figure 15. Forces and Moments for Trimmed Flight.
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i Moment Due to Main Rotor:

i

53

0 Ak 5 i 5

bk ol

"1 AT

From inspection of Figure 15,

o

M =
mr

where:
= -wG

mr

sin 6

"

= ® N

cos ef =

Substituting:

1 2
M= -W(h9f+ ef) = o p(uQR) Aﬂ(h - e

Z{h sin 6

et Cr

2
p(uaR) A

£ red.

assuming 8

Moment e to Fuselage:

1 .
Mo =50 Uz(ch) SR

where:

Substituting:

M. =

CMp = (CMf)af=O *

0

s

ac

-1
£ Bf - tan

£=30 [(““R)g* s H(CMf

Moment Due to Horizontal Tail:

1
where: Uf

CLy

ey

- .

Substituting:

M =

s

B
2 "EDJiCLtStﬂt

2 2
(uaR)™ + (V)¢
&€1t

ef + it - tan

1 2 2 . -
R p[(p.QR) + (Vi)t ]at [®f+ i, - tan

cos ef) + er(h cos 8

(war)® + v,

M
)a=0+wf-‘(ef-tan

-1

- €

g~ €p sin ef)

£ small

£%¢)

M
%, E

\f

IGR
2

aC V'

f

iR

p Vil
LR

]Stpt
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Figure 16. Angles and Forces on Horizontal Stabilizer.

Moment Due to Spring Restraint:

From Section 5.3.k4:

bk, (-B, )
__B 1s
Mg, = —Es (20)
But Big=8p+ P -
bk, (-8, - B, + E_)
_ Bt 1 8

Combining moment terms:

ZMcg = Mhr + Mf + Mt + Msy = 0

Substituting Bquations (7) thru (10):

™ --JQ{he + e ) -

- o(uqR) A.(h -e

)

30
o p[(uRR)2+V ] [(CMf)a o ’;(ef ] E%TR)] SR

-2 [(umz) +(V,) ] [e +1, - ten™ (Z—é;t-] 5,4,

bk (-8
+ kﬁ( £ ) =0

aC

Expanding:

Lo




mcg -wGhef-wpr-ﬁ p(uﬁR) A n+ 5 p(uQR) A e 6

L]

ff

v 3 o[ war)+ v ](cuf)a Lo 5R+ 3 o[(wam)Ps v2 ] o o s
-%p:(m)2+Vf]g(tan-lvﬁ)SR-%p[

£
i (v,)
il % p_(”nR)2+ (Vi)i]at [it - ten™" ";Téql]

bk bk
(TB) ®s - (_22) (B, - &) =

Introducing the following symbols for simplicity:

Let:

o(ueR)?
2

p(uﬂR)z + % A

1

2 2
p(uRR)" + 5

(v, ),

£
L}
= ol ol

X
n
]
'
'—‘
—
-
~—

Substituting:

M, = WghOp -Wgep -G AR + G AeS,

oC
2 M
9 SR(CHg)y o * Gp S (Bix‘;)ef
aCy "
% SR(aaf)mf B R oS
bk
A B
q Sl og(ty - By) - (‘2—> O
bk
Y, - &) =0

(=

Solving for Sf:

+

-

bk
Weert A M- afSR[(CMf)af 0" (\ ) Qf]* QS0 (1 -0y )4 _2E (B)-84)

ﬂz

oCy ka
~ A "N
Woh + o + 3SR (57 ) - ASbeny - (11)
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5.3.3 Llongitudinal Stability Derivatives

Longitudinal stability derivatives are presented in Tsbles 10 through 12.
These derivatives were calculated using the equations listed on pages T5
through T8 of Reference 4 and were based on a horizontal stabilizer hav-
ing 2.18 times the effectiveness of the stabilizer used in the rest of
this report, as the result of a calculation error. Increasing the sta-
bilizer span by TO percent will provide a corresponding effectiveness.
This difference is felt to have little or no effect on the objective or
conclusions of this study. At low speed there is no effect of the dif-
ference on the transient responses. At higher speed the difference would
result in a small change in the response. It should be noted that all
values are calculated and that in the normal course of helicopter de-
sign the tail would be sized from wind-tunnel and flight tests to achieve
desired handling qualities. The equations of Reference 4 have been modi-
fied for the effects of the tip-mounted engine nacelles and main rotor
spring restraint.

