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INTRODUCTION

The information presented in this documentation report is
specifically directed at providing a User's Manual for the
Helicopter Aeroelastic Stability Analysis computer program
(HASTA) developed under Army Contract Number DAAJ02-76-C-0032.
The primary purpose of this report is to inform the reader of
the capabilities of HASTA and to provide the information re-
quired to construct an input data deck and successfully exe-
cute the program. Information pertaining to the construction
and operation of HASTA is also presented to facilitate minor
program alterations which may be desirable for specific HASTA
applications; for example, redimensioning of variables,

The HASTA program was developed to provide a suitable analysis
for representing the interaction of a rotor with its aero-
dynamic and support environment such that the air and ground
resonance stability characteristics of fully coupled helicop-
ter/rotor systems can be adequately predicted. HASTA can be
used to predict the complex modal behavior of a main or tail
rotor operating in vacuo or in air, with or without the effects
of rotor support structure flexibilities included. These rotor
support structure flexibilities include anisotropic gearbox or
transmission support flexibility, anisotropic control system
flexibility, rotor drive shaft torsional flexibility, and
anisotropic landing gear flexibility, in addition to flexi-
bilities associated with an elastic support structure such as
the helicopter fuselage. The HASTA program is not limited to
the consideration of a single type of rotor, but can be applied
to a variety of rotor types including rigid to fully articu-
lated, gimballed, teetering, flexstrap, and bearingless, the
last type having pitch control provided to the blades through
torque tubes.

The HASTA program is primarily a FORTRAN IV program developed
for use on IBM 360/65 computer systems. However, to reduce
program running time, several matrix multiplication-related
subroutines are in assembler language. The program in its
present form has been developed to operate efficiently within
the operational constraints of the USAAVRADCOM IBM 360/65 in
St. Louis through the Applied Technology Laboratory terminal.
Therefore, the present version is limited to the consideration
of rotor systems consisting of identical blades equally spaced
azimuthally. This restricts array dimensions such that in
combination with the use of an overlay structure, the require-
ment for a core storage of less than 250K is satisfied. High
core requirements result due to the necessity of employing




double precision real and complex variables to achieve
satisfactory convergence and accurate solution eigenvalues,
2igenvectors, and mode shapes on an IBM 360/65 system. On
elimination of the present program array dimension restric-
tions, a rotor consisting of identical blades not equally
spaced azimuthally can be considered at a cost of higher core
storage requirements and longer running time. The mathematical
analysis on which HASTA is based allows for consideration of a
rotor having non-identical blades. The program modifications
necessary for considering non-identical blades are not compli-
cated and can be easily implemented if the capability is
required.

The CPU time required for a HASTA run is primarily dependent
on the number of iterations executed and the dimensional size
of the final matrix for which the determinant must be obtained
cn each iteration. The final matrix size is dependent on both
the degree of interharmonic coupling allowed and the complexity
of the coupled rotor/helicopter system of interest. The
C?U0 time for a run is also dependent upon the number and com-
plexity of the blade and fuselage representational sections.
This latter CPU time dependency is of secondary importance in
the determination of CPU running time. A rough estimate for
the CPU time required for a run, based on times encountered
for program execution on the AVRADCOM IBM 360/65 in St. Louis,
is

(# iterations allowed) *MXQ*MXQ minutes

time = 4000 —

where the number of iterations allowed is equal to the sum of
the iterations allowed for each starting eigenvalue of each
case of the run and MXQ is the number of rows in the final
matrix.

Auxiliary equipment required for execution of the computer pro-
gram consists of a card reader, a line printer, a tape or disk
storage unit, and a card punch. Input data for the HASTA pro-
gram is presently read in on cards. The program results, which
are printed in a complex variable form, consist of the solution
eigenvalues and their corresponding mode shapes defined rela-
tive to both the local blade coordinate systems and to the hub
(or disk plane) coordinate systems. The disk plane mode shapes
are printed in both complex variable and polar form, the latter
allowing quick assessment as to the degree of coupling and
phasing relationship occurring between blade motions. If de-
sired, the resulting mode shapes can be punched on cards for
subsequent use. The program can be readily modified to read
aerodynamic coefficient input data from tape or disk data sets



as well as redimensioned for specific applications. It is
recommended that the user consult his systems programmer if
any program modifications are to be made.

A detailed discussion of the basic mathematical analysis on
which the HASTA analysis largely is based is contained in
Reference 1. Additional mathematical analysis was developed
and used in the construction of the HASTA analysis to extend
its capabilities. This analysis is discussed in Reference 2.

Sutton, Lawrence R., and Gangwani, Santu T., THE DEVELOP-
MENT AND APPLICATION OF AN ANALYSIS FOR THE DETERMINATION
OF COUPLED TAIL ROTOF/HELICOPTER AIR RESONANCE BEHAVIOR,
USAAMRDL-TR-75-35, Eustis Directorate, US Army Air
Mobility Research and Development Laboratory, Fort Eustis,
Virginia, August 1975.

Sutton, Lawrence R., and White, Jr., Richard P., THE
DEVELOPMENT AND APPLICATION OF AN ANALYSIS FOR THE
STABILITY BEHAVIOR OF BEARINGLESS MAIN ROTOR SYSTEMS,
Letter Report SRL 14-77-3, RASA Division, Systems
Research Laboratories, Inc., 1055 J. Clyde Morris Blvd.,
Newport News, Virginia.
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OVERALL PROGRAM CAPABILITIES

The HASTA program can predict the aeroelastic stability be-
havior of fully coupled helicopter/rotor systems of various
degrees of complexity in hover or forward flight. The pro-
gram is applicable to both tail rotor and main rotor systems
with several different types of rotor support allowed. With
a rotor support structure and aerodynamic effects included

in the system model either air resonance or ground resonance
stability results may be obtained depending on the rotor sup-
port structure model and its end conditions (free or canti-
levered to ground). When a rotor support structure is not
involved in the system nodel o' only a rotor control system
is involved, the rotor hub is assumed to be cantilevered to
ground and rotor air resonance stability results are obtained
if aerodynamic effects are included. If aerodynamic effects
are not included, coupied or uncoupled normal mode results
may be obtained. 1In all cases the results consist of solu-
tion eigenvalues in complex notation containing the damping
and frequency characteristics of the modes and the correspon-
ding mode shapes, i.e., the force, moment, deflection, and
slope distributions along the blade span.

The rotor configurations which can be con:tidered by the pres-
ent form of the HASTA analysis, due to prog.-am dimensional
and coding restrictions, consist of those haring any number
of identical flexible blades equally spaced azimuthally.
Several different types of rotors can be considered. These
include a rigid to fully articulated (hinged blade) rotor,

a gimballed rotor, a teetering rotor, a flexstrap rotor, and
a torque tube-type bearingless rotor. The orientation and
amplitude of the gravitational field and flight velocity to
which the rotor is exposed are treated as part of the rotor
configuration and can be considered.

HASTA represents the blades comprising the rotor by a lumped-
parameter approach in which up to 35 spanwise sections of the
blade are allowed. This representation allows for the inclu-
sion of all blade characteristics believed to be of signifi-
cance. These characteristics, which are discussed in detail
in the next section, include the blade geometric, structural,
and aerodynamic properties. Regarding the aerodynamic rep-
resentation, HASTA is capable of using airfoil coefficient .
data provided in series coefficient form and/or tabular form,
one of the acceptable forms being that of the C-81 data tables.
The blade lumped-parameter approach also allows consideration
of blades having an applied control torque, a pitch bearing,

11




a flap hinge, and/or a lead-lag hinge. 1In addition, the
applied control torque-imposed forces and moments acting on
the blades of the more recent flexstrap and bearingless rotor
concepts can be considered. By properly combining the blade
representation with the rotor hub boundary conditions, most
rotor system configurations can be represented and investi-
gated by the HASTA program.

The HASTA program has the capability to include the effects

on the rotor aeroelastic stability behavior of an anisotropi-
cally supported flexible swashplate-type control system.
Basically, in this control system the flexible swashplate is
anisotropically supported by linear spring-damper units, such
that in combination with the control rod stiffness and damping
characteristics any desired control system collective and
cyclic stiffness and collective and cyclic damping may be ob-
tained. The HASTA program is capable of correctly representing
the control system effects on system modal behavior when an
elastic support structure is included, in that the linear
spring-damper units are taken to be attached to the elastic
support structure, instead of ground. Regarding the control
rod representation, the program is only capable of considering
the control rods to act in a direction parallel to the rotor
drive shaft in the case of articulated, gimballed, or teeter-
ing rotor systems. For a flexstrap or bearingless rotor, the
program is capable of considering the orientation of the con-
trol rods in that control rod angularity is usually more prev-
alent in these rotor types. The control rod for all rotor
types is taken to be attached to the swashplate and pitch arm
by swivel ball joints such that the control rods cannot carry
moments or transverse loadings.

HASTA has the capability of including an elastic support struc-
ture. This elastic support structure is also represented by a
lumped-parameter approach similar to that used for the blade
representation, Lut it is simplified in that the elastic sup-
port structure is not a rotating member. A maximum of 15
elastic support structure sections are allowed in the repre-
sentation of the elastic support structure unless there are
more than 25 blade sections. Then the condition that the
total number of blade and elastic support sections cannot
exceed 40 must be satisfied. All elastic support structure
geometric, structural, and aerodynamic properties believed

to be of significance can be considered by this lumped-
parameter representation. Elastic support structure aero-
dynamics, besides being based on airfoil data of the series

or tabular form, can also be based on blockage (flat plate
drag) effects or linearized NACA 0012 airfoil data. The

12



program is also capable of considering the magnitude and
orientation of the flight velocity vector acting on sections
of the elastic support structure. The consideration of tor-
sional spring-damper units on the elastic support structure
provides the capability of representing anisotropic gearbox
or transmission mounting stiffnesses and anisotropic landing
gear stiffness. The landing gear stiffness representation
used in combination with the elastic support structure canti-
levered to ground allows the capability to determine ground
resonance characteristics.

A fully coupled helicopter/rotor system will experience inter-
harmonic coupling of motions. That is, motions at a given
frequency will couple with motions occurring at n/rev above
and below the given frequency, where n is an integer. 1In
particular, the aerodynamic environment acting on a blade will
provide interharmonic coupling of motions of the blade as a
result of aerodynamic damping effects. The inclusion of a
swashplate control system having collective and cyclic stiff-
nesses will provide interharmonic coupling of the motions of
one klade to the motions of another. The existence of an
elastic support structure in the system will provide inter-
harmonic coupling between blade motions and the support struc-
ture motions. HASTA is capable of including these interharmonic
coupling effects.

A significant feature of the HASTA program is its capability
to make use of a predefined phasing relationship between the
motions of the blades of a rotor (blade phasing option). This
option, however, is only applicable to rotor systems having
the blades equally spaced azimuthally. By specification of
the type of blade motion of interest; e.g., umbrella, forward
cyclic, backward cyclic, and reactionless; and the type of
rotor system of interest, the motion of each rotor blade can
be defined in terms of a reference blade. This allows the
analysis to consider only one blade instead of several blades
so that the size of the problem is much smaller. Thus, the
HASTA analysis running time is substantially shorter when this
option is used. In addition, solution eigenvalues associated
with blade motion relationships other than that specified are
removed from the problem, which facilitates a more rapid con-
vergence to the desired results. Use of this option, due to
the present dimensional restrictions imposed to satisfy core
requirements, is the only manner in which HASTA can be applied
to investigations of the aeroelastic stability characteristics
of rotor systems at the present time.
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In addition to obtaining solution eigenvalues by iterating
from inputted starting eigenvalues based on prior experience
or engineering judgment, HASTA is also capable of performing
a scanning procedure to facilitate the determination of solu-
tion eigenvalues. This eigenvalue scanning procedure, based
on input, determines the final matrix determinant values in
complex variable form for a rectangular grid of stability and
frequency values over a range of stability (eigenvalue real
part) and frequency (eigenvalue imaginary part) values. An
interpolation scheme is then used to determine possible solu-
tion eigenvalues, which are then treated as starting eigen-
values. Generally, due to the number of grid points required
to avoid missing possible roots, the efficiency of using this
procedure to obtain solution eigenvalues is poor compared to
the use of guessed starting eigenvalues. Thus, this procedure
should only be used as a last resort.
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HELICOPTER/ROTOR SYSTEM MODEL

The HASTA computer program was developed from an analysis
which models helicopter/rotor dynamic systems of varying
degrees of complexity. These systems, besides having a rotor
comprised of flexible blades subjected to various restraint
conditions imposed by hinges and the manner in which control
torque is provided, may have a control system, various local
rotor support conditions, and an elastic rotor support struc-
ture. A knowledge of the types of system configurations which
might be treated is necessary to use the HASTA program prop-
erly. The system model configurations allowed may consist of
several basic model components which can be categorized as:

1. Rotor blade structure

2. Rotor hub restraints

3. Control system

4., Control rod configurations

5. Elastic rotor support structure

6. Gearbox or transmission mounting flexibilities

7. Rotor drive shaft torsional flexibility
The computer program can mathematically model each of these
basic model components individually and/or in combination
with other basic model components. When all of the model
components are included, the coupled and interdependent modal
behavior of a total system such as that depicted in Figure 1

may be predicted. A description of the modeling of the in-
dividual system components is given in the following sections.

ROTOR BLADE  MODEL

The basic blade model allows for the inclusion of all blade
characteristics believed to be of significance in the deter-
mination of blade modal behavior. These are as follows:

l. Orientation of the blade shear center axis by pre-
cone and presweep distributions

2. Location of the blade shear center axis (axis about
which the blade cross section will rotate when
perturbed)

15
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3. Localized rigid offsets of the shear center axis in
the flapwise, edgewise, and spanwise directions (a
spanwise offset denotes that the blade is rigid over
this offset distance)

4, Variable twist distribution about the blade shear
center axis including collective pitch

5. Mass distribution and edgewise, flapwise, and tor-
sional inertia distributions

6. Edgewise location of the center of mass relative to
the blade shear center

7. Edgewise, flapwise, and torsional bending stiffness
distributions and inclusion of centrifugal stiffen-
ing effects

8. Localized torsional spring-damper unit application
about the flapwise, edgewise, and spanwise directions

9. Structural damping
10. Gravitational perturbation moment effects

l1. Edgewise location of blade aerodynamic center axis
relative to blade midchord

12. Chord length distribution

13. Aerodynamic effects including cyclic pitch, aero-
dynamic damping and Theudorsen's unsteady aero-
dynamic effects

14, Up to five different airfoil sections along blade
span with the aerodynamic coefficients determined
from either series coefficient data and/or airfoil
table data

The blade characteristics listed above are modeled by utilizing
a lumped-parameter approach in which the blade is represented
by consecutive sections from the blade tip to root. In this
sectional representation, the blade is divided into a finite
number of sections. Each blade section is allowed a specified
orientation (precone, presweep, and pitch) and is located in
space by specification of the location of its inboard end. 1In
addition, each section may consist of the following characteris-
tic groups: shear center axis rigid offsets including a rigid

17




spanwise length, local bends in the shear center axis, a cen-
trifugally stiffened elastic length or either flexstrap or
bearingless rotor pitch control-imposed restraints, concen-
trated torsional spring-damper units, mass and inertias, and
aerodynamics. A pictorial representation of these blade
characteristic groups and the order in which they are con-
sidered, proceeding outboard to inboard along the blade, is
given in Figure 2. The consideration of local shear center
axis bends allows for the change in the shear center axis
orientation from one section to another.

elastic length or
pitch control structure
imposed restraints -

lumped mass

and fﬁf,z’”llocal
inertias bends

lumped —

. & —— shear center
aerodynamics P axis
inboard ff outboard

rigid
spanwise length
localized torsional /

spring-damper units rigid shear

center axis
offsets

Figure 2. A General Blade Section.

The concentrated spring-damper units, shear center axis bends,
and rigid offsets are allowed to occur relative to the local
blade edgewise, flapwise, and spanwise directions at their
point of application. Up to 35 blade sections may be used to
represent the blade as a piecewise continuous structure. As

an example of the lumped-parameter approach, a sectionalization
of a blade having only mass, elastic, and coning properties is
depicted in Figure 3.
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Lumped mass

=i

Elastic length

Section 1

Section l Section Section Section Section
6 5 4 3 2

Figure 3. Simplified Sectionalization of a Blade
Structure.

In addition to representing the basic blade geometric, struc-
tural, and aerodynamic characteristics, the blade model must
also allow for the consideration of blade geometric and loading
discontinuities which occur in the different rotor configura-
tions allowed due to hinges on the blade and/or the manner of
pitch control. An articulated rotor blade, besides having an
applied control torque and pitch bearing, may have a flap hinge
and/or a lead-lag hinge. The representation of a flap hinge,
if required in the blade model, is accomplished in either of
two ways. One way is to use a blade section with a torsional
spring-damper unit (an allowed basic blade characteristic)
having required torsional stiffness and damping value, with
the condition that the axis of the spring-damper unit coin-
cides with the flap hinge axis. This representation would be
used in cases where the oscillatory flapping motion about the
flap hinge is externally restrained (damped). The alignment
of the torsional spring-damper unit axis with the flap hinge

is achieved by proper location and orientation (through the
use of section precone, presweep, and pitch angles) of the
section containing the spring-damper unit.



The second way is to represent the flap hinge analytically by
considering a discontinuity in the oscillatory flapping motion
to occur at the flap hinge location and the condition that the
local oscillatory flapwise moment must be zero at the hinge.
For example, the oscillatory flapping motion of a rotating
rigid blade attached to a rigid rotor hub by a flap hinge can
be considered to be a flap angle discontinuity at the flap
hinge. This method of representing a flap hinge does not allow
inclusion of external damping of the oscillatory flapping
motion. Both of these flap hinge models are included in the
computer program to allow the user the choice of the most suit-
able model for particular program applications.

The representation of a lead-lag hinge, if required, is accom-
plished in either of two ways in a fashion similar to that of
the flap hinge representation., The first way is to use a blade
section with a torsional spring-damper unit having the required
torsional stiffness and damping values and having its axis
coincident with the lead-lag hinge axis. This representation
would be used if the oscillatory lead-lag motion about the
lead-lag hinge is externally damped. The second way is to
represent the lead-lag hinge analytically by considering a
discontinuity in the oscillatory lead-lag motion to occur at
the lead-lag hinge location and the condition that the local
oscillatory edgewise moment must be zero at the hinge., Ex-
ternal damping of the oscillatory lead-lag motion is not
allowed in this representation of the lead-lag hinge. The
computer program includes both of these lead-lag hinge repre-
sentational models to allow the user the choice of the most
suitable model.

The representation of a pitch bearing, if required, is accom-
plished by considering a discontinuity in the oscillatory
pitching mo*ion to occur at the pitch bearing location and the
condition that the local oscillatory torque at the pitch bear-
ing must be zero. The concept of a pitch angle discontinuity
is similar to that of flap and lead-lag angle discontinuities
except that it occurs about the pitch nearing axis. The con-
trol rod effects on an articulated blade, if they are to be
included, are represented by considering the control rod to
apply an oscillatory torque (torque discontinuity) to the blade
shear center axis at the effective spanwise application point
of this torque. The torque discontinuity is normally consid-
ered to be applied outboard of the pitch bearing location.

The models for the flap and lead-lag hinges can represent
large pitch-flap coupling 63 and pitch-lag coupling o4

effects. This is possible since the flap and lead-lag hinge
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axes may be placed in any desired orientation by the use of
local section precone, presweep, and pretwist angles. An
alternate model for representing pitch-flap and pitch-lag
coupling is also allowed. In this mndel the flap and lead-
lag hinges are taken to act about the local edgewise and
flapwise axes, respectively, with the required coupling of
blade motions taken into account on specification of pitch-
flap and pitch-lag coupling factors.

A blade cf the flexstrap or bearingless type does not have
flap or lead-lag hinges or a pitch bearing. Instead, the
flapwise, edgewise, and torsional motions inboard of the
effective pitch control point are allowed by the flexibili-
ties inherent in the blade retention structure. While these
flexibilities can be represented by the basic blade model
elastic properties, the relationship between the elastic blade
motions is also dependent upon the oscillatory forces and
moments in three mutually orthogonal directions acting on the
blade shear center axis due to the restraint provided by the
blade pitch control structure.

In the flexstrap-type blade model the control rod is assumed
to be attached to a flexible pitch arm having length and hav-
ing orientation in three mutually orthogonal directions. This
pitch arm is considered to be rigidly attached to the blade.
The oscillatory forces and moments acting on the blade shear
center axis at the effective pitch control point can be de-
fined in terms of the pitch arm properties, local blade per-
turbation (oscillatory) slopes and deflections, and the
oscillatory displacements of the control rod attachment point
to the pitch arm. Thus, instead of dealing with six force

and moment discontinuities, the three control rod attachment
point oscillatory displacements are considered as discontinuity
quantities (restraint unknowns).

In the bearingless-type blade model that can be treated by the
computer program, the control rod is assumed to be attached to
a rigid pitch arm having length and having orientation in three
mutually orthogonal directions. The pitch arm is considered
to be rigidly attached by a fitting to the inboard end of a
flexible torque tube having length and having orientation in
three mutually orthogonal directions. The torque tube at its
outboard end is taken to be rigidly attached to the blade at
the blade shear center axis. The pitch arm-torque tube fit-
ting also is considered to have a shaft (spur) extending in-
board along the torque tube axis which is restrained by a
spherical bearing attached to the rotor hub. This spur,

which is allowed flexibility in three mutually orthogonal
directions, is free to slide in the direction of its length-
wise axis and to rotate about three mutually orthogonal axes

21




at the spherical bearing. The oscillatory forces and moments
acting on the blade due to this torque tube pitch control
structure can be defined in terms of the properties of this
structure, local blade perturbation (oscillatory) slopes and
deflections, control rod forces, and spherical bearing trans-
lations. The three control rod forces and three spherical
bearing translations constitute the discontinuity quantities
or restraint unknowns for the bearingless-type blade model.

In the flexstrap or bearingless-type blade models, the pitch-
flap 63 and pitch-lag ay couplings are automatically in-

cluded and are directly related to the blade retention strap
or beam and the pitch control structure representation. A
significant amount of elastic coupling of flapwise, edgewise,
and torsional deflections can occur with both of these blade
models due to the flexibilities inherent in the retention
strap or beam structure and the fact that the control rod
does not remove all of the blade torque. Since the elastic
couplings are very dependent on the rapidly changing orien-
tation of the retention strap or beam stiffness parameters,
a sufficient knowledge of the mean coning, lag, and pitch
along the retention structure due to built-in and mean elas-
tic deformation is required. Because of these elastic coup-
lings, the retention strap or beam must be represented by
more lumped-parameter sections for a given spanwise length
than is required in the representation of the rest of the
blade.

The pitch control and blade retention structure for the three
types of blade models discussed above are depicted in Figure
4. The blade models necessary for considering a teetering or
gimballed rotor are achieved by using the articulated blade
model with the required representational options.

