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PREFACE

This report contains the results of a research program to
investigate the aerodynamic behavior of a helicopter operating
in the low-speed flight regime, particularly in the NOE (nap-
of-the-earth) evasive mode. The effort consisted of reducing
and analyzing the existing AH-1G flight test response data
acquired for simulated NOE maneuvers under Contract DAAJO2-73-
C-0105. This program was conducted by Bell Helicopter Textron
(BHT) for Applied Technology Laboratory (ATL), US Army Re-
search and Technology Laboratories (AVRADCOM), from March 1977
to March 1979 under Contract DAAJO2-77-C-0022.

The ATL technical direction was provided by Robert P. Smith.
This program was conducted under the technical direction of J.
L. Tangler, Project Engineer, and J. D. Kocurek, Group Super-
visor, Basic Technology Aerodynamics Development. Technical
assistance was provided by N. K. McMennamy.
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INTRODUCTION

The use of a helicopter in a combat role can require exten-

sive operation in a low-speed, terrain-following flight region.
This technique is used to minimize exposure of the helicopter

to enemy detection and hostile fire. Called nap-of-the-earth
(NOE) flight, this regime also coincides with the forward flight
transition region which extends from hover to 60 knots.

The transition region shares the complexities of aerodynamic

environment normally associated with either hover, level flight

cruise, or maneuver. As in hover, an accurate prediction of ;
the blade loading is dependent on an accurate determination of !
the wake-induced inflow. The wake structure and behavior thus

dictate not only the induced power associated with the inflow

field, but also, through blade loading, the power required to |
overcome airfoil profile drag. Further complicating the prob-
lem in the low-speed flight region are the numerous blade/ :
vortex interactions that occur. As in forward flight or maneu- g
ver, the nonsteady character of the wake in proximity to the
rotor in transition further complicates the aerodynamic en- w4
vironment to the extent that a conclusive assessment of its !
impact on rotor performance, loads, and vibration is indeed a
formidable task. However, such assessment is an integral part
of improving the predictive methodology in those areas.

X

S 0 PR

To provide the needed insight as to how the flow field about
the rotor varies for both hover and forward flight conditions,
including the NOE region, several Bell Helicopter Textron
(BHT) and Army-sponsored research programs have been under-
taken. Beginning in 1965, the first of these (Reference 1)
studied the boundary layer and flow field of a hovering rotor.
This effort indicated the need for special instrumentation to
measure and record the helicopter rotor's flow environment.
Through follow-on research programs, the necessary instrumen-
tation needed to survey a rotor's flow field was designed and
tested. References 2 and 3 document the development of a
blade surface-flow measuring sensor, known as the boundary

T AT
ot s AT

!Tanner, W. H., and Yaggy, P. F., "Experimental Boundary Layer
Study of Hovering Rotors, " presented at the 22nd Annual
National Forum of the American Helicopter Society, Washington
D.C., May 1966.

2Tanner, W. H., and Van Wyckhouse, J. F., "Wind Tunnel Tests
of Full-Scale Rotors Operating at High Advancing Tip Mach
Numbers and Advance Ratios," Bell Helicopter Textron,
USAAVLABS TR68-44, US Army Aviation Materiel Laboratories,
Fort Eustis, Virginia, July 1968, AD 674188.

3Burpo, F., and Tanner, W. H., "Two-Dimensional Tests of Ad-
vanced Instrumentation for Rotors," Bell Helicopter Company
Feport Number 606-099-001, Fort Worth, Texas, December 1968.
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layer button (BLB), which provides the capability for mea-
suring both flow velocity and direction. Also discussed in
these references is the development of a leading-edge stagna-
tion point sensor comprised of an array of hot-wire anemome-
ters to relate the stagnation point to the local angle of
attack.

In 1969 a UH-1lH main rotor instrumented at one radial station
with BLBs, hot-wire sensors, and static pressure transducers
was tested in the NASA Ames 40- by 80-foot wind tunnel.* An
important finding of this test was that differential pressure
measurements between upper and lower surface mask the detail
of the aerodynamic environment. These tests established the
need for separate, absolute pressure transducers on the two
surfaces.

In 1971 a whirl stand test demonstrated the feasibility of
using a time division multiplex system to transfer large
quantities of aerodynamic data through a space-limited slip
ring.® In the same time frame, subminiature signal condi-
tioners and voltage controlled oscillators became available,
permitting BHT to develop an improved frequency division
multiplex system that provides improved signal-to-noise ratios
and fewer slip ring elements.®

Using the technology previously developed, a comprehensive
flight test program was conducted by BHT under US Army sponsor-
ship during the period of June 1974 to April 1976. A heavily
instrumented AH-1G helicopter rotor was flight tested through
a wide range of operating conditions. The objective of this
investigation was to record the rotor's aerodynamic environ-
ment, associated controls positions, and airframe response.

1Shockey, G. A., and Bowden, T. H., "A Wind-Tunnel Investiga-
tion of the Aerodynamic Environment of a Full-Scale Helicop-
ter Rotor in Forward Flight," Bell Helicopter Textron,

USAAVLABS TR 70-35, Eustis Directorate, US Army Air Mobility
R&D Laboratory, Fort Eustis, Virginia, July 1970, AD 875744.

SShockey, G. A., and Bowden, T. H., "Evaluation of an Advanced
Instrumentation System for Helicopter Rotors," USAAMRDL TR
71-72, Eustis Directorate, US Army Air Mobility R&D Labora-
tory, Fort Eustis, Virginia, February 1972, AD 740773.

®Goodman, J., "Buildup and Test of a Rotating Frequency Divi-
sion Multiplex System for Data Transmission from Rotating
Systems," Bell Helicopter Company Report 0072R-001, Fort
Worth, Texas, 5 January 1972.
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The flight conditions can be divided into three categories:
basic operational conditions, NOE conditions, and those associ-
ated with main rotor noise measurements. The analog flight
test data were digitized onto 175 tapes. These tapes consti-
tute a library of well-cataloged flight test data ready to be
analyzed and compared to present aerodynamic and dynamic
performance prediction methods. A data management program
recently developed under Contract DAAJO2-77-C-0053 facilitates
data extraction, processing, and reduction.’” The data manage-
ment program consists of a variety of computer programs that
can present pertinent parameters in various formats, including
surface and contour plots.

The purpose of the research described herein was to investi-
gate the aerodynamic behavior of a helicopter operating in the
low-speed, NOE flight region. The effort consisted of reduc-
ing the existing AH-1G flight test data for these flight
conditions. The analysis included comparisons between pre-
dicted and measured blade loads with special emphasis on wake
induced effects.

Appendix A presents chordwise force coefficient and pitching
moment data versus azimuth for hover, 10, 20, 30, 40, and 50
knots at a gross weight of 8100 pounds. Normal force coeffi-
cient data is presented only for IGE hover because data for
the other above-mentioned cases are presented and discussed
in the text.

