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The flight test phase of the Nasa~Army UH-60A Airloads Program q dynamic pressure, 1b/in2
By s compicted in February 1994. The objective of the project was to r radial location, ft
airloads in flight on an UH-60A Black Hawk using 221 R blade radius, ft
. e transducers installed in nine radial arrays. In addition, X chord location, in
&1~} yranscucers were installed along the blade leading edge to better
dentify blade-vortex interaction phenomena. This paper briefly p air density, slug/ft3
seseribes the program’s background and history, instrumentation, o rotor solidity, be
.id data nequisition. Airloads data are presented for two test condi- -
R . . TR
| vons with ditferent levels of complexity: steady, level flight and a
ael ing tur. These flight data provide useful information of relatively [e) main rotor speed, rad/sec
_wnple and complex nonlinear flow for the validation of theoretical
e I ailyses. Zvidence of shock waves, reverse flow. dynamic stall and
“iude vor. e interactions are presented.
an P 1.0 INTRODUCTION
the . Knowing the airloads distribution on a rotor blade in flight is funda-
NOME?@QLATURE mental to understanding how a rotor works and for designing new
o speed of sound. fi/s and improved rotorcraft. thammg the airloads, however, is a diffi-
ath number of blades cult measurement task since many pressure transducers must be
[ blade chord. ft instalied on the blade to adequately capture the airloads behavior. In
R weight co ef;i cient. GW additign, acqujr?ng and processing _the resulting unst.eady‘pressure
yot —— data is nontrivial. Hooper) in his 1983 survey, identified ten
ol nGpL R programmes where pressure measurements were obtained for at least
IF‘ it aircraft eross weight, Ib five radial stations on a rotor in either a flight or a windtunnel test.
fer section , .rmal force, Ib/ft Eight of these data sets®-1> were obtained on conventional heli-
L I local Mach number copters and two'!* 14 were obtained for compound aircraft. The data
“é i section aerodynamic moment about local quarter obtained, particularly Refs 4, 5. 9. and 12, have been very valuable
s chord, in Ib/ft in obtaining a general understanding of the complex air flow over a
el nondimensional section normal 2L helicopter blade in flight and for supporting development of analy-
e force EPN ses. Despite the usefulness of these data, however, a data set with
w ape . . . . .
‘ increased bandwidth and 4 greater range of flight conditions than
y nondimensional section pitching 2M, previously obtained was needed.
moment '-’IEPCZ The present flight test program¢Is-17 was designed to overcome
! o weaknesses of past programs in terms of the quality and quantity of
! nondimensional upper surface 2p- pm) data, the bandwidth of the data, and ease of accessibility to the data.
pressure a2 p The flight test portion of the program is now complete and some data
- is now being used to validate comprehensive analysest!8 19, The pur-
2 load factor, g pose of this paper is to provide an overview of the flight program
) surface pressure, Ib/in2 content and some representative accomplishments. The paper begins
¥ static pressure, 1b/in? with a brief discussion of the flight program background. The rotor
o
¥ Paper No. 2231. Manuscript received 13 December 1996, accepted 3 April 1997,
g :per first presented at the 22nd European Rotorcraft Forum, September 1996. Brighton, UK. Organised by the Royal Aeronautical Society.
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Figure 1. UH-60A with instrumented blades.

and aircraft 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 limited set of airloads data
from two flight 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 measurements
on a current technology rotor. In addition to flight testing, the
program includes small and full-scale windtunnel testing. The small-
scale testing was completed using a 1:5-73 scaled UH-60A model
rotor in hover2® and forward flight2b, Full-scale windtunnel testing
is planned for the National Full-Scale Aerodynamic Complex
(NFAC) at Nasa Ames Research Center following installation and
checkout of a new rotor test stand, the Large Rotor Test Apparatus
(LRTA).

