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1. INTRODUCTION

The Operational Loads Survey (OLS), a comprehensive flight
test program, was conducted by Bell Helicopter Textron under
contract to the U.S. Army using an extensively instrumented
AH-lG helicopter. The test program was designed to record the
rotor aerodynamic environment, and rotor, control system, and
airframe response and loads over the operational spectrum of
the aircraft. The goals of the current study, which was
initiated shortly after completion of the test program, were
to modify the Rotorcraft Flight Simulation Program C81 and to
simulate several test points from the Operational Loads
Survey and to compare the computed and experimental data. The
necessity for such correlation efforts and the modifications
made to C81 are briefly discussed in this section of the
report. The OLS test program, the flight conditions selected,
and the data reduction techniques are discussed in Section 2;
the creation of the input decks for the C81 simulations is

*discussed in Section 3. The rotor models, trim and maneuver
integration techniques, and rotor-induced velocity models used
in the simulations are described in Section 4. The results of
the level flight simulations are given in Sections 5 and 6,
with the results of the maneuver simulations being presented
in Section 7. The OLS test program and data acquisition,
storage and retrieval techniques were examined to determine if
they provide a suitable data base for verification of flight
simulation programs. The results of that study are given in
Section 8. Conclusions and recommendations for the total
effort are given in Section 9.

1.1 PREVIOUS FLIGHT SIMULATION PROGRAM CORRELATION EFFORTS

The use of large-scale, sophisticated digital computer simula-
tions in all phases of the rotorcraft design cycle has become
widespread throughout the industry in the past decade. Manu-
facturers, government agencies and universities have a selec-
tion of such programs to use in designing, evaluating, and re-
searching helicopter phenomena. Most of these programs are
limited in scope, in that they may treat only certain types of
rotors, or they may concentrate on rotor aerodynamics in the
absence of rotor dynamics, or they analyze only the rotor,
disregarding the airframe.

1



Certain programs, such as REXOR1 , Normal Modes2 , and the Rotor-
craft Flight Simulation Program C813 , are more general-purpose
in nature and of more universal applicability. As these
programs have been developed and the level of sophistication
of their analysis has increased, selection of the appropriate
program to use for a particular problem and assessment of the
accuracy of the program have become difficult tasks.

A comparison of several rotor analysis programs was coordinated
by Ormiston4 in 1974. Each program was used to compute
performance data and rotor loads for the same hypothetical
articulated rotor at three advance ratios. Although the
programs were in substantial agreement in the performance
analysis, the loads computed varied widely due to differences
in the engineering analyses, or to the implementation of these
analyses. No test data were available to determine the abso-
lute accuracy of any of the predictions.

Three separate studies designed to determine the adequacy and
accuracy of the Rotorcraft Flight Simulation Program C81 have
been performed under contract to the U.S. Army. Freeman and
Bennett5 simulated the wind tunnel test of a scale model

articulated rotor, with the test data made available for

'Anderson, W. D., Conner, F., Kretsinger, P., and Reaser, J. S.,
REXOR ROTORCRAFT SIMULATION, VOLUME I, ENGINEERING DOCUMENTATION,
Lockheed California Co., USAAMRDL TR-76-28A, U.S. Army Air
Mobility Research and Development Laboratory, Fort Eustis,
Virginia, July 1976, AD A028314.

2Bergquist, R. R., and Thomas, G. C., TECHNICAL MANUAL, NORMAL
MODES ROTOR AEROELASTIC ANALYSIS COMPUTER PROGRAM, unpublished
report, U.S. Army Air Mobility Research and Development Labora-
tory, Fort Eustis, Virginia.

3Van Gaasbeek, J. R., McLarty, T. T., and Hsieh, P. Y., ROTOR-
CRAFT FLIGHT SIMULATION, COMPUTER PROGRAM C81, Bell Helicop-
ter Textron, USARTL TR 77-54A, -54B, and -54C, Applied
Technology Laboratory, U.S. Army Research and Technology
Laboratories, Fort Eustis, Virginia, October 1979.

4Ormiston, R. A., COMPARISON OF SEVERAL METHODS FOR PREDICTING
LOADS ON A HYPOTHETICAL HELICOPTER ROTOR, Journal of the
American Helicopter Society, 19, No. 4, October 1974.

5Freeman, F. D., and Bennett, R. L., APPLICATION OF ROTORCRAFT
FLIGHT SIMULATION PROGRAM (C81) TO PREDICT ROTOR PERFORMANCE
AND BENDING MOMENTS FOR A MODEL FOUR-BLADED ARTICULATED ROTOR
SYSTEM, Bell Helicopter Textron, USAAMRDL TR 74-70, U.S. Army
Air Mobility Reseach and Development Laboratory, Fort Eustis,
Virginia, November 1974, AD A004015.
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comparison after the computer runs were completed. Briczinski6

simulated both the H-53 and S-67 helicopters and compared the
calculated data with available test data, while Staley

7

compared calculated and test data for a BO-105. Several
deficiencies in C81 were identified by Briczinski and all
analysts found the program to use a large amount of computer
time. Many of the problems encountered during these three
studies were addressed by Bell Helicopter Textron in work
performed under two contracts with the U.S. Army.

1.2 MODIFICATIONS TO PROGRAM C81

As part of a larger contracted effort, McLarty8 modified the
Rotorcraft Flight Simulation Program C81 to eliminate three of
the problems identified in the previous studies (References 5,
6 and 7.) Investigation has shown that a large amount of run
time was being absorbed by the 20-segment tail rotor. Since
T¢it users are generally interested in the details of the trim
and response of only one rotor, the program was modified to
allow either rotor to be analyzed with as few as three seg-
ments. This allowed a reduction in the time required to
analyze a tail rotor by as much as 85 percent. The second
major problem, noted by both Briczinski6 and Freeman and
Bennett5, was that the requirement for equal segment lengths
caused an inaccurate representation of the hub region of an
articulated rotor, unless the rotor hinge offsets were 5 or 10
percent. Accordingly, the program was also modified to
permit unequal rotor segmentation. Lastly, the Rotor Frequency
Program DN9100 was modified to punch out blade bending moment
coefficients for input to C81 with the rotor mode shapes,
instead of computing the bending moment coefficients in C81.

6Briczinski, S. J., VALIDATION OF THE ROTORCRAFT FLIGHT SIMU-
LATION PROGRAM (C81) FOR ARTICULATED ROTOR HELICOPTERS
THROUGH CORRELATION WITH FLIGHT DATA, Sikorsky Aircraft Div.,
United Technologies Corp., USAAMRDL TR 76-4, U.S. Army Air
Mobility Research and Development Laboratory, Fort Eustis,
Virginia, May 1976, AD A025934.

a 7Staley, J. A., VALIDATION OF ROTORCRAFT FLIGHT SIMULATION
PROGRAM THROUGH CORRELATION WITH FLIGHT DATA FOR SOFT-IN-
PLANE HINGELESS ROTORS, Boeing Vertol Co., USAAMRDL TR 75-50,
U.S. Army Air Mobility Research and Development Laboratory,' Fort Eustis, Virginia, January 1976, AD A021176.

8McLarty, T. T., Van Gaasbeek, J. R., and Hsieh, P. Y., ROTOR-
CRAFT FLIGHT SIMULATION WITH COUPLED ROTOR AEROELASTIC STA-
BILITY ANALYSIS, Bell Helicopter Textron, USAAMRDL TR 76-
41A, -41B, and -41C, U.S. Army Air Mobility Research and

*Development Laboratory, Fort Eustis, Virginia, May 1977, AD
A042462, A042908, and A042907.
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Under the current contract, the program has been modified to
further improve the rotor dynamic representation, to include a
simple dynamic engine representation, and to simplify the use
of the program. The first goal was accomplished by including
the effects of undersling, precone, inplane offset and prelag
of the feathering axis in DN9100 (renamed DNAM05), with comple-
mentary modifications made to C81. The second goal, a simple
dynamic engine model, was achieved by implementing a first-
order differential equation for the horsepower-available
equation, patterned after the model in the hybrid-computer, version of C81. The resulting time lag improves the simula-tion of rotor rpm variations during maneuvers.

The remaining modifications were implemented to satisfy the
third goal, ease of use. The first such modification provides
the user with a numerical filter to enhance the numerical
stability of the trim procedure and to improve the program's
ability to simulate a user-specified maneuver. The second
modification permits the user to use the maneuver time-history
postprocessing analyses after a time-variant trim, thereby
eliminating many forms of external postprocessing required
with previous versions of C81.

Experience with C81 has shown that difficulties were encoun-
tered while trying to trim an elastic rotor in extreme flight
conditions when the torsional degree of freedom was included
in the rotor elastic mode shapes. The problem was partially
overcome when a numerical damper was included in the time-
variant trim procedure, but a torsion-induced numerical insta-
bility in the thrust-induced velocity iteration loop still
hampered trim. (This procedure is invoked when the built-in
induced velocity model is used.) This continuing problem has
been addressed by numerically filtering the thrust in the
loop, thereby introducing a lag in the change of induced
velocity due to an azimuthal change in instantaneous thrust.

The digital filter was also used to solve another problem that
had frequently hampered the simulation of time-varying maneu-
vers with elastic, two-bladed rotors. The maneuver autopilot,
available in earlier versions of the program, allowed the

F 4 analyst to stipulate a desired normal-load-factor time history
(the g-tracker option) or to use the autopilot to hold one or
more aircraft Euler angles constant. The autopilot operated
on the instantaneous aircraft response and was usually unable
to track a desired normal-load-factor time history for a
symmetric pullup for rotorcraft with an elastic two-bladed
rotor. A significant improvement was gained by using a
filtered value of W in the equation for the required pitch
rate,
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qrequired = [(NLFdesired - cose cos#)g + W + PV]/U (1)

This equation is derived from the Z-force Euler equation of
motion (Reference 9). A filter frequency of main rotor one-
per-rev has been found to give the best results. The maneuver
autbpilot was also modified to allow the user to specify de-
sired time histories for rotorcraft pitch rate, roll rate, yaw
rate or rate-of-climb.

Required data postprocessing has been greatly reduced by four
additional modifications to the program. The maneuver data
postprocessing package, GDAJ07, has been modified to allow theuser to access several options after time-variant trim. With
this modification, the user can plot rotor mode-shape partici-
pation factors after trim to assure himself that the rotor is,
in fact, trimmed. In addition, blade-element accelerationshave been added to the list of variables that can be plotted
after trim or maneuver, expanding that list from approximately
1500 to almost 2400 variables.

The third modification added a rotor contour plot option to the
program, allowing the user to plot up to 39 different rotor
variables in polar form, enhancing visualization of the rotor
operating condition and response. Finally, the flight path
stability analysis (STAB) was modified to output the numerators
of up to 21 rotorcraft transfer functions, instead of the three
previously available. A detailed description of the analysis
incorporated in the AGAJ77 version of C81, a user's guide and a
programmer's guide are provided in Reference 3.

*i 9Etkin, G., DYNAMICS OF FLIGHT, John Wiley and Sons, Inc.,
New York, 1959, page 116.
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2. THE OPERATIONAL LOADS SURVEY FLIGHT TEST
PROGRAM, DATA RETRIEVAL AND REDUCTION

The primary goal of this study was to compare C81-computed
performance, rotor loads, and vibration data with that measured
during the Operational Loads Survey test flight in order to
determine the program's capabilities and accuracy. To that
end, nine OLS level flight conditions and two high-g maneuvers
were selected and data were retrieved and reduced. The test
program under which the data was acquired, the criteria under
which the test points were chosen, and the data retrieved and I
reduced are discussed in this section.

2.1 THE OPERATIONAL LOADS SURVEY FLIGHT TEST PROGRAM

An AH-lG helicopter was bailed to Bell Helicopter by the Army
for the Operational Loads Survey flight test program. The
weapons were removed from the turret and the armor plate was
removed from the cockpit and engine compartment. A 28-track FM
tape recorder was installed in the ammunition bay and a telem-
etry transmitter was placed in the tailboom. A boom was
placed on the nose of the aircraft to support sideslip, angle-
of-attack and airspeed instrumentation. Accelerometers and
strain gages were installed throughout the aircraft to measure
rigid-body flight path motion, vibrations, and bending moments.
The tail rotor was also instrumented to measure flight loads.

New blades were manufactured for the main rotor in order toaccommodate the extensive instrumentation installed in a fiber-
glass sleeve attached to the exterior of the blades. The mid-
span and tip weights were reduced to retune the blades with the
additional mass and stiffness of the sleeve. Strain gages and
accelerometers were installed on one blade to measure beam and
chord bending moments at eight blade stations, torsional
moments at four blade stations, and beam and chord accelera-
tions at eight blade stations.

Absolute pressure transducers were arrayed chordwise on both
the upper and lower surface of the other blade at five radialL stations in order to record the pressure distribution. Bell

Helicopter-developed Boundary Layer Buttons, used to measure
flow angles, were also installed. The instrumentation wiring
was installed and the 0.125-inch-thick fiberglass sleeves were
attached to the blades, with removable formed-aluminum cuffs at
the five stations with pressure transducers to allow access to
the instrumentation. Hot-wire anemometers were then applied to
the leading edge at the same five blade stations.
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The fiberglass sleeve added 0.25 inch to the standard airfoil
thickness and increased the blade chord from 27.0 to 28.625
inches. The thickness-to-chord ratio was increased from
0.0933 to 0.09677. A 10-inch chord model of the airfoil was
constructed with pressure transducers and hot wires to deter-
mine the aerodynamic characteristics of the new airfoil and to
calibrate the stagnation point location with angle of attack.
Unfortunately, the model was not tested due to funding limita-
tions.

A standard AH-lG hub was instrumented to measure beam, chord
and torsional bending moments and accelerations, and feathering
and flapping. Power supplies and multiplexors were placed in
a housing that was installed on the trunnion blocks so that it
flapped and rotated with the rotor. The multiplexed signals
were sent to the tape recorder and telemetry equipment through
a slip ring assembly at the center of the multiplexor housing.

The modified aircraft, with protective gloves placed over the
blade pressure taps to keep the orifices clear, is shown in
Figure l. A detailed description of the aircraft modifications
and instrumentation is given in Reference 10.

The aircraft was flown in several gross weight and center-of-
gravity combinations, both with and without wing stores. The
test program consisted of hover, level flight speed sweeps to
VH, autorotationlas'yirt~ietric and rolling pull ups, and NOE
maneuvers. For some tests, noise measurements were recorded
simultaneously in order to determine the rotor aerodynamic
phenomena that correspond to measured acoustic signatures.
The analog flight test tapes have been digitized and the data
recorded on 175 digital tapes. In combination with the reports
describing the aircraft, calibration curves, and pilot cards,
these tapes constitute an enormous library of consistent,
well-documented test data, ideally suited for further investi-
gation of helicopter flight phenomena and verification of
rotorcraft simulation programs. Data extraction, manipulation

j and reduction are facilitated by a series of computer programs
that can tabulate or plot the data on suitable scales.

2.2 SELECTION OF FLIGHT TEST CONDITIONS

The flight test conditions for correlation were chosen to
I -provide data for a series of steady-flight test points from

hover to maximum level flight airspeed (VH) in one gross

'°Shockey, G. A., Cox, C. R., and Williamson, J. W., AH-lG
HELICOPTER AERODYNAMIC AND STRUCTURAL LOADS SURVEY, USAAMRDL*1 TR 76-39, Bell Helicopter Textron, U.S. Army Air Mobility
Research and Development Laboratory, Fort Eustis, Virgina,
February 1977, AD A036910.
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Figure 1. Operational Loads Survey Test Vehicle.
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weight and center-of-gravity configuration. Three additional
steady-state test points were chosen to yield data at VH for

other gross weight and center-of-gravity configurations. The
symmetric pull-up and rolling pullout with the highest normal
load factors were selected for the maneuver cases. The flight
number and counter number of each of the test points selected,
as well as a definition of the aircraft configuration and
flight condition, are listed in Table 1.

Hover cases were flown only for the light gross weight, middle
center-of-gravity configuration. The hover flights were all
flown in a 10-knot south wind (according to the pilot card),
with the aircraft hovering stationary relative to the ground.
Counter 1078, in which the aircraft was flown heading into the
wind, was chosen as the hover case.

Ideally, other light gross weight, middle center-of-gravity
cases would have been chosen for the level-flight speed sweep
data comparisons. Unfortunately, several channels designated
for main rotor blade loads data were reassigned for recording
acoustics data for these cases (Flight 43), so the light gross
weight, aft center-of-gravity test points of Flight 35A were
chosen. These counters (611, 612, 614, 615, and 610) provide
a more complete set of bending moment data. The remaining
three VH level-flight test points (Counters 635, 675 and

1093) were chosen to provide the maximum rotor loads data for
several different configurations:

2.3 TEST DATA RETRIEVAL AND REDUCTION

Over 350 data items were recorded simultaneously by an on-
board FM tape recorder system throughout the OLS flight test
program. This capacity was exceeded by date requirements
during the acoustics portion of the tests, so data from the
aircraft-mounted microphones were recorded on bands previously
dedicated to recording some blade bending monent data. All
data were digitized, at sample rates selected to retain impor-
tant high-frequency information, and stored on tape for future

* data reduction. Aircraft performance and main rotor bending
moments, accelerations and aerodynamic data for the eleven
flight test conditions of Table 1 were extracted from the
digital tapes, processed, and reduced.

2.3.1 Effects of Recording System and Filters on Test Data

The OLS test data have been processed through several elec-
tronic devices between the sensing of the data value and the
output of reduced data in an engineer-useable form. Each of
the electronic devices has individual frequency response
characteristics that can modify the signal. In effect, the
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TABLE 1. DEFINITION OF FLIGHT CONDITIONS
SELECTED FOR DATA ANALYSIS

Gross Center-of- True
Weight Gravity Airspeed

Flight Counter (ib) Location* (knots) Flight Condition

45B 1078 8289 Mid,Clean i0"* OGE Hover

35A 611 8319 Aft,Clean 66 0.5 VH SL***

35A 612 8319 Aft,Clean 85 0.6 VH SL

35A 614 8319 Aft,Clean 116 0.8 VH SL

35A 615 8319 Aft,Clean 129 0.9 VH SL

35A 610 8319 Aft,Clean 142 VH SL

36A 635 9069 Mid,Hogt 136 VH SL

37A 675 9068 Aft,Hogt  138 VH SL

45C 1093 8300 Fwd,Clean 145 VH SL

32A 562 8289 Mid,Clean 134 1.75g Symmetric
(entry) Pullup

32A 561 8289 Mid,Clean 134 2.0g Left Roll-
(entry) ing Pullout

*Aft = Aft CG Mid = Middle CG Fwd = Forward CG

**Counter 1078 was hover with respect to the ground; the
aircraft was at a heading of 1800 with a 10-knot south
wind reported on the pilot card.

***SL = Straight and level steady-state flight.

t The hog configuration has 4 simulated XM-159 rocket podsattached to the wings.
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data are filtered to some extent by each component in the data g
acquisition and reduction cycle. The effects of this filter-
ing at each stage of the process must be considered in inter-
preting the data.

2.3.1.1 Filtering During Data Acquisition

There are three types of filtering implicitly involved in the
data acquisition process. The particular instrument being
used to measure a physical quantity has an individual fre-
quency response that automatically filters very high fre-
quency data out of the signal that the instrument produces.
Additionally, the instrument may not have a uniform transfer
function within its operating frequency range. This would
introduce amplitude or phase distortion in the signal output
from the device.

The signal-conditioning and multiplexing electronics can
introduce amplitude and phase distortion to the signal gen-
erated by the sensor. The signal conditioners used in this
test program had a flat frequency response to at least three
kilohertz. The frequency-division multiplexing causes no
distortion of the signal.

The FM tape recorder electronics, and the tape itself, also
have distinct frequency response characteristics, and ampli-
tude and phase distortion can be introduced at this stage of
the data acquisition procedure.

No systematic study of the transfer functions of the whole
instrumentation and recording system appears in any of the
flight test documentation. However, the overall frequency
response of each of the sixteen bands is known. Bands one
through six have no amplitude or phase distortion to at least
50 hertz, bands seven through thirteen have an overall transfer
function that is flat to at least 200 hertz, and signals
recorded on bands fourteen through sixteen are good to 400
hertz.

* 2.3.1.2 Filtering During Digitization

Filtering also occurs during the digitization of the data
recorded on the FM tapes during flight test. A seven-pole
Butterworth filter was used to filter the data as it was read
from the analog tape. This particular filter has a flat
amplitude transfer function out to frequencies near the break
frequency, a one-half decibel drop in amplitude at the break
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frequency, and the amplitude transfer function decreases at 42
decibels per decade thereafter. The filter used for data on
bands one through six had a break frequency of 50 hertz, the
filter used for the data on bands seven through thirteen had a
break frequency of 200 hertz and the data on bands fourteen
through sixteen were filtered at 400 hertz.

The Butterworth filter causes a phase shift in the data that is
linear with frequency, to frequencies that are at least one-
half the filter break frequency. This constitutes a constant
time lag over that frequency range. This group time delay is
known and is accounted for in the DATAMAP processing program,
but was not accounted for in earlier data reduction routines.

Aliasing might also have occurred during the digitization pro-
cedure. Given a digitization sample rate at a frequency of wSR
samples per second, a signal at a frequency (wSR)/2 + Aw

would be aliased into the digital signal at a frequency of
(WSR)/2 - Aw. The digitization sample rate was at a frequency
of more than 10 times the filter frequency used for a partic-
ular band during the digitization. Since the seven-pole
Butterworth filter has a steep rolloff after the break fre-
quency, the signal at the digitization frequency would have had
negligible amplitude, ensuring that aliasing did not occur in
the digitized data.

2.3.1.3 Frequency Content of the Digitized Data

Performance data were recorded primarily on bands one through
six, with a few performance data items recorded on bands seven
through thirteen and on bands fourteen through sixteen (see
Table B.6, Reference 10). Main rotor pitch link axial force
was recorded on track 1, band 6, and track 11, band 5; the
remaining main rotor bending moment data items were recorded on
bands seven through thirteen and fourteen through sixteen.
Rotor accelerations and pressure tap data were all recorded on
bands seven through thirteen and fourteen through sixteen. As
a result of these recorder band assignments, the digitized data
have suffered no phase or amplitude distortion up to frequen-
cies of at least 25 hertz, with the main rotor moments, accel-
erations and pressure data being unaffected up to 100 hertz.

The main rotor was operated at 324 RPM for the test conditions
investigated in this study. At that rotational speed, 25 hertz
is slightly greater than 4.6 per rev. Therefore, the five-per-
rev component of most of the digitized performance and main
rotor pitch link load data has a slightly different group time
delay from the lower frequency components. All main rotor
moment, acceleration, and aerodynamic data on the digital
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tapes are unaffected by filtering through frequencies as large
as main rotor five-per-rev, the highest frequency of interest
in this investigation.

2.3.1.4 Filtering During Data Reduction

Two additional forms of filtering can take place during the
data reduction process. Some data reduction programs, such as
DATAMAP,1' used for portions of the data analysis in this
study, do not work directly from the digital tapes. Instead,
data are transferred from the digital tapes to a disk-resident
master file. An additional digitization procedure takes place
in the transfer step, in that a skip factor can be introduced,

whereby only every nth data point available on the digital tape
is transferred to the master file. Therefore, the data on the
master file have effective sample rates equal to the original
digitization rate divided by the skip factor. Almost all data
processed in this manner had an effective sample rate of at
least 512 samples per second, ensuring negligible distortion
due to aliasing at frequencies equal to, or less than, main
rotor five-per-rev. Due to the record length, and the fact
that DATAMAP can only process a maximum of 4096 data points
simultaneously, some of the maneuver data were transferred at
an effective rate of 256 samples per second. These data still
have minimal distortion due to aliasing at 64 hertz, and negli-
gible aliasing effects at 32 hertz, which is in excess of main
rotor 5-per-rev.

A digital filter is also built into the data reduction pro-
grams. DATAMAP, for example, contains a bi-directional Cheby-
shev filter. The analyst selects a frequency and number of
poles for the filter (usually four). The filter processes the
signal in both the forward and reverse directions and then
processes the separate results to eliminate phase distortion.
The filter frequency used in all the data reduction runs was
greater than, or equal to, 50 hertz, ensuring negligible
amplitude distortion at frequencies equal to, or below, main
rotor 5-per-rev.

2.3.2 Performance Data

The performance data extracted for the selected counters are' listed in Table 2, with the method of data reduction denoted.Almost all performance data items are available for all coun-
ters of interest.

''Philbrick, R. B., and Eubanks, A. L., OPERATIONAL LOADS SUR-
VEY - DATA MANGEMENT SYSTEM, VOLUMES I AND II, Bell Heli-
copter Textron, USARTL TR 78-52A, -52B, Applied Technology
Laboratory, U.S. Army Research and Technology Laboratories,
Fort Eustis, Virginia, 1979, AD A065129 and A065270.
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The sine and cosine one-per-rev components of the measured hub
flapping angle can be directly compared with the hub flapping
angles computed by C81, while the measured steady and one-per-
rev feathering angles can be compared with those computed by
C81. The measured feathering angle is referenced to zero
radius, as is that in C81, but the algebraic sign of the one-
per-rev components must be reversed to account for a difference
in the flight test and analytical sign conventions.

The yaw angle measured during the flight tests is not an Euler
angle, as the yaw gyro is uncaged at the beginning of each rec-
ord. Therefore, it is only a measure of the yaw deviation
during the record.

The boom airspeed is measured in knots-squared. The square-
root of the mean value of this data item is indicated airspeed
that is converted to calibrated airspeed using the chart
given in Figure 2. The calibrated airspeed is divided by the
square-root of the density ratio (determined from the pressure
altitude and OAT on the pilot card) to yield true airspeed, inknots.

Engine horsepower output is determined from the recorded
engine torque pressure reading using the calibration coeffi-
cient of 23.16 horsepower/psi. The steady component of the
measured rotor mast torques is used, with the rpm measured for
that rotor, to compute the horsepower required for that rotor.

Envelope plots, as used for presenting some of the maneuver
data, result from plotting only the minimum and maximum values
of the data, versus time, and connecting those points with
lines. Such plots give the band containing the data.

2.3.3 Main Rotor Blade Bending Moment, Pitch Link Load
and Acceleration Data

The beam and chord bending moments and accelerations are mea-
sured in a coordinate system aligned with the local blade sec-
tion chord. Inboard of the feathering bearings, this is the
inplane-out-of-plane coordinate system. Outboard of the
bearings, the coordinate system has been rotated through the
total local geometric pitch angle.

The bending moment data recorded and the methods of data re-

duction are given in Table 3.

Many of the bending moment channels became nonfunctional be-
tween Counter 675 and Counter 1078, although the chord bending
moment data at Station 155.8 is available only for Counter
1093 (among those examined). The torsional bending moment data
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for Station 6.0 are missing for all counters, but being inboard

of the feathering bearing, the absence of this data item is a
small loss.

Axial force data for only the white pitch link are available for
counters 1078 and 1093, while data for both pitch links are
available for all other test points of interest.

All rotor acceleration data (Table 4) are available for the
selected counters, with three exceptions. The accelerations
are measured relative to inertial space.

Longitudinal, lateral and vertical absolute accelerations were
measured at the top of the mast, and the data were extracted
for all counters of interest, except counter 635, for which
the data were missing. Time-history plots were created for
these quantities for all the test points and these data were
harmonically analyzed for the level flight conditions.

2.3.4 Main Rotor Aerodynamic Data

Absolute pressure transducers were installed in a chordwise
array on both the upper and lower surfaces at five radial
stations on one main rotor blade. Data from several of the
pressure transducers are missing for some counters. The ab-
sence of these data can be compensated for in most cases by
interpolation, but the leading edge upper surface pressure tap
at 60 percent radius was not functional for any of the selected
counters. Since this pressure transducer is located in the
region of the leading edge suction peak, with its attendant
large gradiants, the data cannot be accurately extrapolated.
Therefore, no pressure data were reduced for the 60-percent
radial station.

Pressure data at the four remaining radial stations, airspeed
and temperature data were extracted from the digital tapes and
processed by the Operational Loads Survey Data Management
System (Reference 11). The DMS was then used to integrate the
data to compute the normal force (CN), chord force (Cc) and

pitching moment (CM) coefficients and create contour plots of

these aerodynamic quantities.

Hot wire anemometers were located around the leading edge of
the blade at five radial stations. The hot-wire installation
at 95 percent radius was nonfunctional throughout the test.
The resistance of each wire is a function of its temperature,
which is dependent on the velocity of the air pcssing over it.
The wire will be hottest when the stagnation point passes over
the wire, causing its resistance to increase and a small spike
to appear in the signal from that wire. By plotting the
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signal versus azimuth, the analyst can determine the blade
azimuth at which the stagnation point crosses each wire, and
then plot the stagnation point location versus azimuth.

A scale model of the OLS airfoil had been built to calibrate
stagnation point location with angle of attack, but the wind
tunnel test was not conducted. In the absence of an ex-
perimental calibration, the government supplied a set of
calibration curves computed with a two-dimensional airfoil
program'2 (Figure 3). These curves and the Mach number time
history at each radial station were used to convert the
stagnation point time history to an angle-of-attack time
history. Finally, the angle-of-attack time histories were
converted into main rotor contour plots.

'2Smetana, F. 0., Summey, D. C., Smith, N. S., and Carden,
R. K., LIGHT AIRCRAFT LIFT, DRAG AND MOMENT PREDICTION,
A REVIEW AND ANALYSIS, CR 2523, National Aeronautics and
Space Administration, Washington, D. C., 1975.
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3. DATA DECK PREPARATION

Once a physical system has been analyzed, and the analysis
coded for simulation, the quality of the results is directly
dependent upon the quality of the data used as inputs to the
simulation. The Rotorcraft Flight Simulation Program C81 can
have up to 120 inputs just to control the type of analysis
performed; it can have over 60,000 inputs to describe the
aircraft geometry and the aerodynamics for a trim or a trim
plus flightpath stability izn. A complete sensitivity analy-
sis has yet to be performed on C81, but many of the inputs
have a very strong bearing on the results, while others have a
very small effect on the outcome of the simulation.

As part of the effort described in this report, the investiga-
*tors have endeavored to document the input data deck describ-

ing the AH-IG with the instrumented rotor. The method of
assembling the deck, the source of the inputs, and the assump-
ticns made in estimating those inputs not directly measurable
are described below, in the order in which the data are input.
It should be noted that a production AH-IG deck existed as a
starting point, and that approximately 250 man-hours were
expended in the acquisition and documentation of the data
deck. Staley (Reference 7) has indicated that the first time
he assembled a C81 data deck (to represent an MBB/Vertol BO-
105), the process required approximately 400 manhours.

The OLS deck described here was assembled in less time only
due to the experience of the users and the existence of an AH-
IG deck.

3.1 PROGRAM LOGIC GROUP

The inputs in the Program Logic Group were selected to give
the desired input, analytical and output options (see Sections
2.3 and 3.3 of Volume II of Reference 3). The inputs are
listed in Figure 4.