7Philbrick, R. B., and Eubanks, A. L., "Operational Loads
Survey ~ Data Management System," Volume I - User's Manual,
Bell Helicopter Textron, USARTL TR 78-52A, Applied Technology
Laboratory, US Army Research and Technology Laboratories
(AVRADCOM), Fort Eustis, Virginia, January 1979, AD A065129.




TEST EQUIPMENT

The test equipment consisted of an AH-1G helicopter, a set of
modified main rotor blades, numerous types of transducers, a
rotating FM frequency~-division multiplex, a stationary FM
multiplex, and a shipboard tape deck.

HELICOPTER AIRFRAME

The airframe, shown in Figure 1, was a bailed US Army AH-1G
helicopter, Serial Number 20391. In addition to the standard
equipment 1n the helicopter, the following items were in-

I stalled:

A 28-track, AR-728 tape recorder, a stationary multiplex,
a telemetry (TM) transmitter, and power supplies, all
mounted on an equipment rack and installed in the ammo
bay.

- Twenty-two accelerometers mounted on the fuselage.
- A rotating multiplex mounted on the trunnion.

- A nose boom mounted forward of the ship for airspeed
measurements.

- A hot-wire fault indicator mounted in the cockpit.

MODIFIED MAIN ROTOR BLADES

The "gloved blade" approach was used to maintain a structur-
ally sound rotor and a smooth aerodynamic surface. All rota-
ting transducers and associated wiring were embedded within
the glove contour. The glove extended from the root-end
doublers to the blade tip and consisted of an aluminum leading
edge and thin fiberglass afterbody skins supported by a Nomex
honeycomb core, as seen in Figure 2. The leading-edge abra-
sion strip was stretch-formed aluminum alloy, using the stand-
ard blade as the stretch fixture. The glove skins were made
of pre-preg fiberglass cloth approximately 0.008 inch thick
and bonded to 0.10~-inch-thick Nomex honeycomb prior to instal-
lation on the blade. Five aluminum sleeves housing the trans-
ducers and sensors were wrapped around the airfoil at the se-
lected measurement stations. These sleeves mated with the
leading-edge strip and the afterbody skins. The sleeves were
roll-formed from aluminum sheet. Two aluminum attachment
strips were bonded to the blade at each station and served as
nut plates to which the sleeves were fastened. After the
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blades were painted, the aluminum instrumentation sleeve as-
semblies containing the absolute pressure transducers, the
BLBs, and the hot-wire sensors were fastened to the attachment
strips with flat-head machine screws. The final glove thick-
ness was 0.130 inch. The trailing edge was extended 1.5
inches, terminating in a thickness of 0.10 inch. Table 1
gives the parameters for the production AH-1G blade and the
gloved instrumented blade.

ABSOLUTE PRESSURE TRANSDUCERS

The aluminum sleeve assemblies, mounted around the contour of
the blade at each of the five stations, house the transducers.
Each assembly consists of three main parts: outer sleeve,
transducer chamber, and gasket. The outer sleeve 1s a piece
of 0.025-inch, 2024-T3 aluminum sheet rolled to the blade con-
tour. The appropriate static ports and attachment holes are
drilled in this sleeve. The transducer chamber contains the
pressure transducer cavity milled on the top side. It is at-
tached to the underside of the outer sleeve with six counter-
sunk machine screws. A soft rubber gasket seals the attach-
ment between the transducer chamber and the outer sleeve.
Details of this assembly are shown in Figure 3.

One~hundred-ten subminiature absolute-pressure transducers were
used to measure static pressure on the upper and lower airfoil
surfaces. Figures 4-a through 4-e identify locations and
pressure ranges for blade stations 40, 60, 75, 86.4 and 95.5
percent radius, respectively.

Pressure transducers are concentrated at the outboard radial
stations to record the major pressure peaks and the important
shock formations. The 52 pressure transducers located at the
two outboard stations are recorded on the 400-Hertz response
channels. Hence, events occurring within approximately five
degrees of change in rotor azimuth can be measured. At a
given station, the chordwise distribution of transducers on
the upper and lower blade surfaces is the same.

DIFFERENTIAL PRESSURE TRANSDUCERS

The boundary layer button (BLB), a pressure measuring device,
is used to measure flow direction and magnitude on the upper
and lower blade surfaces. The BLB consists of two total pres-
sure tubes and a static port, as seen in Figure 5. Each of
the total pressure tubes is connected to the top of a dia-
phragm of the temperature-compensated, subminiature differen-
tial pressure transducer. The backsides of the diaphragms of
the two transducers are connected to a common static port.

21
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TABLE 1. COMPARISON OF ROTOR PARAMETERS BETWEEN

STANDARD AND GLOVED AH-1G ROTORS

Standard Gloved
AH-1G Rotor AH-1G Rotor
Stretched, Stretched,
Airfoil Section Slab Sided, Slab Sided,
NACA 0012 Gloved, 0012
Rotor Radius, ft 22.0 22.0
Blade Chord, in. 27.0 28.63
Trailing Edge Extension, in. - 1.5
Airfoil Thickness, in. 2.52 2.78
pirfoil Thickness Ratio, % 9.33 9. 71
Leading Edge Radius, 1in. L2239 1.596
Aspect Ratio 9.78 9.22
otor Solidity 0.0651 0.0690
Linear Twist, deg -10.0 -10.0
?recone, deg 2:75 2075
Hub Teetering Teetering

22
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MAXIMUM ANTICIPATED
PRESSURE IN PSI *

8 CHORD| US | LS us Ls
1 1 8 20 15

3 2 9 20 15

8 3 10 20 15

25 4 i1 10 10
45 5 12 = 5
70 6 13 5 S
92 7 14 5 5

* tDeviation from atmospheric pressure

Figure 4-a. Main rotor blade absolute pressure transducer
locations, pressure ranges, and identification,
r/R =0.40.




0 ¥ CHORD 100

MAXIMUM ANTICIPATED
PRESSURE. IN PSI *

% CHORD| US | LS | us LS
1 1 (11| 20 15
3 21121 20 15
8 3334 10
15 414 | 20 10
25 5118 | 10 5
35 6|16 | 10 5
45 T18% ¢ 20 5
55 8 | 18 5 5
70 9 | 19 5 5

92 10 | 20 5 5 |

* tDeviation from atmospheric pressure

Figure 4-b. Main rotor blade absolute pressure transducer

locations, pressure ranges, and identification,
r/R = 0.060.