The UH-60A flight 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 to be used during the second phase
using the highly-instrumented rotor. These tests, completed in June
1987, used a blade (with limited structural instrumentation) made for
the US Air Force’s HH-60D Night Hawk program. The Phase 1 tests
totaled 57 flight hours22. 23),

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

highly-instrumented blades installed, was intended to cover an
extensive range of test conditions in a number of separate test cam-
paigns. Testing, however, was delayed because of difficulties that
were encountered in the development of the data acquisition system.
A successfu’ system was finally demonstrated yet, the test program
was subsequently reduced in scope to a single test campaign. A
restricted program was defined that included
1. level flight
2. manoeuvres
3. ground-measured acoustics
4. airborne-measured acoustics
5. flight dynamics. -
This reduced program was started in July 1993 and was completed in
February 1994. The UH-60A Airloads aircraft, shown in Fig. 1,
made 31 data flights during this time period for a total of 57 flight
hours@4,

3.0 INSTRUMENTATION

A total of 362 parameters (Table 1) were measured on the instru-
mented rotor blades and hub, and another 93 parameters (Table 2)
were measured on the aircraft. This section provides brief descrip-
tions of the various sets of instrumentation. Special procedures were
used to calibrate some of the instrumentation suites and, as appropriate,
those calibrations are discussed here.

Measurement Number Sample
group of rate, freq
Sensors per second -
Blade pressures 242 2142
Blade 50 357
temperature i
S
Blade flap, edge. 21 357 ;
and torsional
moments
. Sof
Blade feather, flap, 12 357 accelerc
and lag angles :
: he
Blade pitch link 8 357 it ‘fﬁ,; ¢
and damper load - chordw
Blade flap and 20 357 taeros’i};’:
edge acceleration sure ca
¢ pressu
Shaft bending 2 357 leeve w
and torque xible se:
e aerofc
Hub and bifilar 7 357 against ifst
mass acceleration e was &
Table 1 ; of the blad

Blade and hub rotating measurements

3.1 Blade pressures : niform |

. tructural
The pressure blade was built with 242 sub-miniature, uisition
absolute pressure transducers?> embedded below the ski determir

the blade. In order to maintain instrumentation integrit transduc
design specifications required that all sensors be repl aCal Fil
that each chordwise array have spare wiring. This was ac bout eve
with the exception of the pressure transducers inside the :
tip cap which are not individually replaceable. Instea
fully-instrumented tip cap was made and then kept as temp
pipettes of the pressure transducers have an outside
0-1 mm and are mounted flush with the aerofoil sectio
mal effect on the aerodynamic flow. Blade contour meas

each radial array verified that the aerofoil contour was not 22R. ().-
The main spar of the blade was not modified during in s were ¢
the transducers, thus maintaining blade structural integri °C. The

dynamics. The instrumented blade dynamic charact
measured by Hamade and Kufeld@). Each pressure tra
statically calibrated over a range of 2 to I8 psia and i
response measured to 10 000 Hz. Most of the transducer.
response to 2000 Hz. The effects of temperature, cen
and vibratory loading on the pressure transducers were

ade duri
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nts we:

Measurement Number Sample 2.7
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Aircraft states 42 209 : Cof twely
and controls : edges of
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Engine states 13 209 Ive oo
tred oo

Cabin vibration 32 418 ; 3paced ¢
accelerometers ters vy
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5. Schematic of pressure transducer, strain gauge and
~ccelerometer locations along UH-60A rotor blades.

auvh

jayout of the transducers is shown in Fig. 2. The spacing of the
s was selected to allow for accurate, integrated measure-
¢ chordwise and spanwise loads and to capture the most
a1 aerodynamic phenomena on the blade.
ure calibration technique was developed for rapid calibra-
the pressure transducers once they were installed in the blade.
sleeve was placed over the blade and both ends were sealed
fexible sealing compound. Near the root, the tube was sealed
the acrofoil section of the blade; near the tip, the sleeve was
ggainst itself forming an airtight chamber. Between the blade
ove was a breather cloth to allow the free flow of air along the
of the blade and to prevent the mylar from sealing off any of
qure transducers. A vacuum pump and control unit was then
d to the sleeve and air was removed from the sealed sleeve to
4 uniform pressure field around the blade down to 8 psi, (the
structural limit). Data were collected through the Rotating
Acquisition System (RDAS), the same system that was used in
io determine calibration slope and offset for each of the 242
transducers at one time. The calculated gain values were
in a Cal File for the next series of flights. This calibration was
d about every two to three weeks during the test program.

lade temperatures

pressure transducers were designed to independently measure
temperature in addition to pressure. These transducers were
uted in five radial arrays on both the top and bottom of the
at 02 R, 0-44R, 0-675R, 0-865R, and 0-965R. The temperature
ucers were calibrated as installed in the blade for the range of
10 58°C. These temperature measurements provide the capability
ect the blade pressure for thermal effects, although this is not
done.

