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ABSTRACT

The fight fest phase of the Nasa-Army UH-60A Airloads Program
was completed in February 1994, The objective of the project was to
measure the airloads in flight on an UH-60A Black Hawk using 221
biade pressure transducers installed in nine radial arrays. In addition,
21 transducers were installed along the blade leading edge to better
identify blade-voriex interaction phenomena. This paper briefly
describes the program’s background and history, instrumentation,
and data acquisition. Airfoads data are presented for two test condi-
tions with different levels of complexity: steady, level flight and a
diving turn. These flight data provide useful information of relatively
simple and complex nonlinear flow for the validation of theoretical
analyses. Evidence of shock waves, reverse flow, dynamic stall and
blade voriex interactions are presented.

NOMENCLATURE

a speed of sound, ft/s
b number of bladey
blade chord. ft
[l weight coefficient. GW
ropld* /Y
OW amcrafl gross weight. b
L section mormal foree, W/t
M focal Mach aumber
M, section aerodynamic moment about local quarter
chord, in Ib/fit
MO, aondimensional section normal 2L
force azg}r
M2, nongimensional section pitching M
moment afg{,.l’
MIC, nondimensional upper surface Hp-p.)
pressure i
ap
7. foad factor, &
I surface pressure, Ibhfin?
Iz static pressure, ibin”

g dynamic pressure, tb/in®
¥ radial location. ft
R blade radius, ft
X chord locauon, i
s air density, shag/ft?
I rotor solidiny, be
R
Q2 main rotor speed, rad/sec

1.0 INTRODUCTION

Knowing the airloads distribution on a rotor blade in flight is funda-
mental to understanding how a rotor works and for designing new
and improved rotorcraft. Obtaining the airloads. however, is a diffi-
cult measurement task since many pressure {ransducers must be
installed on the blade 1o adequately capture the airloads behavior. In
addition. acquiring and processing the resuling unsteady pressure
data is nontrivial. Hoopert in bis 1983 survey, identified ten
programmes where pressure nicasurements were obtained for at least
five radial stations on a rotor in either a flight or a windtunnel tess.
Eight of these data sets® (3 were obtained on conventional heli-
copiers and twoll* 14 were obtained for compound alreraft. The data
obtained. particularly Refs 4, 5. 9, and 12, have been very valuable
in obtaining a general understanding of the complex air flow over
hielicopter blade in Sight and for supporting development of analy-
ses. Despite the usefulness of these data. however, g data set with
imereased bandwidth and a greater range of flight conditions than
previously obtained was needed.

The present flight test programt ™17 was destgned to overcome
weaknesses of past programs i terms of the quality and guantity of
data, the bandwidth of the data. and ease of accessibility w the data.
The tlight test portion of the program 15 now complete and some data
is now being used to vahidate comprehensive analysest® 91 The pur-
pose of this paper is 10 provide an overview of the fight program
content and some representative accomplishments. The paper beging
with a briel discussion of the flight program background. The rotor




Figure 1. UH-60A with instrumented blades.

and afreraft instrumentation are described. followed by a description
of the on-board data acquisition system. which was the biggest tech-
nical challenge of the program. Finally. a Hinited set of airtoads data
from two fight conditions are shown.

2.0 PROGRAM BACKGROUND

The flight test of the pressure-instrumented UH-60A rotor is one
aspect of a larger program to obtain comprehensive measarements
on a current technology rotor. In addition to flight testing, the
program includes small and full-scate windtunnet testing. The small-
scale testing was completed using 2 1:373 scaled UH-60A model
rotor in hover™® and forward flight?b. Full-scale windtunnel testing
is planned for the National Fulb-Scale Aerodynamic Complex
(NFAC) &t Nasa Ames Research Center following installation and
checkout of a new rotor test stand, the Large Rotor Test Apparatus
(LRTA}.

The UH-00A fiight testing was conducted in two phases, The first
phase was conducted in a cooperative program with the US Army
Aviation Engineering Flight Activity at Edwards AFB to establish
some of the flight test procedures o be used during the second phase
using the highly-instrumented rotor. These tests, completed in June
1987, used a blade {with Hmited structural instrumentation} made for
the US Alr Force's HH-60D Night Hawk program. The Phase 1 rests
totaled 57 fight hourgt22 23

The second phage of the UH-60A flight test program, with the

highly-instrumented blades instailed, was intended o cover an
extensive range of test conditions in a number of separate test cam-
paigns. Testing, however, was delayed because of difficuliies that
were encountered in the development of the data acquisition system,
A successful system was finally demonstrated yet, the test program
was subsequently reduced in scope to o single test campaign, A
restricted program was defined that included
. Jevel flight
. MAevies
. ground-measured acoustics
. airborae-measured acoustics
5, fhight dynamics.
This rechrced program was started i fuly 1993 and was completed in
February 1994, The UH-60A Airloads sireraft, shown in Fig. 1.
made 31 data tights during this tme period for a ol of 57 fligh
Hourst 4,

