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PREFACE

In the Spring of 1971 the Structures and Materials Panel of the Advisory Group ftor
Acrospace Research and Development established o Working Group on Helicopter V/STOI
Structures and Dynamics. The primary function of the Working Group was to develop
means ot enhancing the operational capability of helicopters and V/STOL aircraft, and to
provide tor better pertormance and reliability and reducing maintenance.

: As an appraoch to the problem, the Working Group telt that a contribution to
improve the prediction methods of dynamic loads on helicopters was urgently needed.

In order to thoroughly survey the state of the art of Joads prediction and to define areas
: tor further rescarch and development, the Working Group decided to organize a

i Specialists Meeting on “Helicopter Rotor Louads Prediction Methods™. The meeting wis
7 subsequently held in conjunction with the 30th Meeting of the Structures and Materials

Pancl in Milun on 30-31 March 1973, The Conterence Proceedings document for this
Specialists Mecting contains a delineation of the analytical methods of predicting loads

on the rotors and the airframe of helicopters, as presently used by cight different airframe
manufacturers in the NATO Nations. These methods were critically compared by cight
reviewers with special regard to the correlation of the analytical results with experimental
experience. A general review of the state of the art was presented by Dr Loewy. who
also pointed out those problems which still remain unsolved.

- 3

It is to be hoped that the results of the Specialists Meeting will stimulate efforts for
further improvement of the analytical prediction methods tor loads on helicopter rotors
and airtrames and will therefore contribute to an increase in the reliability of tuture
generations o helicopters.

B
‘The Working Group is indebted to the authors and the reviewers, who by their
{ viluable presentations contributed to the success of the mecting, Profound thanks are
b: extended to Mr R.S Berristord and Mr . Liard, Coordinators of the Working Group. and
to Mr P.K.Bamberg, Execttive of the Structures and Materials Pancel, tor their excellent
work in the organization of the Conference and the preparation of the Proceedings of
the Conference which were edited in the relatively short period of three months after the
Specialists Mecting.
8 W.E THIELEMANN
: Chairman of the Working Group
- on Helicopter V/STOL. Structures

and Dynamics
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ROTARY WING DESIGN METHODOLOGY

by

Andrew 2. Lemnios, Ph.ID.
Chief Resecarch Fnqginecor
Kaman Aerospace Corporation
0ld Windsor Road
Bloomfield, Connecticut 06002

USA
SUMMARY
A nonlinear aeroelastic blade loads analysis is described for calculatina the
coupled responses, airloads distributions, and performance of heliconter rotors. The

analysis is divided into two major parts: (1) calculation of blade transient stability
behavior by means of linearized, coupled equations of motion; (2) calculation of periodic
blade dynamics and airloads distributions usina fully coupled, nonlinear cauations of
motion. The analysis includes six response modes and two input control modes. The
equations of motion include all nonlinear inertial counlina effects and nonlincar acro-

dynamic effects such as reverse flow, Mach number variations, larqe induccd flow anales,
unsteady aerodynamics, and variable inflow. Additional features to the analys«is are
the inclusion of feedback mechanical coupling amona the assumed modes and the inclusion
of springs and dampers for each mode. Sprinas are also included for the two control
systems in order that accurate control loads can be calculated. Unigque to the analvsais

is a trim/optimization analysis that automatically chanaes control inputs until pre-
selected trimmed flight conditions are obtained. The trim analysis applies to rotora
with single controls or dual controls. The daeroelastic analysis was used to ecvaluate,
design, and develop the new 101 Rotor for the HH2 heliconter. Sianificant imnrovements

in stall speed, maximum speed, rotor power, and blade life have been demonstrated on the
final design. The aeroelastic analysis was also used to evaluate a new rotor system
with torsionally elastic biade and dual controls - the Controllable Twist Rator., ‘om-

parisons are made between a CTR and a conventional rotor that are both sized to rert an
assumed mission. The comparisons indicate sianificant advantaaes of the CI'R in per -
formance and blade dynamics.

INTRODUCTION

As each new generation of helicopters becomes more sophisticated, increased
emphasis is put on improving thc aerodynamic and structural efficiency of rotors. The
accurate prediction of rotor blade loads and motions throughout the flight spectrum
becomes increasingly important. An improvement in rotor efficiency comes about only by
understanding the aernelastic coupling effects within a rotor system. Detailed aero-
elastic rotor analyses are required to achieve this understanding. In order to improve
prediction techniques, the analyst must expand che mathematical model that represcnts
the helicopter rotor by introducina additional dearees of freedom. An increase of the
permissible modes of motion in the model introduces many nonlinear tcrms in the equa-
tions of motion. Solutions to these complete equations can be approximated by analytic
or numerical methods.

In order to obtain analytical solutions to the aovernina ecquations of motion,
past methods for solving a multi-degree-of-freedom rotor assumed small anaqular motions
and linearizations of the resultant terms. Separate numerical methods were also
developed which could handle larae anqular amplitudes and nonlinear terms for sinale-
degree-of-~freedom flapping motion. A brief state-of-the-art review of helicopter rotor
hlade airload and motion prediction techniaques is presented in the following section.

The advert and widespread use of larqgc, high-speed digital computers have
introduced a tool with the capacity for obtaining numerical solutions to nonlinear
equations of motion for systems with many dearees of freedom. Thus, the need has bhecen
eliminated for limiting the methods of solution to linecarized multi-degrec-of-frecdom
models or to nonlinear sinqgle-degree-of-freedom models.

The derivation of the complete nonlinear equations of motion for a multi-
degree-of-freedom rotor requires extensive effort bv the analyst and is susceptible
to errors. In order to minimize the chance for errors during the derivation process,
a technique was selected for derivina the complete nonlinear equations with minimum
effort and for permitting an easy check on the derivation., The technique seclected for
this development is based on the principnle of virtual work and uses standard orthoaqonal
matrix notation to condense the buokkeepina problems in the expansinn of thesce cauations,

STATE OF THE ART

Several analvtical techniques have been develoned for nredicting the blade air-
loads, blade response, and performance of rotors in forward flight. Farlv develonments
were based on the airloads analyses for autoayros by Glauert and ILock (Refs 1 throuah 5).
In order to solve the airloads equations analytically, many simnlifyina assumntions were
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made. Included among these were the assumptions of uniform inflow through the rotor
disc, steady incompressible unstalled flow over the rotor blades, elimination of the
rotor reverse flow reqgion, single-deqgree-of-freedom inelastic blades, and linearization
of small motions.

Various investigators modified the airloads analyses of Glauert and Lock to
climinate some of the aforementioned assumptions. Wheatley (Ref 6) extended the
original analyses and Bailey (Refs 7 and 8) simplified the resulting cquations and pre-
sented them in chart form that could be used for practical enaincering calculations.
Gessow and Myers (Ref 9) discuss these methods and their underlving assumptions in
detail. smong other contributors were Hohenemser, Sissingh, Tapscott, Gustafson, Geusow,
and Myers. A list of reports by these authors is presented in Reference 9.,

With the advent of the high-speed digital computer in the mid-1950's, numerical
solutions could be obtained of the highly nonlinear blade airloads cquations. This new
powerful tool created a quantum jump in the analytical capabhility of the rotor analyst,
Many numerical techniques and solutions to the rotor airloads problem have been formu=
lated, Amonqg the early contributors using numerical methods of solution arc Gessow and
Crim (Ref 10), Piziali and Chana (Refs 11 and 12), Brandt (Rof 13}, Miller (Ref 14),
Rlankenship and Harvey (Ref 15), Berman (Ref 16), LaForage (Ref 17), Scully (Ref 18),
and Duhon ot al (Ref 19). More recently, contributions to the thecoretical prediction of
blade airloads, blade responses, and rotor performance have been made by Lemnios ot al
(Rofs 20 and 21), Arcidiacono et al (Ref 22) and Landarebe (Ref 23). This paper
summarizes the methods developed in Refs 20 and 21, presents a comparison of these
methods with available test data, describes their application to improve an existing
rotor, and summarizes the results of an optimization study of a new rotor concept.

DESIGN PROCEDURE

Two basic tenats were prescribed and maintained throughout the development of
the analyses reported herein. First, the analyses provide sufficient detail to describe
blade bechavior and rotor characteristics accurately. Second, the analyses arc automated
to minimize manual interfacing and data handling thereby minimizing the possibility of
introducing inadvertent crrors.

A flow chart illustratina the rotor blade desian orocess is shown in Fiqure 1.
The desian loop procedure is initiated by reading coordinates and material properties
from prepared drawvinas. These data are used as input to computer proarams that aeneratc
distributions of mass, center of qravity, moments of inertia, and stiffness. Usually,
the number of radial stations and their location do not coincide with the corresponding
input requirements of the aeroelasticity program. Consequently, the data arec submitted
to a proqram that automatically reconfigures all the distributions to prescribed radial
stations. The reconfiquration analysis redistributes the input data so that the inte-
grated blade physical characteristics remain unchanaed. Included amona these physical
characteristics are blade mass, first feathering moment, first flapping moment,
feathering moment of inertia, flapping moment of inertia, and cross product of inertia
between flappinag and featherina. The reconfiguration analysis outputs the distributions
automatically on punched cards, maanetic tape, or a storage disk. This analysis is
cspecially useful and time-saving on bhlades that have non-uniform mass distributions.

Output from the reconfiquration program is used direcctly as input to the
acroclasticity program and to an analysis for bhlade statics and dynamics. This latter
analysis cvaluates static droop and uses standard eiagenvalue procedures to calculate
frequencies and mode shapes of flatwise, edaewise, and torsion modes. Frequencies and
modes are automatically prepared as input to the blade acroelasticity analysis.

The acroelasticity analysis is derived in detail in Reference 20 and expanded
in Reference 21, The coupled equations of motion include six response modes and two
control modes for a fully articulated rotor svstem as shown in Fiqure 2. The response
modes are treated as normal modes and include blade nitching, blade laagina, blade
flapping, blade flapwise bendinag, blade clastic twisting, and control flap pitchina.
Output from the acroelastic analvsis includes transient time histories of the six modes
In response to a step input to any of the modes selected bv the uscr. The transient
responscs are a measure of the coupled system stability and can be used to predict
stability boundarics. Additionally, the acroelastic analysis outputs the stcadv state
time histories, load distributions, and anqle of attack distributions of the fully
coupled, nonlinear equations of motion. The load distributions arc inteaqrated to obtain
hub forces, hub moments, and main rotor horsepower. A trim analysis program automatic-
ally changes rotor control inputs until the rotor is trimmed to a fliaght condition
preselected by the user.

The load distributions of the trimmed rotor are harmonically analyzed and are
automatically input to a bending moment analysis that calculates root shecars, blade
deflections, blade slopes, and blade bending moments. The acroclastic analysis and the
trim analysis arec described in more detai. in the followina secctions.

Results of the above analyses are examined and evaluated by the rotor blade
design team and are used as a guide to modify the original desian thereby closing the
first design loop and initiating a sccond loon. The process is repeated until a satis-
factory desiagn is reached; usually three major iterations are sufficient.




AEROCELASTICITY ANALYSIS

As mentioned previously, the derivation of the equations of motion and basic
method of solution for the aeroelasticity analysis have been reported in detail in Ref-
erences 20 and 21. They are discussed in the present paper only to the extent that a
gencral understanding of the method is developed.

The total enerqgy of the system must satisfy a balance such that it can be
applied to the Lagrangian equations of motion for the jth generalized coordinate as
established in Reference 20.

[I7%; (0%;/3s5)dm + 3U) /s, + auz/:)éj = [/ (hx; /985 )dpy (1)
The strain energy function is of the form
U, = ”1(5j) (2)
i E and the dissipative energy function is of the form
P As in Reference 20, the coordinates of a point on the flap are aiven by
it § X, = Vt + ¥[E, + Z{E2 + B[P+ b 0 0.(Q + Ey *72)]}1 (4)
and those for a point on the blades are given by
Xy = Ve + Y[E; + Z{E, + B[P + &0 0.(0 + ,)]}] (5)

vhere the transformation matrices are defined in Appendix I. The evaluation of

xi(0x /%s.) will produce all of the inertial terms for the jth deagree of freedom. The
order of multlpllcatlon is immaterial because the resultant product is a

scalar, 1If a matrix operator Dy is defined as in Appendix I, the inertial terms for the

equations of mction can be evaluated from the following integral

fDIXTde = inertial and centrifugal moments (6)

In performing this matrix multiplication, advantage is taken of the orthogonality of
the matrices.

The strain energy potential function, U;, for the system is obtained by
assuming that cach rigid body degree of freedom contains a torsion spring whose output
torque is proportional to the angular deflection {or slope) of the mode under considera-
tion. Spring rates for the two types of control systems are also included in order that
accurate control loads can be calculated. The dissipation function, Uj, is obtained by
similarly assumina a viscous damper whose output torque is proportional te angular
velocity. The eclastic modes are included in these two functions by using the natural
frequency, generalized mass, and structural damping associated with each mode. The
moments from the two functions, U; and Up, arc evaluated by operating on them with the
two matrix operators, Dy and D, that are defined in Apnendix I.

W AR R,

e

DIU1 + DZU2 = spring and damper moments (7)
The surface forces acting on the rotor blade and flap consist of the aero-
dynamic forces and moments which can be separated into steady and unsteadv components.
The gencralized forces for Eq (1) are given by moments which account for the appropriate
boundary conditions in each mode. The generalized forces can be written in terms of the
ﬁ virtual work done by the external forces.

et

AR

; ax; aw
d Qj='r'f-(ﬁ3__]._dpi=a'; (8)

Eq (8) is not in a convenient form for use with the equilibrium eguations, because it is
; written in terms of pressures rather than the more common aerodynamic lift, drag,
pitching moment, and hinge moment distributions alona the blade and flap.

The generalized forces can be expressed in terms of these aerodynamic param-
cters by using strip theory to apply the distributed loads aiong the blade and allowing
4 the blade to undergo a virtual displacement in each mode. When this is done, expressions
for each Qj can be written as follows:

Q, = /(L$, + b, 1(r - e, )dr o = /[t . + D$ ] 8
4 ik b, 1 a; 0+ 0, - 4) (0 + 0, - ¢)
Q'ﬁ = f [L¢¢ - D$'.“ ] {r - ez)dr Q, = M ‘:'twdr
V N tw
.: Qs = ™ ;dr O‘(\ - J’M(Sdr -

Figures 3, 4, and 5 illustratc the blade airfoil cross-section geometry, the
scction aerodynamic force, momernt, and velocity vectors, and the blade dgeneralized
forces.
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The present analysis describes the behavior of articulated rotors with inboard
pitch control input, with flap control input, or with dual control input. The
feathering input is given by

oin = Oc - Ols$w - Olc¢w - 023$2w - 02c¢2w + KOHﬂ + Konc (10)
and the flap input is given by
8ip = 6g * 615$w + 61C¢w + 625$2w + 620¢2w + Kgplf + Kg0 4+ 0 (1

In Fquations (10) and (11), the various azimuthal coefficients corresnond to
1 y collective, cyclic, and second harmonic inputs; the constants correspond to the mechani-
. [ cal feedbhack couplinas amona the modes.

4 Becausc of the response modes and control inputs included in the analysis, the
equations can be used to analyze articulated rotors controlled directly with pitch horns,

/ I articulated rotors controlled aerodynamically with flaps, articulated rotors with dual
§ controls, hingeless rotcrs controlled by pitch horns, hinaeless rotors controlled by
| flaps, or hinageless rotors with dual controls.

METHOD OF SOLUTION

Generally, nonlinear response equations are solved by numerical methods, for
computer adaptation. Most often, thesc solutions use a forward integration approach,
which requires a knowledge of initial conditions in order to precipitate the solution
(initial value problem). However, experience has shown that an estimate of the initial
conditions can be so far from the stecady-state golution of a multi-mode analysis that it
is not possible to achieve stability or that it takes many iterations to get to the
stable solution.

The method used for solving the above nonlinear equations is an expanded ver-
sion of the method described by Berman for a two-degree-of-frecdom system (Ref 16). This
3 method is jencrally applicable to sets of nonlinear differential equations with co-
cfficients that are arbitrary functions of a sinale independent variable; in this case,
the variable is time. A brief description of the procedures is outlined bhelow.

Initially, the set of nonlinear equations is linearized bv makina the usual
small angle assumptions and neglecting terms higher than first order. The aerodvnamic
forcing functions are linearized onlv with respect to local anale of attack. Linearized
aerodynanic force and moment derivatives are tabulated versus Mach number for the normal
flow region, for the reverse-flow region, and for a narrow band around the reverse-flow
§ circle corresponding to low dynamic pressures. The linearized differential equations are

then written as a set of finite difference equations which are solved via the inteqratina
matrix operator developed by Berman.

The direct application of an integrating matrix operator to the linearized

¢ equations written in matrix form yields two important results. First, the completely
coupled transient response of the linearized system to an initial disturbance is cal-
culated. The initial disturbance can be a displacement or a velocity step input in any
single mode or any combination of modes. Transient responses are calculated for a pre-

i specified time interval (usually 20 rotor revolutions) in order to evaluate the stability

: characteristics of the coupled system. Sccond, the response matrices of the system are
obtained which dcpend only on the cocfficients of the linearized equations. When the
coefficients and the forcing functions are periodic, the response matrices are modified
by the end conditions to yield periodic responses directly, without carryina the cal-
culations through more than one cycle. Thus, the initial value approach for obtaining
linearized transient solutions is transformed into a boundary value approach for ob-
taining nonlinearized periodic (steady-state) solutions.

The response to the complete set of nonlinear equations is obtained through the
use of the above-mentioned periodic response matrices. The methodology is better under-
stood by beginning with the general description of the linear solutions. The left-hand
side of the equation is composed of the linear inertia matrix [I] and the linear airload
matrix [Lp), the sum of which is set equal to a forcina function matrix [F]. This leads
to the followina equation:

T T

(11,1 + L)) = [F] (12)

The left-hand side of Ea (12) incluédes functions of the displacements,
velocitics, and accelerations of the various response modes. Throuagh the techniques
reported in Ref 20, the left-hand side can be made functions of accelerations only so
that Eq (12) can be rewritten in terms of the acceleration matrix [X}, as shown in

;. Eq (13).

[AVIX] = (F] (13)
The periodic response matrix is defined by
b
. (P1 = a7 (14)

where the matrices [A] and [P] are matrix omerators. Fq (13) becomes

bt gt s
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[X] = [P)I[F] (1%)
These matrices are integrated by the methods in Reference 16 to give velocities and di.-
placements of the linecar equations. These linear solutions are subsequently used as

initial inputs for the iterative procedures in order to obtain nonlinecar solutions.

The nonlinear equations can bhe similarly represented with nonlinear inertias
(Iny!, and nonlincar airloads [Lyg1, and set equal to the nonlinecar forcing function
[FyL] as in the following equation:
([INL] A LCTR R O (16)
This equation can be rewritten
0 = [ 1) (17)

Fyr ([T, 1 + [L

If the linear inertias and loads are added to both sides, we get Fq (18)

NL

(1) 4+ (L)) = (011 + (0 1) = ([T ]+ (Ly 1)+ [Fy ] (18)

Using the definit‘ons in Fqs (12) through (15), we can write the accelerations
as follows:

(XI = (PIOCIT, )+ [0 1) = ([T 1+ (L 1) + [FNL]} (19)

Equation (19) represents a complete sct of nonlincar ecquations operated on by linear
responsc matrices. The included lincar cffects are self cancelling by definition from
Eq (18). The numerical solutions of the acceleration matrix [X] represent solutions for
each response mode at every azimuth position.

Because the right-hand side of FEq (19) has terms which include modal velocities,
displacements, and accelerations, it is solved by iterative methods. Subscripts are
added to Eq (19) to indicate the successive iterations. fThe itecrative nonlinear response
equation is defined as

XD, = [PHOCCI )+ (gD, = (01 + (g 1)y + [y T, _q) (20)

where

k

k=1

and k has the range (1 < k < N)with N beina the number of iterations required for
converacnce.

present i1teration count
previous iteration count

noa

The initial responses, i.e., displacements, velocities, and accelerations, are

determined from the linear solution of Bag (15). These are substituted into the right=-
hand side of Eq (20) to generate the nonlinear matrices which are used to determine the
sccond set of accelerations. 1Tn qgeneral, these new accelerations are not identical to

those that were input on the right-hand side because the linear solution does not have
the same accelerations as the nonlinear solutions. Therefore, these accelerations are
integrated to obtain new displacements and velocities which arce reinserted into the
right-hand side to obtain a third solution to the accelerations. These substitutions
are repeated urtil the kth responses coincide with the (k-1)th responses to within
specified tolerances. The last set is the converaed responses.

COMPUTER PROGRAM

A computer program for the aeroelastic analysis was written in FORTRAN IV
lanquage for an IBM 360/40 digital computer with a Disk Operatinag System, and a 132,000
word storage capacity. The computer program can handle a rotor blade with 16 radial
stations which are used to describe nonuniform radial distributions of chord, twist,
airfoil scction, mass, moment of inertia, chordwise center of gravity, bendinag mode,
twisting mode, elastic axis, and acrodynamic center. Sixty azimuth positions can be
evaluated for cach of the six response modes. Aerodynamic force and moment coefficient
wind tunnel data are tabulated for cach of 3 airfoil sections at 5 Mach numbers and 49
angles of attack, one of the airfoil sections has coefficient data tabulated for 5 flap
settings in addition to the Mach number and angle-of-attack ranges. Unsteady airfoil
characteristics are estimated by force and moment derivatives based on Theodorsen theory.
Variable inflow calculations are treated as a subroutine in the overall aeroelastic
loads computer program and, as such, can be modified to incorporate any of the published
methods.

Figure 6 illustrates schematically the basic program loagic for computation of
the rotor airloads and responses. Data for the specific rotor are input, and rotor
inertias and linear acrodynamic terms are calculated. Pertinent information is stored on
the disk for intermediate storage. The coefficients of the linecarized equations are cal-
culated and integrated to form the [A) matrix. This matrix is inverted to form the
pceriodic response matrix which is stored on the disk for use in all subsequent solutions.
The initial valuc matrix is determined, and the transient responses are obtained as a

uscr option. The boundary conditions are generated and also stored on the disk.

The above portion of the computer program is known as Part T and must be run
for ecvery flight condition or for any change in the physical properties of the rotor.
Part II of the computer program contains the input requirements for the controls (i.e.,
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pitch horn and/or flap controls) and calculates the steady-state rcsponses of the fully
coupled nonlinear equations. Therefore, it must be run for each new control settinc.
Using the data stored on the disk and the input for the controls, the linear forcing
functions are now calculated, and the linear steady-state responses are determined. The
local angles of attack are computed from these linear responses, and the local airloads
are determined from blade element theory. The nonlinear forcina functions are obtained
using these airloads, and new blade responses are computed. A trivariate interpolation
scheme is used to obtain aerodynamic data for conditions that are intermediate to tabu-
lated values. The iterative process of computing nonlinear airloads and nonlinear
responses is cycled until convergence is reached between successive iterations.

Rotor performance is calculated from the converaged airloads by intearating the k
various airload distributions radially and azimuthally over the disk. The expressions .
used to evaluate rotor thrust, torque, drag, and side force are given below. 3

_ b ,27.R _ ¢

Ty = 73 § élmtov D$¢v)¢gdrd\b (21)
3
b .27 ,.R i
Q. = (L$, + b¢, drdrdy (22) !
s = I é él o, o, ;
H = 2% éz"éR[(L% + o¢, )%, - ¢, - p§, 1$,¢ Tdrdy (23)
s 1 v v v v !
Y = - 22 éz"éR[(m + ¢, )¢, + (L&, - D, )$.$ ldrdy (24) I‘f
by T 1 ®v ¢v 4 ¢v ¢v 7R {

Blade responses are printed in the form of radial and azimuthal distributions of angles
of attack, airloads normal to the shaft plane, airloads in the shaft plane, feathering

moments, torque, Mach numbers, and critical Mach number ratios. Time histories of the 3
six coupled blade responses, pitch horn control loads, and flap rod control loads are 3
also output. Standard harmonic analysis techniques automatically resolve the waveforms '
of angles of attack, airloads, moments, and blade responses to yield the harmonic content
of each parameter. Angle-of-attack distributions are also interpolated automatically to
locate radial stations corresponding to integer values in angles of attack. These
latter results are used to generate angle-of-attack contour plots.

ROTOR TRIM

The aeroelastic loads analysis produces a set of forces, blade responses, and
rotor performance for a specific set of control inputs. However, the forces produced
are not necessarily the forces required for trim at the particular fliaght conditions.
The method for achievina the proper control inputs to obtain the necessarv trim forces
is called the trim program,

Figure 7 is a flow chart that shows how the trim proaram is used. Several
cases are run with control inputs which are estimated to produce trim, and rotor forces
and moments are generated. These initial forces and moments are used to produce
derivatives which are then used to estimate new control inputs. This procedure is
iterated until a trimmed condition is achieved.

As seen in Figure 8, a rotor svstem with a sinagle control (either pitch horn
or aerodynamic flap), has a unique combination of collective and cyclic control inputs
which will generate the required hub trim forces at a specified speed. However, a rotor
system with dual controls has several combinations of collective and cyclic inputs which
will produce the same trim forces. Thus, optimizing the control inputs for a dual con-
trol rotor involves a procedure which requires several times as many trimmed computer
runs as is normally required for a conventional sinale control rotor. The trim con-
ditions resultinag from this optimization procedure generate a response surface that is
used to estimate control inputs which maximize performance and/or minimize blade dynamic
response. To complete the procedure, these estimated optimum control inputs are used to
generate new trimmed optimum fliaht conditione for the rotor.

BENDING MOMENTS

The linear partial differential equations of motion for combined flatwise
bendina, edgewise bending, and torsion of twisted nonuniform rotor blades are derived
in detail by Houbolt and Brooks in Reference 24 and are extended in Reference 20 to

include the Coriolis force in the edgewise direction due to flatwise bendina. The 4
structural dynami:zs equations are solved in Reference 20 throuah the use of harmonic y
analysis techniques. The aerodvnamic forces and solutions are assumed to be periodic ﬁ

of the form:
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Substitution of Equations (25) into the structural dynamics equations results in a set of
three simultancous differential equations in terms of Y _, 7 , and ¢ and their deriv-
atives. The resulting equations are integrated nume:icgllynfrom the blade tip via
inteqrating matrices. Boundary conditions are applied at the blade root that are
appropriate to articulated, hingeless, or teeterina rotors. Thus, the equations are
transformed into a set of finite difference equations in Y.", Z,p", and ¥,' onlv which

can be solved to generate harmonic response matrices similar to those of Reference 25.
Post-multiplication of these resporse matrices by the airloads harmonics obtained in

the aeroelastics analysis yields the blade bending moment responses and the vibratory

hub shears. Details of the method of solution are presented in Reference 20.

APPLICATIONS

In order t. .valuate the accuracy of the analyses, comparisons were made with
flight test data obtained on an H-34 fully instrumented rotor blade (Reference 26). The
data are compared for level flight conditions at advance ratios of 0.129, 0.228, and
0.299; all comparisons are shown in Reference 20. Representative comparisons of aero-
dynamic loading, pitch horn loads, flatwise bendina moments, and radial bending moment
peaks for two advance ratios are shown in Fiqures 9 throuah 12, respectively.

As scen in Figure 9, the predicted acrodynamic loads on the advancina hlade
contain impulses that are morce severe than those measured on the blade. The imhulsive
behavior results from the use of a simplified variable inflow theorv that contains two
trailina vortices in the wake nattern located at the tin and at 35 percent of blade
radius. The predicted airload comparisons can bhe improved by using a more detailed
variable inflow analysis that includes more trailing vortices, a shed vortex wake, and
a finite core diameter for the vortices.

Prak values of pitch horn loads in Fiqure 10 comparc well with the flight loads;
an approximate 30 deqrec pitch phase shift occurs between the two curves. The analytical
results can be used confidently to predict linkaae desian loads for nitch horn rotor
svstems.

Fiqure 11 shows azimuthal variations in flatwise bendina moments for the
critical radial station. Thr steadv bendina moments were subtracted from the total
measured values because of inconsistencies between flight. The corrclation between test
and analvsis indicates that the analytical results can be used to nredict realistic blade
design loads and to ostimate blade life. Fiqure 12 presents double amnlitude values of
flatwise hending moments alona the blade radius. These curves contain the values ob-
tained from Fiaqure 11 as well as values at other stations reported in Reference 26. The
calculated bendina moments correlate well with test data.

As a rcsult of the confidence aained in the aeroclasticity and bendina moment
analyses,a rotor modification proaram was initiated to improve the performance and flving
qualities of the U, S. Navy H-2 helicopnter at a qross weiaght of 12,500 1lbs. The desian
improvement program resulted in the 101 Rotor. Amona the kev obijectives of the 101 Rotor
desian were a guaranteced 40 knot increase in retreatina blade stall marain and a
guaranteed increase in blade life to 3000 hours. These imnrovements were to be achieved
with no chanie in blade geometry, airfoil section, or hlade soliditv.

The rotor desian loon described in Figure 1 was used to optimize the blade for
the 101 Rotor. Predictions for the 101 Rotor confiauration indicated an increasc in
retreatina blade stall marain of 40 knots. Retrimmina the servo flap, and thereby re-
distributine airloads along the svan, nrovides 22 knots of stall relief. Increasina
rotor speed from 287 rpm to 300 rpm adds another 18 knots to the stall marain. A 3000
hour blade life is achicved by reducina the beak spanwise hendina moments by 15 percent
via mass bhalance chanaes to detune blade resvonse.  Blade mass balance sclection was
also influenced by comparina criteria for blade stability on the acroelasticity proaram
with test criteria.

Fliaght test measurements on the 101 Rotor are reported in Reference 27.
Fiaqures 13 and 14 nresent test curves obtaincd with the 101 Rotor compared with those of
the standard rotor and show that the ontimizaticn efforts gave test results better than
predicted. The level fliacht retreatina blade stall boundarv exceeded the stall boundary
quarantces by an averade of 8 knots.  The blade peak bendina moments were 20 to 25 per-
cent lower than those of the standard confiaguration. Blade lives calculated from fliaht
strain measurements exceoded the 3000 hour aquaranteco.
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Another recent application of the aeroclastic loads and trim analysis was a
parametric investigation of the Controllable Twist Rotor system. This rotor system con-
gists of torsionally soft blades with dual controls. The controls consist of conven-
tional pitch horn linkages at the inboard end and an acrodynamic control flap at the
outboard end.

