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DEPARTMENT OF THE ARMY
HQ, US ARMY AVIATION RESEARCH AND DEVELOPMENT COMMAND
4300 GOODFELLOW BOULEVARD, ST, LOUIS, MO 63120

DRDAV-D

SUBJECT: Directorate for Development and Cualification Position on the Final
Report of USAAEFA Project No. 77-38, Production Validation Test -
Government Kaman K747 Improved Main Rotor Blade, Oct 79

SEE DISTRIBUTION

1. The Directorate for Development and Qualification position on USAAEFA's
report is provided herein. Paragraph numbers from the subject report are
provided for reference.

a, Paragraph 8, 9, and 21 - The desired (R.F.Q.) hover performance
improverent with the Improved Main Rotor Blade (IMRE) was 6 percent increase
in Out of Ground Effect (OGE) hover gross weight at 4000 feet and 95%F at
military rated power. The hover performance of the B540 and K747 rotors
were both estimated by analytical methods and the hover performance improve-
ment stated in the detcil specification was established as the difference
between the estimated performance of the two rotors. The detail specification
for the Kaman IMRB states, "The AH-1S configured with the improved blade
shall have the capability to hover out of ground effect at a gross weight
8.7 percent greater than the AH-1S configured with main rotor blades P/N 540-
011-250-1, for conditions of military rated power (T53-L-703 engine), 4C00
feet pressure altitude and 95°F ambient temperature."

Early flight testing with the prototype K747 IMRB indicated a 3% increase in

OGE hover gross weight and it was anticipated that the production blades would
provide an additional one percent increase in OGE hover gross weight due to
leading edge contour clean up. As stated in paragraph 21, the production K747
IMRB demonstrated a 3.4 percent increase in OGE hover gross weight at the Army

hot day conditions. The 3.3 nercent value given in paragraphs 8 and 9 is in error.

b. Paragraphs 13, 14, and 21 - Although not anticipated, there is cons :r-
able difference in the power required in forward flight between the B540 ana
K747 rotors. The difference in power required is a function of gross weight and
density altitude. The power required with the K747 blades is significantly
reduced over that of the B540 blades at high gross weights and high altitudes,
however; the power required with the K747 blades at low altitudes and low gross
weight 1s slightly increased. These differences in power required result in
variations in fuel consumption and speced capabilities. For the high altitude
(10,000 ft) high gross weight (10,000 lbs) example of paragraph 14 the K747 rotor
provides an increase in maxiwmum specific ranpe of 25 percent and 22 knots
increase in maximum speed. For the low altitude (sea level) low gross weight
(8,700 1bs) example the K747 rotor reduces maximum specific range only 5 percent
and decreases maxitum speed only 5 knots.




DRDAV-D

SUBJECT: Directorate for Development and Qualification Position on the Final
Report of USAAEFA Project No. 77-38, Production Validation Test -
Government Kaman K74  Improved Main Rotor Blade, Oct 79

c. Paragraphs 20, 22b, and 22c - A= noted in paragraph 20, the excessive
shift in airspeed with power applicatiox is a shortcoming and a more accurate
airspeed system is desirable. The performance data presentation of the
operator's manual is in terms of level flight indicated airspeed; therefore,
the level flight errors do not constitute a severe operational problem.
Because the operator's manual data is based on the assumption that the position
error is the same for climb as level flight a relatively large error (up to 15
knots) in best climb speed will result, This error in climb speed will reduce
the maximum rate of climb up to 3 percent and will result in a reduction in
specific range in climb up to 30 percent, Unless some simple method can be
found to correct the position error in climb without a drastic change in the
level flight position error it would not be cost effective since the expected
benefits are small and a change in level flight airspeed calibration would
require a substantial operator's manual change, Should the AH-1S be qualified
for fl1ight under instrument meteorological conditions (IMC) the position error
will become a significant problem, possibly requiring correction.

2. Although not covered by this testing, other primary objectives of the IMRB
program were to provide improvements in survivability, reliability, maintainability,
erosion protection, and retirement 1life., Significant improvements were achieved

in all of these areas by the K747 IMRB, especially the retirement 1life which {s
almost unlimited (10,000 hrs) compared to 1100 hours for the B540 blades.

K’A '

CHARLES C, CRAWFQRD, JR,
Director of Development
and Qualification

FOR THE COMMANDER:
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INTRODUCTION

BACKGROUND

1.  The K747 improved main rotor blades (K747 IMRB) featuring an advanced de-
sign airfoil, tapered tip planform, composite material construction, and a multi-cell
ballistically tolerant spar were developed by the Kaman Aerospace Corporation
(KAC). The blade was designed to improve hover performance, mainrtainability and
reliability while reducing ballistic vulnerability. The prototype K747 IMRB were
evaluated during a preliminary airworthiness evaluation (ref 1, app A) and airwor-
thiness and flight characteristics evaluation (ref2). Data obtained from these
previous tests indicated that the K747 IMRB did not achieve the government's
desired level of increased performance when compared to the standard Bel
Helicopter Textron (BHT) BS540 main rotor blades (B540 MRB). The US Army
Aviation Engineering Flight Activity (USAAEFA) was tasked by the Army Aviation
Rescarch and Development Command (AVRADCOM) to conduct a Production
Validation Test - Government of an AH-1S (PROD) helicopter equipped with pro-
duction K747 IMRB. The AH-1S was also tested with BS40 MRB to provide baseline
data. AVRADCOM also tasked USAAEFA to conduct in-flight acoustic testing to
compare the K747 IMRB and the B540 MRB sound level in various flight profiles. A
test plan was submitted (ref 3) in August 1978, and an airworthiness release (ref 4)
was issued in October 1978.

TEST OBJECTIVES

2. The test objectives were:

a.  Quantify the hover and level flight performance capability of the K747
IMRB and compare with the BS40 MRB installed on a AH-1S (PROD) helicopter.

b.  Quantify the acoustic signature characteristics of the K747 IMRB and
B540 MRB.

DESCRIPTION

3. The standard B540 MRB, manufactured by BHT, has an aluminum spar and
skin and nomex honeycomb core. The rectangular planform incorporates a
negatively twisted leading edge and constant chord symmetrical airfoil cross section
with a special symmetrical blade tip. The K747 IMRB have a multi-cell filament
wound spar, nomex core, fiberglass skin and Keviar trailing edge. Design of the K747
IMRB includes combining two nonsymmetrical airfoil cross sections with a tapered
blade tip. The K747 IMRB was designed to be similar to the BS40 MRB in dynamic
characteristics. A detailed description of these blades is contained in appendix B.

4. The test aircraft, serial number 76-22573 was a production AH-1S. This
helicopter is powercd by a Lycoming T53-1-703 engine rated at 1800 shaft
horsepower (shp) at sea level standard day conditions. Fngirs operation is
transmission limited to 1134 shp continuous :ad 1290 shp for 20 minutes. At
airspeeds  greater than 100 KIAS engine opere fon is limited to 1134 shp. Dis-
tinctive features ot this helicopter include a flat plate canopy and model 212 tail
mln;\.)A more complete deseription is presente. in the operator's manual (ref S,
app A,



TEST SCOPE

S.  Evaluation of the K747 IMRB was conducted in California at Bishop
(4120-foot elevation), Coyote Flats (9980-foot clevation), Bakersfield (488-foot
elevation), and Edwards AFB (2302-foot elevation) and consisted of out-of-ground-
effect (OGE) hover and level flight performance testing. The acoustic characteristics
were measured using a NASA Ames Research Center YO-3A aircraft for forward and
descending flight profiles at Edwards Air Force Base. Performance and acoustic
testing during the evaluation period of | September to 31 December 1978 consisted
of 47 flights and 38 productive flight hours. Acoustical measurement, data reduction
and evaluation were performed by Aeromechanics Laboratory, US Army Research
and Technology Laboratories, AVRADCOM.

6. The same AH-IS was used for all testing, and the limits of the operator's

manual as modified by the airworthiness release were observed. General test
conditions are listed in table 1.

Table 1. Test Conditions!