T o ad b e

3.0 INSTRUMENTATION

A rotal of 362 parameters (Table 1) were measured on the insiru-
mented rotor blades and hub, and another U3 purameters (Table 33
were measured on the areraft. This section provides briel deserip-
gons of the vartous sets of nstrumentation. Special procedures were
psed o calibrate some of the instrumesnation soites and, as appropriae,
thove calibrations are discussed here,

Measurement Number Sample Filter
group of rafe, frequency,

SNBOTS per second Hz
Blade pressures 242 X142 330
Blads 30 357
temperatuge
Blade flap, edge, 21 357 116
and torsional
EIOMEents
Blade feather, flap, 1z 357 o
and lag angles
Blade pitch link Hd 357 P
and damper load
Blade tlap and 20 357 0
edge acceleration
Shaft bending 2 357 110
and torque
Huls and bififar 7 357 1ig
mass acceleration

Table 1

Blade and hub rotating measurements

3.1 Blade pressures

The pressure blade was built with 242 sub-miniature, pipette-type
absolute pressure transducerst® embedded below the skin surface of
the blade. In order to maintain instrumentation integrity. the blade
design specifications reguired that all sensors be replaceable, and
that each chordwise array have spare wiring. This was accomplished
with the exception of the pressure transducers inside the removable
tip cap which are not individually replacesble. Instead. a second
fully-instrumented tip cap was made and then kept as a spare. The
pipettes of the pressure transducers have an outside diameter of
-1 mm and are mounted flush with the acrofoil sections with mini-
mal effect on the aerodynamic flow. Blade contour measurements at
each radial array venified that the aercfoil contour was not changed.
The main spar of the blade was not modified during instalation of
the transducers, thas maintaining blade structural integrity and blade
dynamics. The instrumented blade dvaamic characteristics were
measured by Hamade and Kufeld™. Each pressure transducer was
statically cafibrated over a range of 2 to 18 psia and its frequency
response measured to 10 003 Hz, Most of the transducers show o flag
response to 2000 Hz. The effects of temperature, centofugal force
and vibratory loading on the pressure transducers were meastred?®,

Table 2

Aircralt measurements
Measurement Number Sample Filter
group of rate, frequency,

SENSOFS per second Hz
Agroraft states 42 209 36
angd controts
Erpgine states 3 209 36
Cubin vibration 3z 318 174
sprelerometors
Control loads/ 4! H36 TR

tatl rotor torque
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Figure 2. Schamatic of pressure transcucer, strain gauge and
acceterometer locations along UH-60A rolor blades.

The layout of the transducers s shown in Fig. 2. The spacing of the
transducers was selected to allow for accurate, integrated measure-
ments of chordwise and spanwise leads and 0o capture the most
important aerodynamic phenomena on the blade.

A pressure calibration technique was developed for rapid calibra-
tiemn of the pressure transducers once they were installed in the blade.
A mylar sleeve was placed over the blade zad both ends were sealed
with a flexible sealing compound. Near the root, the tube was sealed
against the aerofoil section of the blade: near the tip. the sleeve was
sealed against Hself forming an airight chamber. Between the blade
and sieeve was a breather cloth to allow the free flow of air along the
length of the blade and to prevent the mylar from sealing off any of
the pressure transducers. A vacuum pump and control unit was then
attached to the sleeve and air was removed from the sealed sleeve to
create a uniform pressure field around the blade down to & psi, (the
tip cap structural limit). Data were collected through the Rotating
Data Acquisition System (RDAS). the same system that was used in
fight, to determine calibration slope and offset for each of the 242
pressure transducers at one time. The calculated gain values were
stored in a Cal File for the next series of flights. This calibration was
repeated about every two to three weeks during the sest program.

3.2 Biade temperatures

Fifty pressure transducers were designed to independently measare
blade temperature in addition to pressure. These iransducers were
distributed in five radial arrays on both the top and bottom of the
blade at 0-22R. (-44R, 0-675R, 0-865R, and 6-965R. The temperature
transducers were calibrated as installed in the blade for the range of
-5°C 10 38°C. These temperature measurements provide the capability
to correct the blade pressure for thermal effects, although this is nol
currently done.

3.3 Strain gages and accelerometers

Strain guages and accelerometers were installed in the second instru-
mented blade during the fabrication process. Blade flap, chord, and
wrsional moments were measured with a total of 21 fwo- or four-ieg
strain gauge bridges boaded divectly to the spar of the blade, The
measurements were evenly distributed along the blade radins as
shown it Fig. 2. The blade was calibrated statically with an applied
toad. Corrections for the blade twist distribution were made in the
applied loading, bul guage cross-coupling effects were assumed
small and left uncorrected.