§ CHORD

MAXIMUM ANTICIPATED
PRESSURE IN PSI *

% CHORD| WS | LS us LS
L ) 2 e 20 15
3 2% 14 20 15
8 3115 20 10

15 4 | 16 20 10
20 S a7 20 10
25 6 | 18 15 S5
35 S 15 5
40 8 | 20 15 5
45 9 | 21 10 5
55 G §. 22 10 5
70 RS 5 =
92 12 | 24 5 5

r/R =0.75.

* iDeviation from atmospheric pressure

Figure 4-c. Main rotor blade absolute pressure transducer
locations, pressure ranges, and identification,
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0 % CHORD 100

MAXIMUM ANTICIPATED |
PRESSURE IN PSI *

% CHORD| US [ LS Us 1.s
il T 20 5
3 2 | 16 20 15
8 ) 20 10
15 4 | 18 20 10
20 5|19 20 10
25 6 .20 15 5
35 T2 15 5
40 8 | 22 15 5
45 g 123 15 5
50 16 | 24 15 5
55 Vi e 15 5
60 12 | 26 10 5
70 3lzE ey 10 5
92 14 | 28 5 5

* tDeviation from atmospheric pressure

Figure 4-d. Main rotor blade absolute pressure transducer
locations, pressure ranges, and identification,
r/R =0.864,
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[MAXIMUM ANTICIPATED | 3
| PRESSURE IN PSI * H
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1 1133 ] 3 15 &
3 2|14 20 15 r
8 3|15 20 10 %
15 4|16 20 10
25 5 | 17 15 5
35 6 | 18 15 5
40 7 |19 15 5
45 8 | 20 15 5
50 9 | 21 15 5
55 10 | 22 10 5
70 11 | 23 10 5
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* tDeviation from atmospheric pressure

Figure 4-e. Main rotor blade absolute pressure transducer
locations, pressure ranges, and identification,
r/R =0,955,
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using two differential pressure transducers.
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Hence, the output of each transducer is dynamic pressure. Us-
ing the dynamic pressure, the velocity magnitude can be calcu-
lated. Each sensor is calibrated for an included flow-direc-
tion angle of 32 degrees. Analyses indicate that the flow
direction excursion will exceed the linear range of the BLB
over certain azimuth ranges for some flight speeds and span-
wise locations.

The sensor's two differential pressure transducers are in-
stalled in a stainless~steel housing consisting of a base
plate, a main body, a gasket, and a total-tube cover plate.
The main body contains the pressure transducer cavities milled
on the top and the static interconnecting ports milled on the
bottom. The base plate is bonded to the lower side of the
main body and serves to close off the static ports. The total
tube pitot cap contains a single static port and two total
tubes silver~soldered to it. The tube orifices are located at
the apex of the triangle formed by the total tubes. The total
tube pitot cap is bolted to the main body with six flat-head
machine screws.

Six BLBs are located at each of the five selected radial sta-
tions. They are positioned at 30-, 60- and 90-percent chord
locaticans as sketched in Figure 6. Anticipated pressure
ranges are shown.

STAGNATION POINT INSTRUMENTATION

Chordwise movement of the stagnation point along the airfoil's
leading edge surface 1s measured through the use of 80 hot-
wire sensors. A higher density of hot wires is placed at the
outboard stations to achieve greater resolution at low angles
of attack. The hot-wire sensor is a temperature-~differentia-
ting device consisting of from 10 to 19 elements. The indi-
vidual elements are mounted on a flexible, 0.004-inch-thick
printed circuit that is bonded to the leading edge of the
instrumentation sleeve. The printed circuit layout is a
series of 0.020-inch-wide lines spaced 0.110 inch apart with
the 0.020 lines running chordwise. Hot-wire elements are
soldered normal to the 0.020 lines in a stair-step fashion at
the chordwise contour positions. Each hot wire is a 0.110-
inch length of special alloy Balco wire of 0.0012-inch diam-
eter. Figure 7 shows the layout of the hot-wire sensor and
its installation on the leading edge of the rotor.

At each station, the hot-wire elements are electrically con-
nected in series, so that the circuit is energized by a single
constant voltage source. Voltage drops across individual hot-
wire elements provide the output signal. In operation, the
wire closest to or at stagnation heats rapidly, producing a
large voltage increase, while other wire voltages are de-
creased by cooling flow, thus accentuating the stagnation wire
signal.
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HOT-WIRE SENSOR

.15 INCH

.075 INCH

SKETCH OF HOT-WIRE ANEMOMETER INSTALLATION

OUTBOARD

Figure 7.

75% ROTOR RADIUS

[ETHTETTHTTT] veper

W “7.075 INCH SURFACE

]
«15

INCH

FJ_ LEADING
EDGE

LOCATION OF HOT-WIRE SENSORS

Installation and location of leading
edge hot-wire anemometer.
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1.1 F? ',“r_‘ Surface Method
CONTOUR ANDL SURFACFE PLOTS FOk THE STEADY-STATE FLIGHTS

Contemr and surface plots of the normal force coefficient for
the steady«state flight conditions of Table 2 were derived
from four radial stations (r/R 0.40, 0.75, 0.8648, 0.955) of
absolute pressure data that i1s averaqged for three continuous
cycles ‘The fifth station (r/R 0.60) was deleted since 1its
intagrated pressure data 18 1n error due to an inoperative
upper sut face leading-edge pressure transducer. The inside
and autaide Limit of each plot 18 bounded by radial station
t/0 = 0.4 and v/l 0.95%%, respectively, with data from sta-
tiona /0 = 0. 7% and /R 0.864 lying in between. Spanwise
interpolation at each azimuth ig through a cubic polynomial.
Fach contour interval on the plots depicts a 0.1 change in the
normal force coefficient,. Two surface plots are presented for
each flight tecord to supplement the contour plot. A side and
front perepective, with teapect to the fuselage, were found to
heat illustrate the thiee-dimensional Cn distribution.
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Hover

Contour and surface plots of normal force coefficient, C for

Nl
four separate hover records are shown in Figures 8 through 11.
Record 685 was recorded at a gross weight of 9000 pounds and
50-foot altitude, whereas record 722 was recorded at a gross
welight of 8100 pounds and in ground effect (IGE). Records 723
and 736 are at the same condition of 8100 pounds gross weight
at 100- and 50-foot altitudes, respectively. Both the 50- and
100-foot altitude cases are considered to be out of ground
effect, which is taken to be beyond one rotor diameter from
the ground. Examination of the hover records shows substan-

tial deviations from the anticipated symmetrical Cy distribu-

tion. Only record 722 comes reasonably close to being symmet-
rical. Any perturbation that alters the inflow through the
rotor disc affects the symmetry of the C,, distribution.
Ambient winds and turbulence, along with recirculation from
both main and tail rotor, are almost always present during
hover and contribute to the asymmetry.