Strain gages and accelerometers

guages and accelerometers were installed in the second instru-
d blade during the fabrication process. Blade flap, chord, and
| moments were measured with a total of 21 two- or four-leg
gauge bridges bonded directly to the spar of the blade. The
rements were evenly distributed along the blade radius as
vin Fig. 2. The blade was calibrated statically with an applied
Corrections for the blade twist distribution were made in the
d loading, but guage cross-coupling effects were assumed
and left uncorrected.
Wtal of rwelve accelerometers were bonded to the leading and
g edges of the spar of the strain gauge blade and were
tely enclosed within the contour of the aerofoil section. Eight
welve accelerometers measured flapwise accelerations and
measured edgewise accelerations. They were placed at four
spaced radial stations as shown in Fig. 2. The flapwise
fometers were installed as pairs fore and aft of the spar which
§ the calculation of torsional as well as flapwise acceleration.
elerometers were calibrated prior to installation.
tional blade accelerometers were mounted atop each blade

Figure 3. UH-60A blade motion hardware.

clevis at 0-088R and 0-125R 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
Studebaker@®. Each of these fifteen accelerometers was readily
removable for laboratory calibration.

The four pitch 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 to measure shaft bending and torque.
The shaft extension was calibrated at Sikorsky Aircraft’s calibration
laboratory prior to the flight test program. Calibrations and measure-
ments of hub moments were not made during this test program.

3.44 Blade motion hardware

The UH-60A has a fully-articulated main rotor system 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 known as the Blade Motion
Hardware (BMH) was used to obtain blade flap, lag and feather
measurements on each blade.

The BMH (Fig. 3) uses three, rotary variable differential trans-
formers (RVDTs) to measure 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 motions. The
true blade motions were obtained through three kinematic equations
which account for the blade coupling. 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 accelerations; and angle of
attack and sideslip from vanes mounted on the test boom. The
airspeed measurements were obtained using three independent
systems: the test boom, the manufacturer-instalied aircraft system,
and a low-speed system called the Helicopter Air Data System
(Hads). The boom and aircraft measurements were used for air-
speeds above approximately 30 knots. The Hads was used to obtain
airspeed data below 30 knots.




Figure 4. View of signal 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 in the cockpit and cabin, and on the transmission,
cabin absorber, tail, and stabilator. The sensor locations match those
of a ground vibration test conducted on a different UH-60A vehicle
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 variable
differential transformers (LVDTs). In addition to the pilot control
positions, the control mixer inputs, the Stability Augmentation
System (SAS) actuator positions, and the flight control servo posi-
tions were also measured. Control 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 states

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

4.0 DATA ACQUISITION

Flight data from the UH-60A Airloads aircraft were obtained with
two airborne data acquisition systems. The first system, the Rotating
Data Acquisition System (RDAS), was mounted atop the rotor hub
and collected data from main rotor sensors. The second system, the
Airframe Data Acquisition System (ADAS) was mounted inside the
cabin and collected data from non-rotating components plus RDAS
and ADAS health monitoring information. The main RDAS and
ADAS measurement groups are summarized in Tables 1 and 2,
respectively, including, the sample rates and filter frequencies. For a
limited number of test conditions, ground-based tracking data were
also obtained and merged with the aircraft data.

4.1 Rotating data acquisition system (RDAS)

The RDAS was developed and built at Ames Research Center and
represents a major step forward in “state-of-the-art” flight data

Bo

acquisition hardware. The operation of this system in a k
flight environment was one of the biggest risks undertake
program. The high reliability of the RDAS throughout ¢ 03
program was a key element in the program’s Success.