Effect of Tip-Mounted Engine Nacelles:

An expression for the horizontal force due to the tip-mounted nacelles,
Equation (19), is derived in Section 5.3.4. We have,

acy,
Aepy

g p(ﬂR)esTTp [CDTT+ .51 (SEF)TT] (19)
By definition: L, = X/ du

M PR
AW/
Wi =

Hence:

(ax )TT = effect of tip-mounted engine nacelle
W on longitudinal stability derivatives

(b/2m2°R) o (IR Sy, [CDTT+ s51(3cy/ aa)TT]

This increment was added to the x calculated using the equations of
Reference 4. -

Therefore: (Axu)TT

Effect of Main Rotor Spring Restraiant:

The equations of Reference L for the stability derivatives include the
effect of a hinge offset, e. Section 5.3.L4 shows the spring restraint
to be related to an equivalent hinge offset, "e"

)

- "n_mn .. 2
where e" = kB/mbdQ (21)

The effect of the spring restraint was included in calculation of stabil-
ity derivatives by means of this equivalent hinge offset.

k2
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TABLE 10
LONGITUDINAL STABILITY DERIVATIVES
Gross Weight = 39,200 Pounds
Mid c.g., Sea Level
m

Forward

Speed 0 €0 108.5
(knots)

x .0025117 0055195 .0215033

g X2, . 0000000 - .0001944 -.0003516

X 1 - . 0050632 ~000650 0077843

Xy . 0000000 L. 7799 .0597595

x3 . 0000000 . 0600309 .0001128

1 Xg . 0008048 -.001771L . 0054715

Xoy 1 . 0050632 - . 0000650 -.0077843

z, . 0000000 .0188829 . 0504656

2y . 0000000 . 0383664 0693731

Zg .2271550 .2271550 «2271550

z2 0000000 0000000 .00000C0

z By . 0006000 .0000000 .0000000

P1 g, .0000000 - . 0383664 - . 0695731

B1, - 1641466 -.1123670 -. 0662821

B1y 1.0000000 1.0578799 1.1956629

B1g 1 . 0000000 .3426879 ELOETTT

Bl 2 -2.5660752 -2.6032063 -2.6915967

Blel 81 -1.0000000 -1.0578799 -1.1956 29

my . 0041051 . 0054952 0297749

me . 0000000 .0120314 .0217549

My, ay . 0396304 .0609617 .0538748

1 mg . 0036308 . 0350659 . 0686160

2 + 0000000 . 0000947 . 0003452

P1 mg - . 0396402 -. 0550307 -. 0328676

mg, . 0155370 .0061085 .018C .5

L
v
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TABLE 11
LONGITUDINAL STABILITY DERIVATIVES
Gros: Weight = 71,700 Pounds
Mid c.g., Sea Level
Forward
Speed .0 60 108.5
(knots )
x, . 0019342 . 0039414 .0100029
xy . 0000000 -.0003929 - . 000710
X 1 -.003T437 -.0008788 . 0025780
1 5 . 0000000 . 0079864 0237023
x§1 © . 0000000 0000295 .0000980
X3, -.0005147 - 0027704 -.0003363
xel 0037437 .0008788 -.0025780
z, . 0000000 .0079127 .0202768
z°‘1 . 0000000 .0209758 .0379278
zy 1241907 1241907 .1241907
z% . 0000000 0000000 0000000
zg P1 . 0000000 . 0000000 . 0000000
1 29, . 0000000 -.Q209758 -.0379278
alu -.25T7400 -.2070416 - 1567047
Bly 1.0000000 1.0578799 1.1956629
B1g 1 0000000 3426879 406777
Bl » -2,5660752 -2,6032063 -2.6915967
alel -1.0000000 -1.0578799 -1.,1956629
m . 0076850 .0061495 »0209889
b ome . 0000000 0069128 . 0124995
Ty @1 . 0273545 . 0488799 LOk68157
1 mg .0020601 .0230265 . 0533608
m4 » 0000000 »0001776 » 0005833
P1 mg -. 0273658 - . Olth9959 -.0305014
mg, 1 0222967 .0106077 . 0154683

Ly




TABLE 12
LONGITUDINAL STABILITY DERIVATIVES
Miscellaneous Conditions
Gross Weight = 71,700 Pounds

;=-===-=S::=If——1=e=l==-=======-=—J
@
Forward
Speed 0 108.5
(knots)
c.G. Mia# Aft
X, .00193k2 .0100729
Xa 0000000 - OUOT 104
Xy, L - . 0037437 0025780
1 & .0000000 . 0237023
xgl . 0000000 . 0000980
Xg - . 0005147 -.0003365
xg, T .0037437 -.0025780
z, » 0000000 .0202768
20 . 0000000 037927
Zg .1241907 .1241907
zg 0000000 . 0000000
28, 1 . 0000000 0000000
29, . 0000000 -.0379278
By -.2577400 -.1567047
H Bly 1. 0000000 1.1956629
515 1 . 0000000 . ER06TTT
Bl§ -2.5660752 -2.6915967
Blg, Pl -1.0000000 -1.1956629
m .0081635 . 0246085
H m, . 0000000 .0150390
L 1 . OLL3428 . 0581090
L . 0034865 . 0696€30
mg 0000000 . 0006996
1 mg, -. 0443567 - . 0367005
mg, 0236847 .0168388

#0ad suspended from c.g. by sling.

have rigidly attached load.)

k5

(A1l other conditions




5.3.4 Longitudinal Equations of Motion and Dynamic Stability Analysis

The longitudinal equations of motion used in this study are given belcw.