-8

A general blade configuration was selected for study of both a conventional
pitch horn rotor system and a CTR sys-em. The blades selected had identical chords and
radii. A broad parametric evaluation of the CTR system was performed with a four-h:aded
confiquration to determine the effects of blade torsional frequency, blade built-in
twist, flap confiquration, flap size, and flap location on rotor performance and blade
dynamics. Based on the results of these analyses, a nearly optimum CTR confiauration was
chosen for further analysis and for comparison with the conventional rotor system which
was analyzed with four, five, and six blades.

Full details of the optimization study ana the comparison are presented in
Reference 21. The comparison between the CTR and the conventional rotor was made by
sizing the rotor systems to perform a nominal utility helicopter mission. The results
indicate that the dual control CTR is smaller and has fewer bhlades than the comparable
DCR (Direct Control Rotor) thereby resulting in a lighter, smaller vehicle with lower
power requirement. The following tables summarize the comparisons Yetween the two
rotors.

TABLRE
ESTIMATED PERFORMANCE PARAMETERS AND WEIGHT BREAKDOWNS FOR THE
MISSION ANALYSES COMPARING THE 4-BLADED CTR TO A 6-BLADED DCR

Aircraft Performance Parameters

DCR CTR
Rotor Diamcter (ft) 48 44
Solidity (o) 2 .156 .104
Drag Arca (ft") 28.3 25
Installed Power (Mil SL 59°F Rating) (HP) 4520 3500
Disk Loading (lb/ft2) 7.56 7.56
Blade Loading (1b/ft2) 48.5 72.8
Main Rotor Tip Speed, (R (fps) 661 661
Hover Power Requirements (O5E, 4000 ft, 95°F) 2000 1700
Hover Power Available (4000 ft, 95°F) 3200 2500

Statistical Weight Breakdown

DCR CTR
Structures, Rotor, Transmission 6120 5360*
Equipment 850 790
Twinned Powerplants & Installation 2050 1680
Fuel 3380 2460
Fuel System 300 210
Mission Load 1000 1000
Takeoff Gross Weight 13700 11500

* Includes CTR Weight Penalties; 80 1b for Flaps and Mass
Balance; 170 1b for Duplicate Control.
CONCLUSTIONS

1. A comprehensive nonlinear acroelastic loads analysis has been developed
to cvaluate articulated or hingeless rotors with sinagle or dual controls.

2. A fully automated trim/control optimi-zation analysis has been developed
and integrated with the aeroelasticity analysis.

3. An automated blade bending moment analysis has been developed and integrated
with the acroelasticity analysis.

4. Automated input data preparation analyses have been developed and integrated
with the acroclasticity analysis.

5. The analyses have been correclated successfully with available test data from
a fully instrumented blade.

6. The analyses have been applied successfully to improve the performance and
dynamic hehavior of a rotor system in scervice use.

7. The analyses have been used to evaluate and optimize a new dual control
rotor system.
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APPENDIX T
MATRIX TRANSFORMATIONS

The following is a list of matrix transformations used in Eqs (4) and (5).

0 0 e1
ST S "2 7 |&y] Ep = |0
0 0 ] 0
- -
e, - e 0 -vx
E, = 0 Ey = |e, = v
0 0 v,
b e
' -Ar [r - e,
5} Q= 0 P = 0
q; ¢ 0
}
¢ 1 0 0 1 0 0
. o= [0 ¢ % %= |0 %, 84
' o $ ¢ 0 ¢
& ) 9 0, o,
, 1 o 0 (1 0o o0
[+ 0 A = 0 ¢ —$
! EY (04 wOtw’ (b 9ew! 8 6
‘ . (¢tw9tw) (¢tw8tw) _0 $& ¢&
¢, 0 -$, ¢, -$, 0 [¢, -8, ©
{ B= [0 1 o0 z= |$, ¢, 0 v=|$, ¢ 0
| $e 0 ¢B 0 0 1 -o 0 1
¥ where ¢u = cosine u
$u = sine u

Note that the rotation matrices are orthogonal so that the transpose of each is equal to
its inverse.

T -1 T -1 T -1 ey 0-1, 0 s ox—l, 0 T _ 0 ol T -1

4 ¥V =% ~,2 =2 ",B =B, 0 , A=A
3 X tw tw
Furthermore, each rotation matrix depends only on one generalized coordinate.

The matrix operators D, and D, are defined by

[5/3¢ (873 ]
3/38 3/38
D, = [9/30 D, = 298
3/3a, 3/3"q,
3/36 a/3%
| 3/30,, | a/aotwj
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CURRENT LOADS TECHNOLOGY FOR HELICOPTER ROTORS

hy

Richnrd Gabel
Manager, Stractures Stadf
The Boelng Compuny
Vertol Division
I, O, Box [oRON
Phitudelphin, Pennsylvanin (0142

SUMMARY

Prediction of fatigue design londs 18 essentind tor proper wizing ol helicopter rotor aystems. Boeing -
Vertol huy developed the C=60 rotor loads computer program, It incorporates the etfects of alrfoll section geometry,
compressibility, stall, three~dimensional tlow, unsteady serodvnannes, wnd nonunttorn inflow to provide relinble
rotor loads for steady-state flight conditions even fnto the blade stall reglon, Hotor Tords predictions aee compared
with actunl flight test data from Boelng CH=47 wd Model 347 helicopters, An appronch to component sizing in pre-
sented in which o fatigue destgn loads histogram is constructed using enleulnted steady-state flight loads and
empirienlly-determined maneuver loads. Current efforts to timprove rotor lowds predictions through Incorporation
of futly coupled lng-pitch-flap routines, simulntion of control rystem dynamides, and development of maneuver londs
programs are discussed,

SYMBOLS

I Modutus of Elasticity v Local Alr Velocity, Alreralt 1Forward
I Moment of Inertia Speed
G Shear Modulus r Vortex Cireulation Strength
J Polar Moment of Inertia ¢ Coclticiont of ‘Thrust
C, Alrfoil Laft Coelficient (Subsceripty 2D Rotor Solidity, Standard Devintion
and 30 Indicate 2-Direnstonal and u Advanee Ratio
3-Dimensional Coefficient; No I'n Denwity Altitude
Subscript Indicates 21 Madal Frequeney
B.E. Blade Element GW Gross Welght
v Angle of Attack G Conter of Gravity
A Sweep or Yaw Angle Ny Rotor Blade Rotational Frequency
Rotor Angular Velocity RPM Revolutions Per Minute
AL Average Adjacent Blade Lifu /R Binde Station, Percentage Measured
L Bay Length Outhonrd from Rotational Center
; Alr Density IN. L.} Moment or Torque Inch Pounds

INTRODLCTION

This paper discusses helicopter rotor slzing [from a loads viewpolnt, The rotor loads prediction methods
currently in use at The Boeing Company's Vertol Division have been developed to fit into the {terative process of
rotor sizing. Of course, rotor loads depend in part on the elastic and mass properties of the rotor, and therefore an
estimate of the rotor propertics i8 required to generate loads (hence the iteration process). For this paper, the word
rotor means blades, hub, and upper controls.

Helicopter systems arce developed to perform a given mission or series of missfons. It is beyond the
scope of this paper to discuss in detafl the trade studies conducted to determine basice helfcopter configuration, In-
deed, such a discussion would be a paper in itself, It is sufficient to say that mission requirements expressed in
such terms as payload, range, hover performance, fuel reserve, and manecuver capability provide the basis for con-
figuration selection. Thrust requirements (dictated by hover performance at design gross weights and by maneuver
capability over the operating envelope) and airfoil characteristics are used to determine blade radius, blade chord,
rotor RPM and horsepower required. Blade radius is constrained further by disc loading criteria, blade chord by
flying qualities criteria, rotor RPM (i.c. tip specd) by noise criteria, and so on.

The net result of these preliminary trades fs o configuration selection for which basic helicopter geom-
etry and helicopter system target wetghts are identified. Rotor blade radius and chord, hub geometry, control sys-
tem configuration, and target weights for cach system are defined. The discussion of rotor loads, for the purpose of
this paper, presumes the configuration selection has been completed. The success of rotor system compot.ent sizing
(i. e. structural reliability at minimum weight) depends strongly on the proper definition of rotor system design

loads.
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AEROELASTIC ROTOR LOADS COMPUTER PROGRAM

Boelng-Vertol has developed an aeroelastic rotor loads program, the C-60 program, which has proven ade-
quate for holicopter loads predictions, Typical program running time on the IBM 360 computer Is 10 minutes, Program
C-60 calculates rotor blade flapwise, chordwise, and torsional deflections and loads together with rotor performance,
control systen: forces, and vibratory hub loads. Articulated and hingeless rotors with from 2 to 9 blades and low
twist may be analyzed, The analysis 18 limited to calculations involving steady-state flight at constant rotor tipspeeds.
The blades may be of arbitrary planform, twist, and rudial variation in alrfoil section.

The analysis considers coupled flapwise-torsion deflections and uncoupled chordwise deflections of the
rotor blades. The blade is represented by 20 lumped masses interconnected in series by elastic elements. Boundary
conditions for either articulated or hingeless rotors are applied and the solution obtained by expanding the variables
in a 10-harmonic Fourfer series. Rotor blade idealization is shown in Figure 1.

ACTUAL BLADE
THE BLADE HAS:

¢ SMALL, NONLINEAR
TWIST

* VARIABLE SHEAR
CENTER & VERTICAL
NEUTRAL AXIS

———— * NONLINEAR MASS &
ELASTIC PROPERTIES

* VARIABLE PLANFORM
& CROSS SECTION

APPROXIMATION EACH SECTION HAS:

* NO TWIST

.BLADE SECTION

® CONSTANT SHEAR
DARIES
fﬁ BOUNDAR CENTER & VERTICAL

NEUTRAL AXTS

® NO ELASTIC DEFLEC-
TION BUT IS
CONNECTED TO THE
ADJACENT SECTION
THROUGH EQUIVALENT
STIFFNESS

®* CONSTANT PLANFORM

& CROSS SECTION
EQUIVALENT SYSTEM

APPLIED
AIRLOADS
CONSTANT EI & GJ
ELASTIC BAY /t"
r— 0 —— BLADE SECTION
BOUNDARIES
Y PITCH AXIS

MASS BAY
EQUIVALENT MASS

Figure 1. Comparison of Actual Blade and Idealized Blade

Alrload calculations include the effects of airfoil section geometry, compressibility, stall, 3-dimensional
flow, unsteady aerodynamics, and nonuniform inflow. Static airfoil tables are used to account for compressibility,
static stall, and airfoil shape. The unsteady aerodynamic loads are calculated by modifying the static loads resulting
from the airfoil tables to include Theordorsen's shed-wake function modified by the assumptions shown in Figure 2,
dynamic stall effects based on oscillating airfoil data (Figure 3), and yawed flow across the blade (Figure 4).
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PARALLEL WAKE

0 Lik | n
ANGLE OF DYNAMIC

e I
LINEAR RELATION BETWLUEN VORTEX STRENGTH AND ATTACK gTaTic STALL
ANGLE OF ATTACK STALL

ACTUAL SHED WAKE PARALLEL WAKE 2.00
PATTERN ASSUMPTION |
¢, (DYN)
. SHED VORTICES 1 L
// / C, 1.0
I ! .
= : 'STATIC cy,
I
I
I

ASSUMED LINEAR
RELATION Figure 3. The Dynumic Cp, Calculation in Stall Is

SHED Dependent on the Dynamic Stall Delay
VORTEX __ ACTUAL
STRENGTH VARIATION
ENGINEFRING
R APPROXIMATION

ANGLE OF ATTACK

2.0 A\ =60°
REDUCED FREQUENCY

USES THE INSTANEOUS RELATIVE VELOCITY AND
ASSUMES ONLY 1/REV BLADE MOTION IS PRESENT

A =450

A =0°

STATIC
DATA

Figure 2. Shed Wake Assumptions

The nonuniform inflow calculations are based
on a tip and root vortex trailed from cach blade (Figure
5). Through an iterative technique, each trailed vortex
is made compatible with the calculated blade lift distribu-
tion; and the lift distribution is compatible with the non-
uniform downwash field. The effect of downwash on lift
is shown in Figure 6. The vortex wake is assumed to he
rigid and to drift relative to the hub with a constant re-
sultant velocity composed of thrust-induced uniform
downwash and the speed of the aircraft,

i ' L j
0 10 20 30 40 50
ANGLE OF ATTACK - a

CL (3p) = €L (2p)/€OSA

A = YAW ANGLE

BLADE ELEMENT LIFT COEFFICIENT - CL B.E

A flow diagram of this analysis is shown
in Figure 7. The solution for the nonlinear aerody-
namic loads and the coupled flap-pitch blade response
is performed in series. Up to 10 iterations hetween
the airloads and blade response are used to obtain the final solution. An iterative solution is uscd to account for the
nonlinear coupling between the blade deflections and airloads that result from airfoil stall and compressibility.
Iteration techniques arc also used to obtain compatibility between the airloads, downwash, and vortex strength and
to obtain a match with a specified rotor thrust. The following is a brief outline of the computer procedure.

Figure 4. Engincering Approximation Accounting
for Yawed Flow

The C-60 program is started by calculating initial deflections and defining boundary conditions from input
(i. e. collective and cyclic pitch and root flap deflections). These inputs are either known (as in the case of a model
test) or are obtained from an aerodynamic trim analysis. The trim analysis calculates the rotor trim (i.e. aireraft
angle of attack, thrust, collective pitch, cyclic pitch, and blade root flap angle) by considering aircraft gross weight,
center of gravity, fuselage drag, rigid blade properties, quasilinear static airfoil characteristics, nonuniform down-
wash, forward speed, and rotor speed to determine the airloads required to maintain the frec flight aircraft in
equilibrium for a steady-state flight condition.

Next, the rotor-induced velocities are calculated to provide a downwash ficld for each blade. First, uni-
form downwash is determined either from input or a simple calculation. If only uniform downwash is required, the
program exits from the downwash routine and proceeds to the airload routine. If nonuniform downwash is required,
a complex iteration loop is initiated. The downwash field resulting from this routine is used throughout the program

with no updates or modification.
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Figure 5. Calculation of Tradled Vortex Strength

After the downwush
fickd 18 caleuluted, the rigld
blade deflections (Initind deflec-
tions), nonuntform downwash,
and nonlinear aerodynamic
coefficients are then combined
to calculate the airloads. Here
again, a thrust routine iteratlon
is provided to guarantee o
thrust match if desired. Fol-
lowing the airload routine, the
acrodynamic vertical force and
pitching moment are harmoni-
ally analyzed and used as
forcing functions to caleulate
the coupled flap-pitch dynamic
response of the blade. Since
the foreing loads are nonlinear
functions of the forced response
(due to stall and compressibil-
ity), iteration between aerody-
namic loads and the blade dy-
namic response is required to
provide fecdback. To perform
the iteration, the most recently
*aleul. ted coupled flap-pitch
deflections are substituted hack
into the acrodynamic analysis,
the acrodynamic forcing func-
tions are evaluated again, and
the coupled flap-pitch response
analysis repeated. The ftera-
tion is continued until n specific
number of iterations (usually
10) has been completed. The
number of iterations specified

SO DOWNWASH

SECTION LIFT

(PROPORTIONAL Tl L}
VOOANDCQY) /n- AMRFOTL ANGL

I ATTACE

-~ W RELATIVE VELOCTTY

WITH DOWLWASH

REDUCEDR
LIFT

THE DOWNWASH FROM THE TRAILED VORTICES REDUCES 1T
ANGLE OF ATTACK. THE REDVCTION IN ANGLE ©OF ATTACK
REDUCES THE LIFT (LIFT DEFICIENCY) AND HENCE REDVCES
THE STRENGTH OF THEL TRAILED VORTEN S NCE THE TRATILED
VORTEX STRENGTH IS PROPORTIONAL TO ik BLADE SEC TGN
LIFT.

Figure 6. Effect of Downwash

should be sufficient to insure a converged solution.

After the coupled flap-pitch airload iteration is
complete, the Coriolis foree is calculated from the coupled

flap-pitch deflec-
tions and added to
the tangential

culated by considering blade shortening resulting from flap and lag de-
flections; pitch link loads are calculated by determining the blade system
pitching moment and all loads are resolved from the rotor disc system
into the blade system. Finally, fixced and rotating system hub and

lower control loads are evaluated by combining the root shears and
moments with the system geometry.

As the flow diagram shows, the acroclastic rotor analysis
is basically an aerodynamic analysis coupled by iteration to a dypramic
analysis,

_ RLAD
acrodynamic AIRFOIL
forces for the lag TABLLS
forcing function. []
The uncoupled lag RLAD INPUT
response Is cal- DATA AND
culiuted in the CONVERT UNITS
Same mannper as ]
ll}(- coupled flap- R
pitch response; CALCU-
however, no iter- LATIONS
ations are per- []
formed. The "
d - AIRLOADS
influence of lag gg;,’;‘,‘;’ﬁ;?“ & THRUST
deflections on 3 ROUTINE
airloads and the []
coupled flap-pite
_' ) ll' 'l"_t h AIRLOADS THRUST
nesSponse s as ROUTINE ROUTINE
sumed to be
negligible.
COUPLED BLADE
FLAP LOADS
PITCH
Next, RE FLAP & PITCH
blade radinl CORIGLTE
forces are cal- FORCE
CALCU-
LATIONS
[ ]
UNCOUPLED BLADE
LAG LOADS
RESPONSE CHORD
| ]
HUB AND
CONTROL
LOADS

Figure 7. C-60 Flow Diagram
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ROTOR LOADS CORRELATION

"The process of developing a rotor loads prediction cupability goes hand-in~hand with a continual effort to
correlute predictions with actual test results, The question is: How good are the predicted rotor system londs ?
Several examples of londs correlation results have been selected to provide visibility on this question, Flight test
data from three of Boelng-Vertol's tandem votor helicopters and one run of wind tunnel data is shown, The CH-47C
helicopter hus two rotors with three constant-chord constant-thickness blades of steel-fiberglass construction; the
Advanced Geometry Blade CH-47 hus two rotors with three tapered-chord tapered-thickness blades of fiberglass con-
struction, and the Model 347 helicopter has two rotors with four CH-47C blades. Piteh link loads shown are from the
CH-47C aft rotor at y = 0,306 and Cp/o0 of 0, 1147 (well into blade stall) and from a 14-foot-diameter wind tunnel
mode!. Table I summurizes the flight conditions and test data shown in the correlation plots,  All the test data shown

is for steady-state {light conditions.
i TABLE 1. SUMMARY OF CORRELATION DATA
b Number Blade cG Component
‘ of Radius Flight Gross Density Location Max Max Pitch  Flgy
o | Source Blades (ft) Number Weight Altitude  RPM (1n) st ' Link Bending
; L] —_— —_—— = = — S
‘* CH=-47C B 30 82 19000 7000 230 5 Attt 0.1147 0.300 X X
] ;l-' Wind 4 7 BVWT - - 1023 - 0.062 0.350 X
1 £ Tunne!l 102~44
\ 4
1 } CH=-47(AGB) 3 30 272 46000 6000 245 4 ALt 0.0890 0.299 X
1 19 - " -
2 : Model 347 4 30 313 42000 1600 220 6 At 00,0873 0,373 X
i L e - - =
3
!
1 i Piteh Link Loads
; g- CH-47C, FLIGHT X-83, Cp/o = 0.114, Hp = 7000 FT
The pitch link, aQ 2400 T et
4 1 which reacts blade pitehing - |
] moments, introduces flight ) |
1 loads into the control system. o
4 Historically, high control- < 1600 H
3 4 q . b @] 1
system loads associated with he) ) ] .
blade stall have limited the ) UNSTEADY AERODYNAMIC THEORY -
helicopter flight envelope. =5 | :}" LR
Alternating pitch-link loads e |
typically exhibit a rather con- é . 800 I -
sistent increase with increas- w0 TELT -
ing airspeed until blade stall Sl Yb"‘ ( QUAS1STATIC
is reached, Then pitch-link <o THEORY
loads and hence control sys- a
tem loads may exhibit rather 0 20 40 60 80 100 120 140
P 0 %1 Q. I H t
:qhdrp .inc reases in magnituce TRUE AIRSPEED - KNOTS
including significant harmonic
content from multiples of the
once-per-rotor revolution Figure 8. Comparison of Test and Analytical Pitch Link Loads for an
frequency. PFigure 8 shows Alrspeed Sweep

measured CH-47C alternating

pitch link loads as a function of airspeed. The C-60 load predictions prior to the incorporation of compressibility,

stall, dynamic stall histeresis, and three-dimensional flow is labeled quasistatic theory and fails to predict piteh link
loads above 100 knots. With
the incorporation of unsteady

1 B _ acrodynamic theory, the im-
i FLIGHT X-83, V = 123 KNOTS, Cp/c = 0.114, Hp = 7000 FT provement in pitch link load
I ORI ON correlation is dramatic. Not
* e - - only are the loads below stall
; jo— 1 REVOLUTIOCHN “__-q'f predicted well, but good
F 8 20000 ——l—y - agreement with stall flutter
, H FLIGIT TEST o loads is obtained, and the
o 1000 d | | s 1"_ inception of blade statl at 97
< [ K l‘ [ knots is accurately predicted,
= {1 “ . \ R 55 Figurce 9 shows the predicted
v 0 - = gt and measured piteh link wave-
= e W Pl : ' /1. 2 form at 123 knots. The capa-
S 1000 h e’ H J Yt hility to predict the stall
r T UNSTEADY — flutter load spike magnitude
= i AERODYNAMIC and location in the fourth
& -2000 THEORY ___ quadrant is a significant ad-
o b Il i A ' ke M vancement in rotor loads
0 160 200 300 400 500 600  technology.

BLADE AZIMUTH POSITION (Y¥) - DEGREES

Figi're 9. Pitch Link Load Waveform Correlation Using Unsteady
Acrodynamic Theory
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Figure 10 shows
u pitch link load waveform
taken from data recorded in
the Boeing=-Vertol Wind Tun-
nel in August 1972, The
model was a 14-foot-diam-
eter four-bladed mach scaled
rotor and the data was re-
corded for Cp/o = 0,062 and
p = 0,350, The C-60 predic-
tion, scaled down from full
size to model dimensions,
shows exceptional correla-
tion in both waveform and
magnitude.

TENSION

Blade Flap Bending Moments

Rotor blade al-
ternating {one-half peak to
peak) flap bending m iments
for the CH-47C, CH-47
(AGD), and the Model 347
are shown in Figures 11, 12,
and 13, The test data varia-
tion is indicated by a har,
and the average or most
representative alternating
load recorded is indicated by
a circle. C-60 predictions
using both uniform and non-
uniform downwash routines
are included in the high
speed cases shown, The use
of nonuniform downwash in

PITCH LINK LOAD - POUNDS

COMPRESSION

the analysis more closely predicts the lift distribtuion along the blade as a function of azimuth and also introduces

blade tip vortices lying in or near the disc plane. For single rotor helicopters (or forward rotors on tandem helicop-

+30

~-30

- i 0

SCALED C-60 PREDICTION.

I| _MODEL DATA
I'fr_'-r,.f- = 0,062
P svwr 102-44

—

Figure 10.

90 180 270

BLADE AZIMUTH - DEGREES

Prediction

Comparison of Wind Tunnel Pitch Link Load and the Scaled C-60

ters), blade loads are increased by the impulse from the intersection of a blade with the vortex of a preceding blade.
In tandems, the aft-rotor loads can be increased by the intersection of alt blades with vortices trailing downstream
from the forward rotor. Vortex strikes or near strikes tend to impart impulse loads to the blade exciting the higher

flap hending modes. These modes are lightly damped and thercfore contribute significantly to the flap bending moment

when vortex interference is involved.
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fourth (12.19 0) flexible modes all pouk at 10 to

13 and 80 to 85 porcont radius. This indicates that flap
bending moments, when operating with significant vortex
disturbance, would havo n large inbonrd and outbourd
peak. The effect of the fourth flexible mode is not in-
cluded because thu C-60 progrum capubility is limited to
10 harmonics.

COMPONENT SIZING

During flight qualification of an nctunl heli-
copter, an extenslve array of loads are collected. These
loads cover the full range of helicopter gross welght,
center-of~gravity location, airspeed, altitude, rotor
RPM, cyclic trim and helicopter maneuvers. Flight
loads/stresees are recorded on many components
(approximately 150 stress parameters were recorded
during the CH-47C Chinook stress and motion survey}
including rotor blade flap bending, chord bending, tor-
sion and absolute spar stresses; rotating control system
stresses on hubs, pitch links, drive scissors, and
swashplate lugs; stationary control system stresses on
actuators and linkages; rotor shaft bending moment and
torsion; drive system torsion; and airframe stresses at
selected locations. A helicopter mission (fatigue) profile
(Table II) is derived from the mission requirements and
used with the loads above to define the structural flight
envelope. A further step is the establishment of compo-
nent retirement lives.

This process is fine for aircraft qualifica-
tion, but during initial component sizing measured flight
loads obviously do not exist. Even so, the definition of
a design fatigue load histogram relating to the helicopter
fatigue profile is now feasible. It can presently be done
by a mixture of pure analysis (C-60 rotor loads pro-
gram), wind tunnel test data, and empirical use of flight
test data from existing helicopters. In the future, it
may be possible to predict envelope loads completely by
analytical means.
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Figure 13. Model 347 With CH-47C Blades, Aft Rotor
Predicted and Measured Alternating Flap
Bending Moment at V = 152 Knots

TABLE II.
TYPICAL HELICOPTER FATIGUE PROFILE**
PERCENT OF
CONDITION OCCURRENCES*
Ground Conditions 1.0
Take Off (400)
Steady Hovering 16.0
Turns Hovering (1000)
Hover Control Reversals (1000)
Sideward Flight 1.0
Rearward Flight 0.5
Landing Approach (500"
Forward Flight
20 Percent Vy 4.0
40 Percent Vy 2.0
50 Percent vy 2.0
60 Percent Vy 5.0
70 Percent Vy 18.0
80 Percent Vy 16.0
90 Percent Vy 16.0
VH 1.0
115 Percent vy 1.0
Climb, Takeoff Power 3.0
Climb, Full Power 4.0
Partial Power Descent (500)
Turns 5.0
Controls Reversals (800)
Pull Up (250)
Power to Autorotation (40)
Autorotation to Power (40)
Steady Autorotation 1.0
Autorotation Turns 0.4
Autorotation Control Rev 0.3
Autorotation Landing 0.3
Autorotation Pull Up t40)
Ground-Air-Ground (100)
Power Drive 2.5
* Bracketed numbers are occurrences
per 100 flight hours
** Altitude, gross weight, and center
cf gravity splits not shown for
convenience

As an illustration of the semiempirical
process, consider the following pitch link dic.cussion
which is presented as an example of compenent sizing.

Figure 14 shows CH-47C flight te -t data
which, for the example cited, repr~sents a configura-
tion similar to the new design. The CH-47C raaneuver
data is used as the basis for mancuver loads for the new
design. For convenience, only pull-ups, turrs, and
control reversals are shown, Figure 15 shows the cal-
culated (C-60) steady state pitch link load for the new
helicopter as a function of airspeed for the desipn gross
weight. The mission required airspeed Vi, the power
limit, and stall inception (indicated by the calcu lated
waveform) are shown for reference. The maneuver
loads shown in Figure 15 are related empirically to the
actual CH-47C data shown in Figure 14. Care mu:t be
exercised in the determination of the maneuver loals to
properly account for penetration into blade stall and for
configuration differences such as delta three. The em-
pirical relationships consider relative Cp/o and may
account for as many splits of mancuver severity (i. e.
load factor or bank angle) as desired. The pitch link
fatigue design loads histogram (Figure 16) is now con-
structed using the loads data and the frequency of occur-
rence specified in the mission profile.
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The required pitch
link size depends not only on
loads but also on material
3 futigue properties, With the
F S-N curve shape of the struc-
tural material involved and
the loads histogrum, a life
g versus endurance limit curve,
3 Figure 17, is constructed by
? setting the endurance limit at
various load levels and using
Miner's cumulative fatigue
| 2 damage rule. Entering the
] i life versus endurance limit
i curve at the required design
E 3 life defines the required pitch
] link endurance limit expressed
in load. This design load is
E p’ used to size the part in con-

4 ¥ junction with mean -3 0 fatigue L 1 Kl 1 1 L
L
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stress allowables. Conven- 0 20 40 60 80 100 120
tional fatigue analyses ac-
counting for stress concentra- TRUE AIRSPEED - PERCENT Vy
tions, fretting, imean stresses,
and secondary stresses are
K employed in component sizing.
| The mean -30 allowable pro- 12000
k. vides structural reliability for
: K inherent scatter in material
5 fatigue performance. &
§

Figure 14, CH-47C Flight Test Data, Pitch Link Load versus True Airspeed

10000}
3 EAXPANDING PREDICTION
A CAPABILITY

; 8000 [
: Continued efforts [ Do%o

1 ! are required to achieve a

o capability to predict rotor

. loads for an entire helicopter

1 g flight. Current cfforts at

\ Boecing-Vertol include an ex-
pansion of the C-60 rotor
loads program, the develop-

§ ment of an analog program

with the capability to simulzic

control system dynamics, ana

the development of loads pro-

grams for transient flight

conditions. Each of these

efforts is discussed below,
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The C-60 Rotor
Loads Program has been Figure 15, Fatigue Design Data, Piteh Link Load versus True Airspeed

expanded (and hence redesig-
niated C-70) to allow the analy-
sis of highly twisted propellers/
rotors. Improvements, which
[ should also benefit helicopter
loads predictions to some de-
gree, include the effect of large
blade twist, shear center chord-
wise location, vertical neutral
axis chordwise location, and
fully coupled blade deflections,

>

OCCURANCE
CYCLES PER HOUR

EXAMPLE ONLY

IFor highly twisted
blades, the principal axes in
, the chordwise and flapwise
4 ] directions change their orien-
I X e x tation relative to the rotorshaft

4 5 6 7 8 at each spanwise location.
1 _ -3 The C-60 analysis does not
; ALTERNATING PITCH LINK LOAD POUNDS X 10 e S e

Figure 16. Pitch Link Fatigue Design Loads Histogram
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rotation. To nccurately calculate
the blude deflections, including
principal axis rotation, requires
that either all calculations be per-
formed in o local-axis system
coincident with the local principal
uxis orientation or in a fixed-axis
[ _ . i syﬁtem’wllthdn(ljl the cm}ss-lnertlu
== - terms included. In either case,
EHENEEE ONLY the analysis is best performed if
the chordwise and flapwise deflec-
tions are coupled. In addition,
since the chordwise mass center
i8 not coincident with the shear
center, coupling with torsfon will
also result. Therefore, to prop-
erly analyze rotors with large
twist, a coupled chordwise-flap-
wise~torsion analysis is required.