G Dt Trim Referred
rrORs e nsiy "
Type of Test s Weight \titude 1NI' ‘nh)r
Type (B (FT) Airnpeed Speed
: (NT) (RPM)
" ( : (2172 | 2=40 10 8200 | 1180 10 10500 | Zero ]294 10 330
HVGRR GOnmanGe B340° | 7920108080 | 900 1o 450 Zero [293 10 333
Lol it merf k7472 | 7980109300 | 2180 to 11,340 |35 10 150] 324
ovel light performance Tye 07T 8140 10 9100 | 1300 10 11700 |34 10 150] 324

"Forward longitudinal centesof-ravity location (FS 193.7-194.8) clean configuration
used for all tests,

2Rotor Made serial numbers A2010 and A2025

Yotor Made serial numbers AMR0O0021 and AMR50107

TEST METHODOLOGY

7. The methods for testing hover and level flight performance are described in
appendix D. Acoustic characteristics were measured for both K747 IMRB and B540
MRB. Sound levels and frequency spectrum were measured and recorded through
sensitive microphones positioned on the wings and tail of the YO-3A. The AH-18
was flown in formation with the YO-3A at specific relative azimuths, distances,
airspeeds, and rates of descent. Sound data were analyzed by the Aeromechanics
Laboratory. All flight test data were obtained from on-board instrumentation and
recorded on magnetic tape on the test aircraft or telemetered to a ground station.
Parameters measured are specified in appendix C.

2




RESULTS AND DISCUSSION

GENERAL

8. Hover and level flight performance, and acoustic characteristics of the AH-1S
(PROD) were evaluated for both K747 IMRB and the B540 MRB. The K747 IMRB
demonstrated a 3.3 percent (310 1b increase in gross weight at 4000 feet pressure
altitude and 35°C) improvement in OGE hover performance. The AH-1S configured
with the K747 IMRB required slightly more power in level flight for a thrust co-
efficient (Cy) less than approximately 0.0054 and significantly less power for C; 's
more than approximately 0.0054 when compared to the B540 MRB cnnfiguration.
A C, of 0.0054 corresponds to a gross weight of 8780 pounds at 324 rpm,
4000 feet pressure altitude (Hp), 35°C or a gross weight of 10,000 pounds at
324 rpm, 2840 feet H,, standardrday. High-speed impulsive noise was determined by
personnel of the Aeromechanics Laboratory to be considerably lower with the K747
IMRB. Two shortcomings not related to the blade type were identified. Two equip-
ment performance reports (EPR) were submitted on the K747 IMRB and two on the
AH-1S.

PERFORMANCE

Hover Performance

9. OGE hover testing was accomplished at test sites with ground elevations of
488, 2302, and 9980 feet above mean sca level. The test conditions are presented in
table 1. The tethered hover method was used in all points except the free hover
points used to gather minimum thrust data. An OGE hover performance summary is
presented in figure 1, appendix E. Nondimensional hover performance of the AH-18
configured with the B540 MRB is presented in figure 2 and with K747 IMRB is
presented in figure 3.

10. Hover performance of the aircraft equipped with K747 IMRB was improved
over the BS40 MRB at all G 's tested. At the Army hot day condition (35°C,
4000 feet pressure aititude) and military rated power, the maximum OGE hover
weight was 9375 pounds with the K747 IMRB. At the same conditions, the
maximum OGE hovar weight with B540 MRB installed was 9065 pounds. This is a
gross weight increase of 310 pounds (3.3 percent improvement) with the K747
IMRB.

Level Flicht Performance

11. Level flight performance testing was conducted at the conditions shown in
table | with the aircraft in the clean configuration using both K747 IMRB and
B540 MRB. Power required for level flight, fuel flow, and specific range as functions
of airspeed were determined. Additionally, reccommended airspeed for long range
cruise (V i e), airspeed for maximum endurance (Vm" ad)» and maximum
airpseed for level flight (V,,) were determined. Data were obtained in stabilized
level flight (zero sideslip) at incremental airspeeds from 30 knots calibrated air-
speed (KCAS) to V" using the methods described in appendix D.

12. Nondimensional level flight performance summaries are presented in figures 4
through 6, appendix E, for the BS540 MRB and figures 7 through 9 for the K747



IMRB. Figures 10 through 19 are dimensional plots of the individual level flight
pecformance tests accomplished. Aireraft specific range, Vo cand Vo and
V), inlevel flight are summarized in figures 20 through 23

13. The change in level flight performance of the AH-1S caused by the K747
IMRB varied with C . The AH-1S configured with the K747 IMRB required slightly
more power for (‘,'s less than 0.0054 and significantly less power for C 's more
than 0.0054 when compared to the B540 MRB configuration. A C. of 0.0054
corresponds to a gross weight ot 8780 pounds at 324 rpm, 4000 fecttll,,. 35°C or
a gross weight of 10,000 pounds at 324 rpm, 2840 fect H,,. standard day.

14. Figure A shows a leve! flight performance comparison at the specific conditions
of 10,000 pounds gross weight, 10,000 feet pressure altitude, and standard day. At
this condition (C;. = 0.006725), there is an increase in recommended cruise airspeed
of approximately 17 knots true airspeed (KTAS) and an improvenrent in endurance
for the K747 IMRB. Figure B shows a level flight performance comparison at a
lightly loaded condition (8700 pounds gross weight, sca level, standard day,
C, = 0.004320). This figure shows degraded performance with the
K]747 IMRB throughout the airspeed range shown. Although faster airspeeds could
be obtained at high €, ‘s with the K747 IMRB installed. the V. is always less than
the never exceed airspeed (V) ).

CONTROL POSITIONS IN TRIMMED FORWARD FLIGHI
15. Control positions m trimmed (zero sideslip) forward flight were evaluated in
conjunction with level flight performance tests at the conditions listed in table 1.

Test results are presented in figures 24 through 27, appendix F. No significant
control position change due to different blade types was noted

ACOUSTIC CHARACTERISTICS

16. The acoustic signature of the AH-1S was measured by personnel of the
Acromechanics Laboratory for both sets of main rotor blades in tests conducted at
Fdwards AFB. The acoustic data were measured from the YO-3A as the AH-1S was
own in close formation at relative azimuths of approximately 100, 180, and 260
degrees from the recording YO-3A. Flight profiles included level flight and rates of
descent to 1000 feet per minute. High-speed impulsive noise was determined to be
considerably lower with the K747 IMRB. The acoustic test results and conclusions
prepared by the Aeromechanics Laboratory are presented in appendix G. The
internal cockpit noise at the pilot and copilot station was qualitatively judged to be
less with the K747 IMRB than with the BS40 MRB.

AIRCRAFT EQUIPMENT PERFORMANCE

17. During the evaluation of the K747 IMRB, vanous skin voids (separation of the
blade skin from the nomex honeycomb core) were noticed on both blades. After 7.7
flight hours, two voids had grown in excess of allowable tolerances and a field repair
was attempted. The void on the first blade was successfully repaired by KAC per-
sonnel but the attempt to repair the second blade resulted in damage to the main
spar. This damage occurred because the repair instructions did not describe the
precise location of the spar. T'wo equipment performance reports were submitted:
one on the skin voids and the other on the maintenance repair instructions of the
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K747 IMRB (EPR 77-38-1 and 77-38-2, app G). In addition to the skin void,
the internal insulation blanket located between tail boom stations 80.44 and 122.33
was found charred on the right side where the blanket was attached to the tail boom
(EPR 77-38-3, app G).

18. A leaking mast seal led to an inspection of the mast bearing. This inspection
revealed excessive radial play in the mast bearing and is a shortcoming. An
equipment performance report concerning this shortcoming was submitted
(EPR 77-384).

SUBSYSTEMS TESTS
Airspeed Calibration
19. The airspeed system was calibrated using both a trailing bomb pitot-static

source and ground speed course. Tiie ship's airspeed calibration is presented in
figures 28 and 29, app E.

