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INTRODUCTION

The sources, the problems, and the detrimental effects of high level, low
frequency helicopter vibration are well known. The major sources of these
vibrations are rotor induced shears and moments. Problems resulting from
high vibrations increase the development time and cost of rotary-wing
aircraft, are a source of pilot and crew fatigue, and are a primary cause
of lower helicopter availability due to increased maintenance and reduced
reliability of structure and equipment. The need for helicopter vibra-
tion reduction has long been recognized and has been sought for many
years through research in rotor aeroelasticity to control the source,

in structural dynamics to tune the structure, and in vibration mitigation
devices to develop «ffective isolation and absorber systems.

One of the concepts with great potential for reducing hub shears and
moments is a blade dual control system which controls the radial and
azimuthal distribution of blade loading. The dual control system con-
sists of a primary inboard pitch horn control and a secondary outboard
flap control. The flap can be either mechanical as in the Kaman servo
flap or aerodynamic, as in the jet flap.

In general, the secondary control will also disturb trim, altering the
primary control settings required for any specified force trim condition.
In contrast to a conventional rotor with a single, unique control setting
required for a particular trim condition, a dual control rotor may be
trimmed with a Targe number of possible control settings, some of which
will be better than others. Trim control, therefore, becomes an optimiza-
tion problem, with the objective of selecting input primary and secondary
control settings to achieve a specified trim point at the most favorable
trade-off of performance parameters. .

In a study completed under contract to USAAMRDL, Eustis Directorate, and
reported in Reference 2, Kaman evaluated the potential benefits ¢¥ a
dual control system. The concept studied is called Controllable Twist
Rotor, or CTR, It combines two proven systems - conventional pitch horn
controls and Kaman's servo flap - to optimize ‘blade pitch,

elastic twist, and airloads throughout a complete rotor revolution. It
was found that the dual control concept was effective in reducing peak
loadings and controlling harmonic load distribution. Improvements in
performance, stall, compressibility and hub shear reduction are
corollary.,

Full scale tests of a rotor with jet-flaps on the outer 30 percent of

the rotor blade were made by Giravions Dorand in the NASA Ames 40 ft x

80 ft wind tunnel. The results, reported in References 3 and 4, showed
large reductions of rotor blade bending stresses when the jet-flaps were
deflected multicyclically, i.e., with second, third, and fourth harmonic
content. The vibratory loads transmitted to the fuselage were also re-
duced with no significant penalty in rotor performance. These results
indicate a potential for similar vibration alleviation by simpler mechani-
cal type servo flaps.



»

A more recent study, using the analytical results reported herein,
examined varjous optimization s.iiemes to establish the most effec-

tive mix of multicyclic flap controls for reduction of pylon vibratory
loads and blade bending moments. The results of the study, reported

in Reference 1, show virtual elimination of pylon vibratory loads
occurring concurrently with blade bending moments that are reduced by
50 percent. Amplitude requirements for the higher harmonic flap deflec-
tions to attain these reductions are of the order of four degrees.

The analytical work reported herein covers the methods developed and
used to calculate the airloads and responses of 2 dual control rotor
system with multicyclic flap controls. Special analyses to trim the
dual controi rotor for level flight are discussed and techniques are
developed which sequentially search trimmed flight conditions and
select control combinations that result in optimized operational
characteristics. A range of rotor disk loadings is examined at a
prespecified flight condition to evaluate multicyclic control flap
effectiveness.



ANALYTICAL METHODS

ROTOR AEROELASTIC ANALYSIS

As part of the CTR study of Reference 2, Kaman developed an aeroelastic
computer analysis to "fly" a CTR system throughout various flight con-
ditions. The equations of motion in the aeroelastic analysis couple six
response modes and two control modes for a fully articulated rotor system,
The response modes include blade pitching, lagging, flapping, flapwise
bending, twisting, and servo flap pitching. The dual controls include
swashplates which drive a pitch horn at the blade root and a servo flap
near the blade tip. Figures 1 and 2 illustrate the controls and the
assumed displacements used in the analysis.

The modal approach is used to evaluate the airloads by mathematically
describing blade motions with the listed six degrees of freedom. The
complete inertial and centrifugal terms for the equations of motion are
derived through the use of matrix transformations. Potential strain
energy and dissipative energy terms are included in the equations of
motion by assuming concentrated springs and viscous dampers for the four
rigid body modes, and by evaluating the fundamental bending and torsional
frequencies of the rotating blalde for tha flapwise and torsion modes.

Generalized aerodynamic forces for each of the six modes are obtained
from strip theory by calculating an instantaneous local airfoil section
Mach number and angle of attack and using these tc evaluate aerodynamic
force coefficients from available wind tunnel data. In the mechanical
flap region, additional secondary control effects are computed and addad
to the blade dynamics. In their present form, the aeroelastic equations
of motion include all nonlinear inertial coupling effects and noAlinear
aerodynamic effects such as reverse flow, stall, Mach number variations,
large induced flow angles, and variable inflow. Additional features to
the analysis are the inclusion of feedback mechanical coupling among the
flap, blade feathering, blade flapping, and blade lagging motions and the
inclusion of arbitrary spring rates and dampers for each mode. Any one
or combination of these parameters can be eliminated easily from the
analysis. Furthermore, sprisig rates for the two types of control system
are also included in order that accurate control loads can be calculated.
A flow chart of the computer program is shown in Figure 3. The detailed
equations of motion and the numerical methods of soclution are presented
in References 2 and 5.
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Figure 2. Controllable Twist Rotor Displacements.
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ROTOR TRIM CONSIDERATIONS

It has long been recognized in the helicopter industry that comparisons
between rotor systers are valid only when iwo systems are trimmed to the
same integrated hub rorces and moments. This is particularly true when
the items of interest are airloads, stresses, and root shears. Attempts
to suppress vibrations through higher harmonic inputs are especially
sensitive in this regard.

A rotor system with a single contrci input has a vnique combination of
collective and cyclic control values which generates the required hub
trim forces at a specified speed. The trim provisions comnon to all
analyses in the industry are designed to home in on the unique combination
appropriate to that flight condition. However, as shown in Figure 4,
simultaneous collective, cyclic, and higher harmenic controls can be
input to the pitch horn and to the servo flap of a controllable twist
rotor. Thus, a dual control rotor system has many combinations of
collective and cyclic inputs which will result in the same trim forces,
The CTR analysis automatically changes the collective and cyclic controls
until the rotor is trimmed to a prespecified flight condition, The
computer program has been configured so that it simulates CTR systems
with multicyclic control for a wide variety of aircraft.

Optimizing dual controls involves a procedure which requires calculation
of several trim conditions and, therefore, several times as many trimmed
computer runs as is normally required for a conventional single control
rotor. This is true even when the secondary control is used primarily
for vibration suppression. A separate optimization analysis supplements
the aeroelastic airloads and trim program. The optimization analysis
generates response surfaces as functions of the independent control
parameters and uses steepest descent techniques to select the combination
of these parameters that optimizes the desired dependent variabies. For
example, the response surfaces are used to estimate control inputs which
maximize performance and minimize blade dynamic response. To complete
the procedure, these estimated optimum control inputs are then used to
generate new trimmed optimum flight conditions for the dual controlled
rotor through use of the aeroelastic loads analysis. The specific equa-
tions that are used to generate the response surfaces are presented in
the section of this report entiiled OPTIMIZATION TECHNIQUES.

YARIABLE INFLOW MODEL

Historically, three major approaches to modeling the non-uniform flow
field of a helicopter rotor have been used by the industry. The least
expensive, least accurate, and least complex approach is uniform inflow,
In this approach, the flow field has a uniform velocity through the
rotor, at a value determined by using the specified value of thrust co~
efficient and momentum theory. Such an approach is inadequate for this
study because of the lack of harmonic content, whose inteiactions with
the multicyciic flap are expected to be an important effec’ in the fina)
conclusions reached.

10
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The most expensive, most complex, and most detayled approach is the so-
called Free Wake or Flexible Wake method including its later developments
such as Distorted Free Wake. In this approach, the interactions of the
trailed vortices are included while determining their locations in space
and time. They a~e then superimposed to obtain the flow field values at
the rotor. Disadvantages of this method are its high cost and its
oversensitivity. This method is sensitive to higher harmonics of

tip path plane warping and blade bending deformations, and uses extensive
matrix operations. As a result, it is possible to compute inflow values
at intermediate steps of a trim iteration which causes a mathematical
divergence of the iteration. The additional complexity of each case and
the added cases implied by the artificial trim divergence combine to in-
crease significantly the cost of the method.

An intermediate method in terms of cost, complexity, and accuracy is the
Prescribed Wake Method (Rigid Wake). In this approach, the vortex wake
is considered to be convected from the rotor by momentum considerations,
and only the influence of the near wake on the flow field at the rotor

is computed. The "nearness" of the near wake depends on choice of the
user - it is usually described in terms of rotor revolutions. The wake
model itself is a set of trailed vortices, ranging to as many as ten,
although four is usually an adequate number. Because the location of

the wake in this method is primarily a function of advance ratio and
thrust coefficient, the inflow modeil is relatively insensitive to the
excursions one goes through while trimming a rotor. Furthermore, because
the inflow model remains constant during tne trim process, two major
discomforts are avoided. First, one need not be concerned with whether
the wake model will be consistent with the cyclic/collective pitch control
input combination ovr with the cyciic/collective/flap control input com-
bination eventuslly reached at trim. By definition, the wake model will
be consistent with the control combinations at trim. Second, tha absence
of mathematical instabilities arising from the wake model/trim model
interactions assures that trim iterations will not diverge because of
inflow problems.

Because a large number of cases 1is required to determine the proper
multicyclic flap system parameters to minimize vibrations and because
each of these cases must represent trimmed fligint conditions, the cost
savings of the Prescribed Wake method are significant. As for accuracy,
it is important to note that the velocities at which a vibration
suppressant control flap would be most desirable (115 knots and above)
match the range over which the Prescribed and Free Wake methods agree
closely for a trimmed vehicle. For these reasons, the Prescribed Wake
Method was used in the analysis reported herein.

12



RANGE OF STUDY

The primary purpose of the multicyclic flap system is to reduce helicopter
vibration levels by reducing rotor generated vibratory loads that are
transmitted to the fuselage. Although vibration problems are more severe
at extreme operating conditions, the accurate prediction of rotor loads
and performance at those conditions is difficult. Therefore, the prime
thrust of this investigation is in areas where retreating blade stall and
high advancing blade Mach number effects are not significant. Rotor blade
and disk loadings correspond to contemporary practice, and the propulsive
force is representative of utility type helicopters.

In consonance with th: preceding discussion, the following flight con-
ditions and loadi :y conditions were investigated for the CTR with multi-
cyclic controls.

Advance Ratio: .333

Disk Loading: 4.75 to 5.5 psf
Cz/o: .090 to .106
Cx/o: 007

The preceding parameters correspond to a rotor that has a diameter of 56
feet, a tip speed of 613 fps, and a solidity of 0.062. The ranges of disk
loading, blade loading, and propulsive force loading correspond to the

sea level flight conditions of a utility helicopter with a gross weight
range of 11,500 to 13,500 pounds and a flat plate drag area of 20 square
feet. The study was conducted at an advance ratio of 0,333 which corres-
ponds to 120 knots.

Figures 5 to 7 show the planform, inertia and stiffness characteristics of
the rotor used in this study. The study used existing CTR design which
was based on an H43 helicopter blade configuration, circa 1950, hence
English units were used throughout the study.

The physical span of the servo flap considered for this study was 36 inches.
In order to account for the finite aspect ratio of the flap and its atten-
dant vortex tip losses, the servo flap was niodelled to have a span of 24.5
inches with 5.75 -inch 1inear taper at each end thereby resulting in a trape-
zoidal planform. This planform modelling is shown in Figure 5.

Inboard of Station 100, the blade transitions from an airfoil cross-section
to a rectangular cross-section which is fitted with a root end grip.
Because of this transition, the twist distribution is highly nonlinear in
this region. The geometric twist distribution corresponding to these in-
board blade stations is shown in Figure 6.

13
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OPTIMIZATION TECHNIQUES

ANALYTTCAL PROCEDURE

CTR (First Harmonic Flap)

For the preliminary phase of this study (baseline CTR cases), three disk
loadings were investigated with constant inflow across the disk (x» = -.037).
The rotor drag Cx/c was held constant for all three rotor 1lifts investigated,

at .0071. A number of cases were repeated with a variable inflow that
averaged -.037 across the disk with negligible effect on trim.

As outlined previously the initial step in dual control optimization is
to select the control range of the secondary control and design a control
matrix to provide the maximum information about the performance param-
eters. Chowr in Figures 8 through 10 are the flap control matrices
selected as starting points. These collective and first harmonic flap
inputs were felt to bracket the probable range of acceptable flap travel
to trim. This basic schedule could be modified if trim could not be
attained or the resulting information indicated the data was in an un-
acceptable area such as stall regime. Use of data from extreme cases
would prejudice the results of the regression model. For the first
harmonic flan study, the following rotor parameters were used as a
measure of the effectiveness of the secondary control:

(a) Rotor horsepower.

(b) Maximum local blade angle of attack.

(c) Maximum vibratory out-of-plane bending moment.

(d) Vvibratory pylon excitation (four/rev).

(e) Number of iterations to converge.
The maximum local blade angle of attack was selected between blade nor-
malized station of .50 to .97 as this area would not be affectad by
reverse flow region. The number of iterations to converge was felt to
be a measure of blade stability - fewer iterations to converge the more
stable the blade configuration. '
Since this is a four-bladed rotor, the root shears can be resolved in

4/rev pylon excitation in the fixed reference system by the following
transformations:

17
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us | 252|821 | 8.8|12.5

He | 283841 | 9.512.6] “max
H7 | 363|872°} 8.7{15.5

31 | 2ss {820 | 8.7114.3

J3 | 232|824 [10.6]13.3

35 | 138!848 [11.9 {12.7

J6 | 2321826 {12.4 {11.1

Lo [1w73lezs f14.2 191

Q| 4/siss0 | 9.8 lias

L2 | 300868 | 9.3}15.9

L3 | 256|819 | 9.4 2.0

& ! 272828 | 2,417

Ls | 220 i820 1.2 |11.0

L6 | 318{83s |11.0{14.7

L7 | 185|848 111.8113.6

19 | 2861821 {11.4)12.6

N1 | 308]828 | 9.6 [13.4

N2 | 2t0)s2s [ni.2fn.s

N3 | 192)831 |11.1]12.6

P1 | 252|820 | 9.3]12.5

P2 | 242{®18 | 9.5 {12.1

P3 | 232|816 | 9.6 {11.8

pa | 238|813 }10.0]12.3

vt | 250815 | 9.1}12.4

v2 | 256|818 | 9.2 12.3

v3 | 23a|822 | 9.4]12.2

CTR Control Matrix, GW = 13500 Lb.
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Vertical
FZ= 4a4 cos 4y + 4b4 sin 4y

Fore and Aft

x> 2(c3 - c5) sin 4y + 2(d5 - d3) cos 4y

Lateral

Fy = 2(c3 + CS) cos 4y + 2(d3 + ds) sin 4y

The coefficients a and b are the out-of-plane cosine and zine components
with ¢ and d being the in-pldne cosine and sine components

respectively. The subscripts refer to the harmonic number oF the root
shear in the harmonic analysis.