A total of twelve accelerometers were bonded 1o the leading and
tailing edges of the spar of the strain gauge blade and were
completely enctosed within the conteur of the aerofoil section. Eight
of the twelve accelerometers measured flapwise accelerations and
four measured edgewise accelerations. They were placed at four
evenly spaced radial stations as shown m Fig 2. The flapwise
accelerometers were instatled as pairs fore and aft of the spar which
allows the calculation of torsional as well as flapwise acceleration.
The aceelerometers were calibrated prior o instablation,

Addmienal blade accelerometers were mounted atop each blade

Figure 3. UH-60A blade motion hardware.

clevis at 0-088R and (+125R to allow estimation of blade flapping?®.
In addition, an accelerometer was added to each bifilar mass to mea-
sure in-plane absorber acceleration. A triaxial set of accelerometers
was mounted inside the RDAS near the center of rotation to measure
hub vibration. A survey of the hub vibration results is reported by
Studebakeri?%. Each of these fifteen accelerometers was readily
remavable for laboratory calibration.

The four piteh links and dampers were instrumented with four-leg,
strain gauge bridges that measured axial force on the pitch links and
dampers. The main rotor shaft extension was instrumented with two
four-leg strain gauge bridges 10 measure shaft bending and torque,
The shaft extension was calibrated at Sikorsky Adrcraft’s calibration
laboratory prior to the flight test program. Calibrations and measure-
ments of hub moments were not made during this test program.

3.4 Biade motion hardware

The UH-60A has a fully-articulated main rotor systemn which incor-
porates an elastomeric bearing to allow independent blade flap, lag
and feather motion. Because of this elastomeric bearing configura-
tion, direct measurement of blade motion with rotary potentiometers
or similar devices was not possible. Instead, a specially designed
blade motion measurement device knows as the Blade Motion
Hardware (BMH) was used 1o obtain bade flap, lag and feather
measurements on each biade.

The BMH (Fig. 3) uses three, rotary varighle differential frans-
formers (RVDTs) o messure rotations which approximate blade
flap, lag and feather motions. Since the BMH was not located at the
blade hinge point, the RVDT measured coupled blade motjons. The
true blade motions were obtained through three kinematic equasions
which account for the blade couphng. The kinematic equations
for each blade include ten coefficients that were determined by
calibration.

3.5 Aircraft state measurements

The aircraft  state  measurements  included  airspeeds:  angular
attitudes, rates, and accelerations: linear aceelerations: and angle of
attack and sideslip from vases mounted on the test boom. The
atrspeed  measurements were obtained using three  independent
systems: the iest boom, the manufaciurer-installed atreraft system,
and a low-speed system cnlled the Helicopter Air Duta System
(Hads), The boom and aircraft measurements were used for air-
speeds above approxbimately 3 knots. The Hads was used 10 obtain
airspeed data below 30 knote




Figure 4. View of signaf conditioning cards and encoders inside
the RDAS.

3.6 Fuselage vibration

There were 35 fuselage accelerometers mounted in the aircraft
measuring lateral, longitudinal, and vertical accelerations. Vibration
was measured i the cockpit and cabin, and on the fransmission,
cabin absorber. tail, and stabitator. The senser locations match those
of a ground vibration test conducted on a different UH-60A vehicle
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configured similarly to the Airloads Program’s aircraft®?

3.7 Flight controls

The flight control positions were measured using conventional
displacement transducers such as potentiometers and linear varisble
differential transformers {LVDTs). In addition to the pilot control
positions, the control mixer inpuis, the Stability Augmentation
System (SAS) actuator positions, and the flight control servoe posi-
tions were also measured. Contro} position calibration was standard
except for the SAS actuators which were calibrated by inputting a
hardover signal into the flight control computer with a signal generator
box provided by Sikorsky Aircraft,

3.8 Engine siates

Engine state measurements were obtained from standard instromen-
tation provided by the engine manufacturer except for the fuel flow
measuremenis. The fuel flow measurements were provided by sepa-
rate turbine-type meters instailed in the fuel lines.

4.0 DATA ACQUISITION

Flight data from the UH-60A Ajrloads afreraft were obtained with
1wo airborne data acquisition systems. Fhe first system. the Rofating
Pata Acquisition System (RDASY, was mounted atop the rotor hub
and collected data from main rotor sensors. The second system, the
Alrfraine Data Acguisition System (ADAS) was mounted inside the
cabin and collected data from pon-romating components plus RDAS
and ADAS health monitoring informution. The main RDAS and
ADAS measurement groups are summarized in Tables | oand 2
respectively, including, the sumple rates and filler frequencies. For a
limfted number of test conditions, ground-bused tracking data were
also obtained and merged with the aireraft data,

4.1 Rotating data acquisition system (RDAS)

The RIDAS was developed and built at Armes Research Center and
represents a major step forward In Cstate-of the-art” flight data

acquisition hardware. The operation of this system in a helicopter
flight environment was one of the biggest risks undertaken by this
program, The high reliability of the RDAS throughout the fight
program was a Key element inthe program’s saceess.