CARD 11

IPL(l) was zero, since a full aircraft was being modeled.

IPL(2) was set to 2 because an airfoil table was being used
for each rotor, but the wing and stabilizing surface aerody-
namics were being represented by equations.

IPL(3) was zero, since both rotors were included in the model.
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The main rotor was modeled with 20 unequal segments, so IPL(4)
was set to -20. The tail rotor was modeled with five equal
segments (IPL(5) = 5). This has been found to improve the
aerodynamic representation over that obtained with the standard
three segments when the correct hub extent and built-in tip-
loss factor are retained in the Tail Rotor Group.

The OLS main rotor was modeled as inelastic (IPL(6) = 0) for
initial performance runs and with nine elastic mode shapes
(IPL(6) = 9) for the blade loads and acceleration analysis.
The tail rotor was modeled as inelastic (IPL(7) = 0).

Both rotor pylons were modeled as inelastic, so IPL(9) and
IPL(10) were set to zero for all cases.

Separate rotor airfoil aerodynamic subgroups were used for the
rotors, so IPL(II) = 2.

A Rotor-Induced Velocity Distribution table was used for the
main rotor during some of the analysis. IPL(12) was set to 1
for those cases.

Rotor Wake Tables and Harmonic Blade Shakers were not used, so
IPL(13) = IPL(14) = 0.

CARD 12

The Wing Group and Stabilizing Surface #1 Group (vertical sta-
bilizer) were input without control linkage inputs, so IPL(15)
and IPL(16) were input as -1. The elevator is connected to the
longitudinal cyclic. Stabilizer Surface #2 and #3 Groups,
which represent the right and left horizontal stabilizers were
input with control linkages, so IPL(17) and IPL(18) were input
as 1. A fourth stabilizing surface was not required to model
the OLS aircraft, so IPL(19) was set to 0.

Some of the OLS aircraft configurations simulated had four
external stores. IPL(21) was set to 4 for those cases.

The remainder of the inputs on CARD 12 and all of those on CARD
13 were set to 0.

CARD 14

The flight condition indicator, IPL(43), was set to 0 because
unaccelerated trims were being simulated. IPL(44) was set to
1 so that the roll angle was held constant at the input value
for each trim, except for the 10 KTAS case. Yaw angle was held
constant for that case, with IPL(44) = 0.
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V
A partial derivative matrix was computed every fifth iteration
(IPL(45) = 0 or 5), as this has been found to give a reason-
able balance between rapid convergence and reduced run time.

The first Rotor Aerodynamic Subgroup was used for the main
rotor aerodynamics (IPL(46) = 1) and the second subgroup was
used for the tail rotor aerodynamics (IPL(47) = 2).

Neither unsteady aerodynamics option was invoked during the
analysis, so IPL(48) was set to 0.

The quasi-static trim (IPL(49) = IPL(50) = 0) procedure was
used for both rotors except when the main rotor was modeled
with elastic modes. In the latter case, IPL(49) was set to 1.

It was found to be unnecessary to decouple and rebalance
either rotor during the trim procedure, so both IPL(51) and
IPL(52) were set to zero.

IPL(53) was set to 1 whenever the time-varient trim was acti-
vated so that blade element accelerations were computed for
the elastic rotor.

The inputs on the remainder of CARD 14 and all the inputs on
CARD 15 were set to zero.

CARD 16

IPL(71) was set to 0 for the initial trim in each sweep andset to 2 for subsequent trims in the run in order to suppress
additional, unnecessary, printout of the inputs.

IPL(72) was set to 1 in order to have trim iteration data
printed out. In the event that a case fails to trim, the trim
iteration data facilitates locating the cause of the problem.

IPL(73) was set to 1 to have the optional trim page printed
for the main rotor.

IPL(74) through IPL(78) were set to zero, as the output options
controlled by these inputs were not desired.

IPL(79) was set to 1 for many of the trim cases so that main
rotor contour plots would be generated.

The inputs on the remainder of CARD 16 and all the inputs on
CARD 17 were set to zero, as none of the options controlled by
those iftputs were required for the OLS correlation study.
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3.2 ROTOR AERODYNAMIC TABLES

The input format for the Rotor Aerodynamic Tables is given in
Sections 2.4 and 3.4 of Volume II of Reference 3. The tables
used in this analysis are listed in Figures 5 and 6.

Separate tables were used to provide the steady-state aero-
dynamic coefficients for the main and tail rotors. No aero-
dynamic data are available for the OLS main rotor airfoil; but
due to its similarity to the production AH-lG airfoil (BHT-
developed 540 airfoil), the table for that airfoil was used
(See Figure 5). The data in that table are based on a wind
tunnel test, with standard corrections applied to C max

and CD. (The wind tunnel test was documented in a BHT memo,
0

which is not available in the public domain. The exact cor-
rections have not been documented.)

The test data were also smoothed to account for data
scatter and asymmetries. Since high angle-of-attack and
high Mach number test data were not available for the 540
airfoil, data for these conditions for a NACA 0012 were
taken from Reference 13. The two sets of data were joined
together with a smooth transition.

A production AH-lG tail rotor was used during the OLS tests.
This rotor has a NACA 0015 airfoil, and the table listed in
Figure 6 provides the aerodynamic coefficients for this air-
foil. The data table was constructed using the data in Ref-
erence 14 and extending the Mach number range using Reference
15. No pitching moment coefficients were prepared for inclu-
sion in this table.

'"Critzos, C. C, Heyson, H. H., and Boswinkel, R. W., Jr.,
AERODYNAMIC CHARACTERISTICS OF NACA 0012 AIRFOIL SECTION AT
ANGLES OF ATTACK from 00 to 1800, NACA TN 3361, National
Advisory Council for Aeronautics, Washington, D. C., 1955.

14 Shivers, J. P., and Carpenter P. J., EFFECTS OF COMPRESSILITY
ON ROTOR HOVERING PERFORMANCE AND SYNTHESIZED BLADE-SECTION
CHARACTERISTICS DERIVED FROM MEASURED ROTOR PERFORMANCE OF
BLADES HAVING NACA 0015 AIRFOIL TIP SECTIONS, NACA TN 4356,
National Advisory Council for Aeronautics, Washington,
D. C., 1958.

"5Graham, D. J., Nitzberg, G. E., and Olson, N., A SYSTEMATIC
INVESTIGATION OF PRESSURE DISTRIBUTIONS AT HIGH SPEEDS OVER
FIVE REPRESENTATIVE NACA LOW-DRAG AND CONVENTIONAL AIRFOIL
SECTIONS, NACA TR-832, National Advisory Council for Aero-
nautics, Washington, D.C., 1949.
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3.3 MAIN ROTOR GROUP

The input format for the Main Rotor Group is described in
Sections 2.5 and 3.5 of Volume II of Reference 3. The inputs
for this group are listed in Figure 7.

Main rotor hub and blade inputs were taken, in part, from the
following drawings:

AH-lG Basic Lines Data (Figure 8)
540-011-001 Blade Assembly
540-011-101 Hub and Blade Assembly
540-011-102 Trunnion
540-011-147 Pitch Horn Assembly
540-011-154 Grip Assembly
299-328-001 Blade Assembly Advanced Instrumentation

540 Main Rotor

(The production AH-1G main rotor is designated as the Model

540, or 540, rotor system).

CARD 31

There are two main rotor blades (XMR(l)), and the undersling
(XMR(2) = 4.5) was determined from the -101 drawing.

The input for the aerodynamic reference center was 101.0 so
that CARDs 3K through 3M would be read to give the radial
distribution of the aerodynamic reference center.

The radius (XMR(4) = 22.0) was determined from the -101 draw-
ing.

The chord was input as zero because the radial chord distri-
bution was to be input on CARDs 3N through 3P.

The linear, -101, twist distribution was determined from the
-001 blade drawing. The flapping stop location (XMR(7)
12.0) was determined from the -101 drawing.
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CARD 32

Since the mast is fixed with respect to the aircraft, the
location of the main rotor teetering pin, as given on the
AH-lG Basic Lines Drawing, was taken as the mast pivot point
(XMR(8), XMR(9) and XMR(10)).

The blade weight and inertia inputs were computed by the Rotor
Frequency Program DNAM05 (see Section 3.4 of this report).
These two inputs (XMR(ll) and XMR(12)) are the weight and
flapping inertia of the blade, and that portion of the hub
associated with the blade, that is outboard of the flapping
hinge. For the OLS teetering rotor, these inputs are one-half
the total weight and flapping inertia of the rotor. These two
inputs were included in the deck whether or not elastic mode
shapes were used to represent the rotor. If mode shapes were
used, both of these inputs were ignored in the analysis, as
C81 used the mass distribution input with the mode shapes.

The nominal main rotor and engine operating speeds are known
to be 324 and 6600, respectively, yielding a rotor-to-engine
gear ratio (XMR(13)) of 0.0491.

No rotor pitch-lag coupling ratio (XMR(14)) was input, as it
would have a negligible effect for this teetering rotor in the
quasi-static trim. The effect was included automatically in
the elastic mode shapes when they were used.

CARD 33

The rotor-to-swashplate angle ratio (XMR(15)) was input as 1.0
because all the effects of angled pitch links, scissor arms,
and differences in swashplate and pitch horn radii were in-
cluded in the control rigging in the Controls Group. The
flapping stop spring rate, XMR(17), was determined by a
static analysis of the mast, as described in Reference 16.
(There is no separate flapping stop assembly on the AH-lG main
rotor. Excessive down-flapping is restrained by contact
between the lower inside portion of the central hole in the
yoke assembly and the mast.)

There was no flapping spring on the OLS rotor, so XMR(18) was
input as 0.0.

"bDooley, L. W., and Van Gaasbeek, J. R., FLAPPING LOAD PREDIC-
TION AND NONLINEAR HUB SPRING DESIGN-INTERIM REPORT OF
TASKS I AND II, Technical Report 699-099-091, Bell Helicop-
ter Textron, Fort Worth, Texas, 1978, page 13.
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The reduced rotor frequency for the UNSAN unsteady aero-
dynamics option (XMR(19)) was input as 1.0, even though this
option was not invoked. (Unity is usually chosen for this
input, as the predominant pitch motion of the blade is at one-
per-rev due to control motion.)

The input for the lead-lag damper was zero because the OLS
main rotor was a stiff inplane rotor, lacking a lag hinge and
damper.

The hub extent, XMR(21), was set equal to the radius of the
main rotor blade retention bolt, as determined from the -001
and -154 drawings.

CARD 34

The precone angle, XMR(22), was determined from the -101
drawing.

* The pitch-change axis location, XMR(23), was input as zero,
even though the quarter-chord of the sleeved section is not on
the pitch-change axis. The effect of this offset on the
steady-state aerodynamics is accounted for in the aerodynamic
reference point offset distribution on CARDs 3K through 3M.
The value input for XMR(23) is used only in the Theodorsen
portion of the BUNS unsteady aerodynamics option, which was
not invoked.

XMR(24) was input as 0.0 since the production AH-lG main rotor
hub, which was unmodified for the OLS test program, has no
pitch-flap coupling.

The drag coefficient for the hub, XMR(25), was estimated to be
that of a two-dimensional ellipse of the same thickness ratio
as the grip. The ellipse drag coefficient was taken from
Reference 17, using a Reynolds number computed at the bolt-
hole radius in hover on a standard day (6 x 105).

The OLS rotor had no lead-lag spring, and the tip vortex
effect option was not activated; therefore both XMR(26) and
XMR(27) were set to 0.0.

- .'CARD 35

The OLS rotor had a square tip, so XMR(29) was input as zero,and XMR(30) was also input as zero to activate the internal

tip-loss factor calculation.

"7McCormick, B. W., AERODYNAMICS OF V/STOL FLIGHT, Academic
Press, New York, 1967, page 33.
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The pitch link moment arm, XMR(31), was determined from the
-147 drawing.

The distance to the pitch-horn attachment point, XMR(32), was
set to 14.1, which is the radius of the inboard feathering
bearing. (The AH-lG main rotor hub geometry is shown in
Figure 9.) The input to C81 must be consistent with the hub
geometry inputs to DNAM05 (to be discussed in Section 3.4) to
ensure that the coordinate transformation between the inplane-
out-of-plane and beam-chord coordinate systems (discussed in
Section 6.1.2) is performed at the correct radial station.

The downwash factor at the fuselage center-of-pressure was
estimated using a simple method to be described in the discus-
sion of the inputs to the Wing Group (Section 3.12.1 of this
report). This method indicated that the downwash at the fuse-
lage cp was zero except at very low speeds. The input was 2.0
between hover and 10 knots.

The pitch-cone coupling ratio, XMR(35), was computed to be
-0.68 from the first coning mode calculated by DNAM05 (see
Section 8.1.1.2 of Volume I of Reference 3). This input is
used when the main rotor is modelled as inelastic. The input
is ignored when elastic modes are input for the main rotor.

CARD 36

The main rotor nacelle weight was included in the overall
weight of the aircraft, so XMR(36) through XMR(40) were set to
0.0.

The main rotor differential nacelle flat plate drag area was
estimated to be due to two components. The first component
consisted of the equivalent flat plate drag area of the
rotating control components between the top of the sail (the
cowling enclosing the transmission and engine) and the hub.
This component of the drag was estimated to be equal to the
drag of the two-dimensional cylinder swept by the pitch links~at a Reynold's number for that cylinder at the maximum forward
flight speed, Re = 5 x l05. This cylinder has a drag coeffi-
cient of 0.33 (Reference 17, page 33) and a frontal area of
3.0 square feet, yielding an equivalent flat plate drag
area of 1.0 square foot. The equivalent flat plate drag
area of the multiplexor box was the second component of the
nacelle drag. The multiplexor box was a cylinder, so the
drag coefficient of a cylinder at the Reynolds number at
maximum '7orward flight airspeed was multiplied by the frontal
area to yield an additional 1.0 square foot of flat plate
drag area. Therefore, the nacelle flat plate drag, XMR(40),
was input as 2.0 square feet.
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The center of pressure of the nacelle drag was estimated to be
half way between the top of the sail and the hub, so this
distance was input for XMR(41).

The OLS main rotor first mass moment, XMR(42), was computed by
DNAM05. K
CARD 37

The AH-lG used in the test program had no control phasing or
mast tilt, so XMR(43) through XMR(45) were input as zero.

The mast length, XMR(46), was also input as zero because the
mast pivot point was located at the teetering pin.
The OLS main rotor did not have a nonlinear flapping spring,
so XMR(47) through XMR(49) were set to 0.0.

CARD 38

The main rotor one-per-rev frequency, 5.4 hertz, was chosen as
the filter frequency, as this would yield the maximum two-per-
rev attenuation with the minimum of one-per-rev phase lag.
The remainder of the inputs on CARD 38 were set to 0.0 because

the OLS rotor had no prelag and the precone starts at zero
radius, as determined from the -101 drawing.

CARDs 39, 3A and 3B

Several considerations were involved in selecting the main
rotor radius distribution. The primary consideration was to
include the radii at which the blade instrumentation was
located. In addition, previous experience had shown that seg-
ment lengths should be larger than two percent of the rotor
radius, and less than ten percent. The shorter segments
should be in the regions where the blade undergoes large
elastic curvature.

CARDs 3C through 3J

*A detailed NASTRAN model of the AH-lG helicopter had been pre-
pared under an Army contract 8. This model was modified to

18Cronkhite, J. D., Berry, V. L., and Brunken, J. E., A
NASTRAN VIBRATION MODEL OF THE AH-lG HELICOPTER AIRFRAME,
TR 74-045, U.S. Army Rock Island Arsenal, Rock Island,
Illinois, 1974.
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have a mass distribution approximately that of the OLS air-
craft in its Flight 35A configuration. The gross weight and
center-of-gravity stationline computed by NASTRAN were 8319
pounds and 199.5, while the flight-test engineer estimated
these quantities to be 8319 pounds and 200.6 for the actudl
ship.

The frequencies computed for the first four elastic airframe
modes were.compared with the measured frequencies (taken from
Reference 19) in Table 5. As can be seen, the pylon frequen-
cies are underpredicted while the fuselage frequencies are
computed in close agreement with those measured in shake
test. The most likely cause for the discrepancy in the pylon
frequencies is the inability to properly model the nonlinear
Lord mounts used to attach the transmission to the airframe.

The NASTRAN-generated pylon frequencies and mode shapes, as
listed in Figure 10, were used in initial simulations, but
convergent trims were achieved only for a few cases. Since
the pylon frequencies were not computed correctly and the
shake-test data did not provide sufficient information to
determine the pylon inputs experimentally, the pylon model
was not used for any further simulation runs.

CARDs 3K through 3M

The airfoil lift and drag forces act through a given point on
the section chordline called the aerodynamic reference point.
The aerodynamic moment about this point depends solely on the
value of CM and is independent of the lift and drag forces.

The production 540 airfoil table, CLCD5474 (Section 3.2) was
constructed using the section quarter-chord as the aerodynamic
reference point.

The production 540 rotor was designed so that the section
quarter chord and the pitch change axis were coincident.
Therefore, inboard of the radius at which the sleeve starts
(83 inches), the aerodynamic reference center offset was zero.
The application of the sleeve extended the leading edge of
the airfoil 0.125 inch and the trailing edge 1.5 inches,
thereby shifting the aerodynamic reference center (quarter-
chord) aft 0.28125 inch, which was the input outboard of
radial station 83.

'"White, J. A., MODEL AH-lG AIRFRAME AND CONTROL SYSTEM
GROUND VIBRATION TEST RESULTS, Technical Report 299-099-819,
Bell Helicopter Company, Fort Worth, Texas, 1976.
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CARDs 3N through 3P

The chord at each radial station was determined from the Hub
and Blade Assembly Drawing, 540-011-101, and the OLS Blade
Drawing, 299-328-001.

3.4 MAIN ROTOR ELASTIC BLADE DATA GROUP

The Main Rotor Elastic Blade Data Group input format is given
in Sections 2.6 and 3.6 of Volume II of Reference 3, and the
inputs to this group are listed in Figure 11. Reference is
also made to Section 7.1 of Volume II of Reference 3, which
contains the User's Instructions for the Rotor Frequency Pro-
gram DNAM05. The inputs to this auxiliary program for the
OLS main rotor are listed in Figure 12.

Inputs to earlier versions of the Rotor Frequency program had
been determined for the Model 540 rotor and continuously
refined as the program and the physical description of the
rotor improved.

The Model 540 inputs for the DF1758 version of the program
were published in Reference 20. For the current study, the
latest version of the inputs were modified to account for
the change in midspan and tip tuning weights and the addition
of the fiberglass sleeve. The structural properties of the
sleeve were computed, using BHT Program CBCR02, 2 1 as

Sleeve Center-of- 10.96 Inches from
Gravity Location Leading Edge

Aweight/inch 0.1678 lb/in.

APIxx 0.00036 in.-lb-sec 2/in.

A pI yy 0.035 in.-lb-sec 2/in.

AEI B  8.45 x 106 lb-in.2bB

AEIC  579.9 x 106 lb-in.2

2UVan Gaasbeek, J. R., AN INVESTIGATION OF HIGH-G MANEUVERS
OF THE AH-lG HELICOPTER, USAAMRDL TR 75-18, Bell Helicopter
Textron, U.S. Army Air Mobility Research and Development
Laboratory, Eustis Directorate, Fort Eustis, Virginia,
April 1975, AD A012234.

2t Tisdale, P. R., COMPUTER PROGRAMS FOR ROTOR LOADS AND STRESS
ANALYSIS, Technical Report 299-099-749, Bell Helicopter
Company, Fort Worth, Texas, 1975, pages 4.1 through 4.13.
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The sleeve properties were incorporated into the 540 proper-

ties, resulting in the inputs given in Figure 12.

PHOFF was taken to be 14.1 inches, as it was assumed that the
shears and moments in the pitch link are reacted at the inner
feathering bearing (See Figure 9). In fact, a dual load path
exists between the inner and outer feathering bearings (14.1
to 37.5-inch radius) and the load distribution in this region
cannot be precisely defined.

Twenty-six segments of unequal length were used to model the
rotor in DNAM05, with several short segments in the hub region
to properly model the rapid radial changes in properties.
Mode shape data were punched for the twenty radii corresponding
to those Used in the Main Rotor Group.

The frequencies computed by DNAM05 are dependent upon the
pylon impedances used in the analysis. For the generation of
the frequency plots for the OLS rotor, the pylon was modeled
as rigid vertically (as the AH-lG pylon has essentially no
vertical freedom), and a representative value was chosen for
the inplane pylon impedance. In this manner, the inplane
frequency and mode shapes computed by the program are for the
rotor mounted on the airframe.

The computation of rotor response in C81 can be approached in
two ways: the analyst can use rotor modes generated with
representative pylon impedances directly, or rotor modes can
be generated for an infinitely rigid pylon in DNAM05 (HSOFT =
0.0), and pylon modes can be input to C81, with the coupling
being accounted for in the simulation. Due to the lack of
adequate or accurate experimental or analytical pylon mode
shape data, an inplane pylon impedance was used to generate
rotor mode shapes in DNAM05 for all the simulations.

Previous studies of the AH-lG rotor had shown that an inplane
pylon impedance (HSOFT) of -34.4 resulted in accurate computa-
tion of the first inplane cyclic mode. The latest version of
the Rotor Frequency Program uses an impedance-per-blade,
whereas earlier versions used an impedance-per-rotor. There-
fore, -17.2 was used to generate the main rotor mode shapes.
The AH-lG main rotor pylon is rigidly attached to the aircraft
vertically, so VSOFT was input as zero.

The control system spring rate was measured during the aircraft
shake test, and reported in Reference 19. The control system
damping has been measured to be as high as 20 percent in
unreported tests, but the 6 percent value used in DNAM05 was
estimated to be a representative value.
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A comparison of measured and computed frequencies is given in
Figure 13. (The predicted frequencies are for coupled modes,so the mode type changes with rpm in some cases.) The fre-

quencies measured during ground run-up, shut-down and rotating
shake test are also plotted in the figure. The computed andmeasured frequencies agree quite favorably, except for the I

cyclic torsion and "S-ing" modes. (The "S-ing" mode is the
first elastic cyclic out-of-plane mode, and is usually placedbelow three-per-rev.) The computed modes are in reverse

position compared with the measured modes, i.e., the computed
torsion mode is at a lower frequency than the "S-ing" mode,and both are at lower frequencies than the measured frequen-

cies. These two modes both exhibit a high-degree of beam-
torsion coupling, and are important to the proper calculationof the rotor response and loads. The discrepancy in the

identification of these two modes is significant, as is the
computation of frequencies lower than those measured, becausethe three-per-rev response of the two modes will be substan-

tially affected.

The analysis incorporated in DNAM05 and the coding of thatanalysis have been examined in detail for errors that might be

the cause of the "S-ing"-torsion mode discrepancy. No errors
were found, and DNAM05 has been successfully identifying the
cyclic torsion and "S-.ing" mode frequencies for other two-

bladed teetering rotors. The inputs were also reexamined in
detail, and no errors were located.

The instrumented blade was cantilevered at the bolt holes
(radial station 41.0) in a fixture and subjected to a shake
test. The reported experimental torsional frequency for the
clamped blade was 20.0 hertz (Reference 10, page 22). The

DNAM05 deck of Figure 12 was modified by removing the first
eight segments, setting XNIN to 18, PHOFF to 1.0 and CK to999999999. Additionally, 41.0 was subtracted from all the

radii. A rigid hub type was used, JHUB was set to zero, and
the program run for zero rpm and zero collective, yielding afirst torsional frequency of 21.25 hertz. This is slightly

higher than the measured frequency, but the test stand could
not be perfectly rigid. This result indicates that the cause

found to be in the hub model.

The first five cyclic and first four collective modes wereSused in the C81 simulations.
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3.5 TAIL ROTOR GROUP

The input format for the Tail Rotor Group is given in Sections
2.7 and 3.7 of Volume II of Reference 3. The inputs to this
group are listed in Figure 14. The following drawings were
used to determine the inputs for this group:

AH-lG Basic Lines Data (Figure 8)

204-011-702-17 T/R Blade Assembly
204-011-728-15 T/R Grip Assembly

205-011-703-3 T/R Static Stop

204-011-722-5 T/R Yoke Assembly

204-011-801-11 T/R Hub Assembly

Only inputs that were determined by methods other than those
discussed in Section 3.3 will be discussed.

The aerodynamic reference center was assumed to be on the
pitch-change-axis, so XTR(3) was set to zero. A constant
chord, equal to the blade chord, was input as XTR(5).

Blade weight, inertia and first mass moment were taken from a
DNAM05 run for the production AH-lG tail rotor.

A flapping stop spring rate of 10,000 ft-lb/deg was assumed to
reflect the rigid stops and stiff pylon.

The drag coefficient for the hub was based on a chord-to-
thickness ratio of 1.33 for a Reynold's number, at the bolt
hole, of 200,000. The drag coefficient was obtained from data
in Reference 22.

I; The sidewash coefficient, XTR(28), was assumed to be 0.2.

The tail rotor analysis in C81 assumes that this rotor turns
in a left-handed sense. The lateral mast tilt was input as
-90* (i.e., to the left), to yield counterclockwise rotation

4 * when viewed from the right side of the aircraft, even though
the tail rotor was on the right-hand side of the aircraft, as
shown in Reference 10.

ZZHoerner, Signard, FLUID DYNAMIC DRAG, published by the
author, Brick Town, New Jersey, 1965.
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3.6 TAIL ROTOR ELASTIC BLADE DATA GROUP

The tail rotor was modeled as inelastic, so no mode shape data
were input in this group.

3.7 ROTOR AERODYNAMIC GROUP

The input format for the Rotor Aerodynamic Group is given in
Sections 2.9 and 3.9 of Volume II of Reference 3. The inputs
to this group are listed in Figure 15.

The first five data cards are the Rotor Aerodynamic Subgroup
for the main rotor, while the second five data cards are the
Rotor Aerodynamic Subgroup for the tail rotor. Only the
inputs required to supplement the airfoil data tables are
included.

The drag divergence Mach number, YRR(l,l), was determined as
described in Dommasch23 for the Mach numbers at which

dC D
o = 0.1 (2)

The Mach number for the lower boundary of the supersonic
region, YRR(2,1), was calculated as described in Section
3.9.2 of Volume II of Reference 3.

The maximum C1 at M = 0, YRR(3,1), Cm1  in reverse flow,
max

YRR(7,1), and C1 at M = 0, YRR(8,1), were taken directly

from the plots of the airfoil data tables.

The coefficients of M in the C1max (YRR(4,1), YRR(5,1) and

YRR(6,1)) and the C1 equations were determined from a third

order curve fit of C1max versus Mach number and C1  versusmax a
Mach number. The thickness-to-chord ratio was computed from
the blade drawing, 299-328-001.

!3Dommasch, D. P., Sherby, S. S., and Connally, T. F.,
AIRPLANE AERODYNAMICS, Fourth Edition, Pitman Publishing
Corporation, New York, 1967.
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I.
The coefficient of the yaw angle in the Mach number equation
and the exponent in the Mach number equation for yawed flow
(YRR(20,1) and YRR(2l,1)) are recommended values and are dis-
cussed in Section 3.4 of Volume I of Reference 3.

I The zero lift line orientation determined by YRR(29,1),
YRR(30,1) and YRR(31,l) is constant with Mach number.

Comparisons between test data and the results of initial runs
(made to check the data deck) showed that the computed power
required was lower than that measured in flight. The dif-
ference between the measured and computed power was roughly
proportional to velocity-squared, indicating that the rotor
drag coefficients were too low. The value of CDo in the basic

production airfoil table, CLCD5474, is 0.0068, which is low
compared to the values (with standard roughness) for a NACA
0009 (CD = 0.0091) and an NACA 0012 (C = 0.0098) (Reference

24). When similar power-required discrepancies had been
experienced with simulations of a regular AH-lG, a ACD

(YRR(34,1)) of 0.003 was found to produce better agreement.
(The ACD input to C81 is added to the entire drag table.)

The remaining five cards in the Rotor Aerodynamic group are
used for the tail rotor aerodynamic calculations and refer to
the second airfoil data table, CLCDO015. The necessary inputs
for this group were obtained in a manner identical to that
described above for the main rotor.

3.8 ROTOR INDUCED VELOCITY DISTRIBUTION TABLES GROUP

The input format for the Rotor Induced Velocity Distribution
Tables Group is described in Sections 2.10 and 3.10 of Volume
II of Reference 3. Due to the size of a typical RIVD table,
the inputs to this group are not listed in this report.
Instead, typical inputs to Program AR9102, used to generate
the RIVD tables for the simulations, are listed in Figure 16.
Utilization instructions for AR9102 are given in Section 7.2

a of Volume II of Reference 3.

All wake tables were generated with a constant chord
(BATA(3) = 28.625) at normal operating RPM (BATA(5) = 324.1)
and with the appropriate density ratio (BATA(6)) for the
flight condition being analyzed.

24Abbott, I. H., and Von Doenhoff, A. D., THEORY OF WING
SECTIONS, Dover Publications, New York, 1959, pages 454
and 462.
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Twenty radial segments were used (BATA(8)) with an azimuth
increment (BATA(9)) of 10.0 degrees. Default values were used
for the vortex core radius and vortex bursting factor (BATA(10)
= BATA(lI) = 0.0). No asymmetric blade loading was used
(BATA(12) = 0.0) and the AR9102-computed average induced
velocity was used to nondimensionalize the induced-velocity
coefficients punched out by the program (BATA(14) = 0.0).

The number of advance ratios and wake-plane angles of attack
(BATA(15) and BATA(16)) were chosen to cover the range of
values experienced in each particular C81 simulation. BATA(17)
was set to 3.0 to give the proper logic flow through AR9102.
BATA(18) was set to 20.0 so that an input radius distribution
would be used for interpolating the induced-velocity coeffi-
cients punched by AR9102.

BATA(23) was set to 10.0 so that one set of induced-velocity
distribution tables would be punched out, and BATA(24) was set
to 6.0, as induced-velocity harmonics were only needed through
six-per-rev.

The inputs on AR9102 CARD 9 were chosen to given wake tables
for values bracketing those experienced in C81 simulations.1The radius distribution input on OPTIONAL CARDs A was identical
to that used in the C81 Main Rotor Group.

No wake tables were used for the tail rotor.

3.9 ROTOR WAKE AT AERODYNAMIC SURFACES TABLES GROUP

No Rotor Wake at Aerodynamic Surfaces Tables were used.

3.10 FUSELAGE GROUP

The input format for the Fuselage Group is given in Section
2.12 and 3.12 of Volume II of Reference 3. The Fuselage Group
for the Flight 35-A aircraft configuration is given in Figure
17.