A BASIC language program for the Hewlett-Packard HP 2000 performs these
transforms and calculates the peak values per cycle for Fz, FX, Fy, the
in-plane resultant and the 3D resultant. (Appendix A)

Each of the four dependent variables outlined above can be expressed in
guadratic form in terms of the independent control variables. These
equations have constant coefficients and are developed for trim conditions
only. Equation (1) is the typical form of the relationship between
horsepower and the collective and first harmonic flap inputs used in

the CTR portion of this study.

- - 2
HP = 3 * aldo * a2615 * a361c * °460 + a5515
. 2 .
*aghy ot ag8 8o+ agh 81+ agd 6y,
* a106061561c (1)

Similar equations were written for the remaining three parameters of
interest. In order to define the coefficients of these equations, a
minimum of eleven trimmed cases are required., These cases must be
selected to inciude variations of each parameter to provide statistical
degrees of freedom. A regression analysis of each data set is used to
obtain the coefficients of each of the equations. Additional trim case
data so*s are used to provide better statistical correlation through the
use of the regression analysis. Once the functional relationship is
established for the dependent variables, the resulting equations can be
used to conduct a parametric study. The tiree components of the pitch
horn controls are also modeled and the predicted control positions are
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used as input for ‘he aeroelastic trim program. Appendix B is a listing
of the regression analysis program SURGEN, The program uses a number of
trim cases to calculate the rotor parameter equation coefficients for
each disk loading desired. In addition, the multiple correlation co-
efficients, standard error of the estimate, and a table of residuals are
listed by SURGEN, Analysis of residuals for sum, sum of squares, mean,
variance and standard deviation and a 1isting of the orders of the
residuals from the most negative to most positive are also tabulated for
convenience.

Once the preliminary mcdels are obtained, the next function is to conduct
a trade-off study that will establish a region of flap control that would
produce values of the five rotor parameters that meet the criteria
established. This was accomplished by devising a plot program on the
Hewlett-Packard computer that generates the representative contour plots
of Figures 11 to 13. The shaded area of each of these figures represents
the cyclic flap control regions which the models predict will insure all
rotor parameters are within a prescribed range.

For the three flap collective settings shown, it appears that operation
at -4 degrees of flap collective would permit the largest range of first
harmonic input to the rotor for trim and stiil maintain the boundary
conditions selected at this gross weight and forward speed. This is
shown graphically by the larger shaded area included within all rotor
parameter contours,

With the boundaries established by the models, the next step is to
determine the degree of correlation between the models and the actual
trim. This is achieved by running additional selective cases and using
the results for comparison and to upgrade the model. This procedure can
be repeated until satisfactory correlation is obtained. This procedure
was utilized at all three load levels with some innovations being incor-
porated based on the exgerience gained from previous trials.

As the rotur 1ift was increased the maximum allowable values of our
selected rotor parameters were reviewed to reflect the increcased disk
loading.

Multicyclic Flap Input

In the study of multicyclic control input, two gross weights corresponding
to Cz/o of .090 and .098 were investigated with the emphasis on the lower

disk loading. The variable inflow option of the aeroelastic trim program
was exercised; for Cz/o of .090 the average inflow across the disk was

-.037 with -.0392 being the average for Cz/o = ,098. A representative
inflow distribution (Cz/o = ,098) is listed azimuthally and by blade
radial station in Appendix C.
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For the multicyclic flap concept the range of cyclic control was 1imited
to +2 degrees for each harmonic component with the initial range of
colTective flap input being 0 to -4 degrees. The flap ranges were
selected based nn the CTR work that was being conducted concurrently.
The cyclic inputs were restricted to limit the maximum resultant flap
deflection, based on the stacking or combining of the various harmonics,
to 8 degrees. Excessive flap deflection might negate the benefits of
higher harmonics. The following control range was arbitrarily estab-
lished as a base:

Steady: 0, -2°, -4°, -6°

First Harmonic Sine and Cosine: +2°, 0°, -2°
Second Harmonic Sine and Cosine: +2°, 0°, -2°
Third Harmonic Sine and Cosine: +2°, 0°, -2°

The selection of a control matrix by a method similar to that for the
CTR was considered impractical because of the large number of contro!
combinations possible., Restricting the problem to inputs listed above
results in 2196 possible combinations, (Three control levels for each
of seven controls.) A basé of sixty cases was selected by ise of a
randon number table. This method would avoid individual prejudices and
statistically provides equal weight to the independent variables. Thus,
the maximum chance is provided of accounting for the effects of each
variable within the limited number of cases that were run.

The initial inputs of pitch horn controls, to the trim program, for each
of the selected cases were based on predictions from a preliminary CTR
model.

For multicyclic, a linear regression model of each independent control
variable (pitch horn controls) was also modeled for each dependent
variable. Due to the inclusion of the additional harmonic terms, each
equation is expanded to 26 iinear coefficients rather than the eleven
previously required for the CTR. Equation (2) is the form of the equation
with horsepower being the dependent variable used to illustrate the
relationships.
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8, t a8t axd o tagh +agd,  +agl, +agh +a,l

HP 3¢

2 5 6

+ a960615 ¥ a]0606]C * a1160525 * a125062c * 413%°3s

2
3128083¢ * 215815+ 31681581¢ T 217815826 * 218%15%2¢

a850

2
8, 8, + azod §, +

219815935 1s83c * 3181c * 22281825 * 223%1¢82¢

2
35081835 * 32581c83c ¥ 26825 * 8278280¢ * 828525835
2 2

* 80850 * 3850835 * 2398583 * 3383

5982¢%3¢

+a 2 (2)

348383, * a35%3¢

where:

§ = 60 + 615 siny + Glc cosy + 625 sin 2¢ + 62c cos 2y

+ 85, sin 3p + 85, cos 3y (3)

Graphical methods, previously used for grediction of optimum operating
areas with 1/rev control inputs, are not possible to use with higher

harmonics. For the higher harmonic control optimization, emphasis was
placed on the use of the model to predict trends.

When a model was updated, a BASIC language fprogram, MODEL 4, Appendix D,
was used to test all possible flap combinations being considered to
determine which combinations would meet pre-established criteria. These
flap combinations were listed with the model's predictions for use in
selection of future cases.
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DISCUSSION OF RESULTS

CTR

Three disk loadings were examined during the CTR werk preceding the multi-
cyclic study:

Cl/c = ,090 11500 1b rotor lift
Cz/o = ,098 12500 1b rotor lift
Cz/c = ,106 13500 1b rotor 1ift

A total of 97 cases were trimmed during this phase of the investigation.
Thirty-three of these cases were at a Cz/o of .090; 24 of the total rep-

resenting the basic flap control matrix selected to span the anticipated
range of flap controls (Figure 8). The remaining cases were used to
test and refine the regression models developed.

For the baseline study at 11500 1b of rotor 1ift, the following boundary
limits were selected:

1. Horsepower < 750

2. Four/rev pylon excitation < +120 1b

3. Maximum local blade angle of attack < 10.8 deg
4, Maiimum out-of-plane bending moment < 9 in-kips
5.

No, iterations to convergence Ne = 10

The angle of attack limit was chosen to provide a margin of maneuver-
ability before local blade stall would be encountered. The 9000 in-1b
peak~-to-peak bending moment was selected on the basis of the calculated
infinite blade 1ife. The maximum out-of-plane moment occurs in the flap
region of the blade where the endurance limit is +4500 in-1b.

After the original control matrix cases were trimmed by the aeroelastic

trim program, the regression analysis program, SURGEN, was used to
generate the coefficients of the five preliminary models.
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On the basis of this early model, three cases, one at each collective
setting, were selected to test the validity of the model. Good corre-
lation on horsepower and Nes fair correlation on angle of attack and

bending moment and poor correlation on pylon excitation were obtained
(Table 1). Examination of predicted performance contours (Figure 12)
shows only one data point (P4) on the minimum vibration side of the
predicted optimization area and that was too far away to define the
operating area vibratory level unambiguously. Five more data points
were added to the matrix to delimit the 60 = -2° and 60 = -4° operating

area. These eight cases were added to the data file, a new model con-
structed and predictions obtained to validate this version of the models.
The updated models predictions provided much better correlation but the
pylon excitation results were still optimistic (Revised Model column

of Table 1), the total of 33 trimmed cases only two have four/rev pylon
loads less than the +120 1b suggested by the model of this parameter.
From a review of the actual data, Table 2, it appears that +150 lb

would be a more realistic load Tevel to use for pylon excitatiun boun-
dary. It can be seen that at each collective setting, the minimum pylon
loading occurs with zero first harmonic cosine coupled with the maximum
sine input (cases K3, P4, R1). However, the accompanying bending moments
and horsepower of these cases exceed the boundary value selected for these
parameters. In Figure 8 the four/rev pylon excitation, horsepower, local
blade angle of attack, and bending moment are shown for the range of flap
controls investigated. At every collective level the pylon loading is
reduced by a more negative first harmonic cosine term combined with a
positive sine component. Accompanying the reduction in pylon vibratory
loading is an increase in horsepower and out-of-plane bending moment.

For the two remaining disk loadings the method of selection of the control
matrix was altered. A reduced number of cases was used as a nucleus for
a limited control model.

Y= ) * alao * a2615 * a361c * a460615 * a561561c (4)

The resulting models were used to predict performance and trim control
settings for a wide array of flap settings. Examination of these pre-
diction tables showed the most promising direction to be toward larger
positive values of 61s and 51c in conjunction with increased negative

collective control. Accordingly, additional cases were selected in this
direction at each of the disk loadings to fill the basic control matrices
(Figures 9 and 10).

As in the case of the lower disk loadings preliminary models of the form
of Equation (2) were obtained in all the dependent variables. To con-
struct plots defining the optimum cyclic flap settings at each flap
collective setting revised, boundary values were needed. By constructing
a series of these contour plots for various load combinations of the

29



1]

TABLE 1. CTR CONTROL OPTIMIZATION MODEL PREDICTIONS VS ACTUAL TRIM DATA

FZ = 11500 1b CZ/c = .090

Fx = 907 1b QR = 613 fps

V =120 kt

Case 71 Case 72 Case 73
Actual Actual Actual
Trim Initial Revised| Trim Initial Revised| Trim Initial Revised

Rotor Parameter Value Model Model Value Model Model Value Model Model
Four/Rev Pylon
Excitation - +/- 1b 172 118 144 150 118 142 156 123 139
Rotor HP 752 739 746 746 742 743 749 741 744
Max. Local Blade
Angle of Attack - deg| 9.7 10.3 10.1 10.1 10.4 10.1 10.4 10.5 10.4
Qut Plane Bending
Moment - In.-Kips |
o/P 8.4 7.9 8.2 8.2 8.0 8.1 8.2 7.9 8.0
Pitch Horn Collec- -
tive, AO - deg 15.38 135.79 15.26 13.96 15.18 13.86 12.61 12.45 12.49
Pitch Horn - First
Harmonic Input B1S -
deg 4.60 3.90 4.39 4.3 4,2 4.09 4.00 3.65 3.78
Pitch Horn - First
Harmonic Input AlS -
deg -2.13  -1.54 -2.07 -1.58 -2.03 -1.60 -1.11 =1.10 -1.14




TABLE 2. MFS CONTROL STUDY, SUMMARY OF CTR CONTROL OPTIMIZATION

LE

F_ = 11500 1b F, =907 1b
z X
CASE FLAP INPUT-DEG FOUR/REY ‘ ROTOR | MAX LOCAL BLADE BENDING MOMENT PITCH HORN INPUT
NO Do D1sS DIC |[PYLON LOADING HP ANGLE GOF ATTACK 0P IN-KIPS P/P DEGREES
; KIPS DEG aAQ 81s AlS

Kl G.0 0.0 0.0 172. 747 12.0 8.3 16.62 6.19 0.05
K2 0.0 0.0 4.0 197. 755. i 10.9 8.6 1659 5.69 -4.50 .
K3 0.0 4.0 0.0 97. 813. 11.3 10.4 17.73 1.88 0.71
K6 0.0 =4.0 0.0 389. 767. 15.6 9.0 16.50 10.70 -0.50
KS 0.0 -4.0 4.0 255« 766, 13.8 8.2 16.27 10.00 -5.00
K7 0.0 0.0 8.0 277, 779 13.1 10.4 16.50 5,00 -B.86
K8 0.0 -4.0 8.0 202. 798. 15.7 9.6 16.30 9.55 -9.52
00 |-4.0 0.0 0.0 250 T44. 12.6 7.0 13.61 8.56 -0.52
P5 i=6.0 0.0 4.0 226. 750. 12.4 T.2 13.55 8.15 -4.89
04 |-4.0 =4.0 0.0 780. 818, 1746 9.4 l4.16 13.64 -1.24
0S (—-4.0 4.0 0.0 142, T44. 10.7 8.3 13,90 4.30 -0.02
06 {~4.0 ~4.0 4.0 379. 818. 15.9 Te6 13.77 12.90 -5.70
T {—-4.0 4.0 4.0 150. T51. 10.5 8.5 13.84 3.80 -4.36
Pl |-4.0 ~-4.0 8.0 314, 897. 18.9 16.2 14.70 13.80-10.60
p2 ,~%e0 0.0 8.0 252. T76. 14,2 9.2 13.40 7.50 -9.50
P3 i-4.0 4.0 8.0 241. 174 12.6 11.0 13.77 3.10 -8.83
02 !-8.0 0.0 0,0 525. 786. 4.4 6.4 11.19 11.30 -1.33
03 |-8.0 0.0 4.0 346. 796. 14.2 6.3 10.80 10.70 =-5.77
08 (~-8.0 4.0 0.0 247, 754« 12.3 6.5 11.00 6.60 -0.57
Q9 ;-8.0 4.0 4.0 209, 155, 12.0 6.6 10.00 10.73 -4.89
R1 =8.0 8.0 0.0 l44. 758. 11.2 9.1 11030 2.5F "0002
R2 }-8.0 8.0 4.0 162. 7€5. 10.8 9.5 11.20 1.92 -6.40
R3 [-8.0 4.0 8.0 293. 790 13.4 9.8 10,90 5.80 ~-9.20
R¢ |-8.0 0.0 8.0 273. 844. 15.9 9.3 11.37 10.91-10.13
PG 1-4.0 8.0 0.0 111. 800. 10.6 11.4 14.80 0.0 O. 6%
P6 | —4.0 6.0 2.0 140, T66. 9.2 9.8 16.25 1.96 -1.86
Il !-2.0 2.5 2.0 172. 752. 9.7 8.4 15.38 4.60 -2.13
12 1=-4.0 4.0 le5 150. T46. 10.1 8.2 13.96 4.30 -1.58
i3 =60 5.5 1.0 156. 749, 10.6 8.2 12.61 4.00 -1l.11
Sl ;-2:0 2.0 0.0 170, 747. 10.6 8.3 15.39 5.50 0.0}
s2 =2.0 4.0 0.0 159. - 766. 10.8 9.6 1507‘ 3n23 0035
S3 ~2+0 4.0 2.0 166. 164, 9.1 9.4 15.599 289 ~1.91
P7 -4.0 6.0 Ooo 1330 -1660 1003 9.8 IQ-SO 2.29 0029




performance parameters it was apparent that all the parameters did not
optimize at the same flap settings. Clear optimums were noted for each
parameter and the differences had to be compromised to give the best
trade-off. Desirable operation was defined as simuitaneously meeting
these criteria:

