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ABSTRACT

1 This handbook contains analytical methods and stability

: data for determining the dynamic stability and control
characteristics of generalized single-rotor compound helicop-
ter configurations. The methods use calculation procedures

| which are considerably simplified through the extensive use
of information presented in graphs and charts, These charts

4 are applicable to articulated, teetering, and hingeless rotor

3 systems and cover a rsnge of flight conditions from hover to

i high forward speeds.

The charts for low forward speeds (advance ratios,u <
0.2) were obtaiied from the rotor performance data based on
classical rotor theory. However, the high-speed charts
(@ 20.3) exclude the major assumptions of classical theory
and include blade compressibility, stall, reverse flow, large
inflow ratios, etc.

The information presented herein is suitable for extensive
, digital and analog computer studies as well as for rapid manual
1 computaticns such as required for preliminary design applica-
tions.
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FOREWORD

This handbook was prepared by the Dynasciences Corporation,
Blue Bell, Pennsylvania, for the Eustis Directorate, U. S, Army Air
Mobility Research and Development Laboratory, Fort Eustis, Virginia,
under Contract DAAJ02-69-C-0023, Task 1F162204A14233, during the

s period from April 1969 through June 1970,

The work contained in this report incorporates recently available
compound helicopter performance and stability information and repre-
sents a modification and extension of the U, S. Army Stability and
Control Handbook for He'.copters published as USAAVLABS Technical
Report 67-63 in August 1967.

The Army technical representatives were Mr. R. P. Smith and
Mr. G. W. Fosdick, who were assisted by Mr. W. D. Vann and Major
A. Gilewicz. The contributions of the Army personnel to this work are
gratefully acknowledged. The following Dynasciences Corporation
personnel contributed to this work:

Mr. E. Kisielowski Director of Aeronautical Research
Mr. E. K. Garay Sr. Aeronautical Engineer
Miss L. G. Haskins Jr. Engineer
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ronstants as defined in the text
aspect ratio

fuselage frontal area, ft2
fuselage side area, £t2

2

fuselage planform area, ft

lateral cyclic tilt of the control axis relative
to the shaft, positive to the right, rad

rotor blade lift curve slope, or lift curve
slope of an aerodynamic aurface

th th

element of a determinant, m" row and n column

blade coning angle, rad:; also airfoil section
lift curve slope,/rad

longitudinal flapping angle, positive when
flapping up at front, rad

constants as defined in the text
tip loss factor (0.97)

longitudinal cyclic tilt of control axis
relative to shaft, positive when forward, rad

number of blades; also span of aerodynamic
surface, ft

lateral flapping angle, positive when flapping
down to the right, rad

constant as defiued in the text
drag ~oefficient of an aerodynamic surface
drag coefficient of a rotor = D/T.F.

R - I 2
fuselage drag coefficient = Dpusl-é-pvo A"Fus

profile drag coefficient of an aerodynamic surface
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CYFus
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Ct

increment in airfoil section drag ccefficient
with deflected flap

turbulent flat plate skin-friction coefficient
aircraft C.G. position

rotor H-force coefficient = H/T.F

1if; co,gfficient of an aerodynamic surface
=L/%pVo S

lift coefficient of a rotor = L/T.F.
two-dimensional airfoil section lift coefficient

fuselage 1ift coefficient = LFus/'é“PVozAz,.-us

fuselage rolling moment coefficient

=Lrys /‘%‘P Vo2 Axeys XFus

fuselage pitching moment coefficients
=MFU5/':|TPV°2 Axeys Krus

fuselage yawing moment coefficient
=NFUS/%PV02 Axeys Arus

propeller power coefficient = 2w Cq

rotor torque coefficient = Q/{TFJR
propeller side-force coefficient = S$/pn?D*

propeller thrust coefficient = T/pnzD"

rotor side force coefficient = Y/T.F
fuselage side force conefficient
*Yrus/HpVe Aveyus

blade chord, or airfoil section chord, ft

mean aerodynamic chord of lifting surface, ft

flap or control chord measured narallel to plane
of symmetry
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CrooT

Crip

E.en

ey

thn

F{A)
fn(A)
Gn,Qn

Hn-hn
h,h

Lyx

chord of a lifting surface at the root, ft
chord of a lifting surface at the tip, ft

aerodynamic drag force of an aircraft component,
positive in the direction of wind, 1b

diameter of jet exit nozzle, ft

constants as defined in the tewxt

fuselage diameter, ft; als»h distance of the
vortex sheet median plane below the wing trailing
edge measured normal to the direction of airflow,
fr.

constants as defined in the text

blade hinge offset, ft; also span efficiency
factor LI{a/R)/[Rla/R)+{1-R)w]

virtual blade hinge offset, ft
constants as defined in the text

force vector = XT+YT+ Z_k., 1b

stability characteristic equation
operator function for aircraft response
constants as defined in the text
acceleration due to gravity, ft/sec2

rotor H-force, component of the resultant rotor
force perpendicular to the control axis, 1lb

constants as dafined in the text
vertical tail heights as defined in the text

rotor momert of inertia about axis of rotation,
slug-—ft2

blade moment of irertia about flapping hinge,
slug-ft2

aircrafE moment of inertia about the body X-axis,
slug-ft
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Kmkn

KeroKrrus,- -

cireraft moment of inertia about the body Y-
axis, slug—ft2

aircraft momept of inertia about the body Z-
axis, slug-ft

aircraft products of inertia pertaining to
body X, Y, Z system of axis, slug-ft

geometric incidence of an aircraft component
relative to the body X-axis, rad

unit vectors along body X, Y, and Z axis respec-
tively

constants as defined in the text
advance ratio of a propeller =wV,/({lR)p

pilot authority ratios pertaining to stability
augmentation system

factor uged in estimating the lift effectiveness
of flaps and control surfaces at subsonic speeds

constants as defined in the text

downwash interference factors pertaining to
various aerodynamic components as defined by the
subscripts

fuselage download factor

flap span factor

aerodynamic surface roughness height, in,
aerodynamic lift force of an aircraft component,
perpendicular to local wind vector, lb:; also air-

foil thickness location parameter

rolling moment of an aircraft component, positive
down to the right, ft-1b

rolling moment total derivatives

position vector of an aircraft component, rela-
tive to aircraft C, C. position, ft

longitudinal moment arm, positive when the point
of application of the force vector is forward
from the C, G. position, f¢t
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lateral moment arm, positive when the point of
application of the force vector is to the right
from the C., G, position, ft

normnal (vertical) moment arm, positive when the
point of application of the force vector is below
C. G. position, ft

pitching moment of an aircraft component, positive
nose-up, ft-1b; also Mach number

moment vector = .‘LT+ M T+ N_f , ft-1b
pitching moment total derivatives

first moment of blade mass about the flapping
hinge, slug-ft

Mach number of advancing blade tip

yawing moment of an aircraft component, positive
to the right, ft-1b

normal force of auxiliary propulsion unit,
positive up, 1b

yawing moment total stability derivatives
number of propellers
period of oscillation, sec

angular rolling velocity (&), positive down to
the right, rad/sec

rotor/propeller toraue, ft-1b

angular pitching velocity (9), positive nose-up,
rad/sec

dynamic presstre =-£-p Vo2 , lb/ft2

rctor radius, ft; also leading-edge suction para-
meter, ratio of actual to maximum theoretical
value of the lifting surface leading-edge suction

