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1. SUMMARY

In a continuing effort to understand helicopter rotor tip aerodynamics and
acoustics, a flight test was conducted by NASA Ames Research Center. The test was
performed using the NASA White Cobra and a set of highly instrumented blades. All
aspects of the flight test instrumentation and test procedures will be explained.
Additionally, complete data sets for selected test points will be presented and
analyzed. Because of the high volume of data acquired, only select data points can
be presented here. However, access to the entire data set is available to the
researcher upon request.

2. INTRODUCTION

This report describes a flight test conducted at the NASA Ames Research Center
to study rotor tip aerodynamics and acoustics. The Tip Aerodynamics and Acoustics
Test (TAAT), conducted on an AH-1G Cobra, used the highly instrumented rotor blades
and instrumentation hardware developed for the U.S. Army Operational Loads Survey
(OLS) test. The OLS test, flown using performance flight testing techniques, mea-
sured the rotor airloads on a set of blades equipped with instrumentation arrays at
five radial stations. For the TAAT, three new radial stations were added in the tip
region of the blade. The total number of data streams in the rotating system
remained 314, of which 188 were absolute pressure transducers. Flight testing was
divided into four phases: performance, air-to-air acoustics, air-to-ground acous-
ties, and aerodynamics.

Each of the four flight-test phases of the TAAT concentrated on different areas
of investigation. The first phase, performance, was mainly concerned with duplicat-
ing the flight conditions flown during the OLS test for the purpose of determining
data repeatability. The second phase, air-to-air acoustics, obtained rotor noise
data from microphones that were stationary with respect to the helicopter. The
microphones used for this phase were mounted on the YO-3A which was flown in forma-
tion with the Cobra. This method of testing simplified the analysis required in
both prediction and correlation of the data. Air-to-ground noise data were taken
during Phase III for correlation of flyover acoustics analysis with blade loads. In
the fourth and final phase, aerodynamics, several specific thrust coefficients, tip
Mach numbers, and advance ratios were flown to study the correlation between these
parameters and pressure distributions.

The data accumulated from both OLS and TAAT reside at Ames Research Center and
are accessible through the Data from Aeromechanics Test and Analytics - Management



and Analysis Package (DATAMAP). These two data bases are currently being used by
approximately nine agencies or companies to conduct correlations of flight data with
theory. Technical areas being addressed vary from blade-vortex interaction, encoun-
tered primarily in low-speed flight, to high-speed compressibility effects. These
efforts include such two-dimensional aerodynamic codes as C81, Comprehensive Analyt-
ical Model of Rotorcraft Aerodynamics and Dynamics (CAMRAD) and TRANDES and the
three-dimensional aerodynamic code ROT22. The investigations include such special-
ized areas as full- and model-scale acoustic comparisons as well as autorotation
phenomenon. Results of some of those studies are presented in references 1-3.

A data survey 1s presented here covering a sample of each of the sensor types
included in this test. The survey includes data plots, summary tables and selected
tables of data harmonies. Data accuracy and data-base limitations are discussed. A
data analysis section is included which addresses the aerodynamic phenomena pre-
sented in the data survey section. Appendices provide reference information on the
following: TAAT flight test plan (appendix A); TAAT annotated flight cards (appen-
dix B); TAAT instrumentation set-up sheets (appendix C); acoustic test microphone
gain settings and calibration charts (appendix D); DATAMAP information file for the
TAAT data (appendix E); TAAT undigitized data list (appendix F); and OLS/TAAT full-
scale airfoil coordinates (appendix G). A separate report is being compiled which
will present a data table of up to 15 harmonics for a large representative sample of
avallable test points.

3. BACKGROUND

Since the beginning of vertical flight, engineers have attempted to analyti-
cally model the lifting rotor. The aim of this modeling has been to accurately
predict aircraft performance and vibration, such that improvements could be made in
subsequent aircraft designs. To accomplish this goal the aerodynamic loading of the
rotor was required, as it is both the forcing function behind the vibration and the
heart of the rotor's performance. The accuracy of the models developed could be
measured easily enough by comparing the model predictions with measured values.
However, when the comparisons were not good, as was the rule rather than the excep-
tion, improvements to the models were difficult. The engineer was always stymied by
the inability to measure the intermediate step in the modeling procedure, rotor
airloads. To fill this void a number of flight tests and wind tunnel tests were
conducted to attempt to measure the complex aerodynamic flow associated with heli-
copter flight. Technical areas investigated included a complex combination of
three-dimensional, transonic, unsteady, and reversed-flow aerodynamics.

A number of tests have been conducted since the late 1950s to measure helicop-
ter rotor airloads. Two of the earliest studies were conducted on an H-34 rotor
system outfitted with differential pressure transducers, strain gages, and a full
assortment of hub sensors. The first test was conducted in flight (ref. 4), while
the second was conducted in the NASA 40- by 80-Foot Full-Scale Wind Tunnel
(ref. 5). Subsequent tests were conducted on CH-47, XH-51A, NH-3A and CH-53A



aircraft (refs. 6-9). The majority of these tests used differential pressure trans-
ducers, had a limited number of sensor locations, and limited frequency response.
These tests have all helped to improve the understanding of rotor loading distribu-
tions. However, because of the use of differential pressure transducers, the data
could not address the individual mechanisms which produced the loads. Additionally,
comprehensive knowledge of the airload distributions was limited by the low-
frequency rates at which the data were presented and the limited number of sensors
available, specifically in the chordwise sense.

A test of three airfoils was conducted at NASA Langley Research Center in the
mid-1970s (refs. 10-16). This test, conducted on the NASA White Cobra, included an
assortment of strain gages and a single chordwise array of pressure transducers on
each of the three instrumented blades. Absolute pressures were measured and the
recording system had better data resolution than that of previous tests. The data
instrumentation and recording system for this series of tests was quite unorthodox
(ref. 17), in that the data were radioced from the rotating system to the fixed
system, as opposed to conditioning the data and then sending them through slip rings
mounted on the rotor shaft to the fixed system.

A second flight test, conducted by Bell Helicopter for the U.S. Army, was
undertaken at about the same time. This test, the Operational Loads Survey
(ref. 18), like the Langley tests, was also flown on an AH-1G. The OLS blades were
slightly modified standard 540 blades. The OLS blades contained 144 absolute-
pressure sensors arranged in five chordwise arrays on one blade, and a mix of strain
gages, accelerometers, hot-wire annenometers, and flow meters on the other blade.
The total number of sensors in the rotating system was 314, some of which had a
frequency response to 400 Hz. The test addressed flight regimes that included
autorotations, accelerations, hovers, high-gravity (g) turns, partial power descents
and maneuvers. Acoustic measurements were also recorded by mounting several micro-
phones externally on the aircraft and by flying over a ground microphone array.
This test has produced a large number of technical reports, covering both aero-
mechanics and acousties, some of which are given in references 19-24. A fuselage
shake test was also conducted as a part of the OLS test (ref. 25).

Several instrumented rotors have been tested by the Royal Aircraft Establish-
ment in the United Kingdom (ref. 26). These tests have been conducted on Sea King,
Lynx, and Puma aircraft and have generally included several chordwise instrumenta-
tion arrays concentrated in the tip regions of the blades. Often, these tests have
used standard blades with a glove attached over a short span segment with the
instrumentation embedded in the glove. Several airfoil and tip shape studies have
been conducted in this manner.

The French have also begun conducting rotorcraft airloads tests. One such test
was conducted on a Gazelle equipped with an advanced geometry three-bladed rotor.
Due to data acquisition limitations, each test point requires up to 24 consecutive
rotor rotations to acquire one complete data-acquisition cycle. This test and
sample data tables are presented in reference 27.