Cz/o = ,098 Cz/o = ,106

Horsepower < 790 < 820

Max. Local Blade Angle of At'ack < 11.5 deg < 12,5 deg
Max. Out-of-Plzne Bending Moment < 9 1in -kips < 9 in -kips
Pylon Excitation <180 1b < 260 1b

No. of Iterations to Converge <10 <10

With these criteria the contour plots indicate that at Cz/o of .098,
a small area of acceptable operation exists at 60 = 0°, This area
grows larger at more negative collective setting, then at 60 = -6°

no desirable area exists. Defining optimum as the collective with the
largest desirable operating range the parameters may be traded off to
some extent for further improvement. A correlation case based on the
preliminary model produced good correlation except for the optimistic
pylon excitation. Three additional cases were set up to weigh the
model in the vicinity of optimum. These cases were trimmed, added to
the data base (total 31 cases;) and used to refine the model. Table 3
indicates the results of the predicted and actual data obtained. As was
the case at the lower disk loading, correlation is excellent with the
exception of the four/rev pylon excitation which is optimistic for all
cases.

A review of the actual pylon forces (Table 4) indicates that all the
trimmed cases but Z7 exceed the +180 1b criterion established for our
modeled plot program boundary. The general trend toward a reduced
pylon excitation force moving toward the lower positive 615 and to zero

Glc that was obtained for the lower Cz/o was maintained at this level

(Figure 9). The results of the four cases in the predicted optimum area
(60 = -2.5 deg) would indicate that this region would give the minimum

pylon loading of +200 1b and maintain acceptable values of the other
rotor parameters. Collective levels of -3 deg and -5 deg do produce
Tower pylon loads but a penalty of higher bending moments and horsepower
is imposed.
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TABLE 3. MFS CONTROL STUDY MODEL PREDICTION VS ACTUAL TRIM DATA

FZ = 12500 1b Cz/o = ,098

Fx = 907 1b QR = 613 fps

V =120 kt

Case 71 Case 77 Case 78 Case 79
Actual Actual Actual Actual
Trim Trim Trim Trim

Rotor Parameter Yalue Mode1 Value Model Value Model Value Model
Four/Rev Pylon
Excitation - +/- 1b 167 168 174 172 196 174 198 169
Rotor HP 786 783 769 781 785 782 787 783
Max. Local Blade
Angle of Attack - deg 11.0 10.9 10.8 11.0 11.2 1.1 10.8 10.8
Out-of-Plane Bending
Moment - In -Kips
P/P 9.1 8.9 8.6 8.5 8.8 8.6 9.0 8.8
Pitch Horn Collec-
tive - Ao - deg 15.95 15.82 15.75 15.74 15.90 15.79 15.92 15.78
Pitch Horn - First
Harmonic Input B1S -
deg 4.34 4.35 4,29 4.69 4.79 4.74 4.27 4.30
Pitch Horn - First ]
Harmonic Input AlS -
deg -1.72 -1.86 -2.42 -2.43 -1.78 -1.86 -2.23 -2.45




TABLE 4. MFS CONTROL STUDY, SUMMARY OF CTR OPTIMIZATION

ve

F, = 12500 1b F_ =907 1b
Zz X
Cast FLAP INPUTS ~DEGREES SYLON HORSEPOWER 0P SENDING MAX LGCAL PITCH HNARN INPUT
N3 . EXCITATION MOMENT ANGLE OF DEGREES
(4] D1s DIC D2S D2C [C3S D3C DN4S D4C ¢/~ LBS e/— [IN-LBS ATTACK-DEG A0 81s 215
F£1 ~3.0 2.0 2.0 0.0 0.0 C.O 0.0 0.0 0.0 215. 87, 8. 11.7 15.3C 5.70 -3.20
F2 =3,0 2.0 0.2 0.0 0.0 0o0 0.0 0.0 0.0 2324 T87. 8a 12.8 15.52 6.1C -0.20
E3 -340 =10 0. 0.0 D0a2 0.0 0.0 0.0 0.0 539. 817. S. 15.3 15460 €457 =0.79
F6 -2,0 -1.0 3.0 0.9 0.0 0Ce0 0.0 0.0 J.0 370. 3l4. 8. 12.7 15.32 8.58 -3.R3
F5 -3.0 2.0 6.0 9.0 0.0 9.0 0.0 0.0 0.0 237. 799. 8. 12.8 15410 5,30 =-5,5)
€5 =23,2 5.0 3.0 0.0 0,0 0.0 0.0 2.0 0.0 184. 795. 10. 1a.8 15.50 .90 -2.80
FT =3,9 =1.0 €0 0.0 0.0 0.0 0.0 0.0 0.0 264, 826, 8. 14.9 15.17 8.%62 -7.17
74 240 1e5 340 0.0 0.0 0.0 0.0 0.0 0.0 216. T86a 9. 10.9 17.53 %.89 -2.98
15 3.3 -2.0 0.2 J.0 0.C 0.3 0.0 Q.0 0.0 280. - 807. 10. 14.8 19.90 7.26 0.03
51 =50 2.9 3.0 3.0 0.0 %0 0.0 0.0 0.0 273. T94. T. 12.9 13.9¢ 6.F4 -3.7%
G2 =543 20 0eC 040 0.0 0.0 0.0 Q.0 0.0 332. 790« e 13.3 14.15 7.30 -0.53
53 =543 =123 D.0 0.9 0.0 0G0 0.0 0.0 0C.0 902. B6He i1. 17.3 15.00 11.65 ~-1.1¢
59 =240 =1e0 2.0 J.0 0.6 0.0 .0 0.0 9.0 494, 8484 B 15.1 1430 10470 -6.42
63 =%.0 2.0 6.0 3.0 0.9 0.0 0.0 0.0 0.0 262« 815, 8. 13.6 13.80 6.50 -7.29
54 =2.0 5.0 3.0 0.0 3%.0 0.3 0.0 9.0 0.0 122, 783. 9. 11.3 14.02 2.70 -3.20
GT7 =540 =120 6.0 9.0 0.3 0.0 0J.0 0.0 0.0 347, 877. 8o 16.3 14,40 174585 -7.89
{9 =740 30 30 Je0 0.0 0.0 0.0 0.0 0.0 197. 8024 10. 12.0 13.11 2.38 -0.04
c1 =7.9 2.3 3.0 C.0 0.0 C.0 0.0 0.C 0.0 381. 824e Te 13.9 275 8.321 -4.25
73 -5.,0 5.5 1.0 0.0 €0 Cuo0 0.0 0.0 0.0 193, T3 2. Se li.4 164.35 3.72 -1.27
L3 =70 240 6.0 Cad 0.0 0.0 0.0 0.0 0.0 325. 843, 8. 14.6 12.73 8,10 -7.55
22 =10 1.0 3.5 0.0 0.0 Q.0 0.0 0.0 0.9 218. T34 8. 11.6 1672 S§.72 -3.72
2l =140 20 3.0 Q.0 0.0 0.0 0.0 0.0 0.0: 21l 795. 9. 10.9 16.82 4.80 -3.10
“2 =10 20 JeT 0.0 0.0 Q.0 0.0 0.0 0.0 2224 T2 9. 12.6 16.94 5.15 0.05
Ve ~1a0 ~1.0 3.0 0.0 0.0 0.0 0.0 C.0 0.0 258. 789 8e 12.6 - 16.52 7.60 -3.50
45 =1e0 240 640 Ce0 0403 0.0 0.0 0.0 0.0 240a 792. 9 12.2 16.50 4.3% —-6.10
"6 =1e0 S0 3.0 2.0 0.0 0.0 0.0 0.0 0.0 208, 794, 11. .8 16.90 2.05 -2.70
M7 =142 1.0 6.0 0.0 2.0 0.0 0.0 G.0 0.0 257. 799%. Yo 3.8 16.27 T.25 =6.0%
17 -2.5 3.0 2.2 9.0 0.0 0.0 0.0 2.0 0.9 174, 769, - 9 10.8 15.75 &.25 -2.42
Z1 =2.5 3.5 1a7 Q.0 240 02 0.0 0.0 049 197. T36. 9. 11.0 15.95 4.346 -1.72
128 —2.5 3.0 1.7 0.0 0.0 «3 0.0 0.0 0.0 196. 135 9. 11.2 1590 4,79 -1.78
2?7 =2.5 3.5 2.2 D0 0.0 2.0 0.0 0.0 0.0 198. TB87e 9. 10.8 15.92 4.27 -2.23



The final CTR disk loading of Cz/o of .106 was developed concurrently

with the 12500 1b rotor loading and followed the same philosophy on
optimization (Table 5). Restrictive models (Equation 4) were used to
predict the optimum direction of flap controls. The control matrix was
filled, cases trimmed, contour plots constructed and an area of desirable
operation defined. For the predicted region of optimization, additional
cases were selected and trimmed to correlate and update the models.
Referring to Figure 10, 60 = -4 deg appears to be the best collective

level to operate. Lower pylon loads can be obtained at 60 = =3 deg

but the horsepower and bending moments become excessive. A pylon
excitation of +250 1b appears to be a realistic limit at this disk
loading. This is reinforced by the good correlation obtained for all
the parameters (Table 6).

It has been observed that the number of iterations to converge depends
on the flap control input being trimmed to a particular flight conditinn.
At 12500 1b rotor 1iTt, the number of iterations to converge was ex-
plored for 22 trim cases over a wide range of collective and cyclic flap
settings.

Using the mathematical model developed by SURGEN contours for ne = 6,

8, 10 and 12 were plotted for collective settings of 0°, -1°, and -3°.
It was found that optimum performance areas uniformly lay within Ne < 10

contours. If Ne is a measure of stability, it seems that stability should
not constrain performance cperation., Therefore, this parameter was not
considered for the multicyclic study.

Multicyclic Flap Inputs .

The multicyclic investigation was performed at cZ/o= .090, v = .333

(120 knots) since 134 of the 157 trimmed cases were at this rotor loading
(11500 1b). This disk Toading allows direct comparison with the CTR
evaluated at this level.

The coilective range of 0° to -4° of the original sixty randomly selected
cases was extended to include both the -6° and -8° region when early
trends indicated promsing results with more negative collective. The
-8° level was discontinued when the four/rev pylon excitation loads
derived at this collective setting proved extremely high.
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TABLE 5, MFS CONTROL STUDY MODEL PRECICTIONS VS ACTUAL TRIM DATA
Fz = 13500 1b Cz/c = 106
x = 807 1b QR = 613 fps
v =120 kt
Case P1 Case P2 Case P3 Case P4
Actual Actual Actual Actual
Trim Initial Revised} Trim Initial Revised| Trim Initial Revised| Trim Initial Revised
Rotor Parameter Vaiue Mode] Model | Value Model Model | Value Model Model | Value Model Model
Four/Rev Pylon
Excitation - +/- 1b 252 203 231 242 188 « 218 234 177 205 238 192 219
Rotor HP 820 809 815 818 806 812 816 805 812 819 808 814
Max. Local Blade
Angle of Attack - deg | 12.5 11.9 12.2 12.1 11.5 1.9 1.8 1.3 1.7 12.2 11.5 1.9
Out-of-Plane Bending
Moment - In.-Kips
P/P 9.3 8.9 9.1 9.5 9.1 9.4 9.9 9.4 3.6 10.0 9.5 9.7
Pitch Horn Collec-
tive - A0 - deg 15.70 15.35 15.57 15.73 15.39 15.61 15.78 15.45 15.67 15.74 15.38 15.61
Pitch Horn - First
Harmonic Input BiS -
deg 4,00 3.69 3.88 3.56 3.24 3.42 3.14 2.82 3.01 3.03 2.70 -2.30
7“ich Horn - First
Harmonic Input AlS -
deg -4.1 -4.11 4N -3.50 -3.48 -3.4¢9 2,90 -2.87 -2.88 -3.95 -3.94 -3.94
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TABLE 6. MFS CONTROL STUDY, SUMMARY OF CTR CONTROL OPTIMIZATION