Routh discriminant

Reynolds number based on length, £
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7 angular yawing velocity (y), positive nose to
the right, rad/sec; also leading-edge radius of
aerodynamic surface; also radial distance corrected
for jet deflection due to slipstream from the jet
axis to the elevator hinge line

r radial distance from jet thrust axis to the
elevator hinge line
S area of an aerodynamic surface, ft2; also pro-
peller side force
s* constant as defined in the text
A s semi span of wing, by/2
E T rotor/propeller thrust, force acting along the
{ shaft or contrecl axis, 1lb
: 2, 5 o2
TF. thrust factor = prR7(IIR", 1b
T2 time required for a disturbance to damp to one-
: half of itsinitial amplitude
4 : . . .
| To time required for a disturbance to double its
; initial amplitude '
3 i time, sec; also airfoil thickness, f¢
X u longitudinal velocity component, aleng body X-
axis, =u, +u positive forward, ft/sec
3 —
1 v inq}an;anqgus velocity vector
g Tultyi+wk, ft/sec
Vo steady state, or trim value of the resultant
velocity vector =./us+vy+wy, ft/sec
/ Vg velocity of sound in standard atmospheric condi-
tion, ft/sec
v lateral velocity component along body Y-axis
=vg*+Vv , positive to the right, ft/sec
Vi rotor induced velocity, ft/sec
W aircraft gross weight, 1b
w normal velocity component along body Z-axis,

wo tw, positive down, ft/scc

R¥xiw




b

i

Xy, XGs - -

longitudinal force along body X-axis, positive
forward, 1lb

total stability derivatives of the longitudinal
¥-force

distance, parallel to the direction of airflow,
between the wing quarter chord point at the root
and the horizontal tail quarter chord point

axial distance upstream from a jet exit nozzle
at which a jet, in accordance with the law of
jet spreading that holds at large distances from
the exit, would have zero cross section

is the chordwise position of maximum thickness

the axial distance along the jet thrust axis from
the theoretical origin of the jet (xj) to a
perpendicular to the elevator hinge line

lateral force along the body Y-axis, positive to
the right, 1b

total stability derivatives of the lateral Y-
force

aerodynamic control span ordinate from plane of
symmetry, ft

normal force along the body Z-axis, positive
down, 1b

total stability derivatives of the normal Z-
force

amplitude of an oscillation

remote wind angle of attack relative to body ‘
X-axis,ton"'(w/u) positive nose-up, rad

rotor angle of attack; angle between axis of no {
feathering and a plane perpendicular to Elight
path, positive when axis is inclined rearward, rad

blade flapping angle = gg-g,cos¥-bsin¥V | rad;

also Prandtl-Glauert compressibility correction
factor /1-MZ?

x1




Bs aircraft sideslip angle =1an ' (v/u) , positive
when wind vector is to the right of body X-axis,

rad
r rotor dihedral angle = i —-ig , rad
. . 4
Y Lock inertia number = pocR /I
Ye aircraft climb angle, rad
A discriminant, increment, or perturbation from
. trim
Sa aileron deflection angle, right aileron up is
positive, rad
Se elevator deflection .ngle, positive down, rad
3¢ rudder deflection angle, trailing edge left is
positive, rad
3
30,9, OS2 blade drag constants defining drag polar
€ downwash interference angle, rad
]
- C,n constants as defined in the text
N dimensionless distance from plane of symmetry to
edge of flap or control surface, y/b/2)
@ blade collective pitch =JG.+8; , rad
6 pitch attitude, positive nose-up, rad
d¢ blade collective pitch due to pilot control
input, rad
B¢ blade collective pitch due to stability augmen-
tation system input, rad
645 blade section pitch angle at 0.75 rotor radius,
rad
] . B, collective pitch at blade root, rad
] g, blade twist angle per unit spanwise distance,
] rad
] Kn constants for solidity correction of local stab-

ility derivatives

e
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ratio of actual to theoretical two-dimensional
1lift curve slope, 0,/27

operator = d{ }/d! : also aerodynamic surface
sweepback angle, positive rearward, deg

rotor inflow ratio = (Vg sin ac-vil/§lR , also
lifting surface taper ratio Crp/Cgrgor

rotor tip speed ratio = V,cos ac/{lR
constant as defined in the text
constants as defined in the *:xt
constant = 3.14

air density, slug/ft3

summation

rotor soliditv = bec/wR

constant as defined in the text

time constant; also airfoil section trailing-
edge angle, deg

taper ratio correction factor
phase angle, rad

aircraft roll attitude, positive to the right,
rad

rotor wake angle = o +tan '{-u/X} | rad
generalized body space angle, rad

vectorial, angular digplacement relative to
body X, Y, Z axes = ¢pi+8]+yk , rad

blade azimuth position, rad

aircraft yaw attitude, positive nose to the right,
rad

rotor rotational speed, rad/sec

nondimensional rotor frequency parameter, w;/{l

x1ii




w) first natural flapping frequency of rotor, rad/sec

@ instantanepus anguler velocity vector
= pi+q; +rk , rad/sec
L perpendicular to
SUBSCRIPTS
A aerodynamic
c control
cut pertaining to Reynolds number cutoff limit
exp exposed planform area of an aerodynamic surface
F pertaining to front rotor
FR,FFUS effects of front rotor on rear rotor, front rotor

on fuselage, etc

f flap
G pertaining to gravity
3 HUB pertaining to rotor hub
" I pertaining to inertia
i an integer 1, 2, 3 ..,, or i™ aircraft compo-

; nent; also pertaining to inboard edge of aero-
dynamic control surface

] j pertaining to jet exit nozzle or orifice

L pertaining to lift

LER pertaining to leading-edge radius of a lifting
surface

LS. pertaining to lifting surface

pertaining to rolling moment

M

M pertaining to pitching moment
t m,n integers as defined in the text
N pertaining to yawing moment
3
x1liii




0 pertaining to initial condition or steady state;
also to outboard edge of aerodynamic control

surface

P propeller or auxiliary propulsive device

R rear rotor; also right

s stability augmentation system

T horizontal tailplane

TOT total

TR tail rotor

vT vertical tailplane

w wing

wet pertaining to total wetted area of aerodynamic
surface

X longitudinal direction

¥ lateral direction

z normal (vertical) direction

Dots denote time rate of change of variables

Bars denote perturbation values

xliv
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SECTION I. INTRODUCTION