ROTOR CONFIGURATION MODEL

The rotor configuration model considered in the development
of the representational analysis may consist of any number of
flexible blades which can be arbitrarily located azimuthally.
However, as noted in the introduction, the computer program
was limited to rotor configurations consisting of identical
flexible blades by the program coding and to rotor configura-
tions consisting of any number of blades equally spaced azi-
muthally by restriction of array dimensions. These rotor
configuration program limitations can be easily removed by
increasing variable dimensions where required and by modify-
ing the analytical coding.
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The rotor configuration models allow consideration of the
orientation and amplitude of the gravitational field and the
rotor hub flight velocity. These orientations are specified
relative to the reference (advancing) blade position. The
rotor configuration models can be considered to be rotating
in either a clockwise or counterclockwise (conventional) di-
rection. The blades cf all rotor configuration models which
can be considered by the computer program can be considered
to be cantilevered to a rigid rotor hub which may have degrees
of freedom relative to its attachment to the rotor shaft.
Types of rotor configuration models that can be considered
are:

1. A rigid rotor model that is constructed with the
articulated blade model (flap and lead-lag hinge
not included)

2. A partial to fully articulated rotor model con-
structed with the articulated blade model

3. A flexstrap rotor model constructed with the
flexstrap blade model

4. A bearingless rotor model constructed with the
bearingless blade model

5. A gimballed rotor (more than two blades) con-
structed with the articulated blade model

6. A teetering rotor (two blades only) constructed
with the articulated blade model

The first four types of rotor models listed above require the
rigid rotor hub to be cantilevered to the rotor shaft. The
gimballed rotor model assumes the rigid rotor hub to be
attached to the rotor shaft such that it is free to rotate
about two mutually orthogonal axes rotating in the plane per-
pendicular to the rotor shaft at the rotor hub attachment
point. The teetering rotor model assumes the rigid rotor hub
to be attached to the rotor shaft such that it is free to
rotate about one axis rotating in the plane perpendicular to
the rotor shaft at the rotor hub attachment point.

CONTROL SYSTEM MODEL

The model of the rotor control system is based on the assump-
tion of a swashplate-type control system. The main component
of the swashplate control system model, depicted in Figure 5,
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is represented by a flexible ring having uniform mass dis-
tribution around its circumference and consisting of upper
and lower portions. Both portions of the ring are allowed
to translate along the rotor shaft axis (zfc-axis) and ro-

tate about two mutually orthogonal axes perpendicular to the
rotor shaft axis. The upper portion of the ring also rotates
with the blades about the rotor shaft axis. The lower portion
of the ring, which does not rotate with the blades, is sup-
ported by a finite number of supports located azimuthally
around the ring. These supports have linear stiffness and
damping characteristics. The collective base plate to which
the ring supports are attached is assumed to be attached to
ground or to the rotor support structure, if included in the
system model, by a linear support having an effective stiff-
ness and damping value. The forces parallel to the rotor
drive shaft axis acting on the swashplate from the control
rods are passed through the swashplate control system model
and are applied to rotor support structure, if included.
Thus, by variation of the stiffness and damping characteris-
tics and azimuthal location of the supports involved, any
degree of control system anisotropic flexibility can be
modeled.

CONTROL ROD MODEL

There are two types of control rod models which can be con-
sidered by the HASTA program. One type can only be used in
conjunction with the articulated blade model. The other type
can only be used with flexstrap and bearingless blade models.
In both control rod models, the control rod is assumed to
have axial stiffness and damping characteristics and to be
connected to the pitch arm and swashplate (or ground, if
there is no swashplate) by swivel ball joints., Attached in
this manner, the control rods cannot carry moments or trans-
verse loadings. In the control rod model used with an artic-
ulated blade model, the control rod is assumed to apply only
control torque to the blade and to act along a line parallel
to the rotor drive shaft axis.

The control rod model used with a flexstrap or bearingless
blade model is much more complex than that which is used with
an articulated blade model. The primary reasons for this
model complexity are: (1) the large angularity of the con-
trol rod occurring in these rotor types; and (2) the strong
elastic coupling created by the pitch control structure in
the retention strap or beam flapwise, edgewise, and torsional
degrees of freedom. In addition, because of the angularity
of the control rod and the offset dque to the pitch arm, blade
motions in the inplane and flapwise directions are coupled
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through the control system. Thus, in addition to control rod
stiffness and damping characteristics, the orientation and
location of the control rod must also be considered.

The stiffness and damping characteristics of the control rods
are also included with those associated with the swashplate
representation, discussed previously, in order to adequately
represent the cyclic and collective stiffness and damping
acting on the blades due to the control system and control
rods.

ROTOR ELASTIC SUPPORT STRUCTURE MODEL

The rotor elastic support structure model allows for the
inclusion of all geometric, structural, and aerodynamic
characteristics believed to be of significance. These char-
acteristics are essentially the same as those which were
listed for the blade model. Since the support structure is
not subjected to a constant rotational speed, the mass, in-
ertia, and aerodynamic effects on the support structure
behavior differ from those for a blade. In particular, the
support structure mass and inertia distributions do not pro-
vide centrifugal stiffening or damping effects, and the
support structure aerodynamic environment does not provide
interharmonic coupling of support structure motions. The
support structure aerodynamics can be based on blockage (flat
plate drag) effects or a series representation (linearized
aerodynamics) for a NACA 0012 airfoil section. The magnitude
and orientation of the steady air velocity acting on the
support structure is allowed to vary along the support struc-
ture length.

The rotor elastic support structure characteristics are
modeled by using a lumped-parameter approach similar to the
technique used to model the blade characteristics. The sup-
port structure is represented by consecutive sections from

its tip to its attachment to the rotor hub. The tip of the sup-
port structure is generally that part of the support structure
farthest from the rotor hub and is allowed to be either free
in space or cantilevered to ground. Thus, for the fully
coupled system depicted in Figure 1, the fuselage-tailboom-
fin structure would be represented by consecutive sections
from the front end of the fuselage, which would be treated

as free in space, to the tail rotor hub.

The lumped-parameter sectional representation is used for the
entire rotor support structure of interest, including the
rotor gearbox or transmission mounting flexibilities and the
rotor drive shaft, except for the drive shaft torsional
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flexibility, which is treated in a different manner. Because
of the similarity of the support structure and blade modeling
techniques, Figure 2 is also valid for a support structure
section on the condition that the outboard end of the section
depicted is taken to correspond to the tipward end and the
inboard end is taken to correspond to the end of the support
structure section toward the rotor. Thus, the order in which
the sectional characteristics can be considered in going out-
board to inboard along a blade section is identical to the
order that can be considered in going from the tipward end to
the rotor attachment end of the support structure section.
The section characteristics corresponding to the pitch control-
imposed restraints which were allowed for a blade section are
not allowed for a support structure section. A maximum of

15 support structure sections can be used to represent the
entire support structure unless more than 25 blade sections
are used in modeling the blade structure. Then the condition
that the total number of blade and support structure sections
cannot be greater than 40 must be satisfied.

GEARBOX OR TRANSMISSION MOUNTING MODEL

Rotor gearbox or transmission mounting flexibilities are rep-
resented by using the localized torsional spring-damper unit
capabilities of a rotor support structure section. In par-
ticular, localized torsional spring-damper units having tor-
sional stiffness and damping characteristics are applied about
two mutually orthogonal axes at the attachment of the gearbox
or transmission to its support structure (e.g., the fuselage).
The specific orientation of the two axes relative to the sup-
port structure is accomplished through the use of the section
orientation angles. By variation of the stiffness and damping
characteristics of the two torsional spring-damper units, any
degree of anisotropy in rotor gearbox or transmission mounting
can be modeled.

ROTOR DRIVE SHAFT TORSIONAL FLEXIBILITY MODEL

In representing the drive shaft torsional flexibility, the
rotor drive shaft, whether it be for a main or tail rotor,

is assumed to be constrained in torsion at the main rotor
transmission., The model of the torsional characteristics of
the drive shaft system was formulated by considering a local-
ized torsional spring at the root of each blade whose in-
plane flexibility is equivalent to the drive shaft torsional
flexibility. The blade edgewise moments at the rotor hub are
not allowed to provide torque to the shaft and thereby to the
rest of the support structure since the torque on the rotor
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shaft is assumed to be removed by the transmission. This tor-
sional spring model is considered independent of the blade and
support structure sectional representation and should not be
construed to be modeled by use of blade or support structure
section characteristics.
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COORDINATE SYSTEMS

An understanding of the fundamental coordinate systems associ-
ated with the representation of the rotor/helicopter system
model components and their relative orientation and use in
defining program input variables is a prerequisite to proper
use of the HASTA program. The information presented in this
section is directed toward providing the user with this under-
standing. In particular, the coordinate systems pertaining

to the representation of the rotor hub, blade structure, pitch
control structure, control system, and rotor elastic support
structure, and the manner in which they are related for main
or tail rotors rotating clockwise or counterclockwise, are
described. The coordinate system relationships required at
the rotor shaft-rotor hub interface for system representational
continuity are also discussed. The coordinate system-related
definitions of the gravitational field and free stream veloc-
ity orientation variables are not provided here but are pre-
sented in the Description of Input Data section of this report.

In the following discussion, two sets of coordinate systems
are presented simultaneously for rotating system model com-
ponents. One set of coordinate systems is pertinent to the
consideration of a counterclockwise rotating rotor system.
The second set of coordinate systems is associated with the
consideration of a clockwise rotating rotor system. The direc-
tion of rotation of a rotor system is based on that observed
from above (main rotor) or from the port side of a helicopter
(tail rotor). Six fundamental rotor system arrangements (two
main rotor and four tail rotor) which are determined by com-
binations of the rotor system rotational directions and the
location of the rotor attachment are depicted in Figqure 6 as
viewed from the port side of a helicopter. 1In this figure,
the rotor disk plane for a rotor system arrangement coincides
with the corresponding x. - y. plane where the (x., yg, 2¢)

coordinate systems shown are the fixed (non-rotating) hub
coordinate systems for the various rotor system arrangements.
The detailed definition of fixed hub coordinate systems for
counterclockwise and clockwise rotating rotor systems is pro-
vided below. In Figure 6 a rotor blade with its leading edge
shaded is shown in the reference blade position (i.e., along
the Xg axis) for each rotor system arrangement, to further

clarify the direction of rotation. The control system, rep-
resented by a ring, and the rotor drive shaft are depicted for
each rotor system arrangement to show that although the fixed
hub coordinate systems may be identical for two rotor arrange-
ments, the arrangements differ in the location of drive shaft
and control system. Specifically, rotor system arrangements

30




Yi ——hub

_ control
flignt system
direction

I. Main Rotor - Class A

£1ight -
direction blade
-

f
II. Tail Rotor on Port Side -
Class A
B xf
flight
direction

III. Tail Rotor on Star-
board Side - Class B

Figure 6.

hub
drive
shaft
control
system
t—
flight e
direction

IV. Main Rotor - Class B

drive £
shaft
a
Y¢ control
system
hub ®¥
flight
direction
blade

Xg
v. Tail Rotor on Port
Side - Class B

s

2z
flight £
direction 0
Y =« hub
control
system
blade

drive shaft

X¢

VIi. Tail Rotor on Star-
board Side - Class A

Six Possible Rotor System Configurations.



having the drive shaft and control system in the ~z¢ direction

are denoted as class A arrangements (arrangements I, II, and
VI) and rotor system arrangements having the drive shaft and
control system in the Ze direction are denoted as class B

arrangements (arrangements III, IV and V).

As originally developed, the HASTA program was based on a
representational analysis for class A type arrangements. In
this form, the analysis was intended to be used for a rotor
rotating counterclockwise when viewed from the side of the
disk opposite the drive shaft. However, since a clockwise
rotating rotor can be viewed from a position and orientation
in which the rotational direction appears counterclockwise,
the HASTA program is applicable to clockwise rotating rotors,
providing proper coordinate systems are used in defining pro-
gram input variables. For class B type arrangements (arrange-
ments III, IV, and V), the HASTA program is applicable if
extra care is taken in representing the rotor hub-drive shaft
interface conditions and if the signs of input parameters
associated with the effects of the elastic support structure
motions on the pitch control structure for flexstrap and
bearingless type rotors are changed. Both of these require-
ments are discussed in detail below. Regardless of whether

a counterclockwise or clockwise rotating rotor system is
considered, the rotor thrust is always positive in the fixed
hub coordinate system zg direction and the control system

(swashplate) displacement is always positive in the -2

direction. The coordinate systems for various system model
components will now be discussed in detail.

ROTOR HUB COORDINATE SYSTEMS

The coordinate systems associated with the rotor hub consist
of a fixed (non-rotating) hub coordinate system (used in
Figure 6) and a rotating hub coordinate system corresponding
to each blade of the rotor. The fixed hub coordinate system
has its origin at the intersection of the rotor drive shaft
centerline and the rotor disk plane, which is perpendicular
to the shaft centerline.

The rotor disk plane is the plane in which the rotor blades
rotate at drive shaft rotational speed if the rotor blades
are considered to be unconed, unswept, and unpitched (no
pitch due to either pitch countrol or twist). The fixed hub
coordinate system z-axis coincides with the rotor drive shaft
centerline and is positive in the direction of the rotor
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rotational velocity vector. The x and y axis of the fixed hub
coordinate system both lie in the rotor disk plane. The x-axis
is defined to be located on the advancing side of the rotor
disk plane and oriented in space perpendicular to the helicop-
ter longitudinai axis. The azimuthal location of the fixed
hub coordinate system x-axis coincides with the reference blade
position used for defining the azimuthal location of all blades
of the rotor. The y-axis is mutually orthogonal to the x and

z axes producing a righthanded Cartesian coordinate system.

The location of the fixed hub coordinate system axes; Xeo Yo

and zg, was shown in Figure 6 for the different rotor system
arrangements depicted.

To provide further clarification, the fixed hub coordinate
system (xf, Yeo zf) is depicted in general in Figure 7 for
the two directions of rotor rotation. The yf-axis has not
been shown parallel to the flight direction nor the zf-axis

line parallel Xg line parallel Z¢
to heljicopter to helicopter
long. axis long. axis

Y¢ y
rotor
hub

R —

flight flight

direction direction
z
f
27
Counterclockwise Rotation Clockwise Rotation

Figure 7. Fixed Hub Coordinate Systems for
Two Directions of Rotor Rotation.
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perpendicular to the flight direction since the rotor disk
plane may be skewed with respect to the flight velocity vec-
tor. For an unconed, unpitched, and unswept blade at the
reference blade position, as depicted in Figure 7, the yf-axis

is parallel to the blade chord and positive toward the blade
leading edge. Also in Figure 7, a line parallel to the heli-
copter longitudinal axis has been drawn through the fixed hub
coordinate system origin for the two directions of rotation.
The xf—axis, as previously defined, is perpendicular to this

line. The yf—axis,when viewed from a position on the zf-axis,
would appear to be coincident to this line.

The rotating hub coordinate systems, one corresponding to each
blade, have the same origin and z-axes as the fixed shaft coor-
dinate system, but their x- and y-related axes in the basic
rotor plane are rotating about the zf—axis with a constant

rotational speed of Q rad/sec. The rotating hub coordinate
systems have their x-axis along the spanwise axis of the blades
if the blades are unconed, unpitched, and unswept.

These coordinate systems can be related to the fixed hub coor-
dinate system by the coordinate transformation

() — . - ()
1m cos(Qt+¢m) 51n(Qt+¢m) 0 i

erm} = [-sin(Qt+¢ ) cos(Qt+¢ ) O J3f> (1)
k 0 0 1 3

| "rm s 1 &3

where t is time (sec) and ¢m is the angle between mth

blade and the reference blade position at t = 0. The i, 3,
and k variables are unit vectors, with rm subscripts denot-
ing the rotating hub coordinate system for the mth blade and
f subscripts denoting the fixed hub coordinate system. The
rotating hub coordinate system (xrm' Yom zrm) for the first

blade relative to the fixed hub coordinate system is depicted
in Figure 8 for the two directions of rotor rotation.
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Blade for Two Directions of Rotor Rotation.

BLADE COORDINATE SYSTEMS

In addition to the hub coordinate systems (rotating and non-
rotating) previously discussed, there are blade coordinate
systems defined which account for the mean orientation and
deflection of the blade structure along its span.

The fundamental coordinate systems associated with the blade
structure consist of the rotating local blade coordinate sys-
tems, one for each blade section. The local blade coordinate
systems are attached to the blade sections in their mean de-
formed position and rotate about the fixed hub coordinate
system z-axis with the same rotational velocity as the rotat-
ing hub coordinate systems. Thus, the orientation and loca-

tion of the local blade coordinate systems are defined relative

to the associated rotating hub coordinate system. In the
sectional modeling procedure for the lumped-parameter repre-
sentation of a blade, the blade is subdivided into a number
of straight sections that may be oriented relative to each
other. One of these blade sections for a deformed blade
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rotating either counterclockwise or clockwise is depicted in
Figure 9 relative to its associated rotating hub coordinate
system and with its local blade coordinate system shown. As
can be noted in Figure 9, the origin of the local blade co-
ordinate system for a blade section is located on the section
shear center axis at the inboard end of the blade section.

Counterclockwise Rotation

shear center axis

jth section

Clockwise Rotation

~— Jjth section

shear CEHEV
axis

h

Figure 9. General Description of the Rotating Logal Blade
Coordinate System for a jth Blade Section.
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The location of the origin of the local blade coordinate sys-
tem for a blade section is defined relative to the associated
rotating hub coordinate system axis by specification of the
hrx’ hry' and hrz values for the blade section. These three

parameters, depicted in Figure 9, correspond to the three
components of a position vector and are positive for a trans-

i i directio -
lation in the re n of the Xome Yyme and z., axes, re

spectively. The x-axis of a local blade coordinate system

is coincident with the blade section shear center axis and

is positive in the outboard direction. The y-axis is per-
pendicular to the x-axis and parallel to the chordline of the
airfoil section at the coordinate system origin and is posi-
tive toward the blade leading edge. The z-axis is perpen-
dicular to both the x and y axes such as to produce a right-
handed coordinate system. As depicted in Figure 9 by use of
an airfoil shape having camber, the positive direction of the
z-axis of a local blade coordinate system is toward the airfoil
surface, normally considered to be the upper surface for a
positive angle of attack.

The orientation of the local blade coordinate system (xmj'
ymj, zmj) for a blade section is defined relative to the

associated rotating hub coordinate system (xrm' Yorm? zrm) by

specification of the three angles; ¢, 0, and ¥. These three
angles, in the order listed, correspond to three consecutive
rotations that must be applied to the rotating hub coordinate
system (placed at the local blade cocrdinate system origin)
to align it with the local blade coordinate system. In par-
ticular:

¢ corresponds to local blade section presweep about
the zrm-axis and is positive in the direction that

the rotor rotates,

O corresponds to local blade section precone about the
preswept yrm-axis and is positive if the outboard end
of the section is rotated in the “Z.m direction, and

Y corresponds to local blade section prepitch about the

preswept and preconed xrm-axis and is positive if the

leading edge of the blade section is rotated in the
preconed Zem direction.
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The consecutive application of these angles to obtain the orien-
tation of a local blade coordinate system relative to thg asso-
ciated rotating hub coordinate system orientation is depicted

in Figure 10 for a counterclockwise and a clockwise rotating
rotor system.

Counterclockwise Rotation

z ymj

¥y m]
: an;, Xrm
yf
ij
Figure 10.

Description of the Rotating Hub Coordinate System
Rotations Required for Definition of the jth
Section Local Blade Coordinate System Orientation.
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The orientation relationship between the rotating hub coordi-
nate system and a local blade coordinate system is represented
by the coordinate transformation

() T (_'_ )

T3 [ co co sd CO -50 fom

{3ag I= |-S® c¥ + co s s¥| co c¥ + 50 56 sY| CO S¥ 13t (2)
: = kK

LE“J', _s¢ SY + C® S6 CY[-CO SY + S0 SO C¥| CB C¥) ¥y

where a short form of denoting the sine and cosine functions
has been utilized (e.g., S® represents sin ®j and C¢ repre-

sents cos Qj). The 1, 3, and k variables are unit vectors,

with rm subscripts denoting the rotating hub coordinate
system associated with the mth blade and mj subscripts
denoting the local blade coordinate system for the jth sec-
tion of the mth blade.

The local blade coordinate systems are the coordinate systems
to which the blade slopes, deflections, forces and moments
along the blade span are referenced. 1In particular, the blade
state variables at the inboard end of the jth blade section
act on the outboard end of the next inboard blade section in
the positive axis directions of the jth section local blade
coordinate system. These state variables are defined as
follows:

ux, uy, uz are the blade deflections in the local blade
coordinate system x, y, and z directions,
respectively,

N, Vy, Vz are the axial, edgewise shear, and flapwise
shear forces acting in the local blade coor-
dinate system x, y, and z directions, re-
spectively,

¢x, ¢y, ¢z are the torsional, flapwise, and edgewise
bending slopes about the local blade coor-
dinate system x, y, and z directions, re-
spectively, and

T, My, Mz are the torsional, flapwise bending, and
edgewise bending moments about the local
blade coordinate system x, y, and z direc-
tions, respectively.
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Since the blade state variables along the blade are defined
relative to the local blade coordinate system, the blade
state variables can also be defined relative to the rotating
hub coordinate system by use of the coordinate transformation
relationship specified in Equation (2).

The ¢ and 0 values for a blade section having an elastic
length but not shear center axis rigid offsets can be deter-
mined by consideration of the changes occuring in the hrx’
hry' and hrz sectional parameters in going from the blade sec-
tion of interest to the next outboard section, since the sec-
tion shear center axis is a straight line. In particular,

for the jth blade section

Qj = arctan (Ahry / Ahrx) (3)

©4 = arctan (-th., / /Zhrx’ + Ahryz) (4)
where

Ahpy = hrxj-l - hrxj’

bhyy = hryj-1 - hryj'

h,, = hrzj-l _'hrzj'

and the j-1 superscript denotes the blade section just out-
board of the jth section. If shear center axis rigid offsets
are involved in the blade section, the hrx' hry’ and hrz para-

meters corresponding to the next outboard section in the previ-
ous expressions would be replaced by those corresponding to
the location at which the rigid offsets occur on the shear
center axis segment which passes through the local coordinate
system origin. In the representation of the blade sectional
characteristics (Figure 2), the localized change in the coor-
dinate system orientation from that of the previous outboard
section (local bends) can only be considered inboard of the
section shear center axis rigid offset characteristics.

Thus, the section shear center axis rigid offsets always are
along the axis directions of the local coordinate system of
the next outboard blade section. The use of the method de-
scribed above for determining the blade section ¢ and © values
is particularly advantageous when blades having mean deforma-
tion due to steady loading effects in addition to built-in
geometric angles are being considered.
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The local blade aerodynamic coordinate system for a blade sec-
tion having aerodynamic characteristic is oriented such that
the sectional lift and drag forces act along its z and y axes,
respectively. The origin and x-axis of the local blade aero-
dynamic coordinate system for a blade section coincide with
those of the associated local blade coordinate system. The
orientation of the local blade aerodynamic coordinate system
is obtained by rotating the local coordinate system about its
x-axis. The relationship between the local blade aerodynamic
and local blade coordinate systems of a blade section and
several aerodynamic-related parameters are depicted in Figure
11 for the two directions of rotor rotation, as viewed from a
position on the positive x-axes of the coordinate systems.