The RDAS was designed aroursd ten identical Pulse Code Modu-
Jation (PCM} encoders and has a systerst data bit rate of 7.5 megabits
per second. The fen enceders were mounted in the centre of a hub
mounied container surrounded by over A integrated circuit cards in
a hub and spoke configuration (see Fig, 4). Data sampling was con-
rolied by a common synchronisation pulse sent to all ten encoders
from & fiming integrated circuit card inside the RDAS. Each encoder
was programmed in an identical manner coilecting 35 fen-bit. main-
frame words, whiclh include time code, rotor position and run
counter data to ensure dala synchronisation. The ten-bit encoders
provide a usetul range of 1000 counts for analogue inputs and 1024
counts for bi-level {digital) inputs. The maximum encoder bit rate of
756 kilobits per second provides 2142-6 samples per second for each
main frame parameter. Five of the main frame words were setupina
six-deep, sub-commutation configuration providing a lower sample
rate of 357-14 samples per second for 188 sensors, which included
biade temperatires, blade loads, pitch link and damper loads, biade
accelerations and motions,

Forty of the imfegrated circuit cards were identical signal condi-
tioning cards which provided space for fillers snd gain amplifiers for
326 wansducers. The pain and offser of each transducer (with the
exception of termperature measurements) were controlled by high
precision resistors that were soldered to the signal conditioning
cards. Each resistor was specifically selected to obtain the optimal
match with that channel’s transducer output. This enabled the 10-bit
RIDAS system o defiver an average resolution of 0-026 psi per connt
for the pressure transducers. This method of gain and offset control
provided a Tow sensitivity to temperature variation and withstood the
high dynamic loads of the rotating hub in flight

All data from transducers mounted on the blades, pitch links.
dampers, and the rotor hub were passed through either 550 or
110 Hz six-pole, Butterworth filters and gain amplifiers to sample-
and-hold amplifiers. The signals were then digitized by the ten
encoders and were stored as a digital stream. The ten digital data
streams were then sent down through a slip ring into the aircraft
cabin.

Inside the cabin, the ten streams were inspected for valid encoder
sigmals and were then combined by a multiplexer into a single 7-5
mepabit per second stream for rapid post flight processing using one
ground hased computer, Before multiplexing, data from any one of
the ten streams could be sent to the ground station for real tme mon-
ioring. The multiplexed signal was then routed through a digital
spreader anit which divided the Jata stream into pine tracks, each
with an alignment tag, which were then recorded onto & 14 track
Frequency Modulation (FM) tape recorder. This step was necessary
as FM tape recorder technology cannot rehiably handle the single-
stream rate. During pose-flight data processing the nine data streams
were re-merged with the help of the alignment tags into a single
stream again for processing.

4,2 Airframe data acquisition system (ADAS)

The ADAS acquired data from all non-rotating measurements,
including aircraft and engine states, control positions. and syster
health mionftoring parameters, In contrast to the ten-bit PCM
encoders used in the RDAS, the ADAS incorporated [2-bit PCM
cncoders. The 12-bit encoders provided a useful range of 4000
connts for amalogue npuis and 496 counts for bi-level {digital)
inputs. The system dynamic range was approximately 72 4B

The ADAS featured adjustable system gain to affow compatibility
with & varfety of sensor outpul vollage levels. The POM encoder
gain was variabie from (-3 to 20, while the gain of the signal condi-
doning modules was baited 1o 18 and 2500 Unhke the RDAS,
these gaing were programmable and did not require resistor chunges,
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Figure 5. Section normal force as a function of biade azimuth and
advance rafio; C /o = 0.08, #/H = 0.92, & to 60 harmonics.

The product of the encoder gain and the signal conditioning gain
yielded the effective system gain {or a particular measurement.

As installed in the UH-60A Airloads aircraft, the ADAS had three
available anti-aligsing filter modules, These three filters had -3 dB
poinls at approximately 36, 72 and 108 Hz. The PCM bit map was

designed to provide a mimimum sample rate of four times the flter

cutoff frequency. The nominal sample rates for the low- mid-, and
high-rate parameters were: 209, 418, and 836 samples per second.
As configured for this test, the ADAS could acquire data up to 115
individual measurgments,

5.0 TEST ENVELOPE

Flight test data were obtained for over 900 test conditions. As
discussed previously, these test conditions can be roughly cate-
gorised as

. level flight

. manoeuvresit

ground-measured acoustics®

. flight-measured acoustic

flight dynamics.

The helicopter was flown within the limits establish by the US
Army Operator Manual®?. The helicopter was able to reach masi-
mum allowsble airspeed of 193 knots, oad factors up to 2g and as
fow as (025 and an altitude of 18 GO0 ft. The structural limits of the
helicopter were not the major Hmiting factor for testing because the
aircraft would reach the engine limits firss.