10000

1000

FATIGUE LIFE - HOURS

The present C-60
rotor analysis assumes that the
3 4 5 3 7 8 pitch axis, vertical neutral axis,
and shear center are coincident.
PITCH LINK ENDURANCE LIMIT - POUNDS X 10-3 This assumption is fairly accurate
when applied to long, slender
Figure 17. Pitch Link Fatigue Life versus Endurance Limit rotor blades with spar-type con-
struction. However, recent devel-
opments in composite materials,
new construction techniques, and the larger chord-to-radius ratio of propellers have made the difference between the
pitch axis and shear center more important. Control input (cyclic and collective), as well as flexible control input
resulting from control loads, are input about the pitch axis while elastic twist resulting from blade torsional loads
pitches about the shear center. When the difference between the pitch axis and shear center is significant, both axis
systems must be taken into account when calculating the rotor loads.
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The C-70 prediction 200 T T
of flap bending moment on the O THEDRY
Model 160 performance model i. _\ R
hover is shown in Figure 18 along 150 L =
with the wind tunnel data. The
wind tunnel model is a 5.5 fool Y
diameter 1/10 scale full span tilt 7 100
rotor model. The test data was z
collected with a 3-degrees-of- o
cyclic and 10-degrees-of-collec- = 30
tive control input. The blade has o] f
36-degree twist over the airfoil o I|,--"
section. The result shown speaks & 0 -
for itself. o f 4
g
2 -50
CBO Analog \nalysis u .ff
%
4 -1c0 4 N
A CBO analog analy- & ’ b
sis program is being developed to -
account for the effects of control -150 s
0 60 120 180 240 Jaa 360

system dynamics on loads. Para-
metric studies indicate that con-
trol system (i.c., pitch link)
loads are affected by control sys- Figure 18. Model 160 Performance Model, Predicted and Measured Flap
tem stiffness. This is not really Bending Waveform in Hover for 3° Cyclic and 10° Collective
surprising hecause the control at 2300 RPM

system may be thought of as a

rotor torsional spring connected

in series with a torsionally flexible rotor blade. It is also apparent that control system damping can be effective in
delaying the onset or reducing the amplitude of pitch link load increases triggered by stall flutter., The CBO analog
analysis is a six-degree-of-freedom single rotor dynamical analysis for four rotating blades which are forced with
airtoads that featur ¢ unsteady and stall delay aerodynamics. The rotor blades have individual first flexible torsional
degrees of freedom with each blade connected to the swashplate through its own torsional spring. Distributed or
lumped masses may be used to represent the swashplate under which three or four parallel spring-damper lower sup-
ports may be arbitrarily positioned about the azimuth. The system features individual blade aerodynamics with dynam-
ic and aerodynamic swashplate-blade coupling.

ROTOR AZIMUTH [(DEG)

The airloads are determined by a rapid blade radial airload integration on the analog computer. The loads
are stored and applied as the forcing function to a set of simultancous differential equations. Updating of the aerody-
namic forcing function occurs cvery four degrees of rotation. The loading technique allows solutions to proceed more
quickly than other programs. The analog receives control signals from the digital computer which also stores the
basic airfoil data. Figure 19 is a schematic of the mathematical model.
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Figure 19. Four-Bladed Rotor Pitch Damping Model

Model 347 flight test data for the
lower supports is shown with analog results
in Figure 20. In this case, the analog blades
were disconnected and the corresponding
flight test pitch link waveform was used as
input data. Note the correlation is good in
amplitude but needs improvement in phase
angle,

Maneuser Loads
G P

An area of extreme interest in
rotor loads technology is the prediction of
transient loads related to maneuvering flight.
An example of development efforts in this
area is Program L-32 which can be used to
predict vertical blade loads resulting from
maneuvers and uniform gusts. L-32, using a
companion program as a subroutine, calcu-
lates flap mode shapes of an articulated or
rigid rotor. It utilizes these mode shapes to
calculate the flap bending blade response and
hub loads during steady-state conditions and
during transient conditions following pilot
control changes of collective, cyclic, and/or
a gust. The collective and cyclic changes can
be put in together or separately as a step or
ramp function. The gust input is uniform
starting and ending as a step function but may
come from an arbitrary direction. The air-
loads include steady plus three harmonics,
determined by linear aerodynamic theory,
and a tlp vortex prescribed by input in both
space and time. The effects of delta three
and precone are included and rotors with up
to six blades can be accommodated. Although
L-32 is currently limited to vertical loads
and does not account for the removal of con-
trol inputs, some reasonable correlation
with measured CH-47B flight test data has
been achieved as shown in Figure 21.
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Figure 21, CH-47B Rotor Blade Flap Bending Moment
CONCLUSIONS

The capability for predicting helicopter rotor system loads for rotating components is well established for
unstalled level-flight conditions. Recent developments such as the inclusion of unsteady werodynamics in computer
programs allows calculation of stalled pitch link loads. Research efforts expanding loads prediction technology to
include lower control loads, to account for control system dynamics, to handle highly twisted prop/rotors, and to cal-
culate transient loads during maneuvering flight are encouraging. ‘They must be continued to achieve a capability for
the analytical determination of total envelope loads. In the Interim, empirical methods may be used with caleulated
level-flight loads to determine design loads for new helicopters.
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REVIEW OF PAPERS 1 AND 2
by

A J Sobey
Principal Scientific Officer
Structures Department
Royal Aircraft Establishment
Farnborough
Hampshire
GU1k 6TD
UK

A review may take several different forms - that of a book, for example, is & sales promotion
exercise. In that 1light, I would like to applaud the two papers which it has been my pleasure
to review and to declare that the first paper is an excellent account of the problem of rotor load
determination. Those who wish to enter this difficult field could scarcely improve upon
Dr Lemnios' paper with ite extensive bibliography as an entree to the subject. Most of Dr lemnioa'
paper is taken up with an account of the methodology which the rotor analyst performs and only a
ssall amount of text is given up to other features so that the paper principally presents the
results of several man-years of work which the Kaman Company have done in this field., Mr Gabel's
paper is somewhat different in its broad conception. The author reports not one method, on which
he asks to be judged, but an organic set of programmes progressively growing. Thus it is more
candid in that it is continuously changing as a result of experience. Such updating would seem
to be an essential part of any modern programme development.

A review may, however, like that of a TV programme, be critical and I will now pick up
some points which have caught my eye as a structures man. Firstly, though, I should tread some
delicate ground. The question of rotor load determination is one in which structural factors
interplay with aerodynamic ones in such an interactive way that it is scarcely possible to
separate the one effect from the other. Nevertheless, I will say very little about aerodynamic
matters, Let vs, then, examine some of the structural problems which occur in both

programmes,

First of all there is the question of how to represent the blade, Now Dr Lemmios does
not spell out in great detail how the dynamic model ias to be established but he makes two very
good points. The first is that the governing equations of motion are non-linear and secondly
he uses the principle of virtual work to derive the governing equations of motion. He
subsequently talks about blade modes. Presumably the governing equations of motion are
simplified by the omission of certain forcing terms and the resulting free vibration equations
are recovered and linearised to that some normal modes may be calculated. Matrix concepts are
introduced into the analysis, so as to keep the book-keeping straigh' as he puts it, so
presusably the modes are used as a basis for blade analysis. Now in contrast Mr Gabel's
model of the blade is quite different. In his first figure you see his expose of the blade as a
series of not disjoint but adjointed elements with particular interrelationships between them.
His equations of motion are based upon this simplified model which are retained throughout the
calculation. He does not use a modal approach. It would seem to me, particularly in view of the
evidence from flight tests, that the harmonic analysis - the modal content - is very important
and in view of the fact that the corroboration between calculation and experiment is principally
in the lowver order modes, it is perhaps in the inclusion of higher order harmonics that the next
stage in modifying the dynmamic model will take place.

If we have got modes, and let us assume that that is a really straightforward exercise,
there is the question of how are we going to use them. One of the aspects here that disturbs
se is that since cyclic pitch is essentially a finite amplitude excitation and since normal modes
exist only for infinitesimal departures from steady coning, is the case for using normal modes
in the helicopter rotor analysis as overvhelming as it is in the corresponding fixed wing case.
Now if we are examining, let us say, the tail plane motion of a civil airliner, there is no
question that dynamical equations for that component would be written down in terms of rnormal
coordinates und we would expect the departures from the steady state condition to be small enough
to allov that treatment, and for that to be almost linear. But is the correspcnding situation
in the rotary tield as overwhelming? Is it, perhaps, the case - and I put this as a question to
all of us vho are looking at the general strategy of how to conduct the aeroelastic analysis -
that we are better off using a modal approach, or using a continuous (or even discrete) aystem

of equations.

I would like now to say something ahout the integration of the blade governing equations.
Dr Lemnios makes the point that if we take some value of the azimuth, anticipate the initial
values of the blade variables and integrate round one cycle and hope to return to those values,
that this process may not work well. The forward integration process, euphemistically, may or
may not converge. DBut we know that it is physically possible to demonstrate situations in which
the motion is not periodic with basic period of one revolution but it is possible, as with the
split tip-path plane condition for solutions with period other than one revolution to interfere
with the ones that really interest us. I would like to suggest that we are unwise to demand of
our computers that we march, and integrate around the azimuth and that this is the best way of
solving the problem. It is an obvious way, but is it necessarily the best?

T
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Now some years ago, if we were faced with the question of the stability of a system described
by a system of non-linear differential equations we would be forced to do what Ir Lemnios does in
his examination of the stability during a change of state from one position to another, that is to
look at the linearized equutions of motion about a particular point and test the stubility in that
region. But it is now possible due to the growth of e.thods that are essentially very old in concept
but very modern in application - namely that of Lyapurov - for stability of non-linear ayatems to
be explored in a global sense. Now I put this out aer an idea: are we not ripe, in the non-linear
analysis field, for some sort of parallel to the Lyspunov stability analysis which will help us with
the forced response problem? Dr Lemnioe gives us zr nccount of the Berman integrating matrix method,
which is a linear concept that derives from the Pen..o-Baker or Matrizant method, that relates the
state vector at one azimuth to its neighbour by a transfer matrix. We may progress around the
azimuth by more than one technique and the Berman method is one way of doing it. But the marching
forvard process is not wholly vindicated and I would like to see the non-linear aspects broken by
some mathematical artefact rather than a numerical one., It is, in theory at least, possible to
replace differential equations by finite difference ones and to set up a system of algebraic
equations whose order will be high but the matrix sparse so that we can determine in a single
calculation conditions on the blade.

I do not want to say very much about the tests of credibility of the programme which I will
leave to my colleague Mr Piziali but I am impressed with the way in which both our speakers have
; shown the effectiveness of their programmes in action. But here I must strike a ncte of warning.
You tend, like gardeners, to show only your best blooms. Thus in accepting that the evidence that
has been adduced looks very good I would invite us to inspect a little more closely and this
cannot be done in open forum.

: Both our speakers have a similar difficulty in that they have been associated with
programme development over a long period of time - it is man-years of work that we are talking about -
and the question that goes through one's mind is: "What is the way ahead?" Here Dr Lemnios makes
no comment - there is no space in his paper to squeeze it in. But the preponderant part of
Mr Gabel's paver is an account of the way in which his company has learned to adapt the C-60
programme to the chastening experiences of real life. I am delighted to see the way in which

t programme C-70 emerges after major surgery has taken place on C-60. In particular I note that
i the blade motion is described by fully coupled equations, a point I am sure Dr Lemnios will applaud
4 since he started with such equations, Blade motion inm which the lagging motion is a derived

quantity that follows once you have basically set up the pitch-flap interaction does not seem to
me to be right but its a good start. May be with the kind of blade on which Boeing Vertol have
tested their programme, the structural decouplings in the blade allow the lag and flap-pitch
separation, but it is significant that Mr Gabel has written in his paper that it is new blades,
new methods of construction that force the use of a fully coupled system. Also to be applauded
is the inclusion of the Tarzanin dynamic stall effects which creates the opportunity for making
more penetrative examinations of that very difficult region at high forward speed.

Now we ought to ask the cardinal question '"How good is it all?" - how useful is it to be
able to predict loads at 1.0 g in level flight. It is unquestionably true that the loads that are
currently calculated are not fatigue damaging. The first sentence of Mr Gabel's paper declares
as objective the rotor fatigue life prediction and he bravely takes up the question of the way in
which the present capability can be used to estimate fatigue life., Somewhere in the middle of
Table II, listing flight conditions and designating the proportion of total flying life given to
each flight condition, in the fatigue-damaging S¥. It is a very difficult exercise to read across
from something which is non-fatigue Jamaging (an intermediate load) to a fatiguing (extreme) load.
Now what Mr Gabel says can be represented this way, We have a two state situation. On the one

[ hand a calculation for an existing design and flight obamervations on the aircraft in a variety of
conditions, on the other calculations only for another design from which we make the corresponding
projection - by simple proportion the schoolboy might say. But the credibility of that exercise is
in doubt. It does depend on one design being close enough to those which have gone - like the
motor car industry where this year's model looks very like last year's - so that you may iterate
the design. But we are now considering revolutionary concepts in rotary-wing design. With these
types of aircraft can we be so confident of the projections? If the end-product of all this effort
is that the analyses that we do, however interesting they are academically and scholastically, are,
in the end to be interpreted very loosely in design, one mizht ask "Is it really worth while?"
This is a rhetorical question for the answer is obviously yes, not that we all have a vested
interes® in wanting this intriguing and difficult activity to go on. The fact is that we cannot
escape from doing so.
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ROTOR AEROELASTIC SIMULATION - A KEVIEW
by

R.A. Pizialil
VIZEX, INC.
4524 Bailey Avenue
Amherst, New York 14226
United States of America

SUMMARY

The comments of this review are directed toward the overall community effort to
develop rotor aeroelastic computer simulations. The observation is made that, while over
the past 10 to 12 years there has been a significant expansion in the scope of the predic-
tive capability of rotor simulations, there has not been, in general, significant improve-
ment in the correlation of the predicted results with the real world. Those aspects of
the rotor simulations where it is believed future efforts should be focused are considered -
they are (1) the aerodynamic representations used, (2) the validation procedures used, and
(3) the solution techniques used. Finally, the practical usefulness of the present type
of rotor aeroelastic simulations to the rotor system designer is questioned.

1. INTRODUCTION

The presentations by Mr. Lemnios and Mr. Gable describe two specific rotor air-
loads prediction methods which, I believe, are generally representative of the state-of-
the-art in the United States today. Therefore, while the discussion presented herein is
applicable to these two methods, my comments are really directed toward the overall
comnunity effort to develop and improve rotor airloads prediction methods (or as 1 prefer,
Rotor Aeroelastic Simulations).

The objectives of rotor aeroelastic simulations are the structural dynamic
response of the system and its performance. The structural respcnse includes, e.g.,
the blade and hub stresses, control system loads, transmitted sEears, etc. while the
performance includes such information as the rotor lift, propulsive force, shaft moments,

and power required.

The efforts to formulate large scale, detailed digital computer simulations of
helicopter rotor systems began in the early 1960's (e.g. References 1, 2, and 3). These
early efforts assumed the blade motions to be known and concentrated on developing the
aerodynamic representations. As a degree of success was obtained with these first aero-
dynamic representations, elementary structural dynamics representations of the rotor blades
were added to the simulations and the aerodynamic representation improved (e.g. Reference
4), Since then the scope of rotor aeroelastic simulations has expanded considerably to
include all of the significant blade degrees of freedom and their couplings (linear and
non-linear), the control system response, trim of the rotor/fuselage combination, maneuvers
and transient response, free wake, stall and reverse flow aerodynamics, etc., etc. However,
there is one striking observation--that is, in general the degree of correlation of the
predicted results with measured results has not Improved significantly, if at all, since
those early simulation efforts. This is a general observation which can be made if one
compares the correlations of the early work with more recent correlations. Admittedly
exemptions can be presented but I reiterate that in general (i.e., for various configura-
tions, operating conditions, etc.) the degree of correlation has not improved significantly.

Only as an example, I have presented in Figure 1 a comparison of the measured
and predicted time history of airload at¥R=0.75 (extracted from Figure 11 of Reference 4)
for the same case as Mr. Lemnios has presented in the lower half of his Figure 9 (also
reproduced here in Figure 1). (This comparison is in no way intended to reflect on the
simulation developed by Kaman but their result is convenient to illustrate the point.)
Similar qualitative comparisons can be made using other recent results! It should be noted
that the scales and units are different for these two comparisons but all that is intended
here is to show that there is no significant difference in the degree of correlation
attained., As further example of the degree of correlation which was being attained earlier
I have presented here in Figures 2 and 3 results extracted from lieferences 3 and 4,
respectively. So as not to be misleading, I have also presented in Figure 4 another
example of an early correlation (from Reference 4) where the agreement was not particularly
good. As is still true today, the capability of the rotor aeroelastic simulations to
predict the real-world results is not uniform over the range of applications (i.e., con-
figurations and operating conditions).

Thus to reiterate--in the past 10 to 12 years while there has b n a significant
expansion of the scope of the predictive capability of rotor aeroelastic imulations, there
has been little significant improvement in the correlation of the predicted results with
the real worid. One factor which has contributed to the lack of improveaent in the accuracy
of the simulations is, I believe, the absence of adequate validation procedures. A gond
validation procedure should not simply compare the final results in total but should provide
information as to the source of the discrepancies.

The following discussions and comments rclative to the state-of-the-art will cover
several aspects--they are,

representations for rotor aercelastic simulation
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. solution techniques
. validation considerations
. practical usefulness - applicctions.

2. REPRESENTATIONS FOR ROTOR AEROELASTIC SIMULATION

The rotor aeroclastic simulation can be considered as being composed of two
separate but interacting aspects--the structural dynamic representation and a representation
of the system aerodynamics. Given the forces acting on the structural dynamic representa-
tion, it must be capable of predicting the dynamic response of the system. Similarly,
given the motions of the blades and of the air relative to a common reference, the aero-
dynamic representation must be capable of adequately predicting the resulting aerodynamic
gorc?s. It is generally agreed tﬁat the latter aspect, aerodynamics, is by far the least

eveloped.

Structural Dynamics

The “technology” of structural dynamic representation is not presently the limiting
factor in rotor aeroelastic simulations. The only practical limitation relative to the
structural representation is the analvst's willingness to wrestle with the resulting
complexity in the equations of motion, and the resulting increase in the computational
effort. Thus structural dynamic representations can be as detailed as you please. The
structural dynamic representation described by Mr. Lemnios is an example of the detail and
sophistication possible. Because the technology of structural dynamic representation is
not the limiting aspect of rotor aeroelastic simulation, there is no need to consider it
further, at least not for the time being.

Aerodynamics

The aerodynamic representation of the rotor blades can conceptually be subdivided
into two aspects for the purposes of discussion and for developing a suitable model. This
subdivision is based on cause and effect relationships. First, there is the "stimulus''or
excitation which is cause of the airloads. 1t consists of the relative motion ol the
airfoil with respect to the air, i.e., the blade section angle-of-attack, motions, wake
induced velocities, and gust velocities. The second aspect, i.e., the effect, is the
Epessure response on the surfaces of the airfoil due to the stimulus. This is controlled

v the airfoll shape, the boundary layer response, and the near wake shed vorLicity stream-
ing from the trailing edge.

Within the stimulus aspect of the aerodynamic representation there is no particu-
lar difficulty in determining those contributions from the blade operating conditions and
dynamic response. liowever, the induced velocity contribution is a problem area. This is
the result of each blade passinﬁ over the trailing vortex wake of preceding blade passages.
It has been referred to as the 'cobblestone road of the helicopter’'. These induced
velocities experienced by the rotor blade are a function of the time and spacial development
of the rotor wake. The rotor trailing vortex wake determines the rotor blade airloads and
at the same time is determined by them. [f the rotor aeroelastic response is to be
simulated, the stimulus to the force generating mechanism of the rotor must be accurately
defined While much effort has been directed to this problem (e.g., Relerences 5 - 8)
the representation of the rotor wake is still probably one of the weakest aspects of rotor
aeroelastic simulations.

The pressure response at the surfaces of an airfoil, for a given stimulus fis
controlled by the airfoil shape, the boundarv laver response, and the nc~r-shed wake from
the airfoil. Before proceeding, the functional dependence of the airfoil lift and moment
pressure integrals on the airfoil "stimulus' should be recalled from the linearized potential
theory for the unsteady motion of thin airfoils. The unsteady 1ift and pitching moment of
an airfoil depend on only the first four components (and their time derivatives§ of the
Glauert Series (an infinite cosine series) expansion of the chordwise distribution of
velocities normal to the airfoil surface. This velocity distribution represents the airfoil
"stimulus' due to the relative blade/air motions. Thus the lift and pitching moment depend
on only the first four "components" of the chordwise distribution of the stimulus. The
first and second terms of this series representation of the chordwise distribution of
normal velocities are, respectively, the chordwise uniform and linearly varying components.
The third and fourth terms represent the next two higher ordered chordwise variations. The
rigid body motions of the airfoil (i.e. pitching and plunging) can directly ¢~ ribute only
to these first two terms while the induced velocities can contribute to all o terms.

(The more difficult problem--drag estimation--is affected by all terms.)

The question as to the range of angles-of-attack actually experienced by rotor
blades in flight keeps re-occurring. The term "angle-of-attack' derives from, and is most
appropriate to, steady airfoil operating conditions. In view of the preceding discussion
it is noted that, for non-stationary airfoil motion, the angle-of-attack is represented by
the chordwise constant“component’of the distribution (i.e. the mean value) of velocities
normal to the chord. It cannot be determined from the velocity at any one point.

The stimulating environment experienced by an airfoil section of a rotor blade
is quite complex. At each radial station, because of the rotor operating conditions and
the structural dynamic response of the rotor blades, the airfoil section experiences a
time varying angle-of-attack, rate of change of angle-of-attack, and plunging velocity which
contribute only to the first two components of the stimulus. In addition it experiences
a time varving induced velocity field which contributes to all four components of the
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stimulus. These four components of the stimuli occur at all harmonics of the rotational
speed--thus their sum results is a rather general but periodic time variation (for steady
flight conditions).

Now let's consider the pressure response aspect of currently used aerodynanmic
representations, First it must Ee noted that, in general, the blade alrloads are not
computed--rather, empirical values are used based on a predicted angle-of-attack distri-
bution. Most slmulations predict the structural dynamic response of the blades and use

this together with an inflow velocity and wake induced velocityv to define an instantaneous
angle-of-attack for each airfoll section and then "look-up' the 1ift and pitching moment
from tables of wind tunnel data obtained in steady state conditions. (Recall thc question
of definition of the unsteady angle-of-attack. n some simulations, corrections are applied
in an attempt to account for the unsteady effects, More recently oscillating airfoil wind
tunnel data has been utilized in an attempt to include the unsteady effects. The rationali-
zation for the use of these semi-empirical methods has been that they Include some of the
real fluid viscous effects and that the data can be obtained for each specific airfoil;

but it is also recognized that there are deficiencies in such approaches.

The airfoil operating conditions for the two dimensional data (i.e., the
stimulus which is the cause of the lift and moment response) can never match the condi-
tions where it is to be applied within the rotor simulation. This is true for both the
steady state and unsteady airfoil data. The unsteady airfoil data is generally obtained
under the specific operating conditions of oscillating pitch or plunge and under the
condition of simple harmonic motion (i.e., at a single frequency). Thus to be adequate
it would seem that the data must be collected for all combinations of ¢, & , h , and
reduced frequency. It should be noted that such data can only include the influence of
the first two chordwise components of the airfoil stimulus escribed previously).
Furthermore there is serious question as to whether the airfoil lift and moment response
(integrated measures of pressure response) to a general time variation of stimulus can
be adequately synthesized from the component single frequency responses. For example,
the sum of the individual component responses obtained from the data will not necessarilv
reproduce the instantaneous boundary layver conditions (i.e., state, thickness, and
separation) which are actually present. The resulting lift and moment will be corres-
pondingly influenced.

1f the aerodynamic aspects of rotor aeroelastic simulations are to be improved
so as to be consistent in accuracy with that which is possible in the structural dynamic
aspect, adequate techniques for predicting the airloads (i.e., the lift, moment, and
pressure response) will have to be developed. It is not useful to include the higher
order effects in the structural representation, while ignoring them in the aerodynamic
representation. Our future efforts should emphasize prediction of the airloads and de-
emphasize the use of empirical values.

Attempting to predict the unsteady pressure response of an airfoil may, at first,
seem impractical or unrealistic but I recall that similar opinions were offered when it
was first suggested that a detailed representation of thie rotor blades and wake be formu-
lated to predict the non-uniform flow. The capability to predict the pressure response
is not as remote as it may seem because the essential elements, or at least their
beginnings, are already available. For example, References 9 - 1l report procedures for
Eredicting the steady state pressure response and, more recently, Crimi (Reference 12)

as attacked the unsteady problem. These techniques generally iterate between the non-
viscous potential solution tor the airfoil pressures and a solution for the boundary
layer response to these pressures. The boundary layer response is then used to modify
the "effective" shape of the potential airfoil and/or the goundary conditions and the
iterative cycle repeated until convergence is observed.

As described previously an important aspect of the airfoil flow which controls
its pressure response is the attached near wake of shed type vorticity streaming from its
trailing edge. Good representation of this portion of the wake will be required for
prediction of the airfoil potential flow pressure response in the above described iterative
scheme. The equally spaced concentrated shed vortex representations of this near part of
the rotor wake which are generally used, will yield very poor results; this has been
demonstrated in Reference 5. Subsequently, however, a technique was developed (Reference
13) which yields excellent results by effectively utilizing a continuous near shed vortex
wake. Figures 5 and 6 (from Reference 13) illustrate the improvement attained. Each
representation (i.e., discrete and continuous) was utilized to predict the lift and
pitching momert as a function of reduced frequency for a two-dimensional airfoil oscilla-
ting in pitzh and plunge. In these figures, the com¥uted results are compared with the
classical cloted-form solution. The parameter, X , labelled as the number of shed vortices
per cycle cor-esponds to the number of computational time increments per cycle of the air-
foil motion. For the continuous representation, it is observed that the improvement fis
significant whenX =3 time increments per crcle and that the agreement is virtually exact
when X =8 time increments per cycle. It should also be noted that the observed differences
in correlatior achieved witE each wake model are the result of the differnces in the wake
representatiors but that the degree of overall correlation with the theory which was
attained in each case is the result of both the wake and airfoill representations used.
It is further observed that this combination of representations can accurately reproduce
the theoretical unsteady lift and moment response to both pitching and plunging motiouns.
This is indicative of the capabilitv of these representations to simulate the alrfoll
pressure response to all four chouiiwise components of the stimulus. Note, that while
airfoil pitch and plunge motions contribute directly only to the first two chordwlse
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components of the velocity distributions normal to the chord, the attached near shed
wake will introduce relatively large contributions to all four components.

R2-4

The preceding discussions of available representations which may be useful for
implementing a method for predicting airfoll pressure responses was not intended to suggest
that the described representations are necessarily the specific forms or procedure which
should be pursued. T eK are presented merely as examples (not a complete survey of
] available methods) of what is possible with the present state-of-the-art and to thereby
4 hopefully encourage future efforts to develop adequate means for predicting airfoil
pressure responses.

3. SOLUTION TECHNIQUE

k 1 now want to consider that aspect of rotor aeroelastic simulation which

] includes the numerical procedures and implementations utilized to obtain consistent

solutions from the structural dynamic and aerodynamic aspects. There are two general

classes of solution procedures in use, First there are the "forward integration"

methods which are (in principle) capable of handling the unsteady flight conditions as

well as the steady-state flight conditions (for which the rotor system responses are

1 periodic). Transient calculation methods may be relatively inefficient for the steady-
state condition because they must integrate over several rotor revolutions to obtain

a periodic solution in the airloads, wake, and blade responses. The analysis of an un-

4 steady flight condition must of course first obtain the steady-state solution to provide

1 the proper initial conditions. The second class of solution procedures (direct/iterative)

is restricted to steady-state flight conditions and, conceptually, obtain direct solutions.

In these procedures the system structural dynamic response is obtained by a direct

numerical solution of the equations of motion for forcing functions based on the current

aEproximation to the airloads. These system responses (blade motions) are then used in

the aerodynamic representation to re-evaluate the airloads, and thus the forcing func-

tions. This cycle is repeated until convergence, hopefully, is obtained. Thus this

second class of solution procedures is iterative.

A All rotor aerocelastic simulations (with which I am familiar) are similar in

that they effectively have separate structural dynamic and aerodynamic representations
which are coupled together by the solution procedure. That is, solutions are alternately
obtained from each aspect of the simulation by using the results from one serve as input
: to the other. Furthermore, all apparently use the blade airloads as the basis for

. forcing function to the structural dynamic representation. This, I believe, is the
primary source of the convergence problem which seems to periodically plague all rotor
simulations.

The forcing function which stimulates the structural dynamic response of a system
is a function of time and independent of the system dynamic response. The blade airloads,
however, contain not only the aerodynamic forcing function but also the aerodynamic
‘response forces”’which are functions of the structural response of the blades. These
response forces are the aerodynamic mass, damping, and spring forces. Thus, as a function
of the rotor operating conditions, they influence the natural vibration frequency and
relative damping of each degree of freedom and thereby the system dynamic response
characteristics. However, because these aerodynamic response forces are implicitly
included within the aerodynamic representation and cannot be extracted, the total air-
load is generally used as the forcing function.

Using the total airload as the forcing function can conceptually compound the
error. First, that which is being used as the stimulus (the forcing function) for the
structural dynamic representation is in error, and secondly, the aerodynamic portion of
the response controlling forces are completely missing from the structural dynamic
representation. A partial compensation for these errors has been used in some simula-
tions. This is accomplished by subtracting a quasi-steady approximation of the response
forces from the airloads and including them in the equations of motion. This has been
] partially successful--it helps sometimes! Improving the accuracy of these approximations
1 of the response forces should help improve convergence even further. It is obvious that
if the correction were exact then the forcing function would be isolated and the first
iteration would be the solution.