The fuselage group contains both mass and aerodynamic proper-
ties for the airframe. For mass inputs, the airframe is
defined to have the mass properties of the entire aircraft
without external stores. The mass properties of the stores
are input in a separate group, and the mass properties of the
airframe are adjusted appropriately in the analysis to yield
total-aircraft mass characteristics. The aerodynamic inputs
pertain only to the fuselage-portion of the aircraft, i.e.,
the aerodynamic properties of the aircraft minus the rotors,
wings, stores ane stabilizing surfaces.
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The bailed AH-lG aircraft was weighed and its longitudinal and
lateral center-of-gravity locations determined after the
weapons and armor were removed and the instrumentation and
instrumented rotor installed. The measured weight was 6289
pounds, with the center of gravity located at station 203.3 and
buttline 0.455. These were the base quantities to which the
weight of the crew, fuel and any stores were added. In addi-
tion to these three measured quantities, the computer analysis
requires the vertical center-of-gravity location, the aircraft
mass moments of inertia about the three body axes, and the
pitch-yaw product of inertia. These latter quantities are
normally computed using a detailed weights analysis for the
configuration, as they are quite difficult to measure. For
this study, the weights analysis for the last AH-lG constructed
was available, but in the basic configuration (bailed ship
minus weapons and armor, plus instrumentation and instrumented
rotor), the analysis gave a weight of 6030 pounds and a center-
of-gravity station of 204.9 and buttline of 0.059. The cause
of these discrepancies is assumed to be due to differences
between the original production configuration of the bailed
ship (Ship Number 20391) and the production configuration
described in the weights data (applicable to Ship Number 21134),
and due to modifications made to the ship in the field. A
lumped point-mass of 258.6 pounds would have to be added at
station 165.2 and buttline 12.7 to make the computations agree
with the measurements. Due to the known lateral symmetry of
the AH-lG and the very small lateral center-of-gravity offset
computed from known mass data, the measured lateral cg offset
was presumed to be in error. The weights data were modified to
include 258.6 pounds at station 165.2 and buttline zero.
The weight of the crew, fuel and any stores were then added to
this basic configuration to calculate the gross weight, center
of gravity and inertias for the configurations tested. These
quantities are summarized in Table 6.

The fuselage reference center location (defined by XFS(2)
tthrough XFS(4)) is identical to the reference center location
j of the wind tunnel model. 25  The force and moment equation use

I ;indicator, XFS(12), was set to indicate that forward flight was
being simulated, while the phasing angles, XFS(13) and XFS(14),
were set to reflect the range of data input to the Nominal
Angle and High Angle equations.

2Oldenbuttle, R. H., White, R. M., and Cooksey, J. M., A LOW
SPEED WIND TUNNEL TEST OF THE BELL HELICOPTER COMPANY 0.200
SCALE AH-lG/AH-lS MODEL INVESTIGATING AERODYNAMIC CHARAC-
TERISTICS, Vought Systems Division Report LSWT 490, Vought
Corporation, Dallas, Texas, 1975.
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The six fuselage aerodynamic forces and moments are computed in
Program C81 using six independent sets of wind-axis equations
that are third order in complex angle of attack and sideslip.
For this study, the 84 inputs to these equations were found by
processing 1/5-scale model wind tunnel test data (Reference 25)
with program AN9101 (Section 7.7, Volume II, Reference 3).
This program was written specifically to perform a least-
squares curve-fit on test data to compute the inputs required
by C81. Due to some inconsistencies in the wind tunnel test
data, the resulting curve fit was not very good; several
fuselage-only C81 runs were made to improve the correlation
between C81 and the faired wind-tunnel data.

Ae 'tionally, very little data were available for the fuselage
WILh the landing gear installed, so the AN9101 runs had been
made using test data for the bare fuselage. The additional
lift (nondimensionalized by dynamic pressure) due to the gear
was estimated to be 1.0 square foot; the additional equivalent
flat plate drag area to be 1.75 square feet; and the additional
nose-down pitching moment to be 7.05 cubic feet. The incre-
ments to aerodynamic side force, rolling moment, and yawing
moment due to the skid gear were assumed to be very small in
comparison to the fuselage-only values, and were ignored.

The fuselage equivalent flat plate drag area, XFS(29), that was
determined by Program AN9101 also had to be increased to
account for Reynolds number effects. The number used was 5.5
square feet for the aft- and mid-cg flight conditions.

XFS(29) was set to 8.5 square feet for the simulation of the
forward-cg test cases, based on test data given in Reference
26. This increase in flat plate drag area is well documented,
and is not a CD effect.

3.11 LANDING GEAR GROUPS

The landing gear model has not been implemented in AGAJ77,
so no inputs are required for this group.

"Finnestead, R. L., Laing, E., Connor, W. J., and Buss, M. W.,
ENGINEERING FLIGHT TEST AH-lG HELICOPTER (HUEY COBRA), PHASE
D, PART 2, PERFORMANCE, FINAL REPORT, U. S. Army Aviation
Systems Test Activity, Edwards Air Force Base, California,
1970, page 21.
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3.12 WING GROUP

The input format for the Wing Group is described in Sections
2.14 and 3.14 of Volume II of Reference 3. The inputs to this
group are listed in Figure 18.

The wing area, including carry-through (XWG(l)), was scaled
directly from the AH-lG Basic Lines Data, Figure 8.

The spanwise location of the center of pressure of the right
wing panel, XWG(3), was calculated using the method for deter-
mining the mean geometric chord, as described in Reference 23.
The chordwise and vertical locations of the center of pressure
(XWG(2) and XWG(4)) were interpolated between those of the root
section (a NACA 0030) and the tip section (a NACA 0025) as
given in Reference 27.

The incidence angle, dihedral angle, quarter-chord sweep
angle, geometric aspect ratio (including the carry-through) and
taper ratio (XWG(5) through XWG(8) and XWG(10)) were determined
from the Basic Lines Drawing. The spanwise efficiency factor,
XWG(9), was determined from data presented in Reference 23.

XWG(II) through XWG(13), the coefficients in the equation for
the dynamic pressure reduction at the stabilizers due to the
wing, the dynamic pressure reduction at the wing due to the
fuselage, and the coefficient in the equation for the wing-
wake-centerline deflection were all estimated to be 0.0 based
on experience.

There is no moveable control surface on the AH-IG wing, so
XWG(14) through XWG(23) were input as 0.0.

The coefficients for the downwash and sidewash at the wing due
to the fuselage, XWG(24) through XWG(28), were also estimated
to be 0.0.

2'Jacobs, E. A., and Abbott, I. H., AIRFOIL SECTION DATA
OBTAINED IN THE N.A.C.A. VARIABLE DENSITY TUNNEL AS AFFECTED

* BY SUPPORT INTERFERENCE AND OTHER CORRECTIONS, NASA TR 669,
National Advisory Committee for Aeronautics, Washington,
D. C., 1939.
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Determination of the main and tail rotor downwash at the right
and left wing center-of-pressure positions is difficult in the
absence of a reliable rotor wake program. A simple method was
used to determine the rotor far-field downwash characteristics
in this study, as described in Section 3.12.1.

The aerodynamic coefficients in the moment equations, XWG(33)
through XWG(42), were all set to zero based on previous exper-
ience.

Equations were used to represent the wing aerodynamics instead
of a table. The inputs to the equations, YWG(l) through
YWG(28), were developed over the course of several years by
using standard procedures for finite aspect ratio airfoils and
using wind tunnel data for isolated airfoils and scale models
of this aircraft with and without the wings.

There are no moveable control surfaces on the wing, and the
wing incidence is fixed, so the wing control linkages group,
XCWG(l) through XCWG(14), was not included in the deck.

3.12.1 Iterative Method for Determining Main Rotor Downwash
on Wings, Horizontal Stabilizers, and Fuselage

A simple graphical method for determining the downwash at a
point away from the rotor was utilized, assuming an uncon-
tracted, momentum theory wake, and no rotor coning. Initially,
a C81 case was run for the flight condition of interest,
preferably with zero downwash at the elevator, wing, and fuse-
lage centers of pressure. The resulting computed pitch atti-
tude, flapping, and induced velocity were used to graphically
determine the position of the wake in body axes. The rotor
was drawn in its flapped, unconed position on a Basic Lines
Drawing, and the wake was assumed to be convected away from
the rotor at an angle equal to

Vsinx + v.i  (3)

Xwake = - +m VcosC
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where

0 is the fuselage pitch attitude, positive nose up

m is the longitudinal mast tilt, positive forward

Vsin is the body-axis vertical component of the free
stream flow, positive down

Vcos- is the body-axis longitudinal component of the
free stream flow, positive aft

v. is the main rotor average induced velocity,
i positive down

A line was drawn from the tip of the blade, at an angle Xwake

downward from the flapped position, at both the 0 and 180
degree azimuth positions. The uncontracted wake was assumed
to be between these two lines.

If the horizontal stabilizer, wing, or fuselage center of
pressure was entirely outside these boundaries, then no
downwash factor was applied. If the center of pressure was
inside the boundaries, a downwash factor greater than 0 but
less than 2 was used.

If non-zero downwash factors were computed, they were included
in the input deck, the case rerun, and the wake position plotted
again. Convergence was achieved after one or two iterations.

Using this method, non-zero downwash factors were computed
only for the 10-knot case, Counter 1078. These factors were

Main rotor downwash factor
for fuselage center of pressure,
XMR(33) 2.0

Main rotor downwash factors
for right and left wing
panels, XWG(29) and XWG(30) 2.0

Main rotor downwash factor
for right and left horizontal
stabilizers, XSTB2(29) and
XSTB3(29) 1.75

The rotor-two wake was assumed to have no effect on the
fuselage, wing, or stabilizer aerodynamics, so XTR(33),
XWG(31), XWG(32), XSTB1(32), XSTB2(32) and XSTB3(32) were all
set to zero.
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3.13 STABILIZING SURFACE NUMBER 1 GROUP

The input format for the Stabilizing Surface Groups is des-
cribed in Sections 2.15 and 3.15 of Volume II of Reference 3.
The Stabilizing Surface Number 1 Group contains the inputs for
the AH-lG vertical stabilizer, and is listed in Figure 19.

The geometric inputs were obtained in a manner similar to that
described for the wing. In the absence of detailed aerodynamic
data for the-airfoils used in the fin, the aerodynamic center
was assumed to be at buttline zero, and at a stationline and
buttline computed by the method described for the wing.

The tailboom was assumed to be effectively rigid for the fin
model, so XSTBl(II) was set to zero.

The fin has no moveable control surfaces, so XSTBl(15) through
XSTBl(28) were set to zero.

The vertical stabilizer was assumed to be unaffected by the
main rotor wake, so XSTBI(29) through XSTBI(31) were set to
zero. The effect of the tail rotor wake on the fin was un-
known, so XSTBI(32) through XSTBI(34) were also set to zero.

The aerodynamic inputs for the fin, YSTBI(1) through YSTBI(28),
were derived over several years and had been found to give
reasonable correlation with AH-lG test data.

XCSl(1) through XCSI(14) were not input because the fin inci-

dence is fixed and the fin has no moveable control surfaces.

3.14 STABILIZING SURFACE NUMBER 2 GROUP

The input format for the Stabilizing Surface Groups is des-
cribed in Sections 2.15 and 3.15 of Volume II of Reference 3.
The Stabilizing Surface Number 2 Group contains the inputs for
the AH-lG right horizontal stabilizer, and is listed in Figure20.

TThe geometric inputs were obtained in a manner similar to that
described for the wing. The elevator is an inverted Clark-Y
airfoil, so the chordwise and vertical center of pressure
locations were determined from data in Reference 28.

" Pinkerton, R. M., and Greenberg, H., AERODYNAMIC CHARAC-
TERISTICS OF A LARGE NUMBER OF AIRFOILS TESTED IN THE
VARIABLE-DENSITY WIND TUNNEL, NACA TR 628, National Advisory
Committee for Aeronautics, Washington, D.C., 1938.
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The tailboom was also assumed to be effectively rigid for the
elevator calculations, so XSTB2(II) was set to zero.

The downwash at the elevator due to the wing, XSTB2(13), was
estimated to be 1.0 since the wing wake was assumed to be only
partially developed at the elevator location.

The main rotor downwash factor for the elevator was determined
by the method described in Section 3.12.1.

Equations were used to represent the elevator aerodynamics.
Two-dimensional Clark-Y airfoil data were taken from Reference
28 and three-dimensional data created using techniques such as
those given in Reference 23. Inputs were then generated for
YSTB2(l) through YSTB2(28) to give a good representation of
the low-aspect ratio, inverted Clark-Y elevator.

The elevator incidence angle is controlled by the longitudinal
cyclic stick. The values of the Stabilizing Surface Number 2
Control Linkage Inputs, plus the incidence angle, XSTB2(5),
were determined so that the computed incidence angle agreed
with the schedule given on page 5 of Layout Drawing 209-008-
037, page A-30 of Reference 29. The chart gives the angle of
the flat upper surface of the inverted Clark-Y, relative to a
waterline, as a function of the stick position. This angle
was also measured on the OLS aircraft, but the measured sche-
dule did not agree with the published data, which are based on
the kinematics of the control system geometry, so the data of
Reference 29 were used.

The elevator incidence angle computed by XSTB2(5), XCS2(4) and
XCS2(5), is that of the zero lift line, not the flat upper
surface. The angle between the flat surface and the zero lift
line was found in Reference 28 and the schedule of the zero-
lift-line incidence with longitudinal cyclic was calculated.
A parabolic least-squares curve fit of this schedule yielded
the inputs for the incidence angle (XSTB2(5)), linear term
(XCS2(4)) and second-order term (XCS2(5)) in the elevator
control linkage.

*3.15 STABILIZING SURFACE NUMBER 3 GROUP

The Stabilizing Surface Number 3 Group contains the inputs
for the left horizontal stabilizer, which is antisymmetric

"'Davis, J. M., STABILITY AND CONTROL DATA SUMMARIES FOR THE
AH-lG AND UH-lH HELICOPTERS, Technical Report 699-099-012,
Bell Helicrpter Textron, Fort Worth, Texas, 1976.
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to the right elevator. Therefore, the inputs to this group
are identical to those of the Stabilizing Surface Number 2
Group, except for a sign change on the center-of-pressure
buttline, XSTB3(3).

3.16 JET GROUP

Auxiliary propulsion was not installed on the OLS aircraft,
so the Jet Group was not input.

3.17 EXTERNAL STORE/AERODYNAMIC BRAKE GROUP

Four simulated XM-159 rocket pods were carried on the air-
craft during some of the flights selected to be analyzed
in this study. The input format for the External Store/
Aerodynamic Brake Group is given in Sections 2.17 and 3.17
of Volume II of Reference 3. The inputs used for the
stores-on simulations are listed in Figure 21.

The mass properties of the stores were determined from the
flight test engineer's weight-and-balance estimation sheets
and from unpublished data covering the XM-159 pods. The
center-of-gravity locations were transformed to the body axis
coordinate system using these data plus the AH-lG Basic Lines
Drawing and detailed design drawings of the pylons.

The aerodynamic inputs were estimated by assuming the pods to
be bodies of revolution. These quantities were modified to

include all the estimated wing-store interference effects.
Finally, the flat-plate drag area was adjusted to give the
observed total difference in drag between a stores-off and
stores-on Cobra.

3.18 ROTOR CONTROLS GROUP

The input format for the Rotor Controls Group is described
in Sections 2.18 and 3.18 of Volume II of Reference 3. The
inputs to this group are listed in Figure 22. Only the Basic
Controls Subgroup is required, as the AH-lG rotor controls
do not have nonlinear rigging or coupling. The first three
inputs on each of the four cards completely define the rotor
control rigging.

The range of the collective and cyclic sticks and pedals
(XCON(l), XCON(8), XCON(15) and XCON(22)) were reported in
Reference 29.

The limits of the swashplate angles for both the main and tail
rotor were measured on the OLS test vehicle. These unpublished
data were initially used to compute the limits and ranges that
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are the second and third inputs on CARDs 191 through 194.
Initial simulation runs showed a significant discrepancy
between measured and computed stick and pedal positions, while
the computed feathering angles were in good agreement with the
test data. The flight-test measured feathering angles were
plotted versus the flight-test measured stick positions and a
new, set of control limits and ranges determined from the
plots. The flight-test measured control riggings were used
for the collective, longitudinal cyclic and pedal. The plot
of the flight-test measured lateral cyclic angle versus the
flight-test measured lateral cyclic stick position showed a
great deal of scatter and, due to a very steep slope, a
lateral swashplate range well in excess of that available on
the AH-lG. Therefore, the lateral cyclic rigging used in the
simulations was derived from the ground-measured data.

3.19 ENGINE-GOVERNOR GROUP

The input format for the Engine-Governor Group is described inSections 2.19 and 3.19 of Volume II of Reference 3. The

inputs are listed in Figure 23.

Engine power available curves were created by cross-plotting
the sea level data in Figures 27 and 29 of Reference 30, with
the Normal Rated Power data used for the maximum continuous
horsepower available inputs (XNG(2) through XNG(7)) and the
Military Rated Power used to derive the maximum take-off
horsepower inputs (XNG(9) through XNG(14)). Both of the
referenced figures give the transmission limit of 1134.0
horsepower, which is the value input for both XNG(l) and
XNG(8).

The normal engine rpm, XNG(15), was given as 6600.0 in
Reference 30. The governor power gain and time constants for
power increase and decrease, XNG(16) through XNG(18), are
values that had been used successfully in the hybrid computer
version of C81. XNG(19) and XNG(20) were input as 0.0 so
that the default inertias, based on the rotor flapping inter-
tias, would be used. The drive system rotational inertia,
XNG(21), was not known, and is small in comparison with the
rotor rotational inertias, so it was set to zero.

3uSmith, R. P., AH-lG AERODYNAMIC SUBSTANTIATING DATA REPORT
FOR STANDARD AIRCRAFT CHARACTERISTICS CHARTS AND FLIGHT
MANUAL BASED ON ARMY PHASE D FLIGHT TEST RESULTS, Technical
Report 209-099-274, Bell Helicopter Textron, Fort Worth,
Texas, 1971.
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Individual main rotor and tail rotor gearbox efficiency fac-
tors were not known, so XNG(22) and XNG(23) were input as
1.0. The overall drive train efficiency, XNG(24), was set
to 0.97 based on unpublished bench-test data showing losses
between 0 and 6 percent from test to test. The accessory
horsepower, XNG(25), was estimated to be 12 horsepower.

3.20 ITERATION LOGIC GROUP

The input format for the Iteration Logic group is described
in Sections 2.20 and 3.20 of Volume II of Reference 3. The
inputs are listed in Figure 24.

The iteration limit, XIT(l), was set to 41.0 so that a partial
derivative matrix would be computed and output for the last
iteration should the trim fail.

The azimuth increment for time-variant trim, XIT(2), was set
to 10.0, but is internally reset, if necessary, to ensure
that there are 10 time-points per cycle of the highest fre-
quency mode input.

The limiter for the maximum change in the average induced
velocity is twice the value input for XIT(3). The value of
0.5 was chosen based on experience.

The STAB analysis was not to be used, but a normal value for
the partial derivative increment, XIT(4), was included in the
inputs.

Data for the last two revolutions of the time-variant trim were
to be plotted, so XIT(5) was set to 2.0.

Five revolutions in time-variant trim have been found to be
sufficient to ensure convergence for teetering rotors, so
XIT(6) was set to 5.0.

A value of 0.3 was input for XIT(7), the torsional bounce
damper.

All the inputs on the second card, XIT(8) through XIT(14),
are traditional values used successfully in the numerical
procedures for several years.

The allowable errors on the third card in this group, XIT(15)
through XIT(21), were chosen to yield convergence to a trim
condition with small net accelerations in an acceptably small
number of iterations.
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3.21 FLIGHT CONSTANTS GROUP

The input format for the Flight Constants Group is described
in Sections 2.21 and 3.21 of Volume II of Reference 3.

The inputs for this group vary from case to case, and are not
listed here. The true airspeed, XFC(l), yaw or roll angle,
XFC(4) or XFC(6), and atmospheric properties, XFC(26), XFC(27)
and XFC(28), for each counter simulated, are given in Table 7.

The lateral and vertical velocities, XFC(2) and XFC(3), were
input as zero for all cases. The geometric altitude, XFC(4),
was always input as 1000.0, which ensures that the ground
effect calculations were not invoked. The yaw angle and pitch
angle, XFC(5) and XFC(6), were estimated and input as initial
conditions for the trim procedure, except for the 10-knot

*case. In this latter simulation, the pitch and roll angles,
XFC(6) and XFC(7), were estimated inputs. The inputs for the
control positions, XFC(8) through XFC(II), were also estimates.
XFC(12) was input as zero, as the trims were for unaccelerated
flight. The initial flapping angles and thrust values for
both rotors were estimated and input as XFC(15) through XFC(20).

10
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4. C81 NUMERICAL SOLUTION METHODS

The rotor modeling techniques, trim options and maneuver solu-
tion methods used in the simulations affect the results com- I
puted by C81. Therefore the options available are discussed
in this section so that the data comparisons discussed in sub-
sequent sections of the report can be evaluated in the context
of the specific rotor models and numerical methods used.

Two separate rotor models, three different numerical trim
procedures and two maneuver methods are available in C81.
There are also two mechanisms for modeling the rotor induced
velocity, yielding twelve ways to simulate a trimmed flight
condition and eight ways to simulate a maneuver. The options
available, and those chosen, are discussed in the remainder
of this section.

4.1 ROTOR MODELS

The rotors can be modeled as inelastic or elastic, with the
choice for one rotor independent of that for the other. Only
teetering or gimbaled rotors can be properly modeled using
the inelastic model, since the rotor is assumed to have only
rigid-body flapping freedom about a central hinge, with moment
carryover between the blades. Articulated rotors with inelas-
tic blades may be accurately represented using the elastic
model with only the rigid blade mode. Any type of rotor can
be modeled as elastic, with up to eleven normal modes being
used to represent the rotor.

The tail rotor was always modeled as inelastic for these
simulations, while both inelastic and elastic models were
used for the main rotor.

4.2 C81 TRIM METHODS

The three trim algorithms are the quasi-static, time-variant
and fully time-variant trim procedures. Any of the three can
be used to analyze either an inelastic or an elastic rotor.
Generally, the quasi-static trim (QST) procedure is used to
analyze inelastic rotors or to generate the initial conditions
for a time-variant trim (TVT). The fully time-variant trim
(FTVT) is used only on rare occasions in an attempt Lo create
an exceptionally well-trimmed condition to initiate a maneuver
run.

4.2.1 Quasi-Static Trim Procedure

A problem of up to ten independent variables is solved in the
quasi-static trim procedure, using a multi-dimensional Newton-
Raphson technique. The ten independent variables used in the
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quasi-static trim analysis of a complete rotorcraft are listed
in Table 8, as are the ten constraint quantities. The method
iterates to a solution from an initial estimate of the trim
condition, provided by initial values for the ten independent
variables input in the Flight Constants Group (see Section
3.21).

If the absolute value of one or more of the ten constraint
quantities is greater than the appropriate allowable error at
the end of an iteration (other than the last), the constraint
quantities are used as an error vector. A matrix containing
the partial derivatives of each constraint quantity with re-
spect to each independent variable is periodically computed
during the trim, and the error vector is premultiplied by the
inverse of this partial derivative matrix to yield a cor-
rection vector. The correction vector is added to the state
vector of independent variables, providing a revised estimate
of the trim condition to begin the next iteration.

The iterations continue until the absolute values of all ten
constraint quantities are less than the input allowable errors
(XIT(15) through XIT(21)) or until a user-specified number of
iterations (XIT(l)) have been completed.

Whether the rotor is modeled as inelastic or elastic, the
rotor analysis in the quasi-static trim computes the forces
and moments on a single rotor blade at each of twelve equally
spaced azimuth locations. At each azimuth, the blade is
flapped through the angle

P = -a1 sin - bI Cosp (4)

relative to the mast. Forces and moments of the single blade
computed for each of the twelve azimuth locations are trans-
formed into the nonrotating system, summed, divided by twelve
and multiplied by the number of blades. The results are the
hub shears and moments imparted to the ship at the top of the

* rotor mast.

The salient features of the quasi-static rotor analysis are
that the flapping angles, a1 and bI, are the independent vari-

* ables, regardless of rotor model, that the coning angle is
zero, and that the rotor responds at one-per-rev. If the
rotor is modeled as elastic, the modal participation factors
are dependent variables throughout the quasi-static analysis,
and a one-per-rev time history will be computed for each.

Because the one-per-rev response of the elastic modes is in-
cluded in the QST, a trim with elastic modes will yield
slightly different results from a QST in the same flight con-
ditions with an inelastic rotor.
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TABLE 8. TEN INDEPENDENT VARIABLES AND TEN CONSTRAINT
QUANTITIES IN A NORMAL QUASI-STATIC TRIM.

Independent Variables:

Collective Stick Position
Longitudinal Stick Position
Lateral Stick Position
Pedal Position
Fuselage Euler Pitch Attitude
Fuselage Euler Yaw or Euler Roll Attitude
Rotor I Longitudinal Tip-Path-Plane Flapping Angle
Rotor I Lateral Tip-Path-Plane Flapping Angle
Rotor II Longitudinal Tip-Path-Plane Flapping Angle
Rotor II Lateral Tip-Path-Plane Flapping Angle

Constraint Quantities:

Rotorcraft Longitudinal Force
Rotorcraft Lateral Force
Rotorcraft Vertical Force
Rotorcraft Pitching Moment*
Rotorcraft Rolling Moment*
Rotorcraft Yawing Moment*
Rotor I Longitudinal Flapping Moment
Rotor I Lateral Flapping Moment
Rotor II Longitudinal Flapping Moment
Rotor II Lateral Flapping Moment

*These moments are resolved about the rotorcraft center of
gravity.

I
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4.2.2 Time-Variant Trim Procedure

The time-variant trim procedure analyzes only the response of
a rotor. Consequently, during the TVT analysis of a rotor,
the fuselage attitudes, control positions and the response of
the other rotor are unmodified. The fuselage attitudes (which
define the position of the rotor mast in space) and the control
positions are essentially boundary conditions for the analysis.
Since the TVT is entered only after the execution of at least
one QST iteration, the values of these variables are assumed
to correctly define the overall trim condition, within the
allowable errors.

The TVT procedure uses a fourth-order Runge-Kutta algorithm to
forward-integrate the modal participation factors (generalized
coordinates) for XIT(6) rotor revolutions with an azimuth
increment equal to, or less than, XIT(2).
The time-variant trim procedure is identical whether the rotor
is modeled as inelastic or elastic, as a rigid-body flapping
mode is assumed for an inelastic rotor. In either case, the
initial conditions for the integration of the participation
factors are derived from the one-per-rev time histories gen-
erated during QST.

Although the fuselage attitude and control positions are held
constant during the procedure, the rotor response at the end
of the TVT will generally differ from that at the end of the
QST. There are no convergence criteria for the TVT: XIT(6)
revolutions are analyzed. The quality of the trim is deter-
mined by examining time-history plots of the participationfactors for evidence that a stabilized condition existed at
the end of the TVT and by comparing the resulting rotor forces
with those computed in the preceding QST. Since the main
rotor response is slightly different at the end of TVT than it
is at the end of QST, the net forces and moments at the air-
craft center of gravity, and the main rotor flapping moments, I
are usually larger than the allowable errors. A typical set
of these net forces and moments, as computed after the TVT
with the internal induced velocity distribution, are given for
Counter 610 in Table 9. The corresponding accelerations are
also given in the table. Smaller net unbalanced forces and
moments were computed at lower speeds, and slightly larger

) values were computed for the other VH cases.

The net center-of-gravity translational accelerations are very
small, while the net yaw and roll accelerations are larger,
because the fuselage, fin, and tail rotor are not retrimmed
during the main rotor TVT. The main rotor torque and lateral

110

'I

. ... . - " . . . .." r il . ... . m . .. . ] !*l **



4- -i v-I

0W (1 ) LALn

o. Wcn 61 0-

(a P., 'Us
>V al I w

0- ~404J -H
r V 0U -4O0 '0

04 4- r.0a 0 =
E -4U d 4 4 4-) al

En t4 r4 r-I (d H u-I0

~E-4N c O4 w 4 0

E - -0- LA

W 4J --I LO

*U'-wnz z 0 N 0

IX J E-14J4 0

~~HOL) r1~U'
44C~4 .H-4 X~

E. U 0 4J) %0 (oW 0o
j > '044 P4 -H I-IN. 0

4 Z 0 4-) -C
0 4-)4 W 0

Z'U ' (a00u

Z~~ (AQN)

0 0 -

P--4C"

02- u4 -

WU0 40) r-4

>' 4-4 U 2 4 cv -
U)U

>EU 44 ~) 4-)

0 ' to) 00
v-I fr

z d4J00 0oH r40 >

ty111



flapping moment changed significantly between the QST and the
TVT, changing the contribution of the main rotor to the yawing
and rolling moment at the aircraft center of gravity. Consid-
ering all the cases, the net unbalanced center-of-gravity
translational accelerations were less than 0.02g, and the net
unbalanced angular accelerations, both at the center of gravity
and at the teetering pin, were generally less than 5.0 degrees
per second per second. These small deviations from a "perfect"
trim are normally considered to be acceptable.

4.2.3 Fully-Time-Variant Trim Procedure

The fully-time-variant trim, which is not normally used, is a
combination of the quasi-static and time-variant trim methods.
The QS Newton-Raphson technique is used to trim the airframe,
controls and the non-time-variant rotor. Instead of using the

QS rotor analysis for the rotor of interest, the time-variant
analysis is used, with XIT(6) rotor revolutions with an angular
increment equal to, or less than, XIT(2). This is a very time-
consuming process, but can yield a very accurate trim. This
procedure was used to perform the trims leading into the maneu-
ver simulations.

4.3 MANEUVER METHODS

The fourth-order Runge-Kutta forward integration procedure is
used to solve the airframe equations of motion in a maneuver
simulation in C81. Regardless of the rotor model chosen, the
quasi-static or time-variant rotor analysis can be used to com-
pute the response of each rotor. If the quasi-static rotor
analysis is selected, the rotor flapping angles are the inde-
pendent variables, even for an elastic rotor, and the rotor
loading is computed for twelve blade azimuths at each time cut.
If the time-variant rotor analysis is chosen, the modal parti-
cipation factors are the independent variables, and a rigid
body flapping mode is assumed for the rotor if it is modeled as
inelastic. In the time-variant rotor analysis, rotor loading
is computed only for the actual number of blades comprising the
rotor, at their actual azimuth locations for that time cut.

Each rotor can use either of the rotor analyses independently.
Generally, a maneuver simulation will run faster if a two-
bladed rotor is analyzed using the time-variant procedure
instead of the quasi-static procedure. When the time-variant

- trim procedure is used, the time increment will generally
correspond to between 6.0 and 7.5 degrees of azimuth, while the
quasi-static procedure will be convergent with a time increment
corresponding to as much as thirty degrees of azimuth. Analyz-
ing two blades every six degrees is faster than analyzing
twelve every thirty degrees.
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4.4 ROTOR-INDUCED VELOCITY MODELS

Two different rotor-induced velocity representations are
available in C81. By default, the program will use a reason-
ably simple, empirical triangular distribution or the user
can input a bivariant table of normalized induced velocity
harmonics and average induced velocities. The induced velocity
computed by either analysis is assumed to be parallel to the
rotor resultant force vector, and is of the form

vi(r') = Vi F(r,p, i) (5)

where

vi is a nominal induced velocity that is constant

across the disc

F(r, p, s) is the distribution function

The "average induced velocity" printed on the trim or maneuver
page is vi .