The Tip Aerodynamics and Acoustics Test is a follow-on to the OLS test. Three
chordwise arrays of absolute pressure transducers were added in the tip region of
the OLS pressure blade, increasing the total number of pressure transducers to
188. The flight test plan for the TAAT, presented in appendix A, had an expanded
test matrix. Several scale model wind tunnel tests have been conducted of the OLS
blades in the ONERA and DNW wind tunnels (refs. 28 and 29). A two-dimensional wind
tunnel test of the OLS airfoil was also conducted by NASA Langley Research Center

(ref. 30).

Plans are currently under way to construct and test two highly instrumented,
four-bladed rotor systems. These tests, to be conducted on the Boeing Vertol
model 360 and a Sikorsky UH-60A, will have an increased number of pressure trans-
ducers, and more chordwise and radial arrays as well as higher aggregate frequency
responses (ref. 31). The results of these tests have already improved, and will
continue to improve, our understanding of rotorcraft aerodynamics, dynamics, and
acoustics.

4. TEST EQUIPMENT

The TAAT involved the following four sets of test systems: the NASA AH-1G
White Cobra, the YO-3A Acoustics Research Aircraft, the Ames Moffett Ground Station
system, and the NASA Crows Landing facility. With the exception of the ground
station, each system was self-contained, with only broadcast time code available as
the common link. Primary flight data were recorded aboard the AH-1G and YO-3A, with
flyover acoustics and radar tracking data being recorded at Crows Landing. The
ground station was used to monitor safety-of-flight data streams in the first test
phase and for postflight data which were stripped out for all test phases.

4.1 AH-1G Cobra

The AH-1G Cobra used during the TAAT (fig. 1) was the first production Cobra
built, serial number 20004. Included in its past were hard landing tests for the
Cobra series and research flights at Langley Research Center (refs. 10-16, 18). The
physical characteristics of the AH-1G are presented in table I. The TAAT test
equipment included on the Cobra can be divided into the following categories:
fuselage, rotor system, and data recording.

4.1.1 Fuselage- The airframe was instrumented to monitor fuselage attitudes
and rates, control stick positions, vertical accelerations at both the aircraft
center of gravity and the pilot's seat, engine speed and torque, main rotor shaft
torque and perpendicular and parallel bending, and both main and tail rotor rpms.
The aircraft was also equipped with an instrumentation boom to monitor static and
dynamic pressure, outside air temperature, and angles of attack and sideslip. The
item codes for the aircraft state sensors are presented in table II. The static
pressure and outside air temperature (OAT) sensors proved to be erratic throughout




the test. However, altitude and OAT readings were manually recorded during the
test, so although the sensor losses were inconvenient it was not a major impediment.

During the TAAT, the flight test engineer kept extensive notes on each flight
condition. The resultant flight cards, presented in appendix B, contain altitude,
OAT, airspeed, main rotor speed, fuel readings, and elapsed time data, as well as
comments on test point quality. During most of Phase IV, gage readings of engine
torque, engine speed, and exhaust temperature were recorded in addition to those
items just mentioned.

Of some interest is that the side-slip and angle-of-attack vanes on the instru-
mentation boom may have reduced data accuracy on the early flights. This reduction
of accuracy is due to the balsa wood angle vanes being shredded on the early
flights. However, when reinforced with a fiberglass skin, the vanes remained
intact.

4.1.2 Rotor system- The instrumented blades used for this test were the origi-
nal OLS blades (ref. 18). The blades had been modified from the production stan-
dards by the addition of a 0.1-in.-thick honeycomb glove. The glove was glued onto
the blade so that the blade could be instrumented, yet retain its aerodynamic
shape. The standard thickness to chord ratio was maintained by extending the trail-
ing edge 1.36 in. Adjustments to the weight in the leading edge and tip were
required in order for the blade dynamics of the instrumented blade to closely match
the production blades. Appendix G presents the airfoil coordinates of the OLS
blade. Five chordwise sensor arrays had been buried in the glove of each blade for
the OLS test. The white blade contained 144 pressure transducers (fig. 2), and the
red blade held an assortment of strain gages, leading-edge hot-wire anemometer
arrays, accelerometers, and flow-field magnitude and direction sensors (fig. 3).

For the TAAT, three additional radial stations of pressure transducers were
added to the white blade in the tip region (fig. 4). The pressure transducer layout
on the white blade for the TAAT is shown in figure 5. The original OLS pressure
instrumentation was housed in chordwise channels with an aluminum cover strip
(fig. 6). The additional pressure sensor locations for the TAAT were obtained by
routing out the nomex honeycomb glove at the desired sensor locations (fig. 7).
Table III shows the item codes for the TAAT pressure transducer locations by chord-
wise array. Also note that at the 91% radius, 92% chord station, the trailing-edge
sensor was not installed because of the trailing-edge tab and the wire routing for
the outboard sensor arrays.

As part of the preparations for TAAT all pressure transducers from the OLS test
were first cataloged by serial number, then removed from the blades, recalibrated,
and reinstalled in their original locations. Transducers that did not meet specifi-
cations were replaced. The new sensor location transducers were cataloged, cali-
brated, and installed.

The amount of instrumentation on the red blade was reduced from the OLS test to
compensate for the added pressure transducers on the white blade. The instru-
mentation locations on the red blade for the TAAT are shown in figure 8. The



corresponding sensor locations and associated item codes for the blade accelerome-
ters, strain gages, boundary-layer buttons (BLBs), and hot-wire gages are presented
in tables IV-VII, respectively.

The strain gages and miniature accelerometers were installed on the red blade
to measure blade loading and motion (fig. 9). The accelerometers, temperature
compensated piezoresistive types, were epoxied directly to the blade surface and
were then potted over with plastic filler to maintain the airfoil contour. The
accelerometers were aligned so as to measure blade beamwise or chordwise accelera-
tion. The strain gage and associated wiring were attached to the blade before the
installation of the blade glove. The strain gages, which included redundant spares,
measured blade beamwise and chordwise bending and blade torsion.

The hot-wire anemometer arrays were designed to measure the local blade-
stagnation points. Angle of attack was then to have been deduced from the location
of the stagnation point using hot wires on a two-dimensional airfoil wind tunnel
model. However, because of size restrictions, the two-dimensional data obtained by
Langley Research Center in the 6- by 28-in. tunnel did not include hot wires.

The hot-wire sensors consist of an array of from 10 to 19 temperature sensing
elements. The array consisted of a flexible 0.004-in.-thick printed circuit, bonded
to the blade's leading edge with 0.0020-in.-wide conductors aligned parallel with
the chord and 0.110 in. apart. Hot-wire filaments of 0.0012-in. diam were socldered
across the gaps on the printed circuit at staggered stations around the leading
edge. Figure 10 shows the wiring arrangement and the array installation of the hot
wires on the blade.

The flow-field sensors are referred to as BLBs, although they extend slightly
above the boundary layer. The BLBs measure both magnitude and direction of the
local airflow. Each BLB consists of two pipettes, which measure total pressure, and
a static port. Each pipette delivers flow from the slip stream to a separate dif-
ferential pressure transducer. The static port was connected to the backside of
each differential pressure transducer, and is the reference pressure. The resultant
measurement is the airflow's dynamic pressure. The pipettes are geometrically
arranged at 90° to each other, and 45° to the blade chord. An exploded view of a
BLB is shown in figure 11. An algorithm that computes flow velocities and direc-
tions from these data is included in the data analysis program.