In some iterative types of solution, the solution process has been considered
to possess what is termed a "closed-loop gain'. It relates the change in the system
response obtained from the current iteration to the corresponding change obtained from

f the prior iteration. This concept has led some investigators to introduce gain factors
] into the solution process in an attempt to control the convergence. This also helps--
somet {mes!

In the literature there exist standard procedures for assessing and improving

1 the convergence properties of iterative comgutational techniques--they should be actively
pursued. At the same time, it should also be kept in mind that the problem derives from

the aerodynamlc response forces being combined with the actual forcing function.

My next concern relative to solution techniques is closely related to the
convergence problem--it is what I call (if you will pardon the expression) 'solution
pollutfon". By our solution techniques, do we necessarily get the solution to the
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analytical representations used--or is there superimposed on the solution the response
characteristics of the solution technique? This comment applies, I think, primarily to

the iterative modes of solution and is evoked by the observed convergence problems.
Intimately coupled with this question is the parallel question--how do the various solution
techniques behave when the analytical representation ot the system is lightly damped or
even negativelK damped? The forward integration can be expected to diverge, but then on
occasion that agpens when they are applied to systems which were supposedly stable! How
will or should the iterative methods (not the system represented) react?

4,  VALIDATION CONSIDERATIONS

I would next like to focus attention on the validation aspect of our efforts to
develop rotor aerocelastic simulations. I believe that the lack of a significant improve-
ment in the correlation of large-scale simulation results with measured results is in a
large part due to inadequate validation efforts. Validation is the process of comparing
the predicted results of the simulation with experimental results obtained from the system
being simulated. The objective is to determine both the range and the degree of correla-
tion between them and thereby the accuracy or usefulness of the simulation. However, in
addition, a useful validation procedure must also provide information as to the source
of the discrepancies. But, I believe, it is in this latter regard that most validation
efforts are lacking. For adequate validation, the airloads and dynamic response must
be resolved into meaningful components for the comparisons. This will not only allow
more critical comparisons to be made by providing alternate and more detailed views of
the results but may also provide additional information relative to the discrepancies.

The Overall Simulation

Customarily comparisons are made on the basis of the time-history of the dependent
variables such as blade airloads and bending moments at specific radial stations. These
quantities (dependent variables) are essentially the objectives of the simulations. Thus,
to obtain a sugjective assessment of the degree of correlation achieved by the overall
simulation, it is not unreasonable to view these time-histories relative to the measured
results, However, the masking effect of the dominant low-frequency components in the
total response can make it difficult to assess the accuracy with wKich the secondary
components have been reproduced. That is, tastiug thesoup will not yield much information
as to its ingredients--certainly not enough to allow it to be reproduced! Thus resolving
the system responses into their components and viewing them may reveal much more diagnostic
information and it will provide another view of the results. The simplest and most
obvious (although not necessarily the most useful) component resolution would be into
radial distribution of the harmonics. The '"generalized airload" ‘i.e., the spanwise
integral of the product of the airload and the mode shape) for e.:h blade degree of
freedom at each harmonic is another possibility--many others are surely possible. Such
component resolutions of the structural dynamic response and the aerodynamic response
(or even combinations thereof) should be utilized in the validation efforts to enable
critical and irfbrmative comparisons to be made.

Component Representations

The above discussion was primarily concerned with validating the end or overall
results of the simulations. However, closely related to this is the possibility of
individually validating the component representations used within the overall rotor aero-
elastic simulation. This is especially important in the large complex simulations we
are dealing with. For example, if the errors in the airfoil stimulus due to the wake
representation are relatively large, then an actual significant improvement in the air-
foil representation may not be apparent in the end results. 1In fact it could degrade
the results if originally the combination of errors (airfoil and wake) was compensating.
I think that the validation of the component representations which are used in rotor
simulations has been virtually non-existent.

Individual validation of these component representations can be accomplished by
use of specially designed experiments and/or higher ordered analytical closed-form solutions.
This would require that the representations be utilized in specially written simulations
to treat the validating case. Care must be exercised to isolate, if possible, the various
aspects to be simulated. The cause and effect relatiunship provides a useful division
where the causal aspect can be precisely isolated as a known quantity. For example, two-
dimensional oscillating airfoil test data could be used to validate airfoil representations
--the input (cause) stimuli would be known. However, as previously discussed, the airfoil
representation can be considered to be composed of a pressure response representation and
an attached shed wake representation. It would not be possible to separate the effects
of these aspects experimentally. Discrepancies between the predicted and measured results
could be in either aspect. At this point the classical potential solution for an oscilla-
ting airfoil could be used to assess the adequacy of the attached wake representation as
in Reference 13 and previously discussed (results presented in Figures 4 and 5).

Data Accuracies and Simulation Inputs

Validetion of rotor simulations depends not only on the procedure but also on
the accuracy of the data used. One of the [{irst steps taken in the effort to develop
rotor aeroelastic simulations was the in-flight measurement of rotor blade dynamic res-
ponses and pressure differentials in the early 60's (References 14 and 15). These data
are still used (as they should be) for various purposes. The point to be made (as was
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demonstrated in Reference 16) is that the '"generalized airloads', based on the measured
data themselves, contain very large errors at frequencles above the third harmonic. Thus
reliable comparisons between the predicted and measured results may not be possible at
harmonics higher than the third. Noise calculations based on these data must also be of
doubtful usetulness in the higher frequency range.

On the basis of the above observations and the advancements which have been made
in data acquisition and handling techniques since these early tests, the following is
recommendeﬂ. Additional full-scale flight data should be obtained for, say, the first
10 harmonics of the blade dynamic response and pressure distributions. This data should
be analyzed for at least three successive rotor revolutions to determine the degree to
which the results are truly periodic. However, because of the many sources of random
variations in the real-world situation, it must be recognized that the data can never be
truly periodic. Thus, to provide meaningful data for validations (at all harmonlcs of
concern), existing techniques for establishing the statistical significance levels of data
must be applied.

Closely related to the above considerations is that of the accuracy of the
input parameters for the simulation. The tendency has been to include more details
(effects) into the representation of the system. But how well can the magnitude of some
of these parameters really be determined? If their influence on the result is considered
significant then their values must also be significant. However, distributions (spanwise,
normal, and chordwise) of many of the blade parameters are elusive and sometimes even
difficult to control during manufacture. For example, it is often necessary to 'slug" the
2 blades with concentrated mass elements to match even the fundamental integrated measures
- of the mass distribution! Thereiare similar questions relative to local variations in
the blade stiffness parameters, shear centers, etc. Mdern assembly methods no doubt
provide "good" control--but ''good" is relative and should be quantified.

5. PRACTICAL USEFULNESS - APPLICATIONS

4 Careful consideration will, I believe, reveal that the usefulness of rotor
aerocelastic simulations is actually rather limited. As presently formulated, they have
the capability to solve what can be termed the "forward problem", i.e., given the specifi-
cations of the rotor system and its operating conditions, what will be its aerodynamic and
structural dynamic responses? Certainly it is of interest to know how a proposed system
will perform. However, if the system performance is not adequate, how should the system
be modified or more fundamentally what is the system that will satisfy the performance
specifications? These are the questions the designer faces and the present rotor simu-
lations are of little help except in a trial and error fashion.

)

The design problem can be termed the "inverse problem'", i.e., given the perform-
ance requirements (loads, reSponse, nolse, weight) or constraints, what is the system
that will satisfy them! While there has been some effort expended on the inverse problem,
it is very small relative to that devoted to the direct problem. Two examples, of inverse
problem solutions with which.I am familiar, are presented in References 17 and 18. The
first of these seeks the rotor configuration for minimum power under the specified operating
conditions. The second solves for the control system input requirements to eliminate
specified components of the rotor vibratory shears transmitted to the fuselage.

The solution technique of Reference 18 is sufficiently general and novel to
warrant a brief explanation here. The method involves only a minor conceptual modifica-
tion (generalization) of an existing rotor simulation. The simulation used is of the
"direct/iterative" solution type previously described, i.e., it obtains the periodic
blade response by solving the equations of motion directly and iterating between the
aerodynamic and structural dynamic rerresentations. The coupled normal modes are used
to represent the blade response and, hecause of the periodicity of the solution, these
modal responses are represented by a fourier series. Thus the solution is found in terms
of each harmonic of the respounse in each mode.

For the objectives of Refewence 18, the blade root displacement equation of
motion was added to the set of equaglons, the displacement in this degree of freedom was
assumed zero, and the blade root ghear treated as a dependent variable. The only other
modification to the set of equatlions of motion was the addition of a constraint equation
for each blade pitch control moded*The equations of motion for the pitch control modes
were not included because the control characteristice were not considered in this study.
However, the displacements in the control modes are included in the column matrix of
variables. Thus a well-defined problem results for the complete system of equations
having the same number of equations as unknowns. The solution procedure is exactly as
in the original simulation, only the set of "equations of motion' has been slightly
altered.

With this formulation it is now possible to specify the value (zero if desired)
of any harmonic of the root shear and the solution wil? yield the control schedule
required. lurthermore, via the constraint equations, it is possible to select and
constrain any other system response variable as an alternate to the root shear. The
value of the root shears will then be one of the results. It is even possible to operate

it (the computer program) as a conventional rotor simulation by using the constraint
equations to select the control displacements as the "variables' to be specified.

This technique can be generalized to do much more. The results are, of course,
no better than the representations®utilized within the simulation. It should be noted
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that this aYprouch did not require additional approximations to the representations of

the original simulation. Furthermore the computational effort (running time) is virtually
the same as for the rotor simulation upon which it was built. We are presently involved
in an effort which will modify and use this technique.

6. SYNOPSIS
The following is a brief outline of what has been discussed.

* There has been significant progress made in the development of rotor
aeroelestic computer simulations.

Howaver the progress has been primarily in the expansion
of the scope of their predictive capability.

Over the last 10 - 12 years, the improvement in the
correlation of the predicted and measured results has not been

significant.

* The available technology of structural dynamic representation is not
presently limiting the capability of rotor aeroelastic simulation.

« The available technology of aerodynamic representation is the least
developed and is limiting the capability of rotor aeroelastic simulation.

Progress has been made in developing rotor wake
representations but they are still far from adequate.

The blade airloads are not being predicted! The blade airfoil
section representation is essentially empirical.

Accuracy of the aerodynamics comparable with that of the
structural dynamics will require that blade section aerodynamics
be predicted. It will be possible.

» Convergence problems of the simulations derive from the manner in which
the blade airloads are used as the forcing function.

* Validation efforts relative to simulation development have been less
than adequate.

Validations should be more detailed, critical, and informative.

Validation of the component representations within the simulation
should be made.

¢« The actual usefulness of rotor aeroelastic simulations in their present
format is somewhat limited.

Present formulations predict what the performance of a specified
rotor will be.

A more useful formulation, for the designer, is one which will
solve the inverse problem. That is, given rotor performance
requirements (i.e., constraints), what is the rotor system
that will satisfy them.

The topics covered in this discussion are essentially an outline of those areas
where I believe efforts should be concentrated to obtain significant improvements in
rotor aeroelastic simulation.
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Discussion of Paper |

. “Rotary Wing Design Technology™
F = presented by ALZ.Lemnios
) i
g
4 W.Z.Stepniewski: What was your tip speed?
] A.Z.Lemmios: In the 101 rotor? [ believe the current tip speed is 061 fps.
| 3
-
¥ Discussion of Paper 2
] “Current Loads Technology for Helicopter Rotors™
i presented by R.Gabel
.

l: R.L.Bennett: In your solution of the cquations of the lumped masses did you use all twenty lumped masses?

§ Differential equations associated with all of them?

R.Gabel: Yes, but it is not a direct differential equation, it’s an iteration around the azimuth.
1 J.LMcCloud: Mr Gabel, could you comment on the scatter differences between the various radial stations and the
1 various figures you have shown. It does not seem to be a consistent pattern in the scatter, I am referring to the
- bending moments,
e
- R.Gabel: [ think that really comes with the magnitude of the flight test sample. The 347 has the smallest scatter
and also we have the smablest number of flight data points. The Chinook has a vast number of flight data points
& £ over many years of flight testing and the extremes of scatter tend to be the largest although they tend toward a
mean which is pretty consistent; the extremes just get larger with more data.
J.L.McCloud: Then this is not the scatter of one particular run, it is the scatter of many, many flights?

R.Gabel: It is really referring to specific runs, However, when you get a long run and read many, many cycles
of data, the same cftect happens.

W.PJones: In your very last sentence  or last sentence but one  you mentioned that more concentration were
to be devoted to study transient effects. What did you have in mind here, was it just the dynamic stall or the
blade tip vortex interaction or gust effects?

R.Gabel: Tt is some of all these things. When the dircraft mancuvers at the edges of its envelope it causes 'oads
which go deeply into stall  or can go deeply into stall and can encounter vorten strikes which generally are

most cffective in increasing bending moments | think there are really almost two things: the stall increases the
torsional loads and the pitch link anid control foad in mancuvers, whereas the vortex strikes tend to enlarge the

bending moments on the rotor and both of those cffects [ think need to be addressed in future transient load

work.

W.JMcCroskey: In another part of your presentation you had a graph of pitch link loads versus air speed with
predictions and data, predictions based on what you said were quasisteady acrodynamic characteristics for the
airfoil in the program and unsteady characteristics. Now my question is: The curve of what you call quasisteady
airfoil characteristics, did those include stall, static stall characteristics, because it looked like a curve which is just
the continuation of unstalled pitching moments and you showed a large difference between the so called quasi-
steady prediction and the unsteady prediction. | wonder how much of that is due, or is all of it due to unsteady
stall effects or is some of it due to stall and some due to unsteady stall?

R.Gabel: The quasistatic stall is a straight line with, I believe, a 12° angle cut-off, that we used when those were
done, the unsteady is the representation of the hysteresis foop in somewhat empirical fashion based on test data,

a yfunction as we call it.

W.J. McCroskey: So static stall cin’s were in the curve that you called quasistatic?

R.Gabel: Yes with a cut-off at twelve degree, yes.
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REVIEW 1 by A.J.Sobey
Reply by A.Z.Lemnios

With regard to the questions thut Mr Sobey raised, in our normal mode approach 1 specifically avoided that
use of the word normal mode, because they are in fact not normal modes, they are uncoupled modes; | differentiate
between the two and 1 refer you to the textbook by Mr Scantan and Rosenbaum for detailed explanation of the two,
in that the uncoupled modes are orthogonal onto themselves in the flapwise, the edgewise and chordwise direction
and in the torsional direction, however they are not orthogonal one to the other, and so incorporating these modes
we make use of the orthogonality conditions when they are applicable.  However, in the governing equations of
motion we do keep the coupled terms in there, so they do interact with cach other. The modes themselves are
derived on the basis of uncoupled analysis, independently, and 1 think you are correct to question the validity of
whether we should use linearized modal analysis here or not. However, I can only state the fact, that they seem to
give us good approximations and good responses.

With regard to the nonlinear terias and the retention of the various terms in the equations of motion, we do
in fact retain large angles, large motions when they are derived through our techniques which is primarily nothing
more than virtual work.

In order to check on the stability of the system itself, the terms that we talked about and what 1 called the
A-matrix, the linear part of the solution, include lincarized terms in accelerations, displacements, velocities; however
they do include approximations to nonlinear acrodynamics and compressibility corrections and approximations to
stall effects, as well, acrodynamically; so we do have some nonlinear terms in the equations for stability characteristics

To your second point: that was the integration of load distributions and the technique applied here is the
“forward notch™ approach whereby a method is to assume an initial value and see if we do have convergent
soluticns and in this situation. on a numerical approach. vou may come up with an instability, and the natural
question that arises in that circumstance is: s the system itself unstable or do you have a numerical instability?
And that one has been a problem to all of us. In some instances we do have system instability however in others
we have numerical instabilities and not physical ones.

We have in the Berman technique first a periodic response by converting the initial value matrices to boundary
condition matrices by forcing the vector at the 360° azimuth to be identical to that at the 0° azimuth and thereby,
whenever we do get a solution at anyone particular instance it is periodic within itself. That is not to say that it
has converged. however we do test for convergence between one iteration to the next iteration and force periodicity

in this instance.

Your question regarding: do we have to assume periodic solutions, is a very valuable one and your reference to
the split tip path plane is an excellent example. | think as a first response s a first order approximation in the
first design point assuming periodic solutions is a good analysis and a good start. It is not necessarily a final cae
however, and | agree with you that it we were to try to fully understand and fully predict the responses and
stability characteristics of the rotor system we should, in fact, take into account a fully coupled modal analysis of
the blade, the impedance matching at the hub, the control system and perhaps even some structural dynamic terms
from the fuselage itself.

However, I believe that  and this is conjecture on my part and 1 can’t prove it but I have a strong feeling
that if we were to attempt this, that by the time we reached a numerical solution we would have long flown the
machine. So that it becomes a trade-off as how much of a shine do we want to put on the apple? Do we want
in fuact to put such a high luster and such a refinement on an analysis that we lose sight of our objective which is
to make aircraft and make them fly.  Analysis is great unto itself and T am interested in and all in favor of doing
analytical work, since it is my bread and butter, however | am equally interested in building hardware and making
it fly, too  and we have to have a trade-oft here as to where do we have to stop one and to begin the other.

With regard to the Liapunow stability criteria, 1 have looked at that and I am sorry to admit | am not much

of an expert on these nonlinear stability techniques and we have not really examined it to the extent that we
should, in trying to apply such techniques to rotor system stability.

Reply by R.Gabel

Regarding some of the points Mr Sobey made first on our analysis it was not clear. 1 guess, that we use an
associated matrix technique which was started some twenty years ago by Mr Targoff who was then with Glenny Martin.
The analysis relates cach bay clastically and masswise with a set of boundary conditions and multiplies itself into the
root and then repeats this for cach azimuth. We don’t use modal on this program: but | don’t say that there is
something wrong with modal, I think in fact it is probably better, because it reduces the amount of mathematics
needed and we just happen to get started down the path of the matrix type.
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As regards the modal content in the flight test data you can approach that cither by having three or four modes
in the modal approach or in the concentrated mass program like this one that has some 25 masses, that's equivalent
to about 24 modes, that's overdoing it from that point of stand.

We have the sume problem with the iteration as Dr Lemnios mentioned and the same questions about stability
when we get to the end and we use the periodic solution in the dynamic side, that s we do the acrodynamics
without it and then harmonically analyze the air loads, apply them harmonically to the blades and get the response
harmonically, add them back together again, to get the total response and then go back to iterate the aerody namics,
this is a long process that computers only make possible.

With regard to the fuli coupling in the C-70 program, that is fully coupled Nap, pitch and lag. 1 did not make

". it clear, that the application shown here, was for a highly twisted tilt-rotor airplance that has about 35° built-in twist.
] And it is in these applications we really think a full coupling is needed. However there are other applications in
; helicopter small twist blades, where it is nice to have a tull coupling capability to explore travelling, neuwtral axis, or

shear centers that don't necessarily go i a straight line from the pitch axis, which we have not been able to do with
the other types.

The projection that the 5% damaging Luds s a key one and it s rather crude what we are doing, and — as it

3 was mentioned carlier  that's the area of greatest analy tical need
' There are other roads of backing up the guess so to speak windh we are gomg, and we have considerabie
4 resources going into model testing, where with the new data we are pomg to dernve new airfoils and new coneepts
irvolved which are not like previous rotors. We do extensive dy name modelhing and measuring loads on these
) dynamic models as another cross check on the capability of the analysis But that omdeed o weak area.
i
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1 REVIEW 2 by R Piziah
3 Reply by A Z Lemnios
i Just a couple of points with regard to M Piziali’s comments about nmprovement i correlation Prediction
; techniques historically have not improved sigmficantly i the past tew sears 1 think that there has been a significant
E improvement from the late fiftics to approximately the nud to fate sivties with o spemt ant gump there with the
‘ introduction of the computer.

I tend to agree with him that since that quantum jump we had had some mprovements that were not as
stpniticant as that initial jump and to back up my feeling on that. 1 reter you to the work by Belhinger at UARL,
which [ think is rather significant, in which he stated the higher modal introduction into the analysis to give you
some improvement in performance but primarily from the low bendimg moment stand point, so that as tar as
performance and rotor forees are concerned the fundamental modes are the more important ones, and those are
limited to the first one or two essentially.

With regards to your comments on airloads not predicted directly that 1s you caleulate angles of attack, and
you do a tabic look up: this again gets back to the age-old question of synthesis versus analysis. We can always
analyze something but we find it very difficult to synthetize somethig: I agree with yvou completely that ideally
what we would like to be able to do is to specify rotor requirement and let the computer define the airload
distributions, and then have some sort of a predictive technique in there, which will find the airfoil cross-sections
for us and its pressure distributions both steady and unsteady. Now, if you can imagine that in such a program
you are a visionary, A first step at least in this direction  and one which we have attempted to take is the
approach we are using in our Controllable Foree Rotor, in that by independently controlling the outboard and
inboard ends of a soft blade, we are atterapting to redistribute the airloads, and are attempting in fact to someliow
optimize.  On the question of optimization you mentioned power: however power is only one parameter
doing our CTR study we initially have looked into power as a sole parameter and Tound that it leads down the
primrose path. Tt turns out that in addition to power you must also momitor blade stall boundary, you must also
monitor blade dynamic response in order to get o handle on blade life and also to get a handle on vibratory loads
in the hub, which in essence control the structural response of the fuselage. So it becomes a multiparametric study
and not just single parametric study. you are not optimizing power only, you are optimizing three of four
1 independent parameters and when you do have a complex surface response such as this, it becomes a n-dimensional
/ figure and you can no longer mentally capture it and it becomes extremely difficult to analysc. This is where the

iteration procedures and response surface techniques come into play.
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Reply by R.Gabel

A very brief response: | agree with Mr Piziali about the correlation, | think the correlation has come o long way.
and | would protest there has been a lack of progress in correlation over the years.

With regards to improving the wake analysis, 1 think you are right that i lot can be done about that and what
we are using is crude. Things like the torsion effect, that you mentioned, are quite important.  In fact there are
aspects of other problems such as torsional divergence possibilities, that are coming into foree. Rotors get more
heavily loaded and go to higher speeds, but also these analy tical programs need to be tested against. As regards
alidation of components, I agree with the comment there that the airfoad distributions and such things do need
to he looked at.

The dynamics part is very casy to check, that is you can take the rotor blade and do ground shake test on it
and determine the modes and the modal locations and check that portion of the caleulation, which is purely dynamic.

There are some other things like the shear center and such locations, they are all difficult to find. difficult to
muasure even statically: although you get some results on them by doing a shake test allowing tlap and torsion to
couple. so you can check that part of the dynamics. And also these analyses can do some of these exploratory
things like second harmonic control. We have used the C-60. it has the capability for second order harmonic
control and we can make use of it.

J.J.Cornish: | want 1o comment on how strongly [ feel about the comments you made regarding the acrodynamics
being the problem of the problem. Until the aerodynamics of the system is defined a bit clearer, T don't think we
will approach solving the problem any further, and 1'd like to suggest that perhaps we can break the acrodynamic
problem into two regimes in studying the cobblestone road that is mentioned.  Both of them are due to local changes
in angle of attack as the blade sweeps around. But, perhaps there are two different Kinds of things. One is a
variable in the downwash in a relatively continnous wake of the flow field and the other one is the existence of the
discrete vortices which lie in the wake. These are similar to the Taminar and turbulent boundary layer air flow
whereas in the one part there is only a vorticity present and in the other there are vortices present. | think that

the analysis of the load when the aircraft is fluctaating along the lincar portion of the litt curve present the former
or laminar type and as the flow begins to separate or come over the nonlinear portion of the lift curve perhaps then
vou begin to shed vortices.  I'd like to make another comment that it is not really too visionary to suspect that we
can have the inverse problem. We've already done some of this wherein we could prescribe the pressure distribution
shape that you wish the aircraft to have and then we plug it into the machine and then out comes the airfoil shape.
We did some of this at Lockheed and it is being continued at Bell and it can also be made time dependent. I think
the real problem is that when we stop doing this and get into the nonlinear aspects. We don’t know how to handle
the nonlincar part of the lif't curve because we do not know when the separation occurs. 1 came as a matter of fact,
hoping to hear the answer to the question that 'm going to have to leave with you, and | think it's a question we
have to answer before we can go any further with the acrodynamic considerations, and that is the simple question

« 1 how much vorticity does it take to make a vortex?

P.J. Arcidiacono: 1 would also like to question whether or not the dynamics is well in hand. 1t seems to me that

you van very rapidly set up a system of equations of motion representing springs and masses and so on. But one of
the real problems is knowing the values of those springs beforchand and that is really a crux of the designers problem,
for example modelling the control system swashplate integrated coupling. We have o very complen situation here.
That could be a subject of rescarch all by itself.

R.G.Loewy: | am very glad that Mr Arcidiacono said what he just did, because [ think there is among the dynamic
ists the feeling of general cuphoria with respect to structural dynamics. 1t is not warranted. [ just would like to
point out that, most of the real major rotor problems that come up from time to time and have come up recently,
have been in this area.

J.LMcCloud: | will add to this same comment: | was wondering why | did not see a correlation between the bend-
ing loads realized and the acrodynamic loads which have been measured. | gather the problem is not that simple.

I also would like to comment that we have had some suceess with high harmonic control, but the problem is.
can we considerably lincarize and then ask the question in what direction should one go to try to improve at least
the acrodynamic problem? [t any one has some ideas on this improvement ...
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CALCUL DES CHARGES SUR ROTOR D'HELICOPTERE

PREDICTION OF HELICOPTER ROTOK LOADS

par J. GALLOT Chef du Service Aérodynamique

AEROSPATIALE (Prance)

SOMMAIRE

Le dessin correct d'un rotor suppose une connaissance relativement précise des charges alternées auxquelles
la pale et le moysu seront soumises. Le probléme de l'évaluation, déds le stade dessin, des contraintes peut
conduire & des méthodes trds sophistiquées, compte tenu de la complexité de 1l'environnement dans lequel
fonctionne la pale. Néanmoine, des méthodes simplifiées peuvent donner des résultats suffisamment précis pour
permettre un dimensionnement correct des principaux éléments du rotor. La méthode exposde ici suppose une
aérodynamique trds simple st indépendante des déformations dlastiques de la pale, Le degré de simplification
retenu parait justifié par la corrélation obtenus avec les charges aérodynamiques mesurées sur le rotor
maquette Modane et les contraintes relevées sur ce méme rotor et sur un rotor échelle grandeur.

STOURY :

The correct design of a rotor requires quite a precise knowledge of the alternating loads to which blade and
hub are submited. The problem of the stress evaluation, from the early deaism stage, may lead very sophistica-
ted methods, beaause the blade is onerating in a very complex environuent, Nevertheless simplified methods may
give sufficiently precise results to set up correctly the dimensions of the main elements of the rotor. The
method described here supposes simple asrodynamics, independant of blade elastic deformations, The degres of
simplification achieved in this theoritical method seema to be justified by the correlation obtained with
experimental airloads measured on a model rotor at the Modane Wind Tunnel, and stresses recorded on the

same rotor or a full-scale semi-articulated rotor.

JOTATIORS :

PH = J Agc dx
corde po charge locals sur la pale
A p = pression différentielle locale intrados - extrados

¢ = corde

po = premsion statique dana la veine
Ao, AMd, ... An = coefficients en cos nY de l'analyse harmonique de PH

Bt, B2, ... Ba = coefficients en ein nY de l’'analyse harmonique de PM

Y w» agimut de la pale (origine pale arridre dans le 1it du vent)
A . paramdtre d'avancement

olq = inclinaison de l'arbre rotor par rapport au vent

9 = Pas général a4 0,75 R

‘05

R = Rayon rotor

r = position en envergure d'un poste dv mesure
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la prédiotion des charges et contraintes sur pales d'un rotor d'hélicoptdre est un problbme essentiel

au ntade bureau d'étude puisqu'ells doit permettre d'orienter le choix au point de vue fréquence

propre de pale et de donner les dléments nécessaires au dimensionnement correct des parties gcritiquse

du moyeu et des pales. Théoriquement une méthode bien au point devrait conduire aussi d uneestimation
préoise des efforts alternés A la t8te rotor et une fois connue la fonction de transfert du fuselage,
1'évaluation du niveau vibratoire de 1'appareil complet, deviendrait possible au stade du dessin.
Malheursusement les outils développés aujourd'hul par différents organismes de recherche ou constructeurs
donnent des résultats encore partiels A notre connaissance, dans une g8ne réduite de validité en ce qui
concerns lem grands paramdtres d'avancement, la compressibilité en pale avangante ou le décrochage en

pale reculante,

Par ailleurs les méthodes trds sophistiquées qui ont été développées depuis de nombreuses années, n'ont
pu voir le jour que grAce a l'apparition d'ordinateurs modernes, rapides et & grande capacité de calcul.
L'utilisation de telles machines s'est traduite par une lourdeur d'utilisation croissante et un éloigne-
ment de la réalité physique.

Le colt de développement et d'utilisation de telles méthodes ne nous a pas paru 8tre & 1'$chelle des
résultats obtenus de cette fagon.

Pour ces raisons nous avons cherché A développer un outil de travail simple, pour n8%31re simpliate,
destiné & nous donner, les éléments nécessaires ru dimensionnement des différentes parties d'un moyeu

ou d'une pale,

COMMENTAIRES SUR LA SOPHISTICATION DU CALCUL DES ROTORS :

Les méthodes de calcul de rotor doivent prendre en compte essentiellement trois catégdries de probldmes
qui s'imbriquent plus ou moins suivant le typs de la méthode.

1) Représentation correcte de la dynamique de la pale
2) Définition du champ spatio-temporel des vitesses induites par le rotor lui-méms.

3) Calcul des charges aérodynamiques sur la pale & partir de la counaissance de la répartition géomé-
trique et de 1'évolution dans le temps de 1'incidence, du dérapage et du Mach des écoulements locaux

sur la pale,

La pale est généralement représentde par nes modes propres dans le vide calculés par des programmes
spécifiques rendant compte des différents couplages possibles entre battement, trainée ou torsion, Il

est A noter que les données de base : masse, rigidité, centre de gravité, centre de torsion sont parfois
imprécis notamment dans le cas des palea fabriquées avec des matériauxr composites (roving. fibres de verre
ou carbone etc...) Par ailleurs la validité des fréqusnces propres, masses généralisées, déformées est
difficilement contr8lable. L'analyse d'essais sur un banc rotor ne donne o8B effet que des renseigmements
partiels sur la dynamique d'une pale en rotation.