Control-tower-reported winds during these flight records were
in the range of 5 to 8 knots. However, local wind conditions
present when the data are recorded most likely differ from
those reported. Significant wind effects appear to be pres-

ent for OGE hover (Figure 8A). The CN distribution 1s somewhat

similar to that obtained for a 10-knot forward-flight condi-
tion (Figure 12). 1In Tables 3 and 4, it is seen that some
left and aft cyclic control is usually present during hover to
compensate for the tail rotor rolling moment and center of
gravity pitching moment. However, these cyclic inputs only
tilt the main rotor's thrust vector and should have no effect
on the symmetry of the Cyn distribution in the tip-path plane.

Forward Flight 10, 20, 30, 40, and 50 Knots

Upon analyzing the low-speed forward-flight CN distributions

of normal force coefficient (Figures 12 through 21), the
following trends are seen to occur with increased airspeed.
Going from hover to 10 knots, the guasi-symmetric Cn distribu-

tion 1is considerably altered. At 10 knots the magnitude of

the CN distribution increases across the back of the disc to

compensate for the decreases over the front of the disc. The

decrease 1in CN at the front of the disc 1s due to the blade

passing over the preceding blade's vortex, resulting in a
sharp rise in the CN distribution along the leading edge of

the disc.
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270 DEG

OUTSI0E CInIT
0.9s FRACTN OF RADIUS

INSIOE (imgT

0.40 FRACTN OF RADIUS

0.0 oec

DERIVED PARAMETER -

NORMAL FORCE COEFFICIENT
COUNTER 683

GROEE WT 9000 . SHIF nooeL AN-1G
LONG co 196.¢ SHIF 10 20391
'“———-L_\__a .3 CN

————— B———__0.6 cN

Figure 8aA, CN contour plot (OGE hover at 50 feet),
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270 DEG

OUTSIDE LIMIT INSIDE LIMIT
0.95 FRACTN OF RAOIUS 0.40 FRACTN OF RROIUS
0.0 DEG
DERIVED PARAMETER - NORMAL FORCE COEFFICIENT
COUNTER 722 GROSS WT 8100 SHIP MOCEL AH-1G
LONG CG 196 .S SHIP 10 20391
—R— 0.3 CN
--------- B----==--=0,6 CN

Figure 9A. Cy contour plot (IGE hover).
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Figure 9B.
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44

T

T~




‘v\-

*{3®33 05 3 °31bdp ( 3@

PIOO81 uin3y 83xb9p-(9¢ I840Y) s3ord soejyans zu ‘d11 2anbrg

0Le0°0 IN3LIEIN] THi084 oLeC o IN3H3EON] WIove
SS6°0 SNIgud xuu Sse°C SNidee 2o
801084 40 N1Jdss  ALIINGNG Jo!0Hg SN1084 40 NiJgdd  ALTiNGNG TeIoHd
230 07 INIW3EINI 48779N= D30 01 INIW3ZON! 427rowe
6802 Sl dIns 5-961 99 9ND) £202 00 4lng 5961 493 9NGT . o
97-Hg 13005 4Ius uoo.nm " 35040 s€L 43INNG) O1-HY 73006 dIkS 00T8 1im 33040 A 23IN007
IN3I3133300 32403 THWHON - H4313UH¥4d4 G3AI¥3C IN3I3134300 37¥04 TBHH0N - ¥313WHddd 03A1¥30

(2-01XIND

(UA




—_
———————

OUTSIDE LIMIT
0.85 FRACTN OF RADIUS

S ————

INSIDE LIMIT
0.40 FRACTN OF RADIUS

0.0 OEG
DERIVED PARAMETER - NORMAL FORCE COEFFICIENT
COUNTER 724 GROSS WT  8100. SHIP MODEL  AH-1G
LONG CG 196.5 SHIP 10 20391
R 0.2 CN
8 0.6 CN

Figure 12A. CN contour plot (level flight at 10 knots, gross

weight 8100 pounds, altitude 50 feet).
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4 wgight 9000 pounds, altitude 50 feet).
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Figure 15A. CN contour plots (level flight at 20 knots, gross

weight 9000 pounds, altitude 50 feet) .
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Figure 16A. CN contour plot (level flight at 30 knots, gross
weight 8100 pounds, altitude 50 feet).
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Figure 18A. CN contour plot (level flight at 40 knots, gross |
weight 8100 pounds, altitude 50 feet). .
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Figure 19a. CN contour plot (level flight at 40 knots,

gross
weight 9000 pounds, altitude 50 feet) .
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Figure 20A. CN contour plot (level flight at 50 knots,

gross
weight 8100 pounds, altitude 50 feet).
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Figure 21A.

Cy contour plot (level flight at 50 knots, gross
weight 9000 pounds, altitude 50 feet).
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The upwash induced by the vortex upstream of its location

increases the CN while the downwash induced downstream of 1its

location decreases the CN' thus forming a valley in the dis-
tribution.

At 20 knots the tip vortex interaction across the front of the

disc begins to disappear. The CN distribution over the disc

evens out as the loading shifts toward the front of the disc.

At 30 knots the blade loading in the third quadrant begins to

build up midway out the span. In addition, CN approaches a

value of 1.0 over the engine nacelle at r/R = 0.4. This rise
appears to be due to the wake coming off the upper portion of
the sail and the plate surrounding the top of the nacelle.

With a further increase in airspeed to 40 and 50 knots the in-
board blade loading in the third quadrant approaches values
of CN of 1.0 or more. Concurrently, the CN bump over the

engine nacelle begins to diminish. The rapid C,, drop in the

N
region of y = 280 degrees corresponds to a vortex core passage
parallel to the blade span. The vortex induces upwash as the
blade approaches and downwash upon passage. Thus, the inter-
action results in a gradual loading followed by a rapid unload-
ing of the blade.

With an increase in gross weight from 8100 to 9000 pounds, the
gradients become more pronounced for the flight conditions of
20, 30, 40, and 50 knots.

Right and Left Sideward Flight

The CN distributions for right sideward flight (Figure 22)

compare favorably with those shown for 30-knot forward flight
(Figure 16). However, some noticeable differences between
these two flight conditions are seen in Table 3. In right
sideward flight the main rotor power is 16 percent higher

than for the forward flight case. Simple energy methods show
that approximately half of this increase is due to an increase
in equivalent fuselage drag area from 12 square feet (forward
flight) to 150 square feet (sideward flight). Also, with the
rotor's thrust vector tilted to the right the fuselage reaches
an equilibrium roll angle of 3.5 degrees to the right versus
1.4 degrees to the left in forward flight.

Left sideward flight differs substantially from right sideward

flight, as seen in Figures 22 and 23. The difference is at-
tributed to the change in tail rotor thrust direction. In
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Figure 22A. CN contour plot (right sideward flight at 30 knots,
gross weight 8100 pounds, altitude 50 feet).
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Figure 23A. CN contour plot (left sideward flight at 30 knots,

gross weight 8100 pounds, altitude 50 feet) .