In recent years a considerable portion of the U, S. Army
regsearch activity in the rotary-wing fiecld has been directed
toward improving the high-speed performance of the helicopter,
The design approach which emevrged for alleviating the high-
speed rotor blade stall and compressibility problems has been
to unlecad the rotor by adding wings to generate 1ift aad
auxiliary thrust devices for additional propulsion. Since the
means for producing lift and propulsive thrust on the helicop-
ter have now been compounded, this configuration is commonly
referred to as a compound helicopter. The compound helicopter
is flown as a conventional helicopter in the low-speed range.
However, as forward speed is increased, the lift requirement
of the rotor is reduced as the load is transferred more to

the wing, and also the forward propulsion requirement is
shifted more from the rotor to the auxiliary propulsion system,
Rotor stall problems are thus alleviated by the unloading of
the rotor, and since the rotor can now be slowed down, the
compressibility problems are avoided,

Although the performance objectives oi many of the compound
helicopters now flying were attained, many new stability and
control problems appeared that still require extensive investi-
gation in nrder to achieve satisfactory flying qualities. Some
of the problems arose because the level of control moment
available from the unloaded rotor was reduced, while the
increased inertia and air load damping of the wings increased
the control moment requirements. A solution tc this problem
was found by integrating conventional aircraft control sur:iaces
into the control system to augment the control available from
the rotor at high speeds, However, many other stadility and
control problems associated with compound helicopters are

still being investigated and have yet to be resolved.

One of the most important considerations in the design of a
compound helicopter is to provide the aircraft with adequate
dynamic stability and control characteristics consistent with
its performance and mission requirements. Therefore, stability
and control analyses have become an important part of the
preliminary design of compound helicopters.

The prime objective of this program is to sunmarize the
existing state of the art of compound helicopter dynamic
stability and control and to provide, under one volume,
systematic engineering methods for predicting the dynamic
stability and control characteristics of generalized compound
helicopter configurations.
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The stability methods, procediures, end data contained “erein
represent a revision ani e«pansion of the work performed under
USAAVIABS Contract DALL-177-AMC-197(i), anl published as
USAAVIABS Technical Report 67-63, August 1967,

The present handbook incorporates recently published rotor
performance data and stability charts covering the forward
speed range from hovering to advance ratic of u = 1.0,

The stability data for advance ratios to u <0.3 was derived
from classical rotor theory, whereas the data from u = 0.3
to = 1.0 include the effects of rotor b’ade compressibility,
reverse flow, and blade stall. The stability methods presented
herein apply to fully articulated, teetering, and hingeless
configurations and are suitable for prelir inary design purposes
as well as for extensive digital and analog comput.» studies.

The compound helicopter equations of motion presented in this
handbook are derived without resorting to simplifying small
angle .ssumptions or any decoupling of the longitudinal from
the lateral-directional degrees of freedom., They include six
degrees of freedom of aircraft motion, and three degrees of
freedom of stability augmentation system, The analyses apply
to absolutely arbitrary (non-zero) aircraft attitudes and
angular rates and as such they can be used for maneuvering
flight conditions as well as for steady level flight., Although
this handhbook deals specifically with single rotor compound
helicopte:'s, provisions are made for analyses of tandem rotors
or any otlter types of compound helicopter configurations.

The analytical methods presented herein have been verified
against the recently available flight test data of typical
compound helicopters. Good correlations thus obtained indicate
that the analytical stability methods presented in this hand-
book are well within the required degree of accuracy, and as
such they can be confidently used for predicting the dynamic
stability and control characteristics of generalized compound
helicopter configurations.

Comments concerning this work are invited and should be directed to the
Eustis Directorate, U, S. Army Air Mobility Research and Developm.ent
Laboratory, Fort Eustis, Virginia 23604.




SECTION 2, GUIDE TO THE HANDBOOK

The main objective of this handbook is to provide, under one
cover, a comprehensive summary of analytical methods for
predicting stabiiity and control characteristics of generalized
compound helicopter configurations.

The handbook is organized in such a way that it is self-
sufficient. For a given flight condition and configurationm,
the complete set of stability derivatives can be calculated
and the required compound helicopter stability and response
characteristics can be determined. The use of reliable test
data, especially for the fuselage characteristics, is strongly
recommended,

The various sections of the handbook have been numbered with a
decimal system which provides maximum flexibility for revising,
deleting, or supplementing any ¢f the material, with a minimum
disturbance to the remainder of the volume, The following
pattern was developed for the numbering system:

Section: An orderly numbering system is used, with
numbers having not more than two parts
separated by a decimal point, e.g., 3.2 or
10.1,

Subsection: Subsections have numbers with more than two
parts, e.g., 3.1,2 or 10,2.1.

Page: The page number consists of the section
number followed by a dash.
Example: Page 3.1-20,

Figures: Figure numbers follow a numerical sequence
starting from 1 for each section,

Tables: Table numbers follow a numerical sequence
starting from I for each section.

Equations: Equation numbers (where required) follow a
aumerical sequence starting from 1 for each
section,

References: References are located at the end of each
section. Referencers are numoered in
sequence starting from 1.
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The overall orgarization of the haidbook proceeds in a
computational sequence freom the general to the particular.
Hence, the equaticns of motion are presented before the
total derivatives, which in turn precede the local aad iso-
lated derivatives.

For digital computer work, the gencral equations of motion,
Section 4, can be used directly. For analog computer werk
or hand calculations, the stability characteristics of a
helicopter are obtained by proceeding as follows:

Determine trim conditions . . . . . . Section 5

Determine the isolated

derivatives e + + 4 + . BSection 7.5
Correct the isolated

derivatives for rotor

solidity « + « « +« « Section 7.4

Determine local
derivatives e « + + + + Section 7.3

Determine total
derivatives s ¢ e s+ « + Section 7.1

Determine characteristic
equation &« + « + « . Section 8,1

Determine roots of the
characteristic equation e » +« +» e .« Section 8.5

Determine control
derivatives e e o+ « « + Section 7.2

Determine response )
to control input e « + « + o Section 10

The effects of variations of the main design parameters on the
dynamic stability and control characteristics of compound
helicopters can be used directly for preliminary design
applicetions,
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SECTION 3, DEFINITIONS

3.1 DEFINITION GCF AXIS SYSTEM

Sketch 1 below shows a right-angied coordinate avis
system commonly used in stahility work.

X

Sketch L. Definition of Axis System,

In analyzing aircraft stability, a variety of reference
axes can be used. Descriptions of various axes systems

are

presented in References 1 and 2,

In general, the choice of the appropriate reference avis
depends on the nature of the stability problem and the
aircraft configuration to be analyzed.

The most common systems of reference axes presently in

use

(a)
(b)
(e)
(d)

The

are;

Cravity Axes
Stability Axes
Wind Axes

Body Axes

following subsections contain brief descriptions of

these axes systems.