20. In level flight the ship's position error was nonlinear and varied from near zero
at 47.5 and 92.0 knots indicated airspeed (KIAS) to +1.5 knots at 65 KIAS and to
-10 knots at 150 KIAS. In a 1500 feet per minute rate of climb, the variation of
position error with airspced was slightly nonlinear and varied from -16 knots at
50 KIAS to -12 knots at 115 KIAS. In rates of descent of 1000 feet per minute or
greater the position error varied from +10 knots at 30 KIAS to +4 knots at
105 KIAS. The excessive shift in airspeed position error from climbing to descending
flight is unsatisfactory and is a shortcoming. The large deviation in airspeed position
errors throughout the level flight airspeed envelope is a shortcoming previously
noted (ref 8, app A). In stabilized level flight changes in collective position caused an
immediate change in airspeed indication. The excessive shift in airspeed position
error with power application is a shortcoming. The airspeed position error problems
are unrelated to blade type. An equipment performance report concerning this
shortcoming was submitted (EPR 77-38-5, app G).



CONCLUSIONS

GENERAL

21. The AH-1S (PROD) with the K747 IMRB demonstrated a 3.4 percent
improvement in maximum OGE hover gross weight at Army hot day conditions
when compared to the BS40 MRB configuration. The AH- 1S with the K747 IMRB
required slightly more power in level flight for C; ‘s less than 0.0054 and signifi-
cantly less power for C.'s more than 0.0054 when compared to the BS540 MRB
configuration. A C. T0 0054 corresponds to a gross weight of 8780 pounds at
324 rpm, 4000 fee{ H 35°C or a gross weight of 10,000 pounds at 324 rpm,
2840 feet H,, standard day High-speed impulsive noise was determined by
personnel of rhe Aeromechanics Laboratory to be considerably lower with the K747
IMRB. There were three shortcomings which were unrelated to the rotor blade type.

SHORTCOMINGS

22, The following shortcomings which were unrelated to blade type were
identified:

a.  The excessive radial play in the mast bearing (para 18).

b.  The excessive shift in airspeed position error with power application
(para 20).

¢.  The large deviation in airspeed pasition errors throughout the level flight
airspeed envelope (para 20).



RECOMMENDATIONS

23. The shortcomings noted in paragraph 22 be corrected as soon as possible.
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APPENDIX B. DESCRIPTION

1. BS540 MRB utilizes a symmetrical, constant chord airfoil section with a
2024 T, aluminum spar and nomex honeycomb core. The K747 IMRB has a
multicell filament wound fiberglass spar, a nomex core afterbody and a Kevlar
trailing edge spline, all enclosed by fiberglass skin. At the inboard end, cheekplates
carry blade loads to an aluminum adapter which attaches the blade to the
AH-1 rotor hub using the standard hub pin. The K747 IMRB has the same radius
and essentially an equivalent solidity as the standard BS540 MRB (0.0625 as
compared with 0.0651 for the B5S40) although the blade planform is changed. The
blade linear twist is increased from -10 degrees to -12 degrees and a nonsymmetrical
airfoil shape is employed. The blade weight and stiffness distribution for the K747
were designed to match the dynamic characteristics of the BS40.

2. The K747 IMPB airfoil shape is based on a family of airfoils developed by
the Boeing Vertol Company. Planform dimensions are shown in figure 1. The outer
15 percent of the K747 IMRB is tapered in thickness and planform with a tip chord
of 0.83 foot. The airfoil design varies from blade tip to blade root as follows:

r/R (Blade Radius Station) Airfoil Design
From Tip to 0.85 8% thick Boving Vertol VR-8
From 0.85 to 0.67 Linear Transition tc 12% thick VR-7
From 0.67 to 0.25 12% thick Boeing Vertol VR-7
From 0.25 10 0.18 Gradual buildup to 257 by cheekplates

The current AH-1S hub with hub pin is located at r/R =0.15.
There is an attachment adapter fitting and drag brace between the pin and the end
of the blade.

Principal Dimensions

3. The principal dimensions and general data conceming the AH-1S (PROD) heli-
copter (photos | through 4) are as follows:

Overall Dimensions

Length, rotor tuming S3ft. 1in,
Width, rotor turning 44 ft

Height, tail rotor vertical ! 13ft,9in.
Length, rotor removed 44 1t. 7 in.
Main Rotor K747 IMRB B540 MRB
Diameter! 44t 44 1t

Disc area 1520.5 ft2 1520.5 11?
Solidity 0.0625 0.0651

Numbcr of blades 2 2

Blade chord See figure | 2.25 t, constant
Blade twist -0.556 deg/ft -0.455 deg/ft
Airfoil Sec paragraph 2 9.33 percent thickness special

symmetrical section
! Blade tie-down fixture is not included in the diameter.
11
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Photo 1 AHAIS Front View
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Photo 3. AH-1S Right Side View
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Photo 4. AH-TS Attt View
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Tail Rotor

Diameter

Disc area

Solidity

Number of blades
Blade chord, constant
Blade twist

Airfoil

Fuselage

Length, rotor removed
Height:
To tip of tail fin
Ground to top of mast
Ground to top of transmission fairing
Width:
Fuselage only
Wing span
Skid gear tread
Elevator:
Span
Airfoil
Vertical Fin:
Area
Airfoil
Height
Wing:
Span
Incidence
Airfoil (root)
Airfoil (tip)
Airfoil

17

1.5 in.

0.0 deg/ft

NACA 0018 at the blade root
changing linearly to a special
cambered section at 8.27 percent
of the tip

44 ft, 7 in.

10 ft, 8 in.
12 ft, 3 in.
10 ft, 2 in.

3ft
10 ft, 9 in.
7 ft.

6ft, 11 in.
Inverted Clark Y

18.5 12
Special cambered
5ft, 6 in.

10 ft, 9 in.

17.0 deg
NACA 0030
NACA 0024
Inverted Clark Y



APPENDIX C. INSTRUMENTATION

1. The test instrumentation system was designed, calibrated, installed, and main-
tained by USAAEFA. Digital and analog data were obtained from calibrated instru-
mentation and were recorded on magnetic tape and/or displayed in the cockpit. The
digital instrumentation system consisted of various transducers, signal conditioning
units, a ten-bit PCM encoder, and the Ampex AR 700 tape recorder. The digital and
analog data were also telemetered to a ground station for in-flight monitoring. Time
correlation was accomplished with a pilot/engincer event switch and on-board re-
corded and displayed Inter-Range Instrumentation Group (IRIG) B time. Various
specialized test indicators displayed data to the pilot and engineer continuously
during the flight. A boom with the following sensors was mounted on the nose of
the aircraft: swiveling pitot-static head, sideslip vane, angle-of-attack vane, and
total-temperature sensor. Boom airspeed system calibration is shown in figure 1. The
engine torquemeter calibration is shown in figure 2.

2. Calibrated cockpit monitored parameters and special equipment are listed
below.

Pilot Station

Airspeed (boom)

Airspeed (ship's system)
Altitude (boom)

Altitude (ship's system)
Rate of climb (boom)

Rate of climb (ship's system)
Rotor speed

Engine torque

Mcasured gas temperature
Gas generator speed

Angle of sideslip

Outside air temperature (ship's system)
Event switch

Tether cable angle indicator

Copilot/Engineer Station

Event switch

Airspeed (boom)

Altitude (boom)

Rotor speed

Engine torque

Measured gas temperature
Gas generator speed (ship's system)
QOutside air temperature
Fuel used (totalizer)
Instrumentation control
Time of day

Record counter

Cable tension
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4.

Parameters recorded on magnetic tape were as follows:
PCM Parameters

Time code
Flight number
Pilot/engineer event
Rotor speed
Fuel used
Run number
Airspeed (ship's system)
Airspeed (boom)
Altitude (ship's system)
Altitude (boom)
Control position:
Longitudinal
Lateral
Directional
Collective
Angle of sideslip
Angle of attack
Gas generator speed
Engine speed (N,)

The acoustic tests conducted by the Areomechanics Laboratory, US Army
Rescarch and Technology Laboratories, AVRADCOM required that a tone gener-
ator be installed. This device was attached to the swashplate and produced a tone
when one blade was at the 90 degree position (0O degrees being along the tail boom).
The tone was transmitted over the aircraft's FM radio to the instrumentation tape

on the NASA Ames Research Center YO-3A.



APPENDIX D. TEST TECHNIQUES
AND DATA ANALYSIS METHODS

General

1. Conventional test techniques were used in the tests. Detailed descriptions of all
test techniques are contained in references 9 and 10, appendix A, except where
referred to in the following paragraphs. Definitions of deficiencies and shortcomings
are as stipulated in Army Regulation 310-25 (ref 11).