Counterclockwise Rotation

Figure 11. Relationship Between the Local Blade Aerodynamic
and Local Blade Coordinate Systems for the jth
Blade Section.
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In Figure 11, Wj is the previously discussed blade section
prepitch which includes collective pitch, wcj is the blade
cyclic pitch, ¢j is the section inflow angle, aj is the
section aerodynamic angle of attack, waj is the angle of

rotation between the local aerodynamic and local coordinate
systems, and L. and Dj are the section 1lift and drag

forces, respectively. Since these parameters, except Wj,

are dependent on the blade azimuthal position in forward
flight the relationship between these two blade section co-
ordinate systems may vary azimuthally. This relationship is
represented by the coordinate transformation

(-r' 1 r ] r-|— )
lamj 1 0 0 lmj
T = {T 5
ljamj> 0 chil st SR (5)
0 -Sy cy k .
am a
| ™) L a B >y

where SWa represents sinV CWa represents cosY

_ = aj' ajl
and the 1, j, and k variables are unit vectors, with amj
subscripts denoting the local aerodynamic coordinate system
and mj subscripts denoting the local coordinate system of
the jth section of the mth blade. As can be noted in Figure

11, the rotation angle waj is defined by waj = ¢j - Wj.

Regardless of whether a counterclockwise or clockwise rota-
ting rotor is being considered, the 1lift force generated by
the rotor is positive if it acts on the rotor hub in the pos-
itive fixed hub coordinate system z-axis direction. This
definition is consistent with the direction of the positive
section lift force resulting from a positive blade section
angle of attack, as depicted in Figure 11l. For some rotor
systems (for example, the rotor system depicted in Figure 6
as Arrangement IV) a negative lift force as defined relative
to the rotor's fixed hub coordinate system is desirable. For
a symmetrical airfoil this can be achieved by defining the

Wj, Wcj’ and ¢j blade section parameters such that the aj
(blade section aerodynamic angle of attack) parameters would
be for the most part negative in value. In particular, the

Wj and Wcj blade parameters would have values opposite in
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sign to that required for positive rotor lift. In that the
¢j parameter is dependent on the magnitude and orientation

of the hub flight velocity and the induced velocity field, tne
value of ¢j need not be negative, but the induced velocity

should be negative in value (defined as positive acting on
the rotor disk in the =z axis direction).

The above comments for a symmetrical airfoil do not suffice
for a cambered airfoil producing negative rotor lift. 1In
addition, the airfoil coefficient data must be defined such
that the cambered airfoil represented has a profile which is
inverted compared to the cambered airfoil profile depicted in
Figure 1ll1. This is necessary since a cambered airfoil having
its lower surface on the zmj—axis side of the airfoil chord-

line would normally be used to generate rotor lift in the
~Z.n direction. The 1lift, drag and moment coefficients as a

function of angle of attack, o, and Mach number, M, neces-
sary to construct the airfoil coefficient data deck for this
inverted cambered airfoil profile (inverted relative to the
local aerodynamic coordinate system) can be obtained by use
of the expressions:

I

Cp (a,M) = -C} (~o,M)

c(a,M) = cN

bl M) = Cf (=a,M) (6)
Cy (/M) = Cp(=0,M)

In these expressions Cyp,r CD' and CM correspond to the airfoil

lift, drag, and moment coefficients, respectively, with the I
superscripts denoting the coefficients for the inverted air-
foil profile and the N superscripts denoting the coefficients
as normally defined. As an example, the inverted cambered air-
f01} lift coefficient for an angle of attack of -6 degrees and
a given Mgch number would have the same magnitude as but be
opposite in sign to the standard cambered airfoil lift coeffi-
cient for an angle of attack of 6 degrees and the same Mach
nu@ber. The airfoil coefficient data for a symmetrical air-
foil inherently satisfies the expressions of Equation (6).

PITCH CONTROL STRUCTURE COORDINATE SYSTEMS

The pitch control structure, as previously defined, consists
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of the structure connecting the control rod to the blade. The
HASTA analysis can represent three different types of pitch
control structure, the use of which is dependent on the type
of rotor being considered. These are:

1. an arbitrarily oriented rigid pitch arm which applies
only torque about the blade shear center axis at the
pitch arm-blade attachment point (articulated teeter-
ing, or gimballed rotor),

2. an arbitrarily oriented flexible pitch arm which
applies forces and moments in three directions to
the blade (flexstrap rotor), and

3. a torque tube structure which applies forces and
moments in three directions to the blade and con-
sists of a flexible torque tube and spur, both of
which are allowed the same arbitrary orientation,
and an arbitrarily oriented rigid pitch arm (bear-
ingless rotor);

all of which have been depicted in Figure 4. The coordinate
systems associated with the different pitch control structures
consist of those necessary to define the orientation of the
pitch arm, torque tube, and spur components and the axes about
which the stiffness characteristics of a component are taken
to act.

The articulated rotor type of pitch control structure, con-
sisting of a rigid pitch arm of length Lpa' has the origin

of its associated coordinate system located at the pitch arm-
blade attachment point. The x-axis of the pitch arm coordinate
system coincides with the lengthwise axis of the pitch arm and
is positive in the direction toward the pitch arm-control rod
attachment point. The y and z axes of the pitch arm coordinate
system are both perpendicular to the pitch arm coordinate sys-
tem x-axis as well as perpendicular to each other. The azi-
muthal orientation of these two axes relative to the pitch arm
coordinate system x-axis is arbitrary. However, the positive
directions of the x and y axes must be chosen such that a
right-handed Cartesian coordinate system is produced.

The orientation of the pitch arm coordinate system (xp, yp' zp)

is defined relative to the associated rotating hub coordinate

system (xrm’ Yem! zrm) by specification of the three angles,

o, B, and y. These angles, in the order listed, correspond to
three consecutive rotations, which must be applied to the rotor
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hub coordinate system (placed at the pitch arm-blade attach-
ment point) to align it with the pitch arm coordinate system.
The application of the a, 8, and y angles is conceptually
identical to that of the ¢, 0, and ¥ angles used to define
the orientation of a local blade coordinate system. The use
of these angular rotations in defining the orientation of the
pitch arm coordinate system relative to the rotating hub co-
ordinate system is depicted in Figure 12 for both directions
of rotor rotation.

The relationship between the pitch arm coordinate system

(xpm’ ypm’ zpm) is represented by the coordinate transformation
i Ca C - i
p B So CR SR -
jp = |-Sa Cy + Ca SR Sy Co Cy + Sa SB Sy CB Sy jrm (7)
Ep Sa Sy + Ca SB Cy -Ca Sy + Sa SB Cy CB Cy|| k__

where a short form of denoting the sine and cosine functions
has been used and the i, j, and k variables are unit vectors,
with the subscripts denoting the coordinate system to which

unit vectors correspond.

This rigid pitch arm pitch control structure is only allowed
to apply torque to the blade about the local blade shear center
axis (xmj-axis) at the pitch arm-blade attachment point. This

torque can be defined in terms of the control rod force applied
to the pitch arm and an effective moment arm. The value of
this effective moment arm is, in fact, the only data required
by HASTA to represent this pitch control structure used with
articulated, gimballed, or teetering rotors, since the control
rod applied force in this case is considered to act in a direc-
tion parallel to the rotating hub coordinate system z-axis.
This effective moment arm as required by the HASTA program is
defined by

as= -Lp (Sa Cd - CaS®) CB CO, (8)
the terms on the right hand side having been previously defined.
As can be noted from Equation (8) for a blade without presweep,
precone, and prepitch at the pitch arm-blade attachment point,
a is negative in value if the pitch arm is directed toward the
blade leading edge (0°<a<180°) and positive if the pitch arm is
directed aft (180°<a<360°).
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Figure 12. Description of Rotating Hub Coordinate System
Rotations Required for Definition of the Pitch
Arm Coordinate System Orientation,
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The pitch arm of the flexstrap pitch control structure differs
from that discussed above in that the pitch arm is allowed
bending and axial flexibility and applies restraining forces
and moments to the blade in three mutually orthogonal direc-
tions. The definition of the flexstrap pitch arm coordinate
system orientation is identical to that presented above for
the rigid pitch arm. Thus, the orientation angles (a, 8,

and y) and the coordinate system relationships depicted in
Figure 12 and represented by the coordinate transformation of
Equation (7) are directly applicable to the flexstrap pitch
arm. Since the flexstrap pitch arm representation requires
bending stiffness information about the pitch arm coordinate
system y and z axes (EIyy and EI .+ respectively), the azimuthal

orientation of these two axes relative to the pitch arm coor-
dinate system x-axis should be based on the axes about which
these stiffness parameters are known. The data required by
HASTA to represent the flexstrap pitch arm, in addition to the
bending stiffnesses, consists of the pitch arm length Lp, the

axial stiffness EAC, and the three orientation angles «a, B8,

and y. The flexstrap pitch arm representation requires also
that the shear center axis at the pitch arm-blade attachment
point be parallel to the xrm-axis (i.e., unswept, unconed, and

unpitched). The positional parameters hry and hrz for the
pitch arm-blade attachment point need not be zero in value and,
in fact, would not normally be zero due to the presweep, pre-
cone, and prepitch distributions occurring inboard of the
attachment point.

The torque tube pitch control structure coordinate systems con-
sist of the torque tube, spur, and pitch arm coordinate systems.
The torque tube of length Le has the origin of its associated

coordinate system located on the blade shear center axis at
the torque tube-blade attachment point. The x-axis of the
torque tube coordinate system coincides with the lengthwise
axis of the torque tube and is positive in the direction to-
ward the torque tube-spur-pitch arm attachment point. The

y and z axes of the torque tube coordinate system are defined
in the same manner as the y and z axes of the flexstrap pitch
arm coordinate system. The definition of the torque tube coor-
dinate system orientation relative to the rotating hub coordi-
nate system is identical to the definition of the rigid pitch
arm orientation. Thus, as was also noted for the flexstrap
arm, the o, B, and y orientation angles and the coordinate
system relationships depicted in Figure 12 and represented by
Equation (7) are directly applicable to the torque tube rep-
resentation. For the torque tube coordinate system, the value
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of a in degrees should be close to 180 degrees since the
x-axis of the torque tube should be primarily in the =X

direction. The data required by the HASTA program to repre-
sent the torque tube portion of the torque tube pitch control
structure consists of data similar to that required for the
flexstrap pitch arm and the torsional stiffness of the torque
tube. In addition, the blade structure must be modeled such
that the blade shear center axis at the torque tube-blade
attachment point is unswept, unconed, and unpitched regard-
less of the location of the attachment point. This condition
is identical to that required for the flexstrap pitch arm.

The spur (extension shaft) of length L has the origin of its

associated coordinate system located at the torque tube-spur-
pitch arm attachment point. The orientation of the spur coor-
dinate system is identical to the orientation of the torque
tube coordinate system and as such is defined by the a, B,
and y orientation angles used in the representation of the
torque tube. Thus, the numerical forms of the coordinate
transformation matrix presented in Equation (7) for the tor-
que tube and the spur are always identical. Since the spur
is attached to the hub structure by a spherical bearing such
that the torque and axial force cannot be applied to the spur
and the orientation angles are provided via torque tube data,
data required by HASTA for the representation of the spur
consists of its length and bending stiffnesses. If the rotor
hub is allowed rotational and translational degrees of free-
dom due to its support structure, an additional length param-
eter is required to define the tranverse motions of the
spherical bearing relative to the rotating hub coordinate
system zrm-axis. This length, Ly is the perpendicular dis-
tance from the rotor disk plane (xrm-yrm plane) to the spheri-
cal bearing (i.e., measured along a line parallel to the P
axis). This length is positive in value if the spherical
bearing is in the “Z.n direction from the rotor disk plane

regardless of the direction of rotor rotation. For example,
if the spherical bearing is on the same side of the rotor disk
plane as the control system, the length Lb is positive for the

Class A rotors and negative for the Class B rotors depicted
in Figure 6.

The torque tube pitch control structure pitch arm of length
Lp has the origin of its associated coordinate system also lo-

cated at the torque tube-spur-pitch arm attachment point. The
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axes of this rigid pitch arm coordinate system are located
relative to the pitch arm structure in the same manner as for
the rigid pitch arm used with articulated rotor blades. The
orientation of this rigid pitch arm coordinate system, however,
is not defined relative to the rotating hub coordinate system
but rather to the torgue tube coordinate system. This orien-
tation is specified by the three angles «a', B', and y' which
are applied conceptually in the same manner as a, B, and Y.
The use of these three angular rotations in defining the orien-
tation of this rigid pitch arm coordinate system relative to
the torque tube coordinate system (placed at the torque tube-
spur-pitch arm attachment point) is depicted in Figure 13 for
the two directions of rotor rotation. 1In this figure, the
torqgue tube orientation angles o, B, and Yy have been assumed
to have values (in degrees) of 180, 0, and 0, respectively.

The relationship between this rigid pitch arm coordinate system
(xp., yp., zp.) and the torque tube coordinate system (xp, yp,

zp) is represented by Equation (7) with the p and rm sub-

scripts replaced by p' and p, respectively, and o, B, and Yy
replaced by a', 8', and y', respectively. Since the pitch

arm is rigid, only the correct orientation of the pitch arm
coordinate system x-axis is required. This orientation can

be achieved by use of only o and B angular rotations. The
data required by the HASTA program for the representation of

the pitch arm component of the torque tube pitch control struc-
ture consists of the pitch arm length and orientation parameters.

CONTROL SYSTEM COORDINATE SYSTEMS

The fundamental coordinate systems required for the represen-
tation of the control system consist of a fixed coordinate
system and a rotating coordinate system corresponding to each
rotor blade. The origin of the fixed control system coordi-
nate system is located on the rotor drive shaft axis (same as
the zf-axis of the fixed hub coordinate system) where the

plane of the control system ring intersects it. The x and y
axes of this coordinate system lie in the unperturbed plane

of the control system ring which is also parallel to the rotor
disk plane. The x-axis is defined to be along the line from
the coordinate system origin to the location on the control
ring at which the control rod of the first blade is attached
when this blade is in the reference blade position (i.e., the
position at which the spanwise axis of the unswept, unconed,
and unpitched blade coincides with the xf-axis). The orien-

tation and positive direction of the y-axis is defined as
required to produce a right-handed Cartesian coordinate system.
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Description of Torque Tube Coordinate System
Rotations Required for Definition of the Pitch
Arm Coordinate System,

50




The orientation of the fixed control system coordinate system
(xfc' Yeor zfc) relative to the fixed hub coordinate system

(xf, Ygr zf) is depicted in Figure 14 for both directions of

rotor rotation,

Counterclockwise Rotation Clockwise Rotation
2ecr Zg control system
circumferential axis-
X
* _...___‘/ fc
T Yor
g \ A Xg
e 7
#/
-]
// X
f Y
\ ;—i- £
N
- Yec +
control system Xeo Zgr Zgg

circumferential
axis

Figure 14. Description of the Relationship Between the Fixed
Hub Coordinate System and the Fixed Control Sys-
tem Coordinate System.

The angle wCR denotes the degree of azimuthal shift occurring

between the two fixed coordinate systems that results from the
control rods being attached to the control system ring at loca-
tions not in their associated blade-related rotating hub coor-
dinate system x-z planes. The value of wCR is not used by the

HASTA program. Instead, the azimuthal location (xj) of the

cyclic spring-damper units depicted in Figure 5 are defined
relative to the fixed control system coordinate system. 1In
addition, the control system displacement results obtained from
HASTA application must be interpreted relative to the fixed

and rotating coordinate systems associated with the control
system and not those associated with the rotor hub.
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The rotating control system coordinate systems, one for each
blade but associated with the azimuthal location of the re-
lated control rod-control system ring attachment point, have
the same origin and z-axes as the fixed control system coor-
dinate system. Their x- and y-related axes are in the same
plane as the x- and y-axes of the fixed coordinate system but
are rotating about the zfc-axis with a constant rotational

speed of { rad/sec. The relationsh.p between the rotating

dinate system (x z ociated
control system coor y (X cr Ymer Zpe) 2SS

with the first blade and the fixed control system coordinate
system is depicted in Figure 15. As can be noted in this
figure, the angular relationship includes ¢1. This is

Counterclockwise Rotatggg Clockwise Rotation

control system
Zeor 2 circumferential axis-

o

: X
control system - fc
circumferential axis™=-

Figure 15. Description of the Relationship Between the
Rotating Control System Coordinate System
Associated with First Blade and the Fixed
Control System Coordinate System.

necessary since ¢1, if non-zero, shifts not only the azi-

muthal location of the first blade but also shifts its con-
trol rod-control system attachment point. Due to the azi-
mutha} shift occurring between the fixed control system
cogrdlnate system and the fixed hub coordinate system, the
orientation of a rotating control system coordinate system
will lag by Yer that of the corresponding rotating hub
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coordinate system. The relationship between the rotating and
fixed control system coordinate systems is defined by Equation
(1) with the rm and £ subscripts replaced by mc and fc,
respectively. The above discussion is valid for both Class A
and Class B control systems.

CONTROL ROD ORIENTATION

The control rod representation does not require coordinate
system definition per se. Only the orientation of the con-
trol rod lengthwise axis need be defined, since the control
rods are only subjected to axial loading. There are two types
of control rod representation, the use of which is dependent
on the type of rotor being considered. The first type is that
used for the articulated, gimballed, or teetering rotor. 1In
this representation the control rod is assumed to act only in

the rotating hub coordinate system zrm-axis direction (i.e.,

perpendicular to the rotor disk plane), although it actually
may or not act only in that direction. The second type is
that used for the flexstrap or bearingless rotor. This con-
trol rod representation allows for arbitrary orientation of
the control rod relative to the rotating hub coordinate system
(placed at the control rod-control system attachment point).
The orientation of the control rod lengthwise axis is speci-
fied by the orientation angles ¢c and ec, which correspond

to the consecutive angular rotations that must be applied to
the rotating hub coordinate system to align its z-axis with

the control rod axis. The application of the ¢c and ec

angles is identical in concept to that of the ¢ and ©
angles used for specification of the local blade coordinate
system orientation. The relationship between the control rod
axis and the rotating hub coordinate system is depicted in
Figure 16 for the two directions of rotor rotation. If a
Class B rotor system (i.e., control system located in the
+t2.m direction relative to the rotor disk plane) is being

considered, the value of ec will be greater tharn 90 degrees.
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Figure 16. Relationship Between Contrcl Rod Axis and
Rotating Hub Coordinate System.

The data required by the HASTA program for the first type of
control rod representation, that associated with articulated,
gimballed, and teetering rotor systems, consists of the effective

control rod stiffness and damping characteristics in the I

axis direction. The primary data required for the control rod
representation associated with a flexstrap or bearingless rotor
system consists of the orientation angles, ¢c and ec, and

the control rod axial stiffness and damping characteristics.
In the latter case, an additional length parameter, similar in
concept to the length Lb' is required if the rotor hub is allowed

rotational and translational degrees of freedom due to its sup-
port structure. This length parameter is necessary to define
the transverse motions of the control rod-control system attach-

ment point relative to the rotating hub coordinate system Z m”

axis. This length, L is defined as the perpendicular distance

cc’
from the rotor disk plane (xrm-yrm plane) to the control rod-
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control system attachment point. This length is positive in
value for Class A rotors and negative for Class B rotors.

SUPPORT STRUCTURE COORDINATE SYSTEMS

The coordinate systems associated with the rotor elastic support
structure consist of a fixed coordinate system and local section
coordinate systems which are conceptually similar to the rotat-
ing hub and local blade coordinate systems, respectively. The
primary difference is that the support structure-related coor-
dinate systems are not rotating. The fixed (reference) support
structure coordinate system has its origin located on the shear
center axis at the tip end of the support structure (the end of
the support structure furthest from its attachment to the rotor
hub). 1In that the orientation of the fixed coordinate system
axes is in general arbitrary except when gravitational effects
on the support structure are included, two different possible
fixed coordinate systems are discussed below. These coordi-
nate systems are defined on the basis of the elastic support
structure being a helicopter fuselage-tailboom-fin structure

but are also valid for any other elastic support structure.

The inclusion of the effects of gravity requires the fixed
coordinate system y-axis to be parallel to but opposite in
direction to the gravity force (weight) vector acting on the
fuselage structure. Thus, the fixed coordinate system y-axis
is positive in the general direction toward the top of the
helicopter fuselage. The x- and z-axes of this fixed coor-
dinate system must lie in a plane perpendicular to the y-axis
at the fixed coordinate system origin. The azimuthal orienta-
tion of the x- and z-axes relative to the y-axis is arbitrary
providing that the positive directions of these axes are such
that a right-handed Cartesian coordinate system is produced.
However, for convenience in generating input data, the posi-
tive direction of the fixed coordinate system x- and y-axes
should be toward the tailboom (aft) and to the port side of
the helicopter, respectively.

When gravity effects are not to be included, the orientation
and positive direction of the fixed support structure coor-
dinate system axes are arbitrary providing that a right-
handed Cartesian coordinate system is produced. However, a
fixed support structure coordinate system can be defined that
is convenient to the determination of support structure input
data. In this fixed coordinate system, the x-axis is defined
to be parallel to the forward flight velocity of the helicop-
ter in level forward flight and to be positive directed aft.
The y-axis is defined to be perpendicular to the x-axis, to
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lie in the vertical plane of the helicopter fuselage, and to
be positive toward the top of the helicopter. The z-axis is
mutually orthogonal to the x- and y-related axes such as to
produce a right-handed coordinate system. The two fixed sup-
port structure coordinate systems described above are depicted
in Figure 17 as they relate to a fuselage-tailboom-fin support
structure. 1In regard to the fixed coordinate system depicted
for the case of inclusion of gravitational effects, the grav-
ity vector and therefore the y-axis have been assumed to be

in the vertical plane of the fuselage. Examples of local sup-
port structure coordinate systems are also shown in Figure 17,

The local support structure coordinate systems are obtained by
application of the orientation angles ¢, ©, and ¥ in the
same manner as is used in defining the orientation of the ro-
tating local blade coordinate systems. Thus, the relationship
between the local support structure coordinate systems (xs,

Ygr zs) and the fixed structure coordinate system (xfs' Yeg o
zfs) is represented by Equation (2) with the mj and rm

subscripts replaced by s +rand fs subscripts, respectively.
It should be noted that the local coordinate system y-axis
for a support structure section is the axis taken as the
chordline for aerodynamic purposes.

-fuselage shear
center axis

flight——

dlrectlon_,,

zf5 g ——e—- fixed system

based on § ™ Xeg

———— fixed system not
based on g

Figure 17. Fixed Fuselage Structure Coordinate System and

Examples of Local Fuselage Structure Coordinate
Systems.
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SHAFT-ROTOR HUB INTERFACE RELATIONSHIPS

The matching of boundary conditions at the interface of the
rotor drive shaft and the rotor hub requires a defined re-
lationship between the local support structure coordinate
system at the end of the rotor drive shaft and the fixed hub
coordinate system. The orientation of the local support
structure coordinate system at the end of the rotor drive
shaft is accomplished through the use of the ¢, 0, and ¥
angles. In that the blade state variables involved in the
boundary condition equations must be defined relative to the
rotating hub coordinate system, the most inboard blade sec-
tion should end at the hub centerline and have no built-in
presweep, precone, or prepitch; i.e., ¢, 0, and ¥ should
be zero in value.

The relationship between the two coordinate systems used for
the matching of boundary conditions is that at the rotor
drive shaft-rotor hub interface, in terms of unit vectors

s f
Js = jf (9)
ks = 'If

Thus, the required relationship between the support structure
coordinate system and the fixed hub coordinate system at this
interface is as depicted in Figure 18 for the two directions
of rotor rotation. Note: This coordinate system relation-
ship which is dependent upon the direction of rotor rotation,
must be satisfied whether the rotor drive shaft is modeled on
the positive or negative zf-axis side of the rotor disk plane.