3.1-1
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3.1.1 Gravity Axes

Gravity axes refer to a right-handed system of Cartesian
coordinates with the origin either fixed at a point on the
surface of the earth or fixed ar the aircraft mass center
(moving with the aircraft).

In each case, the Z-axis is pointing to the center of the
earth (positive downward), the X-axis is directed aloang the
horizon (positive forward), and thc Y-axis is oriented to
form ? right-handed orthogonal axes system (positive towards
right).

The gravity or earth fixed axes are primarily useful as a
reference system for the gravity vector, aircraft altitude,
horizontal distance, and orientation., The use of these axes
introduces certain simplifications in the stability analyses,
in that the linear velocity components (u, v, w) along X, Y,

Z axes are independent of aircraft rotation about the C.G. and
are only functions of aircraft translation and the climb angle
(y.). It follows that in the derivation of the equations of
motion, the aerodynamic force coatribution is accounted for
through the sine or cosine of climb angle (y.). Further
simplifications occur for levcl flight (y.= 0). However,

the use of gravity axes introduces rather cumbersome correctims
to aircraft inertia terms and products of inertia in accounting
for aircraft rotation.

3.1.2 Stability Axes

The stability axes represent a right-handed system of Cartesian
coordinates, with the origin located at the aircraft C,G, and
with the axes chosen so that the positive X-axis points in the
direction of motion of the airplane (into the relative wind)

in a reference condition of steady trimmed flight. The Z-axis
is perpendicular to the relative wind in the reference condi-
tion and is positive downward; the Y-axis is oriented to form

a right-handed orthogonal axis system (positive to the right).
The stability axes remain fixed to the aircraft during the
transient conditions or perturbed motion.

The use of stability axes eliminates the terms w, and v, which
are zero in steady symmetric flight and thus introduces sub-
stantial simplifications into the aerodynamic terms, In
addition, the use of stability axcs enables the aerodynamic
forces and moments at the trimmed condition to the estimated
directly from wind-tunnel results which are aitomatically
resolved parallel and perpendicular to the wind when using a
tunnel-fixed balance.
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In this system, the only linear velocity component that re-
mains is u, which is independent of aircraft rotation (as in
the case of gravity axes) and represents perturbation of the
forward velocity vector, Hcwever, the moment and nroduct of
inertia terms will generally vary for each initial flight
condition since the axes will be differently oriented in the
aireraft for each trim condition. In general, thesa terms
are assumed to be constant in the equations of motion, This
limits the use of the stability axes system to small distur-
bance motions.

3.1.3 Wind Axes

The wind axis svstem is a right-handed, orthogonal system of
axes, with the origin located at the aircraft C,G. and with
the axes chosen so that the positive X-axis always points
into the relative wind, The Z-axis is perpendicular to the
relative wind and is positive downward, and the Y-axis is
oriented to form a right-handed orthogonal axis system
(positive to the right).

The wind axcs are primarily useful as a reference system for
wind-tunnel measurements taken with a tunnel-fixed balance.
In flight where the aircraft moves about the wind axes, the
moments cf inertia and products of inertia are constantly
varying. Thus the wind axis system can only be used to
analyze aircraft motions when the changes in moments of
inertia and products of inertia can be assumed to be
negligible,

3.1.4 Body Axes

The body axis system refers to a right-handed, orthogonal
system of axes fixed a* aircraft C.G., rotating and translating
with the aircraft. The XK-axis is aligned along a reference
line (datum line) fixed to the vehicle (positive pointing
forward)., The Z-axis is perpendicular to X-axis, positive
toward the bottom of the vehicle., The Y-axis is mutually
perpendicular to X and Z, positive when pointing to the right.

The use of the axes fixed to the vehicle insures that the
inertia terms in the equations of motion are constant
(independent of flight conditions); furthermore, by coinciding
one of the body axes with a principal axis of inertia, certain
products of inertia terms can be eliminated. In this axis
system, the aerodynamic forces and moments depend on relative
velocity orientation with respect to the body as defined by
the angles ¢ and 3, .
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Body axes are particularly useful in the study of aircraft
dynamics, since velocities and accelerations with respect tc
these axes are the same as those that would be experienced by

a pilot or would be measured by the instruments mounted in
the aircraft,

3.1.5 Choice of Axes

Since it is more convenient to express the aerodynamic and
gravitational forces and moments with respect to body axes
than to express inertia forces and moments with respect to
wind stability or gravity axes, a body axis coordinate system
has been selected for the work in this handbook.

For this axis system, the following definitions are made:

{a) Linear Velocities

-
|

-
Vaui+v

]

-l
+wk

In the above definition, the velocity components
u, v, and w consist of the sum of initial (trim)
values u , v , and w and of their perturbation
values, respectively.

(b) Angular Displacements
x:¢i+9]+t]}k

(e¢) Angular Velocities About C.G,

{d) Forces
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(e)

(f)

Moments

= e e

M=Li+Mj+Nk

Moment Arms

f=ﬂxT+£yT+lz:
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3.2 STABILITY VARIABLES

3.2.1

Independent Variables

Following are the selected indcpendent stability
variables:

(a) Linear Velocity Components (ft/sec) u, v and w -

defined in Subsection 2.1.4(a)

The Angular Displacements (radians) ¢ , G, and y -

Free-Stream Angle of Attack (radians)

The perturbation angle of attack is given by:

The perturbation sideslip angle is given by:

(b)
defined in Subsection 3.1.4(b)
3.2.2 Dependent Variables
(a)
-1 W
a=tan hﬂ
—NE—
Rt
(b) Sideslip Angle (radians)
-l V [
Bs=tan (U
A o~ Y
'83— Uo
(c)

Interference Angles (radians)

Changes of local velocity due to aerodynamic inter-
actions are accounted for by the interference angles

€F € R €FUS Ew €T ETR EyT ETC
3.2-1
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ILLUSTRATION OF PARAMETERS AND SIGN CONVENTION

A typical single-rotor compound helicopter configuraticn,
along with the definition of the parameters and sign
conventions used herein, is presented in Figure 1.
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SECTION 4. EQUATIONS OF MOTION

The generalized equations presented herein pertain to € degrees
of freedom of coupled longitudinal and lateral aircraft motions
about the body system of axes described in Subsection 3,1.4,

A detailed derivation of the equarions of motion is presented
in Reference 1,

The analysis is performed for a generalized aircraft configura-
tion, which may consist of the following components:

(a) Single Rutor

{(b) Two rotors in tandem rotor configuration
(c) Fusel:zge

(d) Horizuntal tailplane

{e) Verticsl tail

(f) Tail rotor

(g) Propellers or jet engines

(h) Wings

(i) Various stabilization devices

The equations of motion presented in this section can be
adapted to various tvpes of compound helicopters, single
rotor helicopters, and tandem rotor helicopters by selecting
those aerodynamis and design components which pertain to the
helicopter under consideration and by eliminating the compo-
nents which do not apply. To insure the generality of the
equations, all products of inertia are retained,