La représentation élastique de la pale doit donc 8tre considérée comme problématique au point de vue
précision.

La représentation du champ des vitessses induites par le rotor a conduit au développement de nombreuses
méthodes se différenciant par leur complexité plus ou moins grande. Certaines utilisent un sillage trés
eimplifié (anneaux, lanidre rectiligne, cylindres tourbillonnaires etc...). D'autres font intervenir un
sillage de forme imposée hélicoldale ou déformée ewpiriquement. les plus dvoluées s'attaquent & la mise
en équilibre du sillage lui-méme (voir références 1,2,3,4 par exemple). Une approche un peu différente
utilisant la théorie du potentiel d'accélération donne aussi des résultats intéressants (référence 5). La
validité des résultats obtenus ainsi ne doit pas faire oublier cependant que des recherches sont en cours
sur les tourbillons eux-mémes (stabilité, structure, intéraction pale-tourbillon).

les charges aérodynamiques sn finale sont calculées en utilisant une polaire bidizensionnelle stationnaire
ou instationnaire synthétisée & partir de résultatu d'essais harmoniques sur profils oscillants. L'influ-
ence de l'attaque oblique est rendue de manidre smpirique par augmentation des CZ MAX. et introduction
d'une trainde radiale. Mais le traitement rigoureux des écoulements tridimenstionnels a commencé seulement
récemment en linison avec des expérimentations spécifiques (référence 6), cette lacune étant trds grave
au voisinage du décrochage (extrémité de pale,cercls d'invermion) et dans le domaine compressible %:xtré-
mité de la pale avanc;ante). Ces quelques remarques ont pour but de montrer non seulement qu'un travail
important de recherche est encore nécessaire pour maftriser la connaissance du fonctionnement adroélasti-~
que du rotor, mais aussi que l'ingénieur au niveau dessin, doit s'appuyer sur des méthodes plus simples,
lui donnant les informations qu'il demandes, avec une précision suffisante.
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3 - DESCRIPTION DF LA MRTHODE DE CALCUL :

Le programme de calcul des contraintes est constitué de deux blocs relativement indépendants permettant
de dissocier le calcul des charges eérodynamiques et la réponse dynamique de la pale (voir Rigure n® 1),
Les données correspondant A un cas de vol hélicoptdre sont obtenues A partir d'un programme de qualités
de vol indépendant déterminant 1'équilibre de 1'appareil A partir des caraotéristiques aérodynamiques du
fuselage et d'une formulation algébrique du rotor principal. Ce programme définit notamment la position
dea commandes de vol et 1l'incidence du mAt rotor, nécessairee pour le calcul relatif au rotor considéré

ensuite comme isolé,

Le principe de base de la méthode est de supposer que le calcul des efforts aérodynamiques peut se faire
simplement, en admettant que seul le premier mode de battement (articulé ou rigide) intervient pour la
détermination des vitesses engendrées par les mouvements de la pale. Il est clair que cette hypothdse ne
pourra conduire & des résultats cohérents que pour un rotor bien adapté au point de vue fréquences propres,
but recherché évidemment au stade avant projet. Par ailleurs la pale doit 8tre suffisamment rigide en
torsion {fréquence propre de torsion élevée, grande rigidité de commande), pour que les mouvements
parasites en pas de la pale, ne deviennent pas trop importants par rapport A la commande cyclique et
aur variations d'incidence induites par le fonctionnement du rotor., Il ne faut pas sapérer obtenir
ainsi des résultats cohérents lorsque le rotor est franchement décroché, mais de toute fagon des métho-
des plus complexes ne semblent pas donner des résultats absolument fiables dans ocette gz8ne de fonotion-
nement du rotor. Cette hypothdae &tant admise, avec les limitations qu'elle apporte, les charges aéro-
dynamiques sont calculdées par la méthode désormais classique utilisée dans la référence 8 :

- Calcul de 1'incidence et du Mach pour chaque section de pale

- Détermination de Cz et Cx & partir d'une polaire bidimensionnelle de prof!l

-~ Calcul du moment des forces adrodynamique+ par rapport & 1'articulation de battement (réelle ou fictive)
- Résolution de 1'équation de battement pas & pas

- Stabilisation du battement sur plusieurs tours pour atteindre un fonctionnement stabilisé correspondant

A un cas de vol donné.

Le coefficient de pertes en bout de pale utilisé dans la référence 8 a éte¢ remplacé par une diminution
progressive de la charge en extrémité, un peu semblable & celle utilisée dans les théories d'aile portante
L'hypothése initiale est en effet trop grossidre lorsqu'on s'intéresse A autre chose qu'aux performances

globales du rotor.

COMPARAISON DBS CHARGES AERODYNAMIQUES CALCULEES ET EXPERIMENTALES :

Cette comparaison a été faite sur un rotor maquette de 4 mdtres de diamdtre, tripale, essayé dans la
grande Souffleris S1 de Modane en 1970 (voir figure 1° 2), De nombreux résultats intéressants ont 4té
obtenus avec ce moyen d'essaji aussi bien au point de vue performances globales, visualisations d'écoule-
ment sur rotor, qu'analyse fine des phénomdnes locaux sur la pale. Quelques résultats ont été présentés
antérieurement dans les références G eti0. Le rotor était essayé dans des conditions réelles de vitesse
d'avancement et de Mach en bout de pale. Les pales étaient équipées de capteurs de pression différentiel-
le répartis salon 4 cordes situées 2 0,52R, 0,73R, 0,855 R, et 0,95 R.

Ia premisr ona snvimsgd corrmmpond mu fonctionnement sn croisibre édconomique d'un rotor d'hélicoptire
agtuel, c'sat A dire loin de 1'apparition des phénoménem de déerochage st de compressidilitéd, La compa-
raison a #td faite jusqu'su troisiboe harmonique des charges adrodynamiques, les harmoniques de rang
supérisur & trois dtant ndgligeables aussi bien erpérimsntalement qus par le caleul ([figurs o® 3).

Le deuxiime cas présenté correspond au fonctionnement d'un rotor & la VNE en piqué, juste avant 1'apps
rition des phénomdnes de compressibilité en pale avancante. La comparaison est arrétée dans ce cas A
1'harmonique de rang quatre pour les mémes raisons que précédemment (figure n° 4).

Dans les deux cas, compte tenu des hypothdses simplificattices retenuss, les écarts calcul-expérience
sont suffisamment faibles pour psrmettre une évaluation satisfaisante des contraintes pales danm une
optique dimensionnement pale et moyeu. La corrélation dans les cas de vol décroché est moins bonne,
mais est sans doute améliorée par 1'introduction des phénoménes inmtationnaires autour du déorochage
d'aprds nos premidres investigations.

EXTENSION DE LA METHODE :

Devant les résultats acquis, déjh satisfaisants, 1la méthode a été légdrement modifiée pour tesier
1'influence de certaines hypothdses simplificatrices. Tout d'abord pour améliorer la définition des
charges en extrémité de pale, nous avons testé un moddle simplifié de sillage qui peut 8tre décrit de

la manidre suivante (Figure n® 5) :

- La circulation est supposée constante en envergure mais variable avec 1'azimut de la pale

- De ce fait le sillage est constitué théoriquement d'un tourbillon d'extrémité de pale (A), d'un tour-
billon de pied de pale (B), ainsi que d'une nappe radiale pseudo hélicofdale (C)

- Le tourbillon (A) est décrit par une lanidre se transformant trés vite en une surface tourbilionnaire,
pour diminuer le temps d'intégration (A)
- Le tourbillon (B) est décrit aussi par une surface tourbillonnaire (solénolde A spires jointives).

- Quant A la nappe tourbillonnaire radiale associée au fonctionnement instationnaire de la pale, elle
est remplacée par un volume continu de tourbillon.
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Les résultats ont été comparés aveo oeux obtenus par une méthode plus évoluée de calcul des vitesses
induites (réf. n® 11)., La planche 6 montre que 1'on obtient ainai une bonne approximation de ce probldme.
La corrélation sur les charges a été regardée, mais les ~ésultats ne semblent pas étre beaucoup plus
préois (figure n°® 7) que ceux obtenus par la méthode initiale, Néanmoina cette idée doit 8tre exploréde
plus & fond, car elle permet notamment d'introduire le déoroohage insta.ionnaiie des profils en gardant
un schéma global relativement cohérent., Nous testons simultanément 1'influence des sff .a instationnaires
suivant la méthode précouisée dans la référence (7), les Cs, Cv, étant receloulés h partir d'un tableau
de données synthétieées en fonotion de la valeur de 1l'inocidesce inatantanée, de sa viteose de variation
ot de sa dérivée seconde,

Nous espérons ainsi en testant séparément 1'influence des différents phénombnes physiquem et les hypo-
thases adoptées pour les représenter (pertn on extrémité de pale, champ deas vitesses induites, attaque
oblique, effets instationnaires) arriver A un moddle aérodynamique trds eimplifié, permettant un caleul
suffisamment précie des charges sur pale d'hélicoptdre,

REPONSE D U DB ALE ¢

Les propriétés élastiques des pales sont prises en compte en utilisant une représentation modale de la
pale limitée en importarce suivant les cas (3 modes de battement et 2 modes de trainée en général), Les
caractéristiques modales utilisées sont issues d'un calcul de mode propre découplé compte tenu des sim-
plications envisagées par ailleurs. 'a méthode de la référence (12) donne des résultats suffisamment
précis en minimisant le temps de calcul,

La réponse de la pale est obtenue en calculant la contribution de chacun des modes propres excités par
les différentes harmoniques des charges aérodynamiques. Afin de tenir compte approximativement des efforts
aérodynamiques induits par les mouvements de flexion verticale de la pale, un terme d'amortissement
aérodynamique linéaire édvalué dans le cas du vol stationnaire est introduit pour les modes de battement
autres que le premier mode rigide,

les contraintes sont ensuite calculées par superposition de la contribution en moment des différents
modes et ceci pour chaque harmonique. Il est & noter que la précision du résritat dépend beaucoup de la
description fine de la pale au point de vue massique et élastique, et que les z8nes de la pale rapidement
évolutives telles que attache, manchon etc..., généralement critiques au point de vue dimensionnement,
doivant #tre définies avec précision.

Le découpage retenu dans cette méthode, entre l'adrodynamique et 1'élasticité permet trds rapidement
de chiffrer les répercussions d'une modification quelconque de la pale, A partir du moment ol les
donnéas adrodynamiques sont stockées en mémoire.

ANALYSE DES RESULTATS AU POINT DE VUE CONTRAINTES :

La méthode a été utiliséde tout d'abord sur le rotor maquette Modane qui est articulé A la fois en batte-
ment et en trainée. Les pales de ce rotor ne sont pas dynamiquement semblables auxr pales d'un rotor
grandeur (nombre de Lock plus faible). Lea déformations de la pale ont donc une influence trés faible
sur les efforts aérodynamiques, ce qui & priori devait favoriser la corrélation essai-calcul. La planche
8 montre les résultats obtenus en battement vertical dans un cas fortement chargé. L'évolution en enver-
guredu’créte A cdte calculé est comparable 3 cs que donnent les résultats expérimentaux. Aucune comparai-
son valable n'a été obtenwen trainde, les caractéristiques de l'amortisseur de trainée utilisé étant
mal connues,

La comparaison a été faitepar aillsurs sur un rotor grandeur 4 pales plastiques. Il s'agit d'un rotor
articulé en battement et semi-rigide en trainée. Les résultats expérimentaux proviennent d'enregistrements
obtenus au cours de la mise au point du prototype. L'évolution en envergure des amplitudes des moments de
battement est représentéesur la figure (9) et recoups de manidre satisfaisante les résultamdes Essais en
Vol. L'analyse a été poussée jusqu'au contenu harmonique des contraintes pour deuxr sections de la pale
situdes & 0,28 R et 0,7 R (figure n® 10). La comparaison faite sur les cing premidres harmoniques montre
que l'ordre de grandeur de chaque raie est correctement restitué, ce qui concorde avec la corrélation
obtenus sur le créte & créte. La précision obtenue n'est pas toutefois suffisante pour une eatimation

da torseur des efforts d'excitation A 1la téte rotor. Une amélioration du calcul aérodynamique et l'intro-
duction de modes propres couplés donneraient certainement des résultats plus précis pour ce problime

particulier.

En ce qui concerne le cas de la trainée, le recoupesment obtenu (figure n® 11) sur ce méme rotor est
nettement plus précis que pourlsrotor maquette Modane.

CONCLUSTONS :

Nous estimons que ce genre de méthode est nécessaire pour permettre une estimation correcte et rapide

des charges de dimensionnement sur rotor et moyeu. Les résultats obtenus aujourd'hui ne sont pas absolu-
ment parfaits, mais certaines idées ont permis sans trop de complexité supplémentaire, d'étendre le donai-
ne de validité du calcul. Mais simultanément les méthodes faisant appel A de puissants moyens de calcul,
doivent 8tre développées, pour étudier les divers phénomdnes, tester leur influence. De méme 1'analyse
expérimentale fine du comportement du rotor doit nous permettre de progresser dans cette connaissance.

La prédiction des charges de dimensionnement sur pale et moyeu devra se faire au nivesu dessin, par une
méthode simplifide, faisant la synthdse des résultats obtenus par d'autres approches théoriquss ou
expérimentales,
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HELICOPTER EOTOR LOADY PREDICTION
by
Peter ', Arcidincono® und Maymond G, Carlson**

Slkorsky Afreraft
Diviston of Unfted Alreraft Corporation
Jtratford, Cennecticut Custa(1P
U. o A,

SUMMARY

A review is presented of the assumptions and technijues formirg the basis for detailed computation
of rotor loads ut Sikorsky Alrcraft and the United Aircraft Research Laboratories., Typical correlation
results showing the effects of variable inflow and unsteady aerodynamics on blade stresses and control
locads are presented. These effects are shown generally to improve the accuracy of predicted results. A
discussion o¢ areas where further work cun be expected to provide a stronger tecnnical foundation for
present analyses is presented. The principal areas include more detuiled modelir, of (1) the dynamiec stall
process, {to det'ine unsteady drug, snirfoil and blude sweep effects) , (') blade lifting surface effects
(tc model more accurately blade-vortex interaction effects) undg (2 nirtrame dynamics effects (to define
more  accurately the dynamic coupling between bluie and hub motions).

1. INTRODUCTION

The problem of predicting the loads generated by rotating wings is, in many respects, one which is
much more complex than that for fixed wings. The rotary wing problem is an aeroelastic one involving both
unsteady stall and compressibility effects. The blade sweep angle also varies with time and, in uaddition,
the flow field induced at the rotor is the result of a complex vortex wake whose treatment does not permit
many of the simplifying assumptions so useful in fixed wing analyses., With the advent of high speed digi-
tal computing equipment, much progress has been made in developing improved analyses for predicting rotor
lcads. Howev- r, even with today's equipment, assumptions must gstill be made., Fermissible assumptions,
of course, depend on the rotor loads of interest. The rigor required in the analysis generally increases
with the frequency of the loads that are to be predicted. The olbjectives of this paper are to (1) discuss
the tcchniques and assumptions forming the basis of a currert analysis in use at Sikorsky Aircraft, (2)
present typical co-relations with test data, and (3) indicate where further work may be expected to in-
crease our capabilities.

F REVIEW OF BASIC ELEMENTS OF THE PROBLEM

The basic elements that enter into the rotor loads problem are indicated in Fig. 1 and discussed
below.

The problem is divided into two major areas: (1) the modeling of the aerodynamic forces acting on
the btlade and (2) the modeling of the blade response compatible with these forces. BHRecause the typical
rotor blade is & long flexible benm (and, in mary cases, is hinged at the root) its rigid body and elastic
responses significantly affect the blade aerodynamic loading. Hence, there is a strong two-way coupling
between the blade aerodynamic forces and its response.

The nercdynamic part of the probiem is baslically that of finding appropriate transfer functions
which will operate on the relative motion of the blade with respect to the air to produce the aerodynamic
forces acting on the blades. The provlem 13 complicated by the fact that the forces being sought also
contribute to the relative motion because of the associated blude response and wake vorticity which they
produce. The blade response contribution to the relative bLlade-air motion is obvious and blade vorticity,
of course, is related to flow field induced by the wake. Oimultaneous solution of the blade force, blade
response,and f{low fileld equations presents an extremely difficult problem Lecause of the many unknowns
involved. This ls particularly true if nonlinearities such as those associated with dynamic stall are to
be considered. Usually some type of itera.ive procedure exploiting the weaker coupling mechanisms has to
be employed. An approach frequently ':Led is indicated in Fig, 1. Here the acrodynamic part of the
problem is divided ir..o two parts The first deals with modeling the effects of the trailing vorticity
in the rotor wake to estimate the general flow fleld In which the blades operate. This flow field is
based on an initial estimate of tne blade loading distribution. The second part involves defining the
forces acting on the blade that are compatible with this initial flow field estimate. This force defini-
tion can fnclude nornlinear stall effects as well as blade response effects and, {f desired, can be used
to obtain 4 new estimate of the flow field for further {terations.

Modeling of the blade dynamic response, of course, involves solution of the blade equations of
motion., The rigor of the solution will depend on the number of blade degrees of freedom treated and the
extent to which interblade dynamic ~oupling effects due to control system and alrframe motions are con-
sidered.

Figure 2 compares the assumptions made in a well known rotor annlysis typleal of the lute fifties
(Ref. 1) with those of an analysis currently in use at Sikorsky. The early analysis was oriented toward
performance prediction and was limited primarily with regard to its treatment of rotor wake effects
and the number of dynamic degrees of freedom considered. With the development of higher speed compiting
equipment, continual refinement in analytical techniques has been made, Typical analyses of today (also
indicated in Fig. 2) incorporate some form of wake modeling, unsteady tlade aerodynamics and an expanded
number of dynamic degrees of freedom. Both of these analyses solve the overall problem through numerical
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integration techniques, us this type of approach permits more rational treatment of the strong coupling
between the blude aerodynamics and the blade response, Although most analyses use this general appronch,
there are still so many elements involved that further assumptions are required in handling these :lements
in order to produce a program that does not require an {nordinate amount of computing time., The next
section describes in more detall the particular approach currently in use at Sikorsky.

3. SIKORSKY ROTOR AEROELASTIC ANALYSIS

A complete description of the analysis in this paper is not possible and the reader is referred to
Refs., 2 to 4 for additional information. The {ntent here is only to indicate the major assumptions and
solution techniques used. Only the steady flight version of the unalysis is discussed,

A simplified block dlagram of the analysis Is shown in Fig. 3. Three basic programs are linked
together. Thcse are: the Blade Response Program, the Circulation Solution Program, and the Wake Geometry
Progrum,

The Blade Response Program determines the fully-coupled reasponse of a flexible rotating blade,
given the distribution of the wake-induced velocities over the dige, The blade equations of motion are
solved by expanding them in *erms of uncoupled flatwine, edgewine and torsional blade modes, The modal
technique facilitates the numerical {ntegration of the blade equations by minimizing dynamic coupling terms,
The basic differential equations of motion are documented [n Hef, .,

Two aerodynamic models cun be used to determine the forces ncting on the blades., Both assume
two dimensionality. Reference 2 describes an early nerodynamic model which is a conventional, quasi-steady
aerodynamic model combined with the use of stendy-state airfoll stall data. A mod~l based on unsteady
airfoll characteristics is described in Ref. 3, Typical unsteady 1{ft and moment curves used for this
model are shown in Fig. 4. These were obtained by generulizing data from tests of a two-dimensional airfoil
executing prescribed sinusoidal mot{ons. As indicated in Ref. 3, it has been assumed that the sinusoidal
data could be generalized in terms of the section angle of uttack, its first two time derivatives, and Mach
number. Through this procedure, it is possible to apply the data to rotor blade operating conditions which
involve translational velocity variations and multi-harmonic motions. Recent work by the United Aircraft
Research Laboratories (Ref. 5) has shown that this assumption is reasonable. Blade section drag forces
are evaluated using either steady-state data or, if desired, by a procedure which allows "unsteady" drag
to be synthesized from the unsteady lift data. The synthesization procedure is based on the degree to
which the unsteady lift departs from potential flow values (see Ref. i), No attempt to account for any
radial flow effects on 1lift or moment has been made in the analysis., Although such corrections have been
proposed in the literature, the underlying data are extremely questionable, as will be discussed later.
With either the gquasi-steady or the full-blown unsteady aerodynamic model, the equations of motion are
numerically integrated until a converged cyclic motion of the blade is achieved that is compatible with
the prescribed induce! velocity distribution.

The functicn of the Circulation Solution Program is to compute a rotor circulation distribution that
is compatible with a prescribed set of blade section operating conditions and a prescribed rotor wake
geometry. Once the circulation distribution is known, the induced velocity distribution over the rotor
follows immediately. This induced velocity distribution can be used to update the original input to the
Blade Response Program. An iteration is performed between the programs to assure compatibility of the in-
duced velocities and the blade aerodynamic and dynamic boundary conditions. The general technical approach
used in the Circulation Program is basically similar to that of Ref. 6 and represents & rotary-wing
equivalent of the classical lifting-line approach used successfully for fixed wings. Two major differences
from the Ref. 6 approach are: (1) the elimination of the shed vorticity elements in the wake (i.e. elements
arising from time variations of blade bound vorticity) and (2) the inclusion of unsteady effects on local
lift curve slope, blade section angle-for-zero lift and blade stall angle. Although the former modification
technically violates the Helmholtz law, it is believed that a more accurate representation of the shed wake
effects is obtained through the use of the unsteady airioil data in the Blade Response Program. This implies
that the primary effects of the shed vorticity are those associated with the wake region near the blade
and, thus, can be approximated by those of a fixed-wing type of wake. Miller (Ref. 7) shows that this is
reasonable at rotor advance ratios usually of interest, This approach not only permits a factor of two
reduction in the computing vime of the Circulation Program, but more importantly, also permits nonlinear
unsteady stall effects to be included in a rational way in the Blade Response Program,

The Circulation Program requires that the wake geometry be specified a priori. In lieu of more
precise information, the assumption of a classical rondistorted wake defined from momentum considerations
has usually been made. Recently, methods for computing more representative wake geometries have become
available, The approach developed by Landgrebe (Ref, 8) is employe? in our analysis. The approach is
straightforward if the wake circulation distribution is prescribed. At a given instant of time, the
bBiot~Savart law is used to determine the wake self-induced velocities at various control points in the wake,
These velocities are integrated over a small time interval to define a new wake gecmetry, following which
new self-induced velocities can be computed. The process of alternately computing new velocities and wake
geometry is continued until a converged, periodic distorted wake geometry is reached. By dividing the wake
into near and far regions relative to each control point in the wake, an approximate and cost-effective,
analysis is obtained. Only the tip vortex is allowed to distort as it represents the dominant wake
element. An iteration between the Circulation Program and the Wake Geometry Program is required to assure
compatibility of the final circulation distribution and wake geometry.

It should be evident from the preceding discussion that this approach to solving the combined
airload-flow field problem can only be applied to steady operating conditions. Also, there are many ways
to cycle through the programs, and the convergence of the iteration procedure will depend on the strength
of the coupling between the various elements of the problem. We have generally found that convergence of
the alrloads {s rapid and that only one pass through the Circulation and Wake Geometry Programs ls requireud.
To control computing time, the iteration procedure is set up to minimize the number of passes through the
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longest running progrwn, which in this case, is the Wake Geometry Program. Typlcul running time ”othe
three programs on the HUNIVAC 1108 computer are:

Blude Rewponse Program 2 minutes
Circulation Solution Program 1 minute A
Wnke Geometry Progran T minutes

Our iteration procedure generally involves ¢ passes through the Blade Response Program and 1 puss through
the Circulation Program when a classical wake geometry is used (a total of 5 minutes). If the Wake
Geometry Program i{s used, one pass through it {s used together with one additional rass through the Cir-
culation Program for a totul of 13 minuted,

b, TYPICAL COMPARISONS OF PREDICTED AND MEASURED RESULTS

Correlation studies using the Slkorsky Rotor Aeroelastic Analysis have demonstrated the importance
of including both the variation ln induced velocities (or inflow) over the rotor disc and unsteady aero-
dynamics i{n calculating blade stresses and control loads. This is particularly true in the high speed,
high loading flight conditions where the rotor is in stall over part of the disc, It is such conditions
that determine the operational limits on the rotor system structural capability. Thererore, it is these
conditions that have received most of the atteutic. for correlation studies. The bulk of the results
presented in this paper are based on a classical, nondistorted wake geometry inasmuch as wake geometry 3
effects are still largely under evaluation. All results are also based on the use of a steady-state drag
model.

s

Some recent results which point out the significance of variable inflow and unsteady aerodynamics
are shown in Figs. 5 through 8, The flight condition corresponds to an edvance ratio of 0.306 and blade
loading of 0.076. (All results have been nondimensionalized by the measured amplitudes. In Figs. 5 and T
the measured amplitudes selected are those at stations at 69% radius and 18% radius, respectively.)

As indicated in the figures, better correlation of flatwise vibratory stresses has been obtained Ly includ-
ing these phenomena. Amplitude, or halfepeak-to-peak value, of flatwise stress is plotted against radius
in Fig. 5. As shown, the use of an assumption of a constant inflow over the rotor disc with steady-state
aerodynamics produces predicted stress of about B0% of the measured peak value, with the maximum occurring
too far inboard. Adding the effect of inflow variations but retaining steady-state aerodynamies hail little
effect on the amplitude, but did shift the peak radially outboard. The further addition of unsteady aero-
dynamics, in this case using the method of Ref. 3, increased the amplitude to about 90% of the measured
flatwise vibratory stress. Consideration of the azimuthal variation (i.e, time history) of flatwise stress
at 60% radius, the point of maximum measured stress, further emphasizes the improvement obtained when
variable inflow and unsteady aerodynamic effects are included in the analysis (Fig. 6). The constant inflow,
steady-state aerodynamic analysis shows predominantly a one-per-rev response with little evidence of the
higher harmonic content present in the test data. The inclusion of variable inflow, which provides signi-
ficant higher harmonic loading of the blade, reproduces more closely the observed variations in stress
around the azimuth. Unsteady aerodynamics result in an increase in the stress amplitude but has little
further effect on the general predicted azimuthal signature.

2k

i

The achievement of good correlation of edgewise vibratory stresses has generally proven a more
difficult task than that for flatwise stresses. Edgewise stresses for the same condition as shown in
Figs. 5 and 6 are given in Figs. 7 and 8. Some improvement in the amplitude cf response is shown with the
successive addition of variable inflow and unsteady aerodynamics. Comparison of the azimuthal variations
at 50% radius show the same trends found for the flatwise stresses. With ccnstant inflow and steady state
aerodynamics, the higher harmonic content of the edgewise stress is low, The addition of variable inflow
increases the higher harmonic content, in particular the four-per-rev component of edgewise stress, which
is dominant due to the location of the first edgewise flexible mode near four-per-rev. Unsteady aero-
dynamics serve to increase the amplitude a bit more, again without changing the character., The principal
area of discrepancy appears on the retreating blade. This is the area that would be expected to be in-
fluenced by the modeling of unsteady drag effects.

The torsional response of the blade, as measured by the push rod loads, was over-predicted using the
combination of variable inflow and unsteady aerodynamics. In this case the best correlation, as shown in
Fig., 9, was obtained using variable inflow without unsteady aerodynamics. It has been found that the in~
clusion of unsteady aerodynamics is important in sustaining the type of torsional oscillation, over the
retreating half of the disc, which is generally attributed to stall flutter, Figure 10, for a different
aircraft and rotor system, shows the kind of correlation being obtained in flight conditions in which a
build up occurs in control loads due to the high frequency oscillations. The inclusion of variable inflow
in the analysis produces a variation In air loading causing torsional oscillations of the advancing blade, %
The inclusion of unsteady aerodynamics sustains and amplifies this oscillation over the retreating half of b
the disc, due to the negative torsional damping effects produced by dynamic stall hysteresis effects. This h;
is demonstrated in Fig. 11, where the analytical curve of Fig. 10 is reproduced, along with analytical
results using variable inflow but no unsteady aerodynamics. The decay in the oscillation when unsteady
aerodynamics are neglected is most evident.

As mentioned previously, the results presented in Figs. 5-11 use a variable inflow model which is
based on a classical, nontistorted, helical rotor wake geometry. Wake distortion effects on rotor vibratory
loads have not been systematically analyzed at this time. The study reported in Ref., 4 indicated that wake
distortions had little effect on integrated rotor loads, as might be anticipated. However, Fig. 12, which
is reproduced from Ref, L indicates that significantly different azimuthal variatjons in local blade load~
{rgs can result when wake distortion effects are included in the analysis, It would appear that inclusion
of such effects will be necessary for accurate prediction of rotor vibratory forces. Also, wake distortion
effects at low speeds and hover are dominant. At the present time, further work is required to verify that
wake distortions at high flight speeds are equally significant and, thereby, Justify the relatively large
increase in computing time entailed in their computation.
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5. TECHNOLOGY AREAS REQUIRING FURTHER DEVELOPMENT

The preceding sectica has indicated the type of correlation that has been achieved using current
technology. Those uspects of the analysis which can be improved through further development are discussed
below.

5.1 Dynamic Stall Modeling

It is well known that retreating blade stall is the prime factor limiting the forward flight capabilie-
ties »f rotating wing alrcraft. Because it is a relatively local effect, the ultimete capability of a
given alrcraft is usually dictated by the degree to which stall can be penetrated before such stall-related
effects as power losses, increased vibration or control loads, etc. become intolerable. As a result, the
rotary wing designer is relatively more concerned with the details of stall aerodynamics than is his fixed
wing counterpart. Rotor stall is a complex unsteady aerodynamic phenomenon. Although much progress has
been made in improving the representation of unsteady effects in our analyses, additional work is required
before reliable computations of rotor stall characteristics can be routinely made in the design process.

