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The work reported here, sponsored by USAAMRDL, Eustis Directorate, evolved
from a feasibility study and covered the design, fabrication and testing of

a full-scale wind tunnel model of a CTR. Program objectives were to:

- Demonstrate the CTR principle while making maximum use of proven

helicopter components.
- Establish functional relationships between rotor performance, blade

vibratory loads , and control settings.
- Provide a firm data base for future tests over an expanded test

envelope.

- Correlate test results with predictions.
- Compare the test results with previously tested rotors.

CTR wind tunnel testing, conducted in the 40- x 80-foot wind tunnel at the
NASA-Ames Research Center, and the associated test results are described in

the text. The model design and qualification testing are described in the

appendi xes.

Conclusions reached during the wind tunnel testing of the CTR are summarized

below.

1. Rotor stall was alleviated at all test conditions, verifying per-

formance characteristics predicted by analysis.

2. CTR and H-34 performance comparisons indicate that the CTR can

operate to a 20-percent-higher blade loading than the H-34 blade
without encountering stall.

3. Both collective and cyclic servo flap controls are required to

operate the CTR efficiently,

4. Functional relationships were defined between rotor performance,

blade vibratory loads, and combinations of dual-control settings

using optimization techniques developed during the program.

5. Rotor performance paraeters optimize more compatibly than predicted,

thereby broadening the allowable range of controls.

6. Optimization trends for control combinations are similar to
predictions.

7. Servo flaps with external support brackets are not suitable for
high-performance rotors.

It is recommended that an advanced-technology CTR be designed for flight

testing using the information generated during the wind tunnel tests. It is

also recommended that further wind tunnel testing be considered for the

existing wind tunnel CTR technology demonstrator in order to expand the CTR

data base and to evaluate the effects of higher harmonic control on rotor
performence and dynamic behavior.
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I NTRODUCT ION

The Controllable Twist Rotor (CTR), shown in Figure 1, was conceived
as a lifting system in which blade twist distribution could be controlled

cyclically and collectively in order to increase its aerodynamic

efficiency. The CTR consists of a torsionally flexible blade that is
controlled by a conventional pitch horn at its root and an aerodynamic
control flap at its tip. The pitch horn is considered the primary trim
control system for vectoring rotor thrust, whereas the flap generates the
necessary external moments for elastically twisting the blade about its
mean trim position in order to provide an efficient distribution of blade
airloads. By proqrariming inputs to the dual controls, the blade aero-

elastic response is controlled to delay retreating blade stall, improve

rotor performance, and reduce blade bending moments.

Fiqure 1 illustrates the dual-control system, which features two, in-

dependently actuated swashplates. Both the primary and secondary control
systems can be varied co'lectively and cyclically. Each can also be
scheduled to vary with forward speed.

The initial CTR research consisted of a parametric analysis and prelimin-

ary design of the system. The results of this work, reported in Reference
1, indicated that the CTR had a broad potential for improving vehicle
performance and reducing dynamic loading. For instance, it was predicted
that a helicopter could have, for a given solidity and tip speed, up to a
30-knot-higher stall limit, an improved blade and rotor component life,

or a reduced rotor size, with mission effectiveness improvements of up

to 30%.

Based on these positive results, the present experimental investigation
was initiat,1 -in 1972. The general objectives of this program are to
demonstrate the accuracy uf the predicted CTR potential, to validate the

computer techniques required to analyze the system, and to establish a
reservoir of measured data upon which design of practical CTR hardware
can be based.

The approach used to satisfy thesc objectives was to design and fabricate

a full-scale'model of a CTR system, followed by testing in the NASA-Ames
*--40- x 80-foot wind tunnel. The reason for goinq directly to a full-scale

system is to simultaneously model Reynolds Number, Mach Number, Froude
Number, and tip-speed ratio. The full-scale CTR model has the same

chord, diameter, and solidity as the H-34 rotor, which was selected as

A. Z. Lemnios and A. F. Smith, AN ANALYTICAL EVALUATION OF THE

CONTROLLABLE FWIST ROTOR PERFORMANCE AND DYNAMIC BEHAVIOR, USAAMRDL
Technical Report 72-16, U. S. Army Air Mobility Research and Develop-
nient Laboratory, Fort Eustis, Virginia, May 1972, AD 747808.

C D pA~GE BIANYKNOT r F . . _



the standard. The H-34 rotor system was selected as the standard because
it had wind tunnel and flight testing and because its planforli can be
easily replicated with existing hardware and tooling to fabricate the
CTR system. This design approach was taken to minimize costs. However,
it does not yield a CTR configuration that can be considered aerodynam-
ically optimum. Thus, the full-scale CTR model fabricated and tested
in the current program is a technology demonstrator atd not a prototype

design.

12



TEST PROGRAM

ROTOR SYSTEM DESCRIPTION

The CTR system, as configured for wind tunnel tests, included rotor

blades, rotor head, and associated controls, all fabricated or modified

by Kaman, and interfaced with a test module supplied by Army/NASA at
the Ames Research Center. A detailed description of the system is given
in Appendix A.

Sumnarizing the main features of the rotor, the blade itself is a modifi-

cation of the H-43 helicopter blade. The H-43 blade was extended by
approximately three feet, and the standard servo flap was moved outboard

and shortened to half its original size. Other changes included

additional mass balance in the blade, an extended leadin'-edge guard,

and a new blade grip to mate with a standard H-34 pitch barrel.

Outboard control was supplied by the servo flap, whereas inboard control
was through a conventional pitch-horn system. The hub was a standard
H-34 hub modified to add control cranks for the servo flap and to route

the flap controls through the rotor shaft to a rotating swashplate
located below the module gearbox. All controls were operated by
actuators, commanded through appropriate switching from the main tunnel

control room.

WHIRL TOWER TEST

The whirl tower test, performed at Kaman, was the major qualifying test
for the CTR prior to wind tunnel tests. Individual component tests were
not necessary because all major rotor components were adaptations of

production hardware with long service histories. Approximately 30 hours

of whirl testing were performed under calm and gusty wind conditions.
The tests were performed to substantiate the structure through overspeed,

verify stability, and obtain preliminary data concerning rotor dynamics

and performance. A detailed description of the test and the results is
presented in Appendix B. All tests were concluded successfully. During

these tests, no structural limitations, no mechanical problems, and no

instabilities were encountered.

WIND TUNNEL SHAKE TESTS

Wind tunnel tests were performed at the Ames Research Center's 40- x 80-

foot full-scale tunnel during the Summer of 1975. A photograph of the

wind tunnel installation is shown in Figure 2. Two types of tests were

conducted during this test period in order to insure stable operating
conditions for the rotor, the test pod, the test-pod support struts, and
the balance frame configuaration, and to evaluate rotor performance and

W,; blade dynamic behavior.

S13



System stability tests of the rotor test module and associated apparatus

were made with and without the rotor to determine the system transfer
function and the system damping associated with each mode. The test
procedure without the rotor uses a hydraulic shaker mounted between the

rotor hub and a suspended reaction mass weighinq 11,600 pounds. The hub

is excited at random by the shaker over a preselected range of frequen-
cies in the lateral or longitudinal directions. A load cell between the
shaker and the hub measures the applied force, and accelerometers in the
rotor test apparatus (RTA) module measure system response. The applied

force and system accelerations are analyzed via Fast Fourier Transform
(FFT) techniques to determine the system's dynamic characteristics.

Details of the test procedure, the data analysis, and the test results

for the rotor hub alone are presented in References 2 and 3.

System stability tests for the hub with the rotor installed were con-
ducted by shaking the pitch-horn swashplate at pseudorandom broad-band
input frequencies and amplitudes with a maximum amplitude of 1 degree
and a maximum frequency of 3.5 Hz. The frequency range was selected
to span the fundamentai response modes of the floating frame. The shake

system was supplied with the rotor-test module and was operated by NASA.
These stability tests were conducted at a rotor tip speed of 585 fps and

at wind tunnel speeds from hover to 60 knots. Testing to higher wind

speeds was terminated because of malfunctions in the control system.

Approximately 6000 pounds of thrust was generated by the rotor during

the random frequency shaking. FFT techniques were used to analyze the
module accelerometer responses. Data taken during the random shake

tests with the rotor installed confirmed the mechanical stability of

the test configuration. Sufficient damping was available to preclude
mechanical rig resonance of the balance frame, the RTA module, and the
CTR.

WIND TUNNEL PERFORMANCE TESTS

Prior to the installation of the CTR blades on the rotor test apparatus
module, aerodynamic force and moment tares were obtained of the module

and rotor head without blade grips, These tares were incorporated

mathematically into the NASA-Ames data reduction computer algorithm for
rotor performance. The reduced rotor performance data thus reflect only
the forces generated by the CTR blades.

2W. Johnson and J. C. Biggers, SHAKE TEST OF ROTOR TEST APPARATUS IN THE

40- BY 80-FOOT WIND TUNNEL, NASA Technical Memorandum TM X-62,418,
Ames Research Center, Moffett Field, California, February 1975.

3W. Johnson and J. C, Biggers, SHAKE TEST OF ROTOR TEST APPARATUS WITH
BALANCE DAMPERS IN THE 40- BY 80-FOOT WIND TUNNEL, NASA Technical
Memorandum TM X-62,470, Ames Research Center, Moffett Field, California,
July 1975..
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Steady-state tests to evaluate rotor performance, blade dynamic behavior,
and control sensitivity were conducted at wind tunnel speeds of 80, 120,
and 135 knots and at a rotor tip speed of 585 fps. Limited test data
were also obtained at 155 knots. At each test speed, shaft angles were

chosen so that the CTR propulsive force would be sufficient to overcome

fuselage drag flat-plate areas of 20-25 square feet at high thrust levels.
Longitudinal and lateral cyclic pitches at the blade root were varied to
maintain zero (+0.2 degrees) longitudinal and lateral cyclic flapping.
Root collective pitch angle and servo flap collective and cyclic pitch
angles were independently controlled.

A limitation was imposed on the test program because of the use of

existing flightworthy hardware. The standard H-34 laq dampers that
were installed on the rotor head have an internal relief valve that

opens above 1750 pounds. Consequently, when the lag damper load exceeds
1750 pounds, the lag damper force is constant and does not vary with
lag velocity; i.e., the damper is not a viscous damper above this load
level. Although this characteristic is satisfactory for rotors on un-

constrained helicopters in flight, it restricts the lag velocities and
corresponding amplitudes that can be experienced by rotors on the rotor
test apparatus to those below the load limiter setting. The reduction
in damping above this point causes the test module to approach its
mechanical instability boundary. To avoid mechanical instability for
the CTR, blade lag amplitudes were continuously monitored and were
maintained at less than +0.5 degrees of I/rev motion.

As mentioned above, tne independently controlled test variables include

wind tunnel speed, rotor tip speed, shaft angle, root collective pitch,

servo flap collective pitch, servo flap longitudinal cyclic pitch, and

servo flap lateral cyclic pitch. If three levels of each independent
variable are tested to define deterministically the dependence of other
test parameters on the controlled variables, 2187 (37) combinations of
the controlled variables are necessary to exhaust all permutations.

Obviously, this number of test points is prohibitive. Experimental
design techniques were used to reduce the number of test points to

approximately 350. Values of the independently controlled variables

were selected to provide sufficient information to establish a mathe-
matical model of the main effects, nonlinearities, and principal inter-
actions of the controlled variables. Ranges for the controlled

X__, variables were selected from previously obtained analytical data and

from test experience with these variables. Because rotor performance

characteristics are nondimensionalized on tip speed, only one level of
tip speed (585 fps) was selected for the test program. Test ranges for
the remaining six independent variables are summarized in Table 1.

1
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The dependent variables that were measured during the test included the
rotor aerodynamic force and moment characteristics, blade stresses, blade
root motions, servo flap stresses, control loads, control motion, and
support module accelerations. Rotor aerodynamic characteristics were
measured directly on the main balance in the Ames 40- x 80-foot wind
tunnel. The raw performance data were automatically corrected for tare
values by the NASA-Ames data-reduction computer program, and the corrected
data were reduced to standard wind-axis aerodynamic force and moment
coefficients by the same program. Rotor power and torque were indepen-
dently measured by strain gages on the main driveshaft and by yawing and
rolling moments on the main balance. Two blades were fully instrumented
with strain gages for stress measurements and angulators at the blade root
for blade motions. Data were recorded generally from only one instrumented
blade. Strain gage locations and strain gage measurements on the blades
and the servo flap are shown in Figure 3. The blade angulators measured
flapping, feathering, and lagging angles. Longitudinal, lateral, and
vertical accelerations were measured in the modqile by accelerometers.
More details on the instrumentation and the control syste,n are given in
Appendix C.

DATA ACQUISITION AND REDUCTION

Several systems were used during the wind tunnel test to acquire test
data. Those systems and their functions are synopsized below.

Datex I - Used primarily for tunnel balance data. Also inter-
faced other selected inputs to the computer.

Peak-to-Peak Display - Used as a test monitor for critical param-
eters. Provided a permanent record of peak-to-peak
levels.

Dynamic Analysis System - Used for on-line analysis during rig
resonance tests and for control optimization.

High Speed Data Acquisition System - Digitized and recorded all
test parameters on digital tape.

Dynamic Recording System - Recorded all test parameters on analog
tape. Operated continuously during test as a backup
for safety considerations.

Oscillograph - Recorded all critical parameters for test moni-

toring and to check the validity of the data on the
I other systems.

16



All of the above systems are described in more detail in Appendix C,

along with a listing of all parameters recorded. Difficulties ex-

perienced with some of the primary data systems made it necessary to

base the results presented in this report on data obtained from the

Datex I system and the oscillograph.

Because of the large number of man-hours that would have been required

to reduce data on all parameters recorded on the oscillograph, a priority

listing of parameters was established. In addition to restricting the

number of parameters, the type of reduction (steady values, peak-to-peak,

harmonic analysis) was also restricted to essential data.

The priority parameter listing was established on the basis of data that

was essential for comparison to analytical predictions. The listing is

as follows:

Reduction

Parameter Peak-Peak Harmonic

Servo Flap Control Position X X

Servo Flap Control Load X

Pitch-Horn Control Load X

Flatwise Bending Station 280 X X

Edgewise Bending Station 168 X X

Torsion Station 201, 252 X X

Flap Centerline Bending X

Blade Flapping X X

Blade Pitch X X

I 1
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ANALYTICAL METHODS

AEROELASTIC AND TRIM ANALYSES

In the course of evaluating the CTR to design the test model and to
develop a systematic test plan, it was necessary to perform a com-
prehensive series of aeroelastic analyses.

The analysis used to evaluate the CTR is called the 6F and is developed
in detail in Reference 1, where the method of solution and the coupled

aeroelastic equations of motion are derived for six response modes and

two control modes for a fully articulated rotor system. The response

modes can be considered normal modes and are described as follows:

- Blade Pitching

- Blade Lagging
- Blade Flapping
- Blade Flapwise Bending (First Elastic Bending Mode)
- Blade Twisting (First Elastic Twisting Mode)
- Servo Flap Pitching

The input control functions drive the blade and servo flap pitch angles

from separate swashplates via control springs.

The modal approach is used to evaluate the airloads on a fully articulated
rotor by mathematically describing blade motions with the six listed

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 moti- hy assuming concentrated springs and viscous dampers

for the four rigid bJja modes, and by evaluating the fundamental bendinq
and torsional frequencies of the rotating blade for the flapwise bending
and torsion modes.

Generalized aerodynamic forces for each of the six modes are obtained
from strip theory by calculating an instantaneous local airfoil section

angle of attack and using this angle of attack to evaluate aerodynamic

force and moment coefficients from available wind tunnel data. In their
present form, the aeroelastic equations of motion include all nonlinear

inertial coupling effects and nonlinear aerodynamic effects, such as
reverse flow, stall, Mach number variations and large induced flow

angles. Additional features of the analysis are the inclusion of feed-

back mechanical coupling among the servo 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,
spring rates for the two types of control systems are also included in

!Lemnios and Smith
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order that accurate control loads can be calculated. The present
analysis describes the behavior of articulated rotors with pitch
control input, with servo flap control input, or with dual-control
input.

The CTR aeroelastic loads analysis produces a set of forces, blade re-

sponses, and rotor performance data for a specific set of control inputs.
However, the forces produced are not necessarily the forces required for
trim at the particular flight condition. The method for achieving the
proper control inputs to obtain the necessary trim forces is called the

trim program. Several initial cases are run, producing a set of forces
for each initial case. These forces are rompared to the control inputs
in the trim program, and a new control prediction is made based on these
comparisons. Iteration proceeds to trim convergence.

Blade bending moments are calculated by an associated computer program,
BLBEND, which generates the influence coefficients of the rotating blade
for each harmonic number of rotor speed. Harmonics of airloads generated
by the 6F aeroelastic analysib are combined with the harmonic influence
coefficients of BLBEND to yield the harmonics of the blade bending
moments and shears, which, in turn, are combined to synthesize the total
vibratory internal blade loads and the resultant blade root shears.