The RDAS was designed around ten identical Pulse Cg
lation (PCM) encoders and has a system data bit rate of 75
per second. The ten encoders were mounted in the centre
mounted container surrounded by over 40 integrated circuif
a hub and spoke configuration (see Fig. 4). Data sampling
trolled by a common synchronisation pulse sent to all te
from a timing integrated circuit card inside the RDAS. Each
was programmed in an identical manner collecting 35 ten-
frame words, which include time code, rotor positio
counter data to ensure data synchronisation. The ten-bit
provide a useful range of 1000 counts for analogue inputs
counts for bi-level (digital) inputs. The maximum encoder
750 kilobits per second provides 2142-6 samples per secon
main frame parameter. Five of the main frame words were s
six-deep, sub-commutation configuration providing a lowi
rate of 357-14 samples per second for 180 sensors, which
blade temperatures, blade loads, pitch link and damper loz
accelerations and motions. ;

Forty of the integrated circuit cards were identical si
tioning cards which provided space for filters and gain amp
320 transducers. The gain and offset of each transducer
exception of temperature measurements) were controlled
precision resistors that were soldered to the signal co
cards. Each resistor was specifically selected to obtain ¢
match with that channel’s transducer output. This enabled
RDAS system to deliver an average resolution of 0-026 psi
for the pressure transducers. This method of gain and off:
provided a low sensitivity to temperature variation and wit
high dynamic loads of the rotating hub in flight.

All data from transducers mounted on the blades, p
dampers, and the rotor hub were passed through eithe
110 Hz six-pole, Butterworth filters and gain amplifiers
and-hold amplifiers. The signals were then digitized 't
encoders and were stored as a digital stream. The ten d
streams were then sent down through a slip ring into
cabin.

Inside the cabin, the ten streams were inspected for val
signals and were then combined by a multiplexer into a
megabit per second stream for rapid post flight processing
ground based computer. Before multiplexing, data from
the ten streams could be sent to the ground station for real
itoring. The multiplexed signal was then routed throug
spreader unit which divided the data stream into nine trag
with an alignment tag, which were then recorded onto 2
Frequency Modulation (FM) tape recorder. This step was
as FM tape recorder technology cannot reliably handle
stream rate. During post-flight data processing the nine d
were re-merged with the help of the alignment tags in
stream again for processing.
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4.2 Airframe data acquisition system (ADAS) tangular rat

The ADAS acquired data from all non-rotating meas
including aircraft and engine states, control positions,
health monitoring parameters. In contrast 10 the ten-
encoders used in the RDAS, the ADAS incorporated 12
encoders. The 12-bit encoders provided a useful range
counts for analogue inputs and 4096 counts for bi-leve
inputs. The system dynamic range was approximately 72d

The ADAS featured adjustable system gain to allow €O
with a variety of sensor output voltage levels. The P(;
gain was variable from 0-5 to 20, while the gain of the SIg
tioning modules was limited to 1, 8 and 250. Unlike U
these gains were programmable and did not require resistor
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T samg). product of the encoder gain and the signal conditioning gain
sided the effective system gain for a particular measurement.

s, blag] A instalied in the UH-60A Airloads aircraft, the ADAS had three
sable anti-aliasing filter modules. These three filters had -3 dB

?Tl < s at approximately 36, 72 and 108 Hz. The PCM bit map was
Elﬁ.m ned 1o provide a minimum sample rate of four times the filter
With i frequency. The nominal sample rates for the low- mid-, and
d‘it{ prate parameters were: 209, 418, and 836 sarpples per second.
. op . configured for this test, the ADAS could acquire data up to 115
he ]+ dual measurements.
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i v Operator Manual3?. The helicopter was able to reach maxi-
1y allowable airspeed of 193 knots, load factors up to 2g and as
me s 0-25¢ and an altitude of 18 000 ft. The structural limits of the
a di opter were not the major limiting factor for testing because the
cks, eadf “nift would reach the engine limits first.
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section will provide sample results for two test conditions from
st twos categories. The test conditions were selected because
represent two levels of complexity for the analyst: a steady-
- unaccelerated flight condition and a steady manoeuvre with
nt anzular rates.

i Level Flight

- level-flight airspeed sweeps were flown for six values of
10 provide baseline airloads data that show the effects of
¢ raiio and blade loading3». The limiting condition in each
ight sweep was the 30 minute engine power limit. Figure 5
“the cuolution of the airloads with advance ratio at 0-92R, the
location just inboard of where the blade sweep starts. This
 plot shows the nondimensional section normal force as a
0 of blade azimuth and advance ratio. Advance ratio varies
0093 10 0-368 and each advance ratio line on the surface plot
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Figure 6. Section normal force as a function of blade azimuth and

radial station (Counter 8534); C,/c = 0-08, advance ratio = 0-368,
0 to 60 harmonics.