69




T w a
—— < il ~ A
‘(3913 0g °pn3I3Te ‘spunod 00T8 3ybtom sscxb
‘sjouy pgg 3e 3ybrTs PIBM3DTS 3337) s3071d soejans ?U *d€¢ ®anbrg
0LE0" D INIHILINT HI0ds OLe0 0 IN3E3INT 8108
SS6°0 SNIgvy Xou SS6°0 SNIogvd xou
SNiQuy 40 N1Jdyy ALLINGND Y108y SNIgYd 40 NiJddy4 ALTINGND D108y
930 0! IN3W3IEINI 487INONB 030 01 IN3M3¥IN] JUINONE
18€02 su.. dIHS $'961 92 9NOY 16€02 Ol dius S° 961 93 9NOT
91-Hg 73004 JIHS 0018 1M $S049 o2L 43INN0Y O1-H8 300N JIuHS 00Te 1w sS04 ozL 431NN03
IN3IJ14430 30H04 THWNHE0ON S313WEdEd 03A1430 IN313144303 37404 1HUHON = 8313UBYBd 032 430
230 0Lz

70

([-0TXIND

ot

o
w

ol
(=}
LY
.

- et S




———
PR

right sideward flight, the tail rotor thrust is in the same |
direction as the main rotor's propulsive force component;

whereas in left sideward flight, the tail rotor thrusts in

opposite direction to the main rotor's propulsive force.

Thus, the main rotor must also overcome the tail rotor thrust

in left sideward flight. Main rotor power is about 6 percent

more than for right sideward flight, as seen in Table 3.

Fuselage roll angle for left sideward flight is 6.9 degrees to

the left, which i1s about twice the magnitude of that present

to the right during right sideward flight.

COMPARISON BETWEEN MEASURED AND PREDICTED NORMAL FORCE

" COEFFICIENTS
o
X i ¢ e
For the steady state flight conditions, comparisons were made ;
between measured CN versus ¢ distributions and calculated ig!
values of CL' Fcr comparative purposes, the two parameters *

At

are approximately equal. These comparisons were made for
radial stations of r/R = 0.40, 0.75, 0.864, and 0.955.

e SR

LA

Hover
In hover, BHT's lifting surface hover performance program
(AR79DK) was used for calculating the CL distributions. This

analysis represents the state of the art in the prediction of
hover performance. The main features of the analysis are:

b s 3
.

- Lifting surface blade representation.

- Determination of blade section aerodynamic characteris-
tics through circulation response tailoring.

- Prescribed wake model coupled to blade circulation as
determined by an extensive experimental wake data base.

- Compressibility treated through similarity law geometry
transformation and airfoil data.

Figures 24 through 26 show the 8100-pound gross weight hover
records (number 723 and 736) at 100- and 50-foot altitudes, re-
spectively, and the 9000-pound record (number 685) at a 50-
foot altitude. 1Ideally, CN would be constant with azimuth, as
were the calculated values of CL' However, because of the
presence of light wind and fuselage influences, this situation
is never fully realized. In spite of the unsteadiness assocl-
ated with the measured data, the calculated results are in
reasonable agreement.

{ Tk
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Forward Flight 10, 20, 30, 40, and 50 Knots

For the forward flight comparison of the measured CN distri-

butions with blade element/momentum analysis, the calculated

C[, versus azimuth distributions were obtained using BHT's Rotor

Aerodynamic Characteristics Program (ARAM42). This program as-
sumes uniform inflow, and the flapping equation of motion is
solved iteratively for the specified flight condition. A
standard tip-loss factor is used based on the thrust coeffi-
cient and number of blades. For the clean 8100-pound gross
weight condition, a fuselage drag area of 12 square feet was
used, whereas for the 9000-pound "Hog Configuration," the
fuselage drag area was 15 square feet.

For the forward flight speeds of 10, 20, 30, 40, and 50 knots, A

correlation between the measured and calculated CN distri- -

butions (as shown in Figures 27 through 38) resulted in the
following generalizations. In the vicinity of the blade tip,
uniform inflow is insufficient in magnitude. Consequently,

the calculated CL versus azimuth is high compared to the CN

versus azimuth distribution. Inboard of r/R = 0.75 uniform

inflow 1s excessive and the calculated CL versus azimuth is

low compared to the measured CN versus azimuth distribution.

=

These trends become less obvious as the forward flight speed

diminishes. In addition, the measured CN distributions,

particularly those at r/R = 0.864 and 0.955, show large fluc-
tuations in the region of ¢ = 90° and 270° azimuth due to
blade/vortex interactions. Calculated results using uniform
inflow neglect these fluctuations.

L i e

In an attempt to account for the tip vortex induced fluctua-
tions in the forward flight inflow, a distorted wake analysis

(ARAPMWK) was used to calculate the resultant CL distributions.

Comparisons were made only for 40- to 50-knot, 8100-pound cases
(records 727 and 728). Lower speed comparisons were not pos-
sible because of the numerical problems associated with the
free-wake analysis. Figures 33 and 35 show the calculated
distorted wake CL distributions relative to the test data. In
both cases the calculated CL fluctuations due to the vortex
interaction occur where expected, but are much greater in
magnitude than those measured. A visual representation of the
‘ wake relative to the rotor as calculated by ARAPMWK for the
50-knot case is shown in Figure 39.
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The difference between the calculated and measured values of
Cn 1s attributed to several factors. The wake model is only

a tip vortex representation that neglects the inboard vortex
sheet induced effects. The vortex strength is related to the
overall blade circulation at a given azimuth rather than the
local bound circulation. This results in the vortex being too
strong on the advancing side of the disc. In addition, since
the vortex strength is not an accurate approximation and the
inboard sheet induced effects are neglected, the geometrical
relationship of the wake with respect to the blade is a rough
approximation. When dealing with blade/vortex interactions,
small errors in this relationship can produce large errors in
the calculated CL distribution. In the low-speed flight

region, more accurate numerical methods are needed in the
free-wake analysis as the flight speed decreases in order to
properly establish the correct geometrical relationship between
blade and wake.