DATA ANALYSIS METHODS

Nondimensional Coefficients

2. The nondimensional cocfficients listed below were used to generalize the hover
and level flight performance test data obtained during this evaluation.

a. Coefficient of power (Cp):

c = SHP x 550
] 3 (1)
pA (R)
b.  Coefficient of thrust (C;):
C. = GW + PCAB
T oA (QR)? (Hover) (2)
C. = GW
I .
A (S2R)? (Level Flight) 3)
¢.  Advance ratio (u):
1.6878 V.
“ e ———
aR 4)
d.  Advancing blade tip mach number (M tp ):
2R +1.6878 V.
M tp . (5)

Where:

SHP = Engine output shaft horsepower
550 = Conversion factor (ft-1b/sec/shp)
p = Air density (slug/ft3) = §/8

(3]
9



A = Main rotor disc area (ft?)

§2 = Main rotor angular velocity (radian/sec)

R = Main rotor radius (ft)

GW = Aircraft gross weight (Ib)

PCAB = Cable tension (Ib) (used for tethered hover only)
V; = True airspeed (kt) _

a = Speed of sound (ft/sec) - 111645/ 6

1.6878 = Conversion factor (ft/sec/kt)

5=t
14.696
g TBIS T,
288.15

p, = Static pressure (Ib/in?)
T, = Ambient temperature (°C)

Trae airspeed (V) was calculated using calibrated airspeed (V ., ) and density
ratio (o) as follows:

Vi =Vea/Vo ()

Where:

o = p/.0023769

3. The constants used in calculating aircraft performanc: from nondimensional

values are as follows:

A = 1520.530845

R =22 feet

©=33.93

QR = 746.44

(SIR)? = 557176.28

(2R} = 4.159000067 x 108

Shaft Horsepower Required

4. Engine output shaft torque was determined from the engine manufacturer's
differential torque pressure system. The relationship of measured differential torque
pressure (psi) to engine output shaft torque (in.-Ib) is illustrated in figure 2, appen-
dix C. The output shp was determined from the engine output shaft torque and rota-
tional speed by the following equation:

SHP = 20.38362 x Np x Q x 1.586663 x 10 (7)

23



Where:

Ny = Rotor shaft rotational speed (rpm)

Q = Engine output shaft torque (in.-lb) _

20.38362 - Gear ratio of transmission

1.586663 x 103 = Conversion factor (shp/rpm/in.-Ib)

Hover

§.  OGE hover performance was obtained by tethered and free flight hover
techniques. All hover tests were conducted in winds of less than 3 knots. Atmos-
pheric pressure, temperature, and wind velocity were recorded from a ground
weather station. Free flight hover tests consisted of stabilizing the helicopter at a
desired height with reference to a premeasured weighted cord hung from the landing
gear skid. Tethered hover consisited of applying power until specified torque was
obtained. Data were recorded when the cable angle indicated 0, 3 degrecs,
laterally and longitudinally. All hover data were reduced to nondimensional
parameters of C, and C (equations | and 2, respectively).

Level Flight Performance and Specific Range

6. Level flight performance was determined by using equations 1, 2, and 3. Each
speed power was flown at a predetermined constant C,. by maintaining a constant
referred gross weight (W/8) and referred rotor speed (Kl/\/ 6). A constant W/8 was
maintained by increasing altitude (decreasing ambient pressure ratio (8)) as the air-
craft gross weight decreased with fuel burnoff. Rotor speed was also varied to main-
tain a constant NA/ @ as the ambient air temperature varied.

7.  Test-day power level flight was corrected to standard-day conditions using
equation 8.

SHP = SHP, x p,/pt (8)

Where:

, = Test day
, = Standard day

8. Specific range was calculated using leve! flight performance curves and the spe-
cification installed engine fuel flow characteristics.

NAMPP = V_ /W, )

Waere:

NAMPP = Nautica! air miles per pound of fuel
V; = True airspeed (kt)
W; = Fuel flow (Ib/hr)



Engine Performance Characteristics

9.  lhe AH-1S (PROD) was equipped with a calibrated T53-L-703 engine,
S/N LE13145Z. Duta for engine torque, fuel flow, measured gas temperature, and
gas producer speed were ottained from a special engine test cell calibration (ref 6,
app A.). Referred engine characteristics data obtained during hover testing, level

ight testing, and the test cell calibration are presented in figures 1 through 3. The
T53-L-703 specification engine power available and fuel flow data were estimated
using a computer program documented in Lycoming program file number
1.515.04.32.00 dated | May 1974 (ref 12, app A). These data are presented in
figures 4 through 7 and have been adjusted for engine inlet temperature and inlet

pressure characteristics obtained from figure 113 of USAAVNTA Final Report No.
66-06 (ref 7, app A).

10. The referred terms of the engine parameters were used to compare the test
engine with the model specification engine. Data on shp, measured gas temperature
(T,), fuel flow, and gas producer speed (N, ) were referred as follows:

a. Referred SHP (RSHP):

RSHP = SHP/(8, x 6,-3%7)

(10)
b.  Referred measured gas temperature (RMGT)
RMGT = T,/8,!:022
an
c.  Referred fuel flow (RW,)
RW =W_/(6, x 0, 712)
f IAd 1 a2
d.  Refeired gas producer speed (RN,)
RN, = N, A/0,
(13)
Where:
PT]
5, = ————
1 14.697
T,
ol B ——
288.15
W, = Engine fuel flow (Ib/hr)

PTl = Engine inlet total pressure (psi)

25
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T, = Engine inlet total temperature CK)
Nl = Gas producer speed referenced to 25,150 rpm (100 percent)

Pitot-Static Calibration

11. The boom and ship's standard pitot-static system were calibrated on a 3 mile
measured course. The start and stop times were recorded by ground station for each
run, with reciprocal runs at each speed to average the effect of wind (true airspeed
was the average airspeed f the two runs based on elapsed time and known distance.)
Additionally, the ship's pitot-static system was calibrated in climbs and descents
using a trailing bomb pitot-static source.

Rigging Check

12. A flight control rigging check performed in accordance with procedures out-
lined in TM §5-1520-236-20 demonstrated the cyclic, collective pitch and direc-
tional controls were within prescribed limits. The swashplate angles which were
measulred with respect to aircraft axes, and tail rotor blade pitch angles are listed in
table 1.

Weight and Balance

13. The aircraft weight, longitudinal center-of-gravity (cg) location and lateral cg
location were determined prior to testing, and checked periodically throughout the
tests. A fuel cell calibration was also performed prior to testing. All weighings were
accomplished with instrumentation installed, without external stores, chin turret
weapons, crewmembers, or ballast.

14. The fuel loading for each test flight was determined prior to engine start and
following engine shutdown by using a calibrated external sight gage to determine
fuel volume and by measuring the fuel specific gravity. Fuel used in flight was
recorded by a fuel-used system and verified with the pre- and postflight sight gage
readings.

33



Table 1. Rigging Check

SWASHPLATE ANGLES

Cyclic
Control Position! Lateral Angle Longitudinal Angle
Neutral 1.5 deg L down I deg fwd up
FFull Forward S deg R down 10 deg fwd down
Full AFT S deg L down 12.5 deg fwd up
I-ull Right 7 deg R down 4.5 deg fwd up
Full Left 7.5 deg L down 3.5 deg fwd down

TAIL ROTOR BLADE PITCH ANGLES

Pedal Position Blade Angle
Full Left 19.9 deg
FFull Right -11.0 deg

I Collective control full down.




APPENDIX E. TEST DATA

INGLEX

Figure Figure Number

1 through 3
4 through 23
24 through 27

28 and 29

Hover Performance

Level Flight Performance

Control Positions in Trimmed Forward Flight
Airspeed Calibration
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APPENDIX F. IN-FLIGHT ACOUSTIC TESTS
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SUMMARY

This report presents comparative results of in-flight acoustic testing
of the Army AH-1S helicopter when configured with the standard Bell
Helicopter Textron 540 rotor blades and with the Kawan K747 improved main
rotor blades. The acoustic measurements were made in association with
USAAEFA-conducted production validation tests of the Kaman main rotor blades.
Acoustic testing was directed by RTL Aeromechanics Laboratory personnel using
the Ames Research Center's YO-3A acoustic research aircraft. Far-field
acoustic data defining the impulsive noise signatures of the AH-1S helicopter
during high-speed flight and during partial-power descents were gathered for
cach rotor configuration, The Kaman blades were found to radiate a sig-
nif icantly lower amount of high-speed impulsive noise than the standard 540
rotor blades at high advancing-tip Mach numbers. The two rotor systems can
exhibit comparable peak levels of impulsive noise due to blade-vortex inter-
action. A distinguishing waveform difference between the acoustic signatures
does appear to exist during partial-power descents, suggesting that the K747
rotor radiates less blade-vortex interaction annoyance than the 540 rotor
system.