If this required relationship is not satisfied by the modeling
of the support structure, the computer program will yield
erroneous results except for the case of reactionless blade
modes. The necessary orientation of the hub end of the rotor
drive shaft can be easily specified by taking the last sec-
tion of the support structure to consist of only the localized
bending lumped-parameter characteristics ¢, @, and ¥, which
must be properly defined.
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GENERAL DISCUSSION OF EQUATIONS

Most of the mathematical representation of the various coupled
rotor-helicopter systems that can be analyzed was developed
rigorously in Reference 1. Additional mathematical analysis
developed to extend the capabilities of the HASTA program was
discussed in Reference 2. Thus, the mathematical analysis
involved will not be discussed in detail herein. The intent
of this section of the report is to provide a background con-
cerning the primary computational procedures utilized by the
HASTA program. In particular, the discussion herein is con-
cerned with the numerical application of transfer matrix
procedures, the numerical construction of the final governing
matrix, and the eigenvalue and eigenvector solution method.
This information should provide the user with a sufficient
knowledge of the overall concept of the computer program.

It is to be noted that the representational equations (i.e.,
control system equations, rotor support structure equations,
and blade equations) and thereby the final governing matrix
equation are in a Laplace transformed form involving the La-
place transform variable s aand frequency-shifted Laplace
transform variables such as s-ik{l, where k has a non-zero
integer value. The application of Laplace transformation
techniques provides an effective means of converting time-
differential equations having first and second order .ime-
derivative terms, as well as periodically varying coefficients,
to an algebraic form which can be efficiently manipulated. 1In
addition, a characteristic of Laplace transformed equations
allows the development of the additional equations necessary
to define the harmonically shifted variables required for the
consideration of interharmonic coupling due to the control
system and/or rotor hub motion and to periodically varying
aerodynamic coefficients. Because of the nature of the rotor/
helicopter problem, the resulting algebraic equations involve
complex variable notation such that the Laplace transform
variables must be allowed to be complex variables.

TRANSFER MATRIX OPERATIONS

The HASTA program operation required for the transfer matrix
procedure representation of a blade will be initially presented,
followed by the operational modifications required for the rotor
support structure representation. By considering the blade to
be divided into sections representing the lumped-parameter
characteristics of the blade, the k-frequency-shifted state
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variable column vector at the inboard end of the ith section
of the mth blade can be shown to be defined in general by
the expression

o Nf = ie * bl i
{Sk}m - nz—Nf [}k,;]m{sn}m - {Ek,n}m(zrg)m - {ck,n}m(xjh)m

i i
= {fk,n}m (B350, - {gk'n}m(zgh)éJ . a0

In this expression, the state variable column vector is de-
fined by the form

(

§}={HN % T oy 77 W2 -v_v--u—zwﬁ;xﬁ}

—_—
P

where the state variables were defined previously in the dis-
cussion following Figure 10 and the n-frequency-shifted blade
tip unknowns column vector is defined by

’

j= | * . LN
5 1 - .
1 nim {ux X uy ¢z -uz ¢y}n,m.

The (A1), (B2, (B3, (B4 , (B5) , and (86 )
quantities are the n-frequency-shifted blade discontinuity
unknowns. The specific definition of these unknowns and the
inclusion of their contribution to Equation (10) is depend-
ent upon the type of rotor system being considered. The

associated blade matrices Bk " ; denote the contribution
4

of the n-frequency-shifted mth blade tip unknowns to the
k-frequency-shifted state variables at the ith section of
the mth blade. These matrices are 12 x 6 arrays due to the
implementation of the blade tip boundary conditions (i.e.,
blade tip shears and moments are zero in value). The blade
discontinuity column vectors
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{bk,n}m' {ck,n}m’ {ak,n}m' {ek,n}m’ {fk,n}m’ and {gk,n}m

denote the contribution of the n-frequency-shifted mth blade
discontinuity unkinowns to the k-frequency state variables at
the ith section of the mth blade. The quantity Nf repre-
sents the number of harmonics above and below the main eigen-
value of interest s which are allowed to couple with the
main eigenvalue-related behavior. Thus, if Nf is 1, the
l/rev and -1/rev shifted frequencies will be allowed to
couple with the 0 shifted frequencies.,

The computer program during a normal iteration does not cal-
culate the state variables at the inboard end of the ith blade
section., Instead, the computer program determines the associ-
ated blade transfer matrices and the necessary blade discon-
tinuity vectors at the inboard end of each section. This is
accomplished by consecutively multiplying, in matrix form,

the associated blade transfer matrices and the necessary

blade discontinuity vectors for the inboard end of the pre-
vious section by the individual transfer matrices for the
section lumped-parameters, as these parameters are crossed

in going inboard along the section. The associated blade
transfer matrices and blade discontinuity vectors are not
stored for each section but are updated by successive trans-
fer matrix multiplication such that their final numerical
values for an iteration correspond to those defining the

blade state variables at the rotor hub centerline as re-
quired for construction of the final matrix. The construction
of the final matrix also requires information concerning the
numerical values occurring in specific rows of these matrices
and vectors at the blade discontinuity locations. This in-
formation is saved in storage arrays as these discontinuities
are crossed. After eigenvalue convergence is obtained the
blade transfer matrix procedure is used to obtain the values
of the k-frequency-shifted state variables at the inboard end
of each blade section. These state variables are determined
relative to both their local coordinate systems and the disk
plane (rotating hub coordinate system).

The general manner in which the associated blade transfer
matrices and discontinuity vectors are obtained will be
briefly discussed. At the start of the transfer matrix pro-
cedure the off-diagonal associated blade transfer matrices
(k#n) are initialized to 12 x 6 arrays consisting of zeroes.
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The diagonal associated blade transfer matrices (k=n) are
initialized to zeroes except for a value of unity in each

of the six columns such that on multiplying the blade tip
unknown column vector by the 12 x 6 array the same vector
results. As each lumped-parameter characteristic is crossed,
the associated blade transfer matrices inboard of the lumped-
parameter characteristic are obtained in terms of those out-
board by carrying out the numerical operation specified by

- j i j-1 ,
[Bk»njlm - E’ﬂm Eakm]m (11)

if a non-aerodynamic lumped-parameter characteristic is
being considered and

_ 43 X - i -l
[BR'J“‘ = e k'fijaﬁrr;lm (12)

if an aerodynamic lumped-parameter characteristic is being
considered. In these expressions j is used to denote the

J

kjm
sent a k-frequency-shifted mass or spring transfer matrix or
an unshifted (not involving s) elastic, bend, restraint, or
rigid transfer matrix. These transfer matrices specify the
effect of a particular lumped-parameter characteristic on the
k-frequency-shifted state variables as the parameter is
crossed.

lumped-parameter characteristic index and [?:] may repre-

The required blade discontinuity vectors, diagonal (k=n) and
off-diagonal (k#n), initially consist of all zeroes. When

a discontinuity is encountered the corresponding diagonal
blade discontinuity vectors (k=n) are defined as necessary
for the type of discontinuity involved. After a discontinu-
ity has been crossed the corresponding blade discontinuity
vectors are updated in the identical manner as exemplified
by Equations (11) and (12) for the associated blade trans-
fer matrices.

The rotor support structure is not exposed to any representa-
tional discontinuities or self-induced interharmonic coupling.
Thus the k-frequency-shifted support structure state variables
just beyond the ith section can be defined by the expression
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{gk }: ) [gk] :{gk}: ’ (13)

where the support structure state variables and the k-shifted
support structure state variable vector are defined in the
same manner as that for the blades except that they are re-
lated to the rotor support structure. 1In this expression

i
[}g]s is a 12 x 6 array representing the k-frequency-

shifted associated support structure transfer matrix for the
ith support structure section. The k-frequency-shifted sup-
port structure unknowns vector may consist of either the
rotor support structure tip slope and deflection unknowns
similar to that for the blades and corresponding free and
conditions, or rotor support structure tip moments and
shears corresponding to cantilevered end conditions such
that

- R ] —_— — *
{Sk}s = {Ns Ts M2g - Vyg Myg st} k

The support structure transfer matrix procedure is carried
out by the computer program in a manner similar to that
used in the blade transfer matrix procedure. The starting
k-frequency-shifted associated support structure transfer
matrices are all initialized to consist of zeroes except
for a value of unity in each of the six columns such that
on multiplying the support structure unknowns vector by the
initial 12 x 6 matrices the same vector results. It is to
be noted that there are no off-di-gonal associate transfer
matrices for this structure and the initial form of the
associate transfer matrices is dependent upon the form of
the support structure unknowns vector. As each lumped-
parameter characteristic is crossed, the associated support
structure transfer matrices just beyond the lumped-parameter
characteristic are obtained in terms of those previous by
use of the form specified in Equation (11) with

i i
Ek,n]m replaced by [Sk:ls‘

After eigenvalue convergence is obtained, the k-frequency-
shifted support structure state variables are then determined
at each section relative to the local and fixed coordinate
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systems of the rotor support structure by use of the support
structure transfer matrix procedure.

FINAL GOVERNING MATRIX

The system representational equations (Equations (20), (21),
(29), (30), (31), (32), (33), and (35) of Reference 1 and
the additional blade discontinuity-related equations dis-
cussed in Reference 2), as required for the coupled rotor/
helicopter system of interest, can be used in conjunction
with Equations (10) and (13) to define the k-frequency-
shifted governing equations. These k-frequency-shifted
governing equations can be expressed in the simple matrix

form
L [ &)
T q } =0 14
n=Nf k,n n (14)

where [%k ;] specifies the contribution of n-frequency-shifted
’

unknowns contained in {EA} to the k-frequency-shifted govern-
ing equations.

As an example of the constructicn of[?k gl, the general form
’
ade

of this matrix for a coupled three-b rotor/helicopter

system is given by the expression

N » e BN = I =
I:gwk.n] [ggkr;l B0 1| [%Bx,n)2| [5Bk,n)5
)llee 1l 7 e T
0 [Fﬁkjan _Fsk,n_l _FBk,n_Z _FBk,rL3
7 1= |[E]. &ller. Tl 1M 12w 13| a9
[Tkvr;I - _BS}JI Saf PFk,nl1| (BB, n) 1| BB, n]1| BB,
o kll—= 1 |~ TJ1ll= T2i[= 713
fsk:'z Sn[1B¥%,n]2|®Bk,n|2| | BBk, n] 2| [BBk,n|2
[ kilm= 1 Ile= T1il== 2l T3
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where integers have been used for blade subscripts and super-
scripts. The top row of submatrices are obtained from thLe
control system governing equations. The second row of sub-
matrices are obtained from the moment and shear boundary con-
dition equations at shaft-rotor hub interface. The third,
fourth, and fifth rows of submatrices are obtained from the
slope and displacement boundary condition equations at the
shaft-rotor hub interface and from the blade discontinuity
equations for the first, second, and third blades, respec-
tively. These submatrices have been defined in detail in
Reference 1 for a fully coupled flexstrap, articulated,
gimballed, or teetering rotor/helicopter system., For a
fully coupled bearingless rotor/helicopter system the sub-
matrix definitions are different than those of Reference 1
due to the different discontinuity unknowns and discontinuity
equations which are involved. It is to be noted that the
content and dimensions of some of the submatrices for a
particular system are dependent upon the degree of inclusion
of control system spatial harmonic effects, the number of
blade discontinuities, and the type of rotor system.

The n-frequency-shifted unknowns vector is defined by

&
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where the n-frequency-shifted control system unknowns are
given by the general form

¢ 4
¥_Nmax (57109
W_l(s-inQ)

CAEREACELUIN,

Wl(s-inQ)

- S
LwNmax(S inQ)

in which Nmax is the limit on the number of spatial har-
monics retained in the control system representation, the

n-frequency-shifted support structure unknowns are given by
*

{§£} & and the n-frequency-shifted mth blade unknowns

are given by the general form

3\

( *

(ot

(BT )
(37,
{ﬁh} m = | B3)nt
(34,
(35
(38_)

\ /

Blade discontinuity unknowns that are not to be included for
a particular system of interest are omitted from the blade
unknowns vectors. In addition, the individual columns of
the last three columns of submatrices in Equation (15),
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which in the general form of these submatrices would multi-
plv the discontinuity unknowns not included, would also be

omitted.

The definitions provided by Equations (15) and (16) assume

a coupled rotor/helicopter system having a control system

and a rotor support structure in addition to the rotor blades.
With alterations in the coupled rotor/helicopter system com-
plexity the construction of this matrix and the unknowns
column vector is modified. As an example, if a particular
coupled tail rotor/helicopter system does not have a control
system, the first row of submatrices and the first column of
submatrices are omitted from the matrix and the control sys-
tem unknowns are omitted from the unknowns vector. Similarly,
if a particular system does not have a rotor support structure
the second row of submatrices and the second column of sub-
matrices are omitted from the matrix and the support structure
unknowns are omitted from the unknowns vector. In addition,
the removal of a blade requires the omission of the corre-
sponding blade unknowns (including discontinuity unknowns)
from the unknowns vector and the omission of the row and col-
umn of submatrices containing the associated diagonal blade

array. Thus, analytically the [?k é] matrices can be as
’
complex as shown in Equation (15), more complex due to addi-
- 1
tional blades, or as simple as [BBk :l 3
n
. 1
The use of the blade phasing assumption for which all blades
of the rotor are identical and equally spaced azimuthally
allows the size of the[?k é] matrices to be significantly
’

reduced by the removal of the submatrices associated with
blades other than the first blade. With the use of this

assumption the submatrices EgBk,r]J. and I:FBk'r;l 1 have an

altered form to include the contributions of the additional
blades. 1In the case of a gimballed or teetering rotor, the

1
submatrices [?Ek ;] 1 also are modified. This option allows
’

the user to specify the type of blade modes to be obtained
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(i.e., umbrella, reactionless, forward cyclic, or backward
cyclic modes).

The k-frequency-shifted matrix equations represented by
Equation (14) involve n-frequency-shifted unknowns which
can be defined by considering values of k from -Nf to
+Nf such that the final governing matrix equation required
for solution may be obtained in the form

[CA

—

o)) [ {70
o *
T 1= L = 0 (17)
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for Nf=1. 1In general, the number of [?k'él matrices re-

quired to construct the final governing matrix is defined

by (2Nf+1)2. Thus, the size of the final governing matrix
for a particular coupled tail rotor/helicopter system is
dependent on the value of Nf and the size of the indivi-
dual Eik ;] matrices. The use of the blade phasing assump-~

tion can be seen to significantly decrease the size of the
final governing matrix which must be solved.

The operational procedure that the computer program uses
to obtain the final g verning matrix in numerical form is
to determine the numerical form of the individual
[?k é] matrices involved in the final governing matrix and

’
to store this information in a consistent order in a tempo-
rary storage unit (disk or tape). The final governing matrix
in numerical form as required for the determination of the
determinant and assumed mode shape correction values is ob-
tained by reading the stored values of the ':Tk';l matrix in

the proper sequential order. It is to be noted that when
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the numerical content of each E% matrix is fully deter-

k,n
mined, the data is dumped off to tape so that the matrix
storage array can be used for the ne:iit matrix.

The numerical construction of a [?k é] matrix is achieved by
’

determination of the rumerical content of each submatrix
which is required to construct the matrix and proper place-
ment of this information in the matrix storage array. In
the majority of submatrices, the required numerical infor-
mation is obtained by use of the final associated transfer
matrices for the blade and rotor elastic support structure
and the stored information required at blade discontinuity
locations. Although the analytical representation uses
matrix operators in addition to numerical operators to spec-
ify the particular information required for a submatrix, the
computer program achieves the same representation by use of
numerical operators, whose values can be obtained from in-
put parameters, and proper indexing procedures. Some of the
control system-related submatrices are directly constructed
with only manipulation of the control system input parameters
and proper indexing control. Due to the allowance of several
different program representational options such as the type
of rotor system, the type of blades, and the use of the blade
phasing assumption, the construction of submatrices may have
several different forms. Thus, the computer program coding
for the construction of a submatrix may consist of several
parts, of which only one part may be used for a particular
coupled rotor/helicopter system.

EIGENVALUE AND EIGENVECTOR SOLUTION METHOD

The solution method used to obtain the eigenvalues and eigen-
vectors is based on a modified transfer-matrix method. This
method avoids the numerical accuracy problems due to the
taking of small differences of large numbers that generally
occurs in transfer matrix techniques, particularly when the
frequency determinant is computed for higner natural fre-
quencies. In the solution procedure the eigenvector corre-
sponding to the system unknowns and the eigenvalue are
iterated simultaneously until the desired degree of eigen-
value convergence is achieved. This is accomplished by
considering the eigenvector to consist of the sum of a trial
eigenvector and a correction eigenvector such that as the
trial eigenvalues are used in the iteration procedure to ob-
tain a solution eigenvalue the trial eigenvector is being
continuously updated.
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The determination of the correction eigenvector for a given
trial eigenvalue requires a modification of the final matrix
equation for the trial eigenvalue. The final governing ma-
trix equation, as represented by Equation (17), can be express-
ed in the form [A] {X} = 0. The {X} column vector can be
defined in general as {X} = {X} + (€} where {X} is the

trial eigenvector for an iteration and {€} is the correcticn
eigenvector. By substitution of the [X] definition into the

final governing matrix, the expression [A] {¢} = ({F} where
{F} = [A] {)} can be obtained., Premultiplication of this
equation by the inverse of [A] results in {X} = 0. This

problem of indeterminate equations is avoided by normalizing
a particular element X. of {X} to unity such that the corre-

sponding {1} and {€} elements, Tj and Ej’ can be defined to
always be unity and zero in value. Since Ej will always be

zero by definition, the jth column of (A] _can be removed
from [A] and the ej element removed from {€} such that the

modified matrix equation [A'] {€'} = -{F} results where

[A'] is a nx(n-1) matrix and {€'} consists of n-1 elements.
Thus, in this form the modified matrix equation represents
one more equation than there are unknowns. Although, in
general, any kth row of the modified matrix equation can be
removed, best results for the coupled rotor/helicopter prob-
lem are obtained when Ak is a variable closely associated

with the Aj defined as unity. For example, if the blade
flapwise tip deflection is normalized to unity, the Ak

should correspond to the blade flapwise tip slope. On re-
moval of the kth row from the modified equation, the equation
[A"] {€'} = - {F'} is obtained, where [A"] results due to re-
moval of the kth row of elements from [A'] and {F'} results
due to removal of the kth element from {F}. By multiplying
both sides of this equation by the inverse of [A"], the n-1
element correction vector is defined by

(g} = (&a" 17 (F'} . (18)

The computer program for each trial eigenvalue, as the individ-
ual [?k é] matrices are constructed, also carries out the

’
matrix multiplications necessary to determine {F}. The deter-
minant and correction eigenvector are determined on the basis

of the Ek'J matrices and {F} by performing several steps.
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First, the final matrix is constructed numerically by reading
the Tk ;] information in proper sequence from the auxiliary
14
storage unit. The [A] matrix is then reordered by switching
the jth column and last column of [A], which technically
switches the jth variable and last variable of {e¢}. Then
the kth row and last row of the resulting matrix are switched
and the kth element and last element of {F} are switched. A
procedure is then applied which obtains the determinant of
the modified nxn matrix and obtains the numerical {e'}
correction factor using the modified nxn matrix with the
last row and column omitted and the last element of the modi-
fied {F} vector omitted. 1In this procedure the {e'} cor-
rection vector is returned to the inputted {F}. The {e}
correction vector is obtained by defining the last element
of what was {F} to have the value of €, as zero in value,

This program operation accomplishes the manipulation re-
quired by Equation (18).

For the solution method iterative scheme, the program con-
siders trial eigenvalues until the convergence criteria
based on the changes in trial eigenvalues are satisfied or
the number of allowed iterations have occurred. In particu-
lar, for a given starting trial eigenvalue and a set of
parameters required for the analysis, the determinant of
[A] and the correction vector {e} by use of Equation (18)
are determined based on all quantities of the trial eigen-
vector {X} being equal to unity. The {€} quantities are
then added to the {)} quantities to define a new {X}. The
new trial eigenvalue is obtained by increasing the starting
trial eigenvalue by a specified percentage. The new trial
eigenvalue and new {1} are used to determine a new deter-
minant of [A] and a new {€} which is used to update {X}.
From this point on the new trial eigenvalues are based upon
a slope interpolation scheme using the previous two eigen-
values and corresponding determinant values of the form

S\e = Scu ~ “cu Scu T Spal/(8cy T Aral:

In this expression, KCU and ELA denote the determinant values

of'[K] for the iteration just completed and the iteration just
prior to the one just completed, respectively, and Scy’ Sra’

and Syg denote the trial eigenvalues for the iteration just

completed, the iteration just prior to the one just completed,
and the next iteration, respectively. For each new eigen-
value the determinant and {e} are calculated with the latter
used to update the {X}. After each iteration after the
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first two trial eigenvalues have been used, a convergence
criteria test is applied such that a sufficient eigenvalue
and eigenvector have been obtained if

< . lMer' where denotes the complex

(syg = Scy)/Scu

absolute value and Mer is an integer defining the con-
vergence limit desired. As the program iteration proceeds,
the determinant of [A] and the {€} quantities should both
approach zero.
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COMPUTER PROGRAM METHOD OF SOLUTION

The overall execution of the computer program is controlled
by the main program. The main program initially determines,
on the basis of input parameters, whether or not the scanning
procedure is to be employed to obtain starting eigenvalues,
and if so, specifies the operational procedure required. The
main program then, on the basis of the number of starting
eigenvalues inputted or obtained from the scanning procedure,
the convergence criteria, and the iteration limit, directs
the operational procedure of the program. If more than one
case is to be considered in a computer run, the main program
repeats the process for the additional runs. The overall
iterative system flow for the computer program assuming that
starting eigenvalues are provided, is depicted in Figure 19.

The basic operational steps involved in the program method
of solution are:

1. the input of system parameters,

2., the determination of intermediate terms,
3. the eigenvalue scanning procedure,

4. the blade transfer matrix procedure,

5. the rotor support structure transfer matrix
procedure,

6. the construction of the Tk ;] matrices and
’

the trial eigenvector forcing function vectors
{F},

7. the determination of the final matrix determinant
and eigenvector correction array {el.

Each of these operational components will be discussed to
various degrees.

The system model parameters, program logic parameters, and,

if needed, aerodynamic coefficient data are required as in-

put to the program. The method of input of data consists

of reading into a storage array all data (except aerodynamic
data) using a single format which requires specification of
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the variable array location and the variable value in float-
ing point form. The storage array input in floating point
form corresponding to program integer variables is used to
define the respective integer variables. The storage array
consists of control and system parameter input stored in the
first 200 locations, blade and rotor support structure sec-
tion data in the next 2000 locations (50 locations per sec-
tion), and a radial and azimuthally varying induced velocity
distribution, if desired, in the last 600 locations. The
reason for the use of this input form was to eliminate the
necessity of a defined order of input so that input cards out
of order would not result in erroneous results or aborted
computer runs. This method of input also allows several
model configurations to be considered consecutively, with
only system values inputted for those that are altered from
the previous configuration. In addition, a variable can be
modified to a new value after being previously defined in
the same set of input, such that a basic input deck followed
by input modifications can be used for the specific configu-
rations of interest. The aerodynamic coefficient data, if
required, must be read in for each case of a run. The input
of this data allows the use of several input formats.