OPTIMIZATION TECHNIQUES

As mentioned previously, the CTR has duai controls that can be varied
independently to improve rotor performance by redistributing blade

airloads radially and azimuthally. In general, the servo flap control
will disturb trim, altering the primary pitch-horn control settings

required for any specified force trim condition. In contrast to a con-
ventional rotor, with a single, unique, pitch-horn control setting
required for a particular trim condition, the CTR can be trimmed with an
infinite number of control settings, some of which will be better than
others. Trim control, therefore, becomes an optimization 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.

Computer analyses, such as 6F, capable of accounting for the sophisticated
response of a dual-control rotor system are large, requiring considerable

computer time for each case. Therefore, it is not economic to run the
vast number of cases required for "trial and error" multiple-parameter
optimization. Further, in order to obtain statisticaliy significant
relationships between measured parameters and controlled multiple param-

eters from test data, analytical techniques must be used that separate
the main effects and interactions of these multiple parameters. These
techniques are well known and have been used successfully for years in

designing experiments for industrial research.
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A stepwise approach was developed, based on a statistical response sur-
face analysis, as described, for example, in Section 12.4 of Reference 4.
In this approach, simple mathematical models are derived for the several
performance parameters of interest from the results cf a limited number
of rotor aeroelastic analysis cases. Optimization and trade-off studies
are performed by manipulating the mathematical models, allowing a large
number of combinations of control ir.puts to be evaluated very quickly and

economically. A limited number of promising solutions can then be
examined by the complete rotor analysi7 program to confirm their validity.
Alternatively, the optimization and trade-off studies can be used in con-
junction with test data to predict the best mix of controls for optimizing

the overall rotor performance.

The model to be developed and optimized for each flight condition of
interest consists of a set of equations - one for each response variable
to be considered. Each equation will contain some function of each of
the independent variables. The model, therefore, describes how each
response varies as the independent variables are manipulated.

The simplest model, for n independent variables and m responses, is
linear:

Y aoj 3 aij i  a njXn (1)

j=l to m

Many aerodynamic and dynamic effects are more or less linear, at least
over a limited range. The coefficients for a linear model of this form
can be defined easily from a number of observations of the i'j at various

input values of the xi by standard multiple linear r~egression techniques,

available in most computer system libraries. Models of this form can be
optimized by linear programming methods, also available in most system

libraries.

Some rotor responses of interest, horsepower for example, would not be
expected to respond linearly to any single input variable. One would
expect a positive minimum value of power at some optimum input, with
power increasing as the input is changed in either direction. A second
degree Qilynomial might give a reasonable fit.

-Aithough the secondary control inputs were selected to be mathematically
independent, their effects on the rotor may interact. That is, the

effect of one parameter may depend on the value of another parameter.

-4

4Irwin Miller and John E, Freund, PROBABILITY AND STATISTICS FOR
ENGINEERS, Prentice-Hall, Inc., Englewood Cliffs, N.J., 1965.
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The same basic model form can be extended to account for these nonlinear

effects provided that the equations remain linear in the coefficients.

For example, for four independent variables, their second degree terms

and mutual interactions:

Yj = a o + aljx, + a2 jx2 + a3jx 3 + a4jx 4 + allX 1 2 + a22jx 2

+a3x
2 
+a 44.x4

2 
+a 2 x 2 a 3 xx 1 ~xx

+ a 2x +a xx xxa + a x

+ 33jx 3 + + a l2jXlX2 + al3jXlX3 + l4jXlX4

+ a23jx2x3 + a24jx2x4 + a34 jx3x4 + a123jXx2x3

I a134jxx3x4 + a234jx2x3x4 (2)

The full model will give a better fit over a larger domain than the

simple linear model when nonlinear effects are present but requires

much more data to develop coefficients. At least one complete rotor

analysis case or one test data point per term on the right-hand side
of the equation is needed to define the coefficients. Additional
cases or test points will be required to evaluate the degree of fit.

There will usually be several response parameters that, taken together,

define the performance of the rotor being evaluated. These will be the

dependent variables of the optimization model. Horsepower, maximum
retreating-blade angle-of-attack, maximum blade bending moment, and
vibratory shears are examples. For "good" performance, each response

parameter should be as small or as large as possible, or at least remain
within certain limits. It may not be possible to find a secondary

control setting that will cause all parameters to be optimum at the

same time. Trade-offs will then have to be accepted. The number of
response parameters to be included in the optimization study is itself
a trade-off. All parameters that are critically important for the rotor
and flight condition under consideration should be included.

Independent variables for the model will be the control inputs that are

manipulated to cause the desired changes in the response parameters,
while the desired trim point is being maintained. The primary helicopter
controls are dependent variables because particular values of each will
be required for any given combination of secondary control inputs to
maintain the rotor in trim at the desired flight condition. The secon-

dary control inputs become the independent variables of the optirization
model.
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The number of independent variables and the use of these variables in

the model will govern the optimization procedure. If there is only one
variable, it is convenient to plot each response against the variable
to determine by visual inspection the optimum control setting for the
selected strategy, as in Figure 4a. The acceptable range of x1 is seen

to be bounded at the lower value by the maximum allowable cc, and at the
upper value by the maximum allowable horsepower. Within this range
either a or horsepower can be absolutely minimized, but not both.
Bending moment and vibration level must be traded off.

Two variables also can be optimized graphically by plotting contours of
various levels of each response on the x1 , x2 plane and selecting the

intersection of each response's acceptable area, as in Figure 4b. The
acceptable area is shown cross-hatched. The optimum within that area
depends upon the strategy being followed.

Graphical methods become difficult for larger numbers of variables. For
three or more variables, several x1 versus x2 contour plots at various

levels of x3, x4 , and xn can be drawn, and all corners of all acceptable

areas can be evaluated against the optimization strategy. For more than
three variables, graphic presentations are not useful. Computer mapping
of acceptable areas is qenerally applicable for any number of variables
and is simpla to apply and interpret.

Three computer programs were prepared to perform regression analyses of
data and to graphically present the results of the regression analyses
for final optimization. The first of these programs, called SURGEN,
generates the response surface using Equation 2 as a general model and
tests the surface for fit to the data. The two remaining programs,
PLOPT3 and PLOPT4, use the model generated by SURGEN to define optimum

operating conditions. PLOPT3 plots contours with an automatic x-y
plotter; PLOT4 maps acceptable operating areas on the computer ter-
minal. These v.-ograms were used extensively during the CTR design phase
and during the test data analysis phase; specific applications in each
phase are discussed in Appendix C and in the next section of this report,
respectively.
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DISCUSSION OF TEST DATA

BLADE DYNAMIC BEHAVIOR

Bldde dynamic tuning and frequency placement was verified during the
early portion of the wind tunnel tests. Strain gage responses were
f.oritin,jously recorded and analyzed at many rotor speeds up to values

)ust beyond the test speed (200 rpm). Dirferent strain gages responded

vijorously over the rotor speed range, thereby identifying the particular
bide nodes that were excited. Results of these resonant responses are
plotted in Figure 5 and are compared to predicted values on the same

figure. Three flatwise elastic modes were identified from the test data,
and they are labeled F2, F3, and F4 in Figure 5; the rigid-body flappinq
irjde is labeled Fl. Comparisons of these data points with the corres-
ponding predicted frequencies show excellent correlations. One edgewise

elastic mode was identified and is labeled E2; the rigid-body lagging
mode is labeled El. Comparisons of the measured E2 frequencies with

the predicted E2 frequencies reveal a constant difference between the
two data sets. This difference may occur because the predicted values
wvy, (alculated using pin-end boundary conditions at the blade root,
whi, h ignore the effects of the lag damper. Lag dampers normally ex-

significant spring effects at the higher frequencies. Calibration
ddta for the H-34 dampers used on the CTR were available only at 1,).

Ttie first blade torsion mode, labeled Tl, was not easily excited during
the rotor speed sweeps. One data point was obtained at the lower end of
thio test range. Two curves of Ti predicted frequencies are shown in

Figure 5. The lower curve was calculated by ignoring the aerodynamic

stiffening effects due to the chordwise offset of aerodynamic center in

the servo flap region of the blade. The upper Ti curve includes these

aerodynamic stiffening effects by assuming a hovering rotor with axisym-
metric flow. The observed Ti test point falls between the two predicted

curves. Overall, the comparisons between test and predictions in Figure 5
snow good agreement and satisfactory placement of the various frequencies
f,, 3void resonance at the rotor test speed.

,.jno the rotor performance tests, blade torsion strain gage signals at
,ftitions 201.6 and 252.2 were converted to equivalent twist angles at
tse ,tations. Twist angles at the tip were obtained by extrapolating
-,r measured twist angles at the two inboard stations by means of the
,!lulated torsion mode shape. The signals were harmonically analyzed
fi) five harmonics and were compared to net servo flap deflections in
order to evaluate servo flap control effectiveness. Data are available
at all test speeds and for various phase angle differences between control
input and twist response. Figure 6 illustrates typical variations of the

1.!dde cyclic twist response at the tip to servo flap cyclic inputs for

wird speeds of 135 knots. The upper curves were obtained at root collec-
tfive pitch settings of 12" and the lower curves at root collective pitch
s. ttinqs of 14"' In both figures, the servo flap collective was main-
iinred at the preselected values Indicated. The phase angle between
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input and response was selected frcm the measured data to be nominally
1700 +10'. Cyclic twist response for 135 knots at other phase angles
has the same sensitivities as those of Figure 6. Cyclic servo flap
effectiveness is linear over the range tested. Cyclic control effective-
ness, as measured from Figure 6, is 1.0 degree cyclic twist per degree
servo flap cyclic regardless of root collective pitch or servo flap
collective. Other cyclic twist responses that can be obtained from
Figure 6 are cyclic twist responses due to servo flap collective and due
to root collective. The following values sumnarize these sensitivities:

3!011 31 11 al~ll-0. 3 o = 0.5, I.I 0 (3)

Servo flap effectiveness on coning and cyclic flapping at zero airspeed
was evaluated during the whirl tests reported in Appendix B; these test
results are summarized below:

0.4, = -0.3, .- .9 (4)

ROTOR PERFORMANCE

Rotor performance for the CTR, as described in the previous section and
in Reference 4, is more than just a measure of the power required to
generate a specified rotor thrust and propulsive force. More broadly,
rotor performance of a dual-control system involves concurrent measures
of multiple parameters that characterize the efficiency and effectiveness
of the total rotor system when the secondary control inputs have been
optinmized. For the CTR, the ratio of the profile power coefficient to
the solidity was selected as one of the parameters because it characterizes
the aerodynamic efficiency of the rotor and defines the onset of rotor
stall. The second parameter selected to measure rotor performance was
the maximum vibratory flatwise bending moment on the blade. The blade
bending moment was selected because it is a measure of blade life. A
third measure of rotor performance was the pitch-link load at the blade
root. This load was chosen as a measure of vibratory excitation and as
another indicator of stall flutter. Module vibration levels were also
considered, but were not included in the final evaluation because the
accelerometer signal traces were illegible on the oscillograph.

Miller a- d Freund
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The total rotor power was measured independently with two separate

systems - the main balance frame in the wind tunnel and the torque

strain gages on the rotor shaft. The balance frame data proved to be
more reliable and was used in the final evaluation. All force and

moment data from the balance were reduced to dimensionless coefficients

by the standard NASA-Ames data-reduction computer program. Because the

test procedure resulted in variations in lift force and propulsive force

in contrast to the theoretical work, a profile power coefficient was

calculated at each test point from these coefficients. The total power

coefficient was modified to yield the profile power coefficient to

solidity ratio by means of the following equation.

CQ (CLR CX

2_5 a p(5)

Throughout the test program, bending moments were measured at the various

spanwise stations shown in Figure 3. The maximum flatwise bending moments

were obtained at station 283.64 on the blade. Total vibratory moments
were recorded and the peak-to-peak values are reported here because they

are used to calculate blade fatigue life. The endurance limit at station

283.64 on the tested CTR blade is F7730 lb-in. or 15.46 kip-in. peak to
peak.

The signals used to measure the pitch-link load were obtained from strain

gages on the rotating-star portion of the control swashplate. Total

vibratory pitch-link (rotating star) loads were measured at all test

conditions and are reported here as peak-to-peak values.

Multiple regression analyses were made of all test data at the various

test points. Four independent parameters were selected to represent the

control variables in the regression model described by Equation 2. These
parameters are the servo flap net collective (60 ), the servo flap net

longitudinal cyclic (61s), the servo flap net lateral cyclic (0ic), and

the rotor lift coefficient to solidity ratio (C /a). The resultant

LR

servo flap motions differ from the command inputs because of kinematic

coupling at the blade-root end between the blade root motions (feathering

and lagging) and the sero flap control commands. Net servo flap angles

were measured directly at the flap by a potentiometer; these angles were

harmonically analyzed to yield the net values of flap collective and flap

cyclic. The rotor lift coefficient to solidity ratio was selected as a

parameter of the overall blade lift, representing the influence of blade
pitch collective and shaft angles.
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The "a' coeff icients enclosed by tile braces were obtained through the
use of the SURGEN com'puter code; they vary for each parameter and for
each test combination of wind speed and rotor shaft angle. Equation 6
differs from Equation 2 in that all of the inturaction terms are not
included because the correlation between the regression model and the
test data was not significantly improved by carrying the extra inter-
active terms.

Table 2 summuarizes the values of the "a" coefficients at each test con-
di tion for the three perfotimance parameters previously discussed. The
numiber of test points and the mul tiple correlation coefficients for each
parameter at each test condi ti on are inclutded in Tdble 2. Ml'i tipi e
correlation coefficients indicate the degree to which test data points
can be predicted by the generated response surfaice. The correlation
coefficients indicate that the twelve regression models can predict the
probable values of the dependent variables over the range of test
condi tions.

Topographic response surfaces are obtained for ?ach parameter by selecting
values of the independent variables and exercising cach of the twelve
regression models. The response surfaces represent the variation of the
dependent parameters (horsepower, blade bending moment, pitch-link load)
with combinations of servo flap controls. Values of each particular
dependent parameter tire constait on its respective response surface.
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Typical isometric views of the three response surfaces -('e illjstrated in
Figure 7. This figure is simplified to show one response surface for
each parameter. Multiple response surfaces for each parameter are con-
centric to those typified in Figure 7 and constitute related ,iuddratic
famil ies.

In order to visualize the relationships among the dependent and indepen-
dent variables, response contours in the :Sis - 6lc plane were generated

through the use of the PLOPT3 program for profile power coefficiert,
pitch-link load, and blade flatwise bending moment. The contours were
generated from the multiple response surfaces by preselecting values of
blade iift coefficient and sero flap collective and varying servo flap
cyclic; they represent the intersections of the response surfaces with
planes normal to the 6 axis. These contours were generated at each test

condition for values of blade lift coefficient (CL /o) varying from 0.06

to 0.12 and for values of servo flap collective ( ,,) varying from -2' to

+2' . The ranges of the blade lift coefficient and the servo flap col-
lective were chosen to span the test values. Individual response surface
contours and superposed surface contours are presented in Figures 8
through 11. Figure 8 shows the variations in the response contours at
80 knots and -5' shaft tilt, Figure 9 shows variations at 120 knots and
-50, Figure 10 shows variations at 120 knots and -8">, and Figure 11 shows
variations at 135 knots and -8'.

Because of the assumed quadratic form of the regression model in Equation
6, the response surfaces are conic (spheres, ellipsoids, paraboloids,
hyperboloids). Consequently, the response contours of Figures 8 through
11, generated by PLOPT3, are conic. The shape of the contours in these
figures are elliptic for the pitch-link load and hyperbolic for the flat-
wise bending moment at all test conditions, loading conditions, and servo
flap collective settings. Contour shapes for the profile power coeffi-
cient are elliptic in all figures except for the maximum servo flap
collective settings (6o +2') in Figure 8. At these collective settings,

the character of the response contours changes from elliptic to hyper-
bolic. The combinations of longitudinal-cyclic and lateral-cyclic
servo flap control settings that minimize the elliptical contours in
Figures 8 through 11 are obtained from the intersection of their major
and minor axes. The orientations of the major axes for the contours of
the profile power coefficient are approximately -45" for servo flap
collective settings of -2', and they consistently change to approximately
+45' as the servo flap collective is increased to +2'. This orientation
change holds at all test conditions. Thus, for negative servo fla
collective settings, profile power can be minimized by a mix of right
lateral servo flap cyclic angle and aft longitudinal servo flap cyclic
angle. For positive servo flap collective settings, minimum profile
power is obtained by changing the servo flap cyclic control mix to left
lateral cyclic and aft longitudinal cyclic or to right lateral cyclic
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and forward longitudinal cyclic. The appropriate servo flap cyclic con-
trol mix for positive servo flap collective angles depends on the advance

ratio.

The major axes for the pitch-link load (rotating star) elliptic contours

remain fixed at approximately -45'. Thus, pitch link loads can be
minimized at all servo flap collective angles by a mix of right lateral
servo flap cyclic and aft longitudinal servo flap cyclic. The appropriate

servo flap cyclic control mix to minimize pitch link load depends on the

advance ratio.