INTRODUCTION

Helicopters are now appearing with new or redesigned rotor systems that
incorporate a number of structural and geometric changes. New airfoil
shapes, tip planforms that include taper and sweep, and thinning are but a
few examples. Although many of these new rotor systems were developed to
improve performance, aerodynamics, or vibration, some also have modif ied
acoustic characteristics. An example is the improved main rotor blades
developed by Kaman Corporation. At the request of AVRADCOM, the RTL Aero-
mechanics Laboratory undertook the quantification of the acoustic signature
characteristics of the Kaman K747 improved main rotor blade by comparison
flights, on the AH-1S helicopter, with the standard Bell Helicopter Textron
(BHT) 540 rotor blades. This acoustic quantification testing was conducted
in association with the government production validation test of the Kaman
blades by USAAEFA (ref. 1).

The Kaman K747 rotor blade has a tapered tip planform with varying
thickness and airfoil sections, and is constructed primarily of composite
materials. The design utilizes Boeing-Vertol advanced VR-7 and VR-8 airfoil
sections of 127 and 87 thickness respectively, with the root end thickened
for improved structural stiffness., Transitions from one airfoil contour to
another are linear. A technical description of the Kaman rotor system is
given in reference 2. By comparison, the standard 540 all-metal rotor blade
has a rectangular planform with a 9.33% symmetrical special section airfoil.
Both rotor systems are a 44 ft (13.41 m) diameter, two-bladed teetering con-
figuration that use the B-540 hub and {ts associated hardware. Rotor specd
is 324 rpm (33.93 rad/sec); tip speed is 746 ft/s (227.38 m/s). Basic
dimensions far both rotor blades are shown in figure 1.

FHECEDING PAGE BLANK-NOT F1.MED
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Figure 1.- Geometric comparison of the 540 and K747 rotor blades.

Most helicopters radiate two basic types of impulsive noise that are of
primary interest to the Army. The first type is typical of a helicopter in
Lhigh-speed flight, and is often called "high-speed” impulsive noice. The
second is characteristic of helicopters experiencing blade-tip vortex inter-
actions, and is appropriately labeled blade-vortex interaction impulsive
noise These tests, therefore, were conducted to investigate the radiated
tar-field noise during high-speed and partial-power descent flight
conditicns. Selected records were analyzed in order to report notable or
overall acoustic characteristics of each rotor configuration at several
controlled and comparative flight conditions.

TEST TECHNIQUE

A systematic and controlled measurement of each rotor's far-field
acoust ic signature was accomplished using an in-flight technique developed
at the RTL Aeromechanics Laboratory. The technique and its advantages ard
well documented (refs. 3, 4); it has been used to investigate a number of
welicopters in a manner similar to that reported here. For these comparative
tests, the measurement technique utilized the YO-3A quiet, fixed-wing
alrcraft, which was flown to maintain fixed relative positions with respect
to the AH-1S helicopter (shown, in general, in fig. 2). The YO-3A was
fnstrumented with three externally-mounted microphones: one on the vertical
stabilizer and one on each wing tip. Acoustic signals from each microphone
were monitored on an oscilloscope in the YO-3A prior to and during recording
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on FM magnetic tape. A radio signal, transmitted once during each revolution
of the main rotor, was used to trigger the oscilloscope; it was also recorded
on the FM magnetic tape with the microphone acoustic signals. Instrumenta-
tion gains were adjusted for each flight condition in order to optimize the
acoustic signal-to-noise ratio. Boom data indicating the YO-3A aerodynamic
state and attitude were recorded simultaneously with the acoustic data.

During each acoustic data run, the AH-1S on-board data system recorded
selected helicopter parameters, including vehicle aerodynamic state, attitude,
power train data, and rotor information (ref. 1).

TEST CONDITIONS

The in-flight acoustic measurement technique was used to measure and
record the far-field acoustic signatures of each AH-1S rotor configuration
in various flight conditions. Figure 3 shows the flight envelope that was
tested; it is primarily defined by the YO-3A low-speed and high-speed flight
limitations. This envelope, however, was sufficient to explore those flight
conditions under which Impulsive noise is known to occur as a result of
either blade-vortex interactions or high-speed rotor aerodynamics. Acoustic
data were obtained at intervals for descent rates between zero and 1000
ft/min (5.08 m/s), and for indicated airspeeds between 60 and 130 knots, with
the YO-3A power limit dictating the high-speed boundary, as shown in figure 3.
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Figure 3.- Flight envelope for far-field acoustic measurements.

To facilitate an accurate comparison of the noise generated by each
rotor system over a wide range of flight and atmospheric conditions,
particular attention was given to acoustic flight testing based on non-
dimensional parameters. It is known that for blade-vortex interactions,
wake parameters such as advance ratio, thrust coefficient, and tip-path-
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plane angle are important. Additionally, for impulsive noise, advancing-tip
Mach number {s a first-order parameter. The flight testing was conducted by
calculating, in flight, the important parameters to be matched and by
adjusting the flight variables for comparative data runs.

The in-flight test technique outlined previously allows the microphones
to be spatially oriented in any desired direction from the helicopter rotor.
It is known that high-speed impulsive noise radiates most strongly in-plane
and ahead of the rotor, and that advancing blade-tip-vortex interaction
impulsive noise 1is strongest below and generally forward of the rotor plane.
Figure 4 shows two relative orientations of the microphones with respect to
the rotor that were flown while impulsive noise was measured. Figure 4(a)
{llustrates the formation used to measure high-speed impulsive noise. This
formation places the Y0-3A tail microphone in-plane with the rotor hub at a
nominal microphone-to-hub separation of 80 ft (24.38 m). Visual flight
references and a copilot-operated (AH-1S) rangefinder were used to hold
distance within ¢5 ft (1.52 m) of the nominal position. Figure 4(b) shows
the orientation used primarily for blade-vortex interaction noise measure-
ments. This formation places the YO-3A left wing tip microphone 30° below
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(a) High-speed impulsive noise.

Figure 4.- Relative orientation of aircraft for acoustic measurements.
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the rotor plane and 80 ft (24.38 m) from the rotor hub., The side position
was used so that the AH-1S pilot could maintain good visual references on
YO-3A orientation markings by looking through the canopy side window. Flight
test acoustic data presented in this report were taken using the two
orientations shown in figure 4, and are based on acoustic signatures measured
by the microphones on the tail and left wing tip. Directivity information of
the radiated noise was also recorded using the three widely spread micro-
phones. At the present time, these results have not been analyzed and are
not presented in comparing the two rotor configurations.
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ROTOR ACOUSTIC SIGNATURE

The rotor acoustic measurements are presented here primarilv in the form
of acoustic pressure-time histories. These acoustic signatures are un-
averaged, unfiltered 'snapshots,” representing the nature of the radiated
noise for a nominal flight condition and nominal microphone-to-rotor
orientation. These snapshots of the radiated noise were taken at a point
during the l-min data runs where the signature appeared to be must steady,
and where taped comments indicated that the pilots were satisfied with flight
conditions and orientation. Performance data recorded on both aircraft were
used as a cross-check.