From the theoretical derivations presented in Reference 1,

the equations of motion for a generalized aircraft configura-
tion are:




(2) The X-Force Equation

n
X = (X +(X)g +(Xeys +(X)w+(x),.+(x)VT+(x)TR+Z(X),,i+w sin ¢ sin @
i=|

-W cos ¢ sir. 8 cos w--\g-(iﬁqw—rvho

where

(X}= [(LF cos Al!__—-YF sin A,F} sin (a-€¢}-D- cos (a-ep)] cos S

—(LgsinA_+Ye cos A ) sin Bs

(X}R=[(anos A tYrsin A ) sin {a-€g)-Dgcos (a-en)] cos fSBs
=(Lg sin A, =Yg cos A, sin Bs

{Krus® [L.m,sin (a-€qyg — Dpyscos (a-en,s)] cos Bg = Yryssin By

(X)f[Lw sin {@-ey) ~Dy cos (a-ew}} cos Bg
(X)T=[L.-,- sin (@-€1) -Drcos (a-eT}] cos B
(X)yy= —Dyrc0s (a-€,q) €05 Bg +Lyrsin B
g (X)yg = [YTR sin (@-egg) ~Dyq €OS (a-eTR)] cos Bg—Trg sin By

(X)Pi= T"i cos i,,,i ~Np, sin i,:,i




(b) The Y-Force Yquation

Y= () (Y )p +(¥)pyg +(Y 0y +(Y)g +4Y)y - +{Y)1q +Zm,,i +W sin ¢b cos W
izl

] + W cos 4; sin 8 sin \,U—%v—(\}ﬂu-pw):o

N where

(Y)g =[(LF cos A, —Yg sin A ) sin (a-¢c) —Dp cos (a-eF)] sin B

T

Hipsin A _+Yg cos AL ) cos Bs

(Y)R =[(LR cos A|R +YR sin A'R) sin (Q"'GR) - DR cos (C!"GR)] sin Bs

Gia oo ik

il

3 Higsin A_-Yg cos A, )cos Bs
(Yirys® [LFUS sin (@ -€pyg) - Deys cOS (Q'GFUS)] sin Bg + Yeye cos Be

(Y)w=[Lw sin (a-¢,) -D,, cos (a-ew)] sin B

i < o b

My =[LT sin la-€7) Dy cos (a-eT)] sin 3
(Y)yy=~ Dyrcos (a-€,;) sin B —L,cos B¢
(Y)TR=[YTR sin (a-€g) -Dyq COS (a-em)} sin B¢+ Trp cos B

(e, =Ye,
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(c) The Z-Force Equation

FALAVAFE VAPS V.4 R AVANE 174 BE 1v4 WS v.4 +§:(Z)pi +W cos ¢ cos 8
i=1

—"-\g-(ﬁr +pv-qu)=0

where

(Z)e =-[DF sin (a-e€g)+(Lg cos A\ ~Ye sin A ) cos (a-e,:)]

(Z)p = ~[DR sin (a@-€g) +(LgCos A +Yq sin A ) cos (a-ea)]

(Zleys = "[Drussm (@-€pyg) + Lpys cos (Q'iFus)]

(2)y - -[Uwsin (a-ey) + Ly cos(a-ew)]

Z)y =-—[DT sin (a-e;) + Ly cos (a-eT)]

(Z)yr==Dyrsin (a-€,)

(Z)p = —[DTR sin (@ -erq) +Ygnc0s (a-eTR)]

(Z)pi - [Tpi $in i, +Np, cos ipi]
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(d) The Rolling Moment Equation (X)

n n
L=y Dy=2 [iZ)iRYi'lY’iﬂzi ’f‘io)a] +lp
i=| i=1

L=A2) Ry~ g + @) kv -0 Ag
+H) h, ~ Lz, +<2)TJZYT —{Y)TRZT

-{Y)

VTEZV _(Y)Tnj

+l2)VT£ Ha) 1

vt R"YTR 1R

n . .
+|_z| [(z)pix‘fpi- {Y)Pifqui'l'opi_l +z FUS +oL HUBF—iHUBR
—p IgxtIxz (r+pa)trallyy=Izz) + IxylG-rp)

+IYz(q2 -rz) = 0

where | refers to the ith aircraft component and
is evaluated by letting i = 1, 2, 3, etc., or the
appropriate component designatiom.

Also sub I refers to inertia terms., Similar notation is
used in the pitching and yawing moment equations given
below,

(e) The Pitching Moment Equation (M)

n n
M =2 (M), =Z[tx)iﬂzi -(2) Ay, +(M0)i]+MI
i=t i=l

M = (X) Az ~12) Ly +(X) &g ~(2) Ay
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(o +Xie, —(2).1

X} o4y ~ 7,
WZw Tw X RS

+X) g2 +iX) ={Z) ¢

v .
vt T Xyt e ZTR XrR

11

—a T+ Ixz(rz' p?)-rp Gxx-Iz)

(£) The Yawing Moment Zquation (N)

n n -
N =2 IN) =Z[(v);£,,l~(><)i Ly HNo) | #N
1= ’

i=

N = (1) =00 Ky (V) dg g =X Ky
£, 00 Ty = G =L
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SECTION 5. EVALUATION OF TRIM CONDITIONS

The trim, or steady state, equilibrium conditions for a com-
pound helicopter can be obtained by simultaneously solving the
equations of motion given in Section 4 with all the accelera-
tion and inertia terms set equal to zero, The procedure used
ia this section is to obtain the longitudinal trim conditions
and then use these conditions in the three lateral
equations c¢f metion to obtain the complete equilibrium condi-
tions for the aircraft,

In order to evaluate the trim coaditions for a yeneralized
compound hellcopter configuration, the following design
parameters must be determined:

The aircraft gross weight W, 1b

The fuselage projected areas; frontal Ayg s

side Ay, , and planform Az, . , ft

The fuselage overall length £ us » It

The locations of the rotor hub (cor hubs) and tail
rotor hub relative to the aircraft C.G. position, ft

X*F'K*F 'XZF ' XXR 'k*n 'XZR; XxTR 'X*Tn 'XZTR

The rotor radii R , Rg , and Rqp , ft

The rotor solidities o, , g , o1

The rotor rotational speeds FSZR e, (R Jg , and
( §iR )gg . rad/sec

The blade Lock inertia numbers y. , Y5 , and y.,.
The blade twists 8., 85 , and G, .

The blade mass moments of inertia Mg, , and Mg,
slugs-£ft

The flapping hinge offsets e, and e,

The number of blades b per rotor

The tip loss facter, By = 0,97

The geometric, fixed incider :es relative to the
fuselage of the wing iy , ho izontal tail iy ,
vertical tail iyr , auxiliary propulsion thrust
vectors ip; , and the rotor shaft inclinations

ir 4 ig 4, and itp

The lift curve slopes of the rotor blades, wing,
horizontal tail, vertical tail, etc,

The area of the wing Sy , hgrizontal tailplane S, ,
and vertical tail Sy , ft

The moment arms Ay , Ay , and 21 of the wing,
horizontal tail, vertical tail, etc.