Most work in the modeling of dynamic stall has been oriented toward applying two-dimensional data from
a sinusoidally oscilluting airfoil. To apply such data to the rotor problem requires some means of general-
izing the data so that the aerodynamics of more arbitrary airfoil motions can be predicted. It would also
be highly desirable to find some reliable, practical method for handling different airfoil contours so that
the need for expensive wind tunnel tests could be minimized, Two methods for generalizing unsteady data to
arbitrary motions and different airfoils are found in Refs. 3 and 9. Figure 13 presents an interesting
comparison of results predicted by each of these methods for ramp-type v/ ‘iations in angle of attack. Also
shown in the figure are experimental data obtained from Refs, 10 and 11, Distinetly different trends are
noted for the measured ramp characteristics and those predicted from sinusoidal data using the methods of
Refs. 3 and Y. The measured rump data indicate & relatively linear increase in maximum 1ift, whereas the
predictions show a diminishing effectiveness of angular rate in increasing lift capability. This is be-
lieved to be due to the fixed amplitude oscillations which were used in the sinusoidal tests., In addition,
the predictions individually differ significantly with regard to the increase in maximum 1ift coefficient
produced by a given angular rate,

To explore this situation further, Sikorsky Aircraft has been developing an alternate and, hopefully,
simpler approach to the generalization problem. The model is based on the hypothesis thaet flow separation
will not occur until a critical, nondimensional time interval is exceeded after the static stall angle of
attack has been reached. ‘iYhe critical time interval (At separation) is given by

e UAtsegaration

- c

Here U and ¢ are the translational velocity and chord of the airfoil, respectively. The quantity, 1* is,
thus, equivalent to the number of chordlengths traveled by the airfoil during the criticai time period.
Analysis of available data for sinusoidal motion indicates a t* of about 6 applies (Fig. 1L). When this
value for t* is applied to a ramp-type motion, a linear relation between the increase in maximum 1ift
coefficient and the angular velocity parameter fcd) is found

U
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Here & is the time rate of change of airfoil angle of attack in radians/sec units. This relation is also
shown in Fig., 13 and is seen to agree qualitatively quite well with the experimental results,.

The techniques discussed above for modeling dynamic stall are rather pragmatic ones which do not address
the details of the dynamic stall process. More fundamental analyses are now being pursued, and with the
advent of higher speed computing equipment can be expected eventually to become practical approaches to the
problem. An initial analysis of this type is described in Ref. 12, However, the sample application of the
analysis to a ramp motion in Ref. 12 resulted in a much lower increase in 1ift (0.3 for_ca = ,048) than has

been either observed or predicted from other less fundamental approaches. This inadequagy can be expected
to be eliminated by more accurately modeling the viscous flow aspects of the problem through solution of
the complete Navier-Stokes fluid equations.

The conclusion to be drawn from Fig. 13 is, then, that techniques for predicting the dynamic stall of
an alrfoil undergoing relatively arbitrary motions require further development and substantiation.

The preceding discussion has been concerned with generalizing dynamic stall characteristics for a
given airfoil. Another aspect of the problem, of course, is the need to generalize the effects of airfoil
contour. The available methods (Refs. 3 and 9) tend to assume that the unsteady effects are approximately
the same for all airfoils and can be accounted for if the static stall characteristics are known. Further
work is required to verify this contention.

All experimental dynamic stall work to date has also emphasized nonrotating, two-dimensional, upswept
airfoil models. Thus, radial flow effects due to blade sweep, centrifugal effects and spanwise pressure
gradients on unsteady characteristics have been neglected. There appears to be a general consensus that
centrifugal force effects are negligible (see Refs. 13-17 and Fig. 15), at least for the high velocity
sections of tyrir 7 roto: blades., The effect of blade sweep angle is less well defined but is potentially
important. Fixeu wing - zperience has shown that inboard sections of swept back wings can sustain much
higher 1ift coefficients than would be estimated on the basis of pressure gradients taken normal to the

span. However, test datm are not available for the range of sweep angles, aspect ratios and cpanwise pressure

gradients typical of rotor blades. Attempts have been made to use available fixed-wing static data t
derive two-dimensional spanwise flow corrections (see Ref. 18)., These data (presented in Ref, 19) were
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obtained by measuring total forces on a swept, finite-span wing. Since the wing sweep angle wus varied
by yawing the wing about its mid-span point, one half of the wing was swept uft - certainly not an {denl
situation. Analysis of the data of Ref., 18 shows a strong finite-spun effect (see Fig, 1) and the npplic-

ability of the data to the rotor blade situation Is questionable,
sionul, swept wing would show no enhancement of 1ift cupability.

It would appear that s truly two-dimen-
Hence, the meaning of the "two-dinen-

sional" corrections derived in Ref., 18 is not clear.

Appropriate tests to cler{fy the situation und to

introduce other variables such as spanwise pressure gradient should be conducted, Finally, it should be
mentioned that a big gap Iin knowledge exists with regurd to the unsteady drag characterictics of rotor
blades.

While these fundumental questions arc being pursued, the designer requires dynamic stall information
now. To fill this need, the effects of more common design parameters on the dynumic stall-stull flutter
process are being studied experimentally by Sikorsky and UARL, Figure 17 illustrutes the basic approach
being used. The model is a two-dimensional airfoll mounted on bearings and driven in a sinusoidal piteh
motion by the linkage shown. By properly selecting the .nertia characteri{stics of the uirfoil and the
stiffness of the torsional flexure, which is in series with the oscillating mechanism and the airfoll, it
is possible to simulate the dynamic equation of motion of the first torsional mode of the blade. The
blade is oscillated sinusoidally at a frequency and amplitude which simulates the basie once-per-revolution
(1P) angle of attack oscillution experienced by a rotor blade in forward flight, If the system is suscep-
tible to stall flutter, high frequency torsional oscillations will occur. OSuch have been observed in initial
tests (see right hand panel of Fig. 17) and we are now {nvestiguting the effects of system design parameters
on stall flutter. These include airfoil shape, und torsional inertia, stiffness and frequency, Figure 18
shows some early results indicating improvement In angle of attnek capnbility produced by a Ulkorsky alrfoil
degign as compared to that for a NACA 0012 airfoil. This Incrense tends to correlate with the increase
in static lift capability of the Sikorsky airfoll.

The influence of spanwise flow on rotor blade stall characteristics fs aloo being investigated by
Sikorsky. For this purpose, new experimental techniques for acquiring two-dimensionul airfoil data are
being developed. A unique airfoil dynamic force meusuring system is being used which will minimize wind
tunnel wall corrections and provide an initial capability for measurlng unsteady drag. These technlques
will be used to provide better data on the following:

1) the effects of high Mach number (M » 1,0),
2) the effects of sweep on steady stall characteristics,
3) the effects of sweep on unsteady stall characteristics

Tests have already been conducted in the first area and init.ial tests in the remaining areas should be
started in late 1972.

5.2 Lifting Surfuce Effects

One of the principal assumptlons made In the current analysis Is that the blades are lifting lines.
While this assumption i{s valld for many regions over the rotor disc, it l& not valid near the blade tips
and in those areas where a blade passes close to a vortex in the rotor wake. An example of the type of
differences in loading that are predicted by lifting line and lifting surface theory is shown in Fig. 19.
The lifting surface theory s belng developed by Adamcyzk of the United Alrcraft Research Laboratories.,
The results of Fig. 19 show the time historles of lif't and moment coefficlents generated by a blade as it
encounters a series of two-dimenslonal vortices, Lift coefficient variations are greatly overestimated by
the lifting line theory while the ltching moments nre underegstimated. 'The variations in pitching moment
would seem to be particularly important because of the torsional flexibility of typical rotor blades,
Effects such as these are relatlvely local ones; however, their inclusion would appear to be necessary
before the detailed loadings necvded for accurate calculatior of rotor vibratory forces can be obtained,
Work is proceeding to develop the theory further and place it in a form suitable for use in ro%or analyses.
Tnis is being complemented by Sikorsky work to define charucteristics of vortices having circulation
strengths typical of full scale bladcs (Ref, 20).

5.3 Transient Wake Effects

As mentioned previously, the rotor loads analysis described in the earlier section of this paper is
basically a steady flight analysis. This limitation arises because of the way in which the three basic
elements of the problem are coupled in the solution. Solutions for blade response and the flow field are
obtained assuming them to be semi-independent problems, This invalidates the analysis for the calculation
of either aircraft transient flight characteristics or blade stability characteristics where the flow field
is expected to be an important factor. Transient flight loads analyses are available, but these either
neglect wake effects entirely or treat them in a quasi-steady fashion. There is no technical reason why the
varicus elements of the overall problem cannot be more closely coupled so that these limitations can be
eliminated., Computing time has represented the principal consideration to date, and it may be expected to
be eliminated as a factor with newer generations of computers that will inevitably be developed.

5.4 Airframe Dynamics Effects

In seeking ways to improve the prediction of vibratory loads on a helicopter, attention will also have
to be focused upon the dynamic coupling of the rotor and airframe. Airframe dynamic response effects may
prove to be significant for accurate prediction of vibratory loads imposed on the fuselage. These effects
can enter in two ways. First, coupling of the airframe modes and blade modes can occur, producing shifts
in the blade natural frequencies. This will alter the predicted blade dynamic response, and therefore, the
blade vibratory loads. Since for steady state flight the hub motions are predominantly at the principal
excitation frequency (given by the number of rotor blades times the rotor speed), it is precisely those
frequencies of most concern for vibration which are affected by the hub motion. Secondly, the motion of the
airframe <t the hub also produces motion of the rotor blades, which, strictly speaking, changes the airloads.
However, these changes in airloads should be small since the vibratory hub motions are small.
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The airframe-rotor dynamic coupling should become more significant as the rigidity of the blade attach~-
aent to the airframe increases. Articulated rotors should exhibit less coupling effects than a non-articu-
lated rotor with a stiff root restraint. The Sikorsky Rotor Aeroelastic Analysis presently only includes
rigid body airframe degrees of freedom. The inclusion of flexible airframe modes should be considered in
the future vhenever aerodynamic modeling techniques have progressed to the point where accurate computation
of rotor vibratory loads appears feasible.

k-6

Finally it should be noted that the airframe flexibility and airframe modes can have a significant
effect on the stability of a rotor system. OSuch effects are, or course, included in rotor stability
analyses.

6. CONCLUDING REMARKS

I This paper has been devoted to a discussion of the analytical rotor load techniques in current use
and being developed at Sikorsky Aircraft and the United Aircraft Research Laboratories, The past decade
has seen significant progress in the development of rotor flow field models and in the treatment of un-
steady aerodynamic effects. Although further developments are necessary to provide a more thorough under-
standing of the dynamic stall process, sufficlent progress has been made to warrant a more in depth assess-
ment of the effects of design parameters on rotor stall-related operating limits. Techniques for predict-
ing wake geometry have been developed and remain to be applied in detail, Spanwise flow and lifting
surface refinements are less well developed, but are being vigorously pursued. Unsteady drag information
is almost totally nonexistent and is certainly needed. Advances in computing machinery will make possible
more clossly coupled solutions of the blade response - flow field problem for application to maneuver and
rotor stalility problems, and, ultimately, analytic treatment of the detailed viscous flow processes
governing rotor stall should also be possible. However, it should be emphasized that while we make every
attempt to improve the technical foundation of our analyses, we should make corresponding efforts to remem-
ber the ultimat: user of the analysis--the designer. He wants a thoroughly checked out analysis, whnse
outputs have been digested and cast in the simplest, most fundamental form and provide him with easy-to-
obtain, cost-effective answers. Too often, analyses never are taken beyond the research stage with the
result that they are often not acceptable for use in the practical world.
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ASSESSMENT OF ROTOR LOADS PREDICTION TECHNIQUES USED
BY SIKORSKY AIRCRAFT CORPORATION AND AEROSPATIALE

by

John L. Shipley
Chief, Army Aeronautical Research Group
Langley Directorate
US Army Air Mobility Research and Development Laboratory
Mail Stop 124
NASA-Langley Research Center
Hampton, VA 23665

I have chosen to separate my comments into three sections, the first being some general comments about
each author's program, comments on the philosophy of model development employed and then areas which 1
think we need to expand the current capability in predicting rotor loads.

As Mr. Gallot has stated, his analysis is based on judgment of accuracy versus run time and complexity
with a specific objective that the resulting program can be easily used by the designer. The desire for

a simplified method for accurately calculating rotor loads is universal and we all share this with Mr. Gallot.

The resulting program 1s to be used only for blades with high torsional stiffness operating below the onset
of stall so that pitching moments will produce small oscillations when compared to collective inputs.
Within these constraints, the program should be adequate for estimating structural strength requirements,
as was the intent of the program. However, 1 think that Mr. Gallot will agree that some additional refine-
ments, such as unsteady aerodynamics and iteration between blade response and aerodynamics, should be
considered before the results could be used for such things as fatigue design loads.

The analytical results predicted by the author's program shows good correlation with experimental data.
However, the experimental data used in the comparison were for conditions of tip path plane angles of 16 and
24 degrees and advance ratios greater than 0.3, These correspond to flight conditions where the free stream
contributions to the in-flow significantly reduce the wake vorticity effects. It would be Interesting to
see if lowering the tip path plane, through reduced fuselage drag, would perhaps reintroduce higher harmonic

forces of sizeable magnitude.

In regard to Mr, Arcidiacono’s paper, he has made what appears to be a reasonably successful attempt
to include the majority of those parameters which have, over the past five years, come to be associated
with improved prediction of rotor loads. Although they may be a little optimistic, run times of the order
of magnitude cited by Mr. Arcidiacono are certainly well within reason for a program which includes
coupling of the blade aerodynamics and dynamics, wake geometry, and unsteady aerodynamics.

As 1s the case with several of the programs to be described in this meeting, the Army has on occasion
used a version of the rotor loads program described by Mr. Arcidiacono. ‘Once the initial problems, always
encountered when th~ unfamiliar attempt to use a fairly complex computer program, were overcome, reasonably
good correlation of results have been obtained, especially when the unsteady aerodynamic routine was used.

Even though the phenomena is not fully understood and analytical techniques, which model all aspects
of the problem, are not available, the results justify including unsteady aerodynamics. Most authors will
agree that if the results are going to be used for determining fatigue life and sizing of critical compo-
nents at highly loaded conditions, some attempt at representing unsteady aerodynamics should be made.
However, there 1is still a long way to go before the claim can be made that a full blow: unsteady aerodynamic
model is available, especially in the areas of unsteady drag and different airfoil contours.

The discussion on unsteady aerodynamics recalls to mind Frank Harris' mid 1960 paper, 'Blade Stall,
Half Fact, Half Fiction", in which he was, to my knowledge, the first advocate for treating lift, drag, and
moment stall as three separate phenomena, which may or may not occur simultaneously. Based on Mr.
Arcidiacono's results showing good correlation of the amplitude and duplication of the forced oscillation,
it appears that the 1lift and pitching moment portion of the dynamic stall process can be handled reasonably
well analytically; that 1is, as long as the analysis is confined to a symmetrical 0012 airfoll for which
oscillating data are available. It should be emphasized that the capability described does not include
treatment of different airfoils, while other analyses are limited by the assumption that the dynamic stall
process for all airfoils is identical.

Recalling the funds and time expended on obtaining the oscillating 0012 airfoil data, one has to agree
with Mr. Arcidiacono's statement that a more practical and economical method has to be developed for
treating unsteady pitch and 1lift characteristics. Considering the wide variety of new generation airfoils
currently being developed for rotor applications, there are not enough funds or tunnel facilities available
to obtain the experimental data necessary for the current analytical procedures.

While on the subject of experimental data, figure 13 of the paper, which is a comparison of measured
ramp 1ift characteristics with those predicted from generalized procedures, causes some concern. There
seems to be more discrepancy between Fung and Ham's experimental data than there is between the theories.
Improvement in the method of generalizing unsteady data by the author's approach is obtained only when
Ham's data are disregarded. This also points out another problem area in unsteady aerodynamics, which is
the wide discrepancy in unsteady airfoill data which still has not been resolved. Everyone has his own
individual set of data which he believes 1a the only valid one in existence,

Mr. Arcidiacono has adequately covered the inability to analytically handle unsteady drag in current
analysis. Not only are analytical techniques lacking, but to date no reliable experimental unsteady drag
data has been obtained. This degrades from the accuracy of the inplane rotor loads predictions, as shown in
the paper, and can also significantly alter the results of subsequent rotor stability analysis if air
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resonance 1is a potential problem,

One additional point which {s applicable to both papers concerns uncoupled modes. The effects on
accuracy are, of course, a function of the degree of the coupling. While in the past this may not have
been a significant parameter, some of the new composite or fiber blades have large amounts of coupling
between the flap and torsion modes which should be considered in the analysis.

I would next like to discuss briefly the apparent philosophy used by the authors {n developing their
math models as seen from a novice user's viewpoint. One's inftial reaction is that the authors employed
opposing approaches to the problem of calculating rotor loads and stresses; one approach being that
increased complexity and computer time is not warranted by the resulting accuracy, while the other approach
considers increased accuracy the prime motivation. However, both have discussed a math model which was
developed with different objectives or application of results intended. I think that there is a requirement
for both types of models and the authors have employed an underlying common philosophy in math modeling
which 18 reasonably sound and warrants a few minutes of discussion,

As mentioned previously, Mr. Gallot has taken what could be called a cost effectiveness approach
wherein complexity and usability are prime considerations. Starting with a definite objective for which
the results are intended to be used, that {8, by a design engineer to size rotor components, he has
apparently determined the minimum accuracy which he considers acceptable. Within these constraints he
then makes simplifying assumptions which are used as the basis for establishing the resulting range of
rotor characteristics and operating conditions for which the results are applicable.

Whereas the analysis described by Mr. Arcidiacono 1s developed along the lines of a model whose results
would be applicable for a wider range of conditions and could be used in the majority of situations when
detailed rotor loads are required, almost a quote "universal model" approach. As a result, Improved
accuracy of the results are prime objectives. !'ence, increased program complexity and run time are justi-
fiable provided significant or at least noticeable increases in accuracy are obtained by the analysis.

I certainly agree with Mr. Gallot's statement that the designer needs a simplistic working tool which
he can rapidly and easily use in the decision-making process. Therefore, sophisticated or detailed sub-
routines and parameters which add to the complexity and run time of the analysis but do not significantly
alter the accuracy of the results within the design constraints that the engineer 1s working, need not and
should not be included. On the other hand, as helicopter requirements continuously increase, there 1s less
margin available, and the highly accurate, finely tuned analytical models such as advocated by Mr.
Arcidiacono are mandatory for detaliled analyses. We are rapidly approaching the state where quantum improve-
ments are no longer possible and all are actively seeking the inclusior of those parameters which provide a
two to five percent improvement in accuracy.

As evidenced by these two papers, I think both types of models can be developed and used with relative
confidence provided the approach described in the papers is followed; that 1s, an accurate bookkeeping of
the assumptions that were made in obtaining the solution and a detailed assessment ¢f the resulting limita-
tions of the analysis due to these assumptions. As a general rule, increasing accuracy in a math model
implies increased complexity due to the Inclusion of additional parameters. As the equations become more
cumbersome, simplifying assumptions are made to insure mathematical solutions. These assumptions almost
always limit the range of conditions for which the results are valid. Hence, detalled bookkeeping is
essential lest the developer, and certainly subsequent users, attempt to use the analysis on problems for
which 1t has limited capability or for which it was never intended.

One other point under philosophy. The high speed computer has allowed significant advancements in
rotor loads analyses. It provides mathematical approximations to complex equations never before attempted.
However, this dependency on computers is sometimes disturbing; therefore, I strongly endorse both author's
comments concerning the requirement for a good understanding of the physical phenomena before it can be
confidently included in a math model.

The last topic I wanted to touch on was those areas where the two analyses just presented were
deficient, or better put -~ those areas in which the techniques for predicting rotor loads have to be
expanded. The U, S. Army has just recently entered into a program to develop a new utility transport
helicopter. Two major objectives of this typical development program are increased reliability and Increased
survivability. Generally increased survivability requires increased maneuverability while {ncreased rella-
bility requires longer component life and reduced vehicle vibrations. Accurate prediction of the rotor loads
and stresses plays a vital role in achieving these objectives within prescribed design cost goals.

Figure 1 is a plot of the maneuvering envelope, typical of those desired for helicopters of the trans-
port class. The outer boundary is the transient envelope for which the helicopter must be designed. The
point at 150 knots is a 1.75 G's maneuver; it is desired that an aircraft be capable of attaining and sus-
taining this condition for three seconds. Unfortunately, neither of the analyses described has the capability
to analyze these operating conditions. I realize that there is a semi-transient version of Mr. Arcidiaccno's
analysie available; however, as he acknowledges, most transient analysis available today neglect wake effects
as well as control system and airframe dynamics.

Yet, {f we are to achieve these design objectives of increased maneuverability and increased component
l1fe, we must be able to analyze the maneuvering flight condition and accurately calculate rotor loads and
stresses, As you move up and to the right on the plot shown here, blade life deteriorates rapidly. In
addition, stall flutter boundaries will be exceeded so that rotor blade loads, vibrations, and control loads
increase exponentially.

Of course, {t 18 to be expected that this type of analytical capability will iIntroduce addit{ional
undesirable complexity as well as increase computer run time. However, it would appear that as long as these
{tems could be kept within reasonable bounds and the validity of the model well established, one computer run
which, although long, produced the desired results, would be more cost effective than fifteen short runs whose
were questionable or not applicable.
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One last point for the case of increased accuracy in rotor loads prediction techniques.

Figure 2 is a plot of the trend in desired vibration levels versus speed for the cockpit and cabin of
transport helicopters. It {s interesting to note that the level is 0.05 G's from minus thirty knots to
plus 150 knots as compared to previous requirements which were 0.15 G's. These stringent vibration
requirements are due to the need for increased reliability and are based on the results of recent studies
which show significant reductions in maintenance and improved reliability ae a function of vibration levels.

Current concensus indicates that these objectives are attainable. However, even with vibration
attenuation devices, significant detuning will be required in the fuselage. Finite element structural
static stress modeling techniques properly combined with a weights and inertia model, condensed into a
dynamic response model of the fuselage is within the state-of~-the~art to aid in this structural detuning.
However, these models can never be any more accurate or valid than the rotor loads and forces which are
required for input data.

The era of "cut and try" in the development of helicopter systems is rapidly passing. As research,
development, and procurement costs continue to escalate, it is imperative that analytical techniques in
such areas as rotor loads be improved and utilized to build confidence into a design prior to commitment
to hardware. However, one word of caution which cannot be overemphasized, regardless of how accurate the
results, they are worthless unless they can be used and applied by the designer.

Within the constraints for which the analyses were intended, both the paper by Mr. Gallot and

Mr. Arcidiacono represent outstanding efforts in the area of rotor load prediction capability, and I
congratulate them both.
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Discussions of Paper 3
“Catcul des Charges sur Rotor d'Hélicoptére™
présenté par M.Gallot

No Comments.

Discussions of Paper 4
*Helicopter Rotor Loads Prediction™
presented by PJ.Arcidiacono

R.A.Piziali: On the last slide, where it shows lifting line versus lifting surface, "Was there any representation of the
G313

shed wake of the airfoil for that or was it quasistatic?
P.J.Arcidiacono: [t is present in the lifting surface analysis as a continuous wake,
R.Loewy: What size vortex core was used in the analysis?

P.J.Arcidiacono: Bob, usually we take .1 of the chord, however, we recognize that sometimes when the vortex is
close enough to the blade that assumption breaks down, such as for lifting line representation of the blade.

J.LLBluhm: You gave computing times of one, two, and seven minutes. Are those for steady state? And. if so, |
assume you've got some for the unsteady state.

P.J.Arcidiacono: That's only for a steady state operating condition. The model is for an unsteady aecrodynamic case.

W.P.Jones: ['m rather surprised that so much emphasis has been placed on lifting lines in so much of this work.
Certainly now lifting surface theory is available for fixed wing aircraft [ would feel that that could be adapted to
helicopter blades as well.

P.J. Arcidiacono: We have tried litting surface techniques on hovering rotor under a recent contract with the Air
Force and the report should be out on that very shortly. We found that it was not an insignificant task to apply
the vortex latice method to the problem. The complexity of the program already is so large that it just takes a
matter of time to get your analysis updated. Time does not always permit sitting back and updating your analysis.

J.J.Cornish: Could you tell me if the 6 chord length delay in the effects of stall in the blade, is primarily from
mancuvering flight or hovering flight?

P.J.Arcidiacono: [t was developed primarily from data on oscillating airfoils which presumably would apply to any
flight condition. In other words, a lot of people have taken airfoil data from the wind tunnel at various conditions,
including reduced frequency, angle of attack, Mach number, etc. If you look at that data and try and figure out
where dynamic stall occurs and reduced it to a minimum number of parameters, the 6 chord lengths gets you from
the inception of the stall back to the effect in the wake.

J.J.Cornish: Does that also work in coming back?

P.J.Arcidiacono: Really, there are a lot of little tricks to coming back, however, the analysis was used in predicting
the response of the two-dimensional airfoil, and works fairly well.

W.J.McCroskey: 1 really don’t understand the philosophy behind the 6 chord lengths even being there.
P.J.Arcidiacono: [t’s a pragmatic approach. We nced something to analyze that now. We need better approaches.
W.J.McCroskey: [ don’t understand that even as a rational for a starting point.

P.J. Arcidiacono: ['ll have to confess that | don’t have the details on this since it was done at Sikorsky prior to my

going there, but it does take a finite amount of time before the rotor starts to stall, and what is that time a function
of? They probably just cast about looking for a way to handle this in a nonlincar manner and this was the approach

that they decided upon.
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REVIEW 3 by J.L.Shipley

W.Z Stepniewsky: We confuse our representation with mathematical models, when really, | believe that we should
consider these physical mathematical models. With emphasis on the first part, physics. This means you have to
make in your mind a complete picture of the physical aspects that vou design your model from, from a logical point
of view, then you apply the mathematics. The present analysis of the rotor loads is largely based on vortex theory,

| believe that with this approach, given more time and more computer capability, will not give more accurate results. 4
Thinking that if your theory presents pure cores of vortices or more vortices and thus will provide more accurate 1
results is not necessarily true. You must look into the physics of this. Everything is based on a strong belief that

basic theory of our loads is applicable everywhere, and this is not so because of the actual wake dynamics; however,

quite fortunately, if we make a mistake about a physical structure it is not too important usually.  We must realize

that we only try to approximate physical realities by constructing the physical/mathematical models.

Probably the best wuy to start is with kinimatic theory of gusts.  Attempts have been made to develop new ,
acrodynamic theory based on gusts, but | do not know what happened to that effort. As long as we try to 1
approximate with reality, maybe an approach similar to what Mr Piziali suggested in understanding the actual
pressure distribution, this may be the closest thing to kinimatic theory of gusts, it you can go directly into inter-
action between particles and the surface that can generate to it 1t seems like in all of our approaches to the
physical/mathematical models we must keep in mind how much of this is physics and how much is mathematics,
and clearly distinguish that from now on, unless we understand the physics, the mathematics will only increase the _
cost of the analysis without providing increased understanding of the problem. The last point | would like to make ;
is again basic philosophy. It appears to me that in the prediction of airloads, we are trying to apply a deterministic

approach to problems which are basically probabilistic in nature. Maybe it would be more honest with ourselves g
and get good results if we recognize this fact, and try to apply probabilistic approach from the very beginning. b
This, we would recognize that we know so much within these limits. Then use that basis and the data in a A
probabilistic approach, with a physical mathematical model, which may be more realistic than a deterministic 1

approach.

R.Gabel: | would like to ask Peter Arcidiacono abeut some papers that Sikorsky has published on some ook up
tables that they have developed for acrodynamic stall. s that being used any more?

P.J. Arcidiacono: The answer is yes. However, right at the moment, as John Shipley had pointed out before we
can really have a complete tabulation we must have data on the various airfoils; and that in itself is a major task.
This data must then be crossplotted. The results that | showed you did contain that unsteady model and in the
curves on normal force and moment cocfticient that data was contained in that tabulation: however, to overcome
the shortcomings of that model, we've been working on the time delay model as well.

I'd like to make a comment to something that John Shipley said in his review. John, you stated that we
shouldn’t put anything into the analysis that we don’t completely understand.

J.Shipley: Peter, | think what I was trying to say is that we should understand the physical phenomena before we
try and develop the mathematical model. This follows very closely to the comment that Mr Stepniewsky has been
trying to make: but | do think that the unsteady acrodynamics are significant enough and we understand them
well enough that we do have to start to include them now in our analysis.

P.J. Arcidiacono: | would just like to point out that it's a delicate baluncing act between developing new technology
and determining when it should be included in our analysis. Somehow the designer has to have available to him
periodic up—-date and the question of when you do that 1 guess could be a topic of discussion all night.

M.Gallot: Mr Shipley stated that we have no knowledge of unsteady drag problems. Maybe you did not catch it
when | was presenting my paper, but 1 talked about our model including lift drag and pitching moments have all
been measured in some work that has been done by the French. 1 assume that these results will be published some-
time. The testing included three different models. They included a 0012 airfoil, a 0012 modified with a droop
snoot and a cambered airfoil. The tests will be finished in about a year. T have another comment. | think that
the mathematical models that are developed ought to be tailored to the particular problems and needs that we have.
For instance, if you were dealing with a rigid rotor, there are a lot of things that you might want to drop out of the
analysis, and there are other things that you may not consider necessary if you were working on an articulated
rotor. | think that the rigid rotor case is a bit more complex.

il e

J.J.Cornish: | have been very interested to note that most of the comments about our problems with the unsteady
acrodynamics have been made by the acrodynamicists. They themselves are then forming a selfindictment and |
accept part of that. | would like to caution that there are two solutions to this problem and both of them are
infinite in their scope. One of them that has been mentioned by Mr Stepniewsky that involves the basic molecular
interaction gas dynamics problem, the other is of course the catalogueing of specitic airfoil performances, and of
course, when we add the rotor blade with the trimable tab on it we've opened up even another infinite arca of
data that should be catalogued. | think what is needed at this time is an overview of a middle road between an
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empirical approach of catalogueing airfoils and a more fundamental acrodynamic understanding of what the problem

is. Neither of these is a solution to the problem per se. :

W.J.McCroskey: | think that to be a bit more optimistic on this subject of the unsteady acrodynamics thiat, m fact, “

i we are making some progress and within the not too distant future we'll have a much better wdea ol how to imcorporate ‘4

all of this wealth of empirical data that now exists, and go into formulas in various ways as described by My Gable )

: and also by Mr Arcidiacono. But anyway, we had a suggestion this morning that perhaps we ought to think about d
f § incorporating in our models the calculation of pressure distributior, and 1 for one would certainly hike to discourage i

anyone from putting that into a helicopter loads program. | really think that the fundamental rescarch of how the
pressure distributions are derived in various unsteady cases should go on, but my feeling is that in the loads progrums ‘
one ought to try to simplicate and not complicate, and that what should come out of the fundamental research on A
oscillating airfoils, for example, is a better knowledge of how to correct or what kind of force and moment coefticients
to put in, given a first order estimate of the blade motion, and it's in this direction that I think that fundamental
research is currently making some progress. | would not hold my breath until we're able to calculate theoretically

the dynamic force, moment and drag coefficients on an airfoil.  This work is in progress, but it's going very, very

i S

slowly and I want to reiterate what 1 said before.  You certainly do not wish to put this extra set of calculations

in your structural loads programs because it is an enormous calculation procedure, but what is coming out is 3
| better appreciation for what unsteady blade motion parameters are the most important, so that when you then try 4
: to see what airloads are created on a blade element, to answer that question you will need two things. One s, you

will need knowledge of the blade element parameters that we are in the process of defining, such as @ nondimensional
pitch rate, amplitude ration factors and so on. You nced those as inputs to some black box that has as outputs Cm,
Cd and Cn, and then the other thing you need is the construction of this black box  We should be able to tell the
people who are building these loads prediction programs  what are the parameters that they ought to specify if they
wish to ask questions about the force moment coefficients, and then from the data that are available we'll be able,

[ think in the very near future, to construct that little black box that tells you what Cm, Cn, and Cd are if you
put in the right parameters, and also the answers will not be perfect, will not be absolute, but I think tn an engineer-
ing sense, they're going to be very useful. And then the other thing that has been raised is the issue of having to test
in an unsteady environment over all kinds of conditions every profile family that you might wint to consider. and
that’s obviously not practical, it’s not so obvious, but | firmly helieve it's definitely not necessary.