An idealized composite drawing 1s presented in figure 5 for identifica-
tion of the waveform; 1t shows the general character of the measured acoustic
signatures. In this figure, peak-pressure amplitude of the signal is
fllustrated for two blade passages, with time increasing from left to right.
The negative pressure pulse 1s indicative of high-speed impulsive noise and
the predominantly positive pressure pulses depict impulsive noise resulting

from blade-tip vortex interactions. The waveform features cliown in figure 5
are, at times, less clear in the actual acoustic signatures, due to
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Figure 5.- Composite drawing showing dominant AH-1S acoustic waveform
features.
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contamination from sources such as background noise and the tail rotor
acoustic signature. By adjusting instrumentation gains in flight, the
signal-to-noise ratio and instrumentation dynamic range were optimized. Also,
every cffort has been made to present main rotor acoustic signatures that are
minimally contaminated by the tail rotor impulsive noise. One final obser-
vation should be considered when viewing the rotor acoustic signatures
presented here. The advancing blade-tip vortex interaction noise is phased

in time, very close to the high-speed impulsive noise in the measured far-
field acoustic signature. This means that one noise source can possibly
disguise the waveform and true amplitude of another. Since the two types of
noise have different directivity patterns, a judicious choice of microphone
location can help amplify one source while minimizing the other. For example,
the 30°-up position (fig. 4(b)) was choser because blade-vortex interaction
noise is a maximum and high-speed impulsive noise amplitudes are reduced.
Although more optimum locations are probable, testing time prohibited their
exploration.

HIGH-SPEED IMPULSIVE NOISE

From previous rotor acoustic testing, it is known that high-speed
impulsive noise can exhibit substantial changes in both peak amplitude and
waveform as a function of advancing-tip Mach number. Figures 6 and 7 show
some of these measured high-speed impulsive noise characteristics for both
of the AH-1S rotor systems. As previously explained, these data represent
far-field amplitudes and waveforms as measured ahead of and nearly in-plane
with the rotor tip-path-plane (fig. 4(a)). 1In figure 6, the peak negative
pressure amplitude (corrected to sea level) of the high-speed acoustic pulse
versus advancing~tip Mach number is shown. The graph in figure 6 was
generated from simultaneous time histories of peak pressure level and
advancing-tip Mach number during the data runs. Individual data points
represent "time slices" taken during individual data runs and the shaded
areas depict the degree of unsteadiness or signal-to-noise level in the
measured data. At the lower Mach numbers (0.76 to 0.80) the data uncertainty
tends to mask any significant difference between the two rotor systems; how-
ever, the peak level of the K747 blades appears to be slightly lower. Above
a Mach number of about 0.85, significant reduction in high-speed noise peak
pressure level i{s observed for the K747 configuration — approaching a peak-
level reduction by a factor of 2 at My = 0.90. Also shown in figure 6 are
pressure-time histories of the acoustic signatures for both rotor systems at
nearly similar flight conditions. The signatures show two blade passages in
time (slightly more than one-half revolution) and illustrate the degree of
impulsiveness of the radiated waveform as well as relative levels with tail
rotor and background noise sources.

Agaln, previous rotor acoustic research for the UH-1H rotor (refs. 5, 6)
has indicated that the rapid rise in peak pressure amplitude above a Mach
number of about C.88 can be accompanied by a waveform change that varies in
character from somewhat symmetrical to sawtooth. In figure 7 the acoustic
signature for a single blade passage has been expanded in time, illustrating
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wvaveform change as advanc ing-tip Mach number is increased. For the 540 rotor
blade system, the waveform transition from symmetrical to sawtooth is present
and dominates the changing acoust ic signature for advancing-tip Mach numbers
of 0.88 to 0.90. This is not the case for the K747 blades which still
exhibit a nearly symmetrical acoustic waveform near M = 0.90. This
transition event of high-speed impulsive nolse is delayed by the K747 blades,
with the result that the radiated noise is substantially decreased. It
should be noted that the relatively large uncertainty in the peak level of
the 540 acoustic signiture, shown at a Mach number of about 0.90, is due
partly to the onset ol waveform transition. This transition has been
observed in previous measurements to be highly unsteady, even under well-
controlled rotor test conditions (ref. 6). Some scatter is also attributed
to the increased difficulty {n maintalning steady flight conditions in high-
speed descents.

BLADE-VORTEX INTERACTION NOISE

Noise generated by blade-tip vortex interactions from each rotor system
was measured In the far-field using the rotor/microphone orientation
illustrated in figure 4(b). The directivity characteristics of this type of
impulsive noise produce maximum peak levels nf the radiated noise generally
below and in front of the rotor. Both rotor systems were tested in level
flight and partial-power descents, the latter being a flight condition well-
known for generating this type of noise.

Time histories of the blade-vortex fii.eraction data are shown in figure
8 tor the standard 540 blades, and in figure 9 for the K747 configuration.
The flight conditions shown are nominal 60, 80, and 100 knots (1AS) forward
velocities during descent rates of 0, 400, and 800 ft/min (0, 2.032, 4.064
m/s)., This matrix was found to be representative of the nolse radlated by
each rotor. Listed with each acoustic signature in the flight matrix is the
mean value of true velocity (V) , advancing-tip Mach number (M), advance
ratio (1), and thrust coefficient (Cy) for each run as derived from the AH-1S
data system. Therefore, the acoustic signatures presented are representa-
tive of these nominal conditions. Ali signatures are shown to the same peak
pressure scale (corrected to sea level) for direct-level comparison.

Several prominent features of the pressure-time histories in figures 8
and 9 are notable. Most general {s the observation that noise due to bHhlao:-
vortex interaction occurs with both rotor systems over the flight matrix
presented here. In fact, this noise, characterized by distinct and primarily
positive pressure acoustic pulses, was found to exist continuously at the
rotur repetition rate throughout the flight envelope shown in fipure 3.
Although no attempt {s made here to identify and relate ecach discrete
pressure pulse with the local aerodynamic environment of the rotor and ncar
wake geometry, it 1s known from many previous studies that the rumber of
blade-vortex interactions {s directly related to the epicycleid pattern of
t he tip—vortex structure. Thus, the advance ratio plays the major role in
determining how many blade-vortex Interactions are possible, and rate of

77



RATE OF DESCENT, tt./min

INDICATED AIRSPEED, kn-ts
80

Lo %

l -4 40 g

I ! ‘ ' | . 177 §
PO e AR AT oY ettt Pl 10
] b w \' | : 2 z

/ (] { -1 §

' 3

-4 -40 E

oy

Vi “70knots 4 -0164 |Vy -96knots u -0220 fVy =V6knots u - 0272 180

Ma7-0.767  Cp=0.00541|Map-0805  Cp =000538| M4y - 0841 Cy - 000542

L 1 1

l .
400 1W"f\ ‘m"\'ﬂ\'f.b /ﬁ' V f,“r f v'}‘!‘ n’"ﬂrﬁl\ nﬂfﬂ'v/,ﬂ; I,'Mg/m '”..
! ! ) |

o

Vi *8knots 4 <0161 [Vy =87know s =0223 [vy -ildknos . =0266
Mar=0772  Cr-000529Map=0812  Cy -000529|Mpy-0845  Cy = 000520

o

I
A o AP ) e A
- f /

!

Vy =T2knots u» 0169 |Vy =91knot s =0208 [Vy =-19knots u =0274
Map-0776  C) 000649 |Mar-0.808  C( 000539 |May - 0846  Cy - 000531

Figure 8.~ Unaveraged acoustic signature of AH-1S with 540 rotor
vs forward airspeed and rate of descent.

78



RATE OF DESCENT, ft/min

INDICATED AIRSPEED., knots
80

&

\

V~|» =72knots u

v
LAV, 4 - -~
3 A, rv' \M‘ P

= 0.164

MAT =077 Cy = 000833

Vy = Mknots u =0224
Myt - 0.800 Cy = 0.00637

. v v ]
Eah s St /",'1_..-‘\"/”‘";\3 e

Vi =W7knots 4 =0270 | 1780

Moy =083  Cq = 0.00540

|

Vy =12knots

h
|

MAr=0770  Cp =0.00637

o l o ! I.\ |
USRS P

Vy =100knots » =-0226
Myt = 0811 Cy = 0.00536

Vi =117 knots g = 0270
My - 0840 Cy = 000535

vy - TIknots

Moy =0T73  Cy - 000649

P | | | !
TN A A

Vi c9knots 4 -0226

Ma7-0811  Cp - 000636

o

VT = Mbknots u - 0268
Moy = 0036 Cy - 000528

100

PEAK PRESSURE AT SEA LEVEL, N/m2

Figure 9.- Unaveraged acoustic signature of AH-1S with K747 rotor
ve forward airspeed and rate of descent.