represents a separate test condition. At low speeds the influence of
vorticity loading from the tip vorticies of previous blades is clearly
evident on the advancing side of the disk where there is a down-up
pulse and on the retreating side where there is an up-down pulse.
This vorticity loading peaks at an advance ratio of about 0-1 and is
the source of the high vibratory loading that is observed in transition
flight. As advance ratio increases the loading caused by the tip vor-
tices diminishes, but the influence is still visible on this plot beyond
an advance ratio of 0-3. The character of the section normal force
changes as advance ratio increases so that the normal force is
reduced in the second quadrant to maintain roll moment balance on
the aircraft(h. At this radial station the normal force is negative for
advance ratios beyond 0-20. The basic loading shown here appears
typical for rotors in forward flight34.

The blade airloads at the highest speed condition in Fig. 5 are
shown in Fig. 6 as a function of blade azimuth and radial station.
Each line on the surface plot represents the normal force at a particu-
lar radial station from the most inboard station at 0-225R to the most
outboard at 0-9R. The section normal force at 1-00R is zero. At the
most inboard station on the rotor the normal force is largest over the
nose of the aircraft and then decreases rapidly and becomes negative
in the third and fourth quadrants 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 0-775R for this airspeed. The region of
negative normal force in the second quadrant is greatest at 0-92R and
becomes less negative as the blade tip is approached. This behavior
is very similar to the normal force distributions examined by Hooper
in his study‘.

The data shown in Figs 5 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©3 demonstrated the
steadiness of these data for level flight cases by showing the time
histories of a pressure transducer on the lower surface as a shock
passes over the transducer for the high-speed test condition of Fig. 6.
Figure 7 shows a similar plot for a pressure transducer on the upper
surface near the leading edge. In this figure the nondimensional pres-
sure 1s shown as a function of blade azimuth and cycle count. Steadi-
ness in the data is shown by the smoothness of the plot surface. For
the case shown here, two different phenomena are seen. First, just at
the start of the second quadrant, a small variation in pressure is
observed. Tung and Bousman®5 suggest this variation is caused by a
pair of vortices: one vortex shed from the region of positive loading
on the previous blade and the other vortex, of opposite sign. shed
from the region of negative loading. The loading from this vortex
pair is seen to be steady and repeatable. Second, a much stronger
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Figure 7. Upper surface pressure as a function of blade azimuth and
cycle number (Counter 8534); x/c = 0-030, r/R = 0-865, C,/c = 0-08,
advance ratio = 0-368, 0 to 60 harmonics.

change in pressure is evident at the end of the fourth quadrant where
a shock passes over the transducer location. The shock is quite
strong 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 occur at
this location. 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 slight unsteadiness is seen during the pressure rise as-
sociated with the shock passage.

In some cases, the airloads 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 cyclest®® at the
power limiting advance ratio of = 0-236. During these stall cycles,
there is considerable unsteadiness in the airloads as well as elastic
motion in the rotor. Fig. 8 shows the nondimensional section mo-
ment at 0-865R for this case as a function of blade azimuth and cycle
count. The section pitching moment is relatively stable in 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 quadrant. The average
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Figure 8. Section pitching moment as a function of blade azimuth and
cycle number (Counter 9017); r/R = 0-865, C,/c = 0-13,
advance ratio = 0-236, 0 to 60 harmonics.
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loading in this case represents a good test of dynamic stal case. Beca
also, the measured unsteadiness is important for understandi normal

modeling of dynamic stall mechanisms. nic conter
near the
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6.2 Diving turn short-term ¢
The diving turn data shown here are from a steady manoeu yO ?n7 Csl”t.;:z

target right bank angle of 55° and an airspeed of 140 KIAS teasing pét\ﬂ}_

11679). The aircraft descended at approximately 3500 ment of thc;

minute to obtain this airspeed and bank angle (load factor). ! followine
the manoeuvre is described as a steady turn, the pilot had d ng results

maintaining a true steady condition for the entire 10 secon sadrant, The 1

Figure 9 shows several of the aircraft state measurements to
the steadiness of the manoeuvre. Although the target airs
bank angles were achieved near the beginning of the manoeu¥
load factor was still increasing from 1-3g to the maximum ¥
1-7g obtained midway through the manoeuvre. The oscillat
link loads show similar behavior, increasing from 1100 Ib to
and were clearly sensitive to the rotor load factor. Near the
the record when the pitch link loads were greatest, the pilot
to hold conditions relatively steady for several rotor revol
Figure 10 provides a more detailed look at the pitch link load
tion for this section of the manoeuvre (cycle 11 to 26) in
plot format to quantitatively assess the effect of aircraft sted
the pitch-link loads.