The sensors on the red blade were all recalibrated prior to the test. The
strain gages on the red blade were recalibrated and the primary gages of the redun-
dant sets were identified. The BLBs were given functional and leak checks, the
pitot probes were calibrated in a wind tunnel, and the final assemblage was given a
five-point calibration. Accelerometers were given a simple 2-g variation check
which consisted of hanging the blade, taking a reading, inverting the blade, and
taking a second reading. This was the limit of the calibration, as the accelerome-
ters were glued in place, and hence could not be removed for individual testing.
Hub instrumentation included blade feathering and flapping, yoke loads, and pitch-
link loads.
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Appendix C is a collection of the instrumentation set-up sheets used during the
TAAT, as well as the sign convention for the sensors. The set-up sheets provide the
general pretest calibration values of each sensor, with the detailed sensor calibra-
tion results being presented in reference 32. New set-up sheets were issued after
any alteration of the instrumentation occurred. Alterations could include recali-
bration or replacement of a gage. However, the hot-wire anemometers were repaired
frequently without new set-up sheets being jissued.

The sensors were all wired to multiple prong plugs located at the blade root
ends (fig. 12). This configuration facilitated blade removal. The blades were
removed on two separate occasions: once when the main rotor transmission was
replaced, and a second time when the feathering bearings were replaced.

At the completion of the TAAT the blades were determined to be no longer
flightworthy. The loss of airworthiness was due to the following: (1) the blades
had been manufactured 8 yr earlier, (2) the blades were not visually inspectable
because of the installed glove, (3) the blades had accumulated 28 flight hr during
the OLS test and 35 hr during the TAAT, and (4) the blades had spent 4 yr not in an
atmospheric controlled storage. As a result the instrumentation was removed for use
on other programs and the blades were scrapped.

4,1.3 Data recording system- The 314 data streams from the rotating system
were picked up at the hub and fed to the multiplex (mux) bucket (fig. 13). The mux
bucket, originally designed and used on the OLS test (ref. 32), was mounted atop the
teetering hub. The 314 analog data streams were multiplexed onto twenty 16-band
data channels using frequency modulation (FM). Data were brought down out of the
rotating system, via slip rings, to the recording instrument package. The mux
bucket is 21 in. in diameter, 9 in. tall, and weighs 55 lb. The bucket was bolted
directly to the main rotor hub and teetered with it. The slip-ring assemblage was
attached to the shaft and passed through a 6-in. by 12-in. channel in the center of
the bucket. Data were fed into the mux bucket via 20 radio-frequency filtered plugs
located on the bottom plate. Two of this type plug, located at the top of the
bucket, passed the data to the slip-ring assembly. The bucket contained twenty
16-band FM multiplexers, two transducer bridge voltage regulators, five hot-wire
excitation and monitor assemblies, interfacing circuits and signal filters. Each of
the FM multiplexer units consisted of a 16-signal-conditioning amplifier and oscil-
lator, a mixer amplifier and a connector plug. This hardware was also equipped with
externally accessible adjustment pots which controlled bridge balance, amplifier
balance, and excitation voltages for the hot-wire anemometers and the two bridge
voltage regulators.

The recording instrumentation package (fig. 14), located in the Cobra ammuni-
tion bay, consisted of a 28-track FM recorder, time-code generator, power supplies,
attitude and rate gyros and discriminators for the fixed-system sensors. For the
acoustic tests, a time-code receiver was installed for time alignment between
remotely recorded and aircraft recorded data. The recording package was mounted on
a sliding rack for ease of access during preflight calibration and maintenance. The
recorder used 1-in.-wide magnetic tape on 14-in.-diam reels, and was recorded at
15 ips. The time-code generator provided a combined time and run number data stream



to the recorder and pilot comments were also recorded on this data channel. Two
power supplies were included, each supplying power to half of the sensors in the
rotating systems. The sensors recorded on tracks 1-10 were powered by one power
supply and tracks 11-20 by the second. Prior to being recorded, the gyro,
instrumentation-boom, and control-position data were processed by the stationary
multiplex unit.

4.2 YO-3A Acoustic Research Aircraft

During the TAAT, the YO-3A Acoustic Research Aircraft (fig. 15) was flown in
formation with the AH-1G to record the air-to-air acoustic data. The Acoustic
Research Aircraft is a specially instrumented version of the low-speed observation
airecraft manufactured for the military by the Lockheed Aircraft Corporation. The
Acoustie Research Aircraft is used as a flying microphone platform for the study of
rotorcraft noise. The Y0-3A is equipped with a special instrumentation package
which includes the following: three one-half inch microphones, one on each wing tip
and one atop the vertical tail; gain adjustable microphone power supplies; an instru-
mentation boom; a radio link with the test helicopter that carries the main rotor
contactor signal; an IRIG-B time-code receiver; and a 14-track FM tape recorder.

The YO-3A is powered by a highly modified Continental 210 horsepower engine and
a three-bladed wide-chord wooden propellor. The engine is equipped with a very
effective muffler which combines with the low tip-speed propellor to produce a very
quiet aircraft. The physical characteristics of the YO-3A are presented in
table VIII. A more thorough discussion of the Acoustic Research Aircraft is pre-
sented in references 33 and 34.

4.3 Ground-Based Acoustic Test Range

The ground-based acoustic test range, located at NASA's Crows Landing Facility
in the San Joaquin Valley, was used for the flyover acoustic testing phase of the
TAAT. The test range consists of three instrumentation packages: acoustics, mete-
orological, and tracking (fig. 16). The acoustics package contains tower and tripod
mounted microphones, amplifier line drivers, and a tape recorder. The tracking
package includes radar and laser trackers and a computerized data handling system.
The meteorological package consists of aerial and ground-based temperature, humid-
ity, and wind-velocity measurements. The ground-based acoustics package is itemized
in table IX.

The microphone layout, corresponding to the FAA standard, had a microphone on
the centerline of the flightpath with additional microphones 150 m on either side of
the centerline, as shown in figure 16. These microphones, shown in figure 17, were
mounted on tripods, 4 ft above ground level. Two additional microphones, located
along the centerline and right stations, were mounted atop 40-ft towers, shown in
figure 18. All microphones were adjusted such that their diaphragms were coplaner
with the expected nominal flightpath. The flightpath centerline was set up along
the right shoulder of the runway. This configuration kept all test hardware, except



the cable to the left microphone, off the runway, thus leaving the runway available
for emergency use.

The tracking package consisted of two radar trackers and one laser tracker,
shown in figure 19. The radar trackers are improved models of the Nike Hercules
X-Band monopulse radars. Their range was from 250 to 20,000 yards, with an average
accuracy of 7 ft at 1 sigma out to 15,000 ft and 7 ft plus 1% past 15,000 ft. The
accuracy of the radar azimuth measurement was 0.3 milliradians at 1 sigma. Video
cameras augmented the tracking system, providing visual verification of proper
tracking. The radar trackers were designed for use with a radar beacon mounted on
the target, although they work acceptably with skin tracking. The laser, mounted on
the south radar tracker, is a 1 MW pulsed Ni-Yag which emitted a pulsed beam that
reflected off a corner reflector mounted on the Cobra. The laser tracker typically
began tracking only after a positive radar lock-on had been achieved. The laser
tracker had an average accuracy of 1 ft at 1 sigma out to 30,000 ft and 2 ft at
2 sigma beyond that distance.

The meteorological data were obtained from two sources. The first source,
mounted on a platform 24 ft above ground level, measured windspeed, direction, and
air temperature. The platform was located between the two radar trackers. Humidity
readings were taken manually at ground level. The automated meteorological data
were processed, along with the tracking data, on a pair of PDP 11-45 computers and
stored on digital tape. The second atmospheric measurement source involved manually
recording humidity and temperature readings taken at various altitudes over the
ground array. These readings were obtained by flying hand-held instruments in a
fixed-wing aircraft at selected intervals throughout the test.