R SR S

6.0 AIRLOADS MEASUREMENTS

This section will provide sample results for two test conditions from
the first two categories. The test conditions were selected because
they represent two levels of complexity for the analyst: a steady-
state, unaccelerated flight condition and a steady manceuvre with
constant angular rates.

6.1 Levei Flight

Steady, level-flight airspeed sweeps were flown for sx values of

/o 1o provide baseline airloads data that show the effects of
advance ratio and blade loading®™®. The Hmiting condition in cach
fevel flight sweep was the 30 minute engine power limil. Figure 5
shows the evolution of the airloads with advanve ratio at 928, the
radial location just inboard of where the blade sweep siang, This
surface plot shows the nondimensional section normal force as a
function of blade azimuth and advance ratio. Advance ratio varies
from 0093 10 (1368 and each advance ratio line on the surface plot

-t

= o3

2

Normal Force,

365

Figure 6. Section normal force as a function of blade azimuth and
radia station {Counter 8534); C, /o = 0-08, advance ratio = 0-388,
0 to 60 harmonics.

represents a separate test condition. At low speeds the influence of
vosticity loading from the tip vorticies of previous blades is clearly
evident on the advancing side of the disk where there & a down-up
pulse and on the retreating side where there is an up-down pulse.
This vorticity leading peaks at an advance ratio of about 01 and is
the source of the high vibratory loadiag that is observed in trausition
fiight. As advance ratio increases the loading caused by the tip vor-
tices diminishes, but the influence is still visible on this plot bevond
an advance ratio of (-3, The character of the section normal force
changes as advance ratio increases so thai the normal force is
reduced in the second guadrant to maintain rolf moment balance on
the airerafet’. At this radial station the normal force is negative for
advance ratios beyond G-20. The basic loading shown here appears
typical for rotors in forward flightGy,

The blade airloads at the highest speed condition in Fig. 5 are
shown in Fig. 6 as a function of blade azinmith and radial station,
Each hine on the surface plot represents the normal force at a particu-
iar radial station from the most inboard station at (-2258 to the most
outboard at 0-9R. The section normal force al 1.O0R is zero. Al the
most inboard station on the rotor the normal force is Jargest over the
nose of the aircraft and then decreases rapidly and becomes negative
in the third and fourth guadrants because of reverse flow. Moving
out on the blade the normal force is positive in all quadrants and
tends to concentrate over the fore and aft portions of the rotor disk.
A section of reduced loading develops in the second quadrant
because of the need to maintain roll-moment balance and the normal
force first reaches zero at (-773R for this airspeed. The region of
negative normal force in the second quadrant is greatest at 6-92R and
becomes less negative as the blade tip is approached. This behavior
15 very similar 1o the normal force distributions examined by Hooper
in his sdytin,

The data shown in Figs § and 6 are from the first revolution of the
test condition. Approximately five sec of data were obtained for each
condition; the full record contains approximately 19 or 20 revolu-
tions {or cycles) of data. Coleman and Bousman®® demounstrated the
steadiness of these data for level flight cases by showing the time
histories of 2 pressure ransducer on the lower surface as a shock
passes over the transducer for the high-speed test condition of Fig. 6.
Figure 7 shows a stmilar plot for a pressure transducer on the upper
surface near the leading edge. In this figure the nondimensional pres-
sure 15 shown as a function of blade azimuth and cycle count. Steadi-
ness in the data is shown by the smoothness of the plot swface. For
the case shown here, two different phenomena are seen. First, just &
the start of the second guadrant. a small variation in pressure is
abserved, Tung and Bousmias uggest this variation 1s caused by s
pair of vortices, one vortex shed from the region of positive loading
an the previous biade and the other vortex, of opposte sign, shed
from the region of pegative loading. The loading from this voriex
par 1% seen to be steady and repeatabls. Sccond, 2 much stronger




Figure 7. Upper surface pressure as a function of blade azimuth and
eycle number (Counter 8834); x/c = 0-030, /1R = 0-885, C /o = 0.08,
advance ratio =~ 0-368, 0 to 60 harmonics,

change in pressure is evideat at the end of the fourth quadrant where
a shock passes over the transducer location. The shock is quite
sirong during this initial passage as the angle of attack is quite high
over the aft portion of the disk. As the blade enters the first quadrant
the angle of attack is decreasing very rapidly and the area of super-
critical flow is reduced such that a returning shock does not eccur at
this {ocation, Despite the rapid variation in angle of attack around
the rotor disk and the resulting strong pressure gradients, Fig, 7
shows that the data are very steady over the entire length of the
record, Only a slipht unsteadiness is seen during the pressure rise as-
sociated with the shock passage.