Comparisons between the measured and calculated main rotor
power and collective pitch versus airspeed are shown in Figures
40 and 41. The calculated performance for both the 8100- and
9000-pound gross weight flight conditicns as determined using
the Prescribed Wake Hover Analysis and the blade-element,
uniform inflow forward flight analysis (ARAM42). For the
8100-pound hover case, the measured main rotor power of 837
horsepower agrees closely with the calculated value of 833
horsepower. At S000 pounds the measured power of 981 horse-
power is noticeably higher than the calculated value of 930
horsepower. This flight record does not appear to be a
completely stablized hover condition. Consequently, substan-
tial asymmetry is associated with the Cn distribution and

probably results in a discrepancy in the measured main rotor
power. At the forward flight speed of 10, 20, 30, and 40

knots the calculated power is surprisingly close to the measured
power, considering how the individually calculated and measured
Cy versus azimuth distributions vary for several radial sta-

tions. The close agreement in power illustrates again how

the blade element, uniform inflow analysis is capable of
predicting net performance because of that theory's inherent
averaging of details in the load distribution. At 50 knots
there is a variance between the calculated and measured main
rotor power. The observed rise in the measured power 1is
possibly attributed to vortex-induced effects experienced by

the retreating blade. Free-wake calculations indicate an inter-
action occurring as the blade approaches its own 1-1/4-revolu-
tion-old vortex at an azimuth of 220 degrees. The largely
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parallel intersection begins at about 40-percent radius and
sweeps slowly outboard as the blade rotates to 260 degrees.
The region of interaction is indicated by the elongated shaded
area in Figure 42. During the interaction the blade experi-
ences upwash as it approaches the vortex and a resultant in-

crease 1in the Cy distribution. Upon passage of the vortex at

an azimuth of 260 degrees, the downwash induced from the
vortex rapidly collapses the Cn distribution. If flow separa-

tion occurs with this interaction, then it could be responsible
for the power increase. At the 40- and 50-knot airspeeds, the
calculated main rotor power using distorted wake analysis is
slightly higher than that determined using blade-element, uni-
form inflow. However, the distorted wake analysis also falls
short of the measured power at 50 knots. And, considering the
nature of flight test measurement, one must be cautious of
forming a conclusive interpretation based on limited test data.

A comparison of the measured and calculated collective pitch
shows almost a l-degree difference, with the momentum analy-
sis calculated values being high. Since the calculated values
are with respect to blade root, 1-1/2 degrees should be added
to the grip-measured values to adjust them to the center of
rotation reference. A comparison at this common reference
shows most of the calculated values to be about 1/2-degree
low. The main exception is the 50-knot case where the mea-
sured collective is over 1 degree higher than the calculated
value.

Left and Right Sideward Flight

For the left and right sideward flight calculations a flat
plate drag area of 150 square feet was used for the fuselage
versus 12 square feet for the forward flight cases. In general,
the trends exhibited in Figures 37 and 38 for 30-knot right
sideward flight for the measured and calculated CN distribu- |

tions are quite similar to those for the 30-knot forward
flight data. ?

In calculating the C. distributions, the influence of the tail

L
rotor was neglected. This would have caused only a small in-
crease in the CL distributions in left sideward flight relative

to right sideward flight since the propulsive force of the main
rotor would have to compensate for the opposing tail rotor
thrust.
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Local Flow and Direction at 50 Knots

Boundary layer button data were analyzed for one flight con-
dition to determine the influence of blade/vortex interactions
on the direction and velocity of the flow close to the blade.
The 50-knot, 9000-pound flight condition (record 690) was
chosen since the blade/vortex interactions appear to be strong-
est for this airspeed and gross weight. The term boundary
layer button is a misnomer since the vertical positioning of
their probes at heights of 0.15, 0.25, and 0.35 inch from the
blade surface for the 0.30, 0.60, 0.90 chord position gages,
respectively, puts them well out of the boundary layer. The
boundary layer thickness over the outer portion of the blade

at 30-percent chord is estimated to be approximately 0.025 ;
inch. v

S

Figures 43 through 46 show the flow direction and magnitude +4
for the r/R = 0.864 station. This station was chosen since it - 3
has only one inoperative BLB versus three each at the two ad-

joining radial stations. For all the flight records, about 7
one-third of the BLB's were inoperative due to instrumentation S
problems and foreign debris. 1In Figure 43 the presence of two
strong blade vortex interactions is indicated by the three
lower surface BLBs. One of these interactions occurs on the
advancing side at 130 degrees azimuth, while the other occurs
on the retreating side at 300 degrees azimuth. Top and side
views of the calculated distorted wake trajectory for this
flight condition were shown in Figure 42 with the blade/vortex
intersections identified by the shaded regions. Both inter-
sections induce a local inboard flow along the blade with the
deflection angle becoming larger with increased distance
behind the leading edge. The upper surface flow direction
measurements do not depict the vortex intersections as readily.
The velocity data for the three lower surface BLBs shows a
velocity excess over the front of the disc with a velocity
deficit across the back of the disc. The two vortex intersec-
tions at 130 and 300 degrees result in a sharp drop in the
magnitude of the flow. The two upper surface BLBs show simi-
lar trends. The magnitude of the velocity measured on the
upper surface by the 0.6 and 0.9 chord BLBs is lower than that
measured at the respective lower surface positions. This
trend is opposite to that expected.

-

MM, s b BT
" "— w

Further verification of the blade/vortex intersections is seen
in the chordwise force coefficient and moment coefficient
traces for this flight condition. These parameters are shown
in Figures 47 and 48 for the four radial stations of 0.40,
0.75, 0.864, and 0.955.
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Figure 46. Upper surface resultant velocity measured at
: r/R=0.864, record 690, 9000 pounds gross
: weight, forward flight at 50 knots.
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Azimuth,

9000 pounds gross weight, forward flight at 50 knots.

Measured chordwise force coefficient, record 690,

Figure 47.

99




-saemeee Test data

) 3UaTOTIIV0D0 Fusdwowr HUTYO3ITd

il g i - i o i 3 r
A —— T
o
r J ] H 1 i Py
= g = 1 s 5af \~r , = e dc — M r $
lﬁ S fa et ' + 5 3
s : = j 1l |
e F & } ! | o 1 i
— e
B i I M- T8 8 i i
1 _w-lll"k-|v'|lﬂ|"(
- -4 : § i ! : H
i e R C 1% W N
i i ! ! T ] i i 1 B (=
i Tl f ofct } | i -{ ; | : 4~
H | )| i | o~
: o e S e R e 1
i i Lyets — o bt } = ! i ;
5 B e e R 5 SRR e W
i ! & : o
..I—MJIIL. i j 11';, r4 |W.|'i|_l. — Er & ._ w,l sasdl | gl o bl == =
| ' 1 o : | [ i
Fay 4 ! ! | o i 1 4 “n i 1 i w | \ !
R i AR et ok S e T
1o | b ] i O o~ SR = ﬁ } P o
o TV, JSYR, - P 3 e d o =N T e P o 5 =i £ -
w " J_I | & Ill_. B (I n T 0 w
w . B L R R e 10 T oL 2, S ~x & 3
PRE e it M7 N T
T _ TS | H i ﬁ r
—_— - v,lqi —_— - e — o B o SRR -
~ _, | ; H i { \ ! 1
NG 5 e posluat < . g s e Sl precerossy mnsii ]
i { ¢ i ! X
¢ S S o O S - jo il clim .- } S BT
ke | | | | ¢ : ! | i 1 . .AO
1 | I L i _.llL " _ i =)
Ry, il 1 & e &
! m : i | _ ! | i .. 1 ! i
E « ISR I SR T Tk R ! SR O -
—=LE oAt TR oo
| L i) i L- i : : | H . | 3 st i
1 1 R g S R T i le = R R
{ t ' { | S | | | ! 1
i ! ; i 3 | ! ]
| —— B . 1 -3 . e —
t ~ — 4 - i | | _ : ‘ i3 ' ' {
L F S L | v 1 i | : o
S -5 K S ) S & o & )
~- o ~ o - o [ag} -~
. L . . . . 2 .
) I 1 ! ! ] ] |

Azimuth, deg

9000

pounds gross weight, forward flight at 50 knots.