2
(2 ¢ x )Ap+(x A6+ (8 B4 & + A, +
g " ™ 5 (an o & "01)“1
8 \ .
(ﬁg xBl + xalllkﬁl + (xel)lkel =0 (12)
(2, )0 + ( ﬁs; + 2, )b + (zal)Aal+ (ﬁ?; 2§ * 2p,J0B, + (29 )A0) = 0 (13
2
(mu)A;H (mg )AE (i-g ¥ Qi mg * tnal)Acuzl +
(o]
s Q
(ﬁ; mg + ‘“sl)Aﬁl + (mg )8 =0 (14)
(B Wu+ (B )AS+ (By. )AQ, +(= Bya - 1)AB, + (B, )A8, =0  (15)
1y 15 e e A 13, )28y lg1 /"1

These equations are derived in Reference U4 and are identical to equations
(A.46), (A.47), (A.48), end (A.49) of that report.

Rewriting Byuatione (1:2) through (15) in matrix form, we have:

(zu) (% + zg) (zal) (Qio zal+ zﬁl) A ~zg,
b = ¢ A8y
(m ) (mb) ( 52 + éi my + mal) (;L m§l+ mBl) [&al -mel
(By,)  (By) (ﬁlal) (5“’; 1g, - 1) || as; Blg,
| . )

The matrix form of the equations provides the following transfer function,
in determinent form, of pitch attitude response to longitudinal cyclic
control input.
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e el
i

( §O- +x,)  (xg) (-xg) (& %3, * %,

(zu) (§§; + 28) (‘zel) (gio z§l+ zBl)
) - —-

(m,, (mg) (-mg, ) (nO gt og )

(By,,) (B1g) (-Byg. ) (g P13, - 1)

Aa, (s) ” 0 P1 % A

zsel(S) ) s 52 h s 8

(.ﬁ;+xu) (xg) (‘;(2:§+-§;x&l+xal) (-‘g x§l+xal)

(z) (nso + z) (zal) (;f: 28, * 2g, )
82 S 8

(m)) (mg ) (H§+ ﬂ_om&1+mal) (-§;m§1+m31)

(8 ) (Byg) (Brg, ) (5: Prg - 1)

Expanding these two determinants results in the ratio of two polynomials
in the Laplace operator, s.

3 2
Zkal(s) i 855”7 + 858" + a;s + a, -
N6 (s) 5 4 3 2 )
1 b5s + bhs + b55 + b28 + bls + bo
Setting the denominator equal to zero, we have:
5 4 3 2, =
bgs” + bys + bys” + bys bis + by =0 (17)

This is the characteristic equation of the longitudinal dynamics. The
roots of this equation provide the stability characteristics of the longi-
tudinal modes of motion. These roots are summarized in Table 2,

The Laplace transform of the pitch responde (Aa(s)) to a unit step con-
trol input (A6.(s) = 1/s’ 1is obtained@ by multiplying the transfer func-
tion (16) by (l}s).

b7

[ e - -




3

2
g’ + a5 +6&585+8
Ba,(s) = — 2 I : (18)
s(b5s 4 bhs + b53 + b28 + bls + bo,
The time response (A% (t)) to & unit step control input 1is cb'.ained by
finding the inverse Laplace transform of Equation (18). Therefore:

3 2
1 8 + g8 + a8+ a

Day(t) =L ;3 haa 5z
s(b5s +hs + bjs + bas + b,

s + bo)
(»)

Derivation of Horizontal Force Due to Tip-Mounted Engine Nacelles:

The airloads on the tip-mounted nacelles produce a net horizontal force
aft. Thie net force will be derived in terms of the drag and 1lift forces
on the nacelle in the horizontal plane. Figure 17 illustrates the com-
ponents of forces and velocity in the horizontal plane.

Direction of
forward flight

Blade
azimuth
angle

= b[L cos(y+Q' )]
Z\XTTD '
= b[D sin(w4-a')]-z__;

|

: Figure 17. Airloeds on Tip-

Mounted Engine
Nacelles.

*¥This procedure was carried out to ceslculate the time responses summarized
in Table 1.
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U = total velocity relative to the nacelle from Figure 17

\ uiR cos y
\

3 HiR 4
?g u U “ WaR sin y

QR or, QR

q\)

(2R + uR 81n ¥)° + (GR cos y)°
(QR)2(1 + p,2 + 24 sin W)

Q' = relative angle between the racelle and the total
relative velocity.
tan o' = hcosy o', assuming @' small

1+ siny

The contribution of the tip-mounted engine nacelles will be calculated i=n
two parts:

(1) AXTI‘D = horizontal rotor force due to nacelle drag
(2) AX'I'I'L = horizontal rotor fcrce due tc nacelle 1lift

Calculation of AXTTD: From Figure 17 we see that at any given v,
AX

- 1

T = b[D sin(y + Q )]

where: b = number of rotor blades.