The variation in the pitch-link loads during the manoeuv
primarily in two location, at 70° and 270° blade azimuth.
locations, the load varies significantly from one cycle of the
vre to the next. However, there is one section of four const
cycles (20 to 23) with very little variation in the pitch link |
test condition provides sufficiently steady data to allow CO
with analysis. The revolution selected for review in this P
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: squre 10. Offset plot of pitch-link load as a function of azimuth and
stor revolution during high speed steady turn (Counter 11 679);
0 to 24 harmonics.

e 22nd revolution, which is centered in the steadiest portion of
anoetvre.
¢ nor-dimensional blade section normal force for cycle 22 is
nin Fio. 11, Compared to the steady level flight condition of
- both similarities and differences are seen. The areas of nega-
orce i the tip in the second quadrant and at the blade root in
ird and fourth quadrants are similar to those seen in the level
case. ecause of the increased thrust on the rotor, however, the
fon norinal force is substantially increased and more higher
nic content is seen in the airloads. One major difference is
near the blade tip, where a very large, but narrow region
W 15% of normal force is observed around 55° rotor azimuth,
~short-term spike in the blade lift, which is seen as far inboard as
0-675. is a nonlinear aerodynamic event due in part to the
dy increasing Mach number on the advancing blade, the
ising piich angle of the blade needed to balance the roll
‘nt of the rotor in forward flight, and blade flexibility. Immedi-
¢ iollowing the normal force spike in the first quadrant, negative
gre-ults as the blade pitch continues to decrease in the second
“nt. The normal force becomes positive again as the rotor blade

) dEQ 360

e 1. Section normal force as a function of azimuth and radial
station during a high-speed, steady right turn
‘Cycle 22, Counter 11 679); 0 to 60 harmonics.
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Figure 12. (a) Section normal force, (b) section moment, and
(c) an offset plot of upper surface pressures vs rotor azimuth for
/R = 0.225, (Cycle 22, Counter 11 679); 0 to 60 harmonics.
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Figure 13. (a) Section normal force, (b) section moment, and
(c) an offset plot of upper surface pressures vs rotor azimuth for
R = 0.775, (Cycle 22, Counter 11 679); O to 60 harmonics.

enters the third quadrant and is maintained into the fourth
where, near 315° rotor azimuth, a rapid drop in normal force
Oscillations in normal force then occur as the blade encg
number of dynamic stall cycles that extend into the first quag

A closer examination of these airloads is provided in
for the 0-225R, 0-775R, and 0-92R stations.

In Fig. 12 the section normal force, moment and uppey
pressures are shown for /R = 0-225. The section normal fy
first quadrant is low or moderate with a pulse-like force i
around 35°. The normal force increases substantially in th
quadrant and reaches a maximum just before 160°. The no
then rapidly decreases, becoming negative in the third
quadrants in the region of reversed flow. The section
(Fig. 12(b)) is quite low on the advancing side of the disk
170° the moment rapidly becomes negative — an indication
stall. The upper surface pressure (Fig 12(c)) clearly shows a
tive event associated with a dynamic stall vortex formed

root pitch ar
flection poi
cillations i
quadrants bu
rface shock
id and Bous
ormal force

upercritical
shown in F
pressure at

d is shed n
ained for ai
This event

f the aerofor
of the dyr

ing edge at about 150° and then moving along the aerofo moment pe
and leaving the trailing edge at about 200°. The minimum wing the firs
that is encountered coincides with the departure of the dyna moment (Fi

vortex from the trailing edge. The angle of attack is relativ d first quac
prior to the shedding of the dynamic stall vortex and the flg
immediate vicinity of 0-010c¢ is supercritical at this azim
region of supercritical flow is quite limited, however, and
extend back to the next transducer at 0-049¢. Although no i
ments were made of the fuselage induced flow, in this. ¢