P.F.Yaggy: What | was hoping is that we might get some implication from the acrodynamicist and the structural
dynamicist as to what each can do to help the other. So far, 've heard mostly confessions that neither one really
knows real well what they’re doing, and that they're not really approaching any point of understanding very rapidly.
¢ Perhaps | am missing something, but it seems to me that we must be doing something in the very near future to
gain an understanding of what these interaction problems might be in such o fashion that we may be able to
concentrate on those with the abilities that we have and perhaps channel the efforts being carried out on those arcas

: that might be mutually productive and make sure that we're not moving into the areas that are counter-productive.
2 We're not going to get anything out of the computers untit we develop a real understanding of some of these
phenomena and the arcas both in the acrodynwmies and i the dynamics that contribute to the total problem.

R.A.Piziali: In line with what Mr Yaggy discusacd, what are we trying to do?  We're trying to improve our

_ ability to predict blade stresses ultimatelty. What s tinuting that? What are the constraints?  Is it the dynamics

3 aspects of the problem of the simulation, or is ot the acrodynamics aspects” 'm not sure that it is both. 1 think

: with a little bit of ¢ffort, you might be able to do some clever subcomponent validation, if you will. of the

" dynamics aspects of the problem independently of the acrodynamics aspect, but no one forees something into

- your dynamic representation. | say that the proper expenment will allow you to find out it the dynamic repre-

3 sentation you are using is limiting, and determine how good it is. Likewise, the aerodynamics aspect, for example,
somewhat in line with the continuous wake and the skewed wake, not so much foritself, but as an example of
how you can through proper comparison and validation see whether the simulations they're using are weak or not. 2
Where are the weaknesses” When you look at the end result of the total model you can’t tell. You must take it

apart and validate the picces.
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ROTOR SYSTEM DESIGN AND EVALUATION USING A
GENERAL PURPOSE HELICOPTER FLIGHT SIMULATION PROGRAM

by

Richard L. Bennett, Ph.D,.
Aeromechanics Engineer
Bell Helicopter Company

P.0. Box 482
Fort Worth, Texas 76101
U.S.A.

SUMMARY

New helicopter rotor systems are designed and existing con-
figurations are evaluated by means of a general purpose helicopter
flight simulation computer program. Discussed in this paper are
both the analysis incorporated in the program and examples of the
results obtained from the program. The three major parts of the
analysis are: (1) mathematical model of an elastic rotor based on
the modal technique, (2) rotor aerodynamics, and (3) basic rigid
vehicle flight mechanics. The interrelationship among these three
parts are discussed. The program has been used in support of the
following phases of rotor system design and evaluation: (1) rotor
blade frequency placement, (2) wind tunnel simulation, (3) steady
state flight simulation, and (4) transient or maneuvering flight
simulation.

INTRODUCTION

A family of helicopter flight simulation programs, designated C81, has been under de-
velopment at Bell Helicopter Company for the past decade. The U.S. Army, through the U.S.
Army Air Mobility Research and Development Laboratory (USAAMRDL), and the U.S. Air Force,
through the Flight Dynamics Laboratories (FDL) of the Aeronautical Systems Division (ASD),
have had an important role in increasing the capabilities of the program.

The development has followed certain guidelines. First, the analysis must describe a
wide variety of helicopter configurations--single rotor, compound, tandem, or side-by-side;
it must also cover a broad ranje of flight conditions--hover, transition, cruise, or high
speed. The analysis must have an uniform texture; i.e., the level of complexity of the
different phases (aerodynamic, dynamic, and rotor analysis) must be uniform. The program
must be applicable to diverse types of analysis--performance, stability and control, or
rotor loads. The program must be user oriented in terms of preparing the input data and
interpreting the results. And finally, the output format must facilitate comparison with
flight and tunnel test data. Contained in Figure 1 are some of the types of problems that
can be studied with C81.

Per formance
Power Required; effects of speed, density altitude, and variations
of configuration parameters
V-g Capabilities
Sustained
Transient
Climbing, Diving
Stability and Control
Trim Conditions
Control positions, gradients, margins in level, climbing, diving,
turning, or accelerated flight
Stability Characteristics
Root locations, frequency and damping of coupled flight modes
Mode shape and analysis
Response Characteristics
Transfer function numerators of coupled equations from linear
stability analysis
Time histories using fully-coupled, nonlinear equations
Disturbances
Gusts-Step, ramp, sine-squared; Vertical, fore-and-aft, lateral
Weapon recoil, azimuth, elevation, magnitude, duration
Sinusoidal excitation of any pilot control
Closed~loop symmetric pull up
Rotor Blade Loads
Fully-coupled time-variant aerocelastic analysis
Beam, chord, and torsional loads, during steady or maneuver flight

Figure 1. Types of Problems that can be Studied with C81
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The first major step in the development, completed in 1961 (Reference 1), was a
digital program to calculate helicopter performance and rotor blade bending moments for
level flight conditions. Blade aerodynamic coefficients from two-dimensional airfoil
tests included compressibility, stall, and reversed flow effects. A logic network was
developed to satisfy the requirements of trimmed flight by balancing the external forces
and moments. The inclusion of coupling between the in-plane and out-of-plane blade de-
flections in the rotor dynamic analysis produced a significant improvement in the cal-
culation of natural frequencies and forced response for rotor systems. The next major
development was the addition of a rigid body fuselage with six degrees of freedom to
simulate maneuvers. Definition of the airframe was extended to include center of gravity,
mast length and tilt, and the sizes and locations of wings, elevator, vertical fin, and
pylon fairing. The aerodynamic forces and moments from each lifting surface were treated
separately in the calculation of maneuver capability and stability derivatives. Control-
linkage ratios, engine-power controls, and external disturbances were added to simulate
a wide variety of VTOL maneuvers (Reference 2). Under AMRDL contract (Reference 3), the
math model was further expanded to encompass all basic rotorcraft configurations: single
main rotor plus anti-torque tail rotor, tandem, side-by-side tilting rotor, and co-axial.
The detailed aerodynamic and dynamic treatment of the second rotor, plus provisions for
locating, orienting, and controlling both of the rotors, led to an all-purpose, general-
ized analysis. Two-, three-, and four-bladed rotors are considered for teetering,
gimbaled, articulated, or rigid (hingeless) hubs. The effects of a rotor disc's gradual
penetration of a shaped gust field were also evaluated during the study cont.cact. Results
of the study are presented in Reference 4 and summarized briefly in Reference 5.

The rotor dynamic model was modified under FDL Contract (Reference 6). This version
of the analysis was used to study slowed-and stopped-rotor VTCL confiqurations. A time-
variant analysis of the rigid blade flapping was added. Teetering, gimbaled, articulated,
and rigid hubs with up to seven blades were modeled.

A time-variant aeroelastic rotor analysis, based on the modal technique, was in-
corporated into the CBl program during an Army-sponsored project, (Reference 7) providing
a better analytical model for studying the loads, vibrations, and transient aeroelastic
behavior of rotor systems. This paper will describe the aeroelastic rotor analysis and
its relationship to other parts of the flight simulation program. The descriptions used
in this paper were taken from USAAMRDL Technical Report 71-68A, Rotorcraft Flight Simu-
lation with Aeroelastic Rotor Representation. That four-volume report not only contains
a detailled description of the mathematical model, but also includes separate volumes for
the User's Manual, Programmer's Manual, and a complete listing of the coding in FORTRAN.

THE MATHEMATICAL MODEL

An aeroelastic rotor analysis must contain the following items: 1,) Accurate repre-
sentation of the rotor dynamics which would include the effects of the centrifugal force
field, blade twist, mass distribution, stiffness distribution, and the coupling effects
between in-plane, out-of-plane, and torsion displacements of the blade; 2.) The blade ele-
ment aerodynamic coefficients (Cj, C4q, and Cp) for stalled and unstalled; and steady state
and unsteady flow; and 3.) An iterative process to determine the steady-state flight con-
dition of the helicopter, and to define the helicopter's response to pilot control inputs,
gusts, weapon fire, or othcr externally applied forces. The techniques used to implement
these goals and the procedure used to bring them together are discussed in this paper.

1. Roteci vLynamics

The basic rotor dynamics are contained in the differential eaquations of motion
for the combined in-plane, out-of-plane, and torsional deformations of a twisted nonuni-
form rotating rotor blade as derived by Houbolt and Brooks (Reference 8). These equations
include the separation of the mass and elastic axes which produces the coupling between
the linear and torsional deformations. The coupling between the in-plane and out-of-plane
deformations is also represcnted. Although the equations describe the elastic consider-
ations which influence the blade response, they give only passing attention to the aero-
dynamic and aeroelastic factors which also influence the blade response. The equations
for free vibration are obtained if the aerodynamic forces are taken to be zero.

There are several techniques for solving the free vibration equations of an
elastic structure. Among these are the Rayleigh~Ritz, Stodola, and the Myklestad methods
(Reference 9). The solution to the free vibration equations can be represented as an
orthogonal set of mode shapes, and associated with each mode shape, a corresponding natu-
ral frequency. These natural frequencies and mode shapes are essential to the solution
technique used to describe the time-variant aeroelastic rotor behavior.

The Houbolt and Brooks differential equations cannot be solved in closed form
for all combinations of the externally applied loads. Oette (Reference 10) shows how the
separation of variables technique can be applied to the Houbolt equations. If the inde-
pendent variables are assumed to be time t, and location along the blade x, then it is
possible to write

Z2(x,t) =
(x,t) n

zp (x)| Su(t)

Y(x,t) NM Yn (x)
=] Np (%)
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where Y, Z, and O are the total elastic deformation of the blades Y., Z,, O, are the com-
ponents of the ntDd normalized mode shape, and §,(t) is the participation factor associated
with the nth mode shape. Y and Y, refer to the in-plane deformation, Z and 2, refer to
out-of-plane deformation, and O and 0, refer to the torsional deformation of the blade.
The total number of mode shapes included in the analysis is NM,

The basic differential equation for each mode shape is

2 w F
8 * chwndn + w8, .n oy

where w, is the natural frequency of the nth mode of free vibration, t, is the structural
damping, and I, is the generalized inertia of the nth mode shape. F, is the virtual work

done by all of the externally applied aerodynamic forces and inertia forces associated
with the nonuniform motion of the frame of reference, if these forces were to act through

a virtual displacement equal to the mode shape.
Thus

R
F, = fo (Fy¥n + Fp2n + Moop ) dx
(3)

where at a radial distance x,

Fy is the total externally-applied force in the Y direction
F, is the total externally-applied force in the Z direction

Mg is the total externally-applied pitching moment

Furthermore,

Fy = Ay + Iy

Fg = Az + I
MO = Apg + Ip (4)

where Ay, A,, and Ag are the components of the aerodynamic forces; and Iy, I,, and Ig

are components of the inertia forces due to the nonuniform motion of the reference system,
F, is later modified to account for the externally applied mechanical forces produced by
precone, flapping spring, flapping stop, and the lead-lag damper. The C81 program has
been modified to solve the set of modal differential equations.

To implement the modal technique in the digital computer program, the following
assumptions have been made:

a. All blace deflections are relative to a rotating coordinate system at the
top of the mast.

b, The blade is divided into 20 equal radial segments for aerodynamic and
dynamic calculations.

c. Each of the 21 segment faces has three deqgrees of freedom; out-of-plane
(z), in-plane (Y), and angular orientation (6) of chordline about the positive x axis.

a. The user will supply up to six normalized mode shapes to describe Z, Y,
and 6, for each of the 21 segment faces for each mode shape.

e, Linear interpolation can be used to define 2,, Y,, and 6, between two ad-
jacent faces.

f. The maximum number of blades per rotor is seven.

g. The maximum number of input mode shapes per rotor is six.
h. The maximum number of rotors is two.
i Any assumption made in the derivation of the mode shapes will be also

applicable to the entire analysis.

The program uses the modal technique which can simulate any hub type and number
of blades with the proper selection and combination of the blade mode shapes. The blade
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mode shapes are first calculated for all meaningful combinations of hub boundary condi-
tions (in-plane, out-of-plane, and torsion).

o4 73

The blade mode shapes will be labeled

either cyclic, collective, or scissor according to the following table;

BOUNDARY CONDITIONS

4
+' Mode Type Inplane Out of Plane Torsion 1
§ Cyclic Cantilevered | Pinned Cantilevered 3
3 Collective Pinned Cantilevered Cantilevered 3
' Scissor Cantilevered | Cantilevered Cantilevered X

The in-plane boundary condition is related to whether or not the mast is free to 1
wind up in response to the total in-plane torque. A cantilever in-plane boundary condition g

% is equivalent to assuming the mast to be infinitely stiff in torsion, while a pinned in-
. plane condition is compatible with a zero stiffness mast., The mast wind-up behavior can
3 also be described by an additional differential equation, If this additional differential

equation is to be used, then all reference to the mast wind up in the mode shapes must be
eliminated, i.e., all in-plane boundary conditions must be cantilever. The advantage of q
g the mast wind-up differential equation is that any degree of in-plane fixity can be rep- 1
resented rather than the idealized ccnditions used in the definition of the mode shape. 2

1 From the sets of calculated mode shapes, certain blade modes, compatible with 3
9 the hub type, are selected as input mode shapes. These are then combined by the computer ]
5 program into rotor modes which are used to simulate the hub type and number of blades. 1
3 The first step in selecting blade modes - collective, cyclic, or scissor - to ke used in ;
3 the rotor simulation is the definition of the hub boundary conditions that caa exist for

each blade. For the hingeless or articulated hub, each blade's behavior is independent 4

4 of any other blades behavior. The out-of-plane boundary condition is cantilevered (the i
out-of-plane slope is zero). The in-plane boundary condition depends on the torsional ‘

1 stiffness of the mast. It is pinned for zero torsional stiffness and cantilevered for

A infinite torsional stiffness., The boundary condition for blade torsional motion about

V. the feathering axis is cantilevered.

These sets of boundary conditions are valid for both the hingeless and the

A articulated hubs, because inboard of the hinge the articulated hub behaves like a hinge-
] less hub, The difference between the articulated blade and the hingeless blade is in the
stiffness distributions used to calculate the blade natural frequencies.

The hub boundary conditions for a hingeless or articulated rotor can be summar-
ized as follows:

BLADE BOUNDARY CONDITIONS FOR
HINGELESS OR ARTICULATED HUBS

Mast Torsional Stiffness
Component Zero Non-Zero
In-Plane Pinned Cantilever ;
Out-of~-Plane Cantilever Cantilever ?
Torsion Cantilever Cantilever E

Recalling the previous definitions of collective, cyclic and scissor blade modes,
the above table can be restated:

BLADE MODE TYPES USED TO REPRESENT
HINGELESS OR ARTICULATED HUB

Mast Torsional Stiffness Blade Mode Type .
E Zero Collective
Non-Zero Scissor

For teetering and gimbaled hubs, which have out-of-plane moment carry-over, the
3 selection of mode types is more difficult. The initial step is to determine boundary con-
. ditions that are compatible with the blade's response to integer-per-rev harmonic forcing
functions. The four-bladed gimbaled rotor displays all possible characteristics of hubs 1
with out-of-plane moment carry-over and will therefore be used as an example. Let it be

assumed that positive out-of-plane bending (compression in top of blade) is accompanied by 4

positive in-plane bending (tension in leading edge). Referring to Figure 2, it can be 5
3 seen that for the steady or 4/rev resporse each blade tip moves up and aft, Thus, the k.
i out-of-plane boundary condition is cantilever. The in-plane boundary condition depends on

the torsional stiffness of the mast. 1If it is zero, the in-plane boundary conditions ;
4 would be pinned and would require the use of collective blade modes. 1If it is non-zero, A
. the scissor blade modes would be used to describe the steady and 4/rev response. The j:
: l/rev and 3/rev are very similar. 1In both cases, the out-of-plane boundary condition is i
pinned and the in-plane is cantilevered, regardless of mast stiffness. For the 2/rev ﬁ
blade response, blades 1 and 3 move up and aft; blades 2 and 4 move down and forward. The
out-of-plane boundary condition is cantilevered (the out-of-plane slope is zero). The in-
plane boundary condition is cantilever because for the 2/rev response the total in-plane




i
1
).
]

g

o

o

4 55

Blade Made
/Rev Out of Plane Remponse Inplane Response 'Tnn‘ ;

or Artliulated)

0 er & Collective
ol bective 'L
Ratar
Hile

or
Scinsor

Rotor Mode  Fxt Freq  Blade Mode

Collective nb Sclasor

Cyclic All Others  Cyclic

Cyelie Cyclic J
Rotor e
L Rotor Mode Ext Fraq Blade Mode
Collective nb Collective
Cyclic ALl Other  Cyclle
Gtor Mode Txt Freq Blade n.:j
1 Ilndvprndenl n Scissar
- |
Scissor Scissor
Rotor ! |Hotor Mode Ext Freq Blade Mode
Mode Independent n Collectivel
Kotor Mode Ext Freq Blade Hofj
Scissor b(n L) Scissor
) ¢
3 noe0,1,2,3,6
Selection
Cyclic 1} 1 Cyclic b « Number of Blades
Rotor . K_ = Mast Torsiona!
hotos Ext Freq: Y stiffness
Excitation Frequency
. .ol Kotor Mode p
Fiqgure 2. Response of 4-Bladed Gimbaled Figure 3. Guide for Selection of Blade Mode
Rotor to Harmonic Forcing Types to Simulate Various Hub
Functions Types

moment from all blades is zero. The resulting blade boundary conditions associated with
any integer n-per-rev response for any number of blades b, can be summarized in the fol-
lowing table :

BLADE BOUNDARY CONDITIONS
FOR GIMBALED ROTOR

Harmonic
Mast Torsional
Stiffness
Component nb b(n-1/2) All Other
Zero Out-of-Plane Cant. Cant. Pinned
In-Plane Pinned Cant. Cant.
Torsion Cant, Cant. Cant.
Non-Zero Out-of-Plane Cant. Cant. Pinned
In-Plane Cant. Cant. Cant.
Torsion Cant. Cant. Cant.

This can be restated in terms of blade mode shapes to describe the integer-per-
rev response of gimbaled rotor systems:

BLADE MODE TYPES USED TO
DESCRIBE RESPONSE OF GIMBAL"D ROTORS

Mast Torsional Harmonic
Stiffness
nb b(n-1/2) All Other
Zero Collective Scissor Cyclic
Non-Zero Scissor Scissor Cyclic

The column b(n-1/2) has meaning only when the gimbaled rotor system has 4 or 6 blades.

In summary, the selection of which blade modes should be used is a function of
the hub type, number of blades, and analytical treatment of the mast torsional stiffness.
A flow chart for selecting the proper blade modes to simulate any conventional hub is
shown in Figure 3 at the top of the page.

A problem associated with the modal technique is this: The response equations,
Eq (2), must apply to the total rotor system, whereas the mode shapes are calculated for
one blade. To overcome this problem, a logic network has been programmed to combine the
input blade modes into rotor modes, whose response is given by Eq (2). Some blade modes
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can be described by one equation--for example, a collective blade mode for a gimbaled
rotor where all blades go up and down together. Other blade modes are combined to form
a rotor mode that requires two independent modal equations to define its position--for
example, a cyclic blade mode for a gimbaled rotor which can move about two perpendicu-
lar axes (fore and aft flapping and lateral flapping).

The number of independent rotor modal equations required to describe a given
blade mode is as follows: For hub types with out-of-plane moment carryover, two equa-
tions are required to describe each cyclic mode, and one equation describes each collec-
tive or scissor blade mode; for hub types without moment carryover at the hub, one
independent equation must be written for each mode for each blade. Thus, the total num-
ber of independent equations required to describe any combination of hub type and number
of blades depends on the blade mode type. The number of dependent equations is b times
NM where there are b blades and NM input mode shapes. These dependent equations can be
used to describe all hub types (hingeless, articulated, gimbaled, or teetering) for any
number of blades. Each input blade mode shape must be designated by the user as to
whether it is to be formed into an independent, cyclic, collective, or scissor rotor mode
shape. The independent rotor modes are associated with those rotor hubs without moment
carryover, and are thus able to respond at all integer multiples of the rotor speed. The
cyclic, collective, and scissor rotor modes are associated with hubs with moment carry-
over. Collective rotor modes respond at nb/rev, scissor rotor modes respond at b(n-1/2)/
rev, and cyclic rotor modes respond at all other harmonics. Scissor rotor modes are as-
sociated only with gimbaled hubs with 4 or 6 blades.

In Eq (4), the forcing function Fy contains the distributed inertia forces as-
sociated with the nonuniform motion of the frame of reference. These inertia forces can
be obtained from the total acceleration 3 of any point on the blade. Relative to an in-
ertial coordinate system

A, = Ry + b + Dpx(@px®) + Tpxo + 2(Upxd)

(5)
where iH is the linear acceleration of the origin of the moving coordinate system, ? is
the position vector relative to a reference system attached to the top of the mast, and
wb is the angular velocity of that system with component" Phr 9/ and Q2. Each mass point
on the blade when subjected to the acceleration a_ would produce a force that must be ac-

counted for in the elastic rotor analysis. There is also an inertial moment due to the
cyclic feathering acceleration that tends to twist the blade.

Each term in Eq (5) must either (1) be included in the calculation of the blade
natural frequencies and mode shapes, (2) be included in the externally-applied forcing
function as indicated by Eq (4), or (3) be assumed to be small enough in comparison with

other terms present to be neglected.

Eq (5) can be summarized as follows by neglecting the product of any elastic
blade deformation and any fuselage angular velocity;

Ep = ﬁH (rigid fuselage linear acceleration)
+ %H + §H (elastic pylon acceleration)
- Qpbxﬁ (gyroscopic)
- ébXE (gyroscopic)
- ng (mast wind up)
202 (z-h) o
+ ?;3j2377; 3j (Coriolis) o

where the terms without the unit vector are calculated in the fixed coordinate system and
must be transformed into the rotating coordinate system. The underslinging distance is h.

In keeping with the previously introduced notation

ZOZ(Z =h) ]
Iy [(RHy + YH)cosW (RH + x ysinY- -Ox + ?—;—E“Tjg M o

—
1]

- (qpx-2pX) M
g il (8)

o o, i
Iy = O(oIb + oIc) of (pr pIC) o
The blade mass distribution is M; the mass moments of inertia of the blade are oI, and
pI.. The blade azimuth position is ¥ and © is the blade's geometric pitch. In Eq (9),
the first term on the right side is the moment produced by the cyclic acceleration of the
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blade, and the second term is the centrifugal twisting moment due to the cyclic pitch.
The centrifugal twisting moment due to the collective pitch is included in the blade
natural frequencies and mode shapes.

The dynamic coupling between the pylon and the rotor can have a cignificant
effect on the behavior of both systems. The effects of the pylon motior on the blade
are expressed by Eq (6), in which RH and ?H are the in-plane elastic hub accelerations,
The angular velocities of the pylon (fore and aft, and lateral) are included in p, and
&b which appear in the gyroscopic terms in Eq (6).

The effects of the elastic blade on the pylon are modeled by two second order
differential equations. The fore and aft equation can be obtained from the free body
diagram shown in Figure 4. It follows that

Ipép = -kFaF-CFaF-PMOM + EFSF + pFp + Ipq (10)
where Sp and PMOM are the forces and moments transmitted to the hub from the rotor. Fp
represents :he change in effective pylon inertia due to accelerating the blade along its
radial axis. Fp is dependent on azimuth position only for the two bladed rotor systems.

A similar differential equation describes the lateral pylon motion.

The effective cyclic pitch to the
rotor is the angle between the pylon and the
swashplate, and therefore any pylon motion
could couple into the blade pitch. These
coupling factors are input parameters for
the program.

s ) sl s

The other input parameter to the
0 pylon eguations can be obtained from a
finite element dynamic model of the fuselage
(NASTRAN) . The principal advantage of repre-
senting the pylon motion by the differential
equations is that it permits anisotropic hub
restraints to be simulated readily.

Eaiekiaa gk

Isotropic in-plane hub restraint
can also be represented in the calculation
of the blade mode shapes and natural fre-
quencies rather than in the pylon equations.

The ability of the mast to twist
= 7 in response to the applied in-plane torque
13nu¢4____¥.. P = - is simulated in the C81 program by a dif-

: ferential equation in which it is assumed
that at the bottom of mast there is an in-
finite torsional inertia revolving at a

Figure 4. Model for F/A Pylon Mction constant speed. Connecting this large in-
ertia with the blade is a torsionally
flexible shaft of spring rate k. The in-
ertia at the top of the mast is equal to the sum of the blade inertias. The forcing func-
tion for the differential equation is the applied in-plane moment from the elastic rotor.
The effect of the mast wind-up acceleration on the blades is contained in Eq (6).

2, Rotor Aerodynamics

The blade element aerodynamic coefficients include compressibility effects and
have special provisions to represent the stalled region and/or the nonsteady effects. The
steady-state coefficients can be represented by analytical functions that reflect the in-
fluence of compressibility and stall. The steady-state coefficients can also be represented
by airfoil data tables obtained from two-dimensional transonic tunnel tests. The user can
either input the data tables for the particular airfoil, or call for an internal NACA 0012
data table that has been compiled in the program. Bivariant interpolation is used in the
Mach vs angle-of-attack tables. The steady-state aerodynamics are modified to account for
the effects of yawed flow over the blade segment. Elastic displacements and velocities of
the blade are included in the calculation of the flow components, (Up, Up and Ug}, Mach
number, and angle of attack at each blade segment.

An importan% modification to the aerodynamic simulation is the consideration of
nonsteady effects. While nonsteady effects are commonly used in fixed-wing aircraft aero-
elastic analysis (e.g., Scanlan and Rosenbaum, Reference 9), only the heaving (flapping
velocity) terms have been consistently included in rotor aerodynamic analyses although
several investigators have shown the importance of the nonsteady aerodynamics on rotary-
wing aircraft.

Loewy and also Timman and Van de Vooren (References 11, 12) have shown that spe-
cial circulatory terms are significant in hover, but conservative results are obtained
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by neglecting them (Drees, Reference 13). On the other hand, according to Carta (Reference
14) the nonsteady airloads in the stalled flow region can assume a major role in blade
aeroelastic response and could produce stall flutter.

One difficulty in implementing these aerodynamic refinements is the lack of mean-
ingful measured values over the full range of angles of attack and yaw angles applicable to
the rotating blade. In particular, the wind tunnel data which are presented in terms of
angle-of-attack rates (&, a) often consider only the rotation about the pitch-change axis

0, %) and neglect the inflow angle rates lé, ?). However, the damping and inertia effects 4
from inflow angle rates are not the same as those from pitch change rates. Simplification
of the problem is unavoidable due to the lack,of data. It is therefore appropriate in the
calculation of nonsteady aerodynamics to use O and 0 in terms related to blade motion only,
and & in terms pertaining to stall hysteresis. d and 0 include changing geometric pitch
due to cyclic feathering, control motions, and elastic blade torsion.

i,

Y-

s oond

The computer pingram gives the user the option of including or omitting the non-
steady aerodynamic effects. The flow diagram shown in Figure 5 indicates optional paths
of calculation. The application of the nonsteady effects to the calculation of incremen- .
tal aerodynamic coefficients in stalled or unstalled flow is discussed in the following b
paragraphs, i

CALCULATE VELOCITY COMPONENTS AND PITCH
DISPLACEMENT INCLUDING ELASHIC EFFECTS +

TIP SWEEP 4
MODIFY VELOCITY COMPONENTS AND PITCH ;
DISPLACEMENTS FOR THE SWEEP ANGLE Y

lcncuwf a A AN Meﬂ._— ;

LHOAEL
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[-— Lo Lk @
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L * Gy [ Myy) e
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Figqure 5. Flow Chart for Aerodynamics

The aerodynamic pitching moment for steady-state assumptions has first been ob-
tained from data tables or from formulas which include the stall effects. Nonsteady ef-
fects, which include pitching velocity and acceleration of the section, both elastic and a
rigid body, can then be determined. The technique developed by Carta, et al (References 3
14 and 15) is based on data for a two-dinmcnsional airfoil executing forced sinusoidal &
motion.
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The analytical background for the theory of unsteady aerodynamics used by Carta
is found in Bisplinghoff (Reference 16), and a similar discussion is given by Scanlan and
Rosenbaum (Reference 9). Carta's work combines measured data and theoretical consider-
ations to represent the nonsteady aerodynamic pitching moment.

Carta's method assumes that "the sinusoidal data could be generalized, through
crossplots, to functions of a the instantaneous angle of attack, an angular velocity
parameter A, and angular acceleration parameter B for a given Mach number." 1In the con-
gsiderations which follow, the parameters A and B are defined as

A =(55) & (11)
2
B = (]
(12)

where c is the chord length and U is the wind velocity perpendicular to the airfoil lead-
ing edge. The actual A-B values are listed in Reference 14, and are based on data from a
differential pressure transducer mounted on a 2-foot chord NACA 0012 airfoil. The steady-
state content of the tables is removed by requiring ACm = 0 when A = B = 0. Thus, at each
a the original tabular value at A = B = 0 was subtracted from all entries for that a. The
resulting adjusted Carta tables simulate the nonsteady effect for both the stalled and un-
stalled regions.