In order to minimize the hyperbolic contours which represent the blade
flatwise bending moments, the servo flap cyclic controls, as predicted

by the response surfaces, would have to be extrapolated to large flap

angles, beyond the range of valid test data. Consequently, it was
decided to optimize each of the hyperbolic contours by selecting the

servo flap cyclic controls obtained from the intersections of the
hyperbolic asymptotes. These intersections are the saddle points of the
hyperbolic response surfaces and fall within the range of valid test

data. The saddle points for the hyperbolic response surfaces occur at

right lateral servo flap cyclic control angles in combination with small

amounts of forward or aft longitudinal servo flap cyclic control angles
depending on the advance ratio and blade lift.

An examination of the response contours shows that for a given combination

of advance ratio, shaft angle, blade lift, and servo-flap collective,
each parameter minimizes at different combinations of servo flap cyclic

controls. Consequently, a procedure was established to optimize the

individual parameters by overlapping their response contoturs and defining

a region of acceptable operation. The acceptable operating regions for

the combined contours are shaded in Figures 8 through 11. The objectives

arbitrarily selected for this optimization procedure were to simul-

taneously minimize profile power and rotating star load while maintaining

blade stress levels, which would assure no cumulative fatigue damage to

the blade. A survey of the optimum areas in Figures 8 through 11 shows

that during the tests the vibratory bending nments never exceeded the
endurance limit of 15.46 kip-in. established for this blade. Con-
sequently, the minimum profile power and the minimum pitch-link load

defined the optim-m combinations for the net servo flap position.

At each combination of velocity and shaft angle, the shaded optimization

areas can be compared at each level of blade loading to determine the

absolute values of servo flap collective that will yield the largest

allowable combination of operational cyclic flap controls, i.e., the

largest optimization areas. An in-depth review of Figures 8 through 11

shows that, at blade loading coefficients of 0.06, the largest optimum

area occurs at -2' servo flap collective, As blade loading is increased

to 0.12, the servo flap collective setting for optimum operation increases
to +10. This trend holds at all tested advance ratios and shaft angles.
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The approximate centers of the shaded areas define the appropriate mixes

of longitudinal cycc'c -:d lateral cyclic servo flap controls for

optimizinq the seleo.ed rotor parameters. Figures 8 through 11 show that

these cyclic control combinations vary with each combination of test con-

dition, blade loading, and servo flap collective. The centers of the

shaded optimization areas for Figure 8 shift from a forward-longitudinal

cyclic (+6ls) and right-lateral cyclic (+61c) at 6 = -20 to aft-

longitudinal cyclic and left-lateral cyclic at 6o = +20. This cyclic-

control phase shift holds at all blade loadings for an advance ratio of

0.22 and a shaft angle of -50. Figures 9 and 10 show the phase shift in

servo flap cyclic at advance ratio 0.33 for two different shaft angles,

-5' and -8*. In Figures 9 and 10, the centers of the shaded areas in-

dicate that the longitudinal cyclic control shifts from forward to aft

as servo flap collective is increased from -2' to +21. Lateral control

at this advance ratio remains at a constant level of right-lateral cyclic.

The shift in cyclic phasing with collective at advance ratio 0.33 repeats

consistently at all tested levels of blade loading. Figure 11 defines

the cyclic control combinations required at an advance ratio of 0.366

and a shaft angle of -8". At this test condition, the optimization area

centers vary from forward-longitudinal cyclic and right-lateral cyclic

at -2' servo flap collective to approximately zero cyclic at +20

collective. This trend hc.ds at all blade loading values. Generally,

less cyclic amplitude is required at all advance ratios with increasing

collective because the increased collective twists the blade negatively.

Thus, the periodic aerodynamic forces acting on a highly twisted, tor-

sionally soft blaje twist the blade cyclically, thereby relieving the

cyclic duty of the servo flap. However, the absolute values of the

parameters selected for optimization are not always at their minimum

levels for positive servo flap collective. Thus, it can be concluded

that both collective and cyclic servo flap controls are required to

operate the CTR efficiently at'various test conditions.

Figures 8 and 9 can be compared with Figures 10 and 11 to show the in-

fluence of advance ratio at constant levels of shaft angle. Each pair

of figures illustrates that tahe allowable ranges of servo flap cyclic

for optimum conditions are reduced as the advance ratio is increased.

Although the shaded areas appear to differ when comparing Figures 8

Irv with 9 or Figures 10 with 11, the absolute levels of parameters defining

the optimization area boundaries differ between these figures. The

advance ratio has little apparent influence on servo flap collective

requirements.

The effects of rotor shaft angle on optimization areas and servo flap
control settings are obtained by comparing Figures 9 and 10. A detailed

comparison of the combined contours in these two figures reveals that

fthe servo flap control combinations for optimum operation are insensitive

to the shaft-angle variations tested. However, the absolute levels of

the selected optimization parameters vary with increased forward shaft

29



tilt, i.e., from -5" to -,.13" For example, the profile power coefficient
decr-ases with forward shaft tilt whereas the pitch-link load and the
blade flatwise bending moment increase with forward tilt.

Overall CTR performance can be reduced to its essence by cross-plotting

the levels of data defined by the optimum control areas. Figure 12
suilnarizes these data, which are plotted against blade loading for the
four test conditions. Shcwn in Figure 12 are the optimized values of
profile power coefficient and pitch-link load with the associated values

of vibratory blade bending moment. Superposed onto Figure 12 are

isoclines of the servo flap collective angle, which illustrate the

required variation in the servo flap collective required for operation

at optimum conditions. The cyclic control requirements can be obtained

by referring to the appropriate optimization contours for each test con-
dition, each blade-loading coefficient, and the indicated servo flap

collective setting. An evaluation of Figure 12 shows that no sharp rise

is evident in the profile power coefficient or in the pitch-link load,

thereby indicating stall avoidance for the test rotor. Furthermore, the

variations of the servo flap collective settings affect the optimization

parameters at all levels of blade loading and in all test conditions,

especially at loading conditions where the rotor would normally be

stalled (above CL /o = 0.10).

Further demonstration of CTR stall avoidance is shown in Figure 13, where

profile power coefficients for the CTR are compared to those of the H-34

at similar advance ratios, shaft angles, and advancing-tip Mach numbers.

Both rotors have the same diameter and blade chord, and both were tested
in the same facility. Results of the H-34 tests are reported in Ref-

erences 5 and 6. Comparisons between CTR data and H-34 data at other
test conditions could not be made because there are no other directly
comparable test conditions.

As seen in Figure 13, the CTR test data are reported for an advance ratio

that is 10 percent higher than the data on the H-34 (0.33 vs 0.30),

whereas the advancing tip Mach number is 8 percent lower (0.68 vs 0.74).
The airfoil used for the CTR is a modified NACA 23012 and, for the H-34,

is a NACA 0012. In order to eliminate any bias in the data due to these

differen-cs, their influences on rotor stall characteristics were

5V. M. Paglino and A. H. Logan, AN EXPERIMENTAL STUDY OF THE PERFORMANCE

AND STRUCTURAL LOADS OF A FULL-SCALE ROTOR AT EXTREME OPERATING CON-

DITIONS, USAAVLABS Technical Report 68-3, U. S. Army Aviation Materiel

Laboratories, Fort Eustis, Virginia, July 1968, AD 674187.

6J. L. McCloud, III, J. C. Biggers, and R. H. Stroub, AN INVESTIGATION

OF FULL-SCALE HELICOPTER ROTORS AT HIGH ADVANCE RATIOS AND ADVANCING

TIP MACH NUMBERS, NASA Technical Note 0-4632, NASA-Ames Research

Center, Moffett Field, California, July 1968.

30



i'~oa tie1 "eas ho' -treo t i nr,,-b ade stall charac teris ;tics are i nsen-
ic to adia('. i- till Mvh ituribe r it wa<, ass umed that the retreat inrg

,III 1 t l irldary wl vid~ bo in Cl aent d onlyV by adIvance ratio di fference,,
iflI ' r) onimir fdiffrorv,!s. I he hiqher ealvan(re ratio for the CTR

vz'"e' Ii vtted to dP( rfease t hr Ief of~ I :f /, a t;stal11 by 0.00)4. Thi s

-1d it, ti ()., was Pt;! ina ted f roin a s ta I 1 boundary tha t was experi men tallIy

do tor'ined by fu 1 I -scale rotor tests in the Ames 40- x 80- fooit wind
I, v, oportod in Ppfceron,p- 7. The, camber di f ferences in airfoil
wf-'p e(-J i tod i0 iriO reai%; the le-vel of C, at stallI by 0. 1)1(1

4_R

'. in jfrpd5 was; also( estimated from a stallI boundary that was experi-
-ent )] I Y determined by foi i-scale rotor tests in the same facility and
iw, reported in Reference 8. Thus, the CTR could be expected to operate

ittnat is~0')' hirqhpr than that of an 11-34 rotor due to the

,I t it rrra v' .mhr and aiva nce ratio. The C(JR built-in twi st di s'.ribu-
ilont i, w Plpjt alent to -0.( over the outboard half of the blade span comn-

A r'1 ' n ~il -i str,!-jt ions, of () and -8 for the experimental
P- ti a tt'ori was, iade to estim~ate the variation of blade

loading at tall due to these twist differences because the data for all
threp configurations are compared dirEtly in Figure 13.

A,, ,Pen in Figure 13, the CTR test demonstrator was able to reach blade-
l ift (officient that al-c ?I percent higher than those of either 11-34
ro'or with no 'iScontinuity in the power curve. Hitrher blade-lift
fot~fficieritt can be achieved for the CTR if the operating limits on the
lag dampers are expanded. Thp comparison of the profile power coeffi-
cients in Figure 13 verifies the. anticipated performance improvements
dJue t1-o ,tall relief. Although part of this stall relief is due to camber

and advance-ratio effects as discussed previously, the remaining per-
forinanice imiprove ment increrIent can only be attributed to controlling the
twist and, subsequently, the airload distributions of the CTR blalies.

7--
J. L. Mc"Joud, III and G. B. McCullough, COMPARISON OF CALCULATED AND
MEA'IJRED STALL BOUNIDARIES OF A HELICOPTER ROTOR AT ADVANCE RATIOS FROM

0.3 TO 0.4, NASA Technical Note D-73, NASA-Ames Research Center, Moffett
Field, California, September 1959.

3J. L. McCloud, III and 6. B, McCullough, W1ND-TONNEL TESTS OF A FULL-
SCALE HELICOPTER ROTOR WITH SYMIIETRICAL AND WITH CAMBERED BLADE SECTIONS
AT ADVANCE RATIOS rROM 0.3 TO 0.4, NACA Technical Note 4367, NASA-Ames
Research Center, Moffett Fipld, California, September 1958.
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At low values of blade loading, the CTR test demonstrator required more
profile power than the H-34 rotor. The difference in power was caused
by two separate effects, both of which are the direct results of using
existing hardware on the test rotor. One of these effects results from
the use of external support brackets and trailing servo flaps in the out-
board blade region. The second effect is caused by the thick, blunt-edge
shank sections in the blade root region. The decision to use this exis-
ting hardware was made in order to provide a valid technology demonstrator
at minimum overall program cost.

One series of wind-tunnel tests on the CTR was run to quantify the power
that can be attributed directly to the external support brackets and the
trailing servo flaps. The servo flaps and the support brackets were
removed from the CTR, and the outboard airfoil sections at the support
bracket stations were faired to be aerodynamically clean. The resulting
configuration was tested, and its profile power coefficient is plotted in
Figure 13. As seen in this figure, approximately 35 percent of the power
difference at 120 knots can be attributed to the trailing servo flaps and
the external support brackets.

In order to resolve the remaining difference in profile power, an analysis
was performed to determine if the source was the aerodynamically in-
efficient blade grip and shank region. The area under consideration
includes the blade grip section beginning at the point where the grip
attaches to the H-34 hub and continues to transition to the spanwise
station where a reasonably complete airfoil section is developed. This
distance represents blade radii from station 28 to station 105. Represen-
tative cross-sections of the blade up to radial station 45.5 are shown in
Figure 14. The CTR technology demonstrator blade shanks were unnecessarily
thick and blunt because the root-end configuration was a carryover from
the HH-43 blade which was designed to take the high bending moments
carried by teetering rotors. The HH-43 blade grip was also closer to the
shaft centerline than the CTR blade grip so that its aerodynamic penalties
were not pronounced. The aerodynamic efficiency of the CTR inboard region
can be improved significantly by reducing the blade-spar thickness and by
rounding the leading edge to duplicate the H-34 D-spar geometry. Effec-
tive lift and drag coefficients for the CTR-blunted region were estimated
from References 9-12 and were used in K man's 6F airloads program. Power

N. K. Delany and N. E. Sorensen, LOW-SPEED DRAG OF CYLINDERS OF VARIOUS
SHAPES, NACA Technical Note 3038, Ames Aeronautical Laboratory, Moffett
Field, California, November 1953.

10L. W. McKinney, EFFECTS OF FINELESS RATIO AND REYNOLDS NUMBER ON THE

LOW-SPEED CROSSWIND DRAG CHARACTERISTICS OF CIRCULAR AND MODIFIED SQUARE

CYLINDERS, NASA Technical Note D-540, Langley Research Center, Langley
Field, Virginia, October 1960.

IIS. F. Hoerner, FLUID-DYNAMIC DRAG, Published by the Author, 1965.

12S. F. Hoerner and H. V. Borst, FLUID-DYNAMIC LIFT, Published by the
Authors, 1975.
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calculations were made of the CTR using these data at wind speeds of 80
knots and 120 knots. These calculated power coefficients were compared

to the power coefficients calculated at the same control settings from
Drevious 6F analyses on the CTR, which had used lift and drag coefficient
data from D-spar wind-tunnel tests. The D-spar data are reported in
Reference 13 and represent data obtained on the H-34 blade spar.

Calculated differences in the CQo /a of the CTR test rotor due to the

blunt-edge shank region are .00049 at 80 knots and .00108 at 120 knots.
These differences are direct results of a greater H-force than originally
anticipated and do not accrue from a larger rotational drag of the blade
shanks. Supplementary tests conducted on the CTR and the H-34 blade
shanks, subsequent to the currently reported wind-tunnel tests, verify
that at least half. the remaining profile power coefficient increment
results from the aerodynamic inefficiencies of the CTR inboard profiles.

The calculated profile power difference at 120 knots was subtracted from
the CTR test data obtained without external servo flaps. The resultant
CTR power curve, shown in Figure 13, compares favorably with the H-34
profile power curve. Thus, the differences observed between the CTR and
the H-34 profile power coefficients can be attributed completely to the
aerodynamic inefficiencies of the test hardware and are not related to
the operational principles of the CTR.

For an advanced CTR design, the aerodynamic efficiency of the servo flap
region can be improveo by fairing the servo flap within the airfoil
contour, thereby eliminating external protuberances. Greater leverage
to twist the blade can be obtained from the faired flap by designing a
swept-tip configuration with an aileron-type flap to provide chordwise
offset. The benefits to be gained by using a thin, swept-tip, faired
servo flap include reduced noise and the ability to operate at increased
advancing tip Mach numbers. An equivalent profile power coefficient for
an advanced CTR design can be estimated from the data shown in Figure 13.
The equivalent profile power coefficient for a CTR with faired servo flaps
and a low profile shank is compared in Figure 15 to the H-34 power curve.
The advantages of aerodynamic improvements such as those described above

are immediately obvious. Equally obvious are the significant improvements
in CTR performance over conventional rotor performance.

13W. H. Tanner, CHARTS FOR ESTIMATING ROTARY WING PERFORMANCE IN HOVER

AND AT HIGH FORWARD SPEEDS, NASA Contractor Report CR-114, NASA Hq,

Washington, D. C., November 1964.
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COMPARISONS OF TEST WITH THEORY

An in-depth analysis that was performed to evaluate rotor performance
and blade dynamic behavior of an early CTR configuration was reported
in Reference 1. The configuration and the operating conditions reported
in that reference differ significantly from the CTR technology demon-
strator reported herein so that a direct comparison cannot be made
between the results of that initial study and the results of the current
test program.

During the design phase of the technology demonstrator, aeroelastic
analyses were conducted to substantiate the design and to define the
ranges of servo flap controls required for optimum operation. The aero-
elastic analyses were made at wind speeds of 80, 120, 150, and 170 knots,
and at a tip speed of 614 fps. The CTR was analyzed at these wind speeds
for two levels of vertical force, 11,500 lbs and 13,500 lbs, and
sufficient propulsive force at each wind speed to fly a helicopter with
an equivalent flat-plate drag area (20 square feet). As noted previously,
the wind-tunnel tests were conducted at wind speeds of 80, 120, 135, and
155 knots, and at a tip speed of 585 fps. Because of the nature of wind-
tunnel testing, the CTR was tested at many levels of vertical force and
propulsive force, none of which are exactly comparable to the substantia-
ting aeroelastic analyses previously conducted. Consequently, only
general comparisons can be made at this time between test data and
theoretical predictions.