The geometry such as the chord, span, etc,, of each
conventional aircraft control surface.

The gecmetry of the auxiliary propulsion unit(s)
The geometry of external appendages such as fuel tanks,
cargo pods, etc,

The first naturel flapping frequency w,, rad/sec,
if hingeless elastic rotors are used,
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5.1 TRIM CONDITIONS FOR SINGLE ROTOR GOMPOUND HELICOPTERS

5.1.1 Hovering

The procedure given below for calculating the rotor trim
conditions while hovering uses the evpressions for rotor
thrust, constant inflow, and coning angle presented in
Reference 1, Also, the effect of thrust of the auxiliary
propulsion units is included iu the computations,

The simplifying assumptions made in Reference !, such as
constant induced velocity, no radial flow, and tip loss
factor Br= 0,97 are incorporated in this procedure,

The vertical trim condition for hovering can be calculated
as follows:

Ky W L . .
Te = ——-—¥S————- - Z Tpism(9+|pi)
| - Wexp 1=]
'H'F\’FZ

whers

‘ . Ky = fuselage download factor (approximately 1,05)

where

(T.E), = por [Rz(ﬂmz]r

3 CT
- - F
e v -]

(ZCT
4 a
3 O7 = —

- 0.4704\);
03042

ODF =[_§‘ (O 22'3 8_75 +0 304?.)\)JF
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5.1.2 Forward Speed

For calculating the forward speed trim conditions for
compound helicopters, rotor performance charts are used,
Such charts for rotors operating at high forward speeds,
corresponding to advance ratios fromu = 0,25 to u = 1.4,
are presented in Reference 2., The charts presented in Ref-
erence 2 incorporate the effectg of blade stall, compressible
flow, and large inflow angles. For extreme operating cond-
itions, the tabulated data in Reference 3 can be used to ex-
tend the charts presented in Reference 2. For low forward
speeds the performance charts presented in Section 5.2 of
this report can be used for speeds corresponding to advance

ratios of u 20,2, These charts were ob‘ained from the results
of Reference &4,

The trim procedur for forward flight is performed as follows:

(a) Determine the required design parameters for a single
rotor compound helicopter as specified on page 5-1l.
Include the design parameters for any additional lifting
surfaces such as lerge support pylons for the auxiliary
engines and also external appendages such as fuel tanks.

(b) Establish the compound helicopter operating conditions
such as Vo, p , Vg, (R): , (R)yg, (AR % .Tp,-

Tnen compute

= Vo = —-Q—-——-V
£ T80R), A12” (AR,

) Vot{R) ¢ } Vot(§lR) 1
M), = ——=F (M) e -
(TF)es| o Ra(.Q.R)z] ! (T.F et [p'n' Rz(.Q.R)z]m

|
9 * 35~ pVo°

Also for auxiliary propulsion units using propellers,

calculate the advance ratio J; =mVy/(§iR) "and propeller
activity factor (A.F. ); as defined in the particular

propeller test data to be used,
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(e)

(d)

Choose a fuselage angle of attack pys for which the
first estimates of trim will be obtained. If no know-
ledge of the flight conditions is avajlable. the first
iteration can be performed at afys = 0 . If some know-
ledge of the flight conditions is available, use the
best estimate of the trimmed fuselage flight attitude
that can be obtained in order to reduce the number of
iteratiors required for convergence to rim,

For the selected value of ars ,obtain fuselage lift and
drag coeivicients C_ . and Cp ., then calculate

Orus = CDFUS Qs AXFUS Leys = CLFUS % AZfrus

Include the effect of all nonlifting surface comp-
nents or appendages in the above computations.

From Section 5.4, obtain the wing and horizontal tail
1ift curve slopes, oy and o;. Then calculate first
approximations of the wing and tail Lift and drag forces
at the selected value of ap;s ., thus:

Aw ={@rys +erys)+liy —€y) ar  ={apys+epys) iy —er)
CLw =0w(aw'aow) CLT = CIT(C(T'C!OT)

2 2
Coy =(Co, + =5y, Cop =(Co,+ —=)y

where the section profile drag coefficients (Cp,), and
(Cp,J)y can be estimated from Section 5.4 or assumed as

(Coy =(Co); = 0.01

Compute wing and tail lift and drag forces, thus:

Lw =CLy Q, Sw ' Ly =C; g, Sy
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(e)

(f)

(g

Ow =Cp,,q, Sw Dr =Cprq, St

Note that for the first iteration, the interference
engles €py5, €y . and €; above are set equal to zero,

Calculate the first approximation for the main rotor
lift and drag forces. thus:

Lg =W- LFUS —“Lw —Lt -.; Tpi Siﬂ(ipi +a)
Cr = -Cpys -Dyw -Dt1 + Z_:'Tpi COS(ip| +a)

Also compute the corresponding rotor lift and drag
coefficients

rEL') LF

Yo {(TFe],
S, . O
s “{(TR)ol,

Using (C//o) from step (e), obtain the values fer the
required interference angles. For the first approx-
imation use A= 0 , thus:

Cl
: K [——-—‘f k)57 ] d
€rus © BFFus 2uv/uf Nt (5173 - 8
€ = K [——*-9—.—-—-—(25')5? 3] deg
w FW 2u/ZIR T >,
Ci
€r = (Kpr +K )[——~‘?-———(—L—)573 de
T Fr v Ry » /—#2+>\2 o P2 g
CI
= K [——’———(#)5?.3] de
€TR FTR 50 /—2—# T o . g

Repeat steps {(d) through (f), incorporatinz tte inter-
ference angles from step (f) until the values converge.
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(h) Calculate the chart values of rotor lift and drag co-
efficients corresponding to rotor solidity of o= 0.1,
using the methods in Reference 2, thus:

;- ¢' 7 C
1 P?;%MJF_(z?k

(E.d. = .(_:,QI_AO'(C_L'Z
sl |7 2200 |

where

e

(Ag). = o - Ol

S W .

(i) Using the values of [(C,//a)y, ). and [{Cy/c) from
1 stepg(h) and Bk, Mre . ;ndﬁﬂ: from steﬁ% cé@]an (b),
enter the appropriate trim charts, presented in
Section 5.2,1 or References 2 and 3, and obtain the
first approximations for the following rotor trim par-
i ameters corresponding to o = 0.1:
k

; [(ac)o.!],__ 1 OIF ’ bIF 1 Oon B.TSF 1 )\F + (Co I'O')F

Note that b , 0op ,» @nd 875, have to be obtained only
after final trim has been established.