In some cases, the airfoads are noticeably unsteady over the five-
second period of a test condition. For the highest loading condition.
C o = 0-13, the rotor undergoes two dynamic stall cycles?¥ at the
power limiting advance ratio of = 0-236, During these stall cycles,
there is considerable unsteadiness in the airtoads as weil as elastic
motion in the rotor. Fig. 8 shows the nondimensional section mo-
ment at 0-863R for this case as a function of blade azimuth and cycle
count. The section pitching moment is relatively stable tn the first
three quadrants of the rotor, but then considerable unsteadiness is
observed over the two dynamic stall cycles starting just prior to 270°
and finishing near the beginning of the first guadrant. The average
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Figure 8. Seclion pitching momsnt as a function of blade azimuth and
oycle number {Counter 3017) /R = 0865, C o= 013,
advance ratic = 0-238, § to 60 harmonics,
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Figure 9. UH-80A {a) mean load factor, {b) mean roli attitude, {¢)
mean pitch attitude, (d) mean airspeed, (g) mean rolf rate, and
{f) mean pitch-link load for each rotor cycle of an high speed steady
right turn {Counter 11 678).

loading in this case represenmts a good test of dynamic stall models;
also, the measured unsteadiness is important for understanding and
maodeling of dynamic stall mechanisms.

6.2 Diving turn

The diving turn data shown here are from a steady manoeuvre with a
target right bank angle of 35° and an airspeed of 140 KIAS (Counter
11679). The aircraft descended at approximately 3300 feet per
minute to obtain this airspeed and bank angle {load factor), Although
the manoetvre is described as a steady turn, the pilot had difficulty
maintaining a true steady condition for the entire 10 second record.
Figure 9 shows several of the awrcraft state measurements to indicate
the steadiness of the mancenvre. Although the target airspeed and
hank angles were achieved near the beginning of the manoeuvre, the
load factor was still increasing from 1-3g w the maximum value of
I-7¢ obtained midway through the manoeuvre, The oscillatory pitch-
tink loads show similar behavior. increasing from 1100 1b to 2700 1h,
and wers clearly sensitive to the rotor lead factor. Near the middle of
the record when the pitch link loads were greatest, the pilot was able
to hold condittons relatively steady for several rotor revelutions,
Figure 10 provides a more detailed look at the pitch link load varia-
tion for this section of the manoeuvre (cycle 11 fo 26) in an offset
piot format to quantitatively assess the effect of aireraft steadiness on
the piich-link loads.

The variation in the pitch-link loads during the manoeuvre occurs
primartly m two location, at 70° and 2707 blade azimuth. At both
fpcations, the load varkes significantly from one cycle of the manoeu-
vre 1o the next. However, there 15 one section of four consecutive
cycles (20 to 231 with very Hitle variation in the pach link load, This
test condition provides sufficiently steady data o allow correlation
with analysis. The revolution selected for review m this paper will
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Figure 10. Offset plot of pitch-link load as a function of azimuth and
rotor revolution during high speed steady turn (Counter 13 679);
0 fo 24 harmonics.

be the 22nd revolution, which is centered in the steadiest portion of
the manoeuvre,

The non-dimensional blade section normal force for cycle 22 15
shown in Fig. 11, Compared to the sieady level flight condition of
Fig. 6, both similarities and differences are seer. The areas of nega-
tive force at the tip in the second guadrant and at the blade root in
the third and fourth quadrants are similar to those seen in the level
flight case. Because of the increased thrust en the rotor, however, the
section normal force is substantially increased and more higher
harmonic content is seen in the airloads. One major difference is
found near the blade tip, where a very large, but narrow region
(about 15°) of normal force is observed around 55° rotor azimuth.
This short-term spike in the blade Lift, which is seen as far inboard as
FR = 0-675, i a nonlinesr aerodynamic everd due in part to the
rapidly increasing Mach number on the advancing blade, the
decressing pitch angle of the blade needed to batance the roll
moment of the rotor in forward flight, and blade fexibility. lmmedi-
ately following the normal force spike in the first quadrant, negative
loading results as the blade pitch continues to decrease 1o the second
quadrant. The normal force becomes positive again as the rotor blade
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Figure 11. Section normal force as a function of azimuth and radial
station during a high-speed, steady right tum
{Cycle 22, Counter 11 679); 0 to 80 harmonics.
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enters the third quadrant and is maintained into the fourth quadrant
where, near 3157 rotor azimuth, a rapd drop in normal force is seen.
Oscillations in normal force then occur as the blade encounters a
number of dynamic stall cycles that extend into the first quadrant,

A closer examination of these airloads is provided in Figs 12-14
for the (-223R, 0-773R, and (-92R stations.