Both models used during the simulations are reviewed in this
section. (The models are described in detail in Section
3.4.2 of Volume I of Reference 3.)

4.4.1 Built-in Induced Velocity Model

The built-in induced velocity distribution is the option
normally used, and is selected by default. Both vi and
F(r, p, ) are computed empirically. The distribution func-
tion is

F(r,,)= ( + fl(P) cos ) +

,t ~(f2,) fl(p) K2)
V. + +Vo 2SV +

N- 5V2 ' +viN (6.a)

where fl(p) is a distribution function

f21:,0) is a distribution function
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K is the tip-vortex effect input,27 XMR(27) or XTR(27)

VN is the flight path airspeed in ft/sec
divided by 1.0 ft/sec

viN is vi in ft/sec divided by 1.0 ft/sec

The variable K2 7 is XMR(27) or XTR(27), which were input as

zero, yielding

4 rF(r,p, i) = (1 + f, (p) cos F) (6.b)

* For rotor rotational speeds larger than one radian per second,

'3 11.25 p for p < 0.1067

fl(P) = 1.36 - 1.5 p for 0.1067 < p < 0.5733 (6.c)0.5 for p > 0.5733

Equation (6.b) yields a triangular distribution that has a
cosine one-per-rev variation.

The nominal value of induced velocity, vi', for the built-in
model is computed from

CB(OR)

1i 0o.866 X+ -+ 0.6 JC 1.5( c + 8 X/3 (7)

(C B + 8K 2 )(CB + 8F2 )

where CB is the thrust coefficient corrected for tip loss and
hub extent

K2 is (V sin am - vi )/QR

mof, v is Th sOuio pm/Rocesutl10ieain aebe

Equation (7) must be solved iteratively since X is a functioni of v . The solution proceeds until 100 iterations have been

performed or until 7, W is within 0.0001 foot per second of
'NEW

vOLD "
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In this model, i is 8/9 the average value computed by inte-

grating Equation (6.b) over the disc and dividing by the disc
area.

An empirical correction is applied to vi to account for ground

effect whenever the airspeed is less than 30 feet per second
and the aircraft altitude is between one-quarter and one rotor
diameter above the ground.

4.4.2 Input Rotor-Induced Velocity Model

The user can choose to use a different rotor-induced velocity
model by inputting a Rotor-Induced Velocity Distribution
Table. The table contains the reference rotor resultant force
for which the table was generated, a bivariant table of rotor
induced velocity harmonics, and a bivariant table of rotor
average induced velocities. Program C81 computes a wake-
plane angle of attack, a (where the wake plane is the plane
perpendicular to the resultant force), and a wake-plane phase
angle, *wp The instantaneous values of aw and p are used

to extract the harmonics from the table, yielding

ris (r, n, awp p) = the n-per-rev sine component of the
distribution function at the radius r

c (r, n, awp, Y) = the n-per-rev cosine component of the
distribution function at the radius r

The distribution function at a given radius and azimuth is
then computed as

n N
, )= s(r, n, a P) sin(n -WP
n=0

+ c (r, n, a p) cos (n - WP)} (8)

where N is the maximum number of harmonics.
J

In like manner, a bivariant interpolation of the average
induced-velocity table is used to extract a value of vi for
the instantaneous values of a WP and p. This value, vi( , W ,

is modified to yield i' according to Equation 9:
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viIVic81 (Fc81) F 0.73( C81 -
V 8 (F R) + 0.0763 (1 -v i(a W, (9)

where i c8I(FCa1 ) is the value of vi computed iteratively
by Equation (7) using a thrust coefficient

based on the total average or filtered
instantaneous rotor resultant force computed
by C81.

vi (FR) is the value of v computed iteratively by

Equation (7) using a thrust coefficient
based on the resultant force input with the
RIVD table

F is the total instantaneous average or0C81 filtered value of the resultant force

computed by C81

F R  is the total resultant force input with the
RIVD table

The values of F(r,p,*) and v i computed in Equations (8) and

(9) are then substituted into Equation (5) to give the
instantaneous induced velocity.

11
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5. PERFORMANCE COMPARISONS

One of the primary requirements of a rotorcraft flight simu-
lation program is that it accurately compute the performance
characteristics of the aircraft. Preliminary design studies
require an accurate calculation of power required and a rea-
sonable estimate of aircraft attitudes. Handling qualities
and flightpath stability analyses depend on computed stick
positions and aircraft attitudes that are in close agreement
with those actually obtained on the aircraft. Helicopter
dynamics analyses, such as blade loads, vibrations and aero-
elastic stability, must start with the rotor positioned cor-
rectly with respect to the flight path and the rotor mast to
ensure correct calculation of the aerodynamic and dynamic
loading on the rotor.

The ability of the AGAJ77 version of C81 to accurately compute
the performance characteristics of the OLS-rotor-equipped AH-
IG test aircraft is assessed in this section of the report.
Computed aircraft attitudes, control positions, main rotor
feathering and flapping angles, and required horsepower are
compared with data measured in level flight. Comparisons of
results are made for the following trim and induced velocity
combinations; inelastic quasi-static, time variant with inter-
nal induced-velocity representation, and time-variant with an
RIVD table.

Additionally, the aerodynamic environment of the main rotor is
described for four of the level flight test conditions in
Appendix A by examining contour plots of blade element normal
force coefficient, pitching moment coefficient and angle of
attack derived from measured pressure distributions and hot-wire anemometer data. Contour plots generated by C81 are
compared with the measured data for two other level flight
conditions in this section of the report.
5.1 AIRCRAFT ATTITUDES

The computed aircraft orientations with respect to the earth
and the flight path are compared with measured data for
several level flight test conditions in Figures 25 and 26 and
Table 10.

The computed Euler pitch attitude is in reasonable agreement
with the measured data for all three trim types. It is sus-
pected that the pitch-up experienced by the test vehicle
between 66 and 85 knots was due to increased main rotor wake
impingement on the elevator. The pitch-up is not reflected in
the computed pitch data because the simple downwash model,
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Figure 25. Comparison of Measured and Computed Aircraft
Pitch Attitude and Angle of Attack in Level
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TABLE 10. COMPARISON OF MEASURED AND COMPUTED
AIRCRAFT ATTITUDES FOR COUNTERS
635, 675 AND 1093

Trim Type

Test QST TVT TVT+RIVD

Counter 635:

9069 lb, mid cg, 4 XM-159
rocket pods, 136 KTAS
Euler Pitch Attitude, degrees -6.843 -7.752 -7.959 -8.153
Angle of Attack, degrees - 7.740 -7.940 -8.140
Euler Roll Attitude, degrees -1.049 -1.049 -1.049 -1.049
Sideslip Angle, degrees - 0.960 0.950 1.020

Counter 675:

9068 lb, aft cg, 4 XM-159
rocket pods, 138 KTAS
Euler Pitch Attitude, degrees -6.654 -6.431 -6.694 -6.920
Angle of Attack, degrees -5.270 -6.410 -6.680 -6.900
Euler Roll Attitude, degrees -1.306 -1.306 -1.306 -1.306
Sideslip Angle, degrees 0.270 0.840 0.830 0.890

Counter 1093:

8300 lb, fwd cg, clean
4 wing, 145 KTAS

Euler Pitch Attitude, degrees -9.414 -9.990 -10.201 -10.394
Angle of Attack, degrees - -9.970 -10.190 -10.380
Euler Roll Attitude, degrees -0.993 -0.993 -0.993 -0.993
Sideslip Angle, degrees - 1.040 1.040 1.110
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discussed in Section 3.12.1, does not account for this type of
change in rotor wake velocity at the elevator. Aircraft
attitude data were also compared for three other test condi-
tions, all at maximum level flight airspeed. These data are
compared with computed data in Table 10, with the computed
pitch attitude being about equal to, or more nose down than,
the measured fuselage pitch angle. These data add to the high-
speed pitch attitude data of Figure 25. They also lend support,
in a negative manner, to the supposition that the pitch-up is
due to an unmodeled change in wake impingement on the elevator,
as main rotor downwash on the stabilizer has a smaller effect
at 129 to 142 knots than at 66 to 85 knots.

It should be noted that the inelastic quasi-static trim gen-
erally yields the least nose-down pitch attitude while the
time-variant trim with a RIVD table yields the most nose-down
pitch angle.

Airspeed-boom-measured angle of attack is compared with C81-
computed fuselage angle of attack in Figure 25. The boom
instrumentation is in a region of strong rotor-induced upwash
at lower airspeeds. C81 computes the angle of attack at the
fuselage center of pressure, which is exposed to the rotor
downwash given in Section 3.12.1, and the free-stream velocity.
Since the upwash at the boom location is not modeled at the
center of pressure in C81, there is no reason to expect the
computed angles of attack to agree with those measured in
flight. In fact, the computed fuselage center-of-pressure
angle of attack is very close to the computed pitch attitude,
due to the rotor-induced velocity at this location being com-
puted as zero (except for the 10-knot case). Test data for
this low-speed test point are unavailable; C81 computed angles
of attack of about -75 degrees.

Angle-of-attack information was also unavailable for counters
635 and 1093. C81 computed a center-of-pressure angle of
attack about one degree more negative than that measured for
counter 675, as shown in Table 10.

The boom-measured angle of attack is not a very meaningful
quantity, for in level flight the airframe angle of attack,
with respect to the free-stream, is essentially the aircraft
pitch attitude. The actual local angle of attack of the
airframe varies over the length of the aircraft, and is in-
fluenced by the local rotor downwash, not the rotor-induced
upwash several feet in front of the fuselage.
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The comparison of measured and computed Euler roll angle given
in Figure 26 and Table 10 merely emphasizes the fact that all
the level-flight simulations, except that at 10 knots, were
trimmed at a constant roll angle set equal to that measured in
flight. C81 cannot trim to a constant roll angle at low
forward speed because the yaw angle is not well defined, so
the level flight case at 10 knots was trimmed to a constant
yaw angle of zero degrees. The discrepancy between measured
and computed roll angle at 10 knots (Figure 26) may be due to
an injudicious choice of yaw angle for the trim. Rotor aero-
dynamic contour plots (Appendix A) indicate that this counter
may actually have been flown at a sideslip angle in excess of40 degrees. Had sideslip data been available and the C81
simulations performed at an appropriate yaw angle, a positive
roll angle would probably have been computed since the fuse-
lage center of pressure is below the fuselage center of
gravity.

Computed yaw angles are not compared with measured yaw data,
as the recorded yaw angle is merely a measure of yaw deviation
from the time that the prime data button was activated at the
beginning of the record.

Airspeed-boom-measured and C81-computed sideslip angles are
compared in Figure 26 and Table 10. Measured sideslip angle
data are not available for the 10-knot case (counter 1078),
counter 635 and counter 675. The comparison for the remainder
of the test points is considered inadequate.

The test program reports do not document the uncertainty of
the angular measuring devices. It was assumed that this un-
certainty was of the order of 0.1 degree. If the uncertainty
was 1.0 degree, then all the comparisons shown in this sub-
section demonstrate reasonable agreement between the test and
the calculated data.

5.2 CONTROL ANGLES AND POSITIONS

j 5.2.1 General Considerations

Measured and computed main rotor feathering angles and control
positions are compared in this section. Although the stick
positions are reported in percentage of full throw, these data
are angular measurements, as are the feathering angles. Also,

* the sensitivity of this instrumentation is not documented in
the flight test reports, and is an unknown. The possibility
of a trace-zero shift is also unknown. The quality of the
feathering data can be investigated by examination of the
measured feathering time histories for several counters.
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A constant feathering angle was measured for both counters 561
and 562, as demonstrated in time-history plots of item code
DIll, M/R Hub Pitch. As these two counters were the most
severe maneuvers flown in the test program, and the stick
position traces show a 9ood deal of control motion, the fea-
thering traces must be in error. Short segments of the fea-
thering time-histories measured for counters 610, 615, 635,
675 and 1078 are plotted in Figure 27. The feathering time-
histories for counters 610 and 615 are perfect one-per-rev
waves, indicating that the problem with the feathering instru-
mentation experienced during counters 561 and 562 has been
eliminated by counter 610. The quality of the time histories
degrades slightly over the course of the flight tests investi-
gated, with some deviations from a pure one-per-rev occurring
at higher counters. These deviations can be seen in the time
histories for counters 675 and 1078. The deviations are most
likely due to higher harmonic response in the control system.

Although the quality of the feathering test data is high over
the range of test conditions, the absolute accuracy is not
known, as discussed in the opening paragraph of this subsec-
tion. The difference between the ground-measured and flight-
test-data-derived control riggings (Section 3.18) raisesunanswered questions about the control measurements.

5.2.2 Collective Pitch Angle and Stick Position

Measured and computed root collective pitch angles and stick
positions are compared in Figure 28 and Table 11. In Figure
28, the root collective pitch angle for the TVT case with the
internal induced-velocity distribution (dashed line) is the
same as that for the QST case (solid line) at 10 KTAS. In
like manner, the 10-knot TVT-with-RIVD case (chain-broken
line) has the same computed collective stick position as the
QST case (solid line).

The computed root collective pitch is lower than that measured
in flight for the six highest speed cases. The root collec-
tive computed in the TVT with the internal induced velocity
distribution is generally lower than that computed in the QST.
This indicates that more nose-up pitch-cone coupling is com-
puted in the TVT than in the QST. At 116 knots, for example,
the coning mode (first collective mode) has a steady partici-
pation factor of -0.30841, which gives a steady nose up tor-
sional deflection of 0.55 degree at the feathering bearing.
During the comparable QST case, the pitch-cone coupling is
computed as 0.03288 degree by evaluating Equation 303 of
Volume I of Reference 3.
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TABLE 11. COMPARISON OF MEASURED AND COMPUTED
CONTROL POSITIONS AND ANGLES FOR
COUNTERS 635, 675, AND 1093

Trim Type

Test QST TVT TVT+RIVD

Counter 635

9069 ib, mid cg, 4 XM-159
rocket pods, 136 KTAS
Root Coll Pitch Angle, deg 17.369 16.02 15.91 16.22
Collective Stick Position, % 43.610 41.50 40.94 42.51
Long. Cyclic Pitch Angle, deg -6.137 -3.90 -5.06 -5.83
Long. Cyclic Stick Position, % 70.060 63.73 67.52 70.04
Lateral Cyclic Pitch Angle, deg -5.303 -1.95 -2.11 -1.81
Lat Cyclic Stick Position, % 47.360 53.65 52.69 54.46
Pedal Position, % 43.195 47.46 47.26 45.76

Counter 675

9068 lb, aft cg, 4 XM-159
rocket pods, 138 KTAS
Root Coll Pitch Angle, deg 16.730 16.09 15.98 16.31.
Collective Stick Position, % 41.690 41.88 41.33 43.00
Long. Cyclic Pitch Angle, deg -6.675 -5.71 -6.85 -7.57
Long. Cyclic Stick Position, % 75.840 69.64 73.36 75.57
Lateral Cyclic Pitch Angle, deg -6.493 -2.03 -2.71 -2.43
Lat Cyclic Stick Position, % 48.380 53.14 49.13 50.83
Pedal Position, % 39.850 47.14 47.06 45.57

Counter 1093

8300 ib, fwd cg, clean wing,
145 KTAS
Root Coll Pitch Angle, deg 16.760 16.24 16.03 16.31
Collective Stick Position, % 48.130 42.61 41.57 43.00
Long. Cyclic Pitch Angle, deg -5.718 -2.62 -3.84 -4.63
Long. Cyclic Stick Position, % 69.020 59.53 63.52 66.12
Lateral Cyclic Pitch Angle, deg -5.009 -1.98 -1.70 -1.33
Lat Cyclic Stick Position, % 49.540 53.49 55.15 57.31
Pedal Position, % 48.940 47.11 46.76 45.39

128

I. " :



i 7 - "-...

The TVT cases computed with an RIVD require a root collective
pitch for trim that is very close to that required in the QST
cases (except for Counters 635 and 675, as shown in Table 11).
This is due to a higher average induced velocity being computed
in the cases with RIVD than in the QST cases. For example,
the. 116 KTAS QST case has an average induced velocity of 6.96
feet/second, while the TVT-with-RIVD case has an average
induced velocity of 9.22 feet/second. The increased collective
pitch required due to the extra induced velocity compensates
for the additional nose-down pitch-cone coupling.

Both the collective pitch angle and the collective stick posi-
tion measured for the 142 KTAS case (Figure 28) appear to be
higher than the trend established by the test data between 66
and 129 KTAS. This could indicate the onset of severe retreat-
ing blade stall. The discrepancy between the measured and
computed collective angle does not indicate a trim imbalance,
as the overall rotorcraft Z-force is in balance to within 25
pounds at the end of quasi-static trim. If the C81-computed
QST collective angle agreed with the measured collective angle
at 129 KTAS, for example, the vertical force imbalance would
be 1300 pounds, based on the Z-force-with-collective partial
derivative for this case. The fact that C81 does trim at a
lower collective indicates that the airfoil table used in the
simulation has a slightly larger lift-curve slope than the
actual airfoil.

5.2.3 Longitudinal Cyclic Pitch Angle and Stick Position

Measured and computed values of main rotor longitudinal cyclic
pitch angle and longitudinal cyclic stick position are com-
pared in Figure 29 and Table 11. In general, the agreement is
quite good for the test points compared in Figure 29, with the
best agreement given by the TVT simulations using the internal
induced velocity distribution.

The longitudinal cyclic pitch angles computed for the three VH
cases of Table 11 are less than those measured for counters
635 and 1093 (mid and forward cg) and bracket the measured
value for counter 675. The computed longitudinal cyclic stick
positions are in closer agreement with those measured, except
for counter 1093.

* The discrepancy between the QST-computed longitudinal cyclic
pitch angle and that measured at 116 KTAS would imply a longi-
tudinal force imbalance of about 26 pounds, based on the X-
force-with-longitudinal-cyclic partial derivative, even though
the actual computed force imbalance is zero. Again, this indi-
cates a small difference between the rotor aerodynamics in the
simulation and on the actual aircraft.
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5.2.4 Lateral Cyclic Pitch Angle and Stick Position

Computed and measured main rotor lateral cyclic pitch angles
and lateral cyclic stick position are compared in Figure 30
and Table 11. The measured lateral cyclic pitch angle data
are highly suspect, for, as discussed in Section 3.18, the
data have a high degree of scatter and indicate an almost
infinite slope with respect to the measured lateral cyclic
stick position. There is negligible agreement between the
computed lateral cyclic pitch angle and the measured data for
any of the trim conditions for any of the trim types. Computed
stick position, conversely, agrees quite well with the measured
stick position for all the cases shown in Figure 30. The
agreement is not as good for the three VH cases of Table 11,
but it is still reasonable in view of the questionable quality
of the measured data.

5.2.5 Pedal Position

Computed and measured pedal positions are compared in Figure
31 and Table 11. The agreement is good for most cases, but
the pedal positions computed by the QST and the TVT with
internal induced velocity distribution have an unusual trend
between 116 and 142 KTAS. These three cases show the largest
discrepancy from the measured data, while the values computed
in the TVT-with-RIVD cases show almost perfect agreement with
the test data. If the pedal position computed by the QST at
116 KTAS had been in agreement with the measured pedal posi-
tion, C81 would have computed a yaw imbalance of 6300 foot-
pounds, based on the partial derivative of yawing moment with
respect to pedal. The actual yawing moment imbalance displayed
in the force and moment summary was 9 foot-pounds for this
case. This indicates that the tail rotor and fin generate a
different yawing moment in the simulation than on the testvehicle.

5.2.6 Summary of Control Comparisons

The comparisons of measured and computed control positions
given in this subsection of the report indicate that C81
generally computes stick positions in good agreement with

*those measured in flight, but the computed control angles do
not agree as well. This latter discrepancy must be considered,
though, in conjunction with the questionable swashplate angle
data.

131

*1i
• 4



0 .0 I I I I I , I I I

U P -2. 0 - --

>1

• 0
. -4.0" - 0

-6.0--

-8.0

60

"i 40 - "

.U a
>1

0 20

4Jo0 0
0 40 80 120 160

True Airspeed -knots

0 Test Data

C81 Data:
- Inelastic Quasi-Static Trim
---- Time-Variant Trim, No RIVD

--- Time-Variant Trim, with RIVD

10 KTAS case is Flight 45B, Counter 1078; 8289 pounds, mid
center-of-gravity, clean wing.
66 through 142 KTAS cases are Flight 35A, Counters 611, 612,
614, 615 and 610: 8319 pounds, aft center-of-gravity, clean
wing.

Figure 30. Comparison of Measured and Computed Lateral
Cyclic Pitch Angle and Stick Position.

132

I i-



60-

-A 4J 40, -40

P4GW 20

0 40 80 120 160

True Airspeed - knots

0 Test Data

C81 Data:
-Inelastic Quasi-Static Trim
---- Time-Variant Trim, No RIVD
---- Time-Variant Trim, with RIVD

10 KTAS case is Flight 45B, Counter 1078; 8289 pounds, mid
center-of-gravity, clean wing.
66 through 142 KTAS cases are Flight 35A, Counters 611, 612,
614, 615 and 610: 8319 pounds, aft center-of-gravity, clean
wing.

Figure 31. Comparison of Measured and Computed Pedal
Position.

133

7£

_ _ _ _ _



5.3 MAIN ROTOR HUB FLAPPING ANGLES

5.3.1 General Considerations

The hub flapping angle recorded during the flight test pro-
gram, item code D110, is the angle between a plane perpendic-
ular to the mast and the hub in the trunnion area. This is
not a tip-path-plane flapping angle. C81 computes this angle
by the following formulas

n N Ncyc  (0a
ZNBSG-I c 6n ZNBSG-l (1.a)

n=l1 cyc n cyc

PH = (ZNBSGI)/(rNBSGl) (10.b)

in which ZNBSGI is the instantaneous out-of-plane displace-
ment at the first station outboard of the
center-of-rotation, due to the cyclic modes
only

6 n the instantaneous participation factor
(generalized coordinate) for the nth cyclic
mode

ZNBSG_ y the out-of-plane component of the nth cyclic
mode at the first station outboard of thecenter of rotation

is the instantaneous hub flapping angle

r is the radius to the first station outboardof the center of rotation

The values of PH at zero and ninety-degree rotor azimuth are
printed out near the bottom of the C81 trim page.

The quality of the hub flapping measurement can be determined
by examination of the five time histories presented in Figure
32. As can be seen, there is a zero offset for all traces.
By definition, the steady, or mean, hub flapping, must be
zero, which is not what is shown in Figure 32. The time
histories should also have a predominantly one-per-rev charac-
teristic, which is shown for counters 610 and 615. Some higher
harmonic response is visible in the flapping traces for coun-
ters 610 and 615. Larger higher harmonic response is visible
in the traces for counters 635 and 675. This higher harmonic
content is large enough by counter 675 to suggest a possible
instrumentation problem. By counter 1078, the quality of the
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trace has deteriorated completely - it is periodic, but the
one-per-rev trigonometric curve expected is not evident. The
measured hub flapping for counter 1078 and, by extension,
1093, is obviously inadequate. The hub flapping for the other
cases is somewhat suspect, due to the zero shift and the
ultimate breakdown in the instrumentation for this data item.

5.3.2 Comparison of Measured and Computed Hub Flapping

Figure 33 and Table 12 contain the comparison of measured and
computed main rotor hub flapping angles. The results show
that the rotor trims at different flapping angles in the anal-
ysis than those measured in flight.

The discrepancy between the measured and computed longitudinal
flapping angles is significant for all cases, with larger dis-
crepancies demonstrated after TVT than after QST. The reasons
for these large differences in longitudinal flapping are not
known but should be determined, as flapping is an important
measure of rotor response.

Better agreement was achieved between measured and computed
lateral flapping, especially for the time-variant trims com-
puted with the internal induced velocity distribution.

The computed hub flapping data presented in Figure 33 and
Table 12 show that the rotor model chosen and the induced
velocity model used both have a significant effect upon the
rotor response. These modeling effects should be investigated
further.

5.4 HORSEPOWER COMPARISONS

Computed and measured main-rotor, tail-rotor and engine horse-
power data are compared in Figure 34 and Table 13.

5.4.1 Main Rotor Horsepower

Computed main-rotor horsepower required is in good agreement
with that measured in flight for the 66, 85 and 129 KTAS cases
(Figure 34a) and for counters 635 and 675 (Table 13). Mea-

* sured data are derived from steady mast torque, which was not
available for counters 1078 and 1093. The measured main-rotor

* horsepower required is probably in error for the 116 KTAS case
*shown in Figure 34a, as it is above the trend-line established

by the measured data for the 66,85 and 129 KTAS cases. The
142 KTAS measured main-rotor horsepower required is also above
this trend line, indicating either that the aircraft was
climbing or that more stall was experienced on the actual
rotor than in the simulation. It is also possible that the
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TABLE 12. COMPARISON OF MEASURED AND COMPUTED
HUB FLAPPING ANGLES FOR COUNTERS 635,
675 AND 1093

Trim Type

Test QST TVT TVT+RIVD

Counter 635

"9069 ib, mid cg, 4 XM-159
rocket pods, 136 KTAS
Long. Hub Flapping Angle, deg 0.213 1.422 2.13 2.895
Lat Hub Flapping Angle, deg -0.830 -0.397 -1.63 -1.384

Counter 675

9068 lb, aft cg, 4 XM-159
rocket pods, 138 KTAS
Long. Hub Flapping Angle, deg -0.758 -0.305 0.492 1.283
Lat Hub Flapping Angle, deg -1.365 -0.500 -1.802 -1.564

Counter 1093

8300 lb, fwd cg, clean
wing, 145 KTAS
Long. Hub Flapping Angle, deg 0.776 2.973 3.663 4.475
Lat Hub Flapping Angle, deg -0.376 -0.468 -1.753 -1.517

f 13
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Figure 34. Continued.
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TABLE 13. COMPARISON OF MEASURED AND COMPUTED
HORSEPOWER REQUIRED FOR COUNTERS
635, 675 AND 1093

Test Type

Test QST TVT TVT+RIVD

Counter 635

9069 ib, mid cg, 4 XM-159
rocket pods, 136 KTAS
Main Rotor Horsepower Reqd. 938.77 910.93 918.05 977.3
Tail Rotor Horsepower Reqd. 21.47 33.81 33.99 35.5
Total Horsepower Required 1020.50 986.33 993.85 1056.6

Counter 675

9068 ib, aft cg, 4 XM-159
rocket pods, 138 KTAS
Main Rotor Horsepower Reqd. 968.00 923.02 923.41 973.2
Tail Rotor Horsepower Reqd. 26.93 34.79 34.82 36.5
Total Horsepower Required 1048.80 999.80 1000.24 1053.3

Counter 1093

8300 lb, fwd cg, clean
wing, 145 KTAS
Main Rotor Horsepower Reqd. - 992.08 993.93 1059.1
Tail Rotor Horsepower Reqd. - 38.11 38.43 39.9
Total Horsepower Required 1062.90 1074.42 1076.66 1145.4
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flat plate drag area of the aircraft was underestimated. The
excellent agreement between the measured and computed main-
rotor horsepower in the vicinity of the minimum-power point,
at 66 and 85 KTAS (Figure 34a), indicates that the ACD of
0.003 chosen for this rotor was a good estimate.

The main-rotor horsepower required computed in the QST and
the TVT with the internal induced velocity distribution model
are almost identical for all cases, while that computed in
the TVT-with-RIVD simulations is larger, particularly for the
three VH cases of Table 13 and for the 10-KTAS case of Figure
34a. The Crimi wake analysis is known to be inaccurate at
low speeds, and the difference computed in main-rotor horse-
power required between cases with and without the RIVD tablesupports this contention. The VH cases with the RIVD are

most likely experiencing more retreating-blade stall than
those without the input table.

5.4.2 Tail Rotor Horsepower Required

The tail rotor horsepower required computed by C81 is larger
than that measured in flight for all nine level flight cases
(Figure 34b and Table 13). There are two possible reasons for
this difference, but it is not known how much either of them
is contributing to the discrepancy. One possible source of
the error is that more tail rotor thrust is required to
balance the main rotor torque in C81 than in flight, with
higher power being required. This suspicion cannot be checked,
as tail rotor thrust was not measured. It is also possible
that the tail rotor, as modeled in C81, is less efficient than
the actual rotor.

The tail-rotor horsepower required computed for the 10 KTAS
simulation with main rotor RIVD is very much larger than that
computed for the low-speed simulations without RIVD. This
increase is required because the tail rotor thrust had to in-
crease a great deal to balance the significantly increased
main rotor torque.

The tail-rotor horsepower required did not increase very much
for the RIVD-included simulations of counters 635, 675 and
1093. In these three high forward speed flight conditions,
the fin assists the tail rotor in counteracting the main rotor
torque. The airframe trimmed to a larger sideslip angle when
the RIVD table was included in the simulation of these three
test conditions, increasing the yawing moment due to the fin.
Therefore, the tail rotor thrust did not have to increase as
much for these cases as it did for the 10-KTAS case. Since
the tail rotor thrust did not increase a great deal for the
high speed cases with RIVD, its horsepower required did not
increase either.
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5.4.3 Total Engine Horsepower

Measured and computed engine horsepower-supplied data are
compared in Figure 34c and Table 13. The agreement is gen-
erally quite good, with the computed data bracketing the
measured data for six of the nine test conditions. The com-
puted horsepower is less than that measured for all trim types
for the 116, 129 and 142 KTAS cases, shown in Figure 34c.
The computed total horsepower is lower than that measured for
these three cases because the computed main rotor horsepower
is lower than the measured main rotor horsepower, as seen in
Figure 34a. The total horsepower-required computed for
counters 635, 675 and 1093 when the RIVD table was included
is higher than that computed when the internal induced veloc-
ity model was used. This is due to a higher main rotor horse-
power required being computed for these cases with the RIVD
than without.

The equation used to compute the total horsepower required,
which is the engine horsepower supplied in level flight, is

HPMR HPTR

XNG(22) XNG(2-  + XNG(25) HP (il.a)
XNG(24) TOT

where HP is the computed main-rotor horsepower required

HPTR is the computed tail-rotor horsepower required

XNG(22) is the input main-rotor transmission efficiency

XNG(23) is the input tail-rotor transmission efficiency

XNG(24) is the input overall drive-train efficiency

XNG(25) is the input accessory horsepower required

Since XNG(22) and XNG(23) were input as 1.0, Equation (ll.a)
,F simplifies to

HPMR + HPTR
SXNG(24) + XNG(25) = HP (ll.b)

Substituting horsepower data measured for the 129 and 142
KTAS cases into Equation (ll.b) and solving yields values for
XNG(24) and XNG(25) of 0.964 and 34.06, while performing the
substitution for the 85 and 116 KTAS cases yielded values of
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0.936 and 17.13, indicating either that the drive-train effi-
ciency and accessory horsepower are functions of airspeed, or
that Equation (ll.a) does not completely represent the engine
horsepower-supplied model. The values used in the simulations
were 0.97 and 12.0, which were slightly optimistic on both the
efficiency and the accessory horsepower in comparison with the
values extracted from the curve-fit of Equation (ll.b) to the
test data.