(3) Calculate main rotor angle of attack acFand rotor torque
Qf as follows:

c
aCF = [( aC)OJ - 'é_-z‘{—o__)JF
Qr =[(T.F.)RO'(%?-)]F

(k) Using the trim parameters obtained in the steps avove,
assume two values of Cy. . and calculate arys from the
following equation:




Qrys = %g‘% T €Fys

where
NUM = (Ry e = Rz 0p) + ( Ry L = Az, Dw) + ( Ax Ly =£3,0 )
+ 3 [(Te=Neyim) &g, +(Toyie, +Ng, ) Ay + M, |

e!:}.QzM§

DEN = - (A7 L + Ry D) - (Rzylw * Ly O )= (A Ly + Ay D7)

Meus = Cueys 90 Axeys Aeus

Bip -{drys + €rys) —ac +ir

Qyg = 0 for the first iteration
and Np, and Mp are obtained from Section 5.7,

The straight line obtained by connecting the two points
thus calculated is superimposed on the experimental
fuselage pitching moment curve of (Cy,g versus ags ).
The point of intersection will yield the new fuselage
trim angle of attack, ary;s , vo be used in the next
iteration.

If no point of intersection is obtained because the
calculated fuselage pitching moment curve lies above or
below the experimental curve, then the new estimate of
Qrys to be used in the next iteration is estimated as
follows:

(g) If the caleculated fuselage pitching moment curve
lies below the experimental curve at the assumed
value of arys then this indicates that the estimat-
ed value of arys is too low since not enough fuse-
lage pitching moment was calculated to agree with
the experimentally determined fuselage pitching
moment, A larger value of agys should thus be
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(L

(m)

(n)

assumed for *+he next iteration.

(b) If the calculated fuselage pitching moment lies
above the experimental curve at the assumed value
of afys , then a similar argument to that above

will indicate that the magnitude of arys should be
reduced for the next teration.

If multiple points of intersection are obtained, then
the magnitude of apys for the next iteration should be
increased or reduced as explained above until the ex-
perimental and calculated fuselage pitching moment

curves intersect at the same arys for which the calcu-~
lations were performed.

Using arys from step (k), enter fuselage —:harts and
obtain

Cleus  + Copys + Cvpys » Caeys o+ Cmeyg - and Cagyq

Then calculate the following fuselage trim values:

Lrus = Cupys 9, Azpys Orus = Copyg 95 Axeys
Mrus = Cumgys 9o Axgpys AFUS Neus = Chpyg 9o Axpys AFUS

Using the values of Ngys from step (1) and Qf from step
(j), determine the following tail-rotor parameters:

. Neys + Qp

_’EXTR
S (17,

Knowing the tail-rotor parameters uys. (Myhgr . and /.

from step (b) and using the value of (C/ohgzfrom step

(m) and g, enter the appropriate performance
cnarts anJ

obtaln the following tail-rotor trim values:

TTR
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(n)

Cy Co
[ (’E:)m]m , (';")TR .

S

then compute

A“'Rl 8.75er OOTRI QITR ’ b'TR

g IR o 2p2
CI
Drp =[(Tr)a =

and

Using values o
(k), calculate

C
Qg - [(T.F.)o' R(_crg')]m

f €rys from step (f) and a5 from step

@ =apys + €pys

and then using the values of oy and o obtained in step

{c), obtain

aw = +|w_€w
CL = Ow (Qw -aow)
Lw =C,9 Sw

2

- CL
CDW i [CD" + TTRE]W

Dw = CDW qo Sw
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(p)

If no elevator control or ‘ncidence control is used on
the horizontal tail, then the tail lift and drag are
calculated using the same equations as above but reading
subscript T for subscript W in each equation.

If an elevator control is used, the control derivative
C[Se must be obtained from Sectlon 5.6. Using the value
of B, from step (k), the corresponding elevator angle
8e is then read from the aircraft control rigging curve
(B and 8¢ versus control position)

Then calculate:
aT = a + iT - €T
T 7 OT(QT'QOT}+CL6089

Ly =C; 4,57

C 2
- L
Coy = [Cﬂo * —wﬂ?e]-r

Dy =Cprqq St

Dgf%ected tlaps on the wing can be accounted for in a
similar manner.

Us1ng the trim parameters obtained above and assumlng
A =¢ = Yig = y. = 85 = 0, the X and Z aquations from
Section 4 are solved s1mu1taneously, making the usual
small-angle assumptlons, to obtain a better approxima-
tion for the main rotor drag and lift, trus:

K|Q_K2

Lp = ——D2
F | + a?
DF =LFQ—K|




T

(q)

where

Ki = Wa ~Lepsla - erpg)-Lala+iy~ey)-Lila+iy —er)
+Opys + Ow + D1 + Dig 'g(Tpi = Np, ir, )

and

Kz = Deysla —epys) +Dwla+iy ~eyw )+ 0, {a +it —e7 )
+Drrla - egq) +Lpys + Ly + Ly +'_§;‘I(Tpi o +Np ) - W

Then obtain

and compute

(E‘l') = &;. _hc (C_Ll)z
a OJF o 2’_‘_ o F

Repeat steps (f) through (p) with new values of [(G Vo))
and [{Cp/o), ] until convergence is achieved, yielding
the final trim values,

In gereral, for a.SSo, the above iteration procedure is
very rapidly convergent, and therefore cone or two iter-
ations are sufficient to obtain the final trim condi-
tions.
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(r)

(s)

Calculate main rotor side force, thus:

3

a, 3 I 3 2
Y =[(T'F')U 51 G #0500+ 3 Gpsbit Gu Ors b+ G AY

| 2 2
+ g 300 "%’I-'-" do~H Syt _{i#al bl+'I§P’)\bl ]F

Equations must ncew be obtained for the forces and moments
due to lateral and directional aerodynamic (conventional
aircraft) controls, if they are employed, or due to flow
asymmetries, if such effects are evident in the test
data. It is usually possible to relate the movement of
the convertional aircraft type controls to the helicopter
control mocvements by means of the experimental control
rigging curves fcr the compound helicopter being ‘nvest-
igated. Those relationships are usually linear or of
some simple nonlinear form such that the following func-
tion can be obtained:

1]

8aq = function [AH-']

S

function [(9.?5)1';!]