LE

F_ = 13500 1b F. =907 1b
4 X .
14
%%
ELAP [NPUTS -DEGREES PYLON HORSEPOWER 0f BENDING ™MAX LOCAL PITLH HWNaN INDOQY ;
EXCITATION MOMENT ANGLE CF SGREES L F
C1S D& DZS D2C D035 D3IC D45 DaC  +/~ LBS ¢/~ IN~1.8S  AVTAZK-DES A3 315 A1S O =
C ¥
-3.7 2. BeT Jed DTa0 5.3 240 0.0 0.0 288« 240 L2 14.3 16,10 5,70 =6.73 ,’ g;
-3, red 0o Tal D0 0.2 0.0 0.3 Ca0 222. B2&a 11, i3.3 16.75 2,60 C.Y'2 E; bl
=2.0 B.D 0.0 3.0 0.0 Cu0 G0 0.0 0.0 138. f4B. 12. 12.7 17.08 J.92 2J.44 ke z?
=3,3 2.0 2.0 3.0 DT D3 240 2.0 0.0 317. 823. Se 13.2 « 16437 6.23 -3.50 o U
=~3.3 263 3.0 2.2 0.0 0.0 0.0 0.0 0.0 494, REE: PN 1t. 15.2 16,92 b6.%4 —3,.2F
=2.0 5.3 2.0 3.0 2.C Q.0 2.0 0.0 0.0 22%. 817. 10. 1l.6 16422 72.52 =3,
-3.0 e 5.9 .2 2.0 Q.0 0.0 0.9 0.2 252 8118, 10. 13.9 16,20 2.70 -£.23
=3.0 S0 340 2.0 2.3 GC.Dd C.D 0.0 0a0 237 AlC. 12. 11.1 15458 0,42 -2.%2
=3, Zag 349 2.0 0.0 Q.0 CTL.C 0.9 0.0 428, L8 &, 14.2 15.13 .52 —4,.22
=349 2.0 3.0 33,3 2.3 GC.% 0.0 C.0 0.0 755. . 878. 1l. 16.1 16.05 3.78 ~%.%0
=50 B.0 0.0 9.2 3.0 2.0 0.0 C.0 0.3 192. a2i. 11. 12.6 15.59 1.9 9.22
M5 =5.3 5.0 3.7 042 0.0 .0 D0 .0 0.0 252. 8721 Q. 12.5 14.°C V.59 -2,10
=-%.0 5.3 6.0 0.0 N.C 0.0 0.0 (.0 0.0 283, G4le. 10. 13.6 1%.80 3,70 -6.563
«eJ 2e7 6.0 0.0 D0 D0 0.0 (.0 2.0 363. 872 Se 15.5 15.26 T.4% =7.40
H.3 0.0 0.0 3.0 0.0 0.0 0.0 D0 333. A28, 10. 13.4 1543 %.70 -3.70
3.0 3.0 J.0 J.0 Co0 0.0 0.0 0.0 210. gte, 1l. i1l.5 15.29 1.27 =-2.%2
—tel 3.2 %e2 T 0.0 0.C 3.0 0.0 470 850, i0. 14.9 17.85 B8.€0 =%.%55
2.3 3.0 0.2 2.0 0.0 0.0 J.0 J.u 256. ’l9. S. 12.6 17,57 4B =2.32
~1e0 6.0 0.2 2.0 £.0 0.0 2.0 0.0 300. R4, 9. 15.9 TT.72  3.80 —-5.22
20 6e3 0.0 0.C CaD 0.0 3.0 LoD 274, 324, Ge 1347 17.83 4,50 -6.23
5.0 2.0 J.9 T.0 2.0 0.0 9.0 C.2 223. 82C. le 11.G 1776 2.19 -2.74
2.0 C.h 9.0 C.£ C€C.0 0.0 9.0 0.9 218. 834, 1%, 1.7 18,14 S.5% .2
B33 Tl 0.9 0.0 2.0 0.0 0.0 GC.0 185. B44. 11. 13.6 1837 2.72 D.3%
=10 0.0 0.0 0.0 0.0 0. 00 0oV 1973. 929 la. 19,1 19.43 10,30 -G.&3
Sefl £.0 0.2 0.9 C.0 040 0.0 0.9 285, f21. il. 12.% 17.70  LeR®D =5,.K5
3.5 2l 33 D0 L. 04D 0.0 D0 250 215, Ye 12.4 16,228 H.586 ~3,2%
4.5 2.3 9.2 0.0 G2 0.0 0.0 0.2 256a sl8. 9. 1243 15.76 %.13 =2.98
2 545 3.0 .0 00 0.0 CeO 0.0 0.0 2%%. 872 e 12.2 15.11 3.8 -3,.30
4¢3 348 T8 0aD C40 0.0 2.0 .9 252. 820. 9. 12.5 1570 .09 =6, 2
5.0 3.3 5.3 2.0 C.9 0.C 0.0 0.0 242, 818, 10. 1c.l 15,78 3,55 -3,52
A8 2,0 U0 08 (a8 0.0 0.0 0.0 234. 816. 10. 11.8 1578 3,14 -2.30
5345 3,8 0.0 D8 Cod 040 0.0 0.0 238, 819. 1%. 12.2 15.7+ 3.03 =1.95



Due to the complexity of the system as a result of the addition of the
second and third flap harmonics, heavy emphasis was placed on the pre-
dictions of the models in selection of future cases. As was the case

with the CTR segment of this study, the shear predictions of =arly models
were extremely optimistic. However, the trends indicated by these models
were correct. A review of the case listings (Table 7) showed a general
reduction of pylon lcads after the first sixty cases. This was attributed
to the weighting of the model toward lower pylon loads by the exclusion
from the model of cases with extreme values of this parameter as additional
cases become available. ,

At the 11500 1b load level with first harmonic flap input (CTR), +150 1b
of pylon excitation appears to be the minimum value obtainable when trade-
offs with the other rotor parameters are made. Listed in Table 8 are the
18 trimmed cases with four/rev pylon loads less than +150 1b. The
majority of these cases are at a collective setting of -4° which corres-
ponds to the most desirable collective for the CTR at this load level.
Restricting ourselves to the -4° level it should be noted that the six
cases with the lowest pylon excitation loads have no third harmonic flap
input. The two remaining cases have only the sine component of third har-
monic. Referring to Table 9, holding the collective and first harmonic
sine constant at 50 = -4° and G]S = -2°, respectively, (no third harmonic)

the pylon excitation is reduced with more positive first harmonic cosine
input (cases 75, L7, B9, N7). As was tne case with the CTR baseline
rotor, a reduct1on in pylon force was accompanied by adverse effects on
the other rotor parameters. A drawback tc the MFS appears to be its
effect on local blade #=ngle of attack. In general, MFS induces higher
local angles of attack than exhibited by the CTR. The remaining criteria,
horsepower, and blade bending moment are within the acceptabie Timits
established. By inspection of Table 9 the optimum operat1ng poipt cor-
responds to trim po1nt Z7. The +94 1b of pylon excitation is 40 percent
Tower than the minimum value at the CTR optimum trim point05 (+142 1b).
Operation at this speed and gross weight with a fixed second harmonic
input (62S 2°; 62 = «2°) and no third harmonic will produce acceptable

results with zero or negative first harmonic input. The pylon loading
in this control range will be substantially below that obtained for the
CTR.

Table 10 is a comparison of the pitch horn controls, horsepower and
bending moments obtained by the trim program and the values predicted
by our updated model. The correlation obtained is good considering
the small percentage of cases trimmed.

A point to stress in this study is that 4.7 percent of a total of 2916
poss1b1e flap combinations were trimmed to generate this data. When
experience is gained in the selection of cases and use of these models,
this figure can be reduced. Two other points should be noted about
results of this study.
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TABLE 7. MFS CONTROL STUDY, SUMMARY OF TRIMMED CASES

FZ = 11500 1b CZ/G = .090
Fx = 907 1b QR = 613 fps
CASE FLAP INPUYS -DEGREES PYLON HORSEPOWER OP BENDING MAX tOCAL PITCH HORN INPUT
4J EXCITAVION MOMENT ANGLE OF DEGREES
Do D1S DIC D2S D2C ©03S 03C D3S D4C  ¢/- LBS +/— IN-LBS ATTACK-0EG AQ B1S as
A0 0.0 -2.0 -2.0 2.0 -2.0 2.0 0.0 0.0 0.0 “93. TéeTe 46060, 12.8 16.31 7T.48 1.04
Al =2.0 -2.0 0.0 2.0 =2.0 -2,0 -2.0 0.0 0.0 436. 7. 3800. 13.7 164,62 8.43 ~l.61
A2 2,0 2.0 240 =2.0 =2.0 2.0 2.0 0.0 0.0 610. 177 €850. 13.38 15.23 4.10 =0.567
A3 ~2.0 0.0 0.0 -2.0 -2.0 0.0 0.0 0.0 0.0 183, T4be 4770, 13.4 14.88 6.57 0.93
A4 0.0 0.0 ~2.0 -2.0 0.0 0.0 2.0 0.0 0.0 771. €56. 9000. . 18.3 17.88 7.00 3.62
A5 0.0 =2.0 2.0 240 2.0 2.0 -2.0 0.0 0.0 606, ) 915. 5940. 21.8 15.20 12.10 —4.38
A6 =~2.0 0.0 -2.0 2.0 0.0 0.0 2.0 0.0 0.0 331. 152. 4015. 12.3 15.27 763 Q.79
A7 ~2.0 2.b 2.0 2.0 2.0 0.0 0.0 0.0 0.0 418. . TTl. 4645, 14.0 15.87 6.1% —-3.62
43 0.0 0.0 2.0 0.0 -2.0 0.0 -2.0 0.0 0.0 48S. TT4. ©220. 8.6 16.42 4.95 -2.05
A7 0.0 040 2.0 0.0 -2.0 -2.0 0.0 0.0 0.0 382. 789« 4910. 10.0 1640 4.95 -2.03
80 =440 240 ~2.0 2.0 2.0 —2.8 0.0 0.0 0.0 395. . 199« 3540. 16.6 15.32 9.39 Q.46
Bl ~%.0 2.0 2.0 =2.0 2.0 2.0 0.0 0.0 0.0 1935, 918. 11330. 23.7 17.10 10.60 3.60
52 =2.0 =2.0 0.0 0.0 2.0 2.0 0.0 0.0 0.0 1581. Eb4e 8590. 21.6 17.00 12.12 0.6
83 ~4.0 2.0 0.0 2.0 0.0 0.0 =2.0 0.0 0.0 458 - 758« 3985. 12.¢ 13.83 6422 -1.40
34 =6.,0 2.0 2.0 0e0 2.0 —2.0 2.0 0.0 0.0 383. 767 40S0. 13.0 12.99 9.37 -3.08
85 =440 2.0 2.0 ~2.0 2.0 2.0 -2.0 0.0 0.0 174, 807e. 7700. 19.1 15.36 8.79 -1.10
B5 ~2e0 2.0 =2.0 2.0 0.0 2.0 2.0 9.0 0.0 1133. 845. 10120. 19.1 16.75 6.23 3,83
27 -2.0 -2.0 -2.0 0.0 -2.0 2.0 -2.0 0.0 0.0 . 637, . 161. 5110. 15.2. 15.00 9.00 1.85
B3 0.0 2.0 (a0 Q.0 0.0 0G0 2.0 0.0 0.0 482 . T17e 5820. 12.6 17T.186 3.97 0.38
39 —%ed =2.0 2.0 2.0 =2.0 0.0 0.0 0.9 0.0 73. T64e 3220. 13.2 13.03 9.24 -4.00
€2 =4.0 2.0 0.0 0.0 2.0 0.0 2.0 0.0 0.0 595. 768 47135, 13.8 14,52 7.97 -0.49
€L 0.0 2.0 -2.0 2.0 2.0-2.0 2.0 0,0 0.0 383. 793. €560, l4.1 17.80 5.75 1.2
(2 =240 =20 =220 =20 0.0 2.0 2.0 0.0 0.0 1452, 852. 10400. 21.5 16.45 10.71 3.11
€3 0.0 Q.0 00 =2.0 0.0 2.0 =2.0 0,0 0.0 719« T20. 7550, 17.1 17.43 5.93 1.43
€4 2.0 0.0 -2.0 =2.0 0.0 -2.0 0.0 0.0 0.0 393, 792. 5610. 15.2 15.83 8.46 2.92
£ Qa0 0.0 2.0 -2.0 2.0 ~2.0 2.0 0.0 0.0 780. 8l6. 11510, 15.7 17.86 8.11 0.89
L6 4.0 240 =2.0 2.0 2.0 -2.0 2.0 0.0 0.0 399. 791a 3620. 16.4 15.11 9.00 0.33
€7 =2.0 2.0 =2.0 2.0 2.0 0.0 0.0 0.0 .0 498e 761. 4500. 13.9 16,07 7.00 0.93
L8 =440 2.9 0.0 ~2.0 2.0 -2.0 2.0 0.0 0.0 719. 782 5430, 15.3 T 1470 B8.37 Je4s
29 =240 040 -2.0 =240 =2.0 -2.0 2.0 9.0 0.0 570 829 8570. 1¢.0 15.37 6.58 3.29
C) =24% 240 0.0 240 ~2.0 Gu0 2.0 0.0 C.n 366, T66. 5580. 1.6 15.00 3.90 -0.B5
Z1 =240 =240 20 0.0 2.0 2.0 2.0 0.0 0.0 131z 821. 6660, 17.8 1616 11.00 -3.29
32 =240 2.0 2.0 -2.0 0.0 -2,0 2.0 0.3 0.0 519. 760« 4070. 12.9 14.94 9.53 -1.86
03 -4.0 2,0 =20 =2.0 2.0 0.0 020 0.0 0.0 13429, 877 914C. 21.0 16.51 10.43 13.31
Go =240 =249 240 00 2.0 2.0 0.0 0.0 0.0 1187. 821. 7130. 1%.0 16.23 1i.12 -2.93
D3 =240 =20 =20 =2.0 =2.0 -2.,0 =2.0 0.3 0.0 1420. 1u81. 9550« 27.7 20.15 1673 2.77
06 0.0 -2.0 0.0 -2.0 -2.0 -2.0 0.0 0.0 0.0 309. 765. 4530. 13.0 16430 7.60 O0.81
37 -%e0 240 $ud =240 =2.0 =2.0 2.0 0.0 0.0 525. . T91. 5740 13.5 12586 5.56 J.b4
33 -240 =20 20 0.0 2.0 0.0 -2.0 0.0 -0.0 1271. 872« T490. 22.2 17613 12.59 -2.89
39 0.0 2.0 -2.0-2.0 2.C -2.0 -2.0 0.0 0.9 632, 910. 5830. 17.7 19.7T2 T.71 4.00
€D ~240 00 =240 0.0 0e0 0.0 2.0 2.0 0.2 410. T64a 5661 14.8 15.49 T7.73 1.93
FlL ~%e0 =243 =240 =247 2.0 -2.0 2.0 0.0 0.0 1960. 1103, 11130, 25.6 18.5% 17.12 1.91
€2 0.0 2.3 0.0 -2.0 =-2,0 -2.0 2.0 0.0 0.0 786. 872. 84640, 15.0 1747 3.50 1.56
E3 ~6.0 ~2.0 ~2.0 2.0 2.0 0.0 0.0 0.0 0.0 2113 1i31. 10350. 25.8 19432 17.80 =-1.20
€& ~2.0 2.0 =20 0.0 =2.0 2.0 0.0 0.0 0.0 560. 76%9. 58630, 13.7 15438 4.56 2.53
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TABLE 7 (Continued)