In Fig. 12 the section normal force, moment and apper surface
pressures are shown for f/R = 0-225. The section normal force in the
first quadrant is low or moderate with a pulse-like force increment
around 357 The normal force incresses substantially in the second
guadrant and reaches a maximum just before 160°. The normal force
then rapidly decreases, becoming negative in the third and fourth
quadrants in the region of reversed flow. The section moment
(Fig. 12(b}) is guite low on the advancing side of the disk, but near
1707 the moment rapidiy becomes negative — an indication of hlade
stall. The upper surface pressure (Fig 12{(c) clearly shows a convec-
five event associated with o dynamic stall vortex formed at the lead-
ing edge at about 150° and then moving along the aerofoil surface
and leaving the trailing edge at about 200°. The minimum moment
that is encountered coincides with the departure of the dynamic stall
vortex {rom the tralling edge. The angle of attack is relatively high
prior to the shedding of the dynamic stall vortex and the flow in the
immediate vicinity of 0-010¢ is supercritical at this azimuth. The
region of supercritical flow is guite limited, however, and does not
extend back to the next ransducer at 0-049¢. Although no measure-
ments were made of the fuselage induced flow, in this case, the
upwash over the aireraft nose probably increases the local angle of
attack and affects the stall characteristics36,

The section moment. in Fig. {2(b), shows a positive moment in
the third and fourth quadrants that is nearly as large as the negative
moment induced by dynamic stall. For the most part, this positive
moiment is a result of the negative normal force on the aerofoil in the
reverse flow region with the cemire of pressure pear the aerofoil
three-quarter chord. Interestingly enough, the lower surface pres-
sures {not shown here) indicate that a dynamic stall voriex is shed
from the trailing edge moving towards the leading edge on the lower
surface in the reverse flow region.

Additional aerodynamic events indicated in Fig. 12 include a
blade-vortex interaction at about 35° which causes the impulse-like
normal force in the first quadrant and possibly a second blade-vortex
interaction at about 1307, Little moment change is seen during those
blade-vortex interactions.

The airtoads measured in the diving turn at 077358 are shown in
Fig. 13 and the Toading is more complex than seen inboard. This
complexity results primarily from the extensive regions of supercrizi-
cal flow, but also from substantial torsional deformation outboard on
the blade. The rondimensional section normal force (Fig, {3a))
shows a targe increment in the first quadrant; as discussed previously,
this force increment or spike extends for only 15 or 20°. The normal
force is reduced in the second quadrant, increases in the third guad-
rant, and then drops to a moderate level in the fourth quadrant. The
section moment shows a number of osciflations, with 1 maximum
negative spike at 2457,

The airloads behavior af 0-773R is best understood by a re-exam-
g of the pitch-ink loads in Fig, 10, Although these loads are the
axial force in the pitch link, they also correspond to the torsional
moment at the blade root. As a first approximation these loads are
qualitatively representation of the blade's elastic deformation. Thus,
following the rapid negative pitching moment at 2457 (Fig. 13(b}),
the blade \wists down, reducing the angle of attack, and thea twists
up agai, showing a peak deformation near 3007 as seen in Fig. 10,
Three subsequent cveles are also apparent in Fig. 10 with maxima at
39607 and 10537, The pulse-Bke normal force increment in the first
quadramt (Fig. 13aj} is 2 combined offect of imcreasing angle of
attack from 30-607 (Fig. 1) and increasing Mach number. Super-
critical fow develops on the first 20-40% of the aerofoll at abow
45° (Fig. P3e)) and this greatly increases the section normal force,
As the blade starts to twist down again the normal force is reduced
but the upper surface pressures do oot indicate a convective svent as-




sociated with dypamic siall. The blade twists up again foward 1057,
but the root pitch angle is rapidly decreasing 50 the combined effect
is an inflection point in the normal force around 907, Relatively
small oscillations in section moment are observed in the first and
second quaddrants but these are probably caused by relative upper and
lower surface shock motien as described for a high-speed dive case
by Kufeld and Bousman™,

The normal force recovers in the third guadrant as the root pitch
angle increases and the elastic twisl reduces o smaller values. The
flow is supercriticad over the first 10% of the aerofoil in this quadrant
and, as shown in Fig. 13c), there is a rapid decrease in the upper
surface pressure at about 220° as an apparent dynamic stall voriex
forms and is shed near 0:04%¢. Although the suction peak at 0-030¢
is maintained for snother 37 or so after the coliapse of the peak at
(104Gc. This event is convective and moves back along the surface
of the of the serofoil and Jeaves the trailing edge at about 2507 The
passage of the dynamic stall voriex comncides with the negative
pitching moment peak.

Folowing the first dynamic stall oscillation that starts al 220°, the
section moment (Fig. 13(b1) shows a number of oscillations in the
fourth and first quadrants which tend to be out-of-phase with the tor-
sinn moment (see Fig. 10). The flow appears te remains separated at
the trailing edge wntil abowt 20° (Fig. 13{c)L, as shown by the drop in
pressure at the traiting edge transducer. and there is only weak
evidence in the surface pressures of additional dynannc stall cycles.