79



descent causes some of these candidate vortices to pass near the advanciny
blade, generating different patterns of impulsive noise. In terms of peak
pressure, the interactions shown in figures 8 and 9 are comparable. In other
words, one rotor system can produce acoustic pressure peak levels due to
blade-vortex interactions that are not grossly different in peak level from
the other system. There does appear to exist, however, a notable difference
in the noise character during partial-power descents. As mentioned
previously, the character of the blade-vortex intceraction noise is governed
to a large extent by descent rate. In general, as the descent rate is
increased, a rotor blade is more likely to interact with other tip vortices.
This trend is only qualitative however, and will tend to reverse as the rate
of descent becomes so large as to force these older tip vortices above the
interacting blade. This trend can be seen, for example, in figure 8 for the
540 rotor system at an [AS of 60 knots. As the rotor changes from level
flight to a rate of descent of 800 ft/min (4.064 m/s), the noise signature
radiated by two prominent interactions changes. The older (earlier in time)
interaction signature becomes stronger, and the newer (later in time) one
becomes weaker as the rate of descent increases. By comparison, the K747
conf iguration in figure 9, at nominally the same flight condii ion, does not
exhibit the rotor-blade/tip-vortex interaction development with descent,

as described above for the 540 system. Generally, the radiated noise
signature seems much less dependent on rate-of -descent. This comparative
observation also appeared at the higher advance ratios, but seemingly to a
lesser degree (at least with this unaveraged matrix of acoustic signatures).
This may imply that the tip vortices of the K747 blades are slightly more
diffused or are in slightly lower positions than the 540 rotor tip vortices.

There are many {mportant questions about the acoustics of full-s<ale
blade-vortex interaction noise that the preceding snapshot approach has lett
unanswered . For example, what characteristics of the impulse govern low- and
high-frequency noise? How do these characteristics influence the resulting
annovance?  How steady and repeatable are the impulses? To attempt to answer
these questions, a procedure analogous to one developed for analyzing UH-IH
helicopter blade-vortex interaction nofse (ref, 7) was used for these AH-1S
rotor acoustic comparisons. The procedure involves frequency analysis
techniques in conjunction with "time-windowing™ ot the measured acoustic
signature and is outlined in figure 10 using the AH-1S/540 rotor acousti
sipgnature. Figure 10(a) shows one rotor revolution (2 blade passages in
time) of the acoustic pressure-time history within a 200 ms time window and
the resulting 5 Hz wide resolution power spectrum. To obtaln narrowband
analyses, however, this c¢lassical technique averages more than one blade
passage and thus can smooth the individual character of a single event of
interest . such as blade-vortex Interaction, The first step in refinement,
therefore, was to take a power spectrum (still 5 Hz wide resolution) of om
halt a revolution of data as shown in figure 10(h). 7The pressure-time
history has been expanded in time for graphical clarity. Here, sound power
trom blade-vortex Interaction, high-speed compressihility, tail-rotor, and
some broaagband noise sources are all still included, but variability from
blade-to-blade in the acoustic signature has not obscured the power spectral
character ot the actual acoustic signature. Variabilitv can now be dealt
with, statistically, later in this analysis.
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Next the data were further "time-windowed" by setting the measured
pulse equal to zero everywhere except during that part of the half-period
dominated by advancing blade-impulsive noise. The result is shown in figure
10(c) in both the time and frequency domains. In essence, much of the power
contributed from broadband and tail-rotor noise sources has been eliminated,
thus improving the signal-to-noise level of the resulting impulse. In fact,
as shown in figure 10, the noise floor of the remaining high-frequency data
(>2500 Hz) is set by the signal-to-noise ratio of the tape recorder. The
lobed character of the resulting frequency spectrum is typical of a multi-
inpulse event without discontipuous first derivatives. It is also noteworthy
that the largest sound pressure levels of this impulsive event are in the
200 to 750 Hz range.

The frequency content of blade-vortex interaction by itself is shown
in figure 10(d). It is apparent that the only difference between this
spectrum and the previous one is in the very low-frequency range of 0-100 Hz.
This difference represents the energy content of the high-speed coﬁpressi—
bility noise.

Finally, when all but the largest blade-vortex interaction i{s nulled, a
definite change in power spectrum results (fig. 10(e)). The many-lobed
character of the spectrum disappeared, replaced by a wide smooth-lobed curve
with noticeably less energy in the 200 to 750 Hz range. This result shows
that much of the blade-vortex energy in the 200-750 Hz range is a result of
the multi-pulse character of the impulse.

By now the similarity of these techniques to Fourier transforms of
discrete events is probably apparent. In essence, the technique of "time-
windowing'" a portion of the acoustic time history is another method of
cvaluating the power spectral density of the event. The power spectral
density of one pulse is the envelope of the power spectrum of that same pulse,
repeated at the characteristic periodic interval.

As mentioned above, a significant degree of variability or uwnsteadiness
wis observed in the measured blade-vortex interaction noise signatures for
.oth the 540 and K747 rotors. This is {lluscrated in figurc 11 for two
"windowed" time histories for the 60 knot, 400 ft/min rate-of-descent casc.,
The time historfies have been expanded greatly to enhance the character of the
aroustic impulses and it is observed, for both rotors, that the peak
anplitude and detailed shape of the pulses do change for different blade
parsages. It is especially interesting to note that the time history of the
AH-13 540 rotor signature (fig. 11(a)) can be far from symmetrical and
exhibit large positive pressure gradients in the oldest (earliest in time)
blade -vortex interaction pulse. 1In contrast, the expanded time historles ot
the K747 rotor signature (fig. 11(b)) are predominantly symmetrical,
triaagular waveforms and not us substantfally different from blade-to-blade
as the 540 rotor.

Power spectra of the same "windowed" time histories are given in fipurces

12¢a) and 12(b). It is apparent from these figures that measuring the
power spectrum of one pulse sequence i{s not a good measure of frequency
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content — there is too much uncertainty. To aelp this situation, the power
spectra of 1¢ time-windowed pulses were averaged for each rotor. The result
and standard deviation (rms) are shown in figure 13. In general, for both
rotors the resulting curves are not too surprising. From 0 to 750 Hz the
standard deviation is less than 2 dB; above 750 Hz, a 3 dB standard deviation

is typical.

For both rotors, the power spectrum of a typical pulse {s essentially
like the average power spectrum at the lower frequer~ies (<750 Hz), where the
standard deviations that do exist are most probab! .i' e to amplitude varia-
tions in the pulse time history. The firm details o1 pulse shape plus other
uncertainties govern the higher frequency character of the interaction, and
are not as well accounted for in this analysis. It is also observed that the
most intense energy content of the blade-vortex interaction for the AH-1S
helicopter is in the frequency range of 200 to 750 Hz. Above 750 Hz, the
energy content decays, as shown in figure 13,
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Figure 13.- Power spectrum st.tistical analysis of AH-1S blade vortex
interaction noise for two rotors at IAS = 60 knots, rate of
descent = 400 ft/min.
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The most striking feature of figure 13 is the notable differences in the
rate of falloff of the sound pressure level power spectra of the K747 blades
when compared with the 540-rotor system. The latter has a very slowly de-
creasing amplitude with frequency, which tends to emphasize the higher
frequency harmonics of the blade-vortex interaction acoustic signature.

It is interesting to note that measured acoustic data for the UH-1H
helicopter reported in reference 7 exhibited similar slowly decreasing higher
harmonic falloff. It was shown for the UH-1H that this spectral character-
istic could be related to the impulse waveform by using a simple analytical
model. This procedure led to an assessment of the rotor's annoyance. The
same development is used here in comparing this more subjective aspect of the
two AH-1S rotor acoustic signatures,

From the foregoing analysis of the two-bladed impulsive noise data, some
commonality of the pulse shapes and basic periodicity of blade-vortex inter-
act fon noise is evident. To gain some idea as to the relative importance of
some pulse-shape parameters, an analytical model has been developed (fig. 14).
This simple analytic pulse, when repeated at twice the rotation rate of the
main rotor blades, represents a single blade-vortex interaction encounter.