The sine of the sum of two angles may be written:

sin(y + a') = siry cos &' + cos ¥ sin &'
Substituting: AXTTD = bD(sin y cos @' + cos y sin a')
For a' a small angle,

.f ~ '
- a AXTTD bD(sin ¢ + Q' cos y)

‘ the average Ax'I'I'D for a full rotor rotation is given by:
i 1 2n b an
AX'I'I‘D = = AXTTDd‘" = '2_1?_[ D(siny + &'cos v )dy
o )

e e e

L

. ! _ 2 2
where: D= 5P UZCDTI'S'I'I‘ =3 p(QR)“(1+p

+2u sin '} )CD'I‘I'ST

o e e

T
i gprnes
K



Substituting:
h S o) 2 2
2 - =) L t
Ax,l,ma g.- 2“,{0 5 (SR) CD STT(M u"+2u sin y)(sin y + a'cos y)dy

Expanding:

2n
b 2 2 2
Axmavg.— Tn p(SR) CDI'I‘STI'J; (sin ¢ + p®sin ¥ + 2p sin“y)dy

2%
PR p(QR)QC S a'(cos ¢ + pecos Vv + 2u siny cos y)dy
I Dipp®rpy o

Assume @' may be considered as a constant in the second integral. The
validity of this assumption is based on the fact that a' will oscillate
between finite, limited values, and the average value may be assumed in
the integral. With this assumption the above integral reduces to:

2
A
 TDevg. )"Cp
Finally:

1% o(QR Spp (2ur)

T

b 2
Axmav == p(SR) CD‘I'I‘ Spep B

Calculation of AXTI‘L:

From Figure 17, for any given y:
— 1
AX‘I'I'L = b[L cos (¥ + & )]

The average AX'ITL for a full rotor rotation is given by:

1 2n b 2n
= = = . !
AXTI'Lav = an AxTTde 2“,[ L cos (y + a')dy
g, o] o]
oC
] 1 L\ ,
where: L= —é--pU‘2 (T&-)a STT
oC
_L (@R 2 ) es
= = o(RR)7(1 + 4" +2u sin W)(aa &Sy
. __McCOSY
Q'= —— T sin vy’ for small angles

Substituting for L and a':

oC on
Mgy~ o @F () & [
o

ravg.
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where:
2n 2n '
1 1 2 . ( g cos § y cos ¥ ]

This definite integral was evaluated for some spe:ific values of u, with
che resulit:

1 2n o, w=0
5= | Edy = 0785, = .155
.13)40, = -26
This is very nearly a linear reletionship, leading to the spproximaticn
1 an
2 ), Edy ~ (.51 )u
1 2n
Finally, substituting for B Edy :
aC
- ) 2(__L) )
Axmavg_- 5 e(R)” {557 ) Spp(+51 0k

The combined effect of the tip-mounted engine nacelle drag and 1lift on
the horizontal rotor force, ZSXTT, may now be summarized:

AX = AX + AX
IT TTDavg. TTLgvg.

aC

DX % O(QR)2CD-TTS'1'I“ * % o(aR)* (B_é‘) Spp(+51)n

B

This reduces to the final equation,

ac
DX = % p(szR)?'smp [CDTT + .51 (aaﬁ)m] (19)

where: D number of tlades

Sepp

= nacelle drag coeificient, based on S

ac
(§7§) = nacelle 1ift curve slope, based on S
TT

engine inlet area

TT

g = advance ratio
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Derivation of Moment Due tc Spring Restraint:

Consider = tlade in the x-y plane., at azimuth y.

-t
frrew_ e

Figure 18. Spring Restraint Moment Diagram.

F% = fuselage moment due to spring restraint, due to a single blade at
azimath ¥
=k (- ! E
a(-Bgy) 5
i
where: kB = spring restraint per blade, ft-lb/red. !

B

- blade flapping at azimuth y§, relative to shaft

= ﬁo + Bls cos § + st sin ¥

Mg, = pitching component of fuselage moment due to spring restraint
for a single blade at azimuth ¥

='M; cos ¥




o WO i b a . MWL

T e #09i yas

g

The average pitching moment for a blade, M, , is given by:
y

1 2n

Mo =b 5 M, dy
S ]
y 21 Jo y

M cosy = ka('ﬁsw) cos ¥
-'B(Bo + By cos ¥ + By sin V) cos ¥

But 'M;y

-bkB 2n 5
jz (Bo cos y + Bls cosy + By sin ¥ cos v Jay

=
0
i

Yy 2n
-bk

_5;9 (Bls")
_ bkﬁ(-als)
y 2

[}

(20)

The equations of Reference 4 are derived to include the effects of an off-
set hinge. It is desired to treat the spring restraint as an equivalent
offset hinge to facilitate analysis.

The pitching moment due to offset hinges, M&, is given by:

bmbedﬂ2
M& = —5 ('513) (eq. A.31, Reference 4)
Equating the pitching moments due to offset hinges and spring restraint,
Wy = My
2
b bk, (-
i S LY
2 lg 2
o' = -——525- , equivalent hinge offset ‘ (21)
mbdn
where:
m, = mass per blade
d = distance of blade c.g. outboard of flapping hinge

5.5.5 Analog Computer Circuit

Transient response characteristics were obtained on the PACE TR-48 analog
computer. This 1s a fully transistorized computer, with an operating
range of t10 volts. The analog provided a simultaneous solution of the
longitudinal equations of motion, Equations (12) through (15), listed on