ng edge unt
at the tra
in the surt
irloads at 0-

upwash over the aircraft nose probably increases the local stribution i
attack and affects the stall characteristicsG6). shows a n
The section moment, in Fig. 12(b), shows a positive m oscillations

the third and fourth quadrants that is nearly as large as the
moment induced by dynamic stall. For the most part, this d for the O
moment is a result of the negative normal force on the aeroft in angle ¢
reverse flow region with the centre of pressure near the
three-quarter chord. Interestingly enough, the lower surfa
sures (not shown here) indicate that a dynamic stall vortex

the aerofoi
tex is appar

from the trailing edge moving towards the leading edge on t shed in tt
surface in the reverse flow region. ex creates

Additional aerodynamic events indicated in Fig. 12 i hin the are:
blade-vortex interaction at about 35° which causes the imp X passage i

normal force in the first quadrant and possibly a second blad ng edge of
interaction at about 130°. Little moment change is seen durj cycles are
blade-vortex interactions. : the initiati

The airloads measured in the diving turn at 0-775R are Note that t}
Fig. 13 and the loading is more complex than seen inb ig 14(c))

complexity results primarily from the extensive regions of st
cal flow, but also from substantial torsional deformation outl
the blade. The nondimensional section normal force (Fi pear to be
shows a large increment in the first quadrant; as discussed pr off the trai
this force increment or spike extends for only 15 or 20°. 110° and
force is reduced in the second quadrant, increases in the thi
rant, and then drops to a moderate level in the fourth quad
section moment shows a number of oscillations, with a n
negative spike at 245°. ~

Fig. 13 at

and unequal
:and lower st
of attack and

The airloads behavior at 0-775R is best understood by a: ow region:
ining of the pitch-link loads in Fig. 10. Although these load It in mor
axial force in the pitch link, they also correspond to the r high-sj
moment at the blade root. As a first approximation these rloads sho
qualitatively representation of the blade's elastic deforma “teristics,
following the rapid negative pitching moment at 245° ( AS manoe
the blade twists down, reducing the angle of attack, and th tch-link mi

up again, showing a peak deformation near 300° as seen in of the firs
Three subsequent cycles are also apparent in Fig. 10 with m 0-865R w-
5°, 60° and 105°. The pulse-like normal force increment int ards the tif
quadrant (Fig. 13(a)) is a combined effect of increasing
attack from 30-60° (Fig. 10) and increasing Mach numbe
critical flow develops on the first 20-40% of the aerofoil
45° (Fig. 13(c)) and this greatly increases the section nor
As the blade starts to twist down again the normal force i$
but the upper surface pressures do not indicate a convective