4.4 Ground Station

The ground station at the Ames Research Center was used during the TAAT for
monitoring airecraft telemetry and for postflight data-integrity checks. A complete
set of FM discriminators was housed in the ground station (fig. 20). They were used
both for the telemetry monitoring and postflight strip-outs. A calibration rack was
used for all preflight calibration checks on the aircraft instrumentation (fig. 21).

5. TEST DESCRIPTION

The TAAT was conducted to obtain an extensive detailsd data base of rotor loads
and acoustics. To accomplish this goal, the test was divided into four phases with
several support tests also conducted. Phase I involved gathering data using air-
craft performance testing techniques which would allow comparison and correlation
with the OLS data. Phase II obtained acoustic data of the Cobra by flying formation
with the YO-3A for identification of acoustic sources on the rotor blades.

Phase III consisted of low-altitude flybys of the Cobra over the acoustic ground
array which allowed comparison of acoustic detection and the responsible aerodynamic



source. Phase IV gathered aerodynamic data while varying key nondimensional parame-
ters. The pilot cards, presented in appendix B, list the individual flight condi-
tions with run numbers for these four phases. Because of instrumentation problems,
not all of the conditions flown produced complete data sets. However, all flights
flown are included in the pilot cards, with data restrictions so noted.

Three separate support tests were conducted after the completion of the flight
test. The pressure-instrumented blade was tested for transducer integrity during
the Supplemental Calibration Test (ref. 34). A two-dimensional wind tunnel model of
the OLS/TAAT blade airfoil section was tested at the Langley Research Center, the
results of which are presented in reference 30. Two separate airspeed calibration
tests were conducted, one prior to testing, the other upon completion of testing.

5.1 Phase I: Performance

Phase I of the TAAT gathered aircraft performance data. The test matrix
(table X) was obtained by selecting test conditions from the OLS test matrix. The
aim of the performance phase was to gather test data with the upgraded OLS equipment
that would closely match the original OLS data. This replication of flight condi-
tions would help verify the authenticity of the aerodynamic phenomena displayed in
the OLS data and would also provide tip airload measurements for such flight condi-
tions as hovers, accelerations, high-g turns, and autorotations. The test points
for Phase I were conducted at two nominal gross weights, 8500 1b and 9500 1b, and
three center of gravity (CG) configurations: forward, mid, and aft.

Safety of flight sensors were monitored at the ground station during Phase I.
Once the test envelope was bounded and the established safety limits not exceeded,
the in-flight monitoring of the safety of flight sensors was dispensed with. In an
attempt to repeat the OLS results as closely as possible, the rotor speeds and test
altitudes were varied with each test point. The rotor speeds were adjusted to
maintain a similar advance ratio and the altitudes were varied to maintain the same
density ratio as that of the OLS test. A program, run on a hand-held calculator,
was used to calculate the appropriate rotor speed and altitude, considering the
atmospheric conditions at the time of the test.

The test matrix for Phase I was not as complete as had been hoped as the moni-
tored hub loads were found to be excessive during 2-g turns and quick stops. These
two maneuvers were, therefore, not performed for other than the aft CG, 8600-1b air-
craft configuration.

5.2 Phase II: Air-to-Air Acoustic

Phase Il of the TAAT gathered acoustic data obtained with the YO-3A Acoustic
Research Aircraft while flying formation with the Cobra (fig. 22). The goal of
Phase II was to obtain simultaneous in-flight acoustic and blade pressure data of a
rotor system. The test point matrix (table XI) consists of speed sweeps and partial
power descents. The flight test techniques used here were patterned after those
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pioneered by Schmitz and Boxwell (refs. 36 and 37) and detailed in references 33
and 34. Analysis of data obtained in this phase will lead to a better understanding
of the relationship between rotor acoustics and airloads.

For the first time, full-scale in-flight airloads and measured far field acous-
tic results, without the complications of doppler, atmospheric, and reflective
effects, are available for correlation with predictive codes. A programmable hand
calculator was again used, much as in Phase I, to set up test conditions to maintain
a constant rotor thrust coefficient and obtain specific advancing tip Mach numbers
and rotor advance ratios. The test matrix flown was partitioned by four different
aircraft formations. In the first position, the helicopter flew in trail formation
(fig. 23) with the rotor disk in the same plane as the tail microphone on the
YO-3A. In the second and third positions, the helicopter flew above the plane of
the YO-3A while behind the left and right wing tips, respectively (figs. 24(a)
and 24(b)). The fourth formation began in the first formation position, and ended
with the helicopter having flown an arc to a position directly above the Y0-3A
(fig. 25). The first formation measured predominantly the high-speed thickness
noise emanating off of the advancing blade. The second and third positions measured
the blade-vortex interaction noise, found predominantly at lower speeds during
descent. The last formation was primarily used to measure the acoustic directiv-
ity. A small set of data was taken at higher altitudes which resulted in a higher
nondimensional thrust coefficient, to measure the effects of rotor loading on
acoustics.

5.3 Phase III: Flyover Acoustics

Phase III of the TAAT gathered acoustic data from ground-based microphones
during aircraft flyovers. The test matrix (table XII) consisted of level speed
sweeps, approaches, climbouts, and hovers. The goal of Phase III was to simulta-
neously obtain flyover acoustics data and rotor loads data. By measuring the per-
ceived noise signals at ground level and comparing them with the rotor loads that
produced the noise, an improved understanding of helicopter detectability can be
gained. In an attempt to correlate the flyover acoustic data with the in-flight
acoustic data of Phase II, several test points were flown over the ground microphone
array with the Cobra in formation with the YO-3A.

The level, constant speed flybys were conducted down the right shoulder of the
runway, over the center of the microphone array with the altitude being adjusted
with the aid of the tracking network. Approach descents were begun upon crossing
the runway threshold, with sufficient altitude such that the aircraft would pass
over the center microphone array at the prescribed altitude. Radar altitude read-
ings, checked at microphone crossover, were typically within #25 ft of the target
altitude. Climbout runs were begun from both standing and running starts. The
standing starts began 1600 ft from the microphone array at a 3-ft skid height while
the running starts began 2600 ft from the microphone array at a 65-ft skid height,
with the climbout maneuver initiated at 1600 ft from the microphone array, at a
velocity of Vy' The hover conditions tested were taken at a nominal skid height of
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3 ft and at four azimuthal headings. The test began with the aircraft pointed at
the center microphone arrays referred to as the 0° azimuth condition. The aircraft
was then turned in 90° increments clockwise, to obtain the remaining three test

points.

5.4 Phase IV: Aerodynamic Survey

The goal of Phase IV was to obtain a comprehensive data base geared toward a
thorough aerodynamic effects analysis. The test matrix (table XIII) consists of
level flight test points flown so as to achieve desired nondimensional aerodynamic
coefficients, Each test point was established with the use of a programmable hand-
held calculator, much as in Phases I and II. The desired nondimensional parameters
and aircraft state information (OAT and fuel reading) were used to calculate the
required airspeed, altitude, and rotor speed for each test point. The calculation
of rotor thrust coefficient was based on the assumption that rotor thrust equaled
aircraft gross weight. Phase IV was conducted at three thrust coefficients, the
lower in the clean configuration, and the higher with two rocket launcher pods
mounted on the aircraft. The test matrix values of u, Mach number, and Ct were
set by the following rotor speed limits: 294 and 324 rpm at speeds below 70 knots
and 314 and 324 rpm at flight speeds above 70 knots. The temperature gradients
encountered during Phase IV occasionally dictated the test points that could be
achieved. As a result, the final test matrix is somewhat altered from the original

planned matrix.