_ page L6, The analog circuit diagrams are shown on Figures 19 through 22,

and the potentiometer settings are given in Teble 13,
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TABLE 13
Potentiometer Setting Potentiometer Setting
00 Ky 25 Dy, (10)
L X% 26 xél(lo)
2 5815110t 27 Rxﬁl(lo)
5 Blp 28 Rxal(IO)
' 1
6 Bl 30 ‘22“1(1'6)
1 > 11
7 Blal('l'(')) 1 o 15)
1
8 B1ey(75) 52 fmg
Q v1 2 /1
0 (515 %) 2 (15 )
1
15 mp 35 5altr:lm
16 axg 45 szmg
1
17 % % (10) 46 “2“‘51(1—10)
18 xg, (10) 47 :zzmel(-l%)
h,1
20 2, 7 g (%
1 QR/ 1
21 25 (5) 56 2 (1)
. h/1l
- QR/ 1
25 g 5 = (1%0)
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5.4 Lateral-Directional Analysis Methods

5.4.1 Lateral-Directional Equations of Motion

The lateral-directional analysis is based on the rollowing equations of
moticn. These equations, plus their stability derivatives, are derived
in Reference 7.

Y2 side force = 0O

(ms- Y )v- (v s +mg cos 8 _+ Y¢s)¢+ (ma_- Y“e,){, = Yo 8,+Yg, 8,  (22)
L roliing moment = O

(-4, v+ (To6” - 13508 - (Tgzs +4 0 = 45,8, + loy 8, (23)
L yawing moment = O

(-N, v -(I}.(zs2 + Nas )+ (I,,8 -N, N = Ng9, + Ng, 8, (24)

Formulas for computing the stebility derivaetives appearing in Equations
(22), (23),and (24) are given below:

Y, = -mR X, + (N) CYB pV:rR2 (25)

Y; - mﬂoxux-(a-;) X, * lpsr(azs) (26)

Y=-m$2xz+mQR (27)

8 on 51

b, - R X7 + (r) Tt Cg oV 7R (28)

Ay = ml X EX- (3_\;) -tr_tr §DY'(‘”-‘ZS)vt (29)
2

-bk
‘55 = -mR xu52+mﬂ R..Bl(lé) ?TT) _2 [-TB(}T% ] (30)

- oT\ —
I\Iv = mnoxux = (57 )trxtr + CN‘apY'er3 (31)
-2 T\ -2 1 O
N\- = -mnox“x+ (3_\7 )trxtr c 5 pY' (ax S)vt (32)
2 16 OT\ = =
Na = mﬂox xz-mﬂoRxBl(m) B_)tr tritr (33)

#This term accounts for the main rotor spring restraint and is not included
in the Reference T equations. It mey be derived as follows:

09




(A

Hence:

Also:

Substituting:

e o

g _ AB?s)
#’spring = 36, \" g
bk, (-Bp_ )
= __5__2___5_ , from eq. (20)
™%
2g 2
Biz, 16
é Tom

(Bdy)prsng - T2 (2)

Fuselage Aerodyneamic Terms:

For this preliminary analysis, with the fuselage contour yet undefined,
it is assumed that the body is at least neutrally stable.

C.YB-:C‘B:CNB:th:o

Main Rotor Aerodynemic Terms:

3 -

X -
u

Tail Rotor Term:

Use value calculated for longitudinal stability.

Use value calculated for longitudinal stability
minus (pR/m)f, , to separate rotor term from longi-
tudinal X, wﬁ?ch includes rotor plus body effects.

ary _
(%),

where:

-pabc_ RV
T 2 2
— [ - x2) - @ - ) ) Be]
a = section lift curve slope = 5.73/red.
b = number of blades = 5
= tip loss correction factor = .9
Co = root chord
° = .98 ft-
e, = tip chord
R = radius = 4 ft.
t =

1- ct/c°= 0
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Vp = tip speed = €50 f.p.s.
ratio of hub to blade radius = .22
.002378 slugs/ft3

X

n

o

(gg) = -33.1 pounds/f.p.s. per rotor
tr

This tall rotor effectiveness does not include the second order effect
of the loss in effectiveness due to rotor inflow change with thrust

change. This formula is felt to provide accuracy in line with the esti-
mated values of fuselage inertias.

Stick-Fixed Dynamics:

The coefficients of the equations of motion are arranged to form the ele-
ments of the following determinant:

(m,s-Yv) -(mwos+mg cos ©_+ Yas) (m u - Y.)
A= (-4) (Tygs” - 48) ~(Tpps + 4;)
(-Nv) -(Ixzse + Nas) (Izzs - N¢)

Expanding this determinant and setting the result equal to zero gives a
fourth order equation of the form:

Ash + st + 052 +Ds+ E=0

The roots of this equation are solved to determine the stability charac-
teristics. These roots are summarized in Table 5.

The lateral-directional equations of motion do not have the degree of
freedom in rcotor flapping included in the longitudinal equations. In
hover, the longitudinal equations of motion may be used to represept the
lateral motion. This is easily accomplished by multiplying all the mo-
ment terms.by the ratio of pitch to roll inertia. This procedure was
carried out to calculate the long period hover modes listed in Table 5.
This method was felt to give the best representation of these uodes.