The ~ulse itself is made up of two triangles whose general character-
istics are described by the pulse width of the positive-going pulse 1, the
amplitude of the positive-going pulse H, the ratio B of the amplitude of the
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Figure l4.- Idealized analytic pulse, Figure 15.- Power spectral density of
the simple analytical pulse.
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absolute value of negative-going pulse to H, and the shape factor n. As
shown in figure 14, n = 0 represents a sequence of two triangular pulses of
opposite sign (negative pulse first), and n = 1.0 i{s a simple sawtooth wave
of the same amplitude and overall pulse width. The unique feature of this
simple analytical pulse is that its shape can change to represent local
aerodynamic effects, but its peak amplitude and overall energy are constant.
(This implies that the crest factor is also constant,) The symmetric (n = 0)
triangular weaveform is representative of incompressible blade-vortex inter-
action phenomena, and the sawtooth ‘near infinite positive pressure gradient)
is indicative of radiating shosks. 1If we now pretend that the aerodynamic
designer has control over these effects, we can estimate how eliminating
compressibility problems in the waveform structure might help reduce the
annoyance of the blade-vortex interaction,

An important step in this estimation is the subjective evaluation of
annoyance for helicopter impulsive noise. The FAA, in {its rcle as the
developer of the United States Noise Rules for Helicopters, (ref. 8), has
chosen to describe helicopter annoyance with the effective perceived noise
level (EPNL). The basic unit of measure of this subjective criteria is the
perceived noise in decibels (PNdB). Because PNdB was originally developed
for broadband noise sources typifying jet aircraft sounds, f{ts applicability
to low-frequency modulated helicopter noise has been questionec especially
when impulsive noise is present. Attempts to improve or modify PNdB to
account for helicopter impulsive noise have vielded conflicting results
(ref. 9) — about which there is much technical controversy., However,
because PNdB is currently used in the FAA notice (ref. 8) and 1is soon likely
to become law, it will have tremendous influence on the helicopter design
process. For this reason, it is used as the evaluation for helicopter
blade-vortex interaction impulsive noise in these rotor comparisons.

A power spectrum of this single analytical pulse is shown in figure 15
for three different values of positive pressure gradients. The values of
1 and B were chosen to be representative of the AH-1S and are noted. The
n = 0 case indicates a highly lobed frequency distribution of power with a
rapid harmonic falloff. This near symmetrical pulse shape is typical of many
of the observed blade-vortex interactions for the K747 rotor, and indicates
that most of the sound power 1is below 1000 Hz. The n = 0.5 case shown in
figure 15 represents a wave with a positive pressure gradient that was present
in many of the 540 rotor encounters. The more rapid increase in pressure is
thought to be related to local compressibility effects. The power spectrum
contains more energy at the higher frequencies, as would be expected.
Finally, the power spectrum of the sawtoothed waveform (n = 1.0) shows much
more of the pulse energy distributed toward higher frequencies. The spectrum
is not flat, however, as it would be for an impulse, but falls as
1/ (frequency)? at high frequency. This is the type of waveform that would bc
measured if shock waves were present in the radiating noise. As noted
previously, no such waves were recorded during the AH-1S tests.

The relative annoyance of these simple pulse shapes was calculated by

assuming that each blade of a two-bladed rotor generated the same basic
waveform at the main-rotor rotational frequency (5 Hz). The resulting
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narrowband spectra, whose envelopes are the power spectra of the simple
pulse shapes, have been summed into one-third octave bands. The psycho-
acoustics results of reference 10 are then used to attach a relative value
of "annoyance" to each octave band. This is illustrated in figure 16 for
then = 0 and n = 1.0 cases, In figure 16 the sound pressure level of the
1000-Hz, one-third octave band, which i8 equivalent in annoyance to the
sound pressure level of the desired one-third octave band, is plotted vs.
frequency. For the near symmetrical pulse shapes, the more important
contributions to the annoyance occur in the 200 to 750 Hz range. As the
pulse shape becomes more sawtoothed, high-frequency contributions become
more important. At the extreme radiating shock conditions (n = 1.0),
annoyances in the 200 to 750 Hz and the 1600 to 6300 Hz bands are of near
equal importance.

Figure 17 summarizes the effects of pulse shape on annoyance of this
simple repeated pulse. A maximum increase of 4.7 PNdB can be expected if
radiating shock waves are generated during the one-blade, one-vortex
encounter modeled here. Thus, compressibility effects can be responsible
for large increases in annoyance. However, in our tests of the AH-1S, the
maximum value of n was about 0.90, which corresponds to an increase in
annoyance of 3.0 PNdB over the basic triangular pulse shapes.
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An interpretation of these analytical results in terms of the measured
AH-1S blade-vortex Interaction signatures can now be summarized. For the
60-knot, 400-ft/min rate of descent case, the acoustic signature of the 540
rotor is more sawtootned than triangular. In fact, the positive pressure
gradient of the 540 rotor is large for almost the entire length of the
compression portion of the acoustic wave. In contrast, the expanded time
histories of the K747 blades are nearly symmetrical, triangular pulses that
the analytical model would suggest create very little '"pulse-shape"
impulsive annoyance. As subjectively noted in the previous analytical
development, a large asymmetric character of the pulse can increase
annovance up to 4.7 PNdB while crest-factor and overall sound pressure level
remain constant. The PNdB weighting procedure was also directly applied to
the narrowband measured data (fig. 13) for the two AH-1S rotor systems. As
was done previously for the idealized analytic pulse, these AH-1S averaged
acoustic spectra were summed at the blade-passage frequency into one-third
octave bands, and a perceived noise level calculated for each rotor. Thesec
measured data showed that the 540 rotor exhibited an increase of 4.0 PNdB
over the K747 rotor, thus verifying that the simple analytical model does
approximate the phenomena of Interest. Again, no definite shocks were
measured in any of the acoustic signatures — only quite large increases of
pressure ovar short time intervals with the 540 rotor. Because these shock-
like disturbances exist, they do generute substantial amounts of annoyance.

CONCLUGIONS

Comparative acoustic tests were conducted in flight on the Army AH-1S
helicopter configured with the standard Bell Helicopter Textron 540 rotor
blades and with the Kaman 747 improved main rotor blades. Far-field acoustic
data defining the impulsive noise signatures of the AH-1S helicopter during
high-speed flight and during partial-power descents were gathered for each
rotor configuration.

High-speed impulsive noise was found to be considerably lower with the
K747 blades. In terms of peak pressure levels, the K747 configuration showed
significant noise reduction above an advancing-tip Mach number of about 0.85,
and approached a peak-level reduction, by a factor of 2, at M = 0,90. For
the 540 rotor blade system, an acoustic waveform transition from symmetrical
to sawtooth dominated the acoustic signature for advancing-tip Mach numbers
of 0.88 to 0.90. This transition event of high-speed impulsive noise was
delayed by the K747 blades, with the result that radiated noise was sub-
stantiallv decreased.

These full-scale acoustic measurements have shown that there are many
complicated, unsteady aerodynamic and acoustic events that govern blade-
vortex interaction noise. Both rotors produced comparable amounts of noise
due to blade-vortex interaction, if only peak pressure levels are of concern.
Each configuration exhibited a different rotor-blade/tip-vortex interaction
during descent, with the noise signature for the K747 blades less dependent
on rate of descent. Compressibility effects were found to be important for
the 540 rotor blades. These effects manifest themselves as sharp positive
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pressure gradients in the blade-vortex interaction signature, but do not

appear to steepen enough to become radiating shock waves. The resulting

influence on annoyance appears to be significant. If the PNdB measure of
annoyance is employed, the K747 rotor radiates significantly less blade-

vortex interaction annoyance than the 540 rotor system.
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EPR Number

77-38-1

77-38-2

77-38-3

77-384

77-38-5

APPENDIX G. EQUIPMENT
PERFORMANCE REPORTS

The following EPR's were submitted during this test.

Date
15 Sep 78

16 Sep 78
28 Nov 78

28 Nov 78

21 May 79

Description

Skin void development and progressicn on K747
IMRB Maintenance procedures for K747 IMRB.

Skin voids on K747 IMRB.

Overheating of tailboom internal electronics
compartment (insulation blanket found to be
charred).

Mast bearing failure inspection requirement.

Excessive airspeed variations in climbs and
descents.
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