FLAP INPUTS -DEGREES PYLON HORSEPOWER UP BENDING MAX LOCAL PITCH HORN INPUT
EXCITATION MOMENT ANGLE OF DEGREES

00 D1S DIC 025 D2C D3S D3C D4S DC e/~ LBS ¢/= IN-LBS . ATTACK-DEG AQ B81S AlS
~4,0 =2,0 Go0 0.0 =2.0 2.0 -2.0 0.0 0.0 301. 762+ 2410 12.9 13.11 9.83 ~0.89
0.0 2.0 2.0 0.0 2.0 0.0 -2.0 0.0 0.0 474, 766« 5663, 13.9 17.40 &.91 -2.15
~2.0 2.0 0.0 -2.0 -2.0 0.0 -2.0 0.0 0.0 248, 168, 4425. 11.8 15.24 4.59 1.23
~2.0 2.0 2.0 =2.0 -2.0 2.0 0.0 0.0 0.0 563, T44%e 5270. 14¢2 14,71 8,41 ~1.63
~%.0 0.0 0.0 0.0 240 2.0 =2.0 0.0 0.0 1644 883. 8590. 22.5 16422 12.11 -0.53
~2.0 0.0 0,0 2.0 -2.0 -2.0 -Z.0 0.0 0.0 507. 783. ©500. 12.1 1482 6417 ~l.34
~4.,0 2.0 0.0 -2.0 0.0 2.0 2.0 0.0 0.0 840. 784. 171C. 16.6 16,42 6.89 1.12
-240 2.0 0.0 2.0 0.0 0.0 -2.0 0.0 0.0 5564 - 763. 4470. 1.8 15.37 5.00 -1.2%
0.0 =2.0 0.0 =2.0 0.0 -2.0 2.0 0.0 0.0 546. T9%. 6150. 15.0 16.94 8.864 0.70
0.0 0.0 Qa0 -2.0 =2.0 =20 0.0 0.0 0.0 417. 80l. 5620. 13.2 16.74 S5.50 1.16
=200 00 2.0 0.0 2.0 2.0 =2.0 0.0 0.0 1047, 789. 7210, 17.9 16.09 8.70 -2,50
-4.0 2.0 2.0 -2.0 0.0 0.0 -2.0 0.0 0.0 228. T46. 4060. 13.2 13.91 6472 —le34
=260 2.0 0.0 0.0 2.0 =2.0 -2.0 0.0 0.0 350. 146, 4465, 16.0 16.32 T7.49 -0.18
“6a0 240 2.0 2.0 0.0 .0 =2.0 0.0 0.0 410, 758« 3740. 12.9 13.94 6.7¢ 0.7¢
0.0 =2.0 =2.0 2.0 -2.0 -2.0 -2.0 0.0 0.0 &78. 781 4450, 12.6 16.30 7T.49 0.87
“6.0 =240 2.0 2.0 0.0 0.0 -2.0 0.0 0.0 1266. . §92. $790. 20.7 16413 16.40 ~0.53
=6.0 00 0.0 =2.0 0.0 0.0 2.0 0.0 0.0 614, 783. $3390. 15.9 12.59 10.21 0.21
-840 =2.0 2.0 2.0 -2.0 2.0 2.0 0.0 0.0 556 849. 3820. 15.7 11.35 12.71 ~5.42
<640 2.0 2.0 2.0 0.0 -2.0 2.0 0.0 0.0 342. 916. 3970. 20.2 14.24 14,38 -5.60
<640 =2.0 0.0 0.0 0.0 0.0 =-2.0 0.0 0.0 934, . 825. 5270. 18.% 13.106 13.10 -1.25
=60 2.0 -2.,0 0.0 -2.0 0,0 -2.0 0.0 0.0 278« . 7664 3150, 1.5 12.20 T.00 1.65
~6e0 2.0 2.0 0.0 0.0 0.0 -2.0 0.0 0.0 288. 152« 3700. 13.1 1230 7.50 =2.72
-840 =2.0 0.0 0.0 -2.0 2.0 0.0 0.0 0.0 664 792« 4200. 14.3 10.49 12,06 -i.39
~8e0 200 ~2.0 2.0 2.0 0.0 0,0 0.0 0.0 1545. - 946. 6830. 15.8 14279 14.27 ~CoT4
=607 240 2.0 =2.0 2.0 0.0 0.0 0.0 0.0 167 785. $300. 15.8 13.39 9,50 -1.6§
¢ =3e0 -2.9 0.0 0.0 0.0 ~2.0 0.0 0.0 0.0 786. 896. 3825 18.5 12457 15.73 ~2.13
-643 0.0 Co0 0.0 =-2.0 0.0 2.0 0.0 0.0 332. 154 4350. 12.1 1179 2493 =-0.76
“6.0 0.0 2.0 2.0 «-2.0 0.0 2.0 0.0 0.0 218. 7684 4070. 12.9 12.02 883 0.24
-6.0 «2.0 0.0 2.0 -2.0 0.0 2.0 0.0 0.0 216, 7884 3400. 14.4 12.06 11.03 -2.49
-6.3 2.0 0.0 2.0 0.0 -2,0 0.0 0.0 0.0 7. . 772a 3170. 14.6 12.60 8.08 -1.91
~6e8 0.0 0.0 2.0 0.0 0.0 =2.0 0.0 0.0 612. 789, 3650. 15.9 - 12«61 10421 ~2.12
~5e0 =20 2.C 2.0 -2.0 2.0 2.0 0.0 0.0 445. B804, 3815. 14.8 12«21 10.87 -4.83
Ced -2.0 2.0 2.0 0.0 C.0 G.0 0.0 O.0 220. 759 4080. 13.6 16,41 7430 ~3.62
~6.0 =2.0 2.9 2.0 0.0 0.0 0.0 0.0 0.0 485« 8524 3890 17.6 13.33 13.25 =~5.04
Jed =2.9 2.0 2.0 -2.0 2.0 2.0 0.0 0.0 613, 1564 3150. 13.4 1615 6.75 -3.45%
UeJ =240 2.C 0.0 -2.0 2.0 0.0 0.0 0.0 480. 739. 5020. 11.7 16131 6.98 —-2.34
Jed =240 00 2.0 0.0 0.0 2.0 0.0 0.0 392. 755. 3795. 13.4 1656 8.29 ~leéS
=2e0 2.0 =2.0 0.0 0.0 2.0 2.2 0.0 0.0 720. 17Sa 7435. 15.8 15.90 5.62 2.48
-%«0 0.0 -2,0 0.0 0.3 4.0 2.9 0.0 0.0 406, 156. 5C95. 14.7 13.87 65490 1.55
~2e0 =240 0e0 =2.0 =2.0 2.0 2£.0 0.0 0.0 296, 748 3650. 12.9 14,62 3.74 0.53
~400 —2e0 040 =240 2.0 =2.0 0.0 0.0 0.0 296. 757 3220. 12.7 13.16 9.95%5 G.26
~2.0 =240 2.0 2.0 0.0 GC.C 0.0 0.0 0.0 24€, 773. 3740, 14.4 15.07 9,25 -3.88
=4.0 040 0.0 =2.0 =2.0 0.0 0.0 0.0 0.0 255. 745 §205. 14.0 13.40 T7.80 0Q.£l
=240 =240 040 2.0 0.0 0.0 2.0 0.0 0.0 328. 749 3330. 14.2 1522 9.£2 -1.75
~6e3 =20 2.0 0.0 -2.0 2.0 0.0 0.0 0.0 531. 1684 4215. 12.5 11.75 10.4% =-3.13
=240 ~2.0 =240 2.0 -2.0 0.0 2.0 0.0 0.0 295, 740. 4340. 12.2 16.60 8446 0.68
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TABLE 7 (Continued)

Casg FLAP INPUTS -DEGREES PYLOR HORSEPCWER OP BENDING MAX (OCAL PITCH HORN INPUT
h%s EXCITATION MOMENT ANGLE OF DEGREES
[]¢] D1S D1C D028 0D2C ©3S 03C 04S D&C ¢/~ LBS ) #/= IN-LBS . ATTACK-DEG AD 81S als
16 -2.0 ~2,0 2.0 2.0 -2.0 2.0 2.0 0.0 0.0 4«80. T65. 4895, 13.6 1471 B8.00 -3.,66
JB ~4.0 =2.0 2.0 2.0 0.0 2.0 2.0 0.0 0.0 635, £808. 4400, 15.0 1418 10.93 ~4.47
J9 =640 2.0 ~2.0 2.0 ~2.0 -2.0 2.0 0.0 0.0 412. RAA TS 5024« 12.8 12.02 6.73 0.46
KO =440 =2.0 2.0 2.0 0.0 0C.0 0.0 0.0 0.0 292. 191 3520. 15.7 13.88 10.88 ~4.30
K2 4,0 =2,0 2.0 2.0 -2.0 2.0 2.0 0.0 0.0 4l2. 782. 4170, 14.0 13.40 9.38 —4.11
X3 -4.0 <2.0 0.0 2.0 0.0 0.0 2.C 0.0 0.0 els, 789. 3270, 15.2 14.09 11.24 -2.22
K& 4.0 0.0 -2.0 2.0 -2.0 -2.0 2.0 0.0 0.0 380, 166, 4780. 12.8 13.37 7,764 0.52
KS 6.0 040 2.0 =2.0 -2.0 0.0 -2.0 0.0 0.0 225 753. 3210. 12.4 11.82 8,65 -1.85
K6 =440 0.0 2.0 0.0 -2.0 0.0 0.0 0.0 0.0 110. 729%. 228, 10.1 13.16 7.23 -2.53
K7 -6s0 2.0 2.0 -2.0 0.0 -2.0 0.0 0.0 0.0 237. 756. 3270. 12.8 12.34 7.78 ~1.79
K9 4.0 2.0 2.0 =2.0 0.0 ~2.0 0.0 0.0 0.0 242 743, 3825. 12.0 13.70 6.51 ~1.41
L3 -4.0 2.0 0.0 0.0 0.0 ~2.0 0.0 0.0 0.0 144, T46. 3505. 12.5 13.75 6.63 -0.35
tl 0.0 2.0 0e0 0.0 0.0 ~2.0 0.0 0.0 0.0 289, 783, 45704 11.0 17.08 4.10 G.25
L2 0.0 0.0 0.0 0.0 0.0 -2.0 0.0 0.0 0.0 204« TS54. 3600. 10.8 16,64 6,28 -0.05
L3 -2.0 2.0 0.0 0.0 0.0 -2.0 0.0 0.0 0.0 217. 756. 3810. 11.3 15432 5437 -0.06
L4 =240 0.0 0.0 2.0 0.0 -2.0 0.0 0.0 0.0 116, 769, 3550. 14.0 1521 T.62 ~l.41
L8 =240 2.0 2.0 0.0 0.0 -2.0 0.0 0.0 0.0 212 755, 4159, 11.3 15,19 5.00 -2.20
LY =240 2.0 0a03 =2.0 0Cu0 =2.0 0.0 0.0 0.C 272. T66. 4575, 12.5 15.51 S.64& 0.59
MO =4,0 2.0 2.0 0.0 €.0 =~2.0 0.0 0.0 0.0 147, 752. 3635, 12.3 13.67 6.38 —2.50
Ml =4.,0 0.0 -2.0 =-2.,0 -2.0 0.0 0.0 0.0 0.0 373. 765, 5232, 15.2 13,71 8.21 2.83
M2 -4.0 ~2.0 =2.0 0.0 -2.0 0.0 0.0 0.0 0.0 236. T49. 3415. 13.6 13.31 9.93 1.50
M3 6.0 2.0 2.0 2.0 0.0 -2.0 0.0 0.0 0.0 127. 783. 3675, 15.1 12.58 T.97 =%.13
M4 =6.0 2.0 240 2.0 =2.0 =2.0 To0 0.0 0.9 360. 778 «700. 13.3 11,83 6,21 —3.85
45 -640 0.0 2.0 2.0 -2.0 -2.0 0.0 0.0 0.0 317. 785« 3$05. 14.5 11.81 8,54 —4.23
M6 =2.0 ~2.0 0.0 0.0 -2.0 0.0 0.0 0.0 0.0 148. 738, 3545, 1l.8 14.58 8.49 -0.39
M7 =2.0 2.0 2.0 -2.0 -2.0 0.0 0.0 0.0 0.0 204. 740. 3995 12.4 14,59 B8.67 -1.52
M3 =240 -2.0 2.0 20J.0 -2.0 0.0 0.0 0.0 0.0 126 T404 3500, 10.4 14,48 8423 -2.49
M3 =2.0 2.0 0.0 =2.0 -2.0 0.0 0.0 0.0 0.0 257, T46. 4435, 14.0 14.75 8.73 0.60
NG =%.0 2.0 2.0 2.0 0.0 -2.0 0.0 0.0 0.0 162« . T69. 4190, 14.3 13,77 6426 =3.65
N1 =40 060 2.0 2.0 0.0 =2.0 0.0 0.0 0.0 163. T84, 3680, 5.7 . 13,95 8.S55 -4.06
N2 ~%e0 2.0 2.C 0s0 =2.0 Ced 0.0 0.0 0.0 132. T43. 3230. 10.8 13.02 9.2% -2.81
N3 2.0 2.0 2.0 2.0 2.0 0.0 C.0 0.0 0.0 102. T54. 3810. 12.7 14.53 8,08 —3.¢3
He =2.0 0ed 2.0 0.0 ~2.0 0.0 0.0 0.0 0.0 98. 745, - 4155, 9.8 16,72 6,20 =2.24
NG =6eD0 =2.0 2.0 2.0 -2.0 0.0 0.0 0.0 0.0 109. T95. 2850, l4.4 11.93 10.86 ~%.66
N6 ~640 040 2.0 0.0 =-2.0 0.0 2.0 0.0 0.0 150. 750 3410. 10.8 11.75  B.45 =2.9%
NT 4.0 2.0 3.0 2.0 -2.0 0.0 0.0 0.0 0.0 69 77 3360. 14.0 13.12 9.32 -5.17
N2 22,0 2.0 0.0 2.0 =2.0 G0 0.0 0.0 0.0 97 T45e 3550. 11.6 14.59 B8.39 -1,42
NG =640 =2.0 0.0 2.0 -2.0 0.0 0.0 0.0 0.0 169, 779« 2550 13.5 11.89 1G.92 -2.33
3) ~4¢0 0.0 0.0 0.0 =2.0 0.0 0.0 0.0 0.0 152, 7%0. 3790. 11.8 13.32 7.63 ~De42
24 =440 =2.9 2.0 0.0 -2.0 =-2.0 2.0 0.0 0.0 343, 168¢ 4550. 13.4 13.26 10,03 1.386
15 =440 =240 =20 2.0 -2.0 0.0 0.0 0.0 0.0 144 751. 3040. 11.7 13.2F Q2,715 0.33
16 =40 =2.0 0.0 0.0 -2.0 =2.0 2.0 0.0 0.0 371. 758. 4040. 12.1 13.05 9.62 -0.87
L7 =4ed =20 0.0 2.0 =2.0 0.0 0.0 0.0 0.0 9%e. 152« 3080. 12.3 13.08 9.41 ~1.91