5.5 Support Tests

Three separate tests were conducted in support of the TAAT: the Supplementary
Calibration Test, two airspeed tests, and a two-dimensional wind tunnel test of the
modified airfoil section. The Supplementary Calibration Test (ref. 35) was con-
ducted after the completion of the TAAT to ascertain the condition of the pressure
transducers. The test consisted of placing the pressure instrumented blade in a
pressure chamber (fig. 26) and measuring each transducer's output voltage as the
chamber pressure was lowered. The data provided information on each transducer's
calibration slope. From the results, discussed in section 7 under slope change,
several transducers were determined to have either failed, or to have altered cali-
bration slopes at some time during the test. Procedures for potential correction of
some of these transducer problems are also discussed in section 7 of this report.

Two airspeed calibrations were conducted to obtain airspeed correction
curves. The first calibration test, conducted before the TAAT, consisted of flying
a pace aircraft equipped with a calibrated speed bomb. The second test was con-
ducted after the TAAT was completed, and involved making low altitude passes over
the runway at Crows Landing Naval Air Facility while both radar and laser trackers
calculated the relative ground speeds. Wind corrections were then added to the
relative ground speeds to determine the true airspeeds. Results from these calibra-
tions have been included in DATAMAP for use in data analysis.
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A two-dimensional wind tunnel model of the OLS blade was tested in the NASA
Langley Research Center 6- by 8-in. wind tunnel. The test, performed at Mach num-
bers of 0.34 to 0.88 and angles of attack of +12 to -4°, measured chordwise pressure
distributions as well as Cy, C4, and C, coefficients. The results, presented in
reference 30, have been incorporated into the airfoil tables of the C-81 OLS Cobra
model. The two-dimensional data have also been compared with flight test data, and
the predictions of TRANDES (a two-dimensional transonic aerodynamic predictive
code). A semi-empirical three-dimensional correction method has been developed, and
is presented in reference 3.

6. DATA DESCRIPTION AND PROCESSING

The data obtained during the TAAT were recorded on four different systems using
three distinet formats, requiring three separate processing procedures, TUltimately,
all three are to be converted for use with DATAMAP, so as to facilitate future data
analysis. The acoustic tapes from both the YO-3A and ground microphone array at
Crows Landing used the same analog tape formats, while the Cobra analog tape used an
FM multiplexed analog format. The Crows Landing tracking tapes were recorded digi-
tally. The Cobra analog tapes were digitized into the Bell Ground Data Center (GDC)
standard digitized format (ref. 41) by Bell Helicopter Textron. Selected test
points from the acoustic phases have been digitized by Langley Research Center with
further test points to be processed by Ames Research Center.

6.1 Acoustic Tapes

The acoustic data were recorded at 30 ips on 1-in.-wide analog tape mounted on
10-in.-diam reels, with 14 wideband II FM format channels. The channel assignments
for the YO-3A and ground array are presented in tables XIV and XV, respectively.
Voice comments and IRIG-B time code were used to identify the test conditions during
playback for analysis. Both tapes were started and stopped for each test condi-
tion. Listings of the microphone gain settings for both Phases II and III are
provided in appendix D.

6.2 Cobra Analog Tapes

The Cobra analog data tapes contained 28 channels, each channel consisting of
16 multiplexed bands. The data were recorded at 15 ips on 1-in.-wide, 14-in.-diam
reels. The band frequency information is presented in table XVI. Because this
hardware was from the OLS test, conducted by Bell Helicopter under an Army contract,
the discriminator center frequencies were all Bell standard. Unfortunately, several
of those frequencies were not common with other systems, thus hampering the current
ability to retrieve the data from the flight tapes. Each multiplex signal also
contained two additional carriers, a 68-kHz crystal-derived-frequency provided a
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basis for electronic flutter correction and a 560-Hz voltage controlled oscillator
provided a level code.

Unlike the acoustic tapes, the Cobra analog tapes were generally run continu-
ously during the flight with a VCO level code used as a prime data indicator.
Generally, the test procedure was for the flight test engineer to begin the prime
data record once the proper test condition had been set up by the pilot, and to end
the prime data record at the termination of the test point. At the end of each
prime data record a two-point, three-cycle, automatic calibration sequence was
initiated. This sequence served two functions, one to update the test point counter
and the second to provide calibration levels for use during digitization. The test
point counter number was encoded in the aircraft time code signal and displayed to
the flight test engineer., This enabled the flight test engineer to refer to the
maneuver by number during voice comments, and allowed accurate recording of the
maneuver number on the flight cards.

6.3 Tracking Tapes

The data from the laser/radar tracker were stored on one-half inch, nine track,
1600 BPI, 125 IPS magnetic tapes. The data format consisted of a 47-word frame:
3 words for time, 16 words for data, 10 words for laser tracking, 16 words for radar
tracking, and 2 words for system status. Hard copy results can be obtained as
trajectory plots or tabulations with sample rate being user selectable.

6.4 Ground Station Monitoring

The Ames Research Center ground station served the dual purpose of allowing
in-flight monitoring of telemetered signals and postflight data quality checks. The
ground station housed a complete set of discriminators, an L-band transceiver, and
strip charts.

The in-flight monitoring of the safety of flight parameters involved transmit-
ting one of the 20 groups of multiplexed signals obtained from the rotating system
to the ground station via an L-band transmitter. The transmitted signal was demul-
tiplexed and the 16 recovered channels were then recorded on two strip charts and
were monitored by flight test personnel.

Due to the specialized equipment required, most of the data from the TAAT were
not reduced until after completion of testing. In an attempt to ensure that sensors
were properly scaled, properly working and free of noise, "quick look" spot checks
of the data were performed after each flight by individually stripping out each of
the multiplexed tracks from the 28-track flight tape. A test point near the end of
each flight was selected so as to catch any sensors that failed during that day's
test. The same equipment was used for this operation as was used for the in-flight
safety of flight monitoring. This monitoring enabled some sensor failures to be
caught and corrected. However, due to the limited number of channels surveyed, and
the limited frequency response of the strip charts, a number of errors evaded
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detection. The section on data anomalies in this report discusses these errors in
detail.

6.5 Cobra Digital Tapes

The data taken on board the AH-1G aircraft during the TAAT were recorded onto
23 analog flight tapes. When digitized, these data were stored on 350 digital tapes
(at 1600 bpi). This collection of data is accessible through the DATAMAP program.
The process of getting access to the data requires that the researcher identify a
specific data set of interest. This data set is then read from the storage tapes
onto a computer disk file. It is this disk file that DATAMAP accesses interac-
tively. While this technique has the advantage of requiring only a relatively
moderate file space for data storage, it has the drawback that only a small portion
of the data base is accessible at any one time.

During testing, the duration of each test point depended on the test phase.
Phase I and IV test points were typically 20 sec long for all but the maximum accel-
eration and high-g turn points. Test points from Phase II were typically 30 sec
long, while those from Phase III varied depending on the test condition. Pilot
comments were used to select the best 5 sec of steady state data to be digitized
from Phases I and IV, while maneuver test points were digitized in their entirety.
Phase II and III data were digitized for 15 sec with pilot comments used to select
the appropriate starting times. The sensor signals that were not digitized are
listed, by flight number, in appendix F. Since the frequency response of each
sensor is dependent on its track and channel assignment on the analog tape, the
frequency responses for the white and red blades are presented in tables XVII
and XVIII, respectively.