The airtoads at (-92K are examined in Fig. 14, The section nosmal
force distribution is similar to the that at 0-775R, but the section
moment shows a number of differences including additional high
loading oscillations on the advancing side of the disk. The puise-like
normal force increment is again seen in the first quadrant and, as was
discussed for the 0-775R section, is a combined effect of the rapid
increase in angle of attack caused by elastic twist and increasing
Mach number creating a large area of supercritical fow over the
front of the aerofoil. Unlike the inboard case, however, a dynamic
stafl vortex is apparently shed. Fig. 14(c) shows that a dynamic stall
vortex is shed in the first 10% of the aerofoil around 557 azimuth.
The vortex creates a region {from §-107 o 0-2500) of subcritical
flow within the area of supercritical flow on the aerofoil. By 0-395¢
the vortex passage is clearly seen as a convective event and it leaves
the trailing edge of the aerofoil by approximately 65°. Other dynam-
ic stall cycles are seen from 2857-295° and 335737 and, in fact,
these are the initiating stall eveles in the sequence of torsional oscil-
tarions. Note that the initiating point of the first dynamic stall cycle
at 285° (Fig 14(cy) is delayed compared to the initialing poinl ob-
served in Fig. 13 at 2207,

The negative section moment peaks in Fig. 14 at 60%, 285° and
355° appear to be assoctated with the passage of dynamic stall
vortices off the wailing edge of the aerofoil. The negative moment
peaks at 1107 and 145% are nct associated with any dynamic stall
events. Rather, these large negative moments are associated with
rapid and unequal motion of the supercritical fow regions on the
upper and lower surfaces of the aerofeil. The combined effect of
angle of attack and Mach pumber influence the extent of the super-
critical flow regions, Azimuths where these flow regions are unbal-
anced result in momentary large pitching moments (this was shown
for a stmilar high-speed dive case in Ref. 371

The airfeads shown in Figs. 1214 and. particularly, the dynamic
statl characteristics, are similar to the behavior shown in Ref. 28 for
the UTTAS manoeuvre. These similarities include the general form
of the pitch-link motion with three of four cycles of osciliation: the
inception of the Arst dynamic stall vortex inbosrd on the serofoil at
(1.7T75 or 65K with the resulting azimuthal delay in vortex shed-
ding towards the tip of the blade: and the interaction observed in the
first quadrant belween the shed dynamic stall vortex and the uppet
surface supercritical flow, Differences in the airfoads behavior are
also seen: these include the shsence of repeated dynamic stall vortex
shedding at {1775 for the present diving turn and the large pitching
moments outboard that are caused by out-of-phase shock motion oo
the upper and lower surfaces. This latter behavior was observed in
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Figure 14. (a) Section normal force, (b) section moment, and (¢} an
offset plot of upper surface pressures vs rotor azimuth for #H = G820,
{Cycle 22, Counter 11 879): 0 to 60 harmonics.
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Figure 15. Section moment at 0-828 vs rotor azimuth for four adjacent
rotor revolution (Counter 11 673); 0 to 60 harmonics,

Ref. I8 for a high speed dive condition. but not for the UTTAS
pull-up manoeuvre. Reference 37, after examining both the UTTAS
pull-up and the high-speed dive conditions, concluded that the
sources of the high torsional loads were two separate phenomena:
dynamic stall for the UTTAS manceuvre and out-of-phase shock
motion for the high speed dive case. The diving turn shown here is
of particular interest as the measured atrloads show that the torsional
loads are being caused by both dynamic siail and out of phase shock
motion.

The airfeads data shown in this paper are clearly a challenge for
the analytical prediction codes. Present comprehensive models all
employ one or more empirical or semi-empirical dynamic stali models
that represent nonlinear, viscous-dominated flows, but none have vet
been validated by the kind of three-dimensional aerodynamic load-
ing like that shown here. In addition, the likelihood that any of these
methods can predict the detailed effects of unsteady, nonlinear tran-
sonic fows in low. New computational fluid dvnamic (CFD) codes,
on the other hand, should be able to properly characterize the
unsteady. nonlinear transonic flows, but do not adequately predict
strong viscous effects. In addition, none of these analyses been satis-
factorily coupled with dynamic analyses that can represent the blade
torsional motions.

The challenge, then, is most simply shown by Fig, 15, Data from
four adjacent revolutions of the rotor show that section pitching
moments at 0-92R are relatively steady, These measured moments
are essentially design loads for this aircraft’s blades, the rotating

controls, and the fixed-system controls. A successhul prediction of

these loads must properly model dynamic stall and unsteady, nonlin-
car trapsonic acrodynamics plus the elastic response of the blade and
contrad system for this steady. triramed flight condsion,

7.0 CONCLUDING REMARKS

The Hight test portion of the UH-60A Arloads Program was
successiully completed. collecting over 960 in-flight test conditions
of a pressure instramented rotor system. In addition, the aircraft had
sufficient instrumentation 1o clearly identify the sircraft and rotor
state and provide aseful mformation for acoustie, loads, vibration,
and control research during wsting. The test conditions should help
to provide information for code validation and increase our under-
snling of rotor aerodynamics for leve] fight. manceuvring fight,
acoustics. and fight dynamics. The airfoads presemted show the
detall available for a relatively simple level flight case and a highly
complex airloads for a high speed, diving turn.
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