A

TABLE 8, MFS CONTROL STUDY, TRIMMED CASES WITH FGUR/REV PYLON
EXCITATION LESS THAN OR EQUAL TO +150 LB

Fz = 11500 1b Cz/o = .0%0
Fx = 907 1b QR = 613 fps
vV =120 kt
60 = .2° 60 = -4° 60 = -§°
Bending Max. Bending Max. Bending Max,
Pylon Moment tocal Pylon Moment Local Pylon  Moment Local
Case Load In.-lb Rotor Angle | Case Load In.-Lb Potar Angle | Case Load In.-Lb Rotor Angle
No. Hb p/P HP Deg No. Hb P/P HP Deg No. b P/P HP
L4 116 7100 769 14.0 Bo* 73 6440 764 13.2 HE 77 6340 772 14.5
M6* 148 7080 738 11.8 7+ 94 6160 752 12.3 M3 127 7250 783 15.1
N3* 102 7620 754 12.7 K6* 110 7610 785 13.6 NE* 150 6830 750 10.8
" Ng* 97 7085 745 11.6 Lo 144 7010 746 12.5 NO* 148 5100 779 13.5
Ng* a8 8370 745 9.8 M0 147 7270 752 12.3 N5* 109 5700 795 14.4
5% 144 6080 751 11.5 -
- ; q* * -
N2* 132 6460 743 10.8 /k: E*.;
N7* 69 6720 777 140 | | g
* These cases have no third harmonic flap input. 4 k
i
=
E,



TABLE 9. MFS CONTROL STUDY, SUMMARY OF OPTIiUM FLAP CONTROL REGION

e

TYNIDDIO

KIrvnd 3ooq 40

SI anvg

35 = 93¢ =0
= 120 kt F, = 11500 1b F, =907 1
CODE
CASE #
Rvib 8, = -2° 5, = -4° &, = -6
3 & - o S = o _ = .0°¢ by - o o = .7° 4 - -
8M 8ps = 0 615 = 0 84 = -2 516 =0 81 = -2 & =0
HP T - ;
umax ozs=0 GZS=2 c25=0 i 325=2 025'0 "25=2° 625'-"3 025=Z czs=0°‘ o25=2 325=O )
il
144
5, = =2° 6080
le 751
1
Lel 21 o8 N9
97 194 152 148
510 = 0° 7085 ! 5160 | 7580 5100
i 745 | 752 740 779
i 11.6 12.3  ;11.8 13.5
— :
Noim B9 K6 N5 N6
102 98 73 110 108 150
510 = *2° 7620 | 8370 6440 i 7610 5700 | 6830
¢ 754 745 764 755 745 750
12.7 | 9.8 [ 13.2 {136 14.4 | 10.8
A ;
. 69 i
5. = +3° 6720
1c 777 !
14,0




slewxb‘“ @N‘H
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TABLE 10. MULTICYCLIC FLAP SYSTEM, SURGEN MODEL 6 VS 6F AIRLOADS
4/Rev Bending
Pylon Load Moment
A0-Deg B1S-Deg A1S-Deg +/- Lb +/- In -Lb
Case; 6F SURGEN | 6F SURGEN| 6F SURGEN| 6F SURGEN | 6F  SURGEN
K7 '12.34 12,45 |7.78 7.99 [|-1.79 -1.78 { 237 248 3270 3480
k9 113.70 13.7% |6.51 6.64 |-1.40 -1.42 | 242 196 3825 3700
L0 {13.75 13.83 |6.63 6.63 {-0.35 -0.31 | 144 166 3505 3435
L1 117.08 17.03 | 4.10 3.93 0.25 0.23 | 289 277 4670 4650
L2 {16.64 16.69 |6.28 6.39 |-0.05 -0.02 | 204 238 3600 4140
L3 115,32 15.33 |5.37 5.22 }-0.06 0 217 191 3810 3945
L4 (15,21 15,18 {7.62 7.96 (|-1.41 ~1.49 | 116 189 3550 3525
L8 {15.19 15,19 |5.00 4.93 |-2.20 -2.16 | 212 176 4150 3995
L9 [15.51 15.50 |5.64 5.67 0.99 1.02 | 272 223 4575 4335
MO 113.67 13.71 |6.38 6.23 |-2.50 -2.46 | 147 142 3635 3599
M1 {13.71 13.75 |8.21 7.69 2.83 2.92 | 373 183 5230 4510
M2 113.31 13.35 |9.93 9.78 1.50 1,53 | 236 190 3415 3440
M3 [12.58 12.59 [7.97 7.75 (-4.13 -4.11 127 135 3625 3650
M4 {11.83 11.84 [6.21 6.58 |-3.85 -3.89 | 360 313 4700 4505
M5 {11.81 11.85 |8.54 8.76 {-4.23 -4,25 | 317 126 3905 4005
M6 {14.58 14.46 |8.49 8.02 ({-0.39 -0.32 | 148 137 3545 3510
M7 114.59 14.47 |8.47 7.85 |-1.52 -1.49 | 204 135 3995 3535
M8 114.48 14.38 |8.23 7.67 |[-2.49 -2.49 | 120 126 3535 3500
M9 |14.75 14.66 |8.78 8.17 0.60 G.68 | 257 149 4435 3820
NO {13.77 13.84 |6.26 6.27 ({-3.65 -3.70 | 162 133 4190 3845
N1 113.95 13.91 |8.95 8.79 |-4.06 -4.03 | 163 148 3630 3575
N2 [12.03 12.99 [9.29 8.95 |[-2.81 -2.84 1132 130 3230 3190
CZ/O = ,090
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A review of the harmonic content of the blade root shears used to cal-
culate the four/rev pylon excitation indicates that the largest component
is contributed by the five/rev in-plane component. The final item to
note is that for the cases with low pylon loading, the blade local angle
of attack reached a peak in the .6 to .7 nondimensional blade station
area. For the majority of cases the maximum angle occurs in the inboard
region of the blade (.4) and is reduced toward the tip. This indicates
that dual control inputs can produce the ideal torsional shape to reduce
rotor parameters to levels not possible with the single input.

When it was found that a reduction in vibratory pylon loading could be
obtained with only the addition of second harmonic, a cursory check was
made of the combination of second and fourth harmonic on this parameter.
Trim case B9 which had the minimum pylon loading (+73 1b) was repeated
with four combinations of four/rev sine and cosine components. For these
four cases investigated all of the rotor parameters exceeded the values
obtained by the original case (Table 11).

In addition to Cz/c of .090, 23 cases were trimmed at 12500 1b (Cz/o =

.098) of rotor 1lift. A1l of the cases at this load level had fiap control
inputs selected to correspond with cases at CZ/G of .090 to permit direct

comparison of the two load levels. Table 12 is a listing of the trimmed
pitch horn control and rotor parameters at this disk loading. The first
ten cases selected at the higher rotor loading were those with the lowest
pylon loadings to date. All of the parameters except pylon excitation
exhibited an increase; it displayed a random pattern of nonuniform in-
creases and decreases. The remaining cases run were grouped at increased
but similar pylon loads to ascertain if a trend could be noted at each
level. The resultant pylon excitations were randomly scatiered and in-
dicated no discernible pattern.

A check of the cases at 12500 1b rotor 1ift (Z7, B9) that correspond to

the optimum area at 11500 1b reveal that all rotor parameters are within
the acceptable range defined for the CTR, Since no attempt was made to

model and optimize the dependent variable at 12500 1b, the values shown

may not be the minimum obtainable at this disk loading.

An attempt was made to expand the model by making gross weight a dependent
variable. This effort was not successful because of the sparsity of data
at various levels of gross weight.
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TABLE i1. MFS CONTROL STUDY, EFFECT OF FOUR/REV FLAP INPUT ON ROTOR PARAMETERS

9

FZ = 11500 1b CZ/G = .090
F_ =307 1b 2R = 613 fps
= 120 kt
Flap Input - Deg
Bending Max. Blade
Pylon Moment Local Angle
s 5 5 s s s 5 Excitation In -Lb of Attack
1c 2s 2¢c 3s 3c 4s 4c +Lb Horsepower p/p Deg
-4 -2 2 2 -2 0 0 0 0 73 764 6440 13.2
-4 -2 2 2 -2 0 0 +2 -2 404 798 7520 15.0
-4 -2 2 2 -Z 0 0 -2 2 282 807 89060 13.8
-4 -2 2 2 -2 0 0 +2 0 280 775 6970 13.8
-4 -2 2 2 -2 0 0 -2 0 195 797 8240 14.4



TABLE 12. MFS CONTROL STUDY, SUMMARY OF TRIMMED CASES

LY

F, = 12500 1b C,/o = .098
V =120 kt uo = .333
QR = 613 fps
0P
Flap Inputs - Degrees Pylon Bending Max. Local -Pitch Horn Input
Excitation Moment Angle of Degrees
DIS DIC D2S D2C D3S D3C +/- 1b HP +/- in -1b__Attack-Deg AQ BIS AlS

-4.0 -2.0 0.0 0.0 -2.0 -2.0 -2.0 283. 807. 2710. 15.0 14.25 10.36 -1.03
-4.0 -2.0-2.0 2.0 -2.0 0.0 0.0 255. 787. 3260. 13.2 14.26 10.09 0.15
-4.0 -2.0 0.0 2.0 -2.0 0.0 0.0 189. 790. 3070. 14.0 14.16 9.88 -2.08
-4.0 -2.0 2.0 2.0 -2.0 0.0 0.0 139. 813. 3370. 15.3 14.28 9.93 -4.36
-2.0 0.0 0.0 -2.0 -2.0 0.0 0.0 256. 784. 5575. 15.1 15.90 6.85 1.01
-4.0 0.0 2.0 0.0 -2.0 0.0 0.0 135. 760. 3920. 1.4 13.96 7.38 -2.64
-4.0 2.0 0.0 0.0 0.0 -2.0 0.0 126. 780. 3820. 13.9 14.80 7.11 -0.46
-2.0 0.0 0.0 2.0 0.0 -2.0 0.0 150. 814. 3730. 16.3 16.60 8.57 -1.75
-6.0 2.0 2.0 2.0 0.0 -2.0 0.0 190. 840. 3695. 17.3 14.21 9.20 -4.51
-6.0 2.0 0.0 2.0 0.0 -2.0 0.0 174. 824. 3215. 16.5 14.09 9.19 -2.19
-2.0 -2.0 0.0 0.0 -2.0 0.0 0.0 177. 756. 3840. 13.4 15.37 8.57 -0.50
-4.0 -2.0 2.0 0.0 -2.0 0.0 0.0 188. 767. 3365. 12.0 13.86 9.48 -2.97
-4.0 2.02.0 2.0 0.0 -2.0 0.0 146. 807. 4360. 16.0 15.06 7.06 -3.93
-2.0 -2.0 0.0 -2.0 -2.0 2.0 0.0 789. 807. 7410. 18.4 i6.15 9.29 0.94
-4.0 -2.0 0.0 -2.0 -2.0 -2.0 0.0 310. 794. 3970. 14.5 14.20 10.31 0.21
-2.0 -2.0-2.0 2.0 -2.0 0.0 2.0 304. 783. 4690. 13.8 15.70 8.90 0.54
-2.0 -2.0 2.0 -2.0 -2.0 0.0 0.0 226. 757. 4360. 14.1 15.38 8.55 -1.57
0.0 0.00.0 0.0 0.0 -2.0 0.0 150. 785. 4000. 12.7 17.52 6.43 -0.13
-4.0 0.0 2.0 2.0 0.0 -2.0 0.0 231. 871. 3950. 18.9 15.93 10.62 -4.56
-4.0 0.0-2.0 2.0 -2.0 -2.0 2.0 257. 798. 4945. 14.4 14.45 8.19 0.30
0.0 0.0 2.0 0.0 -2.0 -2.0 0.0 381. 797. 4975. 10.8 17.04 4.78 -2.18
-4.0 0.0-2.0 -2.6 -2.0 0.0 0.0 594. 820. 6995. 17.5 15.00 8.71 2.94
0.0 -2.0 2.0 0.0 -2.0 2.0 0.0 491. 761. 5215. 13.8 16.89 7.05 -2.38



)

CONCLUSIONS

For the limited scope of this study which was restricted to a four bladed
?ual contrgl rotor at one gross weight (11500 1b) and one forward speed
120 knots):

1. The addition of second hurmonic flap input reduced the four/rev
pylon excitation loads 40 percent.

2. Third and fourth harmonic flap inputs appear to negate gains produced
by second harmonic input.

3. In general, five/rev in-plane root shears prodice the largest com-
ponent of pylon excitation.

4, Results of modeling of rotor parameters and pitch horn controls

produce excellent trends and good correlation with only a small
percentage of cases trimmed.