The aerodynamic lift coefficient computed for steady-state can be augmented to
represent nonsteady effects. The effect of the nonsteady terms on lift is defined sepa-
rately for stalled and unstalled regions. The basic equation for unstalled, nonsteady lift
effects is that derived by Scanlan and Rosenbaum (Reference 9). The C81 proagram curtails
the circulation effects by assuming the lift deficiency function to be unity. The lift co-
efficient increment due to nonsteady aerodynamics can then be expressed as

o 24 5
ic, = 277(- DR ELHRE T (aae) 2
U

b&)
2u? 2Uu?

2U

(13)

b is the semichord and the pitch axis (or elastic axis) is assumed to be at the 1/4 chord,
a==1/2.

Stall hysteresis due to the variation in lift with blade pitch rate is simulated
in the manner suggested by Harris (17) in which the effective angle of attack is modified

by
éb| | ¥
u (14)

The unsteady effects on the aerodynamic drag coefficient are handled in the same manner
by modifying the effective angle of attack.

pa = 61.5 1n (ME) (sign a) [

The blade aerodynamics are usually defined in a plane perpendicular to the lead-
ing edge. However, investigators have found that the angle in the x-y plane between the
wind vector and the leading edge of the blade, the yawed flow angle, A, influences the
blade aerodynamics. From Figure 6

= -1
A = tan (UR/UT) (15)

where Up is the radial velocity component and Ug
. is the component perpendicular to the leading edge.
* The aerodynamic lift and drag coefficients reflect
" the yawed flow effect by modifying the angle of

11 A attack and the Mach number. Harris (Reference 17)
13-~W suggests that the two-dimensional (calculated in a
: plane perpendicular to the leading edge) angle of

'y, attack, aj.p be modified to
A
¥ Ogff = Gy_p cOs A (16)

Hoerner (Reference 18) emphasizes the need for re-
placing the two-dimensional Mach number with

_1
1B,7) 1
Figure 6. Effect of Tip Sweep

k2
Megg = M3_p (cos klA)

(17)
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to improve correlation with test data. The typical valuve of k; is .2, and of ky is 1.
The two effects are combined by

Cp, =Cy (a M )/cos A
[ L eff’ "eff (18)

The steady state drag calculation has been modified only by the includion of
radial flow and the use of Mggg. According to Harris (Reference 17)

"skin friction drag force should be calculated in the direction of
the resultant velocity."

This is done by computing, in addition to the conventional draq normal to the blade axis,
a frictional drag along the blade based on Ug. The drag coefficient appropriate for this
effect is the steady-state value based on a zero angle of attack at M = 0.3.

The tip sweep angle affects the aerodynamic forces on the tip segment of the
blade. For a sweep angle y (as shown in Figure 6), the flow component U will influence
the local inflow angle and the local angle of attack. Since the calculated drag Dy will
be normal to the leading edge, the drag must be resolved into components along the per-
pendicular to the blade reference system axes. Thus, the component along the radial axis
will not affect the elastic behavior of the blade. The offset of the aerodynamic center
will cause the aerodynamic lift to produce an additional pitching moment. The tip sweep
angle is added to the yawed flow angle in Eq (15),

S, VEHICLE FLIGHT MECHANICS

The ability to define the trim attitude of the overall helicopter is an essen-
tial part of any helicopter flight simulation program. This trim attitude has an im-
portant effect on the aerodynamic forces acting on the rotor, fuselage, and the lifting
surfaces. Trim flight can be defined as that flight condition for which the summation
of the external forces (F,, F , F,) and moments, (L, M, N) is less than some preassigned
small number (¢). An additioXal reguirement is that the behavior of each rotor can be
expressed as a periodic function of its rotational speed. This second condition can be
fulfilled by defining the location of each rotor's tip path plane.

These trim conditions can be expressed as

|5L|<e I)'.Fx|<8 'XMF/A|<E(: RotoE 1
|TM] e IFFy|<f |EMLat|<€’
[IN] <€ |ZF, | <€ IIMF/A|<C'
Rotor 2
LIRS

(19)

where the l/rev components of the out-of-plane hub moments are MF/A and Miat- The eleven
independent variables that can be used to satisfy the ten trim equations are

F/A cyclic 8
Wf, Fuselage Lat cyclic) Pilot Biéti Rotor 1
f‘ Euler Collective Control
kg Angles Pedal Position g
3 g ‘ giéﬁ{ Rotor 2

(20)

The ]/rev components of the blade flapping angles are BF/A and fr.¢+. The flow chart of
the overall technique used to trim the helicopter is shown in Figure 7. The elastic trim
subrout shown in Figqure 8.

Since there are more independent variables than there are trim equations, one
f the independent variables (normally Y¥.) must be assumed to be constant. A modification
of the Newton-Raphson iterative technique is used to define the steady-state flight condi-
tion. During the trim process, the elastic rotor is treated on a quasi-static basis.
That is, only the steady and the l/rev displacement, velocity, and acceleration responses
of the elastic blades are used in the calculation of the rotor airloads.

Using the eleven values of the independent trim parameters, the aerodynamic
forces acting on the lifting surfaces are evaluated. The aerodynamic forces acting on the
rotor disks are calculated at twenty radial positions and twelve azimuth locations. These
rotor aerodynamic forces are integrated to obtain the fore-and-aft and lateral flapping
moments, and the forces transmitted to the top of the mast (thrust, H force, Y force, and
torque) .
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Elastic Trim Subroutine

The rotor forces and moments are
summed with the weight components and the ]
aerodynamic forces and moments from the lift- ?
ing surfaces. If the resulting summations of
forces and moments do not satisfy the trim K
conditions, the program uses the deviation, 3
in conjunction with a partial derivative mat-
rix, to predict increments to the independent i
variables.

These increments are then added to
the previous values of the trim parameters to
obtain a better approximation of the final
trim condition.

ki o

If more than one mode is used in

the rotor representation, the rotor aerody- S
namic forces are used in the elastic trim sub-
routine to calculate the steady and 1/rev
response of rotor modes numbered 2 through NM.
The flow chart for the subroutine is shown in i
Figure 8.

The iterative process is continued
until all 10 trim conditions are satisfied. At
that point, the numeric integration of the
modal equation begins with the aircraft atti-
tude and controls fixed. The four-cycle Runge-
Kutta technique with a time ster equal to 15°
rotor azimuth is used for the numeric integra-
tion. The numeric integration continues for A
five full rqépr revolutions, to allow the com-
plementary sblution to decay. Any rotor in-
stability will become apparent during these
five revolutions. For a stable rotor system,
the solution to the modal equations must ap-
proach a periodic solution with a finite
amplitude. An unstable system will have either
a divergent amplitude or an amplitude with fre-
quency component at non-integer per rev har-
monics.

T .

During the last of the five revo-
lutions, the average rotor thrust, H force,
Y force, and horsepower are calculated. These
average rotor forces are then recombined with
the fuselage forces calculated before the
transient trim. During the last full revolu-
tion, the participation factor associated with
each input blade mode is subjected to a har-
monic analysis, which can be used with the
bending moment distribution for each mode shape
to calculate the harmonic components of the in-

WP, Ty

plane, out-of-plane and torsional bending mo- §
ments at each of twenty radial stations. The E
bending moment distributicns are then restated g
in terms of max-min-mean-oscillatory. b

Thus, the actual trim procedure con-
sists of calculating 1) the rigid blade plus
fuselage trim, and 2) the trim results from the
numerical integration of the blade modal equa-
tions. The second trim process gives the
initial conditions (displacement, velocity and
acceleration) for each blade mode shape to be
used in the transient flight simulation.

The trim procedure includes the
coupling between the elastic rotor and the
elastic pylon motions but neglects the rigid
body fuselage motion. The differential equa-
tions which describe the fuselage response are
integrated numerically in the transient-flight
portion of the C81 program. The coupling be-
tween the elastic rotor and the fuselage is
especially important. At each time point in
the maneuver, the total hub shears and moments
from the rotor blades are calculated and ap-
plied to the fuselage. These shears and mo-
ments cause an acceleration, velocity and
displacement of the fuselage, which produces
an inertia force distribution over the rotor
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4 blade that, in turn, modifies the hub shear. Simultaneously, the effects of the hub
o velocities and fuselage velocities are included in the blade aerodynamic calculations i
to render a time variant aeroelastic rotor analysis. However, the forcing functions %
acting on the rigid body fuselage are determined from the gross rotor performance cal- i
culation, i.e., thrust, H force, and Y force.

The transient flight simulation includes provisions to define the response to
pilot inputs, gust penetration, and weapons fire. The output of the maneuver simulation
2 contains 1238 response parameters. Among these are the performance properties, fuselage
] motion descriptions, and the beam, chord, and torsional blade loads at 21 radial stations.
All maneuver response parameters are stored on magnetic disk. The user can select any of
the data to be plotted either digitally or on CALCOMP as a function of time.

. The program simulates wind tunnel test conditions by balancing only the rotor

] fiapping moments for the specific input values of mast tilt, cyclic and collective pitch.

4 All references to the fuselage equations of motion or fuselage trim conditions have been

: deleted. The program is being modified to iterate on the cyclic pitch to achieve a speci-
] fied flapping response for the input values of mast tilt angle, collective pitch, advance
ratio, and advancing tip Mach number. All rotor forces will be in non-dimensional coeffi-
cient form to facilitate comparision between calculated and measured wind tunnel test data.
The dual trim output is maintained with the second trim output giving the harmonic blade
loads.

APPLICATION AND CORRELATION ?

e The initial step in the use of the response program is to calculate the blade natural §
frequencies and their corresponding mode shapes. Typical results of this operation are '
shown in Figure 9, which presents the blade natural frequencies as a function of rotor i
speed and root collective pitch. The forcing function frequencies for the modes are also 4
shown because the response of a mode depends on the proximity of its natural frequency to
the forcing function frequencies,

i

T "

L

IIM uAx AreL]TU08 The primary difficulty in the calculation 3
®  VEAT PLANE of the blade natural frequencies is in obtain- p
4 MORIZ PLAKE T:ggc?:“ ing the required input data. This is particu- 1
larly true of the torsion properties, i.e.,
ATATHCOUCECIINE o11ad H1BLOF. ZasaIOCC torsional rigidity, and the locations of the
CrCLiC MooE ) drily shear center of the nonhomogenous blade. The
4 I . ) torsional natural frequencies are greatly in-
4 ) fluenced by the torsional restraint of the hub.
LMY The effective stiffness of the control system
can be most difficult to calculate. Another
problem associated with this phase of the pro-
gram is the representation of the hub impedance
which can either be represented in calculating
the blade natural frequencies, or be simulated
in the response portion of the analysis. Rep-
resenting it in the frequency calculations re-
duces the number of differential equations to
7 be solved in the response portions of the pro-
Ny gram, but the frequency calculations are based
wﬂ on isotropic hub conditions, which may or may
/ not represent the actual flight conditions.
/ presenting the hub impedance in the response
phase can include the effects of the hub iso-
tropy and the coupling between the pylon motion
and the blade cyclic pitch.
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The C81 program is designed to be usec
/ ey easily in terms of preparing the input data and
8 /oy Z 11t interpreting the output data. “‘he input data
st are broken into logical groups - fuselage, main
o rotor, tail rotor, wing, fin, iteration logic
control, flight constants, and the description
2 - of the external disturbance. All response re-
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20 00 W 00 w0 o0 50 00 sults calculated in the maneuver portion of 1

ROTOR RPMIXI0! ) the program are stored internally so that at )
the end of the maneuver, any response item can

9 Figure 9. Coupled Rotor Natural Frequen- be plotted digitally or on the CALCOMP as a

1 cies - T-540 for AH-1J function of cime, 3

et agtoy

At Bell Helicopter Company, the preparation of the input data is further simplified
by the use of a data library. It stores each of the logical groups for ecach model heli-
copter internally so that the user can call for the input parameters in the logical group
by the use of one card. All input parameters for the UH-1D wing can be called by the term
WINGUH1D. The logical groups are also stored so that the total input data deck can bue re-
called by one card. These input features have simplified the task of botn preparing and
verifying the input data.

E Computer simulation of a long flight can require a large amount of computing time.
] The Bell version of C81 is equipped with RESTART so that the long flight record can be
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run in several sequential jobs, each of which can be started at any previously calcu-

lated time point.
numeric integration resumes.

late the maneuver.

Each response data item is saved on magnetic tape.
next run is started, the tape is indexed to the proper time point, at which point
One application of this is the open-loop simulation of a
given flight maneuver in which it is necessary to ascertain the control inputs to

Then, when the
the

simu-

The time variant aerocelastic rotor response program has been correlated with flight

test data.

survey.
a function of forward speed.

Two examples show the application of the program to a two-bladed teetering
rotor and a four-bladed hingeless rotor.

The first example is from the UH-1D load level

Shown in Figure 10 are the oscillatory bending moments
The spanwise distribution at 115 knots is shown in Figure

at blade station 6, as

11. The calculated and measured shaft horsepower are shown in Figure 12.
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Figure 10. Oscillatory Rotor Figure 11.

Loads

The program has also been used to simulate transient flight conditions.

Spanwise Distri-
bution of Oscil-

uL e Fi

e f

Figure 12, Speed-Power Polar

for UH-1D

latory Rotor Loads

The predlc-

ted and measured rotor loads at the peak g level of a heavy test helicopter are shown in

the following table.

COMPARISON OF CALCULATED AND MEASURED MAIN ROTOR LOADS

g in Max Osc Chord Loads
Maneuver Sta 5.5 (in-1b)
Flight Test 1.85 362,000
C81 Simulation 1.95 365,000

Max Osc Beam Loads
Sta 5.5 (in-1b)

9,000
10,000

The computer program was used to correlate with the flight test program of a four-

bladed hingeless rotor.

the transient flight loads are presented in Figure 14.
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Figure 13. Correlation of Computed C81 Main Figure 14.

Rotor Beamwise and Chordwise

Yoke Bending Moments with Model

609 Flight Test, Stabilized
Level Flight

The stabilized level flight loads are shown in Figure 13 while
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CONCLUSIONS AND FUTURE DEVELOPMENT

The C81 program has been shown to be a powerful analytical tool to simulate the dy-
namic, aerodynamic, and aeroelatic response of a helicopter, and has found its way into
government agencies, industrial organizations, and academic communities. Because it is
applicable to different types of studies, it has served to maintain the continuity during
the design process, and is used in the conceptual, pre-design, and detail design stages.
The program has been written in a logical, ordered sequence which permits changes to keep
it abreast of the state of the art in VTOL technolegy.

USAAMRDL has awarded Bell Helicopter Company two contracts to continue the develop-
ment of the C81 Flight Simulation Program. The first contract is for the use of the C81
program to predict the results of a wind tunnel test of a one-fifth-scale articulated
rotor. The contract also calls for the development of correlation criteria that can be
applied to rotor loads prediction programs.

The second contract concerns the aerodynamic represantations for the fuselage and
rotor, and the numeric integration technique used in the maneuver section of the program.
The rotor aerodynamic representation will be modified to permit different airfoil data
tables to be used for different blade radial segments. The fuselage aerodynamics will be
enlarged so that a more refined analysis can be used for large fuselage angles of attack.
A four-cycle Runge-Kutta is presently being used to integrate the fuselage and elastic
rotor equations of motio: numerically. A part of the second development contract is to
investigate other numeric techniques (Hamming's method, predictor-corrector). Of major
interest will be the numeric accuracy and computer run time associated with the proposed

candidates.

The long-range development should include a technique to control the shape and
natural frequencies of the blade modes as functions of the instantaneous values of rotor
geometric pitch and rotor speed. Another item should be to enlarge the representations
of the elastic fuselage considerations. The elastic fuselage would probably be based on
the modal representation, with 24 elastic modes used to describe the fuselage.

The final item in the long range development should be an accurate, economical rep-
resentation of the rotor wake and the effects of the wake on the elastic blade.
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THE PREDICT ON OF LOADING ACTIONS ON HIGH
SPEED SEMI-RIGID ROTOR HELICOPTERS

by
K.T, McKenzie, Caief Technician
and
D.A.S, Howell, Acoigtint Chiof Dymwmiciat

Westland Helicopters Limited, Yoovil,
Somerset, England,

SUMMARY

The analytical techniques employed to predict the primary loading
actions of a high apeed semi-rigid rotor helicopter are described,
Mathematical detail is not presented as this is covered adequately by the
Reference papers. The loading actions considered are overall aireraft trim
balance, oscillatory rotor leading and vibratory forcing of the airframe.
Some of tne desism considerstiong associated with each of these loading
actions and the correlation with flight test analysis is presented. A
deacription is given of a novel technique for the analysis of flizht test
results which has enabled a detailed comparison of the harmonic response of
individual modes to be made. The engineering application of these techniques
for the design of a high speed semi-rigid rotor helicopter has been successful
and tle overall correlation of the primniy loading actions with flight test
is good, The areas of discrepancy, defined by a detailed comparison, provide
a directive for future work in the field of loading action prediction.

INTRODUCT ION

Prediction of the loading actions of a high speed helicopter is a complex task which involves
a high degree of idealisation and many assumptions., When the rotor system concerned in semi-rigid
the complexity of this task is amplified by « strengthening of the inter-relationships that exist
tetween the three fundamental loading uctionz of overull aircraft trim bulance, rotor system
oscillatory loading and vibratory forcing of the airframe.

This paper will not deal in depth with the theoretical aspects of the prediction of these
loading actions, but will concentrate on the use of basic design tools at an engineering level to
provide a viable design solution, It will indicate an analytical technique that can be employed
in the analysis of flight test results to give a definition of the actual louding actions of the
helicopter in flight and will show comparisons of the predicted and actual loading actions, Such
comparisong are a powerful control for the continuous process of improving the theoretical treatment
in a coat effective concerpt.

The helicopter considered in this paper is the Westland-Aerospatiale Lynx. The Utility and
Naval variants of this helicopter are shown in flight by Figure 1. This aircraft is a manoeuvrable
high speed helicopter whirh incorporates a novel concept in semi-rigid rotor systems. At the time
of writing, the Lynx holds two world speed records in its class and has successfully completed the
major purt of tne leveiupment programme including simulated deck landing trials,.

DEFIN 7 I0N OF THE BASIC D&ESICN TOOLS

All the loading actions of the helicopter are dependent on the aeroelastic behaviour of the
rotor system, Consequently an adequate definition of the dynamics and the aerodynamic loading of
the rotor is required before any prediction of the dynamic response and the resulting loading
actions ean be made, The basic design tools taat provide these definitions and predict the loading
actiong for all steady flight conditions are a series of major compatible computer programme areas.
The first of these major programmes computes the natural frequencies and modes of the rotor syatem.
These modes are then uged as the generalised co-ordinates or degrees of freedom of the rotor system
by a second programme that computes the response of these modes and the overall rotor performance.
The loading actions for this computed flight condition are then defined by the third programme of
the series which uses the loading asso:ziated with individual modes, defined by the first programme,
and the response of these modes calculated by the second programme,

2.1, Prediction of the Natural Frequencies and Coupled Modes of the Rotor System

Tne natural frequencies and orthogonal modes of the rotor, coupled in flatwise and chordwise
bending ar.i torsion, wurce cuiciluted usings urn extension of the Holmer - Myklestad method which is
described in detail by Isakson and Eisley (Ref. 1). This method involves n mathematical
idealization which conaists of dividing the blade into a number of spanwise segments having
uniform elustic properties along their length which simulnte the actual flexibilities of the
blade, Between each of those secments there is considered to be a twist discontinuity to
asimulate blade twist and any psuedo - static torsional deformation due to torsional effects
auch ag propellor momert, The local mass and local inertia of the blade are represented by
a series of discrete mnas points and associated three dimensional inertias which are considered
to te situated between the uniform elastic segments., The mass ic distributed so that both the
local and total spanwise centre of gravity of the blade is maintuined. The sum of the inertias
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normal to the blade spanwise axis represent the torsional inertia of the blade, Tne local

spanwise inertias at the mass points primarily allow for the centrifugal force coupling effects

due to the spanwise dis r‘;bu?m'. of blade mass., Tre local mmss and inertia, blade segment

flexibility and the twist discontinu are math lly represented by a series of mass,

elagtic and twist :.'.nt:'iceu, t 1e elements of which are defined by Ref., 1. OStarting at the tip
d

of the blade, the mathematical idealisation therefore consists of a mass matrix, an elastic
matrix and a twist matrix followed by another me matrix and s0 on until a final matrix is
defined, either mass or elastic, at the blade root., Each of taese mtuces when multiplied
by a column matrix of the values of Lending moments, shears, slopes, deflections and torgue at

a particular radial station defines the changes that occur in these parameters due to the local

ass, flexibility or twiat,

Successive multiplication of tiue.';e roduces a linear relationship between the tip
and root values of tne parameters in t matrix, Recognition of the fact that tip
moments, shears and torg are zero and that certain root boundary conditions are zero enable
a determinant to be formed, the elements of which are ,olmmmla in terms of the natural
frequerncy aquared, and for a fregquency egual to a natural frequency this determinant is equal
to zero, Thus the natural frequencies of the rotor can be found by substituting trial values
of frequency and calculating the numerical values of the determi .nt,

J

Substitution of a natural frequency into the elements of the ix produces a numerical
relationship between ti,’ and root valies of moments, shears, slo , deflections and torgues.
As stated, boundary conditions define some of these parameters to zero, and the remaining
unknown tip values can be determined with respect to an assigned 1 tip deflection by this
nu .u::.-ul relationship, Consequently, successive multiplication { ip to root of the

provide the mathematical definition of the blade by >lumn matrix of these
parameters will yield a ial distribution of moments, shears, slc deflections and torque

for the mode associated with the substituted natural frequency.

Definition of the moments and shears assccinted with each of the m s for the
prediction of the loading actions of the helicopter.
Prediction of Rotcr Performance and Modal Response

Tae znerodmamic loading and the response of tne orthogonal modes of ~otor system,

together with the rotor performance, are calculated by a method describe detail by
Wilkinzon (Ref. 2).
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The rotor performance and aerodynamic loading calculations ure bused on a rotor model where
the blade is represented aerodymamically by a lifting line, the 1ift, drag und pitching moment
of whieh ure obtained from modified coefficients interpolated from tables of two-dimenaional
wind tunnel data stored as functions of Mach number und angle of incidence. The modification
of the coefficients introduces the mjor effects of asweep of the aerodmamic velocity vector
die to forward speed. Deflections and velocities due to blade deformution ure defined by the
responoe of the series of orthogonal modes calculated for the rotor gystem by the method
described in Section 2.1. There is un option on the rotor wake model employed, the wake being
representod by either a simple Glauert model or the possibly more representative Vortex model.

The mothod consists essentially of computing the rotor performuance and azimuthul history of
blade deflections for successive revolutions of the rotor until convergence is obtuined, The
downwash is defined for u series of azimuthal positions iround the disc and, ufter calculating
the locul forces acting on the blade, radial integration is performed at each of thnese prsitions
in succession to define the totul generaliced forces for the modes of the rotor syotem. It
should be noted that these force calculutions include Coriolis forces, lu, damper moments and
aerodynamic damping in torsion, Having defined the generulised forces at a particular azirathal
pos tion, temporal integration yields the modal displacement at the next azimuth position,
ready t'or calculation of the local forces.

Calculation of the modal displacements is based on the Lagrangian modal equations of motion
where each mode in turn is considered to be a generualised co-ordinate of the rotor syastem. Due
to the definition of the kinetic energy terms in these culculations loading action predictions
are restricted to steady flight conditions; so that the kinetic energy terms due to uircraft
velocities are constant and thus disuppear when differentiated prior to gsubstitution into the
Lagrangian equations.

Tne Coriolis force terms have to be calculated in the performance programme siice they ure
non-linear being dependent on both blade velocities and deflections,

The zeneralised forces associated with the Lagrangiun modal 2quations of motion are obtanined
by differentiation of the work function with respect to cach mode in turn, where the work
function is defined as the work done by the forces acting on the blade for an incremental
displacenent of each mode,

From the rotor performance and azimuthal history of blade deflections thus calculated, the
loading actions associated with the main rotor system can be derived,

2.5. Prediction of the Loading Actions

1 Fourier analysis of the modal response calculated in the performance programme, together with
; the definition of the moments and shears associated with each mode, cives the basic information
re juired for definition of the loading actions,

From the summation of the first harmonic flap moments and in-plane shears associated with
. each mode, the steady trim moments and forces in the fixed co-ordinates of the aircraft can be
4 calculated and a computed trimmed flight condition obtained.

Summition of the bending moments associuted with the response of all modes at a particular
azimuthal position will yield a radial bending moment distribution in the flatwise and chordwise
3 directionas, Compitation of these bending moment distributions around the azimuth will produce
k the calcilated phased osci’latory fatigue loading for the rotor “ead and blade. The harmonic
: content of this loading ¢ -. be obtained from the Fourier analysis of the modal response by the
5' summation of the Fourier co-efficients of bending moments of all the modes for each harmonic in
1 turn,

?. Prediction of the vibratory forcing of the airframe can be made from the appropriate harmonic
5 rotor centre-line 3 of moment and shear force. For example, for a four blade helicopter
such ag the Lynx, ... ..:ed co-ord nate fourth harmonic pitch and roll moments are the resultant
non=-rotating moment vecvors of the third and fifth harmonic flap moment vectors in the rotating
co—ordinntes of the rotor gystem, Longitudinal and lateral fourth harmonic shears are similarly
formed from third and fifth harmonic in-plane shears., The fourth harmonic vertical shears and
oscillatcry rotor shalt torques however are the sum of the fourth harmonic components for each
blade, since their reference axis in the same in both fixed and rotating co-ordinates.

Gt

Consequently from these calculations a prediction of the primary loading actions can be made
for the helicopter in ateady flight conditiona, including quasi-~steady macneuvre, from which
a considerable degree of undergtanding of loading in free manoeuvring conditions can be obtained,
The major load environment of the rotor system is dominated by the complex of total loading and
moment aystem of the asircmft and for a semi~rigid rotor with its balance between otrength and
flexibility in its aeroelnatic behaviour, it 1a of vital importance to control the bulunce.

3. AIRCRAFT TRIM PREDICTION AND CORRELATION WITH FLIGHT

N e i e 2 i s, Rt i N

It io epsential, at the conceptuul stage of a deslgm, to calculate carefully the predicted
longitudinal trim conditiona for the nircraft through its flirht envelope and loading/C.G. ranges.
Only thua can a conoidered judpement boe mnde concerning the avoidaace of potentinlly damging
conditiona and the consequentinl margina for manoeuvre. This can be even more ensential in the case
of the "oseml-rigid" than in the case of the amall off-pet rotors, as there is little rotor dinc tilt
contribution te the aircraft moment and the flap-bending sntrength of the "snemi-rigid" elements
has to be balanced with rotor dynamic and aircraft etability comsidorations,
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FiG. 2 PITCHING MOMENT CHARACTERISTICS FROM WIND TUNNEL DATA.

STAGE 1 PITCHING MOMENT ONLY
—=—=—= STAGE 2 TOTAL HEAD MOMENT.
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With the critical flight envelope requirements and aircraft sizs dictated by the aircraft
specification and the loading/C.G. ranges governed by the operational tasks, the designer has to
satisfy the ensuing trim conditions by manipulation of shaft tilt, tailplane size/setting and rotor
head strength., Considerations of dynawic stability will contribute to the ultimate solution and
care has to be exercised to prevent such considerations jeopardising the optimisation of rotor head

strength,

It wan decided at an early point to adopt a two-stage approach to the rotor head strength/trim
knowledge., STACE | was to comprise a simplified longitudinal trim only approach involving the use
of derivatives computed from the coupled mode rotor performance programme described in Sectien 2,
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together with facilities for quickly assessing the effect of tailplane size/aspect ratio and setting;

tailplane moment being represented by a linearisation of the characteristic shown on Fig., 2, with g1
data factors being available to multiply this moment by any number, to represent a tailplane size/

aspect ratio change and to shift the curve by a given amount to represeni a setting change, STAGE 2

also used the coupled modes derivutives, but in this case an equivalent hinge offset and spring

stiffness were computed and used in a conventional six-degrees of freedom model, After optimisation

of the correlation of the derivatives with those of the coupled modes programme this model was used

for the trim calculations around the ultimete aircraft configuration,

The flight conditions considered must e£ll lie within the quasi-linear operating regime of the E
main rotor and STAGE 1 adopted an approach based on rotor forces and moments generated by cyclic :
and collective pitch settings in association with the flight path vector.

For a given airspeed and atmospheric condition linear derivatives were computed from several
runs of the performance programme, e.g., holding shaft angle, longitudinal and lateral cyclic angles
constant, two or three levels of collective pitch were run to yield thrust, pitching moment, rollirg
moment and flapping angle collective pitch d~rivatives, The derivatives for the other parameters
were similarly obtained, together with assumec constants for thrust, pitching moment, rolling moment
and flapping angle evaluated from averaged results from the programme runs,
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To simplify and speed up the solution the complete six degrees of freedom system was reduced in
that side force and yawing moment equations were deleted and the rolling moment equation was admitted
with the left hand side set to zero. The most significant cross coupling effects on pitch were
therefore admitted,

A further approximation was made in the force normal to the shaft, which was represented by a
vector obtained by resolution of the thrust vector through the flapping angle and an assumed constant
evaluated from the averaged results from the programme runs,

Associnting thesn equations with the aircraft force and moment equations, defined by airframe
characteristics from wind tunnel work, shown by Fig. 2, leads to trim values of shaft angle (aircraft
attitude), collective pitch, longitudinal cyclie, a first approximation to lateral cyclic, flapping
angle, and rotor head pitching moment,

Fige 7 shows the calculated rotor head pitching moment to trim over a range of airspeed and
rate of climb/descent for the predicted required C.G. range of the Lynx, for both STAGES Y und 2.
This chart gives data for the tailplane configuration and setting eventually selected. Fig. 4
shows the effect of tailplane size and setting as given by STAGE 1. The critical condition for trim
of high apeed descent/forward C.G, is clearly shown, the asymmetry of the situation being caused by
the built in shaft tilt of 409,

The trim predictions and flight test results have cqrrelated well for a high speed helicopter
having a rotor of novel and original design<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>