6.6 DATAMAP/Search

The principal data management and analysis tool used with the TAAT data, as
well as the original OLS data, is DATAMAP (refs. 38-40). The DATAMAP provides easy
access to large data groups (e.g., the pressure transducer arrays) with single
command sequences contained in the information files. Appendix E presents the
information file for the TAAT data. This single-command-sequence feature eliminates
the need for the engineer to know and input each sensor identification label and
location separately when handling the data. The DATAMAP also incorporates a large
number of analysis tools and coefficient derivations which can be applied to the raw
data, as shown in table XIX. With the exception of figures 31, 32, and 116-123, all
data plots presented in this report have been produced by the DATAMAP program.

A second program, Search, has been developed to assist the engineer in locating
test points of interest out of the 338 total taken during the TAAT. Search will
collate and tabulate the test points by selected ranges of true airspeed, gross
weight, CG location, advance ratio, rotor thrust coefficient, or tip Mach number.
The Search program is used when attempting to locate specific test conditions of
interest. Once the desired test conditions are located, the corresponding time
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history data are first pulled from the digital storage tapes, then stored on the
master file where it is accessible by DATAMAP.

7. DATA SURVEY

This section presents samples of every major instrumentation category and a
thorough discussion of data qualities from the TAAT. The pressure data presented in
this report have been cycle averaged over two complete rotor revolutions. The
consecutive cycles used were those whose control inputs and aircraft states were the
closest to steady state of the time histories available. The sensor signals from
the red blade (nonpressure instrument blade) have only been cycle averaged over a
single complete revolution. The use of only one revolution allows that the data
from the two blades, red and white, would more closely correspond to the same
instants in time. The authors admit to a bias towards the pressure data, being
aerodynamicists; a dynamicist would likely have made the opposite choice given the
chance. The logic behind cycle averaging the data is to eliminate the transients
contained in any one cycle. If too many cycles are averaged, however, phenomena can
be blurred, such that the resultant data are not representative.

Plots of pressure, strain gage, BLB, accelerometer, and hot-wire data are
presented. A table of aircraft parameters, including blade flapping and feathering
is presented for each test condition. Harmoniecs of pressure sensor and strain gage
data are presented for the high speed flight case only. Data that are presented in
this section consist of a speed sweep and an in-ground effect hover case from
Phase I. Each of the data sets will be discussed. A thorough analysis of the
aerodynamic phenomena identified in this section will be discussed in section 8.

7.1 Data Anomalies

The data from the TAAT have been found to contain anomalies that take several
guises; however, most of them are readily identifiable and correctable. Individual
sensors can exhibit any of the following errors: band edge, constant value
responses, spikes, and value shifts. This section discusses how each of these
anomalies is addressed. In addition, discussions are provided on methods for
obtaining values for reference static pressure and ensuring that the data are cor-
rectly aligned azimuthally.

7.1.1 Band edge- During each preflight, the gains of each data stream were
adjusted so as to compensate for any drift and ensure the use of the full frequency
band. Occasionally, however, errors were made and gains were incorrectly set or
sensor channels were skipped. When the signal exceeded the upper or lower limit on
these channels a flattened area in the curve would result (fig. 27). That portion
of the signal exceeding the band edges is not recoverable. Because of the variance
of the amplitude of the signal between flight conditions, each sensor must be
checked at each test point and for each flight being investigated. Depending on the
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cause of the contamination a sensor may well be band-edged at only a single, several
contiguous, or several intermittent test points and/or flights. The DATAMAP allows

the output of any sensors to be masked during analysis, so that the results are not

contaminated by the erroneous signal.

7.1.2 Constant value response- Sensors that have only a constant DC value are
easily recognized, and their signals are not recoverable. This situation is caused
by one of two reasons: either the sensor failed, or the gain adjustment was such
that the sensor's output was continually band edged. In either event, the sensor
may have been subsequently replaced or readjusted, such that on later flights the
sensor was functional again. Due to the nature of this problem it need be checked
at only the first and last test point of a flight. Regardless of the reason for its
condition, such a sensor will not regain its function during the flight. Preflight
checks would reveal failed sensors going into the flight, and postflight checks
would reveal the sensors which failed during that flight.

7.1.3 Spikes- The data contain intermittent spikes which are easily identified
as being from one of three groups. The first group appears as a pulsed increase in
value that occurs only on those sensors powered by the power supply that serviced
the pressure transducers on the blade's top surface. These spikes occur at the same
instant in time on all affected sensors resulting in a ripple effect in the data
from the leading to the trailing edge of the blade. An example is shown in fig-
ure 27 at 0.154 sec. When a time history of several revolutions for one test point
is plotted, the spikes will occur at the same azimuth location for each revolu-
tion. When data from two different test points are compared, however, the spikes
will not necessarily align across test points. Indeed, one test point may have
multiple spikes while another, such as shown in figure 27, will contain only one
spike. While the precise cause of this spike has not been proven, an indication of
the cause of the spike is provided by the fact that it only appears on sensors
powered by a common power supply. The transducer manufacturer was contacted regard-
ing possible causes of such transducer behavior. Their opinion, which supports the
authors', was that the most likely cause was either the power supply or one of
several power converters housed in the mux bucket.

The second type of spike appears as a sharp increase followed by a sharp
decrease in signal level, followed by a damped oscillation back to the correct
signal. This type of spike, shown in figure 28 at 0.13 sec, does not affect all
transducers on the top surface, as does the first spike variety. Rather, this type
is found on those sensors whose signal is contained on a common tape track of the
shipboard recorder. These spikes further differ from the previously mentioned type
in that they are intermittent. When looking at a time history, several revolutions
may be completed without a spike, or there may be several spikes in one revolu-
tion. These spikes are less well understood than the first variety, but are equally
obvious. An especially puzzling trait of this type of spike is that the data track
upon which they are found varied from flight to flight. They have been found on
pressure transducers recorded on tracks 6, 7, and 8. Postflight digitizing is the
leading contender for the source for these spikes.
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The third variety of spike, shown in figure 29 at 0.169 sec, is identified by
the fact that a single digitized point has a DC shift. Furthermore, like the second
variety of spikes, the companion sensors on that tape track, of like sensors, are
affected at the same instant. This spike phenomenon is the least understood of the
three. It has so far only been observed in the hot-wire data.

The DATAMAP has been modified by Ames Research Center to include an algorithm
which deletes spikes from data to be analyzed, yet maintaining their original values
in the stored data. The result of using the spike routine is shown in figure 30.
For this figure, the raw data have been cycle averaged over two revolutions and is
shown on the left. The data contain one spike of the first type and four spikes of
the second type. The data were then processed by the spike routine and are plotted
on the right. It should be noted that all data presented in this report have had
all spikes which fit the first two descriptions removed. It should also be noted
that the contamination illustrated in figure 30 represents the worst case of all the
data presented in this report.

7.1.4 Value shifts- &nother form of data anomalies that have been found in the
data for this report involves zero shifts. Detection of zero shift anomalies in
pressure instrumentation requires plotting coefficients of pressure versus blade
chord. Transducers that have undergone a shift in the zero reference value appear
as those which add a saw toothed character to the plot. If a constant delta value
can be found for all azimuthal stations then the data in question may be adjusted by
this amount using DATAMAP. In most instances, however, this is not the case, and
the sensor in question must be checked for slope change as well. This test should
be performed on the first data set from a given flight to assure data integrity.
While there are several possible causes for this phenomenon, the two most prevalent
are a permanent shift in the transducer's basic characteristic or the improper entry
of the calibration factor during digitization. Blade feathering, item code P111, is
a sensor which is affected by value shifts. While the zero shift changes from
flight to flight, P111 can still be used for the derivation of longitudinal and
lateral cyclic pitch. Collective pitch should be calculated from collective stick
position, D023, using equation (1), where D023 is in percent and collective pitech is
in degrees. The resultant accuracy of this equation is #0.75°.