Since many terms and multiplying coefficients involved in
the analysis are not a function of the Laplace transform
variables and thereby the trial eigenvalue, these terms and
coefficients (intermediate terms) are computed and stored
prior to the first iteration of a case instead of being
recalculated on every iteration of the iteration procedure
for every initial eigenvalue. Intermediate terms required
for the representation of the blade and rotor support struc-
ture sectional characteristics, except for aerodynamics, are
stored in the SD vector which is contained in the labelled
common SAIN. Intermediate terms for the representation of
the blade and rotor support structure aerodynamic sectional
characteristics are stored in the AMA vector contained in
the labelled common AMAT and the AFA vector contained in the
labelled common FUSA. 1In addition, intermediate terms asso-
ciated with the control system representation and the blade
discontinuities are also stored. This procedure of calculat-
ing and storing intermediate terms was instituted to reduce
the program running time for a system configuration.

The eigenvalue scanning procedure was incorporated into the
program mainline as an independent control segment to allow
the determination of the possible solution eigenvalues in a
specified range of stability (real part of the eigenvalue)
and frequency (imaginary part of the eigenvalue) values. If
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this procedure is utilized, the program operation equivalent
to a single iteration is executed for each eigenvalue of a
grid of values defined by the specification of the lowest
stability and frequency values to be considered, the stability
and frequency step sizes, and the number of stability and
frequency steps to be taken. For each trial eigenvalue of
the grid, the determinant of the final governing matrix is
determined. An interpolation scheme is applied to the re-
sulting information to determine possible solution eigen-
values, which are then used as starting eigenvalues for the
normal iterative procedure to determine the solution eigen-
values and corresponding eigenvectors and mode shapes for
the problem of interest. This procedure is not foolproof,
however, since reasonable step sizes in both frequency and
stability values are required to avoid missing possible
eigenvalues.

The blade and rotor support structure transfer matrix pro-
cedures are discussed in a previous section; therefore, only
the overall concept of these procedures is reviewed here.

The blade transfer matrix procedure consists of two basic
forms, that used during the iterative procedure and that
used to obtain the state variables (mode shapes) at the end
of each section. During the iterative procedure, the rep-
resentation of the blade variables at the rotor hub - in
terms of the blade tip and discontinuity unknowns - is ob-
tained for each trial eigenvalue by successive multiplica-
tion of the initial blade tip-associated transfer matrices
and discontinuity columns by the individual lumped-parameter
characteristic transfer arrays as each characteristic is
crossed in transferring from blade tip to rotor hub. The
individual blade transfer matrices are obtained by use of

the stored intermediate terms and from the value of the trial
eigenvalue. Also, during the application of the blade trans-
fer matrices, information required for the blade discontinuity
equations is stored as the discontinuities are crossed. When
a solution eigenvalue is obtained (converged eigenvalue) the
blade transfer matrix procedure is repeated for the solution
eigenvalue in the same manner as during an iteration, except
that at the inboard end of each blade section the associated
blade transfer matrices and discontinuity columns correspond-
ing to this location are applied to pertinent blade solution
eigenvectors to obtain the frequency-shifted and unshifted
blade section state variables. The solution eigenvector
used to determine the values for the blade section state
variables is equivalent to the sum of the trial eigenvector
and the correction eigenvector associated with the iteration
involving the solution eigenvalue.
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The rotor support structure transfer matrix procedure is sim-
ilar in concept to the blade transfer matrix procedure, except
that due to the lack of structural discontinuities and aero-
dynamic interharmonic coupling the form of the representation
is simpler. This transfer matrix prccedure also consists of
two basic forms; that used during the iterative procedure and
that used to obtain the state variables (mode shapes) at each
section of the rotor support structure when the eigenvalue has
converged. These procedures are carried out in the same man-
ner as for the blade representation but involve rotor support
structure variables, unknowns, and intermediate parameters.

The representation of the frequency-shifted and unshifted
blade and rotor support structure state variables for each
trial eigenvalue at the rotor hub and discontinuity locations,
in terms of the blade tip unknowns, discontinuity unknowns,
and the rotor support structure unknowns, provides the major-
ity of the terms necessary for the construction of the

Tklé] matrices as defined by Equation (15). The remaining
terms, such as control system governing equation terms, can
be obtained by direct use of the system parameters or a com-
bination of system parameters and blade and rotor support
structure variable representations. As previously discussed,
the complexity of these matrices is dependent on the degree
of interharmonic coupling involved, the degrees of freedom
of the rotor shaft-rotor hub interface, the number of rotor
blades, the inclusion of control system representation, the
inclusion of a rotor support structure, the use of the blade
phasing assumption, etc. Through the use of subroutines,

the program for each trial eigenvalue determines the numer-

ical construction of each l:'f‘k n] matrix as required by the
’

value of Nf and stores this information on an auxiliary
storage ingut and also obtains the trial eigenvector forcing
function {(F}

The determination of the final governing matrix determinant
and the correction eigenvector for each trial eigenvalue, and
the iteration procedure used to obtain the solution eigen-
value, eigenvector, and mode shapes, is discussed in detail
in the previous section. It should be noted that the deter-
minant of the final governing matrix and the correction vector
for each trial eigenvalue are obtained simultaneously by use
of a sophisticated triangularization technique. This tech-
nique operates on the total final governing matrix and trial
eigenvector forcing function in a manner such that an iter-
ative procedure to obtain the determinant and a matrix
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inversion for the correction eigenvector are not required.
This technique has proven to be much faster in execution time
and more accurate than previously used matrix manipulation
procedures.

The roles which the various subroutines perform in the over-
all operation of the computer program to obtain the solution
for the eigenvalues, eigenvectors, and mode shapes of a
coupled rotor/helicopter system can be noted in the section
pertaining to the description of the functionality of the
various subroutines.
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INTERPRETATION OF COMPUTER PROGRAM RESULTS

The resultant eigenvalue and eigenvector values obtained by
the use of the HASTA program represent the behavior of the
total system investigated. This program provides the funda-
mental and harmonic coefficients in a complex variable form
of the real-time control system, blade, and rotor support
structure state variables., A rotor support structure state
variable at the hubward end of the ith section can be ex-
pressed as a function of time in the general form

[>]

fey W LT x@ ipli)) oot dlutipdt) (19)
p=-®

and Yél)
nary part, respectively, of the state variable of interest,
o and w are the real and imaginary part, respectively, of
the solution eigenvalue, and p 1is an integer that when
positive in value denotes an oscillatory behavior at a fre-
quency pfl radians per second higher than that corresponding
to w. In the HASTA program output the state variables are
printed in the order of p, going from positive to negative.
By conversion of the exponential function with the imaginary
argument in Equation (19) to a sine and cosine equivalent
representation, the form of this equation can be modified to

In this expression, X;l) are the real and imagi-

R(i) ectcos(wt + pit + B(i)

20
=— P P) el

£(¢) (1)

"o~ 8

(1) (i), 2 (i) 2 (1) (1) (i)
h =
where R ¢<; ) + (Y ) and B arctan(Y /Xp ).

To be practical, the summation can be truncated to the range
-Nf to Nf.

This state variable representation can be modified to repre-
sent a blade state variable at the inboard end of the ith
section when the blade phasing assumption is not employed, by
adding m subscripts to all blade-related variables. The
behavior of the mth blade is relative to the rotating coordi-
nate system of the mth blade on an azimuthal basis. Thus,

at t equal to zero, the value of a state variable for the
mth blade defined by the form of Equation (20) is for the
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blade ¢m radians azimuthally ahead of the fixed reference
blade location. The variable ¢m is not involved in the non-

phased blade state variable definition of the form of Equa-
tion (20) since the contribution of this variable has been
included in the blade tip state variables by the analysis
coded.

When blade phasing is used, state variable coefficients are
obtained for the first blade for which ¢l is defined to be

0 in value, such that the definition for additional blades
1s obtained by use of the phasing relationship

() (1) i(-n-Npsk
{sn}m = {Sn}l e where Nps is an integer

denoting the type of phasing specified. From this relation-
ship the p-related coefficients for a state variable of the
mth blade can be defined as the corresponding state variable
i(p-NpS)¢m
of the first blade multiplied by e . Thus, for
blade phasing the representation used above for a support
structure state variable would be modified, with the blade-
related quantities having a subscript of 1 added, except

for f(t) (l), which would have an m subscript added and
would have pQt replaced with p(Q+¢m) - Nps¢m. The resulting

mth blade state variables are azimuthally referenced to their
own rotating hub coordinate system.

The fundamental and harmonic coefficients of the blade state
variables defined both relative to the local blade coordinate
system axes and to the rotating hub coordinate system (disk
plane) axes can be provided in complex variable form by the
HASTA program. Thus, the required form of Equations (19) and
(20) can be used to determine the time-dependent behavior of
the blade state variables as defined relative to either set
of coordinate system axes, depending on which state variable
output is used. The disk plane-related blade state variable
fundamental and harmonic coefficients, if provided in complex
variable form, are also provided in polar form such that only
Equation (20) need be used to define the time-dependent be-
havior of the blade state variable as defined relative to the
disk plane coordinate system axes. Similar comments are
appropriate to the support structure state variables in that
the fundamental and harmonic coefficients of these state
variables can be provided relative to the support structure

80




fixed coordinate system in both complex variable and polar
form, in addition to those of the standard complex variable
form defined relative to the local support structure coordi-
nate systems. The control system rotating frame displace-
ment variable wz(t) can be defined in the same form of

representation as for the rotor support structure, with

£(t) %) replaced by w,(t) and xp‘l) and Yp(l)

Xy P and Yz p’ respectively. The latter corresponds to the
’ 14

coefficients of the Lth spatial harmonic of control system
ring motion in the rotating control system coordinate sys-
tem at a frequency of w + pqQ.

replaced by
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DESCRIPTION OF SUBROUTINE AND FUNCTIONS

Subroutine
or function Description

ACOEFF called from AERO and computes the two-
dimensional 1lift, drag, and moment coeffi-
cients and their slopes based on an airfoil
angle of attack, Mach number, and specified
type of aerodynamic coefficient representation

AERO called from BAERO and FAERO and computes
aerodynamic angle of attack, Mach number,
and preliminary aerodynamic terms (including
Theodorsen aerodynamics on blade) required
to determine the intermediate terms neces-
sary for the aerodynamic transfer matrices
at an aerodynamic load point

BAERO called from SECPAR and computes the inter-
mediate terms necessary for the construction
of the aerodynamic transfer matrices at a
blade aerodynamic load point by performing a
harmonic analysis of functions

BARRAY called from the main program and performs the
transfer matrix procedure for successive blade
sections to obtain the associated blade trans-
fer matrices and discontinuity column vectors
with the necessary information at discontinuity
locations being stored for subsequent use dur-
ing an iteration and the blade state variables
at each section (mode shapes) being determined
with respect to the local section and disk
plane coordinate system after eigenvalue
convergence

BEND called from BARRAY and SARRAY and constructs
the bend transfer matrix necessary to account
for changes in the local blade or rotor sup-
port structure section coning, pitch, and
sweep angles
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Subroutine
or function

BLARO

BMASS

CDOoT

DCMAT

ELAST

EPSOLN

ERRSET

EXCHI

Description

called from BARRAY and constructs the aero-
dynamic transfer matrices necessary to ac-
count for aerodynamic effects on a blade
section

called from BARRAY and constructs the mass
transfer matrices necessary to account for
mass and inertia effects on a blade section

called from MLCC2 and is a FORTRAN-callable
complex function written in assembler lan-
guage that obtains the dot product of two
complex vectors

called from SOLVE and computes the deter-
minant of a nxn complex matrix and solves
the nxn complex matrix equation returning
the matrix inverse to the input matrix and the
solution to the input column

called from BARRAY and SARRAY and constructs
the elastic transfer matrix necessary to
account for flexibility of a blade or rotor
support structure section or constructs a
transfer matrix associated with flexstrap
or torque tube blade restraints (blade sec-
tion only)

called from the main program and controls the

order of determination of the [Ek é] matrices
14

and their transferral to auxiliary storage
(tape or disk) and constructs the [F] vector

called from SOLVE and is an IBM-supplied sub-
routine for handling errors

called from 2LN, XNLQ, and ULN and computes
exponential functions of the general form

i(L-Q) x.
e J where L and Q are both integers
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Subroutine
or function

EXPON

FAERO

FMASS

FUARO

LOADIN

MLCC2

MLRC2

POLAR

RCDOT

Description

called from SUBMA, SUBMB, SUBMF, SWA, SWB,
and ZTEGIL computes the exponential functions
iL¢
of the general form e where L 1s an integer
called from SETUP and computes from the pre-
liminary aerodynamic terms the intermediate
terms necessary for the construction of the
aerodynamic transfer matrices at a rotor
support structure aerodynamic load point

called from SARRAY and constructs the mass
transfer matrices necessary to account for
mass and inertia effects on a rotor support
structure section

called from SARRAY and constructs the aero-
dynamic transfer matrices necessary to
account for aerodynamic effects on a rotor
support structure section

called from SETUP and reads in the program
control parameters, blade and fuselage sec-
tion data, and control system data

called from BARRAY and SARRAY and multiplies,
in string mode, a complex 12xn matrix by a
complex 12x12 matrix, returning the complex
results in the input 12xn matrix

called from BARRAY and SARRAY and multiplies,
in string mode, a complex 12xn matrix by a
real 12x12 matrix, returning the ¢ mplex re-
sults in the input matrix

called from BARRAY and SARRAY and converts
state variable harmonic coefficients to a
polar form

called from MLRC2% obtains dot products
of a real and a complex vector and is a
FORTRAN-callable complex function written
in assembler language
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Subroutine
or function Description

RIGID called from BARRAY and SARRAY and constructs
the rigid transfer matrix necessary to account
for rigid shear center axis offsets on a blade
or rotor support structure section

ROWSUM called from DCMAT and is a FORTRAN-callable
subroutine written in assembler language
which performs matrix row operations

SARRAY called from the main program and performs
the transfer matrix procedure for succes-
sive rotor support structure sections to
obtain the associated rotor support struc-
ture transfer matrices with the rotor sup-
port structure state variables at each
section (mode shapes) being determined
with respect to the local and fixed rotor
support structure coordinate systems after
eigenvalue convergence

SECPAR called from SETUP and computes the intermedi-
ate transfer matrix-related terms for both
blade and rotor support structure sections
and stores this information in the SD stor-
age array, constructs the aerodynamic AMA
storage array, and also outputs the section
input data for all sections and the blade
section steady forces and moments

SETUP called from the main program and calls LOADIN
and TABLU for the reading of system input
parameters and aerodynamic data, respectively;
defines integer control variables based on
their corresponding floating point form vari-
ables, calculates intermediate terms including
the construction of the aerodynamic AFA stor-
age array, calculates program control param-
eters including indexing parameters, and
outputs input data with descriptive headings
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Subroutine
or function

SOLVE

STIFF

SUBMA

SUBMB

Description

called from the main program; reads the
final matrix from the auxiliary storage
unit and obtains the determinant of the
final matrix and the correction eigen-

vector on each iteration

called from BARRAY and SARRAY and constructs
the transfer matrices necessary to account
for torsional spring-damper units on a blade
or rotor support structure section; can be
used to account for a flap or lead-lag hinge
between two blade sections

called from TKNS; for a value of k and
n constructs the elements of the
Tk n| matrix corresponding to the E?ﬁg] and
14
E?k é]m subnatrices of Equation (15), which
’
specify the contribution of the rotor support
structure unknowns to the blade and rotor
support structure related governing equations

called from TKNS; for a value of k and
n constructs the elements of the E?k é]
r

matrix corresponding to the Fﬁk sub-
,njm

matrices of Equation (15), which specify the
contribution of the blade unknowns to the rotor
support structure-related governing equations;

constructs the first six rows of the E?%( :]i
’n

submatrix of Equation (15), which specify the
contribution of the blade unknowns of the
first blade to the blade-related governing
equations of the first blade (not including
discontinuity equations)
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Subroutine
or function

SUBMF

SUBMG

SWA

SWAPS

Description

called from TKNS and for a value of k and
n constructs the elements of the [%k ;]
’
matrix corresponding to the I:'B—Ek ;lﬁ sub-
!

matrices of Equation (15) for values of m
other than unity

called from TKNS and for a value of k and
n constructs the elements of the Erk,r]
matrix corresponding to discontinuity rows
of the E_Bk';H submatrix of Equation (15),

which specify the contribution of the blade
unknowns of the first blade to the blade
discontinuity equations of the first blade

called from TKNS and for a wvalue of k and

n constructs the elements of the [%k ;]
?

matrix corresponding to the [%wk ;] and
’

[?§£]m submatrices of Equation (15), which

specify the contribution of the control
system unknowns to the control system govern-
ing equations and to the blade-related
governing equations, respectively

called from SOLVE; swaps the column desig-
nated by NORM with the last column of the
final matrix and then swaps the row designated
by IREM with the last row of the final matrix
(note: NORM and IREM are associated with the
location of a column and row in the

TO ,0 matrix
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Subroutine
or function

SWB

TABLU

TKNS

ULN

XNLQ

ZLN

Description

called from TKNS and for a value of k and
n constructs the elements of the [Tk ;]
[
matrix corresponding to the [??k é] and
’
ES—Bk :I submatrices of Equation (15), which
N (m

specify contributions of the rotor support
structure and blade unknowns to the control

system governing equations

called from SETUP and reads in aerodynamic
data, if required

called from EPSOLN and for each value of
k and n calls the subroutines necessary

for the construction of [% :]
k,n

called from SWB and computes multiplier
terms involved in the determination of the

elements of the [%k ;] matrix corresponding
’

to the [%Fklgl submatrix

called from SWA and computes the elements

of the [%k ;] matrix corresponding to the
!

. M

diagonal elements of L?wk,n

called from SWA and computes the elements

of the [%& ;] matrix corresponding to the
14

off-diagonal elements of [?Wk ;J
’
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Subroutine
or function

ZTEGI

Description

called from TKNS when the rotor system is
gimballed or teetering and computes the

elements of the [?k’;] matrix corresponding
to the [ﬁk,rﬂg submatrices of Equation (15)
where j#m, redefines some of the elements
corresponding to [?ﬁklé]g as required for

these two types of rotor systems
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COMPUTER PROGRAM SYMBOL DICTIONARY

Due to the quantity of computer program variables involved
in the HASTA program, the program variables to be included
in this section are restricted to those which are more sig-
nificant. Thus, input variables which are only used to
define other program variables on a one-to-one basis (such
as floating point variables which define integer variables),
some of the intermediate variables that are used to define
other intermediate and final variables, and indexing vari-
ables are not included in the following definitions. The
number of indices involved in array variables is denoted by
using the general form exemplified by AA(I,J,K,L). The
dimensional requirements and present dimensions of the pro-
gram arrays are specified as part of the user's manual por-
tion of this report. The algebraic symbols used in Refer=-
ence 1 and this report corresponding to the computer program
variables are provided where applicable. It is to be noted
that although a program name may represent more than one
variable there is no conflict since an identicai program
name may be used in a subroutine. Where applicable, units
are given in English units but equivalent SI units or other
systems of units (e.g., inches instead of feet) may be used
if applied to all definitions of program variables.

Computer Algebraic
Name Symbol Definition or Description

A(I) Kg]; array representing a blade mass
transfer matrix in string mode
by row

A(I,J) E_\-ij ,[X] final governing matrix array

AC(I) (o3 damping coefficient of the con-

] trol system ring jth cyclic
spring-damper unit support,
lb-sec/ft
= i

AC(I) E:n-]Jm array specifying the contribu-

tion of aerodynamic damping

terms to a blade section aero-
dynamic transfer matrix in
string mode by row
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Computer

Name

ACP(I)

ACT (I)

AD(I)

AEXT

AFA(I)

AG

AIRD

AK(I)

AKCI(I)

Algebraic

Symbol

c¢j

ch

5:

1/k

Definition or Description

torsional damping coefficient
of control system ring jth tor-
sional spring-damper unit
counteracting local ring lon-
gitudinal rotation, ft-lb-sec/
rad

torsional damping coefficient
of control system ring jth tor-
sional spring-damper unit
counteracting local ring later-
al rotation, ft-lb-sec/rad

array specifying the contribu-
tion of non-damping aerodynamic
terms to a blade section aero-
dynamic transfer matrix in
string mode by row

length of torque tube pitch
control structure spur or ex-
tension shaft, ft

storage array for intermediate
support structure section aero-
dynamic. terms

gravitational acceleraticn
constant, ft/sec2

air density, lb-secz/ft4

linear stiffness of the control
system ring jth cyclic spring-
damper unit support, lb/ft

reciprocal of the mth blade
control rod axial stiffness
for an articulated type blade,
ft/1lb
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Computer
Name

AKP (I)

AKT(I)

AL(I,J)

AL12(I)

ALM(I)

ALPHS(I,J,K,L)

ALPHZ

Algebra

Symbol

k¢j

k6.
J

LlZm, L

{1}

ic

cc

Definition or Description

torsional stiffness of control
system ring jth torsional
spring-damper unit counteract-
ing local ring longitudinal
rotation, ft-lb/rad

torsional stiffness of control
system ring jth torsional
spring-damper unit counteract-
ing local ring lateral rota-
tion, ft-1lb/rad

trigonometric functions of
control rod orientation angles
for the jth flexstrap or bear-
ingless blade

perpendicular distance between
rotor disk plane and mth blade
control rod-control system

attachment point, positive if

attachment point is in -Z.n

direction from disk plane, ft
(for flexstrap or bearingless
blade)

trial eigenvector column array

storage array for the angles
of attack inputted for each
Mach number for each type of
aerodynamic coefficient for
each aerodynamic table number

calculated angle of attack at
an aerodynamic load point, rad
{but usually converted to
degrees, dependent on aerody-
namic coefficient representa-
tion used)
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Computer
Name

ALSTH (I)

AMA (I)

AMACH (I,J,K)

AMACZ

AMKC (1)

AMY (I,J,K),
AMZ (I,J,K)

AMY (I,J)
AMZ (I,J)

AN(I,J,K)

Algebraic
Symbol

Ly

i i

Definition or Description

perpendicular distance between
rotor disk plane and spur
spherical bearing attachment
point, positive if attachment

point is in ~Z.m direction

from disk plane, ft (for bear-
ingless blade)

storage array for intermediate
blade section aerodynamic terms

storage array for the Mach num-
ber inputted for each type of
aerodynamic coefficient for
each aerodynamic table number

calculated Mach number at an
aerodynamic load point

reciprocal of the mth blade
control rod axial stiffness for
a flexstrap or bearingless
blade, ft/lb

arrays containing the shifted
and unshifted flapwise and
edgewise bending moments, re-
spectively, acting on each
cection of each blade

arrays containing the shifted
and unshifted lateral and ver-
tical bending moments, respec-
tively, acting on each support
structure section

array containing the shifted
and unshifted radial forces
acting on each section of each
blade
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Computer
Name

AN (I,J)

ARMO,ARVZ, ARVY

ATAB

AZER

B(I)

B(I)

BJ(I)

BSAVE (I)

Algebraic
Symbol

[E

i

),

L

k,

4

i

m

i

m

Definition or Description

array containing the shifted
and unshifted axial forces
acting on each support struc-
ture section

steady torque, flapwise force,
and edgewise force, respec-
tively acting on a blade sec-
tion due to aerodynamic effects

numoer of the aerodynamic
data table to be used for
an aerodynamic section

velocity of sound, ft/sec

array representing a blade or
support structure bend transfer
matrix in string mode by row

array representing all k and n
subscripted associated blade
transfer matrices at a section
where each matrix is stored in
string mode by column and the
order of storage of these ma-
trices in the array is accom-
plished by varying n from -Nf
to +Nf for each value of k from
-Nf to +Nf

offset of the control system
jth cyclic spring-damper unit
attachment point from the cir-
cumferential axis of the con-
trol system ring, positive
toward center of ring, ft

storage array for the blade-
associated transfer matrices
B(I) at an aerodynamic charac-
teristic; required to properly
transfer across this type of
characteristic because of inter-
harmonic coupling effects
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Computer Algebraic
Name Symbol