The optimization procedures developed during the design phase of the
program provided valuable insights into the definitions of the ranges of

control variables to be investigated. The analyses indicate that servo
flap control settings for optimum per'rormance occur at the low collective

values combined with forward-longitudinal cyclic and right-lateral cyclic
at the flap. Changing the servo flap from negative collective (trailing
edge up) to positive collective (trailing edge down) reduces the amount
of longitudinal and lateral cyclic required. Positive servo flap
collective (+6 0) twists each blade negatively (blade leading edge down)

and negative servo flap collective twists each blade positively (blade

leading edge up). Right-lateral cyclic (+6l) on the servo flap twists

the trailing blade negatively and the forward blade positively. (The
trailing blade is at zero azimuth.) Forward longitudinal cyclic (+6ls)

on the servo flap twists the advancing blade negatively and the re-
treating blade positively. At fixed values of root collective and servo
flap collective, more servo flap cyclic is required with increased advance
ratio. The optimization trends predicted by analysis are supported by
test results, as seen in Figures 8 to 11. A comparison of the predicted
absolute levels of the controls with the measured control values for
optimum performance at 120 knots indicates that the servo flap collective

Lemnios and Smith
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and the cyclic controls agree to within one degree of the predicted

values. Thus, the CTR theory can predict control levels accurately.

Predictions of rotor performance indicated that contours of rotor power,
maximum blade section angle of attack, and maximum blade vibratory

bending moments optimized at servo flap control settings that were not
always compatible. For example, minimum power was predicted to occur

at servo flap cyclic control settings that resulted in increased angles

of attack and increased blade bending moments. In contrast to the

predicted optimization trends, the test results optimize more compatibly.

As seen in Figures 8 through 11, response contours of the rotor profile

power and the pitch-link load (an indirect measure of the angle of

attack) are more concentric with each other than were the predicted con-

tours. Further, maximum blade bending moment contours have shallow

gradients and do not influence the optimization area defined by the

profile power and the pitch-link loads. Because the combined parametric
response contours are concentric, the controls necessary to optimize

the individual responses are compatible with each other and thereby

provide a broader range of allowable control settings. Thus, the servo
flap control settings required to minimize power also tend to minimize
pitch-link load and do not significantly increase blade vibratory bending
momen ts.

VALIDATION OF PREVIOUSLY PREDICTED CRITERIA

The analytical investigation reported 'in Reference 1 established the

benefits to be expected from a near-optimum configuration of a CTR.
The primary benefit was derived by redistributing blade airloads radially
and azimuthally through blade twist control so that the CTR can carry ,

30-percent-higher blade loading than an equivalent conventional rotor
without stalling. This allows lower solidity, smaller diameter rotors,

reduced installed power, and smaller helicopters to perform the missions
now performed with helicopters with conventional rotor systems. Con-

versely, CTR designs that are geometrically sized to be equivalent to
conventional rotors have 30-percent greater load capacities than their
conventional counterpart. An additional benefit dcrived from the blade

load redistribution was an increased CTR blade life which resulted from

the 20 to 30 percent reduction in the blade vibratory bending moments.

I Lemnios and Smith
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The present work Litilized a CTR configuration 
that was less than optimum

because of the necessity for making the maximum use of proven rotor

components to keep program costs at a reasonable level. 
Analysis of

the demonstrator configuration established new predictions of performance

improvements using the H-34 rotor as a baseline 
for comparison. These

predictions, which establish the criteria 
for the wind-tunnel demonstrator,

reconfirmed the Reference 1 analysis with regard to rotor performance

improvements and blade vibratory bending moments from blade load re-

distributions.

Results of the wind-tunnel test program further substantiate the pre-

dicted criteria by demonstrating that the CTR achieved blade loadings

20 percent hiqher than the H-34 rotor. The vibratory blade bending

moments and pitch-horn loads of these two rotor systems were not com-

pared because the appropriate data were not available.

II 1Lemnios and Smith
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CONCLUDING REMARKS

The objectives of the full-,'.ale controllable twist rotor wind-tunnel

test program were to generate information that would relate to predic-
tions and to provide a data base for advancing the state of the art.
Defined goals were specified ;it the outset and were used as a checklist
to measure the success of the test results. The goals are reviewed below:

- Demonstrate the CTR principle throuqh the use of existing
ha rdware.

- Establish functional relationships between rotor performance,
blade vibratory loads, and control settinqs.

- Provide a firm data base for future tests over an expandel

test envelope.

- Correlate test results with predictions.

- Compare the test results with previously tested rotors.

Conclusions reached during the CTR wind-tunnel test program are

summarized below.

1. Rotor stall was alleviated at all test conditions. Stall alleviation
demonstrates the CTR principle of improved rotor performance by re-
distributing the airloads to reduce local angles of attack. This
result verifies the performance characteristics predicted by Kaman's
6F aeroelastic analybis.

2. Comparisons of the CTR and the H-34 performances indicate that the
CTR can operate to blade loadings that are 20 percent higher than
the H-34 without encountering stall.

3. Both collective and cyclic servo flap controls are required to
operate the CTR efficiently at the various test conditions.

4. The existing test hardware represents a satisfactory configuration
for demonstrating CTR technology and defining a data base for
additional wind-tunnel testing. However, the existing configuration
is not suitable for flight testing.

5. Trailing servo flaps with external support brackets are not suitable

for hiqh-performance rotors.

6. Functional relationships were defined between rotor performance,
blade vibratory loads, and combinations of dual-control settings
using optimization procedures that were developed during the

program.
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7. Optimization trends for control combinations are similar to those
predicted by analysis.

8. Rotor performance parameters optimize more compatibility than pre-
dicted by analysis so that the allowable range of control settings

is broader than predicted for optimized performance.

9. Torsional response of the CTR configuration tested is stable at all

tested conditions and can be effectively controlled by the pitch-

horn and servo flap systems at all conditions to improve rotor
performance.

10. Servo flap collective and cyclic controls for optimum CTR performance
have been verified by test results to within one degree of their

predicted levels.

The following recommendation is made:

Design an advanced technology CTR for flight test using data resulting

from the wind-tunnel demonstrator test program. Analysis of the
flight test blade will use the same techniques validated by the wind-

tunnel program. As discussed in the text, performance penalties

resulting from the trailing servo flap and inufficient blade grip

dictate that the flight-test blade design should feature a swept

tip with an aileron-type flap and aerodynamically suitable blade

retentions.

ii
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TABLE 1 RANGES OF TEST CONTROL VARIABLES.

Q R = 585 ft/sec

V s 0 6o / 61s / 61c

80 kts -50 + 80 -404 0 / -30 - + 30/ -2' - + 40

+100 .30 00/ -30 - + 30/ -20 - + 40

+11°  -3' 00/ 00 - + 60/ 0°  + 60

120 kts -50 + 80 -40 +20/ -30- + 60/ 00 60

+100 _40 -* 00/ +20 - -1 60/ +20 - + 60

+120 -40 - 20/ -30 4 + 60/ 00 1 + 60

120 kts -80 +100 -40 -Y 0/ 00 - + 6')/ 00 + + 60

+120 40- 0°/ 0 - -: 60/ 00 + 60

+140 _20 . +1o/ 00 + 60/ (0 - + 60

135 kts -80 +100 -2' 0O/ 00 + 60/ 00 - + 6'

+120 -20 .+1o/ 00 4 * 6"/ 0O . + 60

+140 -20 ++1/ 00 + 6/ 00 + 60

155 kts -50 +100 -60o-20/ +40 - + 80/ +2' + 60

+120 -20/ + 40 / + 20

155 kts -80 +130 0O/ 00 +20/ 00 ++ 60
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TABLE 2 REGRESSION MODEL USED TO

GENERATE CONTOUR PLOTS.

EQUATION FORM:

Y = ao + a1 60 + a2 
61s + a3 

61c + a4 (CLR/a) x 10.0

+ all 6o2 + a22 61s2 + a33 61c 2 + a44 (CLR/c) 2 x 100.0

+ a12 
6 o 6 1s + als 6 o 5 1c + a2 3 

6 1s 6 1c + a1 23 6o 6 1s 6 1c

TEST REGRESSION TEST CONDITIONS

PARAMETER COEFFICIENTS V = 80 kts V 120 kts V = 120 kts V = 135 kts

as - 50 as "50 =S 
-80 as -8 .'

Blade ao  3.2397 1.0778 3.2770 2.1739

Flatwise al -0.0627 -0.1014 -0.2572 -0.4409

B,_nding a2 -0.0700 -0.1966 -0.1430 -.0.2872

Moment a3  -0.0387 0.0911 0.1436 0.2319

Sta. 283 a4  -4.6079 2.0942 -3.2284 0.1072

(BF 283) all 0.0097 0.0334 0.0106 0.0196

kip-in a22  0.0036 0.0170 0.0071 0.0238

a33  0.0003 -0.0108 -0.0089 -0.0101

a44  4.1484 0.7631 3.8383 2.7790

a12  0.0184 0.0344 0.0332 0.0684

a13  0.0068 -0.0278 0.0157 0.0200

a23  0.0043 -0.0064 -0.0145 -0.0293

a123  -0.0007 0.0013 -0.0050 -0.0076

MULTIPLE CORRELATION 0.975 0.965 0.970 0.959

COEFFICIENTS

O -TET POINTS USED 59 84 60 131
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TABLE 2. (Continued)

TEST REGRESSION TEST CONDITIONS

PARAMETER COEFFICIENTS V : 80 kts V : 120 kts V = 120 kts V 135 kts

s a-50 s -50 as : -80 s -80

Rotating

Star ao  7.6281 1.8650 5.0761 2.2314

Loads

(Rot Star) al -0.4094 -0.1597 -0.1346 -0.4671

lbs x 10-2  a2  0.0477 -0.1817 -0.1152 -0.1422

a3 -0.0436 -0.2138 -0.2385 -0.0568

a4  18.4338 -0.7791 -7.7401 -1.3467

all -0.0300 0.0566 0.0586 -0.0018

a22 0.0221 0.0538 0.0387 0.0397

a33 0.3221 0.0447 0.0529 0.0406

a44 11.0156 1.2808 5.2445 2.4259

a12 C.0688 0.0929 0.0882 0.1076

a13  0.0367 -0.0500 -0.0374 -0.0002

a23 -0.0202 -0.0322 -0.0342 -0.0556

a23 -0.0017 0.0035 -0.0025 -0.0073

MULTIPLE CORRELATION 0.893 0.893 0.854 0.882

COEFFICIENTS

NO. OF TEST POINTS USED 59 84 60 131
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TABLE 2. (Concluded)

TEST REGRESSION TEST CONDITIONS
PARAMETER COEFFICIENTS V 80 kts V 120 kts V 120 kts V = 135 kts

as = 5  as = -50 as = s = -80

Blade ao  0.4594 0.3821 0.3168 0.5380
Profile
Power a1  -0.0013 0.0010 -0.0060 -0.0020

Coeffi-

cient a2  -0.0008 -0.0017 -0.0071 -0.0041

(CQo,x102) a3  -0.0006 -0.0030 -0.0072 O,0O08

d4  -0.6005 -0.3880 -0.2242 -0.6479

all 0.0013 0.0022 -0.0002 0.0059

a22  0.0009 0.0011 0.0013 0.0014

a 33 0.0006 0.0008 0.0012 0.0008

a44  0.3261 0.3937 0.3034 0.6221

a12  0.0012 0.0020 0.0005 0.0029

a13  0.0009 -0.0005 -0.0010 -0.0009

a23  0.0006 0.0004 0.0010 -0.0003

a123  0.0005 0.0006 0.0007 0.0006

MULTIPLE CORRELATION

COEFFICIENTS 0.808 0.956 0.890 0.908

NO. OF TEST POINTS USED 59 84 60 131

42



L -

L-

F- /-
I- 0

I4-

C

S-

<- -

-S-

0L.

< 4-.)

L)c V -

Ck: 0

Li.- a) S

o w 4J

U-

43J



00

X

co

44~



- -STA 336 (REP)

- - ---- STA 309.30-BSLADE FIATWISE

STA 293.85(REP)

______________STA 283.64- BLADE & SERVO FLAP
~STA ULATWISI

SA2110.00- BLADE T0351014

SA274.00cREl,)

-- - STA 252.20 SLADE TORSION

-~ -- STA 23.20- SLADE EDGEWISE

I SLADE FLATWISE

- .1. - -STA 20160- SLADE TORSION

-- - --- STA 163.00-BLADE EDGMWSE
BLADE FLATWISE

- -- STA 134.40-LADE TORSION

- - .- ST&47.0O- NLADE EDGEWISE
SLADE FLATWISE

-'---STA 2S.50 (RIF)

Figure 3. CIR Blade Strain-Gage Locations

45



5; Horsepower

V 

Vbibration
Max Alfa

Rendin

b. Twogl Variable

Figue 4. Respnse urfae Pr ienation

46



50 10/REV 9/REV

40 X 80 TEST DATA (V =0) / 8/REV

+ FLATIJISE 2/ /

0 EDGEWISE 2/ / /

X TORSION 1 TES PED7/E

40 0 FLATWISE 3F5
0 FLAT 14SE 4 (STA 47) E3 // E

30 F 6/REV

' 30 / /REV

(-F

4/REV

DAMP), 3/REV

Il

0 100 200 0

ROTOR SPEED - R1

Figure 5 .CTR Uncoupled Natural Frequencies

47



8

6 0 120 0.40 1700
CYCLIC- 0 120 -240 1700
TWIST

AMPLITUDE l 0

DEGREES I .0

2 It11 0.5 /__l
305 0 I -0.3

0 1

0 2 4 6 8 10

0 140 0.40 1700
o 140 -0.60 1700

6 A 140 -2.20 1700 0

CYCLIC- 31cp1 1
TWIST - 1.0

AMPLITUDE 316I1

I fl 10I
DEGREES I.5 I

0 .5

28

0

O 2 4 6 8 10

SERVO FLAP CYCLIC16,1 DEGREES

Figure 6. Cyclic-Twisting Responses (V/.R = 0.366, a -80)

48



CT =CNTN

=CONSTANT

a= CONSTANT

c~~ 

CONSTANT7AN

0 / 
cJ CO 

1s AN

ROT. STAR
S CONSTANT

FB 283 CONSTANT

6Is

Figure 7. Typical Response Surfaces of CTR Test Data

49



___COMBINED CONTOURS C QO / __y

-2 

'5

IFI

6 _ S10

10. ROATN SA

V = 8OT C00

V = 50 KTC

R =/8 FS0

=~~~5 .2 .-2F 8

Figure 8. Optimization Response Contours at 80 Knots
and -5 Shaft Tilt

50



COMBI-NED CONTOURS CQ 0

-- !ClafOO 77

RSS

.0024

10 ROTATING STAR

12-7

1400

V = 80OKT CL _

QR = 585 FPS.0

= .22 6 = 0 FB 283

as 50

514



COMB INED CONTOURS 
C Q /a

-4 *,/ ~ /
cooal

.0022/

-6 -4 -6 b 10 14 1(,
-- 4 4--4-- --

101800 ROTATING STAR

14~

c~ 16

V = 80OKT CL

O2R = 585 FPS -.- 06

=I .22 60 1,/ 1jFB 283

552



COMBINED CONTOURS Q0

COO -4,,
.0024 .0024

1

-6 -4 - / 4 6 8 10 12 14 16

2- /Q

SR
100

8 RS
200

BF ROTATING STAR
1800

12 ?Soo

14I

1600

16.

V = 80 KT CL 0,

SR = 585 FPS o

p .22 6°  = 2 FB 283

as= -50 7

Figure 8 (Continued)

53
Il



COMBINED CONTOURS 
QO/

2 'ii

~R= 585 PS0 =020

.2202 -2ts2

= 500

V = 80K

R .08o

Figure 8 (Continued)

54



COMBINED CONTOURS C Q/

.00201, 6

002 too .,.u.p

s 2000

ii 1- .2 
-FB23-

11 = 5 .2201'

Figure 8 (Continued)

55



C /
COMBINED CONTOURS Q

20CQ 0.000023

co.,

.0022

R3.

200 ROTATING STAR

k 16

V = 80 KT C L - 08- - -.- ---. .

:QR = 585 FPS a - 0

= .22 so =_

a -50'
xS/____

owl--. __~----

Figure1 81Cniud
563//



_ _ _ COMB INED CONTOURS CQo

22/

" -" _.

,/ /

/ /

* 4 . 3 14 16

V 100(oCe

a =a50

14 .4 20 0 04 33 , 4 34

1300

V =30KTCL 

4

Figure 8 (Continued)

57



______-COMB 
INED CONTOURS 

/

* 3.

-2 e ~10 1 41

.22 - 2 20028

ItsI

500

14 &F 40

2200.

t 58



COMBINED CONTOURS C Q/O

coo coo 2400
.0020,,' .0022 6i 

to.. to , .

-6 -4 /4 6 10 12 14 16-

300 RS

200

260 ROTATING STAR

142600 1~ ~ * *s

V = 80OKT C L

SIR = 585 FPS a 1

= .22 6 0 FB 283

cz0

Figure 8 (Continued)

59



C_ -/_COMBINED CONTOURS Q/

oo / as //// 7

/.- .