5.4.2 Roll Response at Hover

The roll response at hover was calculated with the longitudinal equetions
of motion. The longitudinal stability derivatives were multiplied by the
ratio of pitch to roll inertias. The transfer function techniques, out-
1ined in Section 5.3.4, was used to obtain the roll angle response to
lateral cyclic output.
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5.4.3 Tail Rotor Selection

The tail rotor must be sized to provide yaw rate damping and control
power for maneuvering. The damping requirement was more critical than
control power for this configuration.

The tail rotor contribution to yaw rate damping is given by:

. %:,i = %)t itf' , ft-1b/rad. per sec.
T
where:
-pabc RV,
Ay . 2P - (- 2] (34)
tr

The tail rotor radius, R, is limited by clearance from the main rotor and
ground vehicles to 4 feet. Other parameters were selected or determined
to be the following:

.002378 slugs/ft3

p =

d = 5.73/!‘8.(1.
Vp = 650 f.p.s.
B = 09

Xh = 022

CT = 0

The damping may now be expressed as:

ON -2
Y -6.75 be o %tr

or:

E (be
o req'd (5 75)( 5¢ req'd

From Paragraph 3.3.19, Reference 1:
(a—N) = -27(1").7 h ft-lb/rad. per sec.
a‘I’ reqld &

The tail rotor blade requirements are calculated end summarized in Table

14,
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TABLE 14
TAIL ROTOR BLADE REQUIREMENTS
Wﬂ =
(aN/aW)reqd (bco)reqd
Gross - o1 1 /1 3N
c.g.| x I = -27(1_) = - — =
Weight tr z z Ny} X, ( Ay )reqd
2 ft-1b,
lb. . ft. slug—ft ?aT/rs—é—c. ft.
39,200 | mid } 37.9 | 81,400 -74%,100 7.6k
71,700 | mid | 38.0 | 117,500 -95,500 9.80
71,7001 aft 375 76,900 -72,400 7.63

The maximum value of (bey)peqa 15 9.8 from Table 1k, Flotting this prod-
uct for single and dual tai% rotors, we have:

6}
Minimum chord required for
L} single tail rotor
Blade
chord,
tt. Dusl
2 F tail
rotors
O ' i L
0 2 L &
Number of blades per tail rotor
g
Figure 23. Tail Rotor Selection Chart.
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The following tail rotor configuration was selected from Figure 23:

Number of tall rotors = 2
Number of blades per rotor = 5
Blade .%hord = .98 ft.

The single teil rotor was rejected as an impractical configuration. The
dual tail rotor offers the advantage of improved location with respect
to the wake of the blunt cargo package, as well as being a more realistic
rotor.

The objective of this study was to show the stability and control charac-
teristics for a realistic helicopter mated to the selected main rotor
system., Sufficient time was not available to optimize the helicopter
configuration. Additional study may show a single tail rotor to be
preferable if it is mounted aft and above the main rotor.

5.4.4, Yaw Response at Hover

The equation of motion for yew, Equation (24), may be simplified in hover
to

(Izzs - N&)v: Netretr

Let NoyrOr = ATy Xy
vwhere ZSTtr = increment in tail rotor thrust due to
rudder pedel deflection.
Substituting: (Izzs - NG)W = A:thxtr
Dividing thru by I, _:
2z g, x
Sy - (.:ez
(6 - =N = &7, (7 )
ZzZ ZzZ

The solution to this differential equation will give the yaw response
to a rudder pedal input. For the forcing function, lthr, applied as
a step input, the solution to this differential equation is given by
Equation (35). This equation was used to calculate the yaw angle re-
sponses listed in Table k.

G [P ) e, o

The yaw rate demping term, N; , used in the above formula, was calculated
by Equation (32). The relationship of tail rotor thrust to tail rotor
collective pitch was obtained using the following set of equations:




st 4 . <R, .

LTI BT IO T AT VAT A e

S

"

(u,), +V
_ -1 itr side wind 26
etr = atr + tan 5 VT (/ )
6Ttr
where: a. . = 53 (37)
cIava RB be
For hovering in still air:
o+ b +( 2l 2 |2
MR pnB R
(a,),, = 5 (38)
uMR = main rotor downwash at the tail rotor.
For hovering in 35-knot side wind:
27 1
-V + V2 s tr 2
side wind siue wind: 2
pn(BR) :
(u ), = — - (39)

Note: Uym DY be ignored in the presence of a
large crosswind.

E&ch tail rotor must be treated separately when calculating T versus

in order to correlate the correct induced velocity with tail rotor
co{lective pitch. Equations (36) through (39) were used to calculate the
thrust curves of Figure 9, from which ZST tp VoS obtained.