Definition or Description

BVLI,BVLJ,
BVLK

i
& (L) [Cn-lglm

CAPC C
CAPFY,CAPFZ,

CAPM

CAPK K
CAPP

ccs(1,J,K) Cli,C2i,C3i
CFORC PT
CHI X

calculated velocities of an
aerodynamic load point with re-
spect to the first blade-asso-
ciated rotating hub coordinate
system 1, J, and k directions,
respectively, ft/sec

aerodynamic transfer matrix
array identical to AC(I)

damping coefficient of control
system base plate spring-damper
unit support, lb-sec/ft

steady two-dimensional local
aerodynamic edgewise force,
flapwise force, and moment,
respectively, at an aerodynamic
load point

linear stiffness of control
system base plate spring-damper
unit support, lb/ft

effective rotational velocity
of the blade around its span-
wise axis due to coning, rad/
sec

storage array for series repre-
sentation coefficients inputted
for each type of aerodynamic
coefficient for each aerody-
namic table number

centrifugal force acting on a
blade section, 1lb

one of two angles which specify
orientation of the helicopter
velocity wector with respect to
the fixed hub coordinate systen,
rad
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Computer Algebraic
Name Symbol

Definition or Description

CI,CR

CISs,CRS

CLALP,CDALP,

CMALP

CLbM(I,J,K,L) CLi’CDi'CMi

CM1 i
CMS s
COE1l
COE2
COE3

frequency (rad/sec) and stabil-
ity (1/sec) parts of a trial
eigenvalue used during the
search option procedure

frequency (rad/sec) and stabil-
ity (1/sec) parts of the initial
eigenvalue used during the
search option procedure

calculated lift, drag, and mo-
ment coefficient slopes, re-
spectively, at an aerodynamic
load point

storage array for the values

of the aerodynamic coefficients
for each angle of attack for
each Mach number for each type
of aerodynamic coefficient for
each aerodynamic table number

imaginary number, v -1
Laplace transform variable

steady blade torque at pitch
control structure - blade at-
tachment point not removed by
pitch control structure, ft-1lb
(for articulated blade without
pitch bearing, flexstrap blade,
or bearingless blade)

effective distance, which in
conjunction with COEl defines
steady flapwise shear force
acting on blade as a result

ot steady blade torque removed
by pitch control structure, ft

percentage of steady blade
torque not removed by pitch con-
trol structure (for articulated
blades with a pitch bearing)
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Computer Algebraic
Name Symbol

Definition or Description

COLL ecoll

- CPSI(I,J)

Cs(1,J)

Ccsl,cs2

CSA(1,J)

CSUBL,CSUBD,
CSUBM

CTAU(I) Ct

CTB(I)

collective pitch of the blades,
rad, if not included in the
blade section twist distribu-
tion

array containing terms of the
form cos (L (K-1)2nw/NAS)

array containing terms of the
form cosL¢m

k-frequency-shifted Laplace
transform variable s-ik{ and

(s-ikQ)z, respectivnly

array containing terms of the

form cosLxj

calculated 1lift, drag, and
moment coefficients at an aero-
dynamic load point

damping coefficient of the mth
blade control rod for a flex-
strap or bearingless blade,
lb-sec/ft

array representing contribu-
tions of the blade tip state
variables to the control torque
discontinuity equations for an
articulated blade, to the
forces acting on the control
rod end of the pitch arm in the
rotating hub coordinate system
x-axis direction for a flex-
strap blade, and to the de-
flection of the control rod end
of the pitch arm in the rota-
ting hub coordinate system
x-axis direction for a bearing-
less blade, where in all cases
the information is stored by
varying n from -Nf to #Nf for
each value of k from -Nf to +Nf
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Computer Algebraic

Name Symbol Definition or Description
CTB1(I), arrays containing the elements
CTB2(I), required to denote the blade
CTB3(I), torque, pitch bearing, flap,
CTB4(I) and lead-lag discontinuity

contributions, respectively,
to the control torque dis-
continuity equations for an
articulated blade where the
order of storage is the same
as for CTB(I)

CX(I) C. influence coefficients used to
construct the restraint trans-
fer matrices associated with
the pitch control structure of
a flexstrap or bearingless
blade

CYFA fore and aft blade cyclic
pitch corresponding to the
value of blade cyclic pitch
when blade is located in the
fixed hub coordinate system
-y-axis direction, rad

CYLA lateral blade cyclic pitch
corresponding to the value of
blade cyclic pitch when blade
is located in the fixed hub
coordinate system x-axis di-
rection, rad

i
D(I) E)n_l;Im aerodynamic transfer matrix
array identical to AD(I)

DACO control variable such that if
greater than zero in value,
mass and inertia-related
damping are not included in
blade mass transfer matrix

DAT(I) input data storage array

which is equivalenced to
labelled common PLOAD
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Computer
Name

DB(I,J)

DETR(I)

DETR2 (I)

DETSV

DFAC

DFYDP,DFZDP,
DMDP

DFYDVZ,DFZDVZ,
DMDV2

Algebraic
Symbol

Definition or Description

e

final governing matrix array-
identical to A(I,J)

array storing the real part of
the determinant for a zero-
valued imaginary part based on
interpolation at the first
change in sign of the imagi-
nary part during scan of sta-
bility values for each fre-
quency

same concept as DETR(I) but
pertains to a second change in
sign of the imaginary part of
the determinant

value of the determinant of
the final governing matrix
with a factor of 10**(n*20)
removed to avoid overflow
problems

corresponds to the power of 10
(10**DFAC) which is removed on
calculating DETSV and is an
integer multiple of 20

change in the total local
aerodynamic edgewise force,
flapwise force, and moment,
respectively, with respect to
a change in the blade local
torsional angle at an aero-
dynamic load point

change in the total local
aerodynamic edgewise force,
flapwise force, and moment,
respectively, with respect to
a change in the blade local
flapwise velocity at an aero-
dynamic load point
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Computer Algebraic

Name Symbol Definition or Description
DMS (I) dm rigid offset of the mth blade

control rod attachment point
from the circumferential axis
of the control system ring,
positive outward, ft

DPHAS, complex numbers which when

DPIVOT multiplied together provide
the determinant value of the
determinant matrix modified
to have diagonal elements of
a complex absolute value of
unity

DTLG10 factor removed from the de-
terminant in the process of
reducing the determinant ma-
trix to one which has diag-
onal elements with a complex
absolute value of unity

E(I) [E] array representing a blade or
m support structure elastic
transfer matrix in string
mode by row where this matrix
can also represent an elastic
restraint applied to the blade
as in the case of & flexstrap
or bearingless blade

EC(I) array storing the interpolated
eigenvalues associated with
the data stored in DETR(I)

EC(2) array storing the interpolated
eigenvalues associated with
the data stored in DETR2 (I)

ECHI(I) X azimuthal angle of the jth
J control system cyclic spring-
damper unit support relative
to the fixed shaft coordinate
system, rad
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Computer Algebraic
Name Symbol Definition or Description

EE(I) integer data block whose six
values specify the elements
of the initial associated
support structure transfer
matrices that are set to
unity for free support struc-
ture conditions

EGNC,EGNN, trial eigenvalue for the it-

EGNL eration just completed, the
next iteration, and previous
iteration, respectively

EGNS (I) starting eigenvalues for the
solution iteration procedure
(five values allowed for each
case)

EGNSL(I) array containing final eigen-
values obtained for each
starting eigenvalue

EM(I) integer data block used to de-
fine initial associated trans-
fer matrices corresponding to
initial section end conditions -
in BARRAY specifies free end
conditions - in SARRAY specifies

cantilevered end conditions
(similar in concept to EE(I))

EPS (1) {€} and (F} used as both correction eigen-
vector column and trial eigen-
vector forcing function column
array

EYEX flapwise bending stiffness of
the torque tube pitch control
structure spur about its local
coord%nate system y-axis,
1b-ft
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Computer
Name

EZEX

FAB(I)

FAB1(I) ,FAB3(I),
FAB4 (I)

FACC,FACL

FACT

FGRA

Algebraic
Symbol

Definition or Description

edgewise bending stiffness of
the torque tube pitch con-
trol structure spur about its
local_coordinate system z-axis,
b -ft2

same concept as for CTB(I)
except that the contributions
specified are for the pitch
bearing discontinuity equa-
tions for an articulated
blade, for the forces acting
on the control rod end of the
pitch arm in the rotating hub
coordinate system y-axis di-
rection for a flexstrap blade,
and for the deflection of the
control rod end of the pitch
arm in the rotating hub co-
ordinate system y-axis direc-
tion for a bearingless blade

arrays containing the elements
required to denote the blade
torque, flap, and lead-lag dis-
continuity contributions, r2-
spectively, to the pitch bear-
ing discontinuity equations
for an articulated blade (sim-
ilar in concept to CTBl(I),
CTB3(I), and CTB4(I))

value of DFAC on iteration
just completed and previous
iteration, respectively

correction factor to account
for a change in DFAC on suc-
cessive iterations, required
for proper interpolation to
obtain the next trial eigen-
Vi .ue

gravitational acceleration

constant, ft/sec - identical
to AG
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Computer

Name

FLB(I)

Algebraic
Symbol

Definition or Description

FLBl (I),FLB3(I),

FLB4 (I)

FORCE (I)

FSB(I)

{F},{e}

same concept as for CTB(I) ex-
cept that the contributions
specified are for the flap
discontinuity equations for

an articulated blade and for
the forces acting on the con-
trol rod end of the pitch arm
in the rotating hub coordinate
system z-axis direction for a
flexstrap or bearingless blade

arrays containing the elements
required to denote the blade
torque, pitch bearing, and lead-
lag discontinuity contribu-
tions, respectively, to the

flap discontinuity equations

for an articulated blade (sim-
ilar in concept to CTB1l(I),

CTB2 (I), and CTB4(I))

trial eigenvectors forcing
function column array in SOLVE
which on solution is converted
to the correction eigenvector
column array

same concept as for CTB(I) ex-
cept that the contributions
specified are for the lead-lag
discontinuity equations for an
articulated blade and for the
deflection of the control rod
end of the pitch arm in the
rotating hub coordinate system
z-axis direction for a bear-
ingless blade (not involved
with flexstrap blade repre-
sentation)
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Computer Algebraic

Name ~Symbol Definition or Description
FSB1(I),FSB2(I), array containing the elements
FSB3(I) required to denote the blade

torque, pitch bearing, and
flap discontinuity contribu-
tions, respectively, to the
lead-lag discontinuity equa-
tions for an articulated
blade (similar in concept to
CTB1(I), CTB2(I), and CTB3(I))

FVEL helicopter velocity with re-
spect to a stationary refer-
ence coordinate system, ft/sec

FVLA,FVLP, helicopter velocity in the x,

FVLT z, and y axis directions of
the fixed hub coordinate sys-
tem, respectively, ft/sec

GCTCP component of gravitational
acceleration acting perpendic-
ular to the rotor disk plane,
ft/sec?

GP,GT ¢ and 6 two angles that specify
g 9 orientation of the gravity
vector relative to the fixed hub
coordinate system, rad

IALP integer data block whose six
values specify the rows of
the associated transfer ma-
trices at the shaft-hub
interface that correspond to
slope and deflection defini-
tions

IBW internal control variable
allowing use of blockage
(MTAB=7) or simplified NACA
0012 linear aerodynamics
(MTAB=6) for the support
structure
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Name Symbol

Definition or Description

ICHG (I)

ICOL, IROW

IF,IG

ILL

IPCT

IPU

IREM

operational integer array
utilized in triangularization
of the final governing matrix

number of the column and row,
respectively, of the final
governing matrix to be
switched with the last column
and row of the matrix for de-
ternination of the correction
eigenvector (ICOL=NHC*NRIFC+
NORM andIROW=NHC*NRIFC+IREM)

number of frequency and sta-
bility steps, respectively, to
be used in the search option
solution method

index denoting aerodynamic
load point number for use of
azimuthal and radially varia-
ble induced velocity field

number denoting the percentage
of a l-percent increment of
the starting trial eigenvalue
to be added to obtain the
second trial eigenvalue

control parameter which con-
trols punched shape vector
output (0-no punched output,
l-punched output)

the number of the row in the
set of unshifted equations of
the final governing matrix
which is to be removed for
obtaining the correction
eigenvector (see definition
of IROW)
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Computer
Name

IROW1 (1)

IROW3 (I)

ISER

ITI

KSML

M1-+M7

Algebraic
Symbol

Definition or Description

integer data block whose six
values specify the rows of
the associated transfer ma-
trices at shaft~-hub shaft in-
terface that correspond to
force and moment definitions

integer data block whose two
values specify the rows of
the associated transfer ma-
trices at the shaft-hub in-
terface that corresond to
the blade flapwise and edge-
wise force definitions

control parameter that
specifies whether aerodynamic
coefficient data corresponding
to a data table number is to
be inputted in the standard
tabular form, C-81 tabular
form, or a series rep-
resentation form (0-standard
tabular data, 81- C-81 tabu-
lar data, l-series data)

iteration index with ITI
equal to zero on the first
iteration

integer denoting the frequency
shift of the equations and
Laplace transform variables

section control parameters
where M1,M2,M3,M4,M5,M6, and
M7 correspond to mass and
inertia, bend, aerodynamic,
elastic, rigid offset, tor-
sional stiffness, and elastic
restraint lumped-parameter
characteristics of a section,
respectively (the section con-
trol parameter associated with
a lumped-parameter character-
istic is 0 if characteristic
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Computer
Name

MAER

MCON

MCT ,MFEA,
MFLAP,MLEL

MCTY

Algebraic

Sxmpol

Nmax

Mr

Mct ,Mfea,
Mflap,Mlel

Mer

Definition or Description

is not to be included, 1 if
included in a blade section,
and 2 if included in a support
structure section) Note: M7
must = 0 if MFLEX = 0

aerodynamic control parameter
(0-no aerodynamics, l-blade
and/or support structure aero-
dynamics included)

hicg. est azimuthal (spatial)
harmonic of control system
ring displacement to be in-
cluded

control parameter for the in-
clusion of the effects of the
pitch control structure re-
straint unknowns on the flex-
strap or bearingless blade
behavior (0-these effects not
included, l-these effects
included)

control torque, pitch bearing,
flap, and lead-lag disconti=-
nuity control parameters for
an articulated blade, respec-
tively (0-discontinuity not
included, 1l-discontinuity in-
cluded)

control parameter used in con-
junction with MFLEX=1 to de-
note whether a flexstrap or
bearingless rotor is of in-
terest (0O-flexstrap, l-bear-
ingless)

number of repeatable signifi-
cant figures required for
convergence of the iteration
procedure for each starting
eigenvalue
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Name

MFASB

MFLEX

MFUS

MODE

MSC

MTAB

MXCPK

MXCPL

MXCPM

MXCSB

Algebraic
Symbol

Definition or Description

number of elements required in
storing discontinuity contri-
butions to the discontinuity
equations (e.g., CTB1(I))

blade type control parameter
(0-articulated, l-flexstrap
or bearingless)

support structure control pa-
rameter (0-no support struc-

ture, l-support structure is

included)

internal iteration control
parameter (O-iteration proce-
dure to continue, l-mode
shapes to be determined for
solution eigenvalue)

control system collective
spring-damper unit control
parameter (0-no unit,
l-collective spring-damper
unit included)

number of the aerodynamic
data table to be used for an
aerodynamic section

number of elements required

in the associated blade trans-
fer matrix storage arrays B(I)
and BSAVE (I)

number of combinations of k
and n values required
(MXSMI*MXSMI)

number of elements in an in-
dividual associated transfer
matrix array (72)

number of elements in an in-
dividual discontinuity column
array (12)
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Name

MXFAB

MXKQ

MXQ

MXSMB

MXSMI

MXT2P1

MXTKN

NAMA

NAS

NB

Algebraic

Szmgol

NAS

Nb

Definition or Description

number of elements required

in the arrays used for storing
the blade tip variable contri-
butions to the discontinnity
equations (i.e., CTB(I))

number of elements required to
store the n-related discon-
tinuity column arrays for a
particular value of k

number of equations in the
final governing matrix (MXQ x
MXQ)

number of elements required in
the arrays used for storing
the discontinuity column ar-
rays (e.g., SMLB(I))

number of sets of k-fre-
quency-shifted equations
(2*NHC+1)

number of control system
equations for a particular
value of k

number of elements in TKN(I)

number of blade aerodynamic
intermediate terms stored iox
each blade section having
aerodynamic lumped-parameter
characteristics

number of azimuthal steps to
be used for the blade aero-
dynamic harmonic computations

number of blades unless the
blade phasing assumption is
used (NBP¥0) where NB must
be equal to 1
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Computer

Name

NBC

NBP

NBSEC

NCACF,NCACG

NCCT, NCFTA,
NCFLP

Algebraic

Symbol

NS

Definition or Description

number specifying type of
rotor hub conditions (0-can-
tilevered, l-gimballed,
2-teetering)

number of blades when the
blade phasing option is used
(otherwise equal to zero)

number of blade sections
(cannot be greater than 35)

internal logic control param-
eters that specify applica-
tion of the transfer matrix
procedures to SMLF(I) and
SMLG(I), respectively, after
the pitch control structure
restraint application point
is crossed for a bearingless
blade

internal logic control param-
eters that specify applica-
tion of transfer matrix pro-
cedures to the control
torque, pitch bearing, and
flap discontinuity column
arrays (SMLB(I),SMLC(I),
SMLD(I)), respectively, after
the respective discontinui-
ties are crossed for an arti-
culated blade; specifies
application of the transfer
matrix procedures to the
SMLB(I), SMLC(I), and

SMLD (I) arrays after the
pitch control structure re-
straint application point is
crossed for a flexstrap or
bearingless blade
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Computer
Name

NCLEL

NCLS(I,J,K)

NCOLS

NCON

NCT,NFEA,
NFLAP,NLEL

NDAT

Algebraic

Sxmbol

Nr

Nct,Nfea,
Nflap,Nlel

Definition or Description

internal logic control param-
eter which specifies applica-
tion of the transfer matrix
procedures to SMLE (I) after
the lead-lag discontinuity is
crossed for an articulated
blade or the pitch control
structure restraint applica-
tion point is crossed for a
bearingless blade

storage array for the number
of angles of attack for each
Mach number for each type of
aerodynamic coefficient for
each aerodynamic table number

number of blade tip variable
unknowns for a particular
value of k (6)

blade section number of sec-
tion at which the pitch con-
trol structure restraint is
applied for a flexstrap or
bearingless blade

blade section number just in-
board of which the control
torque, pitch bearing, flap,
and lead-lag discontinuities,
respectively, are applied for
an articulated rotor (Note: if
MFEA=0, NFEA still denotes the
location at and outboard of
which the collective pitch is
added to the sectional twist
distribution)

number of elements in DAT(I)
array, defined internally
in SETUP as 2800
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Computer Algebraic
Name Symbol

Definition or Description

NDIM

NEBC

NEGN

NEIFC

NEISC

NEITC

NES Nes

NESBC

NEX

number of rows dimensioned for
the final governing matrix ar-
ray as defined in DCMAT;

must be altered if the dimen-
sions of the arrays in this
subroutine are altered

number of elements required
to store the n-related asso-
ciated blade transfer matrices
for a particular value of k

number of starting eigenvalues
to be considered for a model

number of elements required to
represent the first column of
submatrices in Equation (15)
(0 if no control system)

number of elements required to
represent the second column of
submatrices in Equation (15)

(0 if no rotor support struc-
ture)

number of elements required to
represent the third column of
submatrices in Equation (15)

number of azimuthally located
control system cyclic spring-
damper unit supports

number of elements required to
store the n-related discon-

tinuity column arrays for a
particular value of k

must have same value as

IREM in the present solution
technique
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Name Symbol

Definition or Description

NFFB

NFP1

NFSEC NSF

NFUS

NHC Nf

NIT

NMACH (I, J)

NOGNS

NORM

control parameter specifying
boundary conditions at the
first section of the support
structure (0O-cantilevered to
ground, l-free)

NHC+1

number of support structure
sections (NFSEC+NBSEC cannot
be greater than 10)

number of support structure-
related governing equatijions
for a particular value of k
(6 *MFUS)

maximum number of harmonics
included for interharmonic
coupling

maximum number of iterations,
in addition to the initial

iteration, which are allowed
for each starting eigenvalue

storage array for the number
of Mach numbers for each type
of aerodynamic coefficient for
each aerodynamic table number

number of starting eigenvalues
obtained from use of the
search option procedure or set
equal to NEGN

the number of the column in
the set of the (n=0) related
columns of the final governing
matrix which is to be removed
for obtaining the correction
eigenvector (corresponds to
the row number of the unknown
in the unshifted solution
eigenvector which is normal-
ized to unity; see definition
of ICOL)
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Name Symbol

Definition or Description

NPD

NPRS

NPS

NRBD

NRIFC

NSCH

control parameter for the de-
termination of the disk plane
blade shape vectors and sup-
port structure shape vectors
relative to the support struc-
ture fixed coordinate system
in both complex variable and
polar form. (0-shape vectors
only with respect to local
axis systems, l-shape vectors
calculated and outputted rela-
tive to the additional coordi-
nate systems in complex
variable and polar form)

control parameter for output
of control parameter input in
labelled form (0-no output,
1-output)

number denoting the type of
blade phasing to be considered
(-1 backward cyclic mode,
0-umbrella mode, l-forward
cyclic mode, 2-reactionless
mode)

number of blade-related gov-
erning equations including
blade discontinuity equations
for each blade for a particular
value of k

number of rows (or columns) in
the matrix represented by
TKN (I)

control parameter for use of
search option solution method
(0-no search option use,
l-search option used)
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Name Symbol Definition or Description

NSK control parameter for use of sup-
port structure aerodynamics (0-no
support structure aerodynamics,
l-support structure aerodynamlcs
included if MAER#0)

NSP control parameter for use of
control system representation
(0-no control system equations,
l-control system equations
included)

NSY number of element in Y(I) (100
by definition in SETUP)

NTAB number of aerodynamic tables
(or series form representa-
tions) to be inputted

NTOT total number of lumped-param-
eter sections (NBSEC+NFSEC)
and cannot exceed 40

NVI control parameter for use of
radial and azimuthally variant
induced velocity distribution
(0O-section input induced ve-
locity used, l-radial and azi-
muthally variant distribution

used)

OM,0OM1 1) rotor rotational speed, rad/
sec

OoM2 Qz square of the rotor rotational
speed, radz/sec2

P(I) storage array for all blade

and support structure section
data with 50 elements to each
section
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Computer
Name

PENOM (I)

PFC

PHIC(I)

PHIM(I)

PHIX(I,J,K),
PHIY (I,J,K),
PHIZ(I,J,K)

PHIX(I,J),
PHIY(I,J),
PHIZ (1,J)

PHOTT (I)

Algebraic
Symbol

—_ 1 = i
(¢xm)k'(¢ym)k'

(¥2,) 5
(F%,)4

et
(6z.)