Collective Piteh = (D023 x 0.2069) + 8 (M

7.1.5 Slope change- The final data anomaly found concerns changes in the
calibration slopes of individual transducers. The Supplementary Calibration Test,
performed at the conclusion of the TAAT, involved testing the pressure blade for
slope changes by installing it in an environmental pressure chamber and monitoring
transducer response to pressure changes. The results of this test are documented in
reference 35. The summary results are presented in figure 31 and table XX. While
the majority of the transducers showed no slope change, some indicate that adjust-
ments may be required. The adjustment procedure involves using the adjust command
in DATAMAP to apply the slope correction, of which a sample case is presented in
figure 32. Since this procedure is somewhat controversial, it has not been applied




to the data presented in this report; instead, the affected item codes have been
masked.

7.1.6 Static pressure and OAT- Unfortunately, both the static pressure sensor
and OAT sensors were inoperative during the TAAT. The OAT is obtained from the
flight cards (appendix B). Postflight calibration of the OAT sensor indicated that
a correction factor of -1.5°C must be applied to the flight card OAT readings. Two
methods exist for derivation of the static pressure. The first method involves
using the pressure altitude, obtained from the flight cards in appendix B, to
calculate the static pressure. The second method involves taking the mean of the
trailing-edge pressure sensors on the white blade and using that value for static
pressure. Typically, the inboard and tip-trailing-edge sensors are excluded from
this procedure as they are often affected by aerodynamic phenomena not conducive to
maintaining the Kutta condition, which is required for this method to be valid.

These two techniques have been compared with the expectation of finding good
agreement. Agreement, however, is not as good as hoped for, nor is it especially
consistent, The values have been as close as 50 ft and as far apart as 250 ft in
resultant pressure altitude. The second technique was used in preparing the results
presented in this report.

7.1.7 Blade azimuth- The aircraft's main rotor contactor signal was originally
aligned to trigger when the pressure blade was over the tail boom, 0° azimuth.
During the test, however, the rotor was disassembled and reassembled twice. The
first time the hardware was reassembled, the signal was inadvertently set to trigger
180° out of phase with the original setup. This offset was discovered and corrected
during the second rotor removal; thus the data for counters 2336-2833 must be
adjusted to correct for the resultant phase shift. When using DATAMAP as the analy-
sis tool, this is done by inserting the change in the information file (appendix E).

7.2 Data Survey Plots

The data presented in this survey are arranged by airspeed, blade location, and
sensor type. The pressure data are presented first, followed by the strain gage,
accelerometer, BLB, and finally the hot-wire anemometer data. The test points
presented are from a level flight speed sweep followed by an in-ground effect hover
test point conducted during Phase I of the TAAT. The speed sweep begins at V,
with subsequent speeds reduced by 0.1 V,, increments down to 0.5 V,. All sensors
that meet any of the aforementioned data anomalies have been corrected or removed,
with the exception of the hot-wire anemometer data. The reason for this is
explained in the following paragraph.

Figures 33-39 present cycle averaged plots of pressure versus azimuth. Each
page contains two plots, the top surface presented on the left and the bottom sur-
face presented on the right. The figures proceed from the 40% radial station out-
board to the tip. Figures U40-U46 present plots of blade bending and torsion for the
speed sweep mentioned in the preceding paragraph. Each page contains three plots,
beamwise and chordwise bending, and blade torsion. The figures proceed from the
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inboard to the outboard radial stations. Blade vibration data are presented in
figures 47-53 as beamwise and chordwise pairs. The raw pressure data from the BLBs
are shown in figures 54-60. The inboard element is presented atop the outboard
element. Hot-wire data are presented in figures 61-67. Data contamination is found
in the hot-wire data plots, consisting principally of two types of data spikes.
These spikes have not been removed, however, because the data reduction done on this
type of data is tolerant of the contamination (sect. 8.8). Blade flapping data are
presented in figure 68.

7.3 Data Survey Tables

The aircraft states for the data just presented are given in table XXI.
Tables XXII-XXV present harmonics of the pressure transducer data, as well as
beamwise, chordwise, and blade-torsion strain-gage data for the V, flight condi-
tion only. These data are presented out to the highest possible harmonic value; the
cutoff value is dictated by each sensor's filter frequency and the rotor revolution
rate. The harmonic analysis, using DATAMAP's capabilities, uses equation (1), where
the series amplitude is given by C, and the phase by ¢,.

a
X(t) =

L

8. DATA SURVEY ANALYSIS

This section will discuss various aerodynamic phenomena and derivation tech-
niques that relate to the data survey just presented. The aerodynamic phenomena
addressed include integrated blade airloads, shock formation, blade vortex interac-
tion (BVI), tip effects, retreating blade stall, and several miscellaneous
effects. The techniques include the derivation of leading-edge stagnation points,
airflow magnitude and direction, and blade vibration. A cross reference of aerody-
namic phenomena and test conditions is presented in table XXVI. The following dis-
cussions will often refer to the figures presented in section 7.2.

8.1 Blade Airloads

The raw pressures presented in section 7 have been integrated to produce both
nondimensional normal forces and pitching moments (figs. 69-80). While chordwise
forces can be derived, they are not presented here, as they have been shown to be of
low accuracy. This inaccuracy is due to the neglect of skin friction in the air-
load's integration routine used in DATAMAP.
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8.2 Shock Effects

The pressure data presented in section 7 reveal the presence of strong shock
waves on the advancing side of the rotor disk. The intensity of the shock dimin-
ishes at lower local speed locations (e.g., inboard radial stations) and at lower
aircraft airspeeds. The presence of shocks is denoted by a sharp pressure decrease
upon shock formation and a sharp pressure rise upon dissipation of the shock. The
shocks appear first, and tend to be strongest, on the upper surface. The pressure
taps from the leading edge to near the quarter chord are most influenced by the
shocks on this symmetrical airfoil. The following discussion will follow the reduc-
tion of shock strength as airspeed is reduced from 1.0 Vy, to 0.5 V- The discus-~
sion of the 159 KTAS case includes presentation of chordwise pressure coefficients
on the advancing side.

Indication of local transonics begins at the 75% spanwise station for 159 KTAS
and become much more pronounced farther outboard where fully developed shocks are
encountered. These effects are first evident on the transducers at the 8% and 15%
chord positions between 50 and 120° azimuth. The region of supersonic flow is
identified by the steep-sided bucket on the rotor's advancing side (fig. 33(c¢)) on
the upper surface. Shock effects are delayed on the lower surface until 86% span
(fig. 33(d)) where the first indications are seen at 15% chord. The comparable
stage of shock development on the upper surface is just outboard of the 60% radial
station. The lower surface has fully developed shock patterns by 91% radius
(fig. 33(e)) although they are still lagging in development when compared with the
upper surface.

At 91% radius on the upper surface, the supersonic region extends from before
the 8% chord past the 25% chord, but not aft to the 35% chord location. The bottom
surface at 91% radius encounters supersonic flow from 8% chord past 20% chord;
however, the phenomenon is delayed azimuthally, from near 60 through 150° on the top
surface to near 100 through 145° on the lower surface. The magnitude of the bucket
is also smaller for the lower than the upper surface, 2 psi versus 3 psi, respec-
tively. For the 159 KTAS test point, these general trends continue out to the blade
tip. Note the overshoot that accompanies the steep rise during pressure recovery.