Measured moment coefficients, record 690,

Figure 48.

100

e ——



COMPARISON OF MEASURED AND PREDICTED ANGLE OF ATTACK

A comparison of the measured and calculated angle of attack
for the 8100-pound OGE hover case is shown in Figure 49. Mea-
sured values for the four radial stations were determined from
the hot-wire array stagnation point time histories. Knowing
the stagnation point location and the associated Mach number
for a radial station, the angle of attack is taken from a
family of calculated curves. These curves were provided by
the Government for the gloved AH-1G airfoil using the North
Carolina State/NASA airfoil program. The calculated angle of
attack is consistently higher than the measured values by
about 1 to 2 degrees. The accuracy associated with the curves
that relate stagnation point to angle of attack is unknown. A
two-dimensional wind-tunnel test of the gloved airfoil is
necessary to verify the calculated relationship between the
measured stagnation point and angle of attack.
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Angle of attack, deg

—O0— Hot-wire test data
—O—Prescribed wake analysis

r/R = 0.864

r/R = 0.75

o

() 90 180 270 360

Azimuth, deg

Figure 49. Comparison of measured and calculated angle
of attack, record #723, 8100 pounds gross
weight, OGE hover at 100 feet.
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NOE MANEUVER FLIGHTS

Data was reduced for the NOE maneuver flights listed in Table
5. All of these flights are at a gross weight of 8100 pounds
and altitudes of 50 and 100 feet. The maneuvers listed are
considered typical of those encountered during NOE flight.

The data presented in this section gives some insight into the
distribution and magnitude of the peak values of CN that can

be expected during the maneuvers. These peak values are
assumed to coincide with the maximum excursions of the air-
craft's cg load factor as measured by an accelerometer. A
time history of the cg load factor, cyclic and collective
stick positions is shown for each flight record. Although an
airspeed time history was also desired, the speed range in
which these maneuvers were conducted was outside the usable
range of the airspeed indicator.

For some of the maneuvers, no significant excursion from the
lg load factor was experienced, as seen in Figures 50 through
57 (records 722, 743, 742, 744). For the remaining maneuvers,
Figures 58 through 67 (records 746, 729, 745, 718, and 721),
maximum cg load factors in the range of 1.5 to 1.7 were mea-
sured. The triangular symbol along the time axis indicates
the point at which the cg load factor is largest. Contour and
surface plots of the Cn distribution are presented for this
point in the maneuver.

The IGE to OGE and NOE flight to OGE pop-~up maneuver contour
and surface plots (Figures 51 and 53) closely resemble those
for the 8100~pound hover condition (Figures 9 and 10). With
respect to hover, only subtle differences are seen for the
pop-up maneuvers, such as a slight increase in both the magni-
tude of the CN distribution and collective pitch.

The contour and surface plots for the descent from OGE to IGE
(Figure 55) show a less symmetrical distribution than hover.
This results from the rotor passing into its own wake. Other
side effects include an increase in the overall vibration
level as seen in the load factor and an erratic control stick
position time history (Figure 54).

The load factors for the 90 degree right turn and acceleration
to 70 knots maneuver (Figure 56) show little deviation from
lg. The Cy distribution (Figure 57) is shown at a point 10.5

seconds into the maneuver where the load factor is approxi-
mately 1.1.
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270 DEG

QUTSIOE LimgY
Q.88

INSIDE LINIT
FRACTN OF RRDIUS 0.40 FRACTN OF RADIUS

3
0.0 DEG g
DERIVED PARAMETER - NORMAL FORCE COEFFICIENT |
COUNTER 722 GROSS WT  8100. SHIP MODEL  AH-1G |
LONG CG 196.5 SHIP Ip 2039) 1
—R 0.3 N ]

8 0.7 CN

Figure 51A. CN contour plot (pop-up IGE to OGE) .
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OUTSIDE LIMIT INSIDE LIMIT
0.95 FRACTN OF RADIUS 0.40 FRACTN OF RADIUS

DERIVED PARAMETER - NORMAL FORCE COEFFICIENT

COUNTER 743 GROSS WT  8100. SHIP MODEL  AH-1G
LONG CG 196.5 SHIP 1D 20391

Figure 53A.

CN contour plot (pop-up NOE to OGE).
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270 DEG

. "\\ »

B s 1 e —

\[\\, ¥ //
OUTSIOE LINIT 3 Lo e INSTOE LINIT
[ """ 0.40 FRACTN OF RADIUS

0.95 FRACTN OF RADIUS

0.0 DEG
DERIVED PARAMETER - NORMAL FORCE COEFFICIENT
COUNTER 742 GROSS WT 8100 SHIP MOOEL  AH-1G
LONG CG 196.5 SHIP 10 2039)
i~ =fl —tsg el
B 0.6 CN

Figure 55A. CN contour plot (descent from OGE to IGE).
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OUTSIDE LINIT INSIDE LINMIT
0.40 FRACTN OF RADIUS

0.95 FRACTN OF RADIUS

ey

NORMAL FORCE COEFFICIENT

DERIVED PARAMETER -
GROSS WT 8100, SHIP MODEL  AM-1G
19 SHIP 10 2039)

COUNTER 744
LONG CG 6.5

8 0.2 CN
8- 0.6 CN

contour plot (90-degree right turn and
acceleration to 70 knots).

Figure 57A. CN
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NORMAL FORCE COEFFICIENT

cross wt 8100

LONG CG
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snir 1o
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RACIAL QUANTITY

MAX RACIUS 0.9SS

0.0370

RADIAL INCREMENT

0.0370

PROIAL INCREMENT

CN surface plots (90-degree right turn and

acceleration to 70 knots).

Figure 57B.
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OUTSIDE LINIT

0.95 FRACTN OF RRODIUS

-------- INSIOE LIMIT
0.40 FRACTN OF RADIUS

0.0 DEG
DERIVED PARAMETER - NORMAL FORCE COEFFICIENT
COUNTER 745 GROSS WT  8100. SHIP MODEL  AH-1G
LONG CG 196.5 SHIP 1D 20391
A/ 0.0 CN
8 0.4 CN
< 0.8 CN

Figure 63A.