RECOMMENDATTONS

Tnis study should be expanded to ascertain the effects of the following:
1. Analytical

a. Gross Weight

b. Four/Rev

c. Advance Ratio

d. Number of Blades

e. Can Models be Expanded to Include Gross Weight and
Advance Ratio

2. Test Verification of Analytical Results
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APPENDIX A

LISTING AND EXAMPLE RUN OF BASIC PROGRAM TO CALCULATE
RCTOR PYLON EXCITING LOAD "SHEAR"
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MFS STUDY
CALCULATION OF PYLON EXCITATION FORCES
CASE 27 F, = 11500 LB, V = 120 KT

PRGORAN"*SHEARE® « RP CTSF
FESTLVES ELACE RIST SHEARS T"NT3 PYLON EXCITLTION FIRCES

FLUS
SHEARE

DRIGINAE PAGE 18
0k POOR QUALITY

CASE TCENT s ?233C1 27

CG YGU wWisSHA TS TAEULATE RFESPUNSES CY 3R N) ?Y
NUMEER 3F FLADES 74
TNPUT CIEFF CTENTS AS FoLLowsS 1

VEFT:CAL 4 P REAL 73
VAL 712 ) |
IN-PLANE 3 P REAL 7-16 "pnGlNN' /
THEG =2 : Wity ot
S P REAL 724 ) @l—w'
TUARG 2«2 ’ Y
PHASE VERT FaA LAT RESWLT
15 “eB32193 2067055 13.3843 £4,6668
30 © 13,6077 =40, 965641 4343657
45 ~2544558 «5645685 S.65686 6242896
6C 35,5692 «69.262 167181 776866
75 43,5586 «TTe£T4 «3.58629 «BB 4631
90 «48 ~80. ©7099998 ©93.6376
1¢S5 49,4703 ~T7eC741 11,8685 9265173
120 «4745692 69 .2621 «14,9282 8553563
135 - df ¢ 4265 5645686 <1649706 ©72.7188
150 ~34,3924 «4Ce GO0} 1768564 =55.6929
165 ~2440145 =2Ce 7657 ©17+5254 “36¢2293
180 =12.0C01 «1s79763E=C4 <16o ~£0eCC01
195 +832C83 67053 - «13,3843 «2406687
10 13.6076 3949998 «9,85645 4343855
££5 2504558 5645684 ©5.65669 6242895
£40 3505691 69.2819 «1.C7186 “77.8664
£55 43,2585 TTeET4 "3058624 ‘886309
50 48 6 8Ce 7699994 93.6376
€65 . 4944703 TTeET 41 116665 9245173
300 . 4745693 69 42852 14.928¢ 653564
315 AZ 44265 5645688 1609705 7£.7189
330 34,3924 40406002 17.8564 550693
345 24,0146 207059 175254 362294
360 12.000¢8 2.5952TE=G4 16, 20.0002

KUE VIERATORY 4 PER REV SHEARS

vfX RESULTANT = ¢ OR = 936376
#HEX VERT 8 ¢+ OR = 49,4763

MEX F 6 A B ¢ SR = BGe

MEX LAT ® ¢ GR = 17.8564

TN PLANE RESILT = ¢ R = 8Ge399
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RIGINAL PAGE 13
it POOR QUALITY

APPENDIX B

FORTRAN LISTING OF SURGEN

This program for use of IBM 360/40.,

“MODEL" is the form of Equation (4).
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AN vy
‘ A oo
y\‘r,‘.
0S5 FORSeAN IV J6ON-FO-4T9 23-bh MAINPGM BAY L GarOLITH Tive 1V.15.40
AVRLY REAL MY
02 DIMERSTON 282003158 o FE250945 1, %1065) 4V L4),

1 QUadsdhde PUAYH4) 4GHIGAYoBLALY  ANSLIGG)
2,103156200,415)
34HEADE2O1 VETLES(15,5)
nead S FNPHMATELHY o //// 110X, 2SUNSENSeex GFNLRATES A RESPONSE MATRIX T FLY
1 A SET OF DAYA PDINTSe//)

¢t
[$2a 13 RELI(L4505) HEAD
J5725 509 FCAMAT (20840
0)e REAUIL 910) NOATPT oNCNLS ¢NVARy TLEFT , NMRD
RRBY REAG (L o51050(TITLESEE Jb ¢Jal o504 1=, ILEFT)
[ ‘
c "
[4 NOATPTY = ND OF DAYA PCINYS (CASES)
A NO OF COLUMNS TGO NE AEAD
[4 NVAR = NO OF VARIABLES TO BE FIT
c TLEFY = NO OF 1TEMS YO BE MODELLED
¢
c
0008 510 FORMAY(8(S5A2))
0309 NCTL 7
2010 1F( N#0D .EQ. 2) NCTLed
c
¢ NMOD = )
¢ MODEL]1 = MULTICYCLIC CONTROL THRU THIRD HARMONIC
c NMOD = 2
A MODEL2 = CTR DO,01S,.01C
c
oottt 10 FORMAT{BLI10)
aol12 INDE X=al
0913 KOUNT=0
0314 DO 20 t=1,NDATPY ’
0915 20 READ(L 4309 (L0450 eJnloNCOLS)
Jlls 30 FORMATIOFL0.2)
0917 0O 25 I=1,NDATPT
ools DO 25 J!=1,NCOLS
QX9 25 INRIGIT o d) =2(1 )
0020 I1=NDATEY
0J21 12=NCALS
0322 NsNYAR
0323 Ni=NVARe1
0324 N2=NVAR®2
0325 35 DO 31 1=1,NDATPY
2526 D0 31 J=1,N2
0a27 3 FllyJ)#1.0
228 WRITEL3,5)
0029 WRETE(3,516)
0330 516 FORMAT(//)
0231 Wl TF(3,5G5) HEAD
1582 GO 0 {43445}  NMOD
3333 40 CALL MUDELI(F 2ZCRIG,NDATOT INDFX)
00246 GO YO 46
0335 45 CALL MODEL2(F 42ORTG (NDATPT { INNFX)
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DS FORTLAN Ty
YN

R E]

ERR
NAUR

1294
a29%
[ARET Y
ny9Y
J098
»ia
9100
ulol
0102
0lad
0104
0109
2106
0107
o108
aiQ9
ot
0111
22
o3
dte
119
olle
N1y
o118
otio
0120
0121
ot22
0123
i«
es
0126
J127
2128

0129
bARD]
M
DAY
Q133
236
01235
PARTY
2137
138
0i139
3140

1At
1142
014
J164

0teh
0146

SGIN-F =419 d=6 MATNOM

P75 S IPMATEL b0 g 3740 FST VALUE® X t D11 CRERCTE g X PPERCENTY 4K, DY,

ISR ARTLR FARITSY])
G T et
Ldl vl TU (1845 4

LY FO AT ELHO QAT PEST VALUEY oAk o Y DIFFERENCEY 4 (P PEICENTI 4K, 200,
UR PR ARTE PRSI Y PRNIFALEUE FRIAAIANI) PRI DUPR ) PN KIANA]

1RT 12+7,0
DO 18D Jal JNDATPY
£820.0
NN 190 11 ,Nt
190 Sa«SBeFtd,()onty)
Y2220 (R (dyN2)-ST7/721) 002
SO=S5a-F ( 44 A2}
10=500160. /% (JgN2)

WRITEC3,2000 JyF (JoeN2 1 oSO oS00 Z0,(20RIGIS¢IINySIm1,NCTL)

180 21Jy1) =50
200 FOUMATEILO W 20.2,2F15.3,F10.3,7F8,2/)

210 FORMATL/// /77 420X e *ANALYSTS OF RESIDUALS®)

NIFRO«NDAT PT-1
N0 250 I~] (NLERC
M=
MMl ey
DO 260 J-MN NDAYPY
IEEZIM 2 1-20d410) 260,260,210
270 Mwy
260 CUNTINYE
1F1% .20, 13 GO YO 250
PY=liMsL}
[ALTIREFAS N Y
il 1)=pP¥
250 CONTINUE
$20,.,0
§2=0.0
00 280 1=} (NDATPY
SaSe2tt, 1)
200 S22S52¢2(1,L)002
Mie§/21-
Ve(ltleSa-SeSh/q2 el ~t,))
0 =SQRY V)
WRITE(3,300) SeS24MIoV,D

300 FORMATA2OX ¢ SUM F15.4/79X o *SUM OF SQUARFS?F15.4/13Ke *MEAN VALUEw®
1 F1S.447 15X e*VARTANCERS G F1S .4/ 45X ¢ 'STANDARD QEVIATION=® FL&,4/)

DU=SQRYLIMEI/B(L))es2)
TFINU-.01) 1524340,340
160 B(1)=8(1)~¥1
CONSTLsCONSTL-NE
€ TD Ta5
150 R-4RTEL.~S2/72)
3T0 FORMATIS X *MULT CCRR COEFF=*F&,3/ )
WRITELD L3700 R
WHITE(Y,380)
DO 400 1=l (NDATPY
RRR L
TEND=(RRR-,5)et 00721
400 WITTT(3,410) 20410, 7END
w10 FNRMATI2F1S,.3)
IFIRDURNT=TLEFRT) 35,420,420

380 FORMATL20X*CUMILATIVE DISTRIBUTLON® /10X, °X®, 10X, *CU% PERCENT®

U 721X, °0F POPULATION' /)
420 CALL EXITY
END
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035 FORYAAN [V A6ON-FO-479 3-6

723364
0337
001
nni9
RIYLT)
004t
0342
V043
0044
034%
[VBLY .Y
oY ]
o048
0049
0350
0951
0052
n153
N054¢
' 0058
N0%e
0057
0058
0059
0060
0961
0062
0963
Q064
0065
DREY
Q057
0068
0069
0070
0071
0or2
0073
0074
Jors
Q0Ts
0077
0079
0079
0080
0081
ova
0083
0384
00a5
0J86
ooay
0068
n0ag

46

32

14

36

55

70
90
a0

60

110
100

120
130
140

145
150

160
170

HATROGM DAY E 04/0K7T6

K UNTROUNTe]
D" 32 t=l4Ml
D 32 SN
QUlyJ1=0.0
PilyJ)=0,0
DO 36 Tl Ay
Yil1)=0.0
B8(l1=0.0
N0 36 =1 ,N2
X(1)=1.0
DO §5 1=] JNOATPY
0N $5 Jsl JNCNLS
21,31 =iCRIGHL 4 J}
$520,0
$650,0
$7%0.0
D0 6C L=l NDATPY
00 70 I=24K2
XU =FiL,0)
DC 80 1=1,M
DO 90 J=1,N1
PLEd) =Pl d)eX(T)ex( )
YUI)=vqL)e XEL) o (N2}
STaSTeX(N2)
S§5255¢ K (N2 )#XIN2)
MIsP(l4t)
$2=¥{1)
00 100 T2 ,N1
st~}
S1=P(1,1)
S3=Y¥(1)
Se=P(l,41)
A=MI#S3-51 852
BBa{M[$55-S1 651 ) ¢{MI*55~-52852)
RATIO=A/SQRT(AB)
ROUND = {(RATIO®1030.4.5)71000.)
WRITE(3,110) [ ,RCUND
FORMAT(5Xy *FACTOR® o 13,5%, *CORRELATION®®yF6.3)
GUlIl)=A
CALL MATINVIP,Q,CoNGoH1)}
CALL MTRXMPINL ¢N1 o1 ,QoYeR,00
WRITE(3,120)
FORMAT(/420X,*COEFFICTIENTS OF REST LINEAR FIV1/)
DO 130 I=2,NL )
ANST ()= ((311)41000.¢.5) 710004}
WRITEL3,140) (ANSICID4Fa2,N1)
FORMAT(&4(9FL4.4/))
CONSTL ™ ((B(1)e1000.¢.5)/1000.)
WRITE(3,150) CONSYY
FORMAT(LOX y*CONSTANY TEAM=Y ,F10.4//) .
WRITE(34160) (TITLESIKCUNT (J)4Jd=x1,5)
FOAMATE20K +* TABLE OF RESTDUALS®/ 5%, "POINT NO?®, 7X, 5A2)
GO TO(181,170) ,NNCD
WRITE(3,175)
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Ry A \)5"

’\\ {;
N pook
;)

ONS FONIRAN LIV YOON-FO-4T9 13-4 VATINY PAYE 047206776 T INE
PRRAY SLARGUTTNE MATESY LA,3,¢, NGy NRAY
thlakd DIMINSION AlLGQ i ol bCHEaa) s 10T  Lat) e Bl&Qbohte)oClAbebd), Fladh
0003 NG =0
004 N«NRA
RRAL MaNel
Y006 N0 7 Usl N
307 TROWIT
1398 tcotityt
9309 nn T JdsiN
2010 T ALy J)=AL o)

Mt 00 20 Kal,N

012 AMAX S (K, K) ¢
J0t DO 10 tak,N

A4 00 10 J=K,N

oS LFCARSEO (N 3 J) }~-ADSTAMANDNL0,49,9
0d16 9 AMAXSB(L,44)

0ot7? ICat

0010 JC=y

0019 10 CONVINUE

8020 K121COLIK)

0221 1COLIRE=tCCLETC)

0022 [coLerc) axtg

0022 KI = (ROW(K)

3024 IROWIKI=TRCWIEIC)

032% TROWCUC ) =k T

1026 TELANAXILY 412,110

00?7 12 Ni;=9 .
1328 GO YO 30

3029 11 DO 146 J=1,N

3230 EaRiK,J)

201} AR, S)uREIC, S}

3032 14 B{LCJIE .

9033 DO 15 IwiyN

J014 ExB il K)

3035 BOLK) 5B (L 4JC)

Q036 15 8¢, 4CH=E

2337 00 16 I=l4N

0038 IFIT=-K118,17,18

0039 L7 Fili=l

3040 GO YO 26

[PV § 18 FLlt=Q

V342 16 CONTINUE

00643 PVT=B{K oK)

M VY DO 8 Jsl N

J245 8 BUKyJ)sAIKJ}/PVT
MATYY FAKY =l IK) 7 PVY

0467 0 19 I=Y,N

0968 IFLI-K121,19,21

2049 21 AMULT=B LT, X)

50 DA 22 J=l,,N

RALES 22 DLl ) B 2 II-ANULT ¢R LK d)
52 FLIwE (L )-AMULTOEIK)
J053 19 CONVINUE

JOS¢ 00 20 kel,N

nO% 20 BUTK)=FLDY

“Yab NN 25 Tal,N

0057 DO 24 LE1,N

UO8A TECTRIWELD-LD 24423924
234%9 24 CONTINUE

0360 3 NN 25 Js1yN

AD5) 2% Ctled) =ity o9)

16?2 no 26 d=LyN

0063 NN 28 Le=1,N

0264 LELICOLEII=L) 28429429
N65 28 CONTYINUE

20066 29 DO 26 131,N

Q0467 26 041 L) C I 4J)

oo6h 30 REVURN

0969 END
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DY FIRTRAN

).
e
2253
e
E L)
L. 06
2207
"I0R
3209
7310
0511
0512
9213
0314
015
n210
217
UM )
0319
0120
0J21
2322
2323
0324
0325
2325
0227
n:28
0J29
<30
0331
d)32
3333
0334
035
03136
37
€Jas
2139
Q40
0341
qJel
0263
046
3345
a6
GClal
[7RLY.
)69
0250

<51
2352
0353
7154
5%

-

(V IEIN-FO-4T9 3-b

N re

10

20

SLBA THITNE MONELL{r o7 HTATPY, INDFX)

“oneLt

DIMENSTONY FLE2D0045) 97 (20G0,15)

GO TOGLe2) oINDEX
X =0
N0 10 ts1,ADATPTY
FULL 2)=241 41}
File ) =211,42)
FLLoa) =21 43)
FULSh a2l o4}
FLLyb) =201 49
FileTh=LU] 46)
FLLoBYS2(1,47)
FUE,9)=1(1 o)) 002
FUL L0 =200 2 007 (0,2)
FUI YWY =20102) %701 43)
Fllol2)=201L L0821l %)
FLULLYIDI=20T43002101,5)
FI1414)23201,1)870(1,46)
Fllylod=2(t,1e211,7)
Flilolo)=7(142)ve2
FAT L7200 42)07t1,3)
FATWIRI=T(T 4210201 ,4)
FLi.10)=2(1,2097(1,5}
FllLo2Chs2(1o2)82(1,46)
FULy2L)R200,2)0781,T)
FL1,22)al(1,3)ee2
FULo23)=2(193)% 21144}
FILy24)=741,3)82(1,5)
FULe25)=210043287(1,6)
FUT250=7(1,3)82(1,7)
FIT 27 =2(T,4)8¢2
FULo2BI=2{Y94) el (]s%)
FLULe29)=2(Ls0182(146)
FUI2303=2{140)02(1,7)
FU1,31)=2l1,5) %82
FUlo320=201,51%21146)
FUle33)2201,5)82(1,T)
FLl4340=2(146)¢e2
FU1435)=701,6)82(1,T)
Fil436)2211,T)es2
F(1,27)=201,415)/710000.