'($§;)i

Definition or Description

array containing each final
frequency obtained, in non-
dimensional form, for each
starting eigeanvalue

pitch-flap coupling factor
representing pitch-flap coup-
ling for an articulated blade,
if this coupling is not repre-
sented by blade modeling (see
definition of input Loc. 9 in
the Description of Input Data
section of this report)

one of two angles defining the
orientation of the mth flex-
strap or bearingless blade
control rod with respect to
the blade's rotating hub coor-
dinate system, rad

angular position of the mth
blade relative to the refer-
ence blade position (azimuthal
location of fixed hub coordi-
nate system x-axis) at time
equal to zero, rad

arrays containing the shifted
and unshifted torsional, flap-
wise, and edgewise bending
slopes, respectively, for each
section of each blade

arrays containing the shifted
and unshifted torsional, lat-
eral, and vertical bending
slopes, respectively, for each
support structure section

array containing length, stiff-
ness, and orientation param-
eters associated with the flex-
strap pitch arm (MCTY=0) or
with the torque tube (MCTY=1)
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Computer
Name

PHWTT (I)

PINO

PLC

QBAR(I)

R(I)

R(I)

REMC, REML

Algebraic
Symbol

Definition or Description

array containing length, stiff-
ness and orientation param-
eters associated with the pitch
arm of the torque tube pitch
control structure (MCTY=1)

pi, 3.141592654

pitch-lag coupling factor rep-
resenting pitch-lag coupling
for an articulated blade, if
this coupling is not repre-
sented by blade modeling (see
definition of input Loc. 10 in
the Description of Input Data
section of this report)

temporary storage array of 12
elements for the shifted and
unshifted support structure
state variable vectors at a
section as each is determined

array reporesenting a blade or
support structure rigid offset
transfer matrix in string mode
by row

operational complex variable
array used in BARRAY and
SARRAY which takes on the
values of complex variable
transfer matrix arrays gener-
ated in transfer matrix sub-
routines, except for the blade
aerodynamic transfer matrices

value of the determinant on
the iteration just completed
and the previous iteration,
respectively
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Computer
Name

RREAL (1)

S(I)

SA(I,J)

SAT(I,J)

Algebraic
Symbol

Definition or Description

operational real variable
array used in BARRAY and SAR-
RAY which takes on the wvalues
of real variable transfer ma-
trix arrays generated in
transfer matrix subroutines

array representing all k-
subscripted associated sup-
port structure transfer ma-
trices at a section where
each matrix is stored in
string mode by column and the
order of storage of the ma-
trices is for k from -Nf
to +Nf

used to represent coordinate
system transformation arrays
for a bend lumped-parameter
characteristic and also used
in the determination of terms
associated with the represen-
tation of the flexstrap or
torque tube restraints

used to represent a coordi-
nate system transformation
array for the next section
outboard of a section having a
bend lumped-parameter charac-
teristic (multiplication of
this array by the SA(I,J)
array of the next inboard sec-
tion with a change in orienta-
tion provides the intermediate
terms required for a bend
transfer matrix) and also used
in the determination of terms
associated with the represen-
tation of the torque tube
restraints
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Computer Algebraic

Definition or Description

Name Symbol
SD(I)
SDCO
SDVEL
SHAPE (I)
SI(I) w
SK (I) [’s:TKk];l
SMLA (I) am

SMLB (I), {5‘ }1, {E
SMLC(I), k.n k,
SMLD (1), {a- }1 {é-
SMLE (1), k,nfm’ k,n
SMLF (F), .

SMLG (G) {

storage array for the Y(I)
arrays of each blade and sup-
port structure section

structural damping coefficient
factor

velocity of sound, ft/sec

temporary storage array of 12
elements for the shifted and
unshifted blade state variable
vectors at a section of a
blade as each is determined

array of the frequency compo-
nents of the starting eigen-
values, rad/sec

array representing a blade or
support structure torsional
spring-damper transfer matrix
in string mode by row

effective torque arm length of
the mth blade pitch arm for an
articulated blade, positive if
pitch arm is aft of blade
shear center, ft

arrays representing all k-
and n-subscripted associated
blade discontinuity vectors
corresponding to the contribu-
tions of specific discontinuity
unknowns, where each type of
column array is stored in its
respective array in the same
manner as the associated blade
transfer matrices are stored
in B(I)

119




o

Computer
Name

SMLBSV(I),
SMLCSV (1),
SMLDSV (1),
SMLESV (1),
SMLFSV (1),
SMLGSV (1)

SN(I,J)

SNA(I,J)

SPSI(1,J)

SR(I)

STF,STG

SWEI

SWGJ

SWM

SWR

Algebraic
Symbol

EI

GJ

Definition or Description

storage arrays for SMLB(I),
SMLC(I), SMLD(I), SMLE(I),
SMLF (I), and SMLG(I), respec-
tively, at an aerodynamic
characteristic; required to
properly transfer across this
characteristic due to inter-
harmonic coupling effects

array containing terms of the
form sinL¢m

2rray containing terms of the

form sianj

array containing terms of the
form sin (L (K-1)27n/NAS)

array of the stability com-
ponents of the starting eigen-
values, rad/sec

stepsize of frequency, rad/sec,
and stability (growth rate),
rad/sec, respectively, to be
used if the search option method
is to be used

control system ring local
bending stiffness about a
radial axis perpendicular to
its circumferential axis,

1b-£t2
control system ring local

torsional stiffness about its

circumferential axis, lb-ft2

mass of the control system
ring, lb-secz/ft

control system ring radius, ft
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Definition or Description

Name Symbol
T(I)
TAU(I) L
TC(I)
=i
TEA(I,J,K) (Tm)k
= .1
TEA(I,J) (TS)k

TEMPN, TEMVY,TEMVZ

TEMPT , TEMMY , TEMMZ

THC

operational array for passing

an associated transfer matrix

or discontinuity column into a
matrix multiplication subrou-

tine and returning the resul-

tant matrix

damping retardation time of the
mth articulated blade control
rod spring-damper representa-
tion, sec

temporary array containing in-
termediate aerodynamic terms
at an aerodynamic load point
for use in the generation of
AMA (I)

array containing the shifted
and unshifted torque for each
section of each blade

array containing the shifted
and unshifted torque for each
support structure section

temporary parameters for the
steady axial, edgewise, and
flapwise forces, respectively,
acting on the blade and which
are updated as each of the sec-
tion lumped-parameter charac-
teristics are crossed

temporary parameters for the
steady torque, flapwise bending
moment, and edgewise bending
moment, respectively, acting on
the blade and which are updated
as each of the section lumped-
parameter characteristics are
crossed

real part of Theodorsen's co-

efficient for unsteady aerody-
namics
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Name Symbol Definition or Description

THCK real part of Theodorsen's co-
efficient for unsteady aerody-
namics (identical to THC)

THEC(I) 6 one of two angles defining the
orientation of the mth flex-
strap blade control rod with
respect to its reference ro-
tating coordinate system, rad

THLD (I) resulting associated transfer
matrix or discontinuity column
obtained in multiplication sub-
routines which is passed back
to the calling subroutine by
T(I)

TKN [Tk é] array representing the contri-
! bution of all n-frequency-

shifted unknowns to all k-
frequency-shifted governing
equations for a particular
value of k and n where
placement of data is in string
mode by column

TORFLX 1/kd reciprocal of drive shaft tor-

sional stiffness, rad/(ft-1b)
UBX(I,J,K), (ux );.(ﬁ? );, arrays containing the shifted
UBY (I,J,K), " mn and unshifted radial, edgewise,
UBZ (I,J,K) and flapwise deflections, re-
spectively, for each section
of each blade

S |
(uzm)k

UBX(I,J), (ux );,(ﬁi );, arrays containing the shifted
UBY(I,J), & . and unshifted axial, vertical,
UBZ(I,J) and lateral deflections, re-
spectively, for each support
structure section

—_— 1
(uzs)k

v(I,J) radially and azimuthally
variant induced velocity dis-
tribution array defined by
input, ft/sec
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Computer Algebraic
Name Symbol

Definition or Description

VELIK

VLLX,VLLY,
VLLZ

vy(1,J,K), (Vy

)k 0 (V2 )i
vz (1,J,K) k k

m

VY (I,J) (Vy, )i,(\'?? )i
vz (I,J) s’k sk

VZERO

= fi
W(I) [wk]s

X(I)

Y(I)

induced velocity at an aero-
dynamic load point (radially
and azimuthally located) that
may be defined by use of
V(I,J), if NVI=1; or the blade
section inputted induced veloc-
ities, ft/sec

calculated velocities of an
aerodynamic load point with
respect to the local blade
rotating coordinate system x,
y, and z axes, respectively,
ft/sec

arrays containing the shifted
and unshifted edgewise and
flapwise shear forces, re-
spectively, for each section
of each blade

arrays containing the shifted
and unshifted vertical and
lateral shear forces, re-
spectively, for each support
structure

calculated resultant velocity
acting on an aerodynamic load
point, ft/sec

array representing the support
structure mass transfer matrix
in string mode by row

operational array in DCMAT,
required for solution of the
correction eigenvector

storage array for the inter-
mediate terms associated with
a section and required for
construction section transfer
matrices
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Name Symbol Definition or Description

Y(I) array in DCMAT corresponding
to FORCE (I)

YKM(I,J) temporary storage array for
terms required in specifying
the contribution of the con-
trol system unknowns to the
blade-related governing
equations

ZETA S one of two angles which specify
orientation of the helicopter
velocity vector with respect to
the fixed hub coordinate system,
rad

124



USER'S GUIDE

This section of the report describes in detail the input data
and its format required for execution of the HASTA computer
program and the output which results. As an aid to possible
redimensioning of the program for specific applications, the
dimension sizes of the arrays contained in the program are
presented. A listing of a sample input deck for a flexstrap
rotor in forward flight with aerodynamics included is pro-
vided. Some of the output produced by use of this input deck
is also presented.

DIMENSIONS OF COMPUTER ARRAY VARIABLES

The HASTA program in its present form is restricted to the
investigation of the aeroelastic stability behavior of cou-
pled rotor/helicopter systems in which the rotor is taken to
consist of an arbitrary number of identical blades equally
spaced azimuthally. This restriction is due to the dimen-
sions of some of the larger arrays being based upon the use
of the blade phasing option, which provides an adequate rep-
resentation of system behavior without the penalty of higher
core requirements and running time. The program coding allows
the consideration of identical blades arbitrarily spaced
azimuthally if the restrictive array sizes are increased, and
provides the basis for program modifications required to rep-
resent nonidentical blades. The program coding also allows
for use of up to five different aerodynamic data tables.
However, the present associated storage array dimensions are
such that only one aerodynamic data table can be inputted.

To facilitate possible program redimensioning, the dimensions
of the HASTA program arrays are presented in terms of program
or defining variables in addition to their present (maximum)
numerical dimensions. The variables necessary to specify

the required array dimension sizes are defined below in a
tabular form.

Defining Variable Definition
MAFA 16 *NAEF
MAMB NAMA*NAERB
MAXN highest harmonic of control system to

be considered
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Defining Variable

MCON

MCT

MCTY

MFASB
MFEA

MFLAP

MFLEX

MFUS

MLEL

MXCPK
MXCPL
MXCPM
MXFAB

MXQ

Definition

1 - effects of restraint related un-
knowns included for flexstrap or
bearingless blades, 0 - effects of
restraint-related unknowns not in-
cluded for flexstrap or bearingless
blades

1 - control torque discontinuity con-
sidered for articulated blades, 0 - no
control torque discontinuity

1 - bearingless blade, 0 - flexstrap
blade

NCSB*MXCPL

1l - pitch bearing discontinuity included
for articulated blades, 0 - no pitch
bearing discontinuity

1 - flap hinge discontinuity included
for articulated blades, 0 - flap hinge
discontinuity not included

1l - flexstrap or bearingless blades,
0 - articulated blades

1 - support structure is included,
0 - no support structure

l - lead-lag hinge discontinuity in-
cluded for articulated blades, 0 -

0 - lead-lag hinge discontinuity not
included

MXCPL*MXCPM

MXSMI *MXSMI

12*NCOLS

NCOLS*MXCPL

NRIFC*MXSMI

s 27 FOY X LREEN
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Defining Variable

MXSMI
MXTKN
MXT2P1

NAEF

NAERB

NAMA

NAS

NB

NBP

NBSEC
NCOLS
NCSB
NDAT**
NEBC

NESMI

Definition
2*NHC+1
NRIFC*NRIFC
(2*MAXN+1) *NSP
number of support structure sections
having aerodynamic characteristics
included
number of radial aerodynamic load
points (number of blade sections having
aerodynamic characteristics included)
34*MXSMI
maximum number of azimuthal locations
considered for a radial aerodynamic

load point in one rotor revolution

number of blades on the rotor;
Note: NB=1 if NBP#0

0 - if blade phasing option not to be
used; equals the number of blades on
rotor if blade phasing option is to
be used

number of blade sections

6

1

200+50* (NBSEC+NFSEC) +NAERB*NAS
MXCPM*MXSMI

MXSMI or MXT2Pl; whichever is larger
in value

**NDAT is equivalent to the number of variables in
labelled common PLOAD and is set equal to 2800 in sub-

routine SETUP
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Defining Variable

Definition

NEI number of starting eigenvalues

NEIT number of crossover eigenvalues
to be stored during use of search
option

NES number of control system elastic
supports

NESBC 12 *MXSMI

NFSEC number of support structure sections

NHC highest harmonic of system motion to be
included for interharmonic coupling -
corresponds to Nf

NRBD NCOLS+3*MCON*MFLEX* (1+MCTY) + (MCT+MFEA+
MFLAP+MLEL) * (1-MFLEX)

NRIFC MXT2P1+6 *MFUS+NB*NRBD

NSD NSY* (NBSEC+NFSEC)

NSP 1l - control system to be included,
0 - no control system

NSY 100

NTAB number of aerodynamic data sets

NTAL maximum number of angle of attack
values for a Mach number

NTC maximum number of series representation
coefficients

NTM maximum number of Mach number values

for an aerodynamic coefficient table

The dimensions of the arrays involved in the computer pro-
gram are given by subroutines as follows: where the arrays
of each subroutine are grouped by type of variable (i.e.,

128



integer, real, or complex), an asterisk (*) following an
array variable is used to denote that the variable is in
double precision; the letter p following an array

variable denotes that the array is involved in the labelled
common PLOAD such that any change in dimension size requires
modification of the data input format.

Variable Dimensions Maximum Size
ACOEFF

NCC NTAB, 3 1,3

NCLS (Integer) NTM,NTAB, 3 11,1,3

NMACH NTAB, 3 1,3

ALPHS NTM,NTAL,NTAB, 3 11,50,1,3

AMACH (Real) NTM,NTAB, 3 11,1,3

CCs NTC,NTAB, 3 25,1,3

CLDM NTM,NTAL,NTAB, 3 11,50,1,3
BAERO

ACE p NES 4

AKC p NB 6

AKE p NES 4

ATAU p NB 6

BJE p NES 4

BLI2 p NB 6

BTAU p NB 6

CLESP p NB 6

CPS1 NAS, 2*MXSMI 24,6

DBS p NB 6

ECHI p NES 4

Pp (Real) (NBSEC+NFSEC) *50 2000

PAC p NES 4

PAK p NES 4

PHIC p NB 6

PHIM p NB 6

PHOTT p 8 8

PHWTT p 8 8

SD NSD 4000

SI p NEI 5

SMA p NB 6

SPSI NAS, 2*MXSMI 24,6

SR p NEI 5

129



of

Variable

STKC p
TAC p
TAK p
TC*
THEC p
Vp
Y

AMA*

(Complex)

Dimensions

NB

NES

NES

34

NB
NAERB,NAS
NSY

MAMB

Maximum Size

4

W O

25,24
100

2550

Note: The AMA array is presently initialized to zero in

this subroutine by a use of a loop from 1 to 2550, such that
if the dimensions of this array are altered, the upper limit
of this loop must be modified.

EM

CX*
RREAL*
SD

Y

ALM¥*
AMY
AMZ
AN

B*
BSAVE*
C*
CTB*
CTB1*
CTB2*
CTB3*
CTB4*
D*

EPS*
FAB*
FABl*
FAB3*
FAB3*
FLB*

BARRAY

(Integer)

(Real)

(Complex)

6

75

144
NSD
NSY

MXQ
NB,NBSEC,MXSMI
NB,NBSEC,MXSMI
NB,NBSEC,MXSMI
MXCPK

MXCPK

144

MXFAB

MFASB

MFASB

MFASB

MFASB

144

MXQ

MXFAB
MFASB
MFASB
MFASB
MXFAB
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Variable

FLB1*
FLB2*
FLB4*
FSB*
FSB1*
FSB2*
FSB3*
PHIX
PHIY
PHIZ

R*
SHAPE*
SMLB*
SMLBSV*
SMLC*
SMLCSV*
SMLD*
SMLDSV*
SMLE*
SMLESV*
SMLF*
SMLFSV¥*
SMLG*
SMLGSV*
T*

TEA
UBX
UBY
UBZ

\'A 4

\'4

AC*
AD*

BEND

BLARO

(Complex)

Dimensions

MFASB

MFASB

MFASB

MXFAB

MFASB

MFASB

MFASB

NB ,NBSEC,MXSMI
NB,NBSEC, MXSMI
NB ,NBSEC, MXSMI
144

12

NESBC

NESBC

NESBC

NESBC

NESBC

NESBC

NESBC

NESBC

NESBC

NESBC

NESBC

NESBC

72
NB,NBSEC,MXSMI
NB ,NBSEC ,MXSMI
NB,NBSEC,MXSMI
NB,NBSEC ,MXSMI
NB ,NBSEC,MXSMI
NB,NBSEC,MXSMI

NSY
144

144
144

131

Maximum Size

1,35,3
1,35,3
1,35,3
1,35,3
1,35,3
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Variable Dimensions Maximum Size

BMASS
Y (Real) NSY 100
A* (Complex) 144 144
DCMAT
ICHG (Integer) MXQ 63
A¥ MXQ, MXQ 63,63
X* (Complex) MXQ 63
' MXQ 63

Note: When dimensions are changed, change the statement
defining NDIM in this subroutine such that NDIM is equal
to the magnitude of the variable MXQ, i.e., if MXQ is to
be 135, put NDIM=135,

ELAST
CX¥* 75 75
E* (Real) 144 144
Y NSY 100
EPSOLN
ALM* MXQ 63
EPS¥* (Complex) MXQ 63
FTEMP* NRIFC 21
TKN* MXTKN 441
EXCHI
CSA NES ,MXT2P1 4,24
SNA (Real) NES ,MXT2P1 4,24
EXPON
Cs NB ,NESMI 4,6
SN (Real) NB ,NESMI 4,6
FAERO
ACE p NES 4

132

SR Zewia 1

A A A




Variable Dimensions Maximum Size

AFA MAFA 240
AKC p NB 6
AKE p NES 4
ATAU p NB 6
BJE p NES 4
BL12 p NB 6
BTAU p NB 6
CLESP p NB 6
DBS p NB 6
ECHI p NES 4
Pp (Real) (NBSEC+NFSEC) *50 2000
PAC p NES 4
PAK p NES 4
PHIC p NB 6
PHIM p NB 6
PHOTT p 8 8
PHWTT p 8 8
SD NSD 4000
SI p NEX 5
SMA p NB 6
SR p NEI 5
STKC p NB 6
TAC p NES 4
TAK p NES 4
THEC p NB 6
Vp NAERB ,NAS 25,24
Y NSY 100

Note: The AFA array is presently initialized to zero in
this subroutine by a use of a loop from 1 to 240, such that
if the dimensions of this array are altered, the upper limit
of this loop must be modified.

EMASS
Y (Real) NSY 100
w* (Complex) 144 144
FUARO
AFA MAFA 240
Y (Real) NSY 100
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Variable

Cc* (Complex)
LOADIN

T

X (Real)
MAIN

NBIGMD (Integer)

AC

ACE p
ACP
ACT
AFA

AK

AKC p
AKCI
AKE p
AKP
AKT

AL
ALSTH
ALl2
AMKC
ARRAY*
ATAU p
BJ (Real)
BJE p
BL12 p
BTAU p
CLESP p
CONV
CPSI
Cs

CSA
CTAU
Cx*
DBS p
DETR
DETR2
DMS
ECHI p

144

(T

NEI

NES
NES
NES
NES
MAFA
NES
NB
NB
NES
NES
NES
6,NB
NB
NB
NB

3

NB
NES
NES
NB
NB
NB
NEI
NAS, 2*MXSMI

'NB,NESMI

NES ,MXT2P1
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Variable

PAC p
PAK p
PENOM
PHIC p
PHIM p
PHOTT p
PHWTT p
SD

SI p
SMA p

SN

SNA
SPSI
SR p
STKC p
TAC p
TAK p
TAU
THEC p

ALM*
AMA*
EC

EC2
EGNS
EGNSL*
EPS*

R*
T*
THLD*

R*

T*
THLD*

(Complex)

MLCC2

(Complex)

MLRC2

(Real)

(Complex)

Dimensions

(NBSEC+NFSEC) *50
NES

NES

NEI

NB

NB

8

8

NSD

NEI

NB

NB

NB ,NESMI
NES ,MXT2P1
NAS, 2*MXSMI
NEI

NB

NES

NES

NB

NB
NAERB,NAS
NSY

MXQ
MAMB
25
25
NEI
NEI
MXQ

144
84
84

144

84
84

135

Maximum Size

000

000

6
24
6

2
4
4
5
6
6
8
8
4
5
6
6
4,
4,
24
5
6
4
4
6

6
25,24
100

63
2550
25
25

5

5

63

144
84
84

144
84



Variable

RIGID

Y (Real)
SARRAY

EE
EM (Integer)

RREAL*
SD (Real)

ALM*
AMY
AM2Z

EPS*
PHIX
PHIY
PHIZ (Complex)
QBAR*

S*
T*
TEA
UBX
UBY
UBZ

vz
SECPAR

ACE p

AKC p

AKE p

ATAU p

BC

BJE p (Real)
BL12 p

BTAU p

CLESP p

CX*

Dimensions

144
NSY

6
6

144
NSD
NSY

MXQ
NFSEC,MXSMI
NFSEC,MXSMI
NFSEC,MXSMI
MXQ
NFSEC,MXSMI
NFSEC,MXSMI
NFSEC,MXSMI
12

144

NEBC

72
NFSEC,MXSMI
NFSEC,MXSMI
NFSEC,MXSMI
NFSEC,MXSMI
NFSEC,MXSMI
NFSEC,MXSMI

NES
NB
NES
NB

NES
NB
NB
NB

136
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144
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25,3
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25,3
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Variable Dimensions Maximum Size

DBS p NB 6
ECHI p NES 4
Pp (NBSEC+NFSEC) *50 2000
PAC p NES 4
PAK p NES 4
PHIC p NB 6
PHIM p NB 6
PHOTT p 8 8
PHWTT p 8 8
SA 3,3 3,3
SAT 3,3 3,3
SBT 3,3 873
sD NSD 4000
SI p NEI 5
SMA p NB 6
SR p NEI 5
STKC p NB 6
TAC p NES 4
TAK p NES 4
THEC p NB 6
Vp NAERB ,NAS 25,24
Y NSY 100
SETUP