5.5 MAIN ROTOR AERODYNAMIC ENVIRONMENT

The aerodynamic environment of the main rotor in trimmed level
flight has been investigated by examination of contour plots of
the blade-element normal force coefficient, pitching moment
coefficient and angle of attack. Comparisons of contour plots
derived from test data and those generated by C81 for two
flight conditions are presented in this section, while contour
plots derived from test data for four other conditions are
given in the Appendix. The comparisons are preceded by a
brief description of the data reduction methods and a guide to
the interpretation of the C81-generated contour plots.

5.5.1 Creation of Rotor Contour Plots from OLS Test Data

The DATAMAP program11 was used to create main rotor contour
plots of normal force and pitching moment coefficients. A
Master File partition was created containing data for 10 rotor
revolutions for all the pressure taps at the 40,.75, 86, and 95
percent radius locations. (The pressure data for the 60
percent radius station were not included, since the data for
the upper surface leading edge tap were invalid.) The pressure
data at each radial station were cycle-averaged to yield a
representative single-revolution time history for each tap.
These were integrated over the chord at each time point to
yield instantaneous values of the local blade-element normal
force and pitching moment coefficients. The former quantity is
the coefficient of the force perpendicular to the chord line,
or

c N = cL cos U + cD sin a (12)

where a is the local angle of attack. The normal force coef-
ficient is not calculated from Equation 12, but rather by

inondimensionalizing the integral of the pressure force per-
pendicular to the chord reference line.

Once cN and cM time histories had been calculated from the
cycle-averaged pressure data for each radial station, they
were interpolated radially and azimuthally to create the main
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rotor contour plots. The resulting plots consist of a plane-
polar plot of lines of constant value of the variable of
interest.

Angle-of-attack contour plots were generated from the hot-wire
anemometer data. At each radial station, the instantaneous
position of the stagnation point was plotted versus azimuth.
The data of Figure 3 were then used, in conjunction with the
Mach number time history for that radial station, to create a
plot of blade-element angle of attack versus azimuth. Theselatter plots were interpolated both in radius and azimuth to
find the locus of points at which a particular angle of attack
was observed. The locii were then plotted in a plane polar-
plot to create the angle-of-attack contour plot.

5.5.2 Interpretation of C81-Generated Contour Plots

Contours of constant values of the variable of interest are
not plotted in the contour plots output by the C81 postproces-
sor, GDAJ77. Instead, an alphanumeric symbol or blank space is
plotted in the region between two contours, with the limiting
values associated with that symbol printed to the right of
the contour plot. Therefore, the boundary between two regions
constitutes the contour.

Comparison of contour plots generated by DATAMAP and GDAJ77 is
hampered somewhat by the different methods of data represen-
tation. Comparison is also rendered difficult by the inability
of the analyst to control the increments used in the plots
generated by either program, which leads to different incre-
ments between the contours in two plots of the same variable
for the same flight condition.

5.5.3 Comparison of Rotor Variables for Counter 611

Counter 611, Flight 35A, was a 66 KTAS level flight condition
at 8319 pounds gross weight, aft cg, with a clean wing.

5.5.3.1 Normal Force Coefficient Contour Plots

The contour plot of the normal force coefficient derived from
test data is given in Figure 35a. A very short contour for
0.1 cN is observed between 70 and 90 degrees azimuth near 95
percent radius. The 0.5 cN contour (the "B" contour) is at 40
percent radius at about 140 degrees, slowly moves out to 95
percent radius at about 300 degrees azimuth, moves back in to
about 75 percent radius until about 5 degrees azimuth, and then
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A . CN The dashed lines are contours for values
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II

a) Contour Plot Derived from Test Data.

Figure 35. Comparison of Main Rotor Normal Force
Coefficient Contour Plots Generated from Flight
Test and C81 Data for Flight 35A, Counter 611
(8319 Pounds Gross Weight, Aft CG, Clean Wing,
66 KTAS).
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spirals in to 40 percent radius at about 20 degrees azimuth.
A short 0.5 cN contour is also observed between 40 and 50

percent radius between about 280 degrees and 5 degrees azi-
muth. The 0.9 cN contour ("C") is observed between 40
and 70 percent radius between 200 and 300 degrees azimuth.
There is no evidence of strong retreating blade stall.

The C81-generated plot resulting from the QST, Figure 35b, is
similar to that of Figure 35a. Due to the selection of the
variable increment, the 0.9 cN contour is not specifically
visible. A normal force coefficient of 0.1 is not experienced
anywhere on the disc. The 0.5 cN contour is the line defined
by the boundaries between the "C-region" and the ".-region",
and is reasonably similar to that seen in the test-data con-
tour plot of Figure 35a. A 0.9 cN contour can be visualized

by sketching a line one-quarter of the way between the "D-
region" and the "C-region" in the midst of the decimal points.
Such a contour would be similar to that seen in Figure 35a, but
closer to the center of the rotor.

The normal force coefficient contour plot resulting from the
TVT with the internal induced velocity model is given in
Figure 35c. This plot is also quite similar to the plot
derived from the test data, Figure 35a. (The increments have
been changed again, though, requiring an adjustment in inter-
pretation.) The 0.1 cN contour is in the middle of the
"C-region," which shows that a cN of 0.1 is obtained at a

slightly more advanced azimuth in this C81 simulation than in
flight. The 0.5 cN contour, in the middle of the "D-region",
is similar to that observed in Figure 35a. The 0.9 cN contour

is in the midst of the "E-region", which is reasonably similar
* to its position specified by the test data, as shown in Figure

35a.

Figure 35d contains the cN contour plot resulting from the TVT
with a RIVD table. It bears little relationship to either the
test-data-derived plot (Figure 35a) or to the two other C81-
generated plots (Figures 35b and 35c). No 0.1 cN contour is

observed and the 0.5 cN contour (boundary of the "C-region"and ".-region") differs from that of Figure 35a, particularly

in the 160-degree to 180-degree, and 240-degree to 290-degree
azimuth ranges. The 0.5 cN contour is much further outboard
in the 300-degree to 0-degree azimuth range than was shown in
Figure 35a, and higher c N's are observed inboard in this
azimuth range.

152

...



5.5.3.2 Pitching Moment Coefficient Contour Plots

The symmetric airfoil used on the OLS main rotor has a steady,
unstalled pitching moment coefficient of zero. Assuming that
the CLCD5474 table is representative of this airfoil, examina-
tion of the pitching moment table in Figure 5 shows that as
statit stall occurs at positive angles of attack, the pitching
moment coefficient becomes negative, although CM is first
slightly positive between M = 0.4 and M = 0.7. In like manner,
the pitching moment becomes positive when the rotor stalls at
negative angles of attack.

The plot of the test-data-derived cM contour plot (Figure 36a)
demonstrates a small region of negative pitching moment coef-
ficients between 180 and 270-degree azimuth at radii in excess
of 90 percent radius, indicating a region of positive angle-
of-attack stall outboard of the reverse flow region. This
contour plot indicates that the rotor is experiencing very
little retreating blade stall, supporting the same conclusion
drawn from the cN contour plot (Figure 35a).

The pitching moment coefficient contour plot generated by the
QST, Figure 36b, shows that the pitching moment is negative
over a large portion of the disk. The only non-negative values
are along the boundary between the "blank-region" and the
"C-region", near the tip of the advancing blade. The most
negative values shown are greater than, or equal to, -0.008,
which would correspond to a local angle of attack no more than
two degrees larger than the local static stall angle. This
does not agree with the cM contour plot based on the test
data.

The cM contour plot resulting from the TVT using the internal
induced velocity distribution, Figure 36c, is almost identical
to that output from the QST, as shown in Figure 36b.

The contour plot of the pitching moment coefficients computed
during the TVT with the RIVD table is given in Figure 36d. Ai , very small region of non-negative pitching moment coefficientscan be observed near the rotor tip in the 15-degree to 55-

degree azimuth region. The pitching moment coefficients
experienced over the remainder of the disc are negative, indi-
cating angles of attack that are as much as two degrees greater
than the static stall angle. These results clearly disagree
with the test data presented in Figure 36a.

In defense of the C81 results, it should be noted that the
integration of the pressure tap data to yield pitching moment
coefficients may not be as accurate as desired due to the lack
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a) Contour Plot Derived from Test Data.

Figure 36. Comparison of Main Rotor Pitching Moment

Coefficient Contour Plots Generated from Flight
Test and C81 Data for Flight 35A, Counter 611
(8319 Pounds Gross Weight, Aft CG, Clean Wing,

66 KTAS).
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of pressure taps near the airfoil trailing edge. The contri-
bution of pressure differences near the trailing edge, which
have the longest moment arm, are based on extrapolated data
that assume that the Kutta condition has been satisfied. If
the pressure difference has been incorrectly estimated, then
the resulting pitching moment coefficient would be in error.
Unfortunately, the magnitude of the error cannot be estimated.

5.5.3.3 Angle-of-Attack Contour Plots

The contour plot of the local blade element angle of attack for
the 66 KTAS flight condition, as computed from hot-wire anemom-
eter data and the calibration curves of Figure 3, is presented
in Figure 37a. The test-derived data show an unusual ridge of
high angles of attack between the dead aft and 180-degree
azimuth positions at about 70 percent radius. This ridge does
not agree with preconceived notions of a forward flight angle-
of-attack distribution. A simple tip-vortex trajectory anal-
ysis was performed to see if the ridge was just inboard of the
tip vortex, but the ridge does not parallel the simple trajec-
tory. The angle-of-attack contours on the retreating blade
side of the disc are much closer to the expected distribution,
although the eight- and nine-degree angle-of-attack valley at I
about 60 percent radius between 300- and 350-degree azimuth was
not anticipated. The highest retreating blade angle of attack
computed from the test data, 10 degrees, is just below the 1
static stall angle observed at these Mach numbers in the
CLCD5474 table, Figure 5. 1
The unusual pattern of the angle of attack derived from the
test data in the'vicinity of 70 percent radius implies that 1
there may be an undetected error in the test data itself, in
the calibration curves, or the data reduction method. Further
investigation of the angle-of-attack information contained in
the OLS data base is definitely indicated, as is rapid inves-
tigation of the OLS rotor 40- x 80-foot wind tunnel test data L
(which will be acquired in the immediate future).

Comparison of the test-derived angle-of-attack contour plot of
Figure 37a with the C81-generated plots is of some value, even
though the quality of the test data is in question. The plots
resulting from the QST and the TVT with the internal induced
velocity distribution, Figures 37b and 37c, are almost identi-
cal, and have none of the unexpected attributes of the test
data. The largest angle of attack observed, between 8 and 10degrees, is near the hub in the 135- to 270-degree azimuth
range.

The angle-of-attack contour plot generated from the TVT run
with the RIVD table, Figure 37d, has a distribution that is
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Figure 37. Comparison of Main Rotor Angle of Attack Contour
Plots Generated from Flight Test and C81 Data
for Flight 35A, Counter 611 (8319 Pounds Gross
Weight, Aft CG, Clean Wing, 66 KTAS).
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different from both the test data and the two other C81-
generated plots. The 5-degree angle-of-attack contour (in the
"D region" of Figures 37b and 37c, boundary of the "C-region"
in Figure 37d) is approximately the same for cases with or
without the RIVD table, although the plot generated with the
RIVD table (Figure 37d) shows a radial region of rather low
angles of attack in the "C-region" centered along the 270-
degree azimuth position. The small "D-region" in Figure 37d,
at about 50 percent radius and between 150- and 180-degree
azimuth, signifies angles of attack in excess of 10 degrees,
which are not experienced in either of the other C81 simula-
tions nor observed in the test data.

5.5.4 Comparison of Rotor Variables for Counter 610

The aerodynamic data presented in Section 5.5.3 was for a 66-
KTAS flight condition in which the rotor wake is transported
away from the disc slowly, and has a strong effect upon the
rotor aerodynamics. The unusual nature of some of the test
data indicated that a high-speed case, in which the wake is
rapidly convected away from the rotor, should be examined.
The rotor aerodynamic environment for such a case, counter
610, is discussed in this section. This was a 142-KTAS (VH)
test condition at 8319 pounds gross weight, aft cg, with a
clean wing.

5.5.4.1 Normal Force Coefficient Contour Plots

The cN contour plot based on the measured pressure data is
given in Figure 38a. It shows a region of very high normal
force coefficients, with the cN = 1.2 contour (the "C" con-
tour) being between 180- and 300-degree azimuth and 40- and
80-percent radius. The area inside this contour experiences
higher values of cN, with the small dashed-line contour be-
tween 40 and 50 percent at about 225 degrees azimuth corres-
ponding to a cN of 2.0. These large values of cN could only
arise from the simultaneous occurrence of large drag coeffi-
cients, due to retreating blade stall, and very large local
angles of attack. Since the drag coefficient is multiplied by

*the sine of the angle of attack in Equation (12), and the
largest cD in CLCD5474 (Figure 5) is 2.0 at a 90-degree angle

of attack, the large cN's shown in Figure 38a cannot be ex-
*plained in terms of steady-state aerodynamics.
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Figure 38. Comparison of Main Rotor Normal Force
Coefficient Contour Plots Generated from Flight
Test and C81 Data for Flight 35A, Counter 610
(8319 Pounds Gross Weight, Aft CG, Clean Wing,
142 KTAS).
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The first dashed-line contour outboard of the "B" contour in
Figure 38a designates the loci of points at which cN is zero.

Inboard of this contour, the normal force coefficient is nega-
tive, indicating a negative angle of attack.

The cN contour plots resulting from the C81 runs are given in

Figures 38b, 38c, and 38d. All three are in reasonable cor-
respondence, and do not agree with the test-data-derived con-
tour plot of Figure 38a. All three analytical contour plots
have a maximum cN less than, or equal to, 1.5. The C81-
computed c N = 0 contour on the retreating blade side of the
disc is in about the same position as that shown in Figure

37a, but C81 also computes a cN = 0 contour near the tip on
the advancing blade side of the disc, which is not reflected
in the test data.

5.5.4.2 Pitching Moment Coefficient Contour Plots

The pitching moment coefficient contour plot derived from the
flight-test-measured pressure data, Figure 39a, also shows
some unexpected large values of the variable.

The "A" contour in Figure 39a corresponds to cM = 0, an

unstalled condition. Outboard of this contour, and in the
valley extending from about 300 degrees to about 120 degrees
azimuth around the 70-percent radius, cM is negative to some
unknown extent. Over almost the whole disc, the pitching
moment coefficient is positive at radii less than 60 percent.
In the retreating blade stall area, the pitching moment coef-
ficient is large and positive, reaching a value of 0.8 on the
"B" contour and 1.6 on the "C" contour (which is the first con-
tour line outboard of the 40-percent radius circle at t =
270 degrees). According to the CLCD5474 table of Figure 5,
the largest steady-state value of cM obtainable is 0.4
(although this is merely an estimate). Pitching moment
coefficients on the order of 0.8 to 1.2 are well beyond the
steady-state capability of any airfoil. Ignoring the specific
value of the pitching moment coefficient computed from the
pressure data, the contour plot does indicate a region of
large negative angle-of-attack stall in the 40- to 60-percent
radius area on the retreating blade.

The cM distributions as computed in the C81 simulations are
contour-plotted in Figures 39b, 39c and 39d. The three
computer-generated plots are similar to each other, and do not
agree with the plot derived from the test data given in Figure
39a. A small region of positive pitching moment coefficients
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Figure 39. Comparison of Main Rotor Pitching Moment
Coefficient Contour Plots Generated from Flight
Test and C81 Data for Flight 35A, Counter 610
(8319 Pounds Gross Weight, Aft CG, Clean Wing,
142 KTAS).
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is computed near the tip on the advancing blade, indicating
negative angle-of-attack stall. (At the Mach numbers experi-
enced in this area, the static stall angle is close to zero.)
The value of cM is slightly negative over the remainder of

the disc, except in the vicinity of the hub. Large positive
pitching moment coefficients exist in the hub region, indicat-
ing an area of strong positive angle-of-attack stall.

5.5.4.3 Angle-of-Attack Contour Plots

The contour plot of main rotor angle of attack computed from
measured hot-wire anemometer data is given in Figure 40a. This
plot also demonstrates unusual values for the angle of attack
in the vicinity of 70 percent radius, with a ridge being
experienced between zero and 75 degrees azimuth and a valley
from about 85- to about 225-degrees azimuth. This phenomenon
cannot be explained at this time. The simple tip-vortex
trajectory analysis did not show the vortex to be in proximity
with either the ridge or the valley.

Angles of attack in excess of the static stall angle are
experienced between 270 degrees and 30 degrees azimuth, delin-
eating the region of retreating blade stall. The large posi-
tive angles of attack between 40 and 50 percent radius and
between 260- and 315-degrees azimuth are in disagreement with
the negative values of cN calculated from the test data for

this area of the disc (Figure 38a and Section 5.5.4.1) and in
disagreement with the large positive values of CM derived from
the measured pressure data (Figure 39a and Section 5.5.4.2).
Since large positive angles of attack are expected in this
region, the hot-wire data tend to further discredit the pres-
sure data in this region of the disc.

Figures 40b, 40c and 40d contain the C81-generated angle-of-
attack contour plots for the 142 KTAS case. Qualitatively,
they are very similar, with a small region of negative angle of
attack on the advancing blade tip and no angles of attack
greater than 10 degrees at any point on the disc. Addition-
ally, the 5-degree contour is reasonably similar in all three
plots. Comparison of the test data (Figure 40a) and the three
C81 plots shows that significantly higher angles of attack were
experienced in flight over the whole disc than in the simula-
tion. This supports the suspicion voiced in the main rotor
horsepower comparison discussion (Section 5.4.1) "that more
stall was experienced on the actual rotor than in the simula-
tion."
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6. MAIN ROTOR LOADS AND ACCELERATIONS

Main rotor hub vibrations and pitch link loads, hub and blade
bending moments and accelerations were measured during the
OLS test program. Hub vibrations can only be computed in C81
when the elastic pylon is used. Since no simulations were
performed with the elastic pylon, the measured hub vibrations
could not be cpmpared with computed data. The remainder of
the elastic rotor response parameters have been compared with
measured data and typical results of those comparisons are
reported in this section. Due to the large volume of main
rotor loads data available, only typical results have been
included. The discussion of those results is preceded by a
description of the methods by which the rotor loads and
accelerations are calculated in C81.

6.1 CALCULATION OF ROTOR RESPONSE OUTPUTS IN C81

Rotor pitch link loads, bending moments, and accelerations are
computed using the participation factors that define the rotor
response and using data input with the mode shapes.

6.1.1 Calculation of Pitch Link Loads

The pitch link load coefficient, input with each mode shape as
XGMS(7,i), is the pitch link tension, in pounds, for a unit
deflection of that mode. The total pitch link load at a given
instant of time is

i = NMODE
PLL = 1 6i XGMS(7,i) (13)

i=1

where PLL is the pitch link load, positive for tension

is the instantaneous participation factor fori the ith mode.

NMODE is the number of mode shapes being used to model
the rotor.
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6.1.2 Calculation of Rotor Bending Moments

The method of computation of rotor bending moments is similar
to that used to calculate the pitch link loads. Coefficients
for the out-of-plane, inplane and torsional moment are input
for each radial station for each mode shape. Denoting these
coefficients, respectively as OPBMC(r,i), IPBMC(r,i) and
TBMC(r,i), the bending moments at a given station are

i = NMODE
OPBM(r) = 1 6i OPBMC(r,i) (14.a)

i=l

i = NMODE
IPBM(r) = 1 6i IPBMC(r,i) (14.b)

i=l

i = NMODE
TBM(r) = 2 6. TBMC(r,i) (14.c)

i=l

where OPBM(r) is the instantaneous out-of-plane bending
moment at radius r

IPBM(r) is the instantaneous inplane bending moment at

radius r

TBM(r) is the instantaneous torsional moment at radius r

6i is the instantaneous participation factor for
the ith mode

NMODE is the number of mode shapes being used to model
the rotor

Outboard of the radius at which the pitch horn attaches (XMR
(32) or XTR(32)), the out-of-plane and inplane moments are
transformed into the beam-chord reference system, as

BBM(r) = OPBM(r) cosek + IPBM(r) sinek (15.a)

CBM(r) = -OPBM(r) sinO k + IPBM(r) cosOk (15.b)

Where BBM(r) is the instantaneous beam bending moment at
radius r

.3 CBM(r) is the instantaneous chord bending moment at
radius r
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0 k is the sum of the elastic and built-in twist at
the station, plus the collective pitch angle at
which the mode shapes were generated

Inboard of the radius at which the pitch horn attaches,

BBM(r) = OPBM(r) (16.a)

CBM(r) = IPBM(r) (16.b)

The beam, chord and torsional bending moments are harmonically
analyzed and a summary of the harmonics is automatically
printed out. The pitch link load is also harmonically ana-
lyzed, and its harmonics are printed with the torsional bend-
ing moments.

6.1.3 Calculation of Rotor Accelerations

The rotor response is calculated based on the aerodynamic and
dynamic loads imposed upon it. The dynamic loads result
from the accelerations experienced by the rotor, including
the elastic accelerations of its components. The elastic.
accelerations are not explicitly stated in the equations of
motion because they are the variables being solved for. Since
these accelerations are implicit to the solution, and hence
not readily available, a separate routine was written to com-
pute the rotor blade element accelerations from the results of
the response analysis.

The accelerations at a given radial station on the rotor con-
sist of the accelerations at the hub, the centripetal accel-
eration, and the elastic accelerations of the rotor. The
accelerations at the hub are computed by a straightforward
calculation of all rigid body accelerations in the fixed sys-
tem, plus any accelerations of the rotor support system, with
the results transformed into a nonrotating coordinate system
aligned with the rotor mast. These accelerations are then
transformed into a coordinate system rotating with the rotor
that is also flapped through the instantaneous flapping angle
PH' Equation (10.b).

A plane is defined that is oriented, relative to the mast, by
the instantaneous longitudinal and lateral hub flapping
angles. The rotor analysis in the AGAJ77 version of C81
assumes that the rotor rotates about an axis perpendicular to
this plane, and the centripetal acceleration is perpendicular
to this axis. The angle defined by the out-of-plane slope of
the blade, relative to the hub plane, is computed at each
radial station, and the centripetal acceleration is trans-
formed into local blade coordinates through the resulting
angle.
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The mode shape displacement components are input in a coor-
dinate system aligned with the rotor mast. They are trans-
formed into the local beam-chord coordinate system through
the local geometric pitch angle, ak' as used in Equation

(15.b). The resulting modal displacement coordinates are
multiplied by the second derivative of the participation fac-
tor for each mode and summed over all modes to yield the
elastic accelerations.

6.2 MAIN ROTOR PITCH LINK LOADS

Measured and computed pitch link axial force harmonic ampli-
tudes are compared in Figure 41 for several forward flight
conditions. Measured data are provided for both the white and
red blade for all but the 10 KTAS case. The data for both
blades are reasonably similar. Most of the difference in
measured loads between the two blades is probably a result of
the aerodynamic and structural dissimilarities between the
blades due to the different instrumentation installations.
The sign convention for the pitch link axial force is not
reported in any of the OLS test documentation; the normal con-
vention at BHT is tensile loads positive.

C81 computes a negative steady pitch link load for all but one
of the cases shown in Figure 41, while the measured data indi-
cate a positive axial force for all cases. The positive
pitch link load is typical for two-bladed teetering rotors with
trailing-edge pitch horns, and is attributed to the nose-down
tennis-racket moment. The negative values computed by C81 are
further evidence of a problem with beam-torsion coupling.
Table 14 contains a derivation of the steady pitch link load
as computed for the 116 KTAS case, counter 614. As can be
seen, the cyclic modes do not contribute to the steady pitch
link load. The contribution from the second out-of-plane
collective mode (mode 7) is positive, and about one-third of
the measured value, while the contribution due to the third
out-of-plane collective mode is strongly negative with an
amplitude of about two-thirds of the ,.easured value. This
third mode has significantly less beam-torsion coupling than
the second, but almost six times the steady responje. Its
pitch link load coefficient also has the opposite sign to that
of the second mode. Had the sign been negative, the computed
steady pitch link load would have been quite close to that
measured for 116 KTAS.

The steady pitch link load computed by the TVT with the
internal induced velncity model is very close to the measured
value at 10 KTAS.
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Figure 41. Comparison of Measured and Computed Main Rotor
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The oscillatory pitch link loads computed for these level
flight conditions are in reasonable agreement with those
measured in flight. The agreement for the low-speed flight
condition is quite good for the TVT with the internal induced
velqcity distribution. At higher speeds, the pitch link loads
computed with either induced velocity model demonstrate a
different trend with airspeed from that shown by the test
data. The data computed by the TVT with the internal induced
velocity distribution are between 200 and 300 pounds lower
than the measured values. Data computed by the TVT with the
RIVD table are closer to the measured data, but the decrease
in value in the mid-speed range is more pronounced than that
of the basic TVT data, and reaches its lowest at 116 KTAS
instead of 85 KTAS.

The measured and computed one-per-rev pitch link loads agree
quite well. The one-per-rev value computed by the basic TVT
simulation of the 10-KTAS case is in almost perfect agreement
with the test data. The large discrepancy between the measured
value at 10 KTAS and that computed by the TVT with the RIVD
table is further evidence that the Crimi wake program is
inadequate at low speeds. Over the remainder of the speed
range, the measured and computed values are in close agreement,
with the data computed by the TVT with the RIVD table being
very close to the measured data. The cause of the initial
decrease in computed values, between 66 and about 85 knots, is
not known.

The two-per-rev loads computed by the TVT with the internal
induced velocity distribution are about one-half of the
measured values over the whole speed regime. The results of
the simulation run with the TVT with the RIVD table do not
agree with the test data, with a very large two-per-rev value
being computed at 10 KTAS, and a negative slope with airspeed
between 66 and about 90 KTAS.

The vertical plot scale has been changed for the plots of the
three-, four- and five-per-rev components due to the small
values measured in flight. The measured and computed three-

*per-rev components do not agree at all, with the measured data
decreasing at higher speeds. This decrease in the measured
data is totally unexpected and cannot be explained. The
three-per-rev pitch link loads computed by the TVT using the
internal induced velocity distribution have the expected trend
with airspeed, with the values increasing with speed. The
trend exhibited by the data generated by the TVT with the RIVD
table does not agree with the trends established by either of
the other sets of data, and the values are unacceptably large.
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Much of the discrepancy between the measured and computed
three-per-rev pitch link load data is most likely due to the
incorrect calculation of the "S-ing" and cyclic torsion mode
frequencies, as discussed in Section 3.4. Additionally, part
of the discrepancy between the measured three-per-rev data and
that generated by the TVT with the RIVD table must be attri-
buted to the much larger computed three-per-rev airloads in
the 66 to 140 KTAS speed range.

The agreement between the measured and computed four-per-rev
pitch link loads is fair. The simulation with the RIVD table
calculates higher loads than the simulation with the internal
induced velocity distribution because the latter model has
almost no four-per-rev aerodynamics. The agreement is also
fair between the measured five-per-rev pitch link loads and
those computed by the simulation with the RIVD table. Almost
no five-per-rev pitch link loads are computed in the basic
TVT, due to the lack of any five-per-rev aerodynamics.

Computed and measured harmonic amplitudes are compared for
counters 635, 675 and 1093 in Table 15. The results are
reasonably similar to those already discussed, with the simu-
lation with the RIVD computing larger values for every harmonic
than the simulation with the internal induced velocity distri-
bution. The simulations compute a negative steady component,
while a positive steady load was measured. The oscillatory
and one-per-rev loads computed by the simulation with the RIVD
are in reasonable agreement with the measured data, while
those computed in the basic TVT are lower than the test data.
Both simulations compute a two-per-rev pitch link load lower
than that measured, and a three-per-rev load well in excess of
the test value. The computed four-per-rev values are of the
same order of magnitude as the test data. The five-per-rev
pitch link load computed with the RIVD table is close to that
measured, while the value computed by the basic TVT is smaller
than the test data.

The comparison of harmonic amplitude does not provide any
phase information. The rotor red blade pitch-link-load wave-
form and the waveforms plotted by C81 are compared in Figure
42 for the 66 KTAS flight condition of counter 611. Thei maximum positive value of the measured pitch link tension
occurs at an azimuth of approximately 200 degrees, and the
waveform is predominantly one- and two-per-rev. The pitch-
link-load waveform computed by C81 using the internal induced
velocity model has its maximum value at about 320 degrees,
lagging the measured peak by 120 degrees. (The asterisks on
the C81 waveforms are automatically generated as a key to the
plot legend.) The pitch-link-load time history computed by
the TVT with the RIVD table is primarily one- and three-per-

.1 rev. Based on the computed sine and cosine components of the
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TABLE 15. COMPARISON OF MEASURED AND COMPUTED PITCH LINK
AXIAL FORCE AMPLITUDES FOR COUNTERS 635, 675,
AND 1093

Red White Basic TVT +
Counter 635 Blade Blade TVT RIVD

9069 lb, mid cg, 4 XM-159
rocket pods, 136 KTAS
Steady 905.95 894.35 -31.00 -51.23
Oscillatory 1158.58 1243.29 863.71 1195.34
1/Rev 713.92 700.35 556.35 806.85
2/Rev 627.66 770.96 456.28 548.21
3/Rev 56.23 60.68 233.47 342.32
4/Rev 39.88 77.20 52.22 35.80
5/Rev 52.97 56.71 19.79 50.09

Counter 675

9068 lb, aft cg, 4 XM-159
rockets pods, 135 KTAS
Steady 706.43 597.68 -16.75 -31.59
Oscillatory 1133.03 1252.47 876.45 1160.67
1/Rev 726.37 712.66 563.01 807.01
2/Rev 652.20 786.70 444.85 493.83
3/Rev 27.39 32.88 236.63 284.15
4/Rev 44.29 80.59 54.69 41.35
5/Rev 35.45 51.39 18.08 41.28

Counter 1093

8300 lb, fwd cg, clean
wing, 145 KTAS
Steady - 363.91 -49.73 -80.37
Oscillatory - 1247.17 878.66 1313.18
1/Rev - 740.71 597.21 866.17
2/Rev - 767.30 517.46 667.63
3/Rev - 38.35 249.54 379.12
4/Rev - 87.99 60.39 49.15
5/Rev - 60.77 22.50 55.63

187

'22 , 1 I. .......i, , . . . , ,' II



2000-

10GO-

90 180 270 360 450 540 630 720

Azimuth - degrees

E -1000
a) Red Blade, Counter 611

0

1000--

°U, 0

4 -1000--

b) TVT with Internal Induced Velocity Model

1000-

0

* -1000--

, c) TVT with RIVD Table

f g

Figure 42. Comparison of Measured and Computed Main
Rotor Pitch Link Load Waveforms for Counter
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pitch link tension, the one-per-rev constituent reaches its
maximum value at an azimuth of -21.33 degrees, and the three-
per-rev term peaks at 51.45 degrees.