Flle28)=7L10151%2(141)/1000).
FOI,290=200,15)%241,2)/30000,
FALohO)=Zllol 50201 ,433710000.
FlloaV)=711415)971144)/10000,
FUloa2Y=2(T415)%2(1,5)/10000,
FOToh3)2201415V2201,6)710000.
FUloald=2(14,35102(1,47)/10000.

INDE X=2
K=kel

OATE 04705/74 VMg

» {GINAL ?A@@}%
., pOOR QUALITY

SEVEN IS THE NN. CF CONTRCLS DF SERVD SLAP

N=Ke?

D3O 20 1=1NDATPY
FALea51=211eN)
RETURN

END
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D15 FOTRAN

73314 SUTINUTLRE MOAFL2UF 7o NDAYPY, INDFX)
[s B ¥4 019 NSTON FL207,4%) ,21200,15)
0¢33 GO TQ€L 20 oINOER
09%% 1 X=0
0325 2 00 10 La1,NOATRT
0236 Flle2)nlil ot}
0L FUl, 3l 2)
02338 F(lobada2 (1,3}
2029 FLl 5)alil )
a210 Fil,6 a4l ,1) 002
011 FUl,Thalll 420002
g3i2 Fil RYal(]l sY) 002
0213 FUL,9)alll 48) 002
QoA FULGlOD=200,000200,2)
a91% FUL AL =LUL ol )02 (1))
0316 Fllol20a2lle200211,4))
o0t7 10 FUl 13 )=2tioldo2tl,2)0201,0)
0018 INfE X2
019 Kwkel
[4 THAEE IS VTHE NN. CF CONTRCLS OF SERVO FLAP
0020 N=K+3
0021 DO 20 1~14NOATPY
on22 20 FIL, La)slil N)
0023 RE VAN
0024 END
' 3 }%:S}Yklixx
1hy ()—
Eﬁfk"
ONS FLEINAN TV J60N~FO-4T79 3-6 MY RXMP DAY 04706714
371 SURRPUTINE MYRXMPENCGA yACANG P, Ay B CoNDTAT)
e DIPZLSTON Aldd %) Biaa l8eClabeldd
0a {FINOTAGIN 00,120,340
[« 100 00 11D =] ,NRA
AN L] 0N 119 =1 ,NCA
PL R 110 ALL (JY==A(T 0 J)
07 RETIEN
nnsgg 120 DO 130 1=) 4NRA
3139 00 139 J=] ,NCB
0012 Ctled)=0
outlt 00 130 K=l (NCA
012 130 CHL I =CUT o D) oA{T K)SDIK,J)
0011} RETURN
0014 140 DO 150 U=l (NRA
0015 00 150 J=1,NCH
0016 150 CHUY,Jdd=All y1)OBLT,J)
0017 RETURN
0018 END

IV J6ON~FO~479 -6 “OPDEL2 DAYE 04/70671h
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APPENDIX C

REPRESENTATIVE VARIABLE INFLOW, CZ/G = ,098
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09

i iy

+ s e pn o

y . RS VN :
R Y L S Y L L L A VIR A N

L I VO Ve e R I Y I VN
W

LHECK

12.39

-3.22
-2.10
~2.%9
-5.31
b TR
-Zel™
-2.27
~2.5&
~5.61
-5.,27
et T% 24
-3,60
=le?
~2.48
-5.95
-%.28
~4.3>
=3.07%
~2e63
~1e33
=-3.27
-5.27

~well

.
POINT

53,60

=397
~2.36
-2.21
-3.33
~1.97
~T.17
~6.10
~5,29
~6o.96
-4.57
~4.06
~3.93
-3.81
~3.87
~3.55
~4.13
~4¢450
-4e70
-4.27
~3.82
-3.26
~2463
“1.77
—-3.P8

LaAMBDA IS
1 TAREN.

67.20

~4.15
2445
-3.36
-2.95
~5.40
-6e 52
=5.51
-5.C9
-4,.88
“8,.62
-3.99
-3.51
-2.97
~heil>
-4.05
-4%.01
-3.89
-3.73
-3.5¢
-3.59
-3.315
~2.93
-2.20
~2+03

10C.80

~he43
-2.992
-3.36
-6.19
~-£.91
-5.61
~5.02
-4.94
—4.54
~3.93
~-3,97
-4.08
~4.,18
-4.20
-t
-3.93
-3.76
~3.59
-3.38
-3.04
-2.30

0.10
-5.63
-%.23

134.40

~2.35
-2.08
-10.34
~7.10
-6.07
-5.13
%91
~4a74
~4%.01
~3.98
-4.16
~%.30
~4.25
~3.94
-3.67
-3.53
~3.69
=351
-3.52
=304
~3.18
~2.64
~2.35
~6.52

TABLE vIlI,

168.00

~1.80
=2.49
~Be49
-6.29
-5.71
~6.90
~4.90
-4.20
-3.97
-4.23
~4.39
~3.95
~3.34
-3.,06
~3.06
~3.,09
-3.17
~31.32
=-3.54
-3.68
-3.59
-3.21
~2.23
—hob?

RADIAL
201.60

=1.40
~6.87
~T7.50
=5.9%
~5.51
~4.83
-4.69
~3.95
~%.28
~6438
-3.30
-2.78
-2.87
~2.97
~3.04
~3.08
-3.08
=3.13
~3.40
~383
~3.85
=3.5%
~2.90
=203

VARIABLE INFLOW
LANBDA x 100 ¢

STATION
235.20

~3.06
~6.77
~6.98
~5,78
-5.3¢
~4.94
~4.12
427
~4.18
~2.468
-2.68
-2.89
~3.02
-3.12
-3.18

-3.1% ;

~3.17
-3.10
~3.20
~3.B7
~%.02
-3.7¢
~Jel7
~1le83

252.20

~6.18
~T7.58
-6.81
~5.7%
=529
-4.97
~8.04
=405
-2.88
~2.52
~2.81
~2.99
-3.10
-3.18
-3.22
~3.2%
-3.22
~3.14
~3.11
-3.82
~4,09
-3.77
-2.26
=-le91

Cz fo =

,

275.00

~5+39
-8.52
-6.64
-5.72
~5.22
-4.85
~&.30
-3.22
~2.35
-2.72
=295
-3.08
=3.16
-3.21
-3.2%
-3.27
-3.28
-1.19
=-3.06
~-3.61
-6.18
-3.83
~-3.38
~2e04

RCFERENCED TO SHAFT PLANE AND IS POSITIVE UP THROUGH ROTOR

.098

280.00

~5.18
~8.58
-6.62
~$72
-S5.21
-4.81
=635
~2.86
~2.38
-2.76
-2.97
-3.,09
~3.16
~3.22
-3.25
-3.27
-3.26
-3.19
=3.06
-2.57
-4.19
~3.84
-3.40
-2+06

304.53

~3.86
~B8.55
~6.50
~5.715
-%.21
~hobs
~3.32
~2.16
-2.,68
-2+%53
=3.08
-3.13
-3.18
=3.21
-3.26
-3425
-3.26
~3.19
-3.08
~3.18
~4.26
-3.491
-3.57
-2.43

309.50

-3,72
-8.52
~6.69
-5.76
-5.22
“~ha.82
~2.86
-2.21
-2.71
~2.96
-3.0¢
=3.13
-3.18
~3.21
~-3.23
=3.24
-3.24
-3.19
~3.05
-3.13
-4.26
-31.91
-3.60
~2e49

31%.20

-3.45
-8.42
-6.47
-3.79
-5.28
%3
-1.5828
~2.37
-2.78
-2.98
-3.08
-3.16
~3.15
-3,
-2.22
~3.23
-3.,22
~2.17
-3.04
~2.58
~%.27
-3.93
-3.48
-2.67

Ay

~

325.92

-3.31
~Bo35
~6.46
~5.82
~%5.33
~oesD
“leT%
~2.46
~2.82
~3400
-3.09
~3e195
-3.18
-3.22
-3.21
~3.22
-3.22
-3,16
-3.03
~2.39
~h.20
-3.96
-3.73
-2.78

¥
€

L o)
T,

L&
\

336.09

-3.17
~8.25
~6.45
-5.5%
=S5end
-3.81
-l.88
-2.57
-2.88
-3.92
-241%
-3.15
-3.1
~3.22
-3.20
-3,22
~2.18
-3.14
-3432
-2.E1
—-h.26
=38
-2.72
~2452
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APPENDIX D v ¥

BASIC LISTING OF MODEL4

This progran was used to test all flap input combinatins used in our
study. Only those control settings that met our criteria &y printed
for further consideration,
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MODEL_USED TO DEFINE CONTROL INPUTS FOR
VIBRATORY HUB SHEARS

READ A0, Al, A2, A3, A4, A5, A6, A7, A8, A9
READ BG, B1, B2, B3, B4, B5, B6, B7, B8, B9
READ Co, C1, C2, C3, C4, C5, C6, C7, C8, C9

READ DO, D1, D2, D3, D4, D5 S
FOR 1=0 TO -6 STEP -2 s PO

FOR J=2 TO -2 STEP -2 L g‘mﬂ’-
FOR K=2 TO -2 STEP -2 - pooB

FOR L=2 TO -2 STEP -2 o

FOR M=2 T0 -2 STEP -2

FOR M=2 TO -2 STEP -2

FOR 0=2 TO -2 STEP -2

Z=RO+AT* T+A2* J+ AZ*K+AAXL+AS*MEAG¥N+AT *O+ABT I * [ +A9* ] *J+BO* I *K
Z=Z+B1*I*L+B2* ] *M+B 3% [ *N+B4*I*0+B5*J*J+B6*J*K+B7*J*L +B8*J*M
Z=Z+BI*J*N+CO*J*0+C1 ¥ K*K+C2*K*L +CI*K*M+CA*KAN+C5*K*0+06*L *L
L=Z+CT*LAM+CBAL*N+CO*L*G+DO*M*M+D1 *M*N+D2 *M*0+D3*N*N+D4*N*0+D5*0*0
IF Z2>200 THEN 130

PRINT USING 120; I, J, K, L, M, N, 0, Z

IMAGE 7(2D, 2X), 40, 20

NEXT O

NEXT N

NEXT M

NEXT L

NEXT K

NEXT J

NEXT 1

PRINT LIN(2) ~
GOTO 5

REM ROOT SHEAR

DATA 410,52,34,11,52.35,-5,79,25.77,8.03,53.59,-6.14,5.5,8,75) Coeff

DATA 6.07,7.06,-7.71,-1,714,-2,927,-7.27,7.18,-3,31,5.35 as

DATA 11.04,3.09,-6.48,10.76,-13.4,-1.93,9.28,1.49,-1.8 calcu-

DATA ]3017’-]80 7., ,-} 3.29"’.56’3'48,400 78’-] ., 026,2] 003 ]ated
by
SURGEN

Note in Statement 105, hub shears are limited to values below 200 1b,
i.e., only those control inputs yielding shears in this range are
printed out.
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LIST OF SYMBOLS :f"«’-oogg
a generalized coefficient
AO cullective pitch horn input, deg
A1S lateral pitch horn control input, deg
B1S longitudinai pitch horn control input, deg
BM out-of-plane bending moment
Cx fore and aft rotor force coefficient, positive forward
CZ vertical rotor force coefficient, positive up
CTR Controllable Twist Rotor
Fx fore and aft rotor force, 1b
Fy lateral rotor force, 1b
FZ vertical rotor force, 1b
GW helicopter gross weight, 1b
HP rotor horsepower
MFS Multicyclic Flap System
q bending displacement, in.
R rotor radius, ft
r distance from rotor hub to a blade station, ft
Rvib vibratory pylon exciting load, 1b
) airspeed, kt
Y any of the five rotor parameters of the MFS study
o angle of attack of blade element, deg
O ax maximum blade section angle of attack, deg
B flapping response measured up from shaft plane, deg
$ total flap deflection
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% LIST OF SYMBOLS (Continued)

zero position for the flap, deg

sine and cosine n-th harmonic flap control input, deg
lag angle, deg

number of iterations to converge in aeroelastic trim program
blade feathering displacement, deq

blade elastic twist displacement, deg

built-in blade twist, deg

inflow - ratio

advance ratio

rotor solidity

blade azimuth position, deg

rotor rotational speed, rad/.ac

rotor tip speed, ft/sec

64



	0001A03.tif
	0001A04.tif
	0001A05.tif
	0001A06.tif
	0001A07.tif
	0001A08.tif
	0001A09.tif
	0001A10.tif
	0001A11.tif
	0001A12.tif
	0001A13.tif
	0001A14.tif
	0001B01.tif
	0001B02.tif
	0001B03.tif
	0001B04.tif
	0001B05.tif
	0001B06.tif
	0001B07.tif
	0001B08.tif
	0001B09.tif
	0001B10.tif
	0001B11.tif
	0001B12.tif
	0001B13.tif
	0001B14.tif
	0001C01.tif
	0001C02.tif
	0001C03.tif
	0001C04.tif
	0001C05.tif
	0001C06.tif
	0001C07.tif
	0001C08.tif
	0001C09.tif
	0001C10.tif
	0001C11.tif
	0001C12.tif
	0001C13.tif
	0001C14.tif
	0001D01.tif
	0001D02.tif
	0001D03.tif
	0001D04.tif
	0001D05.tif
	0001D06.tif
	0001D07.tif
	0001D08.tif
	0001D09.tif
	0001D10.tif
	0001D11.tif
	0001D12.tif
	0001D13.tif
	0001D14.tif
	0001E01.tif
	0001E02.tif
	0001E03.tif
	0001E04.tif
	0001E05.tif
	0001E06.tif
	0001E07.tif
	0001E08.tif
	0001E09.tif
	0001E10.tif
	0001E11.tif
	0001E12.jpg
	0001E12.tif