5,5 Control Power and Damping Criteria for Heavy-Lift Helicopters

The control power requirements of MIL-H-8501A, Reference 1, are felt to
be unrealistic for heavy weight helicopters. This military specification
states control power requirements in terms of a minimum allowable dis-
placement of helicopter attitude resulting from a step control epplica-
tion. The required attitude displacement is given by:

Aal _ K

or A /W + 1000
where K depends on the magnitude of control input and thne axis of interest.
This formula has provided an adequate criteria as a function of gross
weight for nominal weight helicopters, but is not adequate for very heavy
gross welghts,

, degrees
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The angular acceleration due to a given control input is considered to be
a more basic criteria. Since the angular acceleration is determined by
dividing the control moment by the helicopter inertia, weight effects are
inherently accounted for. Preferred levels of argular acceleration and
demping have been determined from helicopter flight test, and are pre-
sented in Reference 8, NASA TN D-58, This information has been used as
a design objective for the Modél 1108, The Reference 8 boundaries will
next be substantiated by comparison with additional NASA references.

The Model 1108 characteristics will then be compared with the Reference

8 bounderies and the requirements of MIL-H-8501A.

5.5.1 Comparison of Pilot Opinion Boundaries

Pilot opinion boundaries for roll and pitch handling qualities are shown
in Figures 24 and 25, These boundaries were teken from three separate
NASA studies, described below.

Reference 8, NASA TN D-58: A flight test research program con-
ducted with the S-51 helicopter. The boundaries are related to
characteristics for visual and instrument flight operationms,

Reference 9, NASA TN D-792: A piloted simulstor investigation

to establish attitude control requirements for hovering flight,
Boundaries are given in terms of the "Cooper Pilot Opinion Rating
System,"

Reference 10, NASA TN D-1328: A flight test program conducted
with the X-14A VTOL research vehicle to establish handling qual-
ities requirements during hovering under visual flight conditions,
Boundaries are given in terms of the "Cooper Pilot Opinion Rating
System."

A direct comparison of these pilot opinion boundaries is not possible
because of the differcnces in test vehicles and rating systems. The
latter two references rela*e to handling qualities, generally, whereas
the first reference differentiates between instrument and visual flight
operations. Regardless of the cited differences existing in the three
references, the latter two references do substantiate the preferred level
of control power established by the first, One exception to this is the
low level of control power indicated by Reference 10 for the pitch axis,
No apparent reason is available for this discrepancy.

It seems reasonable to interpret the "desirable" (good handling gualities
for instrument flight operations) boundary of Reference 8 as indicative of
preferred characteristics for precision visual flying, This should be an
optimum criteria for design, and was used as a design objective for the
Model 11089
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5.5.2 Model 1108 Control Power

Model 1108 control power and damping, for several loading conditionms,
are shown on Figures 26 through 29. These conditions were calculated
usirg Equations (40) through (43), developed at the end of this sectionm.
Also shown on these figures are pilot opinion boundaries of NASA TN D-58
and curves corresponding to the requirements of MIL-H-8501A. The con-
stant weight curves, corresponding to the requirements of MIL-H-8501A,
are derived as follows:

For a single degree of freedom system with rate damping and a step input
forcing function, we have,

\ |
5 =l[e(D"° - (D)t - 1]

D2
vwhere: b5 = angular displacement at time, t, radians.
= magnitude of step input foreing function, rad/Sec?
2
= . rad,/sec _ 1
D = rate demping, rad/sec. sec.
t = time from initiation of step input, seconds.
For 5 = LS , deg., from MIL-H-8501A, we have

o) - B on)

D
This equation provides a relationship of damping versus control power, at
constant gross weight, corresponding to the requirements of MIL-H-8501A.

Figures 27 and 29 show that the military specification requirement brack-
ets the "desirable" boundary for gross weights of 2,000 to 10,000 pounds,
but specifies too little control pcwer for the heavier gross weights.

The Model 1108 has been designed to provide control power approaching

the "desirable" boundary, as an optimum, rather then the minimum military
specification requirement.

Figures 2€ through 29 show the Model 1108 to meet the control power
objective, with the spring restraint system included in the design. The
spring restraint also has a significant effect on the damping. Even with-
out the spring restraint, the control power would meet the MIL-H-8501A
requirement. Pitch and roll damping, while not within the desirable
boundary, was shown in Sections 3.1.2.3 and 3.2.2 to exceed the MIL-H-
8501A requirements. Some stability augmentation should be added to
achieve preferable damping.
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5.5.3 Equations for Control Power and Damping at Hover

The Model 1108 control power and damping points shown on Figures 26 through
29 were obtained from the following expressions:

Control power may be. calculated by

%— = % , ra.d/secz,’rad. (without spring restraint)
1 7y

(20)

<
"
o
N _x
Im
L
(]
w
[
[ ]
S

At hover, blade flapping follows cyclic pitch, except for a very short
time lag. Hence,

d Bls
=6 - -1
2 1l
Substituting: v
e B S
de -3
1 spring
Finally: &il bk
5 = %h—- + 2IB , rad/secz/rad. (including spring (%0)
1 7y ¥y restraint)

Th
= —=—(1.0 -.29 ) =— , per second
a’: Lt CT; ° I;W (without spring restraint)

1 _ 1 aMfiy 1
aa!—l- Iﬁ Brg 4%
spring




As before, ) Msy bk

-._P
oF, 2
4By, 16
Also: ﬁl m
Substituting: d&l -bka 16
(&‘i‘l‘) - - (ﬁ)
spring W
Finally: .
a 27 Th bkg 116
— = - <L (1.0 -.29 ) (-— per seconé (41)
dal Y CT/ 0 I-; ZIﬁ Yﬂ)

(including spring restraint)

The control power and damping in roll is related to the pitch characteris-
tics by the ratio of the inertias.