6.3 MAIN ROTOR BEAM BENDING MOMENTS

Main, rotor beam bending moments for the 129 KTAS (counter 615)
in this section of the report. It is assumed that positive

beam bending moment corresponds to tension in the lower surface
(which is the normal BHT convention), as the beam bending
moment sign convention is not documented in any of the OLS test
reports. The steady beam bending moment measured at 14.2
percent radius was in excess of 45,000 inch-pounds for all
test conditions, and was assumed to be in error, as the value
was well above any of the other measured data.

6.3.1 Comparison of Measured and Computed Beam Bending
Moments for Counter 615

Figure 43 contains plots of harmonic amplitudes of measured and
calculated data for the 129 KTAS level flight test condition of
counter 615. The aircraft had a gross weight of 8319 pounds
for this counter, with an aft center of gravity, and was in the
clean wing configuration.

Small positive values of the steady beam bending moment were
measured near the hub and the tip. The values computed by both
simulations are very similar to each other, and do not show
these positive values. Several more higher-frequency out-of-
plane collective modes would have to be included in the analy-
sis to include the type of curvature implied by these positive
measured values. The computed and measured steady beam bending
moment radial distributions are in reasonably good agreement,
with the large negative value in the vicinity of the flexure
(2.2 percent radius) being closely matched. Both the test and
computed data indicate that the rotor cones down from its
preconed position.

The radial distribution of oscillatory beam bending moments
computed by both simulations are reasonably close to each other
in the inboard 10 percent and outboard 40 percent of the rotor
and in reasonable agreement with the measured data. The data
computed by the basic TVT have about the same radial distribu-
tion as the test data, with higher values being computed in the
midspan region. The data resulting from the simulation with
the RIVD table miss the peak value at 14.2 percent radius, show
good agreement to midspan, and then have increased values not
reflected in the test data.
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Both the measured and computed oscillatory beam bending moment
is predominantly one-per-rev in frequency content, as seen by
investigation of the radial distribution of one-per-rev loads.
The beam bending moments computed by both simulations are
reasonably close together, and generally greater than the
measured data. A small "hump" is observed outboard in the
one-per-rev beam moment distribution resulting from the simu-
lation with the RIVD table. The hump is not as large as that
seen in the oscillatory beam bending moments, but there is
obviously a one-per-rev contribution.

The computed two-per-rev moments agree with the measured data
only in the first 15 percent of the rotor, which is the yoke
and grip assembly region. The use of the RIVD table has a
negligible effect upon the computed two-per-rev beam bending
moments in comparison with those computed by the basic TVT.

The radial distribution of the computed three-per-rev beam
bending moment does not agree with the test data, and the
large values computed outboard of 70 percent when the RIVD
table is included contributes to the "hump" observed in the
oscillatory bending moment in this region of the blade. The
discrepancy between the computed and measured three-per-rev
bending moment is most likely due to the incorrect computation
of the cyclic torsion and "S-ing" mode frequencies (see Section
3.4).

Agreement between the measured and computed four- and five-
per-rev beam bending moment is excellent over almost the whole
rotor.

Phase information can be deduced from the comparison of beam
bending moments in Figure 44. Station 41.0 is one of the
points at which loads are monitored for fatigue life evaluation
on the production 540 rotor. Station 37.5 is the nearest
station that was instrumented on the OLS rotor, which is the
reason that it was chosen for this comparison. The beam
bending moment measured at station 37.5, Figure 44.a, is

primarily one-per-rev in nature, reaching its maximum value at
about 300 degrees azimuth. There is also a good deal of six-
and seven-per-rev in the waveform, due to the near-resonance
of an out-of-plane-torsion cyclic mode in the vicinity of the
operating RPM (Figure 13.a). The steady beam bending moment
measured at station 37.5 was 51,000 inch-pounds, and is assumed
to be in error, as discussed at the beginning of Section 6.3.

The Station 37.5 beam bending moment waveform resulting from
the simulation with the internal induced velocity model (Figure
44.b) achieves its maximum value at about 280 degrees, which
is in almost perfect agreement with the measured waveform.
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This computed waveform is essentially one- and three-per-rev
in nature.

When the RIVD table is included in the simulation, the maximum
positive value of the bending moment in the waveform occurs at
an azimuth of 240 degrees, with a secondary peak at about 300
degrees.

Again, the phase characteristics of the computed waveform are
in good agreement with the measured data. The waveform com-
puted with the RIVD table also shows some of the higher har-
monic content of the measured time history, although the phase
relationship of the computed higher harmonic components is
different from that of the measured higher harmonic peaks.

6.3.2 Comparison of Measured and Computed Beam Bending
Moments for Counter 610

Harmonic amplitudes of measured and computed beam bending
moments are presented in Figure 45 for the 142 KTAS level
flight test condition of counter 610. The aircraft was in the
same configuration as that of counter 615, as discussed in
Section 6.3.1.

The data show about the same favorable comparisons. C81 com-
putes a negative steady beam bending moment over the whole
rotor, while the test data show positive values further out
on the blade than at 129 KTAS.

The oscillatory beam bending moments computed by both simu-
lations are in closer agreement with each other and with the
test data than for the 129 KTAS case, although the moment peak
at 14.2 percent radius is missed by both simulations. The out-
board "hump" is still in evidence in the results from the
simulation with the RIVD table.

Again, the largest constituent of the oscillatory bending
moment is the one-per-rev component, which is overpredicted by
both simulations outboard of 50 percent radius. The measured
peak oscillatory load at 14.2 percent radius is primarily one-
per-rev in nature, and it is this one-per-rev component that

• the simulation misses.

The simulations predict the two-per-rev bending moment reason-ably accurately in the hub region, and underpredict this com-ponent in the blade, as in the 129 KTAS case.

The three-per-rev beam bending moments computed by the simula-
tions do not agree with those measured. The TVT with the RIVD
table included computed the three-per-rev component correctly
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on the outboard section of the blade. These correctly computed

three-per-rev data add to the computed one-per-rev bending
moments to create the "hump" in the oscillatory distribution.

The four-per-rev beam moments computed at 142 KTAS are in very
good agreement with the test data, as are the calculated five-
per-rev data outboard of about 40 percent radius. The five-
per-rev data computed in the hub region are about double the
measured values.

6.3.3 Summary of Beam Bending Moment Comparisons

The computed steady beam bending moments are in fair agreement
with those measured in flight. The computed radial distribu-
tion does not show the positive values measured in the inboard
region of the blade, but the strongly negative value measured
in the flexure region, and the negative values measured out-
board of midspan, are well represented.

The computed oscillatory beam bending moments are in reason-
able agreement with the test data, although the computed
oscillatory beam bending moment is larger than that measured
on the outer sections of the blade for some cases. This
discrepancy is conservative, in that it overstates the stresses
in the blade and would lead to an underestimate of the fatigue
life. The computed and measured waveforms demonstrate excel-
lent agreement in the phase angle of the one-per-rev component,
with reasonable agreement for the higher harmonic components.

In general, the harmonic content of the rotor beam bending
moment is not as well computed. The discrepancies between the
measured and computed harmonics indicate possible shortcomings
in the dynamic analysis, although the incorrect frequency
placement for the computed cyclic torsion and "S-ing" modes
for this rotor makes it difficult to draw any final conclusions.

6.4 MAIN ROTOR CHORD BENDING MOMENTS

Measured and computed main rotor chordwise bending moments
were compared for all nine level flight test conditions, and
typical results are discussed in this section. Sign conven-
tions were not reported for the main rotor chord bending
moments: the normal BHT convention, tension in the leading
edge for positive moments, was assumed.

6.4.1 Comparison of Main Rotor Chord Bending Moments for
Counter 615

The AH-lG test vehicle was in its mid gross weight, aft center
of gravity, clean wing configuration for counter 615, which
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was a level flight condition at 129 KTAS. Measured and com-
puted chord bending moments are compared on a harmonic ampli-
tude basis in Figure 46.

The steady chordwise bending moment computed by both simu-
lations are almost identical, and the calculated values are
less than 10 percent of the measured value. The steady root
chord bending moment, as computed from the mast torque, should
be about 70,000 inch-pounds, but C81 computes a steady root
chord bending~moment of zero. This difference is due to the
inability to model the mast wind-up degree of freedom in the
absence of an elastic pylon. The only inplane mode in the
rotor elastic representation is the first cyclic inplane mode,
which can only respond at odd harmonics. The collective
modes, which were generated with a pinned inplane boundary
condition, are the source of the minimal steady chord loads
computed by the program. The rotor could have been modeled by
inputting an appropriate value for TORSO in DNAM05. This
would have given an inplane boundary condition for the collec-
tive modes that could support a non-zero moment through a
spring, resulting in a low-frequency inplane collective mode.
Unfortunately, there are no data available to determine the
correct value for TORSO.

The oscillatory chord bending moment computed by the TVT with
the internal induced velocity distribution is in excellent
agreement with the measured data over most of the blade, but
is lower than the measured data in the hub region. The oscil-
latory chord bending moment computed by the TVT with the RIVD
table is appreciably lower than the measured data over the
whole rotor.

The one-per-rev chordwise bending moment computed by the basic
TVT is approximately 10,000 inch-pounds greater than the
measured data over the inboard 50 percent of the rotor, while
that computed by the TVT with an RIVD table is lower than the
measured data inboard and in excellent agreement over the
outer 60 percent of the rotor.

The measured two-, four- and five-per-rev chord bending moments
are small in comparison with the other components, and the
computed data are in close agreement over the whole rotor.
The computed two-per-rev chord bending moment should go to
zero at the root, since only collective modes, with the pinned-
inplane root boundary condition, can respond at this frequency.
The source of the non-zero two-per-rev root chord bending
moment is due to numerical noise in the participation factor
for the inplane (second cyclic) mode which causes the two-per-
rev component to be different from zero at the root.
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The three-per-rev chord bending moment computed by the two
simulations are almost identical, and in reasonable agreement
with the measured data.

Time histories of the chord bending moment at blade radial
station 81.5 are compared in Figure 47 for the 129 KTAS level
flight condition of counter 615. The time history measured in
flight (Figure 47a) reaches its minimum value at an azimuth of
about 120 degrees and its maximum at about 330 degrees, with
a good deal of higher harmonic content.

The waveform resulting from the simulation with the internal
induced velocity distribution, Figure 47b, has maximum peaks at
about 100 degrees and 190 degrees, with a minimum value at 270
degrees. This constitutes a phase lead (C81-computed relative
to the measured data) of approximately 180 degrees. The wave-
form generated when the RIVD table is included has a maximum
peak at about 210 degrees azimuth, demonstrating a phase lead
(relative to the test data) of about 120 degrees.

6.4.2 Comparison of Main Rotor Chord Bending Moments for
Counter 610

Measured and computed chordwise bending moment harmonic ampli-
tudes are compared for the 142-KTAS flight condition of counter
610 in Figure 48. The aircraft was in the clean wing configu-
ration at a mid gross weight and aft center of gravity.

The steady chord bending moment data are not presented for
this case, as the results are quite similar to those shown for
the 129-KTAS case (Figure 46) due to the inability to properly
model the inplane hub boundary condition.

The oscillatory chord bending moment computed using either
induced velocity model is approximately 60 percent of the
measured value over the majority of the rotor. Examination of
the plot of the one-per-rev harmonic shows that the values
computed with the internal induced velocity distribution are in
excellent agreement with the measured data, while the values

~computed when the RIVD table was used are approximately one-half the measured values. The computed three-per-rev compo-

nents are about two-thirds the measured values, while the two-,
four-, and five-per-rev components computed by the program are
in quite good agreement with the test data.

6.4.3 Comparison of Main Rotor Chord Bending Moments for
Counter 635

Oscillatory and one-per-rev chord bending moment amplitudes are
plotted versus nondimensional radius in Figure 49 for Flight
36A, Counter 635. The aircraft was flying straight and level
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at 136 KTAS, which is VH for this 9069 pound, mid-center-of-

gravity, heavy-hog configuration. The chordwise bending
moments computed by AGAJ7714 are well in excess of the measured
data. The chord moments computed by the previous edition of
C81 (AGAJ7625) are included in the figure for comparison. The
major difference between the two analyses is that the axis of
constant rotor rotational speed is assumed to be collinear with
the rotor shaft in AGAJ7625, while the analysis incorporated in
AGAJ7714 assumes that the constant-speed axis is perpendicular
to the plane defined by the hub flapping angles. The main
rotor flapping angles computed for this flight condition are
larger than those calculated for the simulation of the level
flight cases of Flight 35A. The AGAJ7714 simulation of
Flight 35A predicted chord bending moments in much better
agreement with the test data (see Figures 46 and 48). It is
suspected that the differences between the AGAJ7714-computed
chord bending moments and those measured in flight are due to
discrepancies in the inertia loads, but the precise source of
the problem has not yet been identified.

6.4.4 Summary of Chord Bending Moment ComParisons

Program C81 computes chordwise bending moments in fair
agreement with the test data when the internal induced
velocity distribution is used. The steady component is
incorrectly predicted, but this can be directly traced to a
lack of appropriate input data for DNAM05. The computed
chord bending moment waveform is shifted in phase with
respect to the test data.

6.5 MAIN ROTOR TORSIONAL BENDING MOMENTS

Comparisons were made between the measured and computed main
rotor torsional bending moments for the level flight condi-
tions simulated, with typical results presented in this
section. The sign convention for these data items was not
documented; the normal sign convention at BHT is positive fora nose-up moment.

6.5.1 Comparison of Main Rotor Torsional Bending Moments
for Counter 615

The measured and computed torsional bending moment harmonic
amplitudes are compared in Figure 50 for the medium gross
weight, middle center-of-gravity, clean wing configuration
of counter 615. This is a 129-KTAS level flight case.

The computed steady torsional bending moment distribution is
almost identical for the simulations with either induced
velocity model, and does not agree with the distribution
measured in flight. Comparison cases were run in AGAJ7625
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as part of the effort to locate the cause of the difference
between the AGAJ7714-computed steady torsional moment and
the test data. Typical results are presented in Figure 51,
where it can be seen that the older version of the program
computes a steady torsional moment distribution in good
agreement with the experimental data. The salient difference
between the -7625 and -7714 computed torsional loadings is
in the inertia load calculations. AGAJ7625 accounts for the
torsional acceleration (I)e) and tennis racquet terms
explicitly in two lines of FORTRAN, while the appropriate
terms of the Q equation (Equation A-65, pages 362 through
364 of Volume I of Reference 3) are coded in seven lines of
FORTRAN in AGAJ7714. The source of the difference in solu-
tions between the two programs has not been found.
The oscillatory torsional moment distributions computed with

either induced velocity model are similar to those measured in
flight, with good agreement over the outer portion of the
rotor, and lower values calculated inboard. The data from
the TVT with the RIVD table are in better agreement with the
test data over the inboard portion of the rotor than the data
calculated without the RIVD table.

The one-per-rev torsional moment distribution computed by the
basic TVT is in almost perfect agreement with the test data.
The distribution resulting from the TVT with the RIVD table
predicts torsional moments greater than those recorded on the
inboard section of the rotor.

The two-per-rev torsional moment distributions computed in
both simulations are almost identical, and agreement with the
test data is good over the outer sections of the blade. The
predicted two-per-rev component is lower than that measured on
the inboard portion of the rotor.

The three-per-rev torsional moment distribution computed by
the TVT using the internal induced velocity model is similar
to that measured, but is smaller in amplitude. The distribu-
tion computed by the TVT using the RIVD table is in excellentI i agreement with the test data.

The four- and five-per-rev distributions computed with either
* induced velocity model are similar to each other, and the

values computed are smaller than those measured in flight.

Time histories of the measured and computed torsional bending
moment at radial station 81.5 are compared in Figure 52 for
the 129-KTAS level flight condition of counter 615. As can be
seen, the overall phase of the calculated time-histories is
shifted compared to that of the measured waveform, and the
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relative phase angles of the individual harmonics within the
computed time-histories appear to be different from those of
the measured data. \
The waveform resulting from the TVT using the internal induced
velocity model has a maximum peak at about 100 degrees azimuth
and a minimum peak at about 315 degrees azimuth. When the
RIVD table is used to model the induced velocity, the maximum
value of the torsional moment occurs at about 75 degrees azi-
muth and the minimum value is observed at about 330 degrees
azimuth. The waveform measured in flight has its maximum
value at about 50 degrees azimuth and its minimum value occurs
at about 170 degrees azimuth.

6.5.2 Comparison of Main Rotor Torsional Bending Moments
for Counter 610

Measured and computed torsional bending moment harmonic ampli-
tudes are compared in Figure 53 for the 142 KTAS level flight
test condition of counter 610 (medium gross weight, middle
center-of-gravity, clean-wing configuration).
As for the 129-KTAS case (Figure 50), the simulation using
either induced velocity model computes a steady torsional
bending moment at variance with that measured in flight.

The oscillatory torsional bending moment distribution computed
by the TVT using the internal induced velocity model shows
lower values for all radial stations than those measured. The
distribution computed when the RIVD table was utilized is in
much better agreement with the test data.

The radial distribution of the one-per-rev torsional bending
moment computed by the TVT without the RIVD table is in very
good agreement with the measured data; that computed when the
RIVD table is utilized over-predicts the values over most of
the rotor.

The simulation with the internal induced velocity model also
predicts lower two-per-rev torsional moments than those cal-
culated with the RIVD, but the latter prediction is in much

* closer agreement with the measured data.

The three-per-rev moment distribution computed by the simula-
, ,tion using the RIVD table is in almost perfect agreement with

the experimental distribution, while the values calculated
using the internal induced velocity model are lower than those
measured in flight.

The four- and five-per-rev torsional moment distributions com-
puted by the program are in favorable agreement with the test
data.
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6.5.3 Summary of Torsional Bending Moment Comparisons

The AGAJ7714 version of C81 predicts torsional bending moments
in good agreement with test data. The program is unable to
compute the steady torsional moment for reasons that remain
unknown and the waveforms computed by C81 have a phase shift
with respect to the test data.

6.6 MAIN ROTOR BEAM ACCELERATIONS
&I

Measured and computed beamwise accelerations were compared
for all the level flight conditions simulated. Results of
those comparisons for two of the test points are discussed in
this section. The sign convention for the beamwise accel-
erometers was not documented in the project reports, but the
instrumentation engineer's notes indicate that upward accel-
eration (in the beam-chord coordinate system) results in posi-
tive output from the accelerometer. The beamwise accelerom-
eters were installed on the upper surface of the blade on the
pitch-change axis to minimize the contribution of torsional
accelerations.

6.6.1 Comparison of Main Rotor Beamwise Accelerations for
Counter 611

The radial distributions of the harmonic amplitudes of the main
rotor beamwise acceleration, as measured in flight and computed
by C81, are plotted in Figure 54 for counter 611. This is a
straight and level flight condition at 66 KTAS, at medium gross
weight, aft center of gravity in the clean wing configuration.
The C81-computed accelerations are calculated by the program
after the blade response has been determined, and are computed
for output purposes only.

The steady accelerations computed by C81 do not agree with
those measured in flight. The C81-generated distribution can
be justified by a simple analysis of the source of the largest
component of steady beamwise acceleration. Should the blade
have an out-of-plane slope with respect to the hub plane
(which is perpendicular to the axis of constant rotational
speed), then a portion of the centripetal acceleration will be
sensed in the local out-of-plane direction.
This acceleration is

a2 = 2r sinA (17)

220



22.0-

20.0-

16.0-

14.0-

12.0
0

Jj 10.0.

$~4

8.0-

6.0

a) 4.0-

0 2.0-

0.51.
-2,0.. ondimensional Radius

--8*0

10.00

e Test Data
C8l Data:

-Using the internal induced velocity model
-Using an RIVD table

Figure 54. Comparison of Measured and Computed Main Rotor
Beamwise Accelerations for Counter 611 (8319
Pounds Gross Weight, Aft CG, Clean Wing,
66 KTAS).

221



8.0-)

6. 0

H~4.0-

2.0

0.0 1pw

4.0 -- --

.0 0.0 - * e
4 J

$4
w 24.0-- Test Data

H C81 Data:

22.0- - Using the internal
induced velocity model

2000 Using an RIVD table
20.

$4 ~ 18.0-
0

o 16.0--

> 14.0-I

S12.0--

10.0-/

8.0--I6.0- 0
4.0--- -

2.00

20000 ".0

0.0 0.5 1.0
Nondimensional Radius

Figure 54. Continued.

222



. . . . .-- -I - . - I

6.0 ,J

> 4.0 -

0 2.0" 0

4-)

o 10.0
o

8.0 - S

> 6.0 --

4-J

o Ln 4.0,

" 2.0 O -,--

0.0 0
0.0 0.5 1.0

Nondimensional Radius

0 Test Data
C81 Data:

- Using the internal induced velocity model
-- Using an RIVD table

i

Figure 54. Concluded.

223



in which
is the out-of-plane acceleration due to

c centripetal acceleration, positive up

0 is the rotational rate

r is the radius to the sensor location

is the out-of-plane slope at the radius r,
relative to the hub plane, positive up

When transformed into the beam-chord coordinate system, the
contribution of this term to the beamwise acceleration is

aBc aoPccosO = ao sinpcos6 (18)

where
is the local beamwise acceleration, due to

Bc centripetal acceleration, positive up

6 is the local geometric pitch angle, positive
nose up

The local coning angle and geometric pitch angles can be
expressed as the sum of a steady and unsteady part,

0= Ps + P u (19.a)

0 = 0 s + eu (19.b)
where

PSI Os are the steady components

Pu' 8u are the unsteady components

Substituting into Equation 18, expanding, and eliminating
terms containing the sine of an unsteady term results in

a B Q2r sinosCos PuCos 0sCos 0 (20)
B U 5 u
c

Assuming Pu and 8u to be small, the expression for the

beamwise acceleration due to centripetal acceleration sim-
plifies to

a B='0 2rsins cosO (21)
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Near the tip of the blade, 0 is a small angle, so

aBc fg2r sins (22)

Subttituting in the appropriate values for the tip of the OLS
rotor yields

aBc 787.26 sinps (23)
C

The coefficient has been divided by 32.17 so that Equation
(23) yields the acceleration in g's.

The 20 g's beamwise acceleration computed at the tip of the
blade (Figure 54) corresponds to a steady out-of-plane slope
of 1.46 degrees, which is quite plausible. The test data
would indicate that the blade is almost parallel to the hub
plane near the tip. Therefore, a discrepancy in the steady
beamwise acceleration at the tip of 20 g's corresponds to a
difference in steady out-of-plane slope of less than 1.5
degrees.

Note that this particular analysis is only valid near the tip
of the rotor, where the centripetal acceleration is the major
contributor to the steady beamwise acceleration. No conclu-
sions can be drawn with regard to the discrepancies between
the measured and computed data inboard on the rotor, except to
suggest that the negative measured steady beamwise accel-
erations imply a downward motion of the blade that is totally
unexpected.

The measured oscillatory accelerations are not compared with
computed results because C81 does not calculate oscillatory
accelerations.

The one- and two-per-rev beamwise accelerations computed for
the 66-KTAS case are in very good agreement with the test
data. The simulation using an RIVD table predicts the dis-
tributions of these two harmonics in better agreement with the
test data than the simulation using the internal induced
velocity model. The three-per-rev beamwise accelerations com-
puted by C81 using the internal induced velocity model are

? smaller than those measured in flight, which is not unexpected
due to the lack of higher harmonic loading when the simple
induced velocity model is used. Inclusion of higher-harmonic
airloading, by use of an RIVD table, causes the three-per-rev
accelerations to be significantly overpredicted.
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Negligible four- and five-per-rev beamwise accelerations are

computed using the internal induced velocity model, due to the
lack of excitation at these frequencies. The four-per-rev
acceleration computed when the RIVD table is used shows good
agreement with the test data to approximately 75 percent
radius, while the five-per-rev component is significantly
overpredicted. The cause of this overprediction (and the
overpredictkon of the three-per-rev component) has not been
identified.

6.6.2 Comparison of Main Rotor Beamwise Acceleration Wave-
form at Station 132 for Counter 615

Measured and computed beamwise acceleration time histories
were compared for the level flight cases. The time history at
station 132 measured during the 129-KTAS flight condition
(counter 615) is plotted in Figure 55, with the corresponding
time histories computed by the two different simulations. The
measured waveform has significant harmonic content at fre-
quencies above five-per-rev, which is not reflected in either
of the computed traces, as there is no excitation at these
high frequencies. The waveform resulting from the simulation
using the internal induced velocity is predominantly two-per-
rev, with a smaller one-per-rev component. The waveform
computed when the RIVD table is included is essentially three-
and five-per-rev in content.

6.6.3 Comparison of Main Rotor Beamwise Accelerations for
Counter 610

The OLS test vehicle was in steady-state level flight at 142
KTAS for Counter 610. The aircraft was in the clean wing
configuration at mid gross weight and aft center of gravity.
The radial distribution of the beamwise acceleration harmonics
measured during this flight are plotted in Figure 56.

A comparison shows that the steady, two-per-rev and four-per-
rev components of the beamwise acceleration measured at 66
KTAS (Figure 54) and at 142 KTAS (Figure 56) are almost iden-
tical. These two sets of data are for test conditions flown
at the same gross weight, and the similarity in the even-
harmonic accelerations indicate that the symmetric beamwise
response of the rotor is not particularly dependant upon air-
speed.
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The steady beamwise acceleration computed for the 142-KTAS
test condition is very similar to that computed for the 66
KTAS counter, and is also at variance with the test data.
The discussion of the steady beam acceleration given in
Section 6.6.1 is applicable for this case also.

The one-, two-, and four-per-rev beam acceleration distribu-
ions computed by C81 are in good agreement with the measured
ata. The data generated by the simulation using the RIVDtable are in closer agreement than those resulting from the

simulation with the internal induced velocity distribution.

The three-per-rev beam accelerations computed by the analysis
using the internal induced velocity model are of the same
order of magnitude as those measured in flight. The three-
per-rev beamwise accelerations computed using the RIVD table
are similar to the test values on the inner half of the rotor
and significantly larger than the experimental data near the
tip. The program seriously overpredicts the five-per-rev
beamwise accelerations with either rotor induced velocity
representation.

6.6.4 Summary of Main Rotor Beamwise Acceleration Comparisons

Program C81 computes one-, two-, and four-per-rev beamwise
accelerations in reasonable agreement with measured data. The
steady beam acceleration computed by the analysis does not
agree with the test data, but the brief algebraic analysis
given at the beginning of Section 6.6.1 outlines the source
of the predominant terms in the computed results. The cause
of the overprediction of the three- and five-per-rev compo-nents has not yet been determined.

6.7 MAIN ROTOR CHORD ACCELERATIONS

Chordwise accelerations computed by C81 were compared with
the experimental data for all the level flight conditions
simulated. The results of those comparisons for two of the
test points are presented in this section. By inspection of
the instrumentation engineer's notes, the chordwise accelera-
tion sign convention was determined to be positive aft. Two
chordwise accelerometers were installed at each radial sta-
tion of interest, with one placed on each surface of the air-
foil at the local section quarter chord. The signals from
the two sensors were averaged to eliminate the effects of
pitch acceleration.
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6.7.1 Comparison of Main Rotor Chordwise Accelerations for
Counter 611

Figure 57 contains the comparison of the computed and measured
harmonic amplitudes of the main rotor chordwise accelerations
for counter 611, which was a mid gross weight, aft center of
gravity, clean wing, level flight test at 66 KTAS. The C81-
computed accelerations are calculated by the program after the
blade response has been determined, and are used for output
purposes only.

The test data indicate a steady forward acceleration over
most of the rotor while C81 computes a steady lagging accel-
eration. It is suspected that the inability to properly
model the inplane hub boundary condition, as discussed in the
steady chord bending moment comparison (Section 6.4.1) is the
primary cause of the discrepancy in the hub region. The
source of the difference between the measured and computed
data on the outboard portions of the rotor is not known.

The program computes the one-per-rev chordwise acceleration
distribution in good agreement with the test data. The agree-
ment is excellent when the RIVD table is used.

The two-per-rev component of the chordwise acceleration is
overpredicted by the simulation using either induced velocity
model, and the three-per-rev component of the chordwise accel-
eration is overpredicted by the simulation using either in-
duced velocity model, and the three-per-rev harmonic amplitude
is overpredicted when the RIVD table is used. The three-
per-rev chordwise acceleration resulting from the simulation
using the internal induced velocity model is in good agree-
ment with the test data.
The measured four- and five-per-rev chordwise accelerations

were quite small, as are the values calculated by C81 when
the internal induced velocity model was used. The program
overpredicts the value of the four-per-rev near the tip, and
five-per-rev over most of the rotor, when the RIVD table was
used. The overprediction of the five-per-rev chord accelera-
tion probably results from the same source causing the over-
prediction of the five-per-rev beam acceleration.
The chordwise acceleration waveform measured at radial station

37.5 during counter 611 is compared with those computed by
C81 in Figure 58. The computer-generated waveforms do not
show the seven- and eight-per-rev content of the measured
data. Additionally, the C81-computed chordwise acceleration
has the same sign convention as the test data (positive aft),
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but the calculated waveforms appear to have a polarity oppo-
site to that of the test data. This apparent sign reversal
requires further study.

6.7.2 Comparison of Main Rotor Chordwise Accelerations for
Counter 610

The OLS test vehicle was flown at 142 KTAS in its mid gross
weight, aft genter of gravity, clean wing configuration for
counter 610. The measured and computed chordwise accelera-
tions for this flight condition are compared in Figure 59.
The measured steady chord acceleration distribution for this
case is almost identical to that measured for the 66-KTAS
test point of counter 611 (Figure 57). The C81-computed

*steady accelerations do not agree with the measured data.

The predicted one- and two-per-rev chord accelerations are
larger than the experimental data. The values computed using
the RIVD table compare. more favorably with the measured data
than do the values calculated when the internal induced
velocity model was used.

The computed three- and four-per-rev chord accelerations are
in fair agreement with the data measured in flight, while the
program seriously overpredicts the five-per-rev component.

6.7.3 Summary of Main Rotor Chordwise Acceleration
Comparisons

Program C81 does not correctly predict the steady chordwise
acceleration. It does compute the one- through four-per-rev
components of the chordwise acceleration with a reasonable
amount of accuracy.
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7. MANEUVER SIMULATION

Two OLS maneuvering flight records were simulated in addition
to the nine level flight test conditions discussed in Sections
5 ard 6. The banked turn and symmetric pullup experiencing
the highest normal load factor were to be simulated in order
to determine the program's ability to compute performance,
loads and vibration data for high-g maneuvers. Investigation
of the pilot cards and Table B.3 of Reference 10 indicated
that the right rolling pullout of Flight 32A, counter 561, and
the symmetric pullup of Flight 32A, counter 562, were the most
severe maneuvers flown during the test program. The results
of the simulations of these two maneuvers will be discussed
after the method of simulation is outlined.