Using the control design parameters from page S-1 and
the methods in Section 5.6, obtain the control derivatives

25, ° 25, per aileron

) a(l.,”/qo Sut
e

Then calculate

Ly =-LwA&y,=q, S bw (Czg )y, (8ag =81, )

function (A)

Lyr =loyrBs +Ciq 8r)g, Svr

= function (f3g)
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(t)

(u)

Test data for the aircraft being analyzed might indicate
additional moments that could be included in the analysis,
such as a rolling moment due to asymmetric horizontal
tail lift,

From the curves of the experimental lateral fuselage
characteristics, obtain slopes 0Cyr,s/983 s achUS SBS :
and JCy US/@BS. Using the coefficients Cy,, .

ard Cy. . obtained in step (1) at Bs= 0, %taln ex-
pressions for the fuselage lateral characterlstlcs thus:

. c aC*Fus
AR AT N
C = C + e_c.:ff_':'.i

L FUs IAF,L-IS aBS S
C : Co _ + ii’iﬂ’f_
NFus N;gg 0B, s

Using the trim conditions calculated above, obtain the
main rotor lateral cyclic (A,.) and sideslip angle (Bs)
from & simultaneous solution ¢f the rolling and yawing
moment equations. thus:

J¢i =M rad
5 7 KaKg -KaKz

K + K
A;F ="'3_‘8K§!"—5' rad

where

K3 ={Lrar -Df )XXF + YFXYF +“_waw —DW)XXw +“..TC!T "DT )XXT

dCy
= Qyr qo SVT ’qva i DTR /QXTR + TTR /QYTR + —-a-‘-styi QO AXFUS XFUS
984

Ke =LF XXF + Yp Qg AYF + Zqo wawcz5 dA Tw
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K5 = YF XXF - “_F ar _DF )XYF + ?qo wawC;susg Oaw -Ly XYT ar
1"

CLgr B¢ Ao Svr XxVT + Trg Xxm + Dw vept c’”';usqo Ax,:ds Krus

+QF + E[Ypi pr; = (Tp; ~Npjlp; ) XYPi ]

Ke =-(LFQF-DF)X2F "(Lw Tw _DW)XZW"(LT aT-DT)/QZT

0Cy
FUs
1 Gyt 4y SVT KZVT + Drg XZTR + d, A XFUJ

a;gs XfFys

K7 =-Y|:XYF'LF/(ZF'i’ZQOwawCzsumﬁ' 5

08 [EE@.;]
-

Kg ==(Df af _LF)XYF"-YF /QZF+2q°waw Cx_suSg -O—LT XYT
IF"

+Cuy, 8 0y Syt Azyy ~Drr Avrg @ = Trrdzpn * Copyg 9o Axpyg Arus

" . b$2M<b
1 ;z; [(T"i le + Ny XYPE+ O"i] * [E__Z'"LL]F

and the slope aac/aA. is obtained from the appropriate

aileron control rlgglng curves for the aircraft being
examined,

(v) Substitute the values of A, and 35 frcwm step (u) and

solve for the aircraft roll attitude, ¢ . using the side
force equation, thus

KoBs +Lg A +Kpg
W
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(w)

where

Kg =Lpap ~De +Lpys dpys ~ODpys +

=Dy tLyar =Dy - ayra Syr - Drg

Kio = Yr % Copyg Qo Avpys ~ C'—SrS’ 9 Svr + Tra
=0

Knowing the value of Bs from step (u), obtain better
approximaticns for Y.ys, L pys, and Ngys from step (1)
using values of Cypys . Czpys , and Cugys from step (t)
and compute new values for L.; and Dyt from step (s,
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3 5.2 ROTOR CHARACTERISTICS

: This section contains rotor performance data presented in

3 the form of charts which can be used to evaluate the trim

. condition of compound helicopter configurations, Although
these charts have been specifically developed for fully

ﬂ articulated rotor svstems having rotor solidity of

o = 0.1, they are ~qually applicable for analyses of

teetering and hingeless rotor systems,

The correlation of the analytical results for fully
articulated rotors having zero hinge nffsets with the
teetering 1otor wind-tunnel test data of Reference 1l has
shown that the performance charts presented herein apply
to a variety of teetering rotor configurations with small
to moderate teetering angles,

3 The performance data for a hingeless system can be obtained
{ from the results of a fully articulated rotor system
through the use of a virtual hinge-offset concept, This
concept is tased on the fact that hingeless rotor systems,
because of their elasticity, are subjected to a "flapping
motion' similar to that associated with articulated rotors,
The fundamental parameter governing this motion is the
frequency of the first harmonic flapwise bending mode,
Therefore, the basic problem is to represent a hingeless
rotor system with a virtual hinge offset, by an equivalent
articulated rotor. A comprehensive discussion of the

| subject matter is presented in References 2 and 3, from

& which the following relationship is obtained for the

3 3 ¥ k]

virtual hingee-offset for hingeless rotors:

ev 0%-1
; R~ {2, 1
_ 2%+ 3
where
Q is the nondimensional rotor frequency parameter
(U.“/Q )
; W) is the natural frequency of the rotor first
flapping mode when the blade is rotating, rad/
] sec
3
a is the rotor rotational speed, rad/sec

The natural frequency w, is a function of the rotor blade's
mass and stiffness distribution and the rotor speed.
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This parameter can be obtained using the aethods of Reference
4, Thus, by using the concept of an equivalent articulated
rotor applied to the hingeless rotor, the rotor trim and
stability derivatives cua now be evaluated by the conventional
helicopter methods presented in the following sections.
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5.2,1 Trim Charts for Rotor Solidity,o = 0.1

Classical rotor aerodynamic theories, such as those presented
in References 5 and 6, use several simplifying assumptions
which limit the applicability of the resulting equations to
low forward speeds. To increase the range of applicability,
som¢ of these assumptions have been eliminated in Reference 7,
which presents charts of pertinent aerodynamic rotor parameters
for the tip speed ratios ranging frompu= 0.3 tou= 1.4, These
charts include the effects of blade compressibility and
retreating blade stall and do not rely upon small-angle
assumptions of the classical theory. However, the charts are
prepared for only one value of rotor solidity,o= 0,1, and do
not include the rotor Y-force data.

In applying the above performance charts for rotor solidity
different from o = 0.1, appropriate solidity correction factors
were used as presented in Reference 7. The required Y-force
data were generated by using the equation of Reference 6,
together with the pertinent performance results obtainatle from
Reference 8. The charts for rotor inflow ratio M\ and the

b.ade flapping parameters gy and b, , which were not included

in Reference 7, were derived from the results of Reference §
and are presented in this section.

All low-~speed performance charts for u= 0.1 and 0.2 were
derived from the classical rotor performance results of
Reference 9 and are presented in Figures 1 and 2, The high-

speed charts which are not included in Reference 7 are presented
in Figures 3 through 13,

The performance charts of Reference 7 and those presented here
are derived for constant values of 4, My, and 8. The relation-
ships between the basic rotor performance parameters, such as

C /e, Cplor,Cqlo,a,,a,,and 875 , are presented in the form of
cacpet plots. The parameters such as A , dG,, and b, for all
values of u are presented as a function of rotor angle of attack,
@, , ftor constant values of C, /o, Using the above parameters,

the rotor side force coefficient can ba computed from the
following equation:




W IO

s

Cy _a 3 | 3 2 3
w2 T g0t 3650+ 2o 87sb, + 2= Ab

A _3 .2 [ | 2
T Q00 T pAGp ogop+ 2RO+ Ay

The use of the above-mentioned performance charts with the
analytical expressions wherever necessary constitutes an
integral part of the stability method presented in this

Handbook,
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Figure 1, Cglculgted Characteristics of a Rotor
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With 0° Twist for ;2 = 0,2 and My = 0,8,
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