AC NES 4
ACE p NES 4
ACP NES 4
ACT NES 4
AK NES 4
AKC p NB 6
AKCI NB 6
AKE p NES 4
AKP NES 4
AKT NES 4
AL 6,NB 6,6
ALSTH NB 6
ALl2 NB 6
AMKC NB 6
ATAU p NB 6
BJ (Real) NES 4
BJE p NES 4
BL12 p NB 6
BTAU p NB 6
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Variable Dimensions Maximum Size
CLESP p NB 6
CPSI NAS,2*MXSMI 24,6
**CS NB,NESMI 4,6
**CSA NES,MXT2P1 4,24
CTAU NB 6
DAT p NDAT 2800
DBS p NB 6
DMS NB 6
ECHI p NES 4
Pp (NBSEC+NFSEC) *50 2000
PAC p NES 4
PAK p NES 4
PHIC p NB 6
PHIM p NB 6
PHOTT p 8 8
PHWTT p 8 8

SI p NEI 5
SMA p NB 6
SMLA NB 6
**SN NB,NESMI 4,6
**SNA NES,MXT2P1 4,24
SPSI NAS, 2*MXSMI 24,6
SR p NEI 5
STKC p NB 6
TAC p NES 4
TAK p NES 4
TAU NB 6
THEC p NB 6
Vp NAERB,NAS 25,24
EGNS NEI 5
AMA¥ (Complex) MAMB 2550
**Note: At present the program in subroutine SETUP deter-

mines values of CS and SN arrays for values of the second

index up to and including a value of six, and values of CSA
and SNA arrays for values of the second index up to and in-
cluding a value of 24 due to internal numerical definitions
of the upper values on two loops. Dimensional modifications
involving these arrays requires the internal numerical def-
initions of the upper values on these two loops to be such
that the values for these arrays must be defined at least
for values of the second index up to that specified by the
dimensional definitions of these arrays.
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Variable

DB*
EPS*
FORCE*

SK*

IROW1

S*
TKN*

IALP
IROWC
IROW3

CX*

B*

CTB*

CTBl1*
CTB2*
CTB3*
CTB4*
FAB¥*

FABl*
FAB3*
FAB4*
FLB*

FLB1¥*
FLB2*
FLB4*
FSB*

FSB1*
FSB2*
FSB3¥*

SOLVE

(Complex)

STIFF

(Real)
(Complex)

SUBMA

(Integer)

(Complex)

SUBMB

(Integer)

(Real)

(Complex)

Dimensions

MXQ ,MXQ

MXQ

NSY

144

NEBC
MXTKN

NN

MXCPK
MXFAB
MFASB
MFASB
MFASB
MFASB
MXFAB
MFASB
MFASB
MFASB
MXFAB
MFASB
MFASB
MFASB
MXFAB
MFASB
MFASB
MFASB
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Variable

SMLB*
SMLC*
SMLD*
SMLE*
SMLF*
SMLG*
TKN*

SUBMF

TKN* (Complex)

SUBMG

AC

AKCI
AL
ALSTH
ALl2
AL436
AL536
AMKC (Real)
BJ
CTAU
CX*
DMS
SMLA
TAU

B*
CTB*
CTB1*
CTB2*
CTB3*
CTB4*
FAB*
FABl*
FAB3*
FAB4*
FLB* (Complex)
FLB1*
FLB2*

Dimensions

NESBC
NESBC
NESBC
NESBC
NESBC
NESBC
MXTKN

MXTKN

NES
NES
NB
6,NB
NB
NB
NB
NB
NB
NES
NB

NB
NB
NB

MXCPK
MXFAB
MFASB
MFASB
MFASB
MFASB
MXFAB
MFASB
MFASB
MFASB
MXFAB
MFASB
MFASB
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Variable

FLB4¥*
FSB*
FSB1
FSB2
FSB3
SMLB*
SMLC*
SMLD¥*
SMLE*
SMLF*
SMLG*
TKN*
YKM*

SWA

AC

AK

AKCI

BJ (Real)
DMS

SMLA

TAU

TKN*
YKM* (Complex)

SWAPS

DB* (Complex)
SWB

AC
AK
AKCl

CX* (Real)
DMS

SMLA

TAU

B*
CTB*

Dimensions

MFASB
MXFAB
MFASB
MFASB
MFASB
NESBC
NESBC
NESBC
NESBC
NESBC
NESBC
MXTKN
MXSMI,NB

NES
NES
NB
NES
NB
NB
NB

MXTKN
MXSMI,NB

MXQ,MXQ

NES
NES
NB
NES
75
NB
NB
NB

MXCPK
MXFAB
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Variable

CTB1*
CTB2*
CTB3*

CTB4*

FAB*
FABl*
FAB3*
FAB4*
FLB*
FLB1*
FLB2*
FLB4*
FSB*
FSB1*
FSB2*
FSB3*
S*
SMLB*
SMLC*
SMLD*
SMLE*
SMLF*
SMLG*
TKN*

NCC
NCLS
NMACH

ALPHS
AMACH

CcCs
CLDM

‘TKN*

AC

(Complex)

TABLU

(Integer)

(Real)

TKNS

(Complex)

ULN

Dimensions

MFASB
MFASB
MFASB

MFASB

MXFAB
MFASB
MFASB
MFASB
MXFAB
MFASB
MFASB
MFASB
MXFAB
MFASB
MFASB
MFASB
NEBC

NESBC
NESBC
NESBC
NESBC
NESBC
NESBC
MXTKN

NTA, 3

NTM,NTA, 3

NTA, 3

NTM,NTAL,NTA, 3

NTM,NTA, 3
NTC,NTA,3

NTM,NTAL,NTA, 3

MXTKN

NES
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Variable

AK
AKCI
BJ
DMS
SMLA
TAU

AC
ACP
ACT
AK
AKCI
AKP
AKT
BJ
DMS
SMLA
TAU

AC
ACP
ACT
AK
AKCI
AKP
AKT
BJ
DMS
SMLA
TAU

CTB*
CTB1*
CTB2*
CTB3*
CTB4*
FAB*

(Real)

XNLQ

(Real)

ZLN

(Real)

ZTEGI

Dimensions

NES
NB
NES
NB
NB
NB

NES
NES
NES
NES
NB
NES
NES
NES
NB
NB
NB

NES
NES
NES
NES
NB
NES
NES
NES
NB
NB
NB

MXCPK
MXFAB
MFASB
MFASB
MFASB
MFASB
MXFAB
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Variable

FAB1*
FAB3*
FAB4*
FLE#*
FLB1*
PLB2#%
FLB4*
FSB*
FSB1*
FSB2*
FSB3*
SMLB*
SMLC*
SMLD*
SMLE*
SMLF *
SMLG*
TKN*

(Complex)

Dimensions

MFASB
MFASB
MFASB
MXFAB
MFASB
MFASB
MFASB
MXFAB
MFASB
MFASB
MFASB
NESBC
NESBC
NESBC
NESBC
NESBC
NESBC
MXTKN

144

Maximum Size
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DESCRIPTION OF INPUT DATA

The input required for the computer program consists of
values for (1) system model and program logic parameters
and, if required, (2) aerodynamic coefficient tables. The
system model and program logic parameters are inputted di-
rectly into a single storage array equivalent to the label-
led common PLOAD by specification of their associated array
locations and input values. In that all elements of this
storage array are initialized to zero when the program is
entered, only values for parameters which are non-zero in
value need to be read in for the first set oi input to be
used in a program run. For convenience, the storage array
is divided into three parts containing values for specific
types of input parameters. The array location numbers

2 - 200 correspond to control parameter input consisting

of values for program logic control, flight condition, rotor
configuration, and control system parameters. The array
location numbers 201 - 2200 correspond to blade and support
structure section input consisting of values for the blade
and support structure sectional parameters., Array location
numbers 2201 - 2800 correspond to values defining a radi-'ly
and azimuthally varying induced velocity distribution if
this program option is to be used.

The value of parameters represented by the storage array

are inputted by use of punched data cards with an I4, 11,
5E14.7 format. The first four columns contain the right-
justified array location number specifying the array loca-
tion in which the first parametric value on the caid is to

be stored. The fifth column contains the number of param-
etric values to be read from the data card (up to five

values may be read). The remaining columns, consisting of
five fields of 14 columns each, contain consecutive array-
located parametric values. Thus, columns 6 - 19 contain

the parametric value to be stored in the array location
specified on the card, columns 20 - 33 contain the parametric
value to be stored in the next array location, and so on
until the specified number of values to be read are contained
on the card. For example, the input of a card punched
101620.01bbbbbbbbbbl.57, where b denotes a blank space,

will set the value of array location 1016 and array location
1017 to 0.01 and 1.57, respectively.

Data cards of the same format are used to denote the end of
storage array input for an input case and to terminate the
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program execution. In particular, a card with an 8 punched
in the fifth column must be placed at the end of the storage
array input for each case and a card with a 9 punched in the
fifth column must be placed at the end of all input for a run.
These cards, in combination with storage array input and aero-
dynamic coefficient tables (if required), are used to con-
struct the input for a run. The input for running more than
one case in a run is exemplified by the input for two cases
per run which has the form:

1. Storage array input for Case I

2. Card with 8 punched in fifth column
3. Aerodynamic tables (if required)

4. Storage array input for Case II

5. Card with 8 punched in fifth column
6. Aerodynamic tables (if required)

7. Card with 9 punched in fifth column

The aerodynamic coefficient tables must be included in the
input for a case if in the same case the storage array loca-
tion corresponding to the parameter MAER is to be non-zero.

Since the storage array is only initialized to zero prior
to reading storage array input for the first input case,
the input for a subsequent case needs only to consist of
the data necessary to update the values already in the
storage array. For example, if the input parameter values
for Case I and Case II of a run are identical except for
the helicopter velocity, then the storage array input for
Case II consists of a single card, which when read updates
the value of the storage array location associated with
helicopter velocity to that desired. The remainder of the
storage array for Case II is automatically taken as that
for Case I. This input procedure of updating the existing
storage array reduces drastically the number of input cards
that have to be read for additional cases in the same run.
The value of a storage array location can also be defined
more than once in the storage array input for a case with the
last values read being that used for the case. This input
capability allows the use of a basic storage array input
deck in combination with a correction (update) input deck
to construct the input deck for the initial case of a run.
The correction deck is added to the end of the basic storage
array input deck.
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The program storage array input parameters and their associ-
ated array location numbers, and also the aerodynamic coef-
ficient table input, are discussed in detail in the following
sections. Prior to the generation of input data for a cou-
pled rotor/helicopter system of interest, the inexperienced
HASTA program user should be cognizant of the information
presented in this report regarding the capabilities of the
program, the coupled rotor/helicopter models, and the rep-
resentational coordinate systems including definitions of
various system parameters.

Control Parameter Input

As mentioned previously, control parameter input information
is stored in the first 200 elements of the storage array
corresponding to array location numbers 2 - 200. The defi-
nition of the specific input information stored in each of
these 200 storage array elements is provided on this and the
following pages where Loc. is used to denote array location
number. Table 2 at the end of this section lists the array
location numbers for the storage array elements defined here-
in and the computer program variables to which they corre-
spond. It is to be noted that although an element of the
input data storage array may correspond to a system param-
eter which is an integer, the value inputted must be pro-
vided in decimal form,

Loc. 2: Rotational speed of the rotor, rad/sec (must
always be positive in value)

Loc. 3: Velocity of sound, ft/sec, is used to determine
the Mach number at aerodynamic stations when aero-
dynamics are included

Loc. 4: Air density, lb-secz/ft4, is used when aerodynam-
ics are included

Loc. 5: Helicopter velocity, ft/sec
Note: This is the total velocity at which the
craft is moving with respect to a stationary
reference coordinate system
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Loc. 6 - Two angles x and g, respectively, in radians,
and which specify the orientation of the helicopter
Loc. 7 velocity vector relative _o the fixed rotor hub
coordinate system as shown in the following
sketch for two directions of rotation:

Counterclockwise Clockwise Rotation

Rotation

Loc. 8: Real part of Theodorsen's coefficient for unsteady
aerodynamics, normally taken equal to 1.0

Loc. 9: Pitch~flap coupling factor representing pitch-flap
coupling for an articulated blade with a flap
hinge, if this coupling is not represented through
blade modeling, defined as the
cot 63 where 63 is the angle between the no-flapping

axis and the line perpendicular to the local pitch-
ing axis at the flap hinge location as shown in
the following sketch

flapping axis

shear
center

— e —— -

— logal pitching
axis

axis of no flapping
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Loc.

Loc.

Loc.

10:

11:

12:

Pitch-lag coupling factor representing the pitch-

lag coupling for an articulated blade with a

pitch bearing, if this coupling is not represented
through blade modeling, defined as the

cot oy where ay is the angle between the no feath-

ering axis and local pitching axis at the pitch
bearing location as shown in the following sketch

Mz

shear feathering axis

oantary, . local pitch
axis

axis of no feathering

Collective pitch of the blades, if not included
in the blade section pitch angles specified

in the sectional input (Locs. seventeen), in
radians (the collective pitch value is added

to the section pitch angle of each blade sec-
tion for a flexstrap or bearingless blade, and
added to the sectional pitch angle at each blade
section outboard of, and including, the blade
section at the inboard end of which the pitch
bearing is located for an articulated blade).

Note: 1If collective pitch is inputted, care
must be taken to insure that the total geometric
pitch distribution is that desired. Also, the
condition that the blade total geometric pitch
must be zero at the inboard end of the blade
(shaft-hub interface) and at the pitch control
structure-blade attachment point, if a flexstrap
or bearingless blade is involved, must be
satisfied.

Gravitational acceleration constant, ft/secz,
inputted if gravitational effects are to be
included

Note: As discussed in the section pertaining
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Loc.
and
Loc.

Loc.

Loc.

13

14:

15:

le:

to coordinate systems, the fixed support struc-
ture coordinate system y-axis orientation is
dependent on the direction of the gravity field
vector if gravitational effects are included.

Two angles eg and ¢g' respectively, in radians,

which specify the orientation of the gravity
vector relative to the fixed rotor hub coordi-
nate system and are required if gravity effects
are to be included, They are depicted in the fol-
lowing sketch for two directions of rotation

Counterclockwise Rotation Clockwise Rotation

Logic control parameter, which equals 1.0 if the
blade shape vectors relative to the rotor disk
plane and the support structure vectors relative
to the fixed support structure coordinate system
are to be determined in complex variable and
polar form; equals 0.0 if these shape vectors
are not to be determined

Logic control parameter which equals 1.0 if sup-
port structure aerodynamics are to be included
and equals 0.0 if support structure aerodynamics
are not to be included

Note: For support structure aerodynamics to be
included Loc. 26 (MAER) cannot be 0.0.
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Loc.

Loc.

Loc.

Loc.

Loc.

Loc.

Loc.

17:

18:

19:

20:

21:

22:

23:

Number of rotor blades (NB) if the blade phasing
option is not to be used, in which case Loc. 18
(NBP) equals 0.0; equals 1.0 if the blade phas-
ing option is to be used

Important Note: The present program is dimen-
sioned such that only the blade phasing option
can be used tc represent rotors having more than
one blade. Thus, Loc. 17 must always equal

1.0 for the present version of the HASTA program.

Number of rotor blades (NBP) if the blade phas-
ing option is to be used, in which case Loc. 17
(NB) must equal 1.0; equals 0.0 if the blade
phasing option is not to be used

Note: The blade phasing option takes advantage
of defined relationships between the motions of
the blades which are assumed identical and equally
spaced azimuthally such that core requirements
and running time are significantly reduced. To
use this option Loc. 18 must be defined as greater
than or equal to 2.0 and the assumed relation-
ship of blade motions specified by Loc. 65 (NPS).

Number of blade sections (NBSEC) representing the
blade with a maximum value of 35.0 allowed;

NBSEC+NFSEC (Loc. 20) cannot exceed 40.0

Number of support structure sections (NFSEC)
representing the support structure with a
maximum value of 15.0 allowed; NBSEC

(Loc. 19) + NFSEC cannot exceed 40.0

Logic control parameter (MFLAP), which equals

1.0 if a flap hinge is to be included for an
articulated blade and equals 0.0 if a flap hinge
is not to be included

Logic control parameter (MFEA), which equals 1.0
if a pitch bearing is to be included for an
articulated blade and equals 0.0 if a pitch
bearing is not to be included

Logic control parameter (MCT), which equals 1.0
if control torque is to be applied for an
articulated blade and equals 0.0 if control
torque is not to be applied
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Loc.

Loc.

Loc.

Loc.

Loc.

Loc.

24:

25:

26:

27:

28:

29:

Logic control parameter (MCON), which equals

1.0 if the restraint applied to the flexstrap
or bearingless blade includes the effects of
the pitch control structure-related discontinu-
ity unknowns and equals 0.0 if these effects
are not to be included

Note: Normally would be 1.0 if Loc. 25
(MFLEX)=1.,0.

Logic control parameter (MFLEX), which equals
1.0 if the rotor consists of flexstrap or
bearingless blades and equals 0.0 if the rotor
consists of articulated blades

Logic control parameter (MAER), which equals 1.0
if blade and/or support structure aerodynamics

are to be included and equals 0.0 if aerodynam-
ics are not to be included

Note: For support structure aerodynamics to be
includeqd Loc. 16 (NSK) must also be 1.0.

Logic control parameter (NFFB), which equals 1.0
if the first section of the support structure
lumped-parameter model is to be considered as
unrestrained (free) and equals 0.0 if the first
section of the support structure is to be
cantilevered (to ground)

Number of blade section (NFLAP), counting from
the blade tip inboard, at the inboard end of
which the flap hinge is to be located for an
articulated blade if a flap hinge is to be in-
cluded; i.e., Loc. 21 (MFLAP)#0.0

Number of blade section (NFEA), counting from the
blade tip inboard, at the inboard end of which the
pitch bearing is to be located for an articulated
blade if a pitch bearing is to be included; i.e.,
Loc. 22 (MFEA)#0.0

Note: Even if Loc. 22 (MFEA)=0.0, the collective
pitch (Loc. 1l) is added to the sectional twist
distribution of an articulated blade at and out-
board of the blade section specified by NFEA.
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Loc. 30:
Loc. 31:
Loc. 32:
Loc. 33:
Loc. 34:
Loc. 35:

Number of blade section (NCT), counting from the
blade tip inboard, at the inboard end of which
the control torque application point is to be
located for an articulate@ blade if control
torque is to be included; i.e., Loc. 23 (MCT)#0.0

Number of blade section (NCON), counting from the
blade tip inboard, at which the pitch control
structure restraint is to be applied to a flex-
strap or bearingless blade if the effects of
pitch control structure discontinuity unknowns
are to be included; i.e., Loc. 24 (MCON)#0.0

Logic control parameter (NBC), which specifies

the type of blade root conditions at the shaft-
rotor hub interface such that a value of 0.0
denotes cantilevered blade root conditions as

in the case of an articulated rotor, a value of
1.0 denotes gimballed rotor blade root condi-
tions, and a value of 2.0 denotes teetering rotor
blade root conditions

Logic control parameter (MFUS), which equals 1.0
if a support structure is to be included and
equals 0.0 if a support structure is not to be
included

Note: If a support structure is to be included
Loc. 20 (NFSEC) must be 1.0 or greater.

Number of aerodynamic load point azimuthal steps
in one blade revolution (NAS), used for the blade
aerodynamics harmonic computations

Note: NAS should be an integer multiple of the
number of blades on the rotor and must be
greater than 2*NHC (Loc. 35) for the necessary
number of harmonics to be determined. However,
in that the representative capability of the
harmonic analysis is dependent on the number

of azimuthal steps, a value of at least 12.0

is recommended.

Maximum number of harmonics above and below the
primary frequency to be included for interhar-
monic coupling (NHC)

Important Note: The program is presently dimen-
sional such that NHC cannot exceed 1.0. The
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program should use NHC = 1.0 when the system has
a forward velocity and/or an elastic support
structure and/or an elastically supported control
system. For cases where interharmonic coupling
is not possible (simple axisymmetric problem

NHC may be set equal to 0.0

Loc. 36: Logic control parameter (NVI), which equals 1.0
if the radial and azimuthal induced velocity dis-
tribution as inputted in Locs. 2201 - 2800 is to
be used, and equals 0.0 if the induced velocity
distribution is to be taken from the blade sec-
tion data (Locs. 201 - 2200) for each blade sec-
tion and is assumed to be constant with azimuth

Loc. 37: Logic control parameter (NSP), which equals 1.0
if control system equations are to be included
and equals 0.0 if control system equations are
not to be included

**Loc. 38: Maximum number of harmonics of the control sys-
tem ring deflection above and below the primary
frequency to be included for interharmonic cou-
pling (MAXN)

Note: If the control system ring is rigid, the
value for MAXN need not be more than 1.0. If
the control system ring is rigid and supported
isotopically, MAXN should still be taken as 1.0
since cyclic deflection of the ring can still
occur. Present program dimensions restrict
MAXN to 1.0 unless there is either no support
structure included (i.e., Loc. 33 (MFUS)=0.0) or
no blade discontinuities.

**Loc, 39: Number of concentrated cyclic spring-damper units
supporting the control system ring (NES) (azi-
muthal and radial positions and stiffness and
damping characteristics for these supports de-
fined in Locs. 89 - 96 and 109 - 132)

Note: Present program dimensions restrict the
maximum number of spring-damper support units
to no more than 4.

of
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**10c., 40:

**Toc, 41:
**[Loc, 42:

**Loc, 43:

**Toc, 44:

Logic control parameter (MSC), which equals 1.0
if a collective spring-damper unit supporting
the control system base plate is to be included,
in which case the stiffness and damping charac-
teristics of the spring-damper unit are defined
in Locs. 133 - 134; equals 0.0 if a collec-
tive spring-damper unit is not to be included

Mass of the control system ring, lb-secz/ft
Radius of the control system ring, ft

Local torsional stiffness of a segment of the

control system ring about its circumferential

axis, lb-ft2

Local bending stiffness of a segment of the

control system ring about a radially oriented
. 2

axis, lb-ft

**Note: If Loc. 37 (NSP) equals 0.0 a control system is not
being included. Therefore, the control system information

in Locs.

38 = 44 need not be included.

Loc. 45:

Loc. 46:

Loc, 47:

Loc. 48:

Loc. 49
thru
Loc. 53:

Effective drive shaft torsional flexibility,
rad/ (£t-1b), defined as the reciprocal of kd
where kd is the torsional stiffness of an
effective torsional spring

Logic control parameter {(NPRS) which equals 1.0
if control parameter input is to be printed as
output and equals 0.0 if control parameter input
is not to be printed

Not used

Number of starting eigenvalues

(NEGN) to be considered for a particular case
where a maximum of five starting values is
allowed for a given case

Real part (growth rate, rad/sec) of the starting
eigenvalues, where the number of array locations
to be defined is specified by Loc. 48 (NEGN)
Note: As an example, if Loc. 48 is defined to
be 2.0 only Loc. 49 and 50 need to be defined.
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Loc. 54
thru
Loc. 58:
Loc. 59:
Loc. 60:
Loc. 61:
Loc. 62:

Imaginary part (frequency, rad/sec) of the start-
ing eigenvalues where the number of array loca-
tions to be defined is specified by Loc. 48 (NEGN)
Note: As an example, if Loc. 48 is to be 2.0,
only Loc. 54 and 55 need to be defined.

Percentage of a l-percent increment of starting
eigenvalue (IPCT) which is to be used to compute
the second trial eigenvalue to be used in the
next step in the “teration procedure (recommended
value is 50.0, which results in a second trial
eigenvalue of 1.005 times the starting eigenvalue)

Maximum number of iterations to be performed for
each starting eigenvalue (NIT)

Number of repeatable significant fig