7.1 MANEUVER SIMULATION TECHNIQUE

The basic aircraft input deck, described in Section 3, was
used for the maneuver simulations. The aircraft gross weight,
center-of-gravity coordinates, and mass moments of inertia for
the two maneuvers are listed in Table 6. The analysis for
determining the rotor downwash at the fuselage, wing, and
stabilizers (described in Section 3.12.1) was not performed
for either maneuver. Since both maneuvers were flown at
speeds approaching VH, all the downwash factors (XMR(33),
XTR(33), XWG(29) through XWG(32), XSTB2(29), XSTB2(32),
XSTB3(29), and XSTB3(32)) were assumed to be zero.

Maneuvers are normally simulated by performing a quasi-static
trim followed by a time-variant main rotor trim before enter-
ing the maneuver portion of the program. The partial deriva-
tive matrix is generated during the QST (assuming more than
one iteration is required to trim), and the initial values of
all the independent variables are set during the QST and TVT.
This procedure was used initially for the simulation of the
maneuvers of counters 561 and 562, with the aircraft being
trimmed to a user-specified roll angle. (The value of roll
angle input was the value measured at the beginning of the
flight test record.) Unfortunately, the main rotor was not
well trimmed at the end of the TVT, and a net roll moment was
imposed on the aircraft, causing the ship to roll in the wrong
direction at the beginning of the maneuver.

The fully-time-variant trim procedure (Section 4.2.3) was used
to yield a better set of initial conditions for the maneuver.
The values of the pitch and yaw attitude, control positions,
and rotor flapping angles computed during the quasi-static
trims already performed were used as the starting values in
the Flight Constants Group, IPL(49) was set to 1, and IPL(50)

24j.
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was set to 2. The resulting fully-time-variant trims required
in excess of eight minutes to converge on an IBM 370/168. A
slightly modified set of inputs to the Flight Constants Group,
which provided more rapid convergence, was used to initiate
the maneuver runs. The inputs to the Flight Constants Group
used for the final maneuver runs are listed in Figure 60.
Trim convergence was achieved in three iterations, requiring
approximately 4.5 minutes of computing time (IBM 370/168).

The partial derivative matrix computed during the fully time-
variant trim procedure is of higher quality than that calcu-
lated during the usual QST-TVT procedure. Since portions of
the partial derivative matrix are used by the maneuver auto-
pilot, this is an added benefit resulting from the use of the
FTVT.

Quasi-static maneuvers were not run, as it was felt that the
information to be gained did not justify the excessive com-
puting time required for the simulations. The level-flight
simulations indicated that the use of an RIVD table did not
significantly improve the computed results, so the time-
variant, elastic rotor maneuver simulations were performed
using the internal induced velocity model.

The inputs for a maneuver simulation are those required for a
trim, plus a series of cards which specifically control the
maneuver. The maneuver time card (Sections 2.27 and 3.27 of
Volume II, Reference 3) and the maneuver specification cards
(Sections 2.28 and 3.28 of Volume II, Reference 3) used for
both maneuver simulations are listed in Figure 61. Maneuver
runs will always start at zero time unless the run is a
maneuver restart'(NPART = 5, Section 3.2, Volume II, Reference
3). The azimuth increment for the maneuver is chosen to
satisfy the numerical stability criterion of the four-step
Runge-Kutta algorithm used to forward integrate the equations
of motion during the maneuver. The azimuth increment should
be 7.6849 degrees to ensure that there are at least ten inte-
gration steps per cycle of the highest harmonic rotor elastic
mode in the model (4.6845 per rev). The value of 7.5 degrees
was chosen for convenience in evaluating the output (two time
cuts represents 15 degrees, not 15.3698 degrees, etc.). The
stop times (7.0 and 6.0 seconds for counters 561 and 562,
respectively) were chosen to minimize the computer run time,
while ensuring that the most significant portion of each
maneuver was simulated.
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The maneuver specification inputs available in C81 allow the
analyst to stipulate control motions, desired airframe rates,
weapons fire, store jettison, and several other events that
can define a non-steady-state flight condition. Every maneu-
ver simulated in C81 starts from the steady-state flight
condition defined by the preceding trim, and the maneuver
specification cards describe a series of variations of parti-
cular variables to be performed during the maneuver. The
variations are-generally described as a series of ramp changes
in the value of the variable. A maximum of 20 maneuver speci-
fication cards ("J-cards") can be used, which was more than
adequate for the two maneuvers simulated.

The observed variations in collective stick position are de-
fined on the first maneuver specification cards for each of
the simulations. The collective stick position was reduced
from its trim position at a very slow rate between 3.0 and 7.5
seconds of counter 561 and was then held constant for the
remainder of the maneuver. This variation was mimicked exactly
during the simulation by the use of the two collective stick
variation cards (Figure 61.a), even though the computed trimmed
collective was lower than that measured in flight. No collec-
tive stick motion was measured during the symmetric pullup
maneuver of counter 562, so only one collective stick varia-
tion card was input, stipulating constant stick position
(Figure 61.b).

Whenever the maneuver autopilot is being used, the last
maneuver specification card input must be the autopilot speci-
fication (J=32) card. This card gives the time to activate
the autopilot logic (generally 0.0 seconds), the allowable
maximum stick rates and two time constants. The AH-IG heli-
copter system allows maximum control rate inputs to the nonro-
tating swashplate of approximately 100 percent per second,
which dictated the rate inputs on the J=32 card. It should be
noted that a human pilot would be hard pressed to perform a
maximum rate stick input, but these large allowable rates are
instrumental in ensuring that the simulated aircraft angular
rates are close to the desired rates.

S The two time constants input on the maneuver autopilot card
are used to compute moment imbalance signals for the autopilot
logic. Assuming that a rate error exists on a channel, the
moment imbalance is
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Mi =Mactual - Mr (25)

where Mi is the moment imbalance

M is the instantaneous value of the momentactual about the axis of interest

Mr is the change in moment required to zero the-rate error

The moment change is

M I (desired rate - actual rate)
r- (time to zero rates)

in which I is the aircraft moment of inertia about the appro-priate axis.

When a desired angular rate time history is not input for a
channel, then the autopilot automatically tries to maintain
the trimmed rate (usually zero) and angular displacement for
that channel. In that case, an additional moment correction
term, Md, is subtracted from Equation (25):

M I (desired displacement - actual displacement) (27)
d (time to zero displacements)2

The input time constants, 0.1 second, are significantly smal-
ler than any human pilot could generally realize but the small
values help ensure that the autopilot can track the input
desired rate time histories with minimal time lag.

The prime consideration in simulating the two maneuvers was
to match the measured fuselage rates. No attempt was made to
exactly reproduce the measured yaw, pitch, and roll rate time
histories. Rather, the inputs to the roll rate autopilot
channel ("p-tracker"), the pitch rate autopilot channel ("q-
tracker"), and the yaw rate autopilot channel ("r-tracker")
were chosen to yield aircraft response that captured the
major features of the maneuver.

The measured rate time histories indicated that the aircraft
was not in stabilized level flight at the beginning of either
maneuver. The "J-card" inputs for a given channel were chosen
to hold that fuselage rate constant (i.e., at zero) until the
measured rate crossed zero. After that time, a series of
ramps were input for that channel to correspond to the signi-
ficant fuselage angular rate changes for the remainder of the
maneuver.
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When an acceptable simulation of the maneuver was achieved,
the maneuver time histories of all variables were stored on
tape (see Section 2.31 and 3.31, Volume II of Reference 3).
The data could then be postprocessed, using an NPART of 8
(Sections 2.2 and 3.2, Volume II of Reference 3) without
having to rerun the maneuver.

7.2 PERFORMANCE COMPARISONS

C81-computed performance data were compared with the measured
data for both maneuvers in time-history form. The collec-
tive stick time histories measured in flight were input to
the simulation, ensuring that the collective motion in the
program matched that recorded in flight. The comparison of
cyclic stick and pedal positions was inconclusive because the
maneuvers were flown with the SCAS engaged, but they were
simulated without a SCAS. The hub feathering angle was mea-
sured as constant throughout the maneuvers, which is obviously
in error, so the computed hub feathering angle time histories
were not compared with the test data. The measured perfor-
mance data were filtered at 54 hertz before being plotted;
almost all of the C81 results are unfiltered.

7.2.1 Comparison of Measured and Computed Fuselage Rates

The roll rate time history measured during the right-rolling
pullout maneuver of counter 561 is compared with that computed
during the simulation in Figure 62. The dashed line superim-
posed on each plot is the desired roll rate time history
input to the maneuver autopilot. It should be noted that both
time histories are for the body roll rate (p), not an Euler
roll rate.

The test vehicle was rolling at approximately -4.0 degre-s
per second at the beginning of the maneuver, and reached zero
roll rate at approximately 0.6 second. The aircraft in the
simulation starts the maneuver with zero roll rate, undergoes
a small negative roll acceleration, and then accelerates
rapidly in a right roll, tracking the input desired roll rate
trace. The simulated aircraft then experiences a roll rate
time history that is similar to that measured in flight. It
is not known why the roll acceleration goes to zero between
1.4 and 1.8 seconds in the simulation, but the almost zero
roll acceleration between 2.3 and 2.8 seconds in the simula-
tion corresponds to the measured small roll acceleration
between 2.1 and 2.3 seconds. The roll rate reaches its peak
value at about 3.3 seconds, lagging the measured roll rate by
about 0.4 second. It is suspected that the difference be-
tween the desired roll rate trace and that experienced in
the simulation after about 4.5 seconds is due to the use of
trimmed-flight partial derivatives in the maneuver autopilot
calculations.
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Figure 62. Comparison of Measured and Computed Airframe
Roll Rate Time Histories for the Right Rolling
Pullout Maneuver of Counter 561.
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The measured and computed normal load factor time histories
for the symmetric pullup maneuver of counter 562 are compared
in Figure 69. The unfiltered time history produced by C81 is
in reasonable agreement with the experimental data, although
the simulation experiences a more oscillatory normal load
factor early in the maneuver, while the test data show an
increase in oscillatory load later in the maneuver. The
filtered time history shows that the simulation achieves a
peak normal load factor near 1.6g, while the peak mean value
of the experimental data is about 1.7g.

The Wl term must again be suspected as the cause for the dif-
ference between the maximum measured and computed normal load
factors, as the measured and computed time histories for q, 6
and * are quite similar. (The measured and computed roll
rate time histories are not similar, but the lateral velocity
is negligible, so the pV term is very small in comparison to
the other terms in Equation 28.)

7.2.3 Comparison of Measured and Computed Fuselage Euler

Attitudes

The attitude instrumentation installed in the OLS test vehi-
cle measured the Euler angles of the aircraft with respect to
the earth.

.The roll attitude time histories measured in flight and com-
puted in the simulation of the right-rolling pullout maneuver
of counter 561 are compared in Figure 70. The two traces are
almost identical, starting at -2.5 degrees at zero time. The
roll attitude time history in the simulation passes through
zero about 0.3 second later than the measured time history.
The maximum roll angle achieved in the simulation is about 38
degrees, while the maximum measured roll angle was about 50
degrees.

The pitch attitude time histories for this maneuver are com-
pared in Figure 71. The two time histories are remarkably
similar. The simulated aircraft trims about one degree more
nose down than the test aircraft, and the pitch attitude re-
mained approximately constant for the first 3 seconds of the

6 simulated maneuver and for the first 4 seconds during the
actual maneuver. The pitch attitude time history goes through
zero in the simulation about 0.2 second later than in the
flight test and reaches a maximum value of about nine degrees,
while the maximum experimental value was about five degrees.

The measured and computed yaw attitude time histories for the
right-rolling pullout maneuver of counter 561 are plotted in
Figure 72. The yaw gyro installed in the OLS aircraft did
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Figure 63. Comparison of Measured and Computed Airframe
Pitch Rate Time Histories for the Right Rolling
Pullout Maneuver of Counter 561.

251



15.0 -- Desired Yaw Rate Time History Defined
on Maneuver Specification Cards
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Figure 64. Comparison of Measured and Computed Airframe
Yaw Rate Time Histories for the Right Rolling
Pullout Maneuver of Counter 561.
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Figure 66. Comparison of Measured and Computed Airframe
*Pitch Rate Time Histories for the Symmetric

Pullup Maneuver of Counter 562.
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Figure 67. Comparison of Measured and Computed Airframe Yaw

Rate Time Histories for the Symmetric Pullup
Maneuver of Counter 562.
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Figure 68. Comparison of Measured and Computed Normal Load
Factor Time Histories for the Right Rolling
Pullout Maneuver of Counter 561.
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The filtered results show that the aircraft reaches a maximum
normal load factor of about 1.7g, while the test data show a
maximum mean normal load factor of about 1.95g.

The normal load factor is a function of several variables, as
seen by rewriting Equation (4.12.1.b) from page 116 of Etkin
(Reference 4),

Normal Load Factor -- (28)m

= -(W + pV - qU - gcosecoso)

where z is the total body-axis vertical force

m is the aircraft mass

W is the body-axis vertical acceleration due to
purely vertical motion

p is the body-axis roll rate

V is the body-axis lateral velocity

q is the body-axis pitch rate

U is the body-axis longitudinal velocity

g is the acceleration due to gravity

8 is the Euler pitch attitude

¢ is the Euler roll attitude

Although the roll rate, p, is large for this maneuver, the
lateral velocity is small, so the pV term is small. The
pitch rate and longitudinal velocities are both large during
the peak-g portion of the maneuver, so their product, qU, is
a primary term in Equation 28. At five seconds into the
maneuver, the measured and computed pitch rates and airspeeds
are about the same, so the qU terms should be similar. The
measured and computed roll and pitch attitudes are also very
similar at five seconds maneuver time, so the gcosecoso terms
are similar between the test and the simulation. The only
term in Equation 28 that could be different between the
flight test and the simulation is W. This quantity was not
measured and cannot be accurately deduced from the available
test data, so the source of the difference between the mea-
sured and computed load factor can only be suspected to be

the W term.
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The measured and computed normal load factor time histories
for the symmetric pullup maneuver of counter 562 are compared
in Figure 69. The unfiltered time history produced by C81 is
in reasonable agreement with the experimental data, although
the simulation experiences a more oscillatory normal load
factor early in the maneuver, while the test data show an
increase in oscillatory load later in the maneuver. The
filtered time history shows that the simulation achieves a
peak normal load factor near 1.6g, while the peak mean value
of the experimental data is about 1.7g.

The W term must again be suspected as the cause for the dif-
ference between the maximum measured and computed normal load
factors, as the measured and computed time histories for q, 0
and * are quite similar. (The measured and computed roll
rate time histories are not similar, but the lateral velocity
is negligible, so the pV term is very small in comparison to
the other terms in Equation 28.)

7.2.3 Comparison of Measured and Computed Fuselage Euler
Attitudes

The attitude instrumentation installed in the OLS test vehi-
cle measured the Euler angles of the aircraft with respect to
the earth.

The roll attitude time histories measured in flight and com-
puted in the simulation of the right-rolling pullout maneuver
of counter 561 are compared in Figure 70. The two traces are
almost identical, starting at -2.5 degrees at zero time. The
roll attitude time history in the simulation passes through
zero about 0.3 second later than the measured time history.
The maximum roll angle achieved in the simulation is about 38
degrees, while the maximum measured roll angle was about 50
degrees.

The pitch attitude time histories for this maneuver are com-
pared in Figure 71. The two time histories are remarkably
similar. The simulated aircraft trims about one degree more
nose down than the test aircraft, and the pitch attitude re-
mained approximately constant for the first 3 seconds of the
simulated maneuver and for the first 4 seconds during the

, * actual maneuver. The pitch attitude time history goes through
zero in the simulation about 0.2 second later than in the
flight test and reaches a maximum value of about nine degrees,
while the maximum experimental value was about five degrees.

The measured and computed yaw attitude time histories for the
right-rolling pullout maneuver of counter 561 are plotted in
Figure 72. The yaw gyro installed in the OLS aircraft did

259



77.

2.5-

$4
o 2.0-

41 5

0 L
P4

1.0

z

0.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Time - Secondsa) Measured Normal Load Factor Time History.

2.0-

44'

0

-4

S0.5-
0

0.0
0.0 1.0 2.0 3.0 4.0 5.0 6.0

Time - Seconds
b) Computed Normal Load Factor Time History -

Unfiltered.

Figure 69. Comparison of Measured and Computed Normal Load
Factor Time Histories for the Symmetric Pullup
Maneuver of Counter 562.

260

L .... , , . €:.:S ,
'



2.0-

1.4)1.5

0

S0.5 Thee-pole Butte rworth Filter

Z . Frequency =5.4i Hertz,

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Time - Seconds

c) Computed Normal Load Factor Time History -
Filtered.

S Figure 69. Concluded.

261

,.I' ,



60.0

14
40.0--

a00
I-

20.0-

4jI

t-I 0.0

1.0 2.0 3.0 4.0 5.0 6.0 7.0
Time - Seconds

-20.0-
a) Measured Roll Attitude Time History.

W 40.0

tP
4)

20.0

4)

.4I

rq 0.0.

4 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Time -Seconds

o -20.0

b) Computed Roll Attitude Time History.

0. Figure 70. Comparison of Measured and Computed Airframe Roll
Attitude Time Histories for the Right Rolling
Pullout Maneuver of Counter 561.

262

'I



10.0

5.0--

'4J

43 0.0

<1.0 2.0 3.0 4.0 5.0 6.0 7.0
Time - Seconds

.4--. -5.0

a) Measured Pitch Attitude Time History.

10.0

5.0-

4J1.0 2.0 3.0 4.0 6.0 7.0

-5.0

V

4J

-l0.0--

~b) Computed Pitch Attitude Time History.

Figure 71. Comparison of Measured and Computed Airframe
Pitch Attitude eHistories for the Right

Rolling Pullout Maneuver of Counter 561.

263

.4-

.4-
-5.



20.0

10.0-

~~-4 0.0 ' ',,

4J
_P 1.0 0 4- O 6 .0 7.0

Time - Secondsa) Measured Yaw Attitude Time History.

40.0--

30.01!

• (
20.0-.

10.0-

0.0

1.0 2.0 3.0 4.0 5.0 6.0 7.0

Time -Seconds

b) Computed Yaw Attitude Time History.

Figure 72. Comparison of Measured and Computed Airframe YawAttitude Time Histories for the Right Rolling
Pullout Maneuver of Counter 561.

264



not measure heading angle. It remained caged until the prime
data button was activated, beginning recording of the test
data. Therefore, the yaw gyro measured yaw deviation from
the yaw attitude at the beginning of the maneuver. The two
yaw attitude time histories do not agree as well as the roll
or pitch time histories, with the simulated aircraft yawing
significantly more than the test vehicle. This discrepancy
is difficult to understand in view of the excellent corres-
pondence between the measured and computed yaw rate time his-tories.

The roll attitude time histories for the symmetric pullup
maneuver of counter 562 are compared in Figure 73. The
measured and computed traces are not in very good agreement,
but the roll rate time history in the simulation did not
agree with the mtasured roll rate time history (see Figure
65).

The pitch attitude time history resulting from the simulation
of the symmetric pullup is compared with the measured time
history in Figure 74. The two curves are in very close
agreement, with the aircraft starting the maneuver at a
slightly more nose-up pitch attitude in the simulation than
in the test. Both time histories cross zero at about the
same time, and reach almost the same maximum value at six
seconds maneuver time.

The measured and computed yaw attitude time histories are
compared in Figure 75. The aircraft trimmed at about -5.0
degrees yaw in the simulation, and the yaw angle remained
essentially constant throughout the maneuver. The yaw gyro
was uncaged at the beginning of the test record and a small
nose-right yaw deviation occurred at about 3.5 seconds in
the maneuver, reaching a maximum value of about four degrees.

7.2.4 Comparison of Measured and Computed Airframe Aero-
dynamic Angles

The airspeed-boom-measured aircraft angle of attack and side-
slip angle time histories have been compared with those of the
simulation for both the right-rolling pullout and the symmetric
pullup. Since both maneuvers were entered at high forward
speed, the effects of rotor downwash on the measured angle of
attack should be minimal.

The airframe angle-of-attack time history in the simulation of
the rolling pullout maneuver is almost identical to that
measured in flight (Figure 76). The measured and computed
sideslip time histories are not in as good agreement for this
maneuver, though, as shown in Figure 77.

265



5.0

41a 0.0

o . 0

a) Measured Roll Attitude Time History.

1 5.0-

V k4 0.0

S-5.0-

0.0 1.0 2.0 3.0 4.0 5.0 6.0
Time - Seconds

b) Computed Roll Attitude Time History.

Figure 73. Comparison of Measured and Computed Airframe Roll
Attitude Time Histories for the Symmetric Pullup,
Maneuver of Counter 562.

266



15.0 -

w 10.0-

$4

U)

5.0--

.4.

4.) 0.0
.4.41.0 2.0/ 3.0 4.0 5.0 6.0

Time - Seconds
41•l 5.0--

-10.0-

a) Measured Pitch Attitude Time History.

15.0

10.0
$4

a,

4J.41 0.0

04
*Time - Seconds

4

; -i0.0-

b) Computed Pitch Attitude Time History.
Figure 74. Comparison of Measured and Computed Airframe

Pitch Attitude Time Histories for the Symmetric
Pullup Maneuver of Counter 562.

267



10.0-

4J o. -I- I -I4 J 0

1.0 2.0 3.0 4.0 5.0 6.0
Time - Seconds

>4 -10.0

a) Measured Yaw Attitude Time History.

Time -Seconds
0.0 1.0 2.0 3.0 4.0 5.0 6.0

S -i 0.0

b) Computed Yaw Attitude Time History.

Figure 75. Comparison of Measured and Computed Airframe Yaw
; Attitude Time Histories for the Symmetric Pullup

Maneuver of Counter 562.

4 4I

268

., 4)

4J 0)



10.0

Ca!

I0. l

00
4

G) 5.0-

4 1.0 2.0 3.0 4.0 6.0 7.0
Time -Seconds

4-4
0
0 -5.0

-10.0
a) Measured Angle-of-Attack Time History.

10.0

0 5.0

0 0.0

4J

0 5.0

.4-

10.0-

-1.0 b) Computed Angle-of-Attack Time History.

I',

Figure 76. Comparison of Measured and Computed Airspeed/
Boom Angle-of-Attack Time Histories for the
Right Rolling Pullout Maneuver of Counter 561.

269

Bj



5.0-

0Time - Seconds
1.0 2.0 3.0 4.0 5.0 6.0 7.0Vr 0.0

* - - 50 --

04
.4

-i0.0--

-15.0-
a) Measured Sideslip Angle Time History.

5.02

-5 .0

b) Computed Sideslip Angle Time History.

I , Figure 77. Comparison of Measured and Computed Airspeed/
~Boom Sideslip Angle Time History for the Right! Rolling Pullout Maneuver of Counter 561.

270



I
i

The computed and measured aircraft angle-of-attack time his-
tories for the symmetric pullup maneuver are presented in
Figure 78, with excellent agreement between the two traces.
The measured sideslip angle time history is quite different
from that computed in the simulation (Figure 79), due, in
part, to a large difference between the mearured and computed
trimmed sideslip angles at the beginning of the maneuver.

7.2.5 Comparison of Measured and Computed Main-Rotor and
Tail-Rotor Torque and Engine RPM

The time histories of the measured and computed main-rotor
torque are plotted in Figure 80. The measured torque-required
curve shows very little oscillatory loading, and the mean
torque declines steadily, due to the beneficial effects of
pitch rate. The required torque time history for the simulated
main rotor contains a good deal of two-per-rev loading, and
the mean value, which starts at a slightly lower value than
the measured mean torque, remains reasonably constant for the
first 4 seconds of the maneuver. The torque-required then
rises to a peak at about 5.3 seconds and decreases for the
remainder of the maneuver. The large two-per-rev content and
the constant or increasing torque-required behavior both
indicate a large amount of retreating blade stall.

It should be noted that rotor torque is computed in C81 by
summing the moment about the shaft of the inplane airloads
only; inplane inertia loads are not included in the shaft
torque calculations. Further, the mast torsional degree of
freedom was not included in the model. The absence of a large
two-per-rev component in the measured mast torque could be due
to the possible reduction of inplane loads transmitted to the
mast resulting from inertia relief or from mast flexibility.

The measured and computed tail-rotor mast torque time his-
tories for the right-rolling pullout maneuver are compared in
Figure 81. The simulated tail rotor requires slightly more
torque at the beginning of the maneuver than did the test
article, and exhibits less oscillatory torque throughout themaneuver. The mean measured and computed mast torques are in
reasonable agreement for the entire maneuver.

* 'Figure 82 contains the time histories of the engine RPM for
the right-rolling pullout maneuver. The measured engine RPM

* increases steadily during the course of the maneuver, due to
the decrease in required torque for the main and tail rotors.
The computed engine RPM decreases steadily due to the in-
creased torque demanded by the main rotor. The measured and
computed RPM time histories do not agree because the rotors
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remained essentially unstalled during the test flight while
the main rotor experiences some stall in the simulated maneu-
ver.

The main rotor shaft torque time histories for the symmetric
pullup maneuver of counter 562 are compared in Figure 83. The
simulated aircraft trims with lower mean torque required for
the main rotorA than the OLS test aircraft, but the mean torque
required increases almost immediately, reaching a peak atapproximately 2 seconds. The measured main rotor torque-
required decreases slightly until 4 seconds and then begins to
increase. The computed main rotor torque-required time history
demonstrates a good deal of two-per-rev content (due to the
use of just the airloads in its calculation) and rotor stall
is indicated.

The computed mean tail rotor torque is approximately 1900
inch-pounds at the beginning of the symmetric pullup maneuver
(Figure 84) while the measured mean tail rotor torque was
about 900 inch-pounds. This discrepancy results from the
difference in trimmed sideslip angles (Figure 79), as the tail
rotor in the simulation is holding the aircraft more than 6
degrees more nose-left than the test aircraft. This requires
more right side force from the tail rotor, which would require
more tail rotor torque. The measured and computed tail rotor
torque time histories have similar variations through the
course of the maneuver.

The engine RPM time histories for the symmetric pullup are
compared in Figure 85. The measured engine speed increases
between 2.0 and 3-.5 seconds and then returns to its trim value
in response to the variations in torque required. The engine
RPM in the simulation decreases steadily for the first 3
seconds, due to the increasing mean main-rotor torque at the
beginning of the maneuver. The engine speed is almost con-
stant for the last 3 seconds of the maneuver as a result of
the decreasing main rotor torque during the latter portion of
the maneuver.

7.2.6 Comparison of Measured and Computed Main-Rotor Hub *
Flapping Angles

The measured and computed main rotor hub flapping angle time
histories for both maneuvers simulated are plotted in Figures86 and 87. The measured main rotor hub flapping time his-
tories have a pronounced zero-shift. There is little agree-
ment between the flapping recorded during the test flights and
that computed by the program, which is surprising in view of
the excellent correspondence between the measured and computed
aircraft motion. The maximum oscillatory flapping computed
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for the pullup is approximately two-thirds of that measured,
while the maximum oscillatory flapping computed for the sym-
metric pullup is about 80 percent of the measured maximum
oscillatory flapping.

7.2:7 Summary of the Comparison of Experimental and
Simulated Maneuver Performance Data

* The data contained in Figures 62 through 75 demonstrate thatthe analyst can reproduce aircraft maneuver flight-path

motion with a high degree of accuracy in C81. This indicates
that the forces imposed on the aircraft by the rotor in the
simulation are similar to the rotor forces generated in flight.
The rotor torque, engine RPM, and rotor hub flapping traces
(Figures 80 through 87) show that the rotor response in the
simulation differs from that experienced during the flight
test. The large two-per-rev aerodynamic loading observed in
the computed rotor torque traces and the differences between
the measured and computed main rotor hub flapping imply that
the calculated rotor aerodynamics are not the same as those
experienced in flight. These aerodynamic differences may be
due to the absence of rotor wake or unsteady aerodynamic
effects in the model. Further study of these two maneuvers is
indicated.
7.3 COMPARISON OF MAIN ROTOR LOADS AND ACCELERATIONS

Time histories of the C81-computed main rotor pitch link
loads, beam, chord, and torsional moments at four radial sta-
tions, and beam and chord accelerations at four radial sta-
tions have been compared with measured data for the two man-
euvers simulated. Typical results of these comparisons are
discussed in this section.

7.3.1 Comparison of Measured and Computed Main Rotor Pitch
Link Loads

Figure 88 contains the time history plots of the main rotor
pitch link load for the right-rolling pullout maneuver of
counter 561. Both the measured and computed loads are for the
reference blade, i.e., the blade that is over the tailboom
when the main rotor azimuth equals zero. The computed pitch
link load time history has a mean value of about 200 pounds at
the beginning of the maneuver and the measured mean pitch link
load is about 1000 pounds. This discrepancy was not unantici-
pated, as the comparisons of pitch link loads in level flight
(Section 6.2) documented a difference between measured and
computed steady pitch link loads. The computed oscillatory
pitch link load is approximately three-quarters the value
measured at the beginning of the maneuver.
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The two time histories demonstrate similar behavior for the
first 4 seconds of the maneuver, showing a strong, reason-
ably constant one-per-rev content and a slightly decreasing
mean. The measured oscillatory pitch link load increases
somewhat after the fourth second of the maneuver, and the com-
puted oscillatory pitch link load more than doubles. This
increase in the computed pitch link load corresponds with the
simultaneous increase in flapping, as seen in Figure 86. The
increased flapping causes an increase in inertial and aero-
dynamic loading, resulting in the increased pitch link loads.

The measured and computed main rotor pitch link load time
histories for the symmetric pullup maneuver (counter 562) are
plotted in Figure 89. The measured and computed mean and
oscillatory pitch link loads at the beginning of this maneuver
are quite similar to those observed for the right-rolling
pullout (Figure 88), as they should be, since the entry condi-
tions to both maneuvers are similar. The flight-test pitch
link load time history shows moderate growth during the man-
euver, with peak loading occurring between 3 and 4 seconds.
The pitch link load time history calculated during the simula-
tion has a large increase in the pitch link load between 2 and
3 seconds, which corresponds to the increase in hub flapping,
as seen in Figure 87. The increased aerodynamic and dynamic
loading imposed by the increased computed flapping must be
considered as the cause of the increase in the calculated
pitch link load.