0020°a l-, oo/

jF/a s20 / F R OTATING. STAR
I

/ --. ...

CL R -..

2600---- -

IF F

8 II

260 2400

14 I

t

V = 80 KT CL

SIR = 585 FPS -10

= .22 0 1B28

-500

IPAt

Figure 8 (Continued)

60



COMBINED~~ COTURa___
-- BIEDCOTORS-

CQ0  /1CQ0
.0.024 coo .000

.0020Co6

.0024

-6 4 6 8 10 1 14 6
4 6-0 2 14 1

300 ROTATING STAR

2400

16

V = 80OKT CLR

QR = 585 FPS .10

= .22 =2 FB 283 _ _ _

= 50

S~ 

4

*4 . 2 4 4 4 4 4 44 4

244 a.

Figure 8 (Continued)

61



COMBINED CONTOURS CQ 0/

2600~

4 Q)

= .22 = 2.F0028

1 0 .3RTTIGSA

OF II 8F

162



COMBINED CONTOURS _Qo/

c I 
C,,> Qo 

" "

co--. o , oo , .. . . ,,
.0020 .0022.

-6 -4 2 4 8 )0 12 14 16/

V~~ ~ ~ S 0K L

RS : _5 - "

100

R S
200 -_ _ _

3SOFO 10 ___ ROTATING STAR

BF SF

2 2800 3000 --
14

6 16

V 1= 80K C

L R-

Q2R =585 FPS.1

p=.22 60 0 _FB 283_,

a = 50 .4 .1.

S ' ..2....2L !T1~

Figure 8 (Continued)

63:



COMB INED CONiTOURS 
C0I

CQ/
10 14

-6 -4 141 1

10 ROTATING STAR~

IFI

V = 80OKT C L ~ "
SIR = 585 FPS a 1

= .22 6 1 __ FB 283

-J .7.

as -50

Figure 8 (Continued)

64



COMBINEb CONTOURS 
C Qo/(

co,

./oo---24o[ OATN SA(

. 0 c 0 .002,

.00M.- .

S6 8 10 12 14 6

.0020

I s 0

10. 3000 ROTATING STAR

14,1

16 2

80 8KT C L 
'

,Q 585 FP'S F

= .22 2 F6 283

= -50

Figure 8 (Continued)

65



COMBINED CONTOURS CQ /"

~~0t322 3000 ((

. - . 4 a ,.
7/' t s : \\

3200 T ~oo 0

v -K
LR

,I - 5R FPS 77

-2 FB 283
I0 /1

S I -\.

/\ ,' ,* 4

'171,

I - j -

Figure 8 (Coatinued)

66



______COMBINED CONTOU-RS ____ CQO

X I

R s . . .

ROATN0SA

6 -4 )o 1

AF R .585..S..

34 220 ?.

a- F 9

a6 

I.1

Figure 8 (Continued)

67



COMBINED CONTOURS 
C /0

1001

44 6 10 12 1 1

-. RS

co / 200

.024- ~3400 BF

36003600

ROTATING STAR

12 \ \

14_ - - -/I 11.' 1...

V =8OKT C

PR= 585 FPS.2

Lk = .22 6 = 1-FB 283 --

50 1 0

as = -5

Figure 8 (Continued)

68



COMBINED CONTOURS 
CQ P3

j ~oo / -:,z '/, " ".

0024 cCoo .0022 .N R

2 4 6 8 10 12 14 16

200 Coo

3~600 8

F3600

1... ROTATING STAR

VF 
rC80 KT CnL e

QR = 585 FPS .12

iu = .22 =2 _ FB 283 -
(I 50 ,§ .

Figure8 (Conluded

69



COMBINED CONTOURS ______/a

00003

.4 *4 -2 4 
/ 12 1A 1

4000R #00~ 00

V=120 KT C L __

QR=585 FPS a~ = .06

= .33 6 = -2 FB 283

s= -50

Figure 9. Optimization Response Contours at '120 Knots
and -50 Shaft Til1t

70



COMBINED CONTOURS Qo/_

1-4
200020KI " -

cc0
.0030 5 S-

•4 10 12 14 16

00o3A 

I

i6

10 40ROTATING STAR

c 16

V = 120OKT CL _

R = 585 FPS c =.06

u = .33 60 = 0 - B F283 -

s= -50 
.

*Figure 9 (Continued)

71



COMBINED CONTOURS C

200 1 4 .,~I004

-2 3 1 : /
200,

Rs ROTATING STAR

144

V = 120 KT C L=.0

QR=585 FPSa .0

= .33 60 2 :FB 283 :.

t= -50

722



COMBINED CONTOURS C

4 
61

'00321 "

10 .0034ROTATING STAR

2000*

V = 12 0 KT C L R = 0

SIR= 585 FPS Ra 0

= 3 0 = -2 .F8 283 __

50

Figure 9 ((rntinued)

t7



COMBINED CONTOURS 
CQo/0

.0036\ .0034

U 12o 14 16

4000

coot R 584PS0- 
0

SROTATING STAR

V = 120 KT 
.

S= 585 FPS - 08

=_. .3 0 " ' FB 283

Figure 9 (Continued)

74



C /0r
COMBINED CONTOURS 0__________

-2 -

c3 0

10.. ROTATING STAR

V = 120 KT CL-

OR = 585 FPS .08

= 336 2 FB 283

775;



2 
42 

6

coo 00

'400

585 FPS' 

~2B

.2 

2.3

.33

CL~

f gure 
(Cofltiuedl

76



COMBINED 
CONTOURS

400/ 400

( 0000 4 

00 ~
"- 58 FP .10......

= 50

S IS

4 01 /- O T AT I N T A R

- - 200

SV = 120 KT CL

- 9

Q R = 585 FPS 1-.0

= .33 60 0 FB 283

- as =-50

Figure 9 (Continued)

- 77



C /
COMBINED CONTOURS Q0

4 0

ROTATING STAR

L 
R

SI 585 FPS .10

= .33 60 2 FB 283

as = f50i
s... ~ ** * * 1 "

Fiur 9 Cotnud

78.



COMBINED C04TOURS Q 0

j4 / \ 0/... / "

\ -.

C0046] e

Y"400

"0 ROTATING STAR
60/

4 0 1- ( , , ,

40 2000

V 120 KT CLR " -

OR = 585 FPS .1

o = .33 6c) -2 FB 283I .. . .

~Figure 9 (Continued)

I 79

V 2 K L - .1- 
I



COMINEDCONTOURS CQ/

~1 ~ .00000

00"'s/

000

10 ROTATING STAR

= 120 KT C L

Q 585 FPS -a- .1*

-.33 60 0 ~ FB 283

-*50

V ,* 
. 5 S S I 55 I 5*

Figure 9 (Continued)

80



COMBINED CONTOURS 
CQ

-6 -22 4 6 8 10 -2 14 1

44

R s~**a

2 "B28

.0 0 44, a

181

L R-



COMBINED CONTOURS C Q /

16 F ' i

400

C,.- , 1.......

coo
'C048'

1RS

too'

12 600

V = 120 LR = 1

,R=585 FPS

.33 -2 FB38

(isS -5

Figure 9 (Continued)