Therefore : %g_ _ L5y (dal \

) rad/seca,/ra.d. (42)

|4

o
B

’

(

and

18

g
>

) per second (43)

S5 5 B
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Boundary Descriptive Pilot Opinion Reference

"Desirable” - "good handling qualities
for instrument flight operations”

"Acceptable” - "acceptable for instrument NASA TN D-58 (Ref.8)
flight operations” (S-51 flight test)

"Marginal” - "acceptable for visual flight
operations only"

“Satisfactory for normal operation" NASA TN D-792 (Ref.9)
(Cooper Rating = 3-1/2) (simulator test)

NASA TN D-1326 (Ref.10)

---Same as above--- (X-1LA flight test)

®0O0 @®E

-1& B ‘
-3 r
Roll
damping, -2 r
per sec.
-l o
0 1 1 ' 1
0 1 2 3 4

Maximum roll control power, rad/sect

Figure 24, Pilot Opinion Comparison, Roll Axis.
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Boundary Descriptive Pilot Opinion Reference

@ "Desirable" - "good handling qualitie:
for instrument flight operations"”

"Acceptable" - "acceptable for instru-
ment flight operations”

@ "Marginal" - "acceptable for visual
flight operations only"

NASA TN D-58,
! (Reference 8)
(s-51 flight test)

"Satisfactory for normal operation" NASA TN D-T92,
(Cooper Rating = 3-1/2) (Reference 9)
(simulator test)

NASA TN D-1328
@ ---Same as above--- (Reference 10)
(X-14A flight test)

-3F
Pitch .2}
damping,
per sec.
-1F
0 SN 1 "
0 1 2 3

Maximum pitch control power, rad/ sect

Figure 25. Pilot Opinion Comparison, Pitch Axis.




Boundary Descriptive Pilot Opinion Reference
“Desirable" - "good handling qualities
for inst t "
or instrument flight operations NASA TN D-58

"Acceptable" - "acceptable for instrument }
flight operations"

"Marginal"” - "acceptable for visual
flight operations only”
)

@ 6 &

(Reference 8)
(8-51 flight test)

-4 ﬁ, ,f.
S
] [
O
-3k = 30
Roll
damping, $
per sec.
&
-2} g' Model 1108 Data
® Spring Gross
o Restraint Weight Load
él on off (Lb)
= ® O 39,200 None
-1} I [ | O 71,700 Rigid
& { 71,700 Sling
g <
L 4 £ 4
%o 0™ 2 3

Maximum roll control power, rad/secZ

Figure 26. Meximum Control Power, Roll Axis.
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Boundary Descriptive Pilot Opinion

Reference

(® ‘"Desirable" - "good handling qualities
for instrument flight operations"

"Acceptable" - "acceptable for instrument
flight operations"

(© '"Marginal" - "acceptable for visual flight
operations only"

MIL-H-8501A Requirement

ye.

AL

3k

Roll

damping,
per sec.

-2.—

0 . [ 2 e
0 © 2 o .6

Roll control poyer gradient,
rad/sec”/in.

NASA TN D-58, Ref. 8
(s-51 flight test)

Mcdel 1108 Data
Spring Gross
Restraint Weight ILoad
(1v)

39,200 None
71,700 Rigid
71,700 Sling

emeois
©ao |3

Figure 27. Control Power Gradient, Roll Axis.
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Boundary Descriptive Pilot Opinion Reference

(® “Desirsble" - "good handling qualities for
instrument flight operations"
NASA TN D-58

[T] " "
(® ‘"Acceptable" - "acceptable for instrument r (Reference 8)

"
ight operations (8-51 flight test)

© ‘Merginal” - "acceptable for visual flight
operations only"

& 8

g §

'] 4

= Model 1108 Data

W
o—

Spring Gross
" Restraint Welght ILoad

0n Off (1b.)

®@ O 39,200 None
71,700 Rigid

B O
® O 71,700 Sling

OL— 0 i L

0 1 2
Maximum pitch Sontrol power,
rad/sec:

Figure 28, Meximum Control Power, Pitch Axis.

Th




Boundary Descriptive Pilot Opinion Reference

(@ ‘"Desirable" - “"good handling qualities for
instrument flight operations”

(® "Accepteble" - "acceptable for instrument NASA TN D‘5g
flight operations" i (Reference 8)

(s-51 flight test)
(© ‘“Marginal" - "acceptable for visual flight
operations only"

Model 1108 Date:

Spring Gross
Restraint Weight Load

On Off {(1b.)

® O 39,200 None
i t ’
MIL-H-8501A regm't 0O 71,700 Rigia
> 71,700 Sling
-2o}F
Pitch
damping,
per sec.
-1k
O ® ] | I
0 .1 2 3
Pitch control power gradient,
rad/secz/in.

Figure 29, Control Power Gradient, Pitch Axis,
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