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FOREWORD

This report describes the HU-1A dynamic air load measurement program

and presents reduced data for selected flight conditions., The program
was conducted by Bell Helicopter Company under U, S, Army Transporta-
tion Research Command Contract DA 44-177-TC-653 (Reference 1), and was
carried out under the technical cognizance of Mr, John Yeates, USATRECOM,
Fort Eustis, Virginia.

The program began in July,1960 and was completed in June,1962, Personnel
associated with the program include Mr, F, B, Burpo, the Research Project
Engineer, and Messrs, R. T, Bybee, B, Blankenship, J. A, DeTore,

G. Boswell, and R, R, Lynn of Bell Helicopter Company. Additionally,

Mr, E. L, Davis, a special consultant to USATRECOM, contributed many
valuable suggestions during the early part of the program.

It was beyond the scope of the program to check every one of the thou-

sands of data points presented. As discrepancies are found, it is
requested that they be reported to Mr, J. Yeates of USATRECOM,
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I, SUMMARY

This report describes a program to measure the dynamic air loads acting
on the HU-1A semirigid main rotor and presents reduced data for selected
flight conditions, The work reported includes only that pertaining to
the data gathering, reduction, and presentation, The analyses and
interpretation of those data are outside the scope of the program as
defined in Reference 1,

Descriptions of the basic HU-1A helicopter, the instrumentation system,
and various component tests are given. The latter include blade fatigue,
differential pressure transducer, slip ring qualification, and main rotor
vibration tests., All components performed satisfactorily,

The flight program is described, A total of three data flights were
made during which 68 steady state and maneuver flight conditions were
recorded, The flight conditions and related information are tabulated,

The data recording, processing, and presentation are discussed, Cali-
brations, sign conventions, and reduced data for eleven steady state
and two maneuver conditions are given, The reduced data include:

IBM tabulations of blade differential pressures, air loads, bending
moments, controls and blade positions, center of gravity acceler-
ations, controls loads, and various harmonic analyses;

Curves of differential pressures versus chord, air loads versus
span and azimuth, thrust versus azimuth, and blade bending moments
versus span and azimuth; .

Tables of related photo panel (velocity, temperature, etc.), and
helicopter attitude and position information,




IT, INTRODUCTION

The design of modern rotor systems has been hampered due to the lack of
knowledge of the basic air loads acting on the blades. These fluctuating
air loads are responsible for the rotor and control system fatigue loads
and the cockpit vibrations associated with helicopter operation. The var-