Figures 81-88 present the chordwise pressure coefficient distributions for the
same data just discussed. The figures present the C_ distributions at 90° azi-
muth, from the root station to the tip. Figure 84, however, presents data at 86%
radius for azimuth angles 45 to 130° in 10° increments. The symbols used represent !
the pressure sensor locations used in producing the curves. The critical pressure i

coefficients, defined by equation (2), have also been included on the Cp plots.

(1 + 0,202 y]/ (=1
c* - 2 cr - (3)
p ~ YMcr (y + 1)/2

The progression from 40% to 75% radius shows the reduction in C¥*, caused by
the increased velocity and the movement of the pressure peak from the leading edge
aft to 15% chord. This aft shift corresponds to the development of the shock
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region. The azimuthal development and dissipation of the shock at 86% radius is
shown in figure 84. At 50° azimuth the pressure peak is shifting aft from the
leading edge, with a smooth shallow pressure gradient returning the curve to sub-
critical pressures. By 60° the pressure peak is building in girth, with the 25%
chord sensor measuring decreased pressure, resulting in a steepening gradient aft of
quarter chord.

At T70° the peak pressure now occurs at the 25% chord sensor with a fully devel-
oped shock behind returning the pressure coefficient to subecritical values. This
trend continues to the 110° azimuth, where the lower surface C_.'s have increased to
very near upper surface values. The 25% chord C_ value at 128° azimuth has fallen
below the peak value indicating the lessening of ghe shock intensity and the return
of a moderate pressure gradient. At 130° azimuth, the leading edge pressure for the
upper surface has dropped off from its equivalent value at the 50° azimuthal loca-
tion, while the lower surface has not yet recovered to its preshock contour.

Continuing out the blade from 91% to 99% radius, at the 90° azimuth position,
the aspects of the upper surface coefficient of pressure distribution change
little. While the intensity of the shock diminishes as the blade tip is neared on
the upper surface, the lower surface magnitudes continue to increase, appropaching
to within 0.1 of the upper surface magnitudes. At 99% radius the effect of the tip
relief on the shock is evident, although the mechanism behind the kink at 20% chord
is not well understood. However, the kink is observed in unsteady calculations and
is usually attributed to flow over supercritical airfoils.

The development of shock effects at 146 KTAS can be seen from 60% through 99%
span on the upper surface (figs. 34(b)-(h)). the development of shock effects on
the lower surface can be seen from 86% to 99% radius (figs. 34(d)-(h)). As
expected, the events parallel those mentioned above for the 159 KTAS case, although
at somewhat reduced intensity.

Shock locations at 129 KTAS (figs. 35(a)-(h)) parallel those at higher speeds
on the upper surface. The bottom surface, however, does not contain shock effects
until the 96% radial position, with the full steep-sided bucket only present at the
97% spanwise location. The magnitude of the pressure drop is seen to be much
reduced at this slower speed.

The set of plots for 116 KTAS (figs. 36(a)-(h)) continue to show the shock
effects of the previous sets on the upper surface, but at a much reduced magnitude,
as would be expected for the reduced airspeed. The lower surface is devoid of the
bucket at all radial locations, leaving only a smooth dip in the pressures near the
quarter chord in the advancing quadrant. An item of note here is that the shock
phenomenon on the upper surface, 15% chord, 99% span, never fully develops
(fig. 36(h)), while the slopes of the pressure dips on the lower surface lessen from
those at 97% radius. The tip relief effect reduces shock strength near the blade
tip. In the extreme tip region near 99% span, the reduction changes the aerodynamic
character.
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The set of plots covering 98 KTAS (figs. 37(a)-(h)) show the continued reduc-
tion of shock effects to the extent that the fully developed shock phenomenon of the
higher speeds is not seen. Figures 38(f)-(h) exhibit only weak shock effects, and
where they do appear, the BVI effects are not dominated as they are at the higher
speeds. The shock effects are still present on the upper surface in the 82 KTAS
data set (figs. 38(f)-(h)). Evidence of shocks is first encountered at 86% radius,
is strongest at 91%, and then weakens near the tip. The lower surface shows no
indication of shock at all.

8.3 Blade-Vortex Interaction

Blade-vortex interaction has become a focus for both acoustic and vibration
studies in rotorcraft. The BVI event occurs over such a small time step that it is
generally regarded that data recording frequencies must be at least 2000 Hz to fully
capture the event. Although the precise nature of BVI cannot be studied with the
400 Hz resolution of the TAAT data, the locations of the event can be determined,
and their relative strengths ascertained.

Indications of BVI do not become apparent in the speed sweep pressure data
presented until the airspeed is reduced to 129 KTAS (fig. 35). While vortex inter-
sections occur at other azimuths, only those that are predominant will be discussed
here. The characteristic shapes of the BVIs can differ markedly depending on where
they are encountered azimuthally because of the fact that the vortex, relative to
the blade, is spinning in the opposite direction. This spin causes the blade to
encounter a downwash followed by an upwash on the advancing side of the disk, with
the reverse being true on the retreating side.

The data at 129 KTAS (fig. 35) contain a slight pressure pulse at the first
three chordwise sensors of the lower surface at 120° azimuth, with no corresponding
pulse on the upper surface at this radial station. A much smaller effect can be
seen at the leading edge of the lower surface at 60% R (fig. 35). This pulse is
much less noticeable than in the previous plot, and has moved forward to 100° azi-
muth. In the vicinity of 90° azimuth, the 75% radial station encounters an effect
similar in strength to that at the 40% radius station. This effect, again, is not
seen on the upper surface. There are only subtle indications of BVI encounters over
the rest of the blade out to the tip, including an indication near 70° azimuth on
the upper surface leading edge sensor at 99% span. The BVIs discussed were gener-
ated by the preceding blade and are three-quarters of a revolution old. That the
blade is not parallel with the vortex at intersection is evident in the azimuthal
staggering of the encounters at the affected radial stations. Azimuthal locations
in the vicinity of 60°, where parallel encounters are expected, show no signs of BVI
as the wake in level flight has been blown away from the rotor disk.

As the airspeed is reduced to 116 KTAS, the BVI effects generated by the oppo-
site blade's three-quarters-revolution old wake become more pronounced. The lower
surface of the blade at 40% span (Fig. 36(a)) exhibits the effects of BVI from the
leading edge to 8% chord, at 120° azimuth. As at the higher speeds, the upper
surface appears unaffected by the encounter at this radial station. The next radial
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station (fig. 36(b)) exhibits the effects of BVI on both surfaces. On the lower
surface the encounter extends back to 15% chord and occurs at 100° azimuth. This
encounter extends farther back on the blade chord than it does at the inboard chord-
wise array and precedes that event by some 20°. The effect appears at the same
azimuthal location on the upper surface at the first two chordwise stations, but is
larger in magnitude.

The 75% radial station (fig. 36(c)) shows that BVI has moved forward to 90°
azimuth on both the upper and lower surfaces. The magnitudes are comparable to
those found in fig. 36(b)), with the same sensors affected. The notable exception
to this is the 8% chordwise station on the upper surface. It registers a 1.8 psi
drop in pressure, which may be due to a combination of BVI and shock formation. The
corresponding sensor at the 86% span (fig. 36(d)) exhibits the smooth-sided pressure
bucket. The BVI at the 86% radial location has proceeded to near 80° azimuth, with
the 35% and 40% chordwise lower surface stations beginning to experience the
effects. Curiously, the leading-edge sensor on the upper surface does not record
the BVI as prominently as have the corresponding sensors around it. The reason for
this is not well understood.

The 91% span sensors (fig. 36(e)) display both shock and BVI, the lower surface
only BVI. The BVI on the lower surface is located near 80°, slightly earlier than
for the 86% span station. The shock p