* Supercritica
“n; these inc
g at 0-775 t
s outboard
Per and lowe
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.4 w 1 dynamic stall. The blade twists up again toward 105°,
J s roc pitch angle is rapidly decreasing so the combined effect
) ,';[]ﬂe flon point in the normal force around 90°. Relatively
sscil itions in section moment are observed in the first and
. quarants but these are probably caused by relative upper and
" arfe @ shock motion as described for a high-speed dive case
_2ld s d Bousman®?.
-pon’ al force recovers in the third quadrant as the root pitch
) acre ses and the elastic twist reduces to smaller values. The
A upe critical over the first 10% of the aerofoil in this quadrant
+she /nin Fig. 13(c). there is a rapid decrease in the upper
pre -ure at about 220° as an apparent dynamic stall vortex
.ond  shed near 0-049¢. Although the suction peak at 0-030c¢
air -1 for another 5° or so after the collapse of the peak at
. Th event is convective and moves back along the surface
cof the aerofoil and leaves the trailing edge at about 250°. The
.z¢ of ‘he dynamic stall vortex coincides with the negative
] ome ment peak.
~awir -~ the first dynamic stall oscillation that starts at 220°, the
+me. rent (Fig. 13(b)) shows a number of oscillations in the
~and st quadrants which tend to be out-of-phase with the tor-
wome. (see Fig. 10). The flow appears to remains separated at
Jling -1ge until about 20° (Fig. 13(c)), as shown by the drop in
4-ce a he trailing edge transducer, and there is only weak
cee ir he surface pressures of additional dynamic stall cycles.
wairle ds at 0-92R are examined in Fig. 14. The section normal
. distrintion is similar to the that at 0-775R, but the section
st sbows a number of differences including additional high
i} szosc lations on the advancing side of the disk. The pulse-like
“ forc+ increment is again seen in the first quadrant and, as was
i wed 1 the 0-775R section, is a combined effect of the rapid
% e in ngle of attack caused by elastic twist and increasing
¥ num: =r creating a large area of supercritical flow over the
“of the aerofoil. Unlike the inboard case, however. a dynamic
4 cortex s apparently shed. Fig. 14(c) shows that a dynamic stall
40 is s =d in the first 10% of the aerofoil around 55° azimuth.
ortex: creates a region (from 0-107 to 0-250¢) of subcritical
‘Y withir he area of supercritical low on the aerofoil. By 0-395¢
; nex + issage is clearly seen as a convective event and it leaves
"4 uling -dge of the aerofoil by approximately 65°. Other dynam-
leye ey are seen from 285°-295° and 355°-5° and. in fact.
are th initiating stall cycles in the sequence of torsional oscil-
‘. No - that the initiating point of the first dynamic stall cycle
S (F. 14(c)) is delayed compared to the initiating point ob-
“iinFoa, 13 at 2200,
1 v neg tive section moment peaks in Fig. 14 at 60°, 285° and
' wppe: - to be associated with the passage of dynamic stall
- ofche trailing edge of the aerofoil. The negative moment
“al 7 and 145° are not associated with any dynamic stall
] - Re er. these large negative moments are associated with
iﬁ md  equal motion of the supercritical flow regions on the
T ind wer surfaces of the aerofoil. The combined effect of
ofat ok and Mach number influence the extent of the super-
‘flov regions. Azimuths where these flow regions are unbal-
] 'esw in momentary large pitching moments (this was shown
mile high-speed dive case in Ref. 37).
~airle ds shown in Figs. 12-14 and, particularly, the dynamic
“Hrac ristics, are similar to the behavior shown in Ref. 28 for
‘TAS manoeuvre. These similarities include the general form
“piet fink motion with three of four cycles of oscillation; the
Y the first dynamic stall vortex inboard on the aerofoil at
1 0- 55R with the resulting azimuthal delay in vortex shed-
“are - the tip of the blade; and the interaction observed in the
- wdre 1 between the shed dynamic stall vortex and the upper
“SUp reritical flow. Differences in the airloads behavior are
WL =se include the absence of repeated dynamic stall vortex
iz ar 775 for the present diving turn and the large pitching
b o board that are caused by out-of-phase shock motion on
e d lower surfaces. This latter behavior was observed in
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Figure 14. (a) Section normal force, (b) section moment, and (c) an
offset plot of upper surface pressures vs rotor azimuth for /8 = 0-920,
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Figure 15. Section moment at 0-92R vs rotor azimuth for four adjacent
rotor revolution (Counter 11 679); 0 to 60 harmonics.

Ref. 28 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 manoeuvre and out-of-phase shock
motion for the high speed dive case. The diving turn shown here is
of particular interest as the measured airloads show that the torsional
loads are being caused by both dynamic stall and out of phase shock
motion.

The airloads 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 stall models
that represent nonlinear, viscous-dominated flows, but none have yet
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 flows in low. New computational fluid dynamic (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 successful prediction of
these loads must properly model dynamic stall and unsteady, nonlin-
ear transonic aerodynamics plus the elastic response of the blade and
control system for this steady, trimmed flight condition.

7.0 CONCLUDING REMARKS

The flight test portion of the UH-60A Airloads Program was
successfully completed, collecting over 900 in-flight test conditions
of a pressure instrumented rotor system. In addition, the aircraft had
sufficient instrumentation to clearly identify the aircraft and rotor
state and provide useful information for acoustic, loads, vibration,
and control research during testing. The test conditions should help
to provide information for code validation and increase our under-
standing of rotor aerodynamics for level flight, manoeuvring flight,
acoustics, and flight dynamics. The airloads presented show the
detail available for a relatively simple level flight case and a highly
complex airloads for a high speed, diving turn.
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