82



COMBINED CONTOURS rCQ/

~~~ ~400') 6B ,

0) -4/ 8\0 12 14 161

/005 \
/ .Q52

8* RS

400

\10 oolo ROTATING STAR

2000

V = 120 KT CL

QR 585 FPS - .12

= .33 =0 FB 283

-t -5

Figure 9 (Continued)



COMB INED CONTOURS c QO

4000 0

~:o 04 6 8 10 12 14 Ic

141

000 6F 1OAIGSA

I 000

120 KT

VL .12T C

'R 385 FPS -. 2

.33 =2FB 283

Figure 9 (Conicluded)

84



H

0300rh

V = 12OK CBF

14

16l .

Fiur 10=piiainRsos otusa 120 Knots

QR = 58 FPS85

a-as:~ 

-8



____COMBINED 
CONTOURS C Q /a

20'00

COO 4

4001

10. ROTATING STAR

OF 12 -~

14 2000 
I 4 4

L :1

V =120OKT CLR_

N=585 FPS .06

w= .3 0 ~FB 283

s= -80

Figur.e 10 (Continued)

86



ri

COMBINED CONTOURS . I / */.

2000 .0032 
6

,~ /'-

-6 -4 -2 
6 8 10 12 14 16

coo 2000 I _200

.0300 
- . -

I /

400 ROTATING 'STAR

4000

61/4

V z 1 2 0 K T C L R ...

R 585 FPS .06

= 3 23 F8 283 .. .

F gu.3 10 1 o-1, !

_8
° 87

........................................................... . .. .

~i.7

, :' Figure 1I0 (Continued)

g , 87



COMBINED CONTOURS ___ "QOa

_4 12 14 1

WSJJ

00 585 Fto.0

84 
3.

g0r 1RO(CTntinSed)

B8



c Q/a
COMBINED CONTOURS

0034i

.0032-

4 B44

200 4 4 0 41 4 4 4

6114

16 ~

V = 120 KT CLR

SIR= 585 FPS -- 0

-O3 6 FB 283___ _._

= -80

Figure 10 (Continued)

89



COMBINED CONTOURS 0Q

co"1

4000) 2000

.003 10140RTAIGSA

V =120 KT CL

QR = 585 FPS a .08

= .33 6 = 2 FB 283

Figure 10 (Continued)

00



COMBINED CONTOURS 
C Q /a

r0

.0042 400 '

10. RSROTATING STAR

13 2 - F

2 00

Fiur 100 (Kontnued



COMBINED CONTOURS 
QOh

Lu I

ROTATING STAR

RsI

V = 120 KT C L

Q2R = 585 FPS - 10

= .3 0 ____ FB 283

= -80 S1515

Figure 10 (Continued)

92



COMBINED CONTOURS C QO/

4000 6~

0040~

V03 120 TCR- 1

2R = 585 FPSa .1

= .33 so 2 .B 213

=,4 -80,____

Figure 10 (Continued)

93



COMBINED CONTOURS ________

.0044

-/1
cooI

.004646' RS
V ~ ~ ~ 0 L2 TC 

___-----

16*

-807

Figure 10 (Continued)

94



COMBINED CONTOURSQ

4000

1 12 14K CL6

R-

= .3360 600 20003

14'

c 1I

A Figure 10 (Continued)

~)5



COMBINED C'qNTOURS C Q

.0044 4000 5 1j . / ~

ROTATING STAR

,004 12OKC

V = 820 0 FB 28L7

Figure 10 (Continued)

96



C M BINE C 
ONTOUR 

CQ 0/0

.003

1R28 PSo- 1

V = 133 KT -2 L R 
213

as -8

Figure 10 (Continued)

97



COMBINED CONIOURS _____ 

___/o

-76 9 0 12 14 16

00-13/

.0050

RS

8* 400

600 ROTATING STAR

V 120 KT CLR

=585 FP'S - .2

=.33 6 0 FB 283

Figure 10) (Continued)

98



COMBINED CONTOURS C Q/

-4 400 6:"

10 12 14 1

Lo 400

.04 0R 8' ROTATING STAR

1 2j

V = 120 KT C LR

OR = 585 FPS .12

=i .33 =2 FB 283

=I -8

Fiue1SCnldd

99 .



________ COMBIED CONTOURS _____/_3

4\' 4V

8 1 12 1

10 0040ROTATING STAR

_ _ _ _ _ _ _ _ _ _ _ _ __12

IF7

V = 135 KT CL __

= 585 FPS -=.06

LI .366 60 -2 _IB_283

(I -80 .

Figure 13. Optimization Response Contours at 135 Knots
and -8' Shaft Tilt

1 00



COMBINED CONTOURS CQ

-6 - 2 ~.0038 40 i**
2 2 4 6 10 12 1 16j

2[00

10 -2000ROTATING STAR

6 1

c 16

V = 135 KT CI-

QR = 585 FPS aR. 06

IU .366 60 0 -FB 283

Lau



COMBINED CONTOURS cQ

B I,

4 6 104 2 14 1 4

R . O85 ROTTIN RSTA0

110



COMB INED CONTOURS 
QO/

600 4000

61 1< 0 2 14 1

.0042

)2 .3BF2F 8

1000.
14 8F RS

00



-COMBINED CONTOURS 
C Q /G

4000 a 9 93

-6 4 ~t 10 1 14 16

coo

6 .004 4

10 200ROTATING STAR

C 16- R
12 600

V 135 KT cR-

R = 585 FPS .08

= .366 61 0 Fri 283

s= 
9

Figure 11 (Continued)

104t



COMBINED CONTOURS ____

7I - _

-6 - 2 I 2 4 8 0 12 14 16

.0044 4000

cooB
.004 800

10. ROTATING STAR

12 .

0 16

V = 135 KT C

OR= 585 FPS - .08

= .366 6 2 F 8

cc = 80 -

Figure 11 (Continued)

105



COMBINED CONTOURS C Q/

Z,

-4 6 F
co 4000

10 ROTATING STAR

6000 *1600

161 ~4000 ~*~

V =135 KT C L .0
2R = 585 FPSa .1

=.360'66 -2 FB 283

Figure H(Con~tinued)

106



COMBINED CONTOURS CQ

4000 S

C~o 6000 1 *

-6 4 ~ I8 12 14 16

2 .-

Coo

.0052

1400 ROTATING STAR

V =135KT CL 0 ~1

Q = 85 FPS

= .366 0 FB 283

Figure 11 (Continued)

107



COMBINED CONTOURS CQ Q

6 F
4000

- -.. 6 10 12 14 16

0056

I RS &FROTATING STAR

141

ic 16

V = 135 KT CL . ~

SIR = 585 FP'S o 10

= .366 60 2 FB 283

-805

Figure 11 (Continued)

108



C^ /o

COMBINED CONTOURS QO
Sl: 4000 BF %

600 D

-6 -M2 10 2 14 1

400 ,

10 coo BRFTATING STAR

6000o0

C16

V = 135 KT CL 3

QR = 585 FPS a .1

= .366 6 = -2 FB 283o0
as= -80 

3

Figure ii (Continued)

i09



COMBINED CONTOURS 
CQo/

6 44 12 14 16

>'I.

10 Rs ROTATING STAR

V:= 135 KT "C- -
L RI

CR- .11 1

Q2R = 585 FPS a

u = .366 = FB 283

o.s .8. .

Figure 11 (Continued).

110



C o/0

COMBINED 
CONTOURS

0 F
40007? 1

-4il

-6 -4 6 10 12 14 16

-2 BF .--

RS
600 .,

R S
400 I

coo A.
0060

10. R s ROTATING STAR

* * \\* *
____________ . a..,

V 135KT CL ...

QR = 585 FPS R

= .366 6 2 FB 283

F e ( i

Figure 11 (Continued)

' 111



COMBINED CONTOURS CQ/0

16 6

coo_ 

___ 
_

2 .36V- B8

RSa

S a 04
10 RO AT N a a s r*I A a IS

coo Rs

111



COMBINED CONTOURS C Q

co6000 1 . ,

6 4 -2 4 6 8 10 12 14 1641

RTAIGSR

4__ [ ~N

121

V = 135 KT C [L
2R = 585 FPS a = .1

.366 60 0 -FB_283

Figure 11 (Continued)

13



4 R 1 S (

-B F

N. 4 00

600

L RS

.12N

R = 155 FP

.366 = 2 FB 283

0~

Fiur 1 Cocudd

114V



CTR WITH FLAPS -2"

.006 0.22 -50

+ 0.33 -5" * 7/"

O 0.33 -8" / _

.0-X 0.37 -8" _/

c Q(

.002

= 9°o -1 ° 00 +1 2"
400 7X x -/

r~u / -/-,

STAR 200 I

0 -

0

FB283 /.

K I I l1. .

0 .02 .04 .06 .08 .10 .12

cR /

Figure 12. Rotor Performance Versus Blade Loadinq

115

-"-...-.a..,.n,@



ONFIG V/ R 'M(_ )

('CFI (' 5 0.3 68 -6. 6 II
H-34 -5 0.30 0.14 0
H-34 - O. 30 0.14 _ H /

CTR 41TI OPTIHULII
.003 FLAP SET1II!GS

Qo CrR W/O FLAPS-,/

.002 0

.- 34 x -- ,4 11-34,

------ -E-

.901 CTR 1,/0 FLAPS AND REDUCED

SHANK DRAG

0 1 L I L -

0 .02 .04 .06 .08 .10 .12

CL /o

R

Fiqure 13. Comparison of Profile Power Coefficients
of CTR and Conventional Rotor

116



- .

SIA 27.,8

SIA 37,0

BLAPI SHIANK

STA 4,5.5

Fiqure 14. CTR Blade Shank Cross Sections

117



.003

.002 

H- 34 
xJ

.004

00 .0 .0/0 0 1

L/

CTR aTd FAnenional FLAPtANr



I orinio, , A\. 7. on d ' h, A. f. , AU iAWI, :1 ifA
('ON P()[ I A8 BF T1Il I T FRO IOR PECR FOIMI C! A! 11))Y I All: A;
licetlrA Jeport 72-16, U. 4. Army Air Flo!' 1 1 .,.~ f
D~velopm'ent Laboratory, Fort I uW)iv Viriio I, "d~ j

Johivson, 1-. and Biaqern, T. C. ,SFi Wvt W! Pff W :
I N THE 40- BY 80- FOOT WI Nn f WIN[ [ , rIA A Tot r, I ( I '11 'if
PM X-62,418, Amues iWearch CUt~or, Moffe(tt f h:I, (ai Ifcc'
Fehruary 1975.

. John,on , I . anu( d R I q('r-,, , F\j
WI1TH BALANIC[ DAI1PFR, IN TI11 40- 11Y - .' J 4  p,
Vemio ra dum i hh?.,47n, Nip', FP'',e rc f e~, fvt, 'i ' V i
Cal i fornua, July 1971 .

4. Mil1ler, Irwin dud F reciri, J1ohn !,. OPORBK A
ENG INEFRS, Prpnt ic e-FHa , Inc,(. , !Vj1P~wo )Ic .

I (WIANlC[ ANJD U,T1J TORN I (MAY, (if rf - At 1
OPERAT ING coFIB r ionJ~ UJAAVt AB'. T-( hn! I al~I*c'( ,

Av'ation ?lateril I ahordjtorir), forrt fwi', , 1 jlqiw,

AP 674187.

Mc(,1 olidI , 1 111 , 4 iq)pr%, , i' * K . .
ON0: OF F UllI -Y AlI FH! I I OPTI1' P0> A V

A>VANCING 111P rA(H NJ!B? IA',A lfw uil~ 'i. ..

Po' (-( r( h) (,ont or, 14o ftpet I F it I d, (I , Ir.

1( lou , 1. 1 ., H ! and tMr-ai Foitth, .

AhMjA';iPFI) 'ITALL IJNjt~)[t.'1, t OFA 41

')', ftM 0. 1, T O 1j 4 , 'W !it .~ r i I( i;

cr il , 40 f Pt t I IV d M 1c 1 c ~ , l. 4

I-',(A, iF[ I Ft W F1[P I11bool WI Ut N1 4U AW W .'

:I'c N% A! AU'JAri P 1 104r~ 1 I'! ' *, %' *W ,

i '.emr I) ( (trithzr', Mof fet I W , i !i " n t t

*. r'Ircj .Y* )( "u 'slou'no , N . j. j )
;A ', HAP1 .1 I (u lot vi"?c I u' 'e

tory, ?If r't 01 I I fet at trn' ,I , 1ovo'T.,h I



REFERENCES (Continued)

1.McKinney, L. W., EFFECTS OF FINELESS RATIO AND REYNOLDS NUMBER ON
THE LOW-SPEFD CROSSWIND DRA(; CHARACTERISTICS OF CIRCULAR AND
MODIFIED SQUARE CYLINDERS, NASA Technical Note D-540, Lanqley
Research Center, Langley Field, Virqinia, October 1960.

11. Hoo~rner, S. F., FLUID-DYNAMIC [DRAG, Published by the Author, 1965.

I,. Iloorner, S. F. and Borst, 11. V., FLUID-DYNAMIC [IFT, Published by
the Authors, 1975.

1 1. Tanner, W. Hi., CHARTS FOR ESTIMATING ROTARY WING PERFORMANCE IN
HOVER AND) AT HIGH1 FORWARD SPEEDS, NASA Contractor Report CR-114,
11ASA 11(, Washington, D. (. , November 1964.

I1 Rob)i nson, DonalId W. , Jr. , and Dunn, Frank D. , TRIMMING DUAL CONTROL
PUTORS FOR OPTIMUJM PERFORMANCE, American Hel icopter Society National
Symposium on Helicopter Aerodynamic Ef ficiency, Hartford, Conn. ,
March 6-7, 1975.

(, amrbra, Joseph MI. and Tolari , Geno P. , REAL TIME COMPUTER DATA
SYSTEMS FOR THE 40- BY 80-FOOT WIND TUNNEL FACILITY AT AMES) RESEARCH
cINTFP, 11SW Technical Note TN D-7970, Amie) Research Center Moffett

Uill dlifornia, May 1971).



APPENDIX A

DESIGN DESCRIPTION - CONTROLLABLE TWIST ROTOR

PRELIIIINARY REQUIREMENTS

The design of the Controllable Twist Rotor (CTR) system took into con-

sideration several basic ruquirements. The factors that determined the

design evolved around desired blade characteristics, cost, and the many

equipment and facility interfaces. The following were primary considera-

tions that guided the system design:

e The rotor blade had to be torsionally soft.

e Blade twist was to be controlled by independent inboard and
outboard control systems.

e Geometric specifications were to nominally match the H-34

blade to the extent that resulting test data could be directly

compared with appropriate H-34 baseline data.

e The blade retention had to be designed to mate with standard

H-34 components for easy adaptation to a Rotor Test Module

which was to be provided by the NASA-Ames Research Center 40-

x 80-foot Wind Tunnel.

* The hub and control system had to be designed to allow the

maximum use of proven hardware and for easy installation on

either Kaman or wind-tunnel test rigs.

* Instrumentation design was to be compatible with either Kaman

or wind-tunnel systems.

* The entire rotor and control system design was to allow the

maximum use of existing, proven components, and toolinq for

cost considerations.

DESIGN DESCRIPTION

Rotor Blade/Servo Flap-Selection

The feasibility demonstration model of the CTR was based on the existing
design of the 11-43 blade. The torsional, edgewise, and flapwise stiff-

ness characteristics of this blade were compatible with CTR requirements.
The servo flap control used by the H-43 provided the CTR with the

necessary outboard control for twist. The H-43 grip redesign made mating

the components with the standard H-34 pitch barrel possible, permitting

the use of the conventional li-34 inboard pitch-horn control system.
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The 1-43 blade is noted for its ease of mod if i.at ion as welI ,. it,
excel lent serviceability. [xisting Hi-43 tool inq was adaptble .( 1P
without affecting 11-43 production configurations. By adaptin g, the hlade

to the 11-34 rotor head, compatibil ity with all test rig requi rYment', was,
.assurecl.

Rotor Blade/Servo Flap - Construction (11-43j

The H-43 blade, from which the experimental CTR design evolved, is con-
structed from the highest quality sitka spruce and maple woods, birch
plywood, fiberglass, and stainless steel. The laminated spruce main )par
block forms the basic structure of the rotor blade from the root end to
the tip. Laminated maple blocks with fiberglass and scotchply reinforce-
ments are used at the root end to form the foundation for attaching the
blade grip. Laminated maple is also secured to the leading edge face of
the main spar to form the blade's leading edge. Spruce ribs, secured to
the aft face of the main spar with spruce corner blocks, form the airfoil
contour. Laminated maple and birch plywood with a fiberglass covering

form the skin panels. Mass balance is ,btained with weights imbedded in
the leading edge and in the tip of the spar. Tip weights are secured

with four inches of wooden dowel bonded horizontally in the spar and

then double safetied with two steel pins inserted and bonded vertically

through both spar and dowel. The entire blade is protected with an
acrylic lacquer finish, and the leading edge is protected with stainless
steel against abrasion.

The blade's control-rod assembly consists of a long rod that is routed

through a phenolic tube extending from the grip area to the servo flap

area. The control rod connects to a bellcrank, which translates spanwise

control motion to chordwise mnotion through a short rod connected to the

flap.

The servo flap assembly is constructed of a plywood and spruce miain spar,
a spruce leading edge, and spruce ribs covered on the upper and lower sur-

faces with a birch plywood skin. The upper and lower spar caps are con-
structed from fiberglass. Support fittings, inboard and outboard, secure
the flap to support brackets on each rotor blade assembly. The control
fitting is located on the inboard support fitting. An armored cable

passing through the center of the flap spar carries the centrifuqal load

of the flap from the outboard flap fitting to the inboard flap bracket,

where the cable is secured.

Rotor Blade/Servo Flapj - CTR Modifications

Modifications of the 11-43 blade for CTR were designed to: (a) closely

match the H-34 blade geometry, to facilitate data comparison; (b) move

the control servo flap outboard to control blade twist over a longer

spanwise portion of the blade; and (c) be adaptable to existing 11-43
production blade tooling. To accomplish the modifications, the following
design changes were made:
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The fiberglass-sheathed wooden spar was lengthened 38 inches to match
the 28-foot radius of the 11-34. The H-43 blade's after structure was

continued over the longer span.

Blade chord was increased 0.71 inch, giving a total chord of 16.4 inches.
The overlapping of skins at the trailing edge, normally trinmmed in manu-

facture, was left in an untrimmed state to provide the desired extension.

Airfoil section was otherwise identical to the H-43.

The standard H-43 control flap was moved outboard 74.81 inches. The

structure immediately inboard of the flap on the H-43 blade forms a
torsion-tuning section, and this section was extended outboard with the
flap. A scotchply stiffening plank in the underside of the blade spar
was also continued outboard to mdintain the same termination distance
relationship to the flap mounting hardware.

The servo flap was shortened by cutting the original flap in half. The

balance weight in the nose was reduced to keep flap chordwise balance
at the quarter-chord hinge line.

Mass balance was redistributed by adding weights in the leading edge of
the blade, by using a heavier-gage stainless-steel guard over the section
of the blade outboard of the inboard-flap support bracket, and by in-

creasing the tuning weights in the blade tips. Blade stiffness was also
increased by extending the leading-edge guard inboard through the torsion
section of the blades.

The blade grip was redesigned to mate with the H-43 root on the blade

side and with the H-34 knuckle joint on the pitch-barrel side.

Figure A-I shows the completed CTR blades, illustrating the short flap,

the extended chord, the extended leading-edge guard, and the redesigned
blade grip.

The following is a listing of rotor data, and blade and servo flap

characteristics (as fabricated),

Number of blade - 4
Rotor diameter - 56 ft.

Solidity - .062

Lag hinge offset - 1 ft.
Lag damper rate (same as H-34) - 1742 lb. in.-sec/degree

Blade weight (including flap, pitch barrel, and controls
affected by pitching - 285.35 lbs

Torsional spring constant - 267.04 in./lb/degree

(measured just inboard of the flap)
Blade chord c.g. - 4.514 in.
Blade span c.g. - 110.15 in.

Span moment - 31,431 in.-lbs

Blade moment of inertia (about lag hinge) - 1374.4 slug ft
2
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F lap wei(Jht 1 I.6' ttbs

lap (hurd mom1l I. - 2 .?9 in.-Ibs
F1,1p ,nI)dl reorInt - 463.90 in.-lbs

Con ltro 5/RW o1r head

The (.ontro l ,ystem was des i ned to have independent collec tive, Iongitu-
dinal, and lateral cyclic controls for both the pitch horn and the flap.
The pitch horn was operated through the hydraulic servo system existinq
in the test module, from a control panel located in the tunnel control
room. ]he flap control system was a new design hut used proven components
in all critical areas. The flap was operated from a control panel adja-

cent to the pitch-horn panel. Displays and switching functions were
des igned so that meter and switch types were identical, and the directions
of meter movement and switch actuation had the same meaning.

The flap control was designed to operate through a system of rods, cranks,
rotating swashplates, and linear actuators. The rod and crank routing
thr(.o.1h the blade was the standard 11-43 system with lengthened rods to
accommodate the longer blade. The control rod exited from the blade at
the root end as shown in Figure A-I and was routed through a system of
cranks and short control rods to a walking beam that translated control
motions through control rods in the center of the rotor shaft. The
walking beams were mounted to a turret assembly that was added to the

top of the hub. Turret height was chosen to decouple servo flap control
motion resulting from lag motion. The turret also provided a convenient
location for mounting terminal points for rotating instrumentation
transducers. Small electric motors were mounted at the walkinq beams
and operated eccentrics, resulting in small control motions to make blade

track changes. The motors were operated from the tunnel control room.
Figure A-2 illustrates the complete rotor head and upper control in-
',t,l lation.

The upper and lower control installations were connected by four long

control rods that extended from the walking beams, through the rotor
shaft and instrumentation slip ring to an SH-2 swashplate. The swash-
plate was operated by linear actuators through a system of L-cranks to
provide independent control for -ollective, lateral, and longitudinal

cyclic. The actuators were operated from a control panel in the tunnel
control room. Figure A-3 shows the complete lower control assembly with

the slip ring prior to installation in the test module. Figure A-4 shows

the lower controls installed.

DESIGN ANALYSIS

During the total design and fabrication cycle of the CTR, a closed loop

was maintained with the on-going analysis. Pertinent results of the pre-
liminary and detail analysis were continuously fed into the preliminary

and detail design. Also, factors evolving from design efforts and actual

fabrication data were fed back into the analysis, continuously updating

the analysis to the point of whirl testing the CTR system. The effort to

125



r ____

(V

a
C

C.-

4-)

(I)

I--

C)

C.

LV

4~)

C

C)
L

1±.

126



Fiqure A- L ower servo Fla) Corit rolI

127



C)

(A
C

(A

C

C
a

(1)

C)

C)

I ?8



maintain close coordination between the analysis and other development
phases resulted in a rotor system closely represented by the final

analysis, as it went into the whirl test phase.

PRELIMINARY ANALYSIS

Natural Frequencies

Preliminary tuning was performed using an uncoupled beam analysis for
flatwise and edgewise bending, and for torsion. Stiffness and mass
distributions of the structure were estimated from the preliminary desiqn

drawings. Preliminary mass balance was added to bring the integrated
product of inertia in flapping and feathering close to zero, adjusting
the total weight and spanwise distribution to place the flatwise bending
frequencies near those of the H-34 blade. Edgewise stiffness was adjusted
and fed back to the designers - to place the first in-plane elastic
bending mode comfortably above 4 Q.

Torsional frequency, neglecting aerodynamics, was placed between 2 Q

and 3 0 to assure adequate twisting response to servo flap deflection.
The presence of the flap near 80% radius shifts the effective aerodynamic

center aft, introducing static aerodynamic stability, which is in effect
an added torsional spring. The effective hovering torsional frequency
was thus expected to lie between 3 2 and 4 r.

Blade Stability

The 6F Aeroelastic Blade Loads and Response program, developed earlier in
the CTR program and reported in Reference 1, internally couples together
six independent modes of response-feathering, flapping, lagging, servo
flap deflection, first elastic bending, and torsion. It is run in two
parts. The first part is a perturbation analysis in which linear aero-
dynamic derivatives are used, one or more of the six blade responses are

perturbed, and time histories of the blade responses are calculated for
several rotor cycles. A Floquet analysis provides a quick stability
s.ummary. For a more detailed look, the time histories of the six blade

responses are harmonically analyzed with a Fast Fourier Transform (FFT)
routine at successive time increments, and log decrement curves fitted

to the decay of each harmonic component by a regression analysis. A
. spectral analysis of response amplitude and damping is provided for each

aeroelastically coupled degree of freedom. These analyses give a good

picture of classical flutter and other low-angle-of-attack stability
modes.

The FFT method assumes that each response is made up of n harmonics, and