7.3.2 Comparison of Measured and Computed Main-Rotor Beam
Bending Moments

Time histories of the measured and computed main-rotor beam
bending moment at station 37.5 are plotted in Figure 90 for
the right rolling pullout maneuver of counter 561. The mea-
sured and computed oscillatory bending moment at the beginning
of the maneuver are very close in amplitude. The measured
mean beam bending moment is approximately 50,000 in.-lbs at
the beginning of the maneuver, while the computed time history
has a small negative mean value. It is suspected that the
measured mean beam bending moment at this station is in error,
as was described in the discussion of the level flight rotor
beam bending moments, Section 6.3. At the beginning of the
maneuver, the test data have a predominant one-per-rev charac-
ter while the time history computed by C81 shows more higher
harmonic content. The measured and computed time histories
are quite similar for the first 4 seconds of the maneuver, at
which point the computed beam bending moment begins to in-
crease, doubling in value by 5 seconds. This load growth
occurs just before the large increase in the computed hub

*1 flapping.
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Ficure 91 contains the time history plots of the station 37.5
main-rotor beam bending moments for the symmetric pullup man-
euver (counter 562). Again, the measured mean beam bending
moment is significantly larger than that computed by C81. The
oscillatory beam bending moment computed at the beginning of
the maneuver is approximately the same as that measured, but
increases by about 20 percent after 0.4 second. The experi-
mental time history is predominantely one-per-rev in content,
with the three-per-rev component increasing after 2.0 seconds.
The computed beam bending moment time history has more higher
harmonic content. The overall measured oscillatory beam bend-
ing moment does not increase a great deal over the course of
the maneuver, but the C81-calculated beam bending moment is
more than doubled in value in the period between 2 and 3
seconds. This load growth coincides with the increased flap-
ping in the same time period.

7.3.3 Comarison of Measured and Computed Main-Rotor Chord
Bending Moments

The time histories of the main-rotor chordwise bending moment
at station 132 are plotted for the right-rolling pullout
maneuver in Figure 92. The computed mean chord bending moment
does not agree with the measured mean value. This discrepancy
was also observed during the comparisons of level flight chord
bending moments (see Section 6.4). The oscillatory chordwise
bending moment computed at the beginning of the maneuver is
comparable in magnitude to the measured value, but the com-
puted chord bending moment increases in value by a factor of
more than three, reaching its peak value just after 5 seconds.
This is shortly before the maximum hub flapping occurs in the
simulation, and it is interesting to note that the chord
bending moment time history is almost pure one-per-rev in
character during the peak load period, losing all the higher
harmonic content observed near the beginning of the maneuver.
Since the growth in the chordwise bending moment begins two-
to-three rotor revolutions before the growth in the flapping
response, the former phenomenon cannot be caused by the latter.
The two events do result from the same, as yet unidentified,
causitive factor.

Figure 93 contains the time histories of the main-rotor chord-
wise bending moment at station 132 for the symmetric pullup
maneuver. (The vertical stroke across the measured time his-
tory at about 0.5 second is part of the test data.)
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The mean value of the computed time history is near zero and
the mean value of the measured time history is about 80,000
inch-pounds. The difference between measured and computed
mean chord bending moments has been observed for all the test
points simulated. At the beginning of the maneuver, the com-
puted oscillatory bending moment is larger than that measured.
It should also be noted that the measured oscillatory chord
bending moment at the beginning of the right rolling pullout
maneuver (Figure 92) is about 20 percent larger than that for
the beginning of the symmetric pullup (Figure 93), even though
the entry conditions are similar.

The measured time history for the chord bending moment dis-
plays significant higher harmonic content throughout the man-
euver, with moderate load growth between three and five seconds.
The computed time history is essentially one-per-rev in nature
for the entire maneuver, and reaches its peak load just before
3 seconds, coinciding with the maximum hub flapping response
(Figure 87).

7.3.4 Comparison of Measured and Computed Main-Rotor
Torsional Moments

The measured and computed main rotor torsional moments at
station 184.8 for the right-rolling pullout maneuver (counter
561) are compared in Figure 94 in time-history form. The mean
value of the two time histories are not the same, but remain
almost constant during the maneuver. The oscillatory computed
torsional bending moment at the beginning of the maneuver is
less than that measured, and both time histories are one- and
three-per-rev in content. The computed torsional moment ex-
periences load growth starting at about four seconds, just two
or three rotor revolutions before the beginning of the in-
creased flapping response (Figure 86). The measured torsional
moment time history shows only small changes in the values
measured during the maneuver.

The time history of the main-rotor torsional moment at station
184.8 measured during the symmetric pullup maneuver of counter
562 is compared with the time history produced by the C81
simulation in Figure 95. The measured and computed mean
values of the torsional moment are different at the beginning
of the maneuver, and the quantities remain essentially un-
changed throughout the maneuver. The oscillatory torsional
moment calculated at the end of the trim in the simulation is
less than that measured at the start of the maneuver, and the
computed values begin a substantial increase at about 1.8
seconds, just after the flapping begins to increase (Figure
87).
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7.3.5 Summary of the Main Rotor Bending Moment Comparisons

The main rotor load comparisons described in the preceding
sections are typical of the results obtained during the man-
euver simulations. The program computed peak bending moments
in excess of those measured in flight at every radial station
examined. The peak loads were calculated in the simulation
within one-to-too rotor revolutions of the time at which the
peak hub flappihg was computed. Since the peak loads computed
by C81 were larger than those measured, the program would be
conservative in the prediction of blade loads for fatigue life
or failure analyses.

7.3.6 Comparison of Measured and Computed Main Rotor Beamwise
Accelerations

The time history of the beamwise acceleration measured at
station 132.0 during the right rolling pullout maneuver of
counter 561 is plotted in Figure 96, which also contains the
station 132.0 beam acceleration time history computed by C81
in the simulation of this maneuver. The details of the time
histories are obscured by the large higher harmonic content in
both waveforms. The mean value of the computed acceleration
at the beginning of the maneuver is about twice that of the
measured acceleration, and the oscillatory acceleration in the
simulation is also about double the measured oscillatory
beamwise acceleration. Both the measured and computed oscilla-
tory beamwise accelerations increase as the maneuver progresses,
reaching their maximum values at about 5 seconds. The mean
value of both the.measured and computed time histories is
approximately 10 g higher at the end of the maneuver than at
the beginning, and the measured and oscillatory beamwise
accelerations are almost identical.

The time histories of the measured and computed beamwise
acceleration at station 155.8 are plotted for the symmetric
pullup maneuver (counter 562) in Figure 97. The measured
beamwise acceleration time history does not demonstrate as
much higher harmonic content as that observed during the
right-rolling pullout (Figure 96), but the computed beamwise
acceleration contains significant higher harmonic response.
The mean beamwise acceleration measured at the beginning of
the maneuver is slightly more than half of the computed value.
The measured mean acceleration increases for the first 3
seconds of the maneuver and decreases for the remainder of the
maneuver, almost returning to its starting value. The computed
oscillatory beamwise acceleration is larger than the measured
value at the beginning of the maneuver, increases slightly and
begins to decrease at 2 seconds. The measured oscillatory
beamwise acceleration increases until 3.5 seconds, decreases
and then increases again until 5.5 seconds.
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Figure 96. Comparison of Measured and Computed Main Rotor
Beam Acceleration (Station 132.0) Time Histories
for the Right-Rolling Pullout Maneuver of Counter
561.
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Figure 97. Comparison of Measured and Computed Main Rotor
Beam Acceleration (Station 155.8) Time Histories
for the Symmetric Pullup Maneuvers of Counter 562.
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7.3.7 Comparison of Measured and Computed Main Rotor Chord-
wise Accelerations

The measured and computed chordwise acceleration time his-
tories for blade radial station 81.5 are compared in Figure 98
for the right-rolling pullout maneuver of counter 561. At the
beginning of the maneuver, both waveforms are primarily one-
and three-per-rev in character. The measured time history has
an increase in higher harmonic content as the maneuver pro-
gresses, while the computed time history develops into a
predominantly two-per-rev signal between 2 and 6 seconds. The
measured oscillatory chordwise acceleration is about half of
the computed oscillatory throughout the maneuver. The mean
value of the measured time history at the beginning of themaneuver is about 1.5, and remains reasonably constant during
the maneuver. The mean value of the computed time history
starts at about -1.0 and decreases to a value of about -2.5 at
the end of the maneuver.

* Figure 99 contains the measured and computed time histories of
the chordwise acceleration at station 37.5 for the symmetric
pullup maneuver (counter 562). Both time histories have a
mean value that has litle variation throughout the maneuver,
with the mean value of the measured data being about -7.Og andthat of the computed time history being about -1.0g. The
computed oscillatory chord acceleration reaches a peak value

of approximately 3.Og at 2.5 seconds while the peak measured
oscillatory, also about 3.0g, occurs at 3.7 seconds.

The two time histories are similar in harmonic content near
the beginning of the maneuver, and more higher harmonic con-
tent is observed in the measured data than in the computed
data as the maneuver progresses.
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8. REVIEW OF THE OLS FLIGHT TEST PROGRAM

As an additional task in this effort, the OLS flight test
program and the resulting data base, were examined to assess
their value in providing a tool for validating rotorcraft
flight simulation programs. overall, the test program and
data base proved to be ideally suited to this need, with few
deficiencies or omissions. The test program has provided a
large, publicly available, reasonably well documented data base
in which most data items are available over a wide range of
well-defined test conditions. The few weak points in the test
program and data management are outlined below, with recommen-
dations for improvements in future such test programs.

Ir

8.1 INSTRUMENTATION

8.1.1 General

One of the primary goals of the OLS test program was to collect
data which could be used to define the main rotor aerodynamic
environment. Two major weak points in the test program dimqin-
ish the analyst's ability to perform this task: the lack of
experimental calibration of the hot wire anemometers and the
failure to detect the malfunction of an absolute pressure
transducer and replace it.

Although main rotor angle-of-attack data were extracted from
the flight test data, using the analytical calibration curves
of Figure 3, the resulting contour plots (Section 5.5 and
Appendix A) demonstrate sufficient anomolies as to suggest
deficiencies either in the test data or the calibration curves.
The availability of experimental calibration data could have
eliminated some areas of suspicion. It is recommended that a
wind-tunnel test program be conducted to acquire the calibra-
tion data for addition to the data base.

The absolute pressure transducer nearest the leading edge on
the upper surface of the airfoil at the 60-percent radial
station was apparently malfunctioning throughout the test
program. This sensor would have been measuring the absolute
pressure in the leading edge suction peak. Since the measured
data are suspect and cannot be accurately replaced by extrapo-
lation from data recorded by the other pressure taps at this
radial station, it is not possible to compute the aerodynamic
characteristics of the rotor at 60 percent radius. It is
unfortunate that this instrumentation malfunction was not
detected early in the program and the transducer replaced, as
the remainder of the pressure data at the 60-percent radius are
of little value in the absence of this particular data item.
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Other instrumentation failures during the test program were
not critical.

Theinability to record all data items simultaneously was
another deficiency in the test program, although not a serious
one, as a great deal of information is available for every
counter.

8.1.2 Amount of Instrumentation

Inclusion of the following data items could have enhanced the
data base for use in computer program validation:

- Several spanwise bending moment guages on wing and
stabilizing surfaces (used to determine aerodynamic
loads)

- Elevator incidence angle

- Longitudinal and lateral accelerometers at the aircraft
center of gravity

- Hot wire anemometers on the wing and stabilizing surfaces

- SCAS actuator positions

- Rate-of-climb

- Torsional acceleration instrumentation on the rotor

8.1.3 Types of Instrumentation

In all cases, the type of instrument installed to measure a
particular quantity was adequate to the need. The only
instrumentation that might have been improved is the boom
flight path instrumentation. The signals from the angle-of-
attack, sideslip, and airspeed sensors all show a large high-
frequency content, due to vibration of the boom. This high-
frequency content does not significantly affect the steady

. component of the signal, as it can be filtered out.

Additionally, the angle-of-attack and sideslip instrumentation,S ~being in front of the fuselage, measure the overall aerodynamic
angles of the airframe relative to the freestream. They do
not measure the effective aerodynamic angles at the fuselage
center of pressure. There apparently is no way to avoid this
problem.
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The airspeed instrumentation, conversely, could be improved by
the use of one of the sensitive, accurate, cup-anemometer type
of airspeed sensors that have recently been developed.

8.1.4 Location of Instrumentation

The location of the instrumentation on the OLS aircraft was
very good., Four changes might be considered for future test
programs of this nature to enhance their use for the validation
of simulation programs:

- Remove the airspeed sensor from the boom and use a cup-
anemometer instrument

- Locate the blade accelerometers so as to measure accel-
erations at the local blade element center of mass, as
well as on the pitch change axis.

- Include more bending moment instrumentation in the
multiple-load-path region of the hub and on the pitch
horn.

- Install hot-wire anemometers over a larger range chord-
wise to avoid the stagnation point moving outside the
range of wires.

8.2 DETERMINATION OF TEST AIRCRAFT PHYSICAL CHARACTERISTICS

The physical characteristics of the OLS test vehicle were not
documented to the level of detail required for creating the
input data for a sophisticated, general-purpose rotorcraft
flight simulation program. Although six formal reports were
generated for the test program (References 10, 19 and 31
through 34), many of the C81 inputs had to be derived from
unpublished data or reports or drawings not publicly available.
It is recommended that all future test programs include a

31 Cox, C. R., INSTRUMENTATION TEST PLAN FOR AH-lG OPERATIONAL
LOADS SURVEY, Technical Repott 299-099-666, Bell Helicopter
Textron, Fort Worth, Texas, 1973.

32Shockey, G., COMPONENT TEST PLAN FOR AH-lG OPERATIONAL
LOADS SURVEY, Technical Report 299-099-701, Bell Helicopter

11- Textron, Fort Worth, Texas, 1975.
33Shockey, G., FLIGHT TEST PLAN FOR AH-lG OPERATIONAL LOADS

SURVEY, Technical Report 299-099-746, Bell Hplicopter Tex-
tron, Fort Worth, Texas, 1975.

34Shockey, G., FLIGHT SAFETY DATA FOR AH-lG OPERATIONAL LOADS
SURVEY, Technical Report 299-099-752, Bell Helicopter Tex-
tron, Fort Worth, 1975.
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document at least as detailed as ADS-1035 including:

- a comprehensive weight breakdown for the test vehicle

- a complete description of the rotor geometric, structural
and aerodynamic properties

a complete description of the airframe geometric, struc-
tural and aerodynamic properties; the structural and
weight data could be submitted in the form of a NASTRAN
deck

- a complete description of all control linkages

Two minor deficiencies were discovered in the available docu-
mentation. The radial location of all rotor instrumentation
was given but the chordwise location of the accelerometers,
which is important information, was not given. Also, the sign
conventions for positive bending and positive accelerations
were not documented. These two oversights should be avoided
in future test programs.

8.3 TYPES OF TESTING PERFORMED

Data were recorded for a wide range of flight conditions
during the OLS test program, providing an adequate set of
experimental points for use in validating simulation programs.
The value of the data base could have been improved if hover
cases had been run for all gross-weight/center-of-gravity
configurations. Additionally, the hover tests could be
improved by hovering with respect to the air, instead of with
respect to a fixed point on the ground, as the pure hover
condition would provide valuable data for validating both the
aerodynamic and dynamic analysis.

8.4 DATA STORAGE METHODS
The digital tapes generated from the test program are a good
medium for data storage, as they provide easy access to the

j data and assure transportability. There are three small
problems with the data storage that should be avoided in
future test programs.

6 AIR VEHICLE TECHNICAL DESCRIPTION DATA, U.S. Army Aero-
nautical Design Standard, ADS-10, U.S. Army Aviation
Research and Development Command, St. Louis, Missouri.
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A small misalignment occurred in the digitization process,
i.e., the time corresponding to the beginning of a record
varied by a small amount from data item to data item within
the record. This deficiency has been documented, the offsets
recorded, and the DATAMAP12 program can compensate for the
misalignment, but it should be avoided if at all possible.

In some instances, data items were not grouped on the digital
tapes in a logical manner. The absolute pressure data for
Counter 1078 is stored on 16 separate tapes while the same
data items for Counters 610 through 615 are recorded on only
five digital tapes. Additionally, similar items were digit-
ized at different rates and stored on separate tapes. It is
recommended that the data recorded in future test programs be
assembled in groups by type (i.e., performance data, beam
bending moments, chord accelerations, etc.) and that all the
data items within a group be stored on the same tape wherever
possible.

The only currently available catalog of data items is the
listing setup sheets in Reference 10. Although these are
adequate, the data retrieval process would be improved if
a listing were generated in which the data items were grouped
by type (instead of by channel and track) so that the data
item identification numbers could be easily located.

8.5 REPORTING METHODS

The reports generated to document the test program (References
10, 19, and 31 through 34) described the flight tests
adequately. They did not provide sufficient information to
simulate the tests. This shortcoming can be overcome in the
future by avoiding the omissions discussed in previous portions
of this section through a strict attention to detail. Also,
two additional reports should be generated in future efforts
to further document the data base. The first would contain a
complete physical description of the test article, while the
second would give a comprehensive description of the instru-
mentation, including a listing of the data items recorded (by
type) and, for each data item, the tape on which it was recorded
for each counter, the digitization rate and the record length.

8.6 PILOT TECHNIQUE AND TEST METHODOLOGY

The pilot technique used throughout the test program was
excellent. The only improvements that can be suggested are:
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- record pressure altitude and outside air temperature on
the pilot card in addition to density altitude.

- begin recording data for maneuvers in level flight to
firmly establish the initial conditions.

The test methodology was also very good, with the only fault
being the major failure to detect the malfunctioning pressure
tap at 60 percent radius. Other instrumentation problems were
found during the daily instrumentation checks and resolved,
which indicates that the pressure data recorded for this
sensor appeared to be correct in strip-out form. The only way
to identify this type of instrumentation problem would be to~fully reduce all the data for a recent record on a periodic

basis and subject that data to an intensive examination. This
large a level of effort was not supported within the manpower
and funding constraints of the OLS flight test program.

8.7 SUMMARY

The OLS flight test program was well planned and well executed.
The deficiencies discussed in this section of the report do
not severely reduce the value of the data base generated by
the test program. Test programs designed to provide data for
the validation of rotorcraft flight simulation programs
require a rigorous attention to detail, a great deal of care
in execution, and a vast amount of supporting documentation.

The OLS test program set a high standard for this application.
The modifications or additions discussed in this section of
the report are recommended to improve on that standard.
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9. CONCLUSIONS AND RECOMMENDATIONS

The data retrieval and simulation effort accomplished during
this study was one of the first attempts to use the AH-lG
Operational Loads Survey flight test data for the validation
of a rotorcraft flight simulation program. More such compre-
hensive flight test programs should be conducted to acquire
high-qualit7 data for rotorcraft with other types of rotors.
Validation efforts similar to the one reported herein should
be conducted, using C81 and other general-purpose rotorcraft
simulation programs. The data acquired in the test programs
and the experience gained in the validation efforts willprovide valuable assistance in improving rotary-wing analytical
techniques as they are developed in the future. The conclu-sions and recommendations provided here are intended to extend

the AH-lG OLS data base, suggest improved methodology for
future test programs, and outline areas for future modification
to C81.

9.1 OLS TEST PROGRAM CONCLUSIONS

The AH-lG OLS test program was conducted in a very professional
manner and has provided an extensive library of high-quality
test data. The data retrieval process has been greatly facil-
itated by the development of the DATAAP computer programs,
which can be applied to experimental data acquired under any
flight test or wind-tunnel test program.

The OLS test program has been examined for its utility in pro-
viding a data base for the validation of rotorcraft flight
simulation programs. The findings of that investigation may
be found in Section 8 of this report. The few shortcomings
discovered during this contracted effort were some deficiencies
in the test documentation, minor (and normal) instrumentation
difficulties, some inadequate instrumentation, and an easily-
rectified problem with pilot technique.

9.2 RECOMMENDATIONS FOR THE OLS AND FUTURE TEST PROGRAMS

It is recommended that two additional reports be generated to
supplement the OLS test program documentation. The information
to be included in these reports is still available in project
notebooks at BHT. The extra reports are:

a. A supplement to Reference 31 containing all instru-
mentation locations (three coordinates), orienta-
tions, sign conventions and sensitivities. Where
possible, the transfer function of the instruments
should be documented. This report should also discuss
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the overall transfer function (amplitude and phase)
of the instrumentation, recording system, digitiza-
tion procedure and data reduction anclyses. Finally,
the report should include a list of each data item,
sorted by type, with the data item code, and, for
each record, the record length, digitization rate
and tape number.

b. A supplement to Reference 10 which will provide a
complete physical description of the aircraft,
including the data given in Section 3 of this report,
and a correlated NASTRAN model for the airframe.

The additional data included in these two supplemental reportsshould be included in the documentation of all future compre-

hensive test programs.

The quality of the OLS data base could be improved by perform-
ing static and dynamic wind-tunnel tests to provide calibration
data for the rotor hot-wire anemometers. Two-dimensional
wind-tunnel force-and-moment tests of the OLS airfoil could
provide useful additional information. All future flight test
programs should include two-dimensional airfoil tests, as
necessary, to establish the rotor aerodynamic characteristics.

Future flight test programs should also utilize improved air-
data instrumentation for determining airframe airspeed, angle
of attack, sideslip angle and rate of climb. It would also be
useful to have hot-wire anemometers installed on wings, eleva-
tors and fins to determine their angle of attack. (Calibration
data for such hot-wire installations should be published in
the flight test documentation.)

Test data should be recorded for an IGE and and OGE hover-
with-respect-to-the-air test point for each aircraft configu-
ration flown. Main rotor, tail rotor, and engine power
should be recorded during flat-pitch ground run-up to provide

f data to determine accessory horsepower and drivetrain effi-
ciencies. Lastly, the data recording system should be turned
on during the stabilized, steady-state flight preceding a
maneuver to clearly define the entry condition.

9.3 CONCLUSIONS WITH RESPECT TO THE C81 SIMULATIONS

*The Rotorcraft Flight Simulation Program C81 has computed
level flight performance characteristics that are generally in
good agreement with the data measured during the OLS test
program. The maneuver simulations were quite successful in
matching measured fuselage angular rates, but the rotor appears
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to have suffered severe stall in the analysis that was not
observed in the test data.

The rotor oscillatory loads computed by the program were in
reasonable agreement with the test data for level flight, aft
center-of-gravity flight conditions. The computed steady
loads were seldom close to the measured values. The computed
main rotor chordwise bending moments are more sensitive to
main rotor flapping than the measured loads. The rotor flapping
response computed in the simulation of the maneuvers is differ-
ent from that measured, and the computed rotor loads vary from
those measured. Further study is indicated in these areas to
determine the causes of the problems and improve the analysis.

9.4 RECOMMENDATIONS FOR FUTURE MODIFICATION TO C81

The future of the Rotorcraft Flight Simulation Program C81 is
not well defined due to the imminent start of work on the
Second-Generation Comprehensive Helicopter Analysis System.Program C81 can be used as a vehicle for testing certain
analytical models, numerical techniques or validation concepts
before the SGCHAS is released. To that end, several items are
recommended to improve, correct or extend the program. It is-
suggested that errors or deficiencies discovered during this
project be studied and corrected, and that improvements be
made in the program logic or numerical analysis to facilitate
use of the program.

Efforts directed towards correcting analytical deficiencies
are:

a. Examine the rotor aerodynamics in detail to determine
the source of the rotor stall during the maneuver
simulations.

b. Determine the source of the sensitivity of the chord
loads with rotor flapping. Determine the cause of
the discrepancy between measured and computed flap-
ping response during the maneuvers.

! ;C. Investigate the use of a force-integration scheme

for the calculation of rotor bending moments. This
would particularly help in the calculation of steady
bending moments.

d. Examine the DNAM06 inputs for the OLS rotor to
determine the cause of the incorrect calculation of
the cyclic torsion and "S-ing" mode frequencies,
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with particular attention to the hub model. A non-
rotating shake test of the rotor might provide valu-
able additional data for this effort. Since ex-
cellent frequency correlation is achieved when
DNAM06 is used to analyze other rotors, the analysis
incorporated in the program need not be investigated.

The remaining recommendations suggest improvements to the
analytical model.

e. Add feed-forward to the maneuver autopilot to mini-
mize lag.

f. Permit the program to trim with user-specified
angular rates or accelerations.

g. Update the partial derivatives used by the maneuver
autopilot periodically during the maneuver.

h. Allow the fuselage aerodynamics to be described by

tables or by equations.

i. Modify the RWAS tables to have advance ratio andIrotor wake-plane angle of attack as independent
variables.

The simulation effort should be repeated after these improve-
ments have been implemented. A better rotor wake analysis,
such as those of References 36 and 37, should be used in that
study, both for RIVD and RWAS tables, and the unsteady aero-
dynamics models should also be used.

36Landgrebe, A. J., and Egolf, T. A., ROTORCRAFT WAKE ANALYSIS
FOR THE PREDICTION OF INDUCED VELOCITIES, United Technologies
Research Center, USAAMRDL TR 75-45, U.S. Army Air Mobility
Research and Development Laboratory, Fort Eustis, Virginia,
January 1976, AD A021202.37Sadler, S. G., DEVELOPMENT AND APPLICATION OF A METHOD FOR
PREDICTING ROTOR FREE WAKE POSITIONS AND RESULTING ROTOR
BLADE LOADS, Volume I - Model and Results, CR-1911. National
Aeronautics and Space Administration, Washington, D.C., 1971.
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APPENDIX A. CONTOUR PLOTS OF MAIN ROTOR AERODYNAMIC
QUANTITIES DERIVED FROM MEASURED DATA FOR
FOUR LEVEL FLIGHT TEST CONDITIONS

Section 5.5 contains comparisons between contour plots of
test-derived and C81-generated main rotor normal force coef-
ficient, pitching moment coefficient, and blade-element angle
of attack for two level-flight test conditions. Contour
plots derived from test data for four other straight-and-level
flight conditions are included and discussed in this appendix
to expand the body of data available for interpretation. The
four flight conditions are:

Counter 1078 - 8289 pounds gross weight, mid center of
gravity, clean wing, 10 KTAS.

Counter 612 - 8319 pounds gross weight, aft center of
gravity, clean wing, 85 KTAS.

Counter 614 - 8319 pounds gross weight, aft center of
gravity, clean wing, 116 KTAS.

Counter 615 - 8319 pounds gross weight, aft center of
gravity, clean wing, 129 KTAS.

A.1 Main Rotor Contour Plots for Counter 1078

The cN, cM and a contour plots for the 10 KTAS flight condi-

tion are given'in Figure A-i. The pilot card states that this
is a flight condition in which the aircraft hovered, with
respect to the ground, at a heading angle of 180 degrees in a
10-KTAS south wind. The normal-force-coefficient contour
plot, Figure A-la, shows a small variation of cN across the

disc, with the regions of highest cN, 0.56, centered along a

20-degree to 200-degree azimuth line. This distribution tends
to indicate that the aircraft was actually in sideward flight
with a sideslip angle of as much as 70 degrees.

The pitching moment coefficient plot (Figure A-lb) also shows
a small variation in value across the disk, with the region of
largest negative values being centered on the 200 degree azi-
muth line, further indicating a large sideslip angle. The

' region of highest angles of attack were experienced at an
azimuth of about 225 degrees, implying a sideslip angle of
approximately 45 degrees (Figure A-ic).

All three contour plots for the 10-KTAS case are in reasonable
agreement and the data demonstrate that the test point was
flown with a good deal of sileslip.

318

f:I



r R/

-,.\..' r.=R

IFRACTNOFADU

i i - 0

1: n 0.4 CN The dashed lines are contours for values
0.40 c. equally spaced between the values for

S 0.56 CN the solid lines.

" a) Normal Force Coefficient Contour Plot.

Figure A-1. Main Rotor Contour Plots Derived From Test Data
for Flight 45B, Counter 1078 (8289 Pounds Gross
Weight, Mid CG, Clean Wing, 10 KTAS).
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Figure A-1. Continued.
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A.2 Main Rotor Contour Plots for Counter 612

Figure A-2 contains the normal force coefficient, pitching
moment coefficient, and angle-of-attack contour plots for the
85-KTAS case of counter 612. All three plots show the typical
dissymmetry in properties across the disc that is experienced
in forward flight. The cN plot (Figure A-2a) has a region of
large values between 40- and 75-percent radius between the
180- and 300-degree azimuth location, indicating some stall,
or at least large angles of attack. The "D" contour, between
210- and 240-degree azimuths delineates a region of severe
stall, with very large positive angles of attack.

The pitching moment coefficient contour plot of Figure A-2b
has a region of positive values on the inboard portion of the
blade over the entire azimuth range. This would be a region
of negative angle-of-attack stall, in direct disagreement with
the cN plot shown previously. The small "D" contour between
40- to 45-percent radius at 270-degrees azimuth describes a
region in which the pitching moment coefficient is greater
than, or equal to, 0.22. If it is assumed that the CLCD5474
table of Figure 5 is a reasonably accurate reflection of the
OLS airfoil, then the angles of attack in this region must be
more negative than -30 degrees. Such large negative values of
a are not in evidence on the angle-of-attack contour plot of
Figure A-2c. The ridge-and-valley angle-of-attack anomoly
observed in the 66- and 142-KTAS plots, Figures 37a and 40a, is
also prominent for the 88-KTAS case.

A.3 Main Rotor Contour Plots For Counter 614

The contour plots for the 116-KTAS case are presented in
Figure A-3a. They demonstrate characteristics similar to
those already seen, with a region of very high cN's inboard

on the retreating blade simultaneously with large positive
cMIs. The ridge-and-valley anomaly at about 70 percent
radius is also seen on the angle-of-attack contour plot,
Figure A-3c.

A.4 Main Rotor Contour Plots for Counter 615

The CN, cM and a contour plots for the 129-KTAS forward flight
case are given in Figure A-4, with essentially the same quali-
tative characteristics as observed for the other cases.
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Figure A-2. Main Rotor Contour Plots Derived From Test Data
for Flight 35A, Counter 612 (8319 Pounds Gross
Weight, Aft CG, Clean Wing, 85 KTAS).
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K b) Pitching Moment Coefficient Contour Plot.

Figure A-2. Continued.
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- a) Normal Force Coefficient Contour Plot.

Figure A-3. Main Rotor Contour Plots Derived From Test Data
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for Flight 35A, Counter 614 (8319 Pounds GrossWeight, Aft CG, Clean Wing, 116 KTAS).
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* b) Pitching Moment Coefficient Contour Plot.

Figure A-3. Conti.nued.
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• c) Angle-of-Attack Contour Plot.
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a)Normal Force Coefficient Contour Plot.

Figure A-4. Main Rotor Contour Plots Derived From Test Data
frFlight 35A, Counter 615 (8319 Pounds Gross

i 129 KTAS).
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b) Pitching Moment Coefficient Contour Plot.

Figure A-4. Continued.
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A.5 Summary

The anomolous characteristics demonstrated in the test data,
and the contradictions between the cM plots and the CN and a

plots require further examination. Main rotor aerodynamic
data should be reduced for other forward flight test condi-
tions to determine if the phenomenon observed in the plots
presented here were experienced in other flight conditions.
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