CN contour plots (decelerate 50 knots
to OGE hover).

126

o

LR

T




* (I3A0Yy J5H0 03

s3jouy (g 23eIBT209p) s30Td doejans Ny

oLeo-0 IN3U34INT T I0ds

S56°0 Snigud xou

SNI0YY 40 N1Jodd ALTINGND YI0YY
930 O IN3W3EINT d87NONSE

"dg9 2INbT4

S o

IN3K34ONT 8084

P T R
P A e ‘A

SNI0YY 40 N1JB¥4 ALTINGNB WI108d

030 07 IN3U34ONT dEINONY

- ¥313WH¥8d 03AT¥30

Glp ) A
PRI, T

18202 a1 4IHS §°961 93 9NO7 16€02 gt diHS
Qt-He 300K dINS 00T8 im SSO#9 SYL 4318003 91-HY 1300w dIHS
IN3IJ134300 32404 THHE0N - ¥313WBd8d 03A1d30 IN312134300 33403 THHYON
TS ——— - e
o

———

A""“v\\-\\

1o "Izll
Av =
, 4&@

127

({-01XIND




*(IUBTITF premaprs 3397 -

T UoTjiexalaooe Pue TesaisaAax

TBeUOT308ITp)

10".1.

SUOT3ITsOd YOT3s 2AT3O09TT0D pue oTT240

e

Hmﬁmmmumuuzhw e

002 |

s3jouy (gg¢ o3
BWT} sSnsIaa
‘Io30®3I peoT

‘¥9 @anbrg

RS, B S,

SLONX om OL NOILYIITIOOV aN

|
t
|
I

I3

IHOITd QUYMIAAIS L1337

833303814

02 _dIHg
ﬁzaz

T-_
M !

} 3

e ..ﬁ

l L]
‘..ﬂl.. "

1

nm~mmmaww‘
1 00Te M9

| SIS o

$
M. A1
4. LY e |
| Wr1e DrINT |

(
l

;94 * W |

H

REY
e |
|

8.4

-— ih - ———ad
¥ TYSHIATY TYNOILOTI I +1\
i | iz w13 | U
M 94-22-4 318q | . 1 -
! ‘0Le faing | |
w | ! bl L m A0 e
2 SHAEE HXs 25520 SN0 an snx omsy mR SSu Su Y

128




o

B :

o 3 3
\ -

S X .

o~ A |
: \ LI
' : .
il ="
' ! :
N '

I~ d

AT Ak S 1

e

o
"
.

OQUTSIDE LIMIT
0.

INSIDE LIMIT !
95 FRRCTN OF RADIUS 0.40 FRACTN OF n 01US
0.0 DEG
DERIVED PARAMETER - NORMAL FORCE COEFFICIENT }
COUNTER 718 GROSS WT 8100 SHIP MODEL  AH-1G
ONG CG 196.5 SHIP 10 20331
—R— 0.1 CN
——8——__ 0.5 CN
—_—&——«—— 0.9 CN

Figure 65A. CN contour plot (directional reversal and
acceleration to 30 knots - left sideward flight)
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CONCLUSIONS

The aerodynamic behavior of a helicopter operating in the NOE
flight region was illustrated through the use of contour and
surface plots of the measured normal force coefficient. These
plots should help stimulate the development of a more repre-
sentative predictive methodology capable of providing analyti-
cal duplication of the resulting blade load distributions.
Reasonable estimates of the net rotor performance in the low-
speed flight region can usually be obtained using uniform
inflow in conjunction with blade element analysis. However,
the accurate prediction of detailed blade loads must include
both an accurate determination of the nonuniform wake-induced
inflow distribution and the proper reaction of the blade to
discrete vortex interactions. These objectives dictate the
use of an analytical approach that incorporates a lifting
surface blade representation along with a compatible free-wake
structure.

Certain deficiencies of the flight test data were brought to
light in this investigation. Due to the high percentage of
inoperative boundary layer buttons, it is difficult to draw
conclusions regarding the local flow direction and magnitude.
For all the flights investigated, one-third of the BLBs were
inoperative. These BLBs positioned closest to the leading
edge accounted for the largest percentage of inoperative
gages. With respect to the angle-of-attack measurements,
further studies are necessary. Presently, angle of attack is
related to the hot-wire measured stagnation point through
analytical means. A two-dimensional wind-tunnel test is
necessary to determine the accuracy of this relationship.
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APPENDIX A
ROTOR FORCE AND MOMENT COEFFICIENT
DATA
[ '
| TABLE A-1. NOE STEADY FLIGHT CONDITIONS AND RECORD NUMBERS
FOR PRESENTED NORMAL FORCE COEFFICIENT, CHORD <
FORCE COEFFICIENT AND PITCHING MOMENT COEFFICIENT 1
DATA t
[
GW = 8100 LB
Attitude CG (Mid) L
Flight Conditions (feet) Flt/Record 2
IGE Hover - 37D 722 g
OGE Hover 100 723 ‘3
Forward Flight At 10 KIAS 50 724 o
Forward Flight at 20 KIAS 50 725 F.
Forward Flight at 30 KIAS 50 726 %¢
Forward Flight at 40 KIAS 50 727 b
Forward Flight at 50 KIAS 50 728 -
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Measured pitching moment coefficient versus azimuth,
8100 pounds gross weight, OGE hover
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LIST OF SYMBOLS

Ay - Coefficient of -cosy in Fourier series expression
c for collective pitch (lateral cyclic), deg
B, - Coefficient of -siny in Fourier series expression
c for collective pitch (fore and aft cyclic), deg
a, - Constant in Fourier series expression for blade flap-

ping, steady coning, deg

ay - Coefficient of -cosy in Fourier series expression
for blade flapping relative to the rotor mast; hence,
longitudinal tilt of rotor cone, positive for rear-
ward tilt, deg

bl - Coefficient of -siny in Fourier series expression for
blade flapping relative to the rotor mast; hence,
lateral tilt of rotor cone, positive for tilt toward

advancing side, deg
Ce - Chordwise force coefficient
CL - Blade 1lift coefficient
CN - Normal force coefficient, normal to blade chord
Cym - Blade pitching moment coefficient

- Center of gravity

- Helicopter gross weight, 1b

- Knots Indicated Airspeed

- Blade radius, ft

- Blade radial station, ft

- Aircraft forward flight velocity, ft/sec
- Blade chordwise station, ft

- Blade collective pitch angle between plane normal
to the shaft and zero lift line of the blade, deg
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- Blade azimuth angle measured from rearmost point of
rotor in direction of rotation, deg

- Rotor angular velocity, rad/sec
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