that each harmonic has its own decay rate. This may be described mathe-

matically as:

Lemnios and Smith
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the r siponse, A is the intercept of the n-th harmonic at

t), N is the m ,ximum number of harmonics considered, n is the
hr;oni number and is the decay rate for the n-th harmonic. A

negatlive decay rat( indicates a stable configuration, a zero decay is
a neutrally stable condition, and a positive decay rate is unstable.

Part 1i of the 6F program introduces cyclic and collective control of
bIldde pitch and servo flap, and applies two-dimensional airfoil data and
iinteady aerodynamic derivatives. The inflow distribution is input from
external wake calculations or may be assumed to be uniform where that is
a pp ropria te. The solution of the nonlinear equations of motion is not a
forward integration, but assumes steady-state periodicity. The difference
in responses between the beginning and the end of each rotor cycle is
taken as a weasure of deviation from steady-state conditions, and a cycle-
by-cycle iteration brings conditions into equilibrium. The rate of con-

vergence is a measure of high-angle-of-attack stability modes. The

conver(ged Part II solution, with associated subroutines, then provides
radial and azimuthal distributions of angle-of-attack, Hach number,
air loadin(j, deflections, and bending moments. Harmonic analyses of all
blade responses are also produced.

Analysis of the first preliminary design of the CTR blades showed over-

sensitivity to flap cyclic control input and poor Part II convergence,

due to the presence of a bending/torsion coupled response. These problems
were resolved by halving the span of the flap, increasinq torsional stiff-

-ess by ?0 , and redistributing the mass balance spanwise to alter the

torsion/bending couplinq. A recheck of natural frequencies showed some

shiftinq of flatwise and torsional modes, but placement still appeared

sa ti s fac tory.

A number of operating conditions were trimmed with the aeroelastic loads

program, and critical design loadings were calculated. These data, with

the desired mass, stiffness, and chordwise cg distributions then became

the criteria for detailed design of the full-scale CTR system.

ANALYSIS-FINAL BLADE PROPERTIES

Data from bench testing the completed blades provided a better estimate

of blade physical properties for dynamic analysis. Torsional and bending

deflection tests were used to correct preliminary estimates of spanwise

stiffness distributions. Measurenments of weight, and spanwise and chord-

wise cg locations were reconciled with the calculated design mass and

inertia distributions by a pseudo-inverse redistribution computer program
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that calculates the least-square deviation from the initially estimated

distribution that is required to exactly match the measured properties.
These improved physical property estimates, shown in Figures A-5 and
A-6 were input to the appropriate analyses for a complete recycle of
blade performance and aeroelastic responses.

Frequencies and Mode Shapes

An uncoupled beam analysis was used for two reasons. The 6F Aeroelastic

Blade Loads and Response Program couples the blade responses internally

and requires uncoupled frequencies and mode shapes as input. Proximity
of the uncoupled frequencies in the operating range would provide ade-
quate warning of any problem with a coupled normal mode, which then could
be studied in more detail with a coupled analysis.

A fan plot for the CTR blade as manufactured is shown on Figure A-7.

The design operating speed is shown at 210 rpm.

Flatwise modes are desirably placed between principal rotor harmonics at
and near design operating speeds. The lower modes are very close to

those of the H-34.

The two elastic edgewise modes reflect actual blade stiffness less than

originally intended and are poorly placed - E2 at 4 (2 and E3 at 10 :'.
They were calculated as pin-ended beams with no end restraints, neglecting

any lag damper effects. Impedance data over the frequency range of in-
terest were not available for the H-34 damper, so that effective spring

rates and damping coefficients at the higher rotor harmonics could not be

estimated. Impedance testing of other dampers had shown a significant
spring effect at the higher frequencies, which would have the effect of

detuning the edgewise modes at operating speed. Further, this issue was
not considered critical for the projected whirl tower and wind tunnel

testing because a very small rpm reduction would detune these edgewise
modes, and would be equally satisfactory for obtaining the desired data.
For these reasons, no edgewise tuning changes were made to the blade.

Torsional frequency, neglecting aerodynamic stiffening, was just below 3 Q
near the first elastic flatwise mode. Aerodynamic stiffening at operating

tip speed raised this to slight above 4 .. In forward flight, however,

the stiffness coefficient is periodic, and there would be no well-defined

natural frequency. Desirable torsional dynamics, therefore, were deter-
mined from a coupled aeroelastic stability analysis, rather than by any
particular frequency placement.

Aeroelastic Stability

The physical properties data of Figures A-5 and A-6 were entered into
the 6F Aeroelastic Blade Loads and Response Program, and a Part I time-

history was run for coupled aeroelastic stability. Response spectra for
flapping, bending, and twisting at 170 knots are presented in Figures
A-8, A-9 and A-10. Comparable spectra for the H-34 are also shown for
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reference. The response spectra show the harmonic content of model

response immediately following perturbation. The damping spectra show
the log decrement damping rate of each harmonic over the next several

,-otor revolutions. Blade stability of the H-34 and the CTR are evaluated
by comparing the time required to reach half amplitude. The number of
cycles required to reach half amplitude are shown in Figures A-8, A-9,

and A-10 by lines radiating from the origin. These lines are defined

by Equation (A2).

n _ log 0.5 (a2)

n no. 5

Stable and unstable regions are indicated. All responses are very stable

and quite comparable to the H-34 blade.

Aeroelastic Response

A number of steady-state operating conditions were selected at several

thrust levels and flight speeds within the envelope of the Ames Research

Center's 40- x 80-foot wind tunnel. At each condition, performance,

loads, and blade responses were calculated by the 6F program at a series
of flap, cyclic and collective control settings, to establish the effect
of twist control, to select optimum control settings, and to predict the
performance expected during subsequent wind-tunnel testing of the full-
scale rotor. At each flap control setting, pitch-horn controls were

adjusted to trim the rotor to the lift, propulsive and side forces

specified for the particular operating condition. Reference 14 discusses
the methods by which the flap control settings were selected, the
response data were analyzed, and the optimum flap setting for each

operating condition were determined and displayed. The information

calculated for the rotor by each 6F case is listed in Table A-1.

14 Donald W. Robinson, Jr. and Frank K. Dunn, TRIMMING DUAL CONTROL ROTORS
FOR OPTIMUM PERFORMANCE, American Helicopter Society National Symposium

on Helicopter Aerodynamic Efficiency, Hartford, Connecticut, March 6-7,

1975,
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TABLE A-I

Rotor Performance

Horsepower Propulsive Force

Thrust Side Force

Azimuthal Distributions and Harmonic Analyses

Flapping Servo-Flap Deflection

Feathering Twisting
Lagging Pitch-Horn Moment
Bending Flap-Hinge Moment

Radial/Azimuthal Distributions

Angle of Attack In-Plane Air Loading

Mach Number In-Plane Bending Moment

Out-of-Plane Air Loading Incremental Torque

Out-of-Plane Bending Moment Feathering Moment

Harmonic Analyses of Radial Distributions

Out-of-Plane Bending Moment In-Plane Bending Moment

Out-of-Plane Slope In-Plane Slope

Out-of-Plane Deflection In-Plane Deflection

Harmonic Analyses

Out-of-Plane Root Shear
In-Plane Root Shear

The responses of four of the parameters of one of the operating conditions
for the optimum collective-flap setting are shown in Figures A-1l through
A-14. Each of these figures presents contours at various levels of the
parameter at corresponding combinations of sine and cosine components
of cyclic-flap input. The cyclic-flap setting required to minimize each

of the four parameters is clearly seen. Equally clear, no single
setting will minimize them all at the same time. Superimposing the

contours, as in Figure A-15, permits selecting the most desirable trade-

off for the particular situation or helicopter mission.
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Performance

The four performance parameters at a number of operating conditions are
compared to the 1-34 rotor in Figures A-16 and A-17. Each of the CTR
points represents a consistent flap-control input chosen to strike a

compromise between the four performance parameters. In general, any of
the parameters could be further improved at the expense of the others.
In a mission-oriented design, some optimization strategy, consistent
with mission requirements, would be chosen, as discussed in Reference 14.

The CTR blades have a fatigue endurance limit vibratory stress consistent
with a maximum peak-to-peak bending moment of 16 kip-in. Anything under

that will qive acceptable blade life with lower values providing extra

margin for maneuvers and gusts. Stall limit is taken from a previous
flight-test correlation on the SH-2 helicopter, at a maximum retreating
blade angle-of-attack of 130, occurring anywhere between the .5 and the
.97 radius stations. For the H-34's 0012 airfoil, this may be
optimistic.

It is seen that operating the CTR in this manner allows a 20%-higher
gross weight or a thirty-knot higher airspeed at the stall limit, for a
rotor of the same radius, solidity, and tip speed. Bending moments tend
to lie below the H-34 blade. Vibratory shears are higher at the less

extreme conditions and lower at the more extreme conditions, but are not

very high in any case. CTR vibratory shear could be lowered further at

the expense of another parameter.

Performance in this study was compared to a geometrically similar base-

line rotor. For a mission-oriented design, the CTR's superior load-
carrying capability would allow either higher disk loading or fewer blades
at the maximum speed/maneuver condition. Either a smaller, more compact

vehicle, or a hover-optimized rotor could then be chosen for maximum

mission effectiveness, depending on requirements.

14See Robinson and Dunn
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STRUCTURAL SUBSTANTIATION

Static and fatigue stress analyses were performed using loadinqs calcu-
lated in the aeroelastic analyses. Table A-2 presents a summary of the
components of the CTR system with predictions of the maximum anticipated
loads and the life projection based on the maximum load. Components con-
sidered more critical than others were identified, and limits were

established for monitoring during test operations.

Because so much of the CTR was based on existing production components, a
major part of the substantiation was done by reference to published data.
Detailed stress analysis was limited to new ind modified areas.

TABLE A-2. CTR LOAD/LIFE PROJECTION.

ANALYTICAL ANALYTICAL
PREDICTED PREDICTED

COMPONENT & LOCATION LOADS LIFE

H34 Damper T:unnion Bolts Vibratory Damper Piston 200 Hrs.
(AN 177-34) Rod Load of t 1500 lb.

H34 Damper Assembly Vibratory Damper Piston > 1000 Hrs.

Rod Load of ± 1500 lb.

H34 Rotor Components Sub- Vibratory Flapping Angle > 1000 Hrs.

jected to Hub Moments of t 3.840

H43/CTR Blade Root Vibratory In-Plane Moment

of t 14.6 in kips. > 1000 Hrs.

Vibratory Out-of-Plane

moment of ± 8.37 in-kips.

H43/CTR Blade Torsion Vibratory Torsional Moment > 1000 Hrs.
Area of + 3.26 in-kips

H43/CTR Blade Bending Vibratory Flatwise Moment > 1000 Hrs.

in Flap Area of ± 7.73 in-kips

H43/CTR Servo-Flap Vibratory Flatwise Moment 1000 Hrs.
Bending of 1 .259 in-kips

H43/CTR Servo-Flap Vibratory Chordwise Rod > 1000 Hrs.
Control System Load of t .015 kips

H34 Pitch-Link Control Vibratory Pitch-Link > 1000 Hrs.

System Load of + .38 kips
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APPENDIX B

UIIRL TOWER TEST

CONTROLLABLE TWIST ROTOR

OBJECTIVE

The whirl tower test of the CTR, performed on the Contractor's rotor test
tower, was the major qualifying test of the total rotor system prior to

the wind tunnel test. Because all major rotor components were modifica-

tions of production articles, previous component qualification tests were

directly related to the CTR. The whirl test then became a system quali-

fication with the following objectives:

m Verification of rotor structural adequacy

* Establishment of rotor stability boundaries

* Definition of control linkage kinematics and

freedom of mechanical interferences

* Verification of blade structural response

o Preliminary assessment of the effect of combined

control inputs on blade twist

* Assessment of in-ground effect hover performance,

recognizing expected turbulence due to wake inter-

ference effects

INTRODUCTION

The Contractor's 1300-horsepower electric-drive rotor-test tower was

selected for the qualification tests of the CTR. Other test rigs avail-

able at the facility were better suited to production testinq than

experimental wo,-k. The 1300-horsepower tower was readily adaptable to

the dual-contrul system. The H-34 rotor head was mounted with a shaft

adapter that had provisions for mounting the H-34 swashplate. A primary

consideration in the rig selection was the availability of both fine and

coarse control of rotor rpm, allowing variations down to 1 rpm, a

necessity for the required stability tests. Instrumentation provisions
were also a consideration in the rig selection.

The basic test set-up featured the rotor head and CTR blades in both two-

and four-blade configurations, mounted by means of the shaft adapter to
the rotor drive shaft at the top of the tower. Pitch-horn control was

available through the standard H-34 swashplate at the base of the tower.
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Electric actuators for collective and cyclic controls were operated from

the control block house. Meters for monitoring all controls were in-

stalled in the control room. Other parameters monitored visually were:

rotor rpm, horsepower and thrust.

Rotating instrumentation was wired to the control room through two slip

rings. One ring was mounted to the top of the rotor head, and the other

was below the hub. Instrumentation parameters critical to the running of

specific tests were recorded in the control room on a direct-writing

oscillograph. Other parameters were telemetered to the data acquisition

system located in the Contractor's main test facility.

System calibration included both preliminary and daily calibrations. All

strain gage parameters were calibrated in advance to predicted load ranges.

The control positions were initially calibrated in small increments through

the total control range. In addition, the control coupling was calibrated

by varying the servo flap while varying blade pitch, lag and flapping.

Daily calibrations included recordings of null positions and equivalent

calibration values along with full-range position calibrations.

Figure B-l shows the CTR rotor installed on the whirl tower and Figure

B-2 is a view of the whirl testing in progress.

AEROELASTIC STABILITY TESTS

Test Description

It has been Kaman's practice to whirl test torsionally soft servo flap

rotors for aeroelastic stability by removing the flaps, which are aero-

dynamically stabilizing, and adding successive increments of weight at

the flap hinge fitting, which is dynamically destabilizing. The decreasing

tip dynamic pressure at which instability is encountered as the trailing-

edge weight is increased defines a flaps-off stability boundary, as shown

for the H-43 rotor in Figure B-3. The presence of the flap may be

accounted for theoretically by adding an incremental, span-squared,

weighted aerodynamic center shift or by analogy from the flight testing

of previous rotors.

The CTR rotor was whirl tested in this manner, and the results are com-

" pared to those for the H-43 boundary on Figure B-3. Weight increments
covering a range from 0.99 pound to 3 pcunds, the maximum structurally

allowable weight on the flap bracket, were installed between the flap

brackets. For each weight increment installed, the rotor speed was in-

creased to 210 rpm while blade strain-gage bridges were monitored for

indications of abnormal buildups. No sign of instability was detected

in the O-to-5-knot wind conditions normally used as a restricted range

for stability tests. The restricted wind-speed range was lifted, and

tests were conducted in wind gusts up to 27 knots while trying to excite
the rotor with large ramp pitch-horn control inputs. Through all of the

tests conducted, the rotor was stable up to the maximum allowable tip

speed. A safe flaps-off boundary was drawn through this point, which
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was at an increment below the 11-43 flaps-off test boundary.

H-43 fliqht testing has establ;shed a flutter-free point at a large in-
crement above the flaps-off whirl-test boundary, as shown in Figure B-3.
The CTR span-squared weighted flap effectiveness is 54% of that of the
H-43. This proportion of the 11-43 stability increment which is due to
flaps, was added to the safe flaps-off CTR boundary to form a projected
safe boundary for flaps on. Tile actual CTR blade span-weighted cg
locations are seen on Figure B-3 to lie below this boundary to tip
dynamic pressures well beyond those to be investigated in the wind
tunnel.

Rotor Configuration

The stability tests were run with two blades installed. Tile servo flaps
were removed, and the control rods were tied down at the flap bracket.
Pitch-horn control was connected in the normal manner.

Instrumentation

The following parameters were monitored and recorded on a direct-writing

oscillograph:

Edgewise Bending - Blade Station 47.0
Flatwise Bending - Blade Station 47.0
Torsion - Blade Station 201.6
Rotor Speed

The following parameters were recorded via telemetry on magnetic tape:

Torsion - Blade Station 134.4
Pitch-Link Load (Rotating Star)
Rotor Shaft Torque
Blade Flapping Angle

OVERSPEED TEST

Test Description

The rotor overspeed test was the only qualifying structural test 'that was
considered necessary prior to wind tunnel testing. Satisfactory fatigue
characteristics were substantiated through analysis and the assessment of
previous fatigue tests on the production components used in the CTR design.

The overspeed condition specified was 240 rpm, based on 115 percent of
the intended operating speed of 210 rpm. Collective and cyclic controls

were fixed to maintain 1000 pounds of thrust. The test duration was 30

min u te s.

Flatwise, edgewise and torsional strains were monitored at several span-
wise stations during all whirl tests. No unexpected load levels were
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noted, except for the high vibratory amplification of edgewise bending at

215 rpm discussed in Appendix A. A detailed blade inspection following

the whirl test revealed no structural discrepancies.

Rotor Configuration

The overspeed test was run with two blades installed, complete with servo

flaps. Spare blades were used in the event any damage occurred.

Instrumenta tion

The following parameters were monitored and recorded on a direct-writer
oscillograph:

Edgewise Bending - Blade Station 47.0
Flatwise Bending - Blade Station 47.0
Torsion - Blade Station 201.6
Lag - Damper Load
Rotor Shaft Torque
Rotor Speed
Pitch-Horn Collective

BLADE DYNAMICS AND PERFORMANCE TESTING

Test Description - Blade Dynamics

Most data runs during whirl testing were made in light wind conditions,
but in ground effect and in considerable turbulence because of the
partial down-wash containment by surrounding structure and protective

fencing. Therefore, considerable random excitation was present, although
inteqral harmonic excitation was predominant, and the blade response
measurements provided a record of the natural frequencies of the less
heavily damped normal modez. Typical spectral analyses for edgewise
bending are presented on Figures B-4 and B-5. Figure B-4, taken at 195
rpm, shows the first elastic in-plane mode responding at its natural
frequency at approximately 4.5 2.. Figure B-5, taken at 215 rpm, shows a
high response amplification as the natural frequency coincides with 4 Q.
Likewise, the second elastic flatwise bending mode was identified and
tracked through the rpm range. Both modes correlated closely with the
calculated frequencies shown in Appendix A, Figure A-7. Other modes were
not excited sufficiently to identify them. All dynamic characteristics

were considered satisfactory except for the in-plane elastic mode dis-

cussed previously.

The close correlation of the first elastic in-plane natural frequency

as measured at 210 rpm (4.1 Q) with that calculated as a pin-ended heam

(4.0 Q) shows a relatively small stiffening effect due to the H-34 lag
dampers, contrary to previous experience with H-2 dampers. Additional

calculations were therefore made to determine the degree of stiffening

required to keep this mode above 4 Q for the entire H-34 operating range.
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It was found that this stiffness could be obtained practically by re-

Dlacing a portion of the fiberglass-covered, wood, trailing-edge spline
with a carbon-graphite composite. However, it was not considered necessary

to incorporate this change for wind tunnel testing.

Wind tunnel testing was limited to 200 rpm to avoid excessive edgewise

bending and shaft torsional stresses. This was close enough to design
rpm to provide good data for validating the CTR principle and establishing
its important characteristics.

Performance

As noted previously, whirl testing was in ground effect with substantial

turbulence due to wake interference effects. Poor-quality hover perform-
ance data was therefore expected. Figure B-6 shows that such was indeed

the case, with considerable scatter at the higher thrust levels. However,
a clear trend of increasing efficiency with decreased negative flap de-
flection is seen. The peak Figure of Merit of .82 would correct to
approximately .7 for out-of-ground effect.

Rotor Configuration

Both the blade dynamics and the performance tests were conducted with the
four blades scheduled for testing in the wind tunnel. Collective and
cyclic contri, sere provided for both the pitch horn and the servo flap.

Instrumentation

The following parameters were recorded via telemetry and processed through
the Contractor's data acquisition system:

Edgewise Bending Moment - Blade Station 47.0
Flatwise Bending Moment - Blade Station 47.0

Flatwise Bending Moment - Blade Station 168.0
Flatwise Bending Moment - Blade Station 235.2
Flatwise Bending Moment - Blade Station 283.6
Torsion - Blade Station 134.4

Torsion - Blade Station 201.6

Torsion - Blade Station 252.2
Torsion - Blade Station 280.0

Servo Flap Bending Moment

Servo Flap Control Load
Pitch-Link Load
Lag-Damper Load

Rotor Shaft Torque

Blade Flapping Angle
Blade Lead-Lag Angle

Pitch-Horn Collective

Servo Flap Collective
Rotor Speed
Rotor Thrust
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Servo Flap Effectiveness

Figure B-7 shows blade response to collective servo flap input at normal
rpm, two collective pitch angles, and two cyclic servo flap settings.

Measured thrust and coning angle increase with negative collective-flap
deflection at an average of two-thirds as much as the collective-pitch

change. Collective servo flap effectiveness decreases somewhat with
blade pitch setting but is unaffected by cyclic input. Cyclic servo
flap effectiveness in producing blade flapping is shown on Figure B-8,
for two values of blade cyclic pitch input. Cyclic servo flap effective-
ness is substantially linear over the range tested and is independent of
blade cyclic pitch.

Rotor Configuration

The rotor configuration for the servo flap effectiveness test was the

same as for the performance test.

Instrumentation

The servo flap effectiveness data was recorded via telemetry. The

following parameters were recorded:

Edgewise Bending Moment - Blade Station 47.0
Flatwise Bending Moment - Blade Station 168.0

Torsion - Blade Station 134.4
Torsion - Blade Station 252.2
Torsion - Blade Station 280.0

Servo Flap Bending Moment
Rotor Shaft Torque

Servo Flap Control Position - Measured at two places

Blade Pitch Angle

Blade Flapping Angle
Blade Lead-Lag Angle
Rotor Speed

Pitch-Horn Collective
Pitch-Horn Cyclic

Servo Flap Collective
Servo Flap Cyclic

Rotor Thrust
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APPENDIX C

WIND TUNNEL TEST - OPERATIONS DESCRIPTION

CONTROLLABLE TWIST ROTOR

INTRODUCTION

The objectives of the wind tunnel tests were to demonstrate the accuracy

of CTR predictions, validate the computer techniques used in the analysis
and gather data for the design of an advanced CTR. Coordination for the

wind tunnel phase started at the beginning of the present work and con-
tinued throughout the Program. The interface was complicated by the

plan to use new data acquisition systems at the 40- by 80-foot tunnel

and a test module that was still under development.

A detailed discussion of data results, interpretation, analysis methods,

and conclusions is presented in the body of this report. This Appendix
presents a description of the wind tunnel interface regarding planning
and system integration.

QUALIFICATION PLAN

Qualification planning for any wind tunnel test in the NASA-Ames 40- by

80-foot tunnel requires the preparation of detailed test plans, a system
safety analysis, and documentation of the instrumentation design in-
cluding a description of the control system. The required documentation
presented a very complex task for the CTR system. The CTR rotor head and

controls were comprised of both Kaman and Sikorsky, standard and experi-
mental components. The test module was developed by Sikorsky under an
independent contract, and the design was undergoing changes and testing

at the start of the program. The wind tunnel data acquisition system

was still in the planning stages at program go-ahead.

Close coordination was maintained throughout the program between the

Eustis Directorate, NASA-Ames, Kaman and Sikorsky, resulting in the
availability of all required systems and data at the start of model
build-up.

Test Plan

The Contractor's test plan served a dual purpose. A detailed listing of

test runs and test points was presented covering wind speeds from 0-170
knots and a range of control points intended to cover the desirable

operating areas predicted by analysis. In addition, material was pre-
sented that partially fulfilled the system safety analysis requirement.

The structural substantiation report completed the safety analysis
documentation.
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Contained in the test plan were detail system descriptions, normal test
running procedures, emergency procedures, a definition of the test-crew

interface, and instrumentation lists. Backrqround material supplied
included the load boundaries, gross hazard data, weight data, the dynamic
analysis, aeroelastic analysis, and a listing of drawings and reports.

Instrumentation Desiqn

An instrumentation manual was prepared giving detail data for all Kaman
installed instrumentation and control systems. This book was used in

conjunction with a similar manual supplied by Sikorsky covering test
module systems and with detail instrumentation forms prepared by NASA-
Ames.

Complete data covering calibrations, set up data, and the data system

interface were included.

SYSTEM INTEGRATION - BUILD-UP

C TRSys tern

The build-up of the wind tunnel CTR configuration required the marriage

of systems and comiiponents supplied by Kaman, Sikorsky and NASA-Ames.
First, the test module had to be dismantled to allow the removal of all

systems not used for the CTR and the installation of CTR components.

Existing instrumentation and control cabling was modified or replaced.
Finally, system rigging and interference checks were made, and the

documentation of individual systems was integrated to describe the newly
assembled CTR system. The following is a brief description of some of

the considerations in assembling the various systems.

Ro to r

The rotor head required several parts from the standard test module head.

The rotor head supplied by Kaman was a standard 11-34 head, modified to
incorporate control cranks for the servo flap and built-up with turret
assemblies for the routing of control rods. Because of strength con-
siderations, the pitch horns and the rotating scissors from the module's
pitch-horn swashplate were transferred to the CTR head. Also, instrumen-
tation for the m,-asurement of blade motions was transferred. The head
was then instal led on the rotor shaft of the test module. The CTR blades
were already equipped with blade retentions that would mate with the

standard pitch barrel, making the blade installation a fairly simple

procedure.

Test Module

Test module modifications centered around the removal of the module
instrumentation slip ring and the fitting and installation of a framework
to mount the servo flap rotating swashplate, the control actuators, and
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the instrumentation slip ring. This assembly required precise alignment

to avoid any adverse loading of controls. Fairings to house the control

assembly were designed and fabricated by NASA-Ames. Two 15,00-horsepower

electric motors were installed. The power available with this installa-

tion at a rotor speed of 200 rpm was approximately 1300 horsepower.

Control s

rinal control rigging involved independent set-up of the pitch-horn and

servo flap controls. Conventional procedures were used for each system,

and control limits were set in accordance with the anticipated control
ranqes. Extensive interference and control coupling checks were then
made for both control systems.

Ins trumenta tion

Instrumentation tasks in the build-up period consisted of: the final
installation of transducers, the hook-up of rotor-head wiring for blade

and other rotating parameters, the replacement of test module cabling
with CTR cables, and a final checkout of all instrumentation. The in-
strumentation task required close coordination with NASA-Ames personnel

because of the joint responsibility for cabling, control-panel wiring

and checkout. All required systems were checked and calibrated success-

fully prior to tunnel entry.

SYSTEM INTEGRATION - TUNNEL TEST

CTR System/Tunnel Systems - General

System integration following tunnel entry included model installation

and final instrumentation hook-up, followed by checkout and calibration

of all data and monitoring systems. A view of the complete model as

installed is shown earlier in the report in Figure 2.

The complete tunnel system for the CTR included: the model, the tunnel

fans and windspeed controls, the model control systems, the balance and

force measiring system, the data acquisition and processinq system, and

the test moritc' .ng systems. Following instrumentation hook up, all

parameters were calibrated through the total data system.

165



Measured Parameters

Transducer measurements that were recorded during the test were:

Blade Torsion - Stations 134, 201, 252 and 280
Blade Edgewise Moment - Stations 47, 168, and 235

Blade Flatwise Moment - Stations 47, 168, 235, 283, and 309
Blade Flappinq Motion
Blade Pitch Motion

Blade Lag Motion

Servo Flap Control Load - Measured in 3 places
Servo Flap Bending - Measured at the flap centerline
Lag Damper Load

Pitch-Link Load - Rotating Star
Pitch-Horn Actuator Load - 3 Actuators
Rotating and Stationary Scissors Load

Rotor Torque
Servo Fl3p Control Position - Measured at the flap
Servo Flap Conmnand Position - Collective, longitudinal and

lateral cyclic
Accelerometers - Measurements in 3 planes

Nose

Crossbeam

Tail

All of the above parameters were fed to the primary data systems, and

selected parameters were fed to monitoring systems.

CTR System/Tunnel Systems - Detail

Figure C-1 is a block diagram illustrating, in simplified form, the
relationships of CTR systems to the overall tunnel systems. Within the
test module, rotating transducers are fed from the blades, the rotor
shaft, and upper controls through the slip ring and then via cabling to
the tunnel control room. Stationary transducers below the slip ring
provide data for control positions and the condition of critical drive

system components for fault-detecting circuitry. Power is also supplied

for the 1500-horsepower electric motors and the hydraulic power supplies.

The module is supported on struts that mount to the tunnel balance
system. The balance system connects to a scale system that is the

force system measuring aerodynamic forces exerted on the model.

Control Room Systems/Functions

The tunnel control room is the focal point for the control of the module

and the flow and treatment of all data. Referring again to Figure C-l,
the following descriptions are given for the various functional groups
and their individual subsystems:
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Control Systems

Module-Blade Controls

The module blade controls involved two consoles, located side by side,

and operated by a NASA-Ames rotor operator. Ea-.h console had similar
displays and switching functions. The pitch-horn console was used to

input root pitch collective and cyclic commands, with readouts of the

commanded angle, the resulting measured angle at the blade root, and
the resulting blade flapping, which is resolved into blade coning, and

longitudinal and lateral flapping. The servo flap console performed

the same functions and gave similar readouts for angles measured at the

servo flap.

Control technique involved commanded inputs to either the pitch horn or

the servo flap. Blade flapping meters on the pitch-horn console were
observed, and the longitudinal and lateral pitch-horn controls were used
by the operator to achieve a zero-cyclic-flapping condition. When zero-
cyclic blade flapping was achieved, readings were taken.

Module - Power

Module power controls consisted of speed controls for the 1500-horsepower
rotor-drive motors and for the activating switches for electric motors

used to drive the hydraulic power supply for the pitch-horn servo con-

trols. Rotor speed was monitored with frequency counters.

Tunnel-Wind Speed Control

Tunnel-wind speed was controlled from a room below the main control room.

Continuous voice communication was maintained between the two control

rooms.

Tunnel air was driven by six 40-foot-diameter fans, powered by six 6000-

horsepower electric motors.
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Monitoring Systems

Various monitoring systems were used to control the test conditions. The

critical nature of particular parameter determined the type of monitoring

system used.

Control Panel Meters

As stated previously, meter displays on the control consoles gave readings

for collective and cyclic conditions. The flapping meters were used as

a primary test control since zero cyclic flapping had to be maintained to

prevent adverse loading conditions.

Oscilloscope

A panel-mounted oscilloscope gave a continuous monitor of a few selected

parameters that were known to be critical from either a stability or a
loading standpoint.

Peak-to-Peak Display System

The peak-to-peak display system allowed continuous monitoring of all

critical channels. The system consisted of 50 peak-to-peak detector

circuits, a display in bar-chart format, and a digital printer with

controller. Each of the 50 channels had a preset alarm capability,

which permitted test operations to continue with only a visual scan

to assure that no alarms had been activated without the need for noting

specific levels of critical parameters.

For each test point, the digital printer was activated, giving an instan-

taneous record of peak-to-peak levels for each critical channel.

Fault Detection

Fault detection indicators were located in the module control consoles.

These indicators gave warning lights for failures in the lubrication

system, the hydraulic system, the controls, and the drive system, and

for short circuits in the electrically isolated tunnel balance frame.

Television (Closed Circuit)

Television monitors viewed the module at all times from three stations.

Each station had a limited scanning and zoom capability. Each station

was recorded on video-tape.
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Data Acjtui si t ion Sys te m

The NASA-Ames data acquisition system used for the CTR tests was made up

of several subsystems. Some of the systems had been used in previous

tests. However, two of the systems, in addition to the 50-channel peak-

to-peak monitoring system, were new, and because they involved a major

portion of the instrumentation set-up, problems were experienced with

them. Following is a brief description of each of the various systems.

Detailed system descriptions can be found in Reference 15.

Data Acquisition System I (Datex 1)

This system takes data from the tunnel scale system. In addition, other
data can be input through a special instrumentation system, which inter-
faces digital panel meters and various switching functions at an opera-
tor's console to the master computer. Primary output data is in the
form of aerodynamic coefficients, which are both displayed on lamp banks
at the operator's console and printed on a teleprinter for each test
point. Each test point is established at the operator's console, which
energizes other primary data acquisition systems.

High Speed Data System

The High Speed Data Acquisition System (HSDAS) is a data-gathering com-

puter front end. Sixty channels of dynamic data can be input to the
system. The HSDAS simultaneously conditions, samples and holds voltages
from each source. The samples are multiplexed onto an analog-to-digital

converter. Digital values are then transmitted to the master computer
for recording on magnetic tape. The HSDAS is considered the primary data

acquisition subsystem. It also conditions all signals for other data

acquisition systems.

Dynamic Recording System

The Dynamic Recording System (DRS) stores raw-data. It receives its

signals from the HSDAS and records on analog magnetic tape. The DRS
records 56 analog signals and is running continuously during all testing
in which the rotor is turning. This system provides a backup to all
other systems.

1 5Joseph M. Cambra and Geno P. Tolari, REAL TIME COMPUTER DATA SYSTEMS
FOR THE 40- BY 80-FOOT WIND TUNNEL FACILITY AT AMES RESEARCH CENTER,
NASA Technical Note TN D-7970, Ames Research Center, Moffett Field,
California, May 1975.
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Dynamic Analysis_System

The Dynamic Analysis System (DAS) can operate either on-line or off-line
as a stand-alone data gathering and analysis system. In the on-line mode,
the DAS performs as a quick-look system while the master computer gathers
data from the other subsystems. While operating on-line, the system car
gather data from all or any two of 32 signal sources and perform a number
of time-series analyses in real time. In particular, it can perform
histograms, autocorrelation, crosscorrelation, impulse responses,
characteristic functions, Fourier transforms, autospectrums, cross-
spectrums, and transfer functions. It can perform linear, continuous,
or exponential averaging of up to 51,200 samples. Results can be dis-
played on command on a cathode-ray tube, an X-Y plotter, or a printer.

The DAS was most useful during the initial testing to determine rig
resonance, and later the evaluation of control operation ranges.

Oscil loraph

A 36-channel, 12-inch, direct-writing oscillcgrap, was used during all
test operations. The initial purpose of the c scillegraph was for limited
immediate review of critical parameters. It was also intended as a check

on all parameters to insure that the data being recorded on tape was
reliable data. Because of difficulties with primary data systems, it

became necessary at the conclusion of the test to base all analysis on

the Datex I data and the oscillograph data.

Figure C-2 is a close-up view of consoles used for collective and cyclic
control of the pitch horn and servo flap. Figure C-3 is an overall view
of panels used for both control and monitoring of the test operations.
Looking from right to left, the components are: the rotor speed control
station, the module electronic console, the pitch-horn control console,
the servo flap control console, the peak-to-peak aetector system, the
osciliograph, the oscilloscope and panel meters, and the Datex I operator's
control console. Located above the panels are the television monitors.
All other data acquisition systems are located at the rear of the control
room.

_ . . Details of the data analysis for all testing are found in the main body
of this report.
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riqure C-2. CTR Modulo Control Coriolles
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LIST OF SYMBOLS

aoj, a ij anj coefficient in a mathematical regression model

CL rotor lift coefficient

CQo blade profile power coefficient

C X propulsive force coefficient

El, E2 edgewise modes

Fl, F2, F3, F4 flapwise modes

M Mach number ratio

R radius of blade - ft

TI torsion modes

V wind tunnel speed - knots

xi. . x n  independent variables in a mathematical

regression model

yj dependent variable in a mathematical

regression model

blade section angle of attack - deg

s shaft tilt- deg

0 rigid body coning - deg

o 0 servo flap collective pitch - deg

-Is servo flap longitudinal cyclic pitch - deg

Ic servo flap lateral cyclic pitch - deg

00 collective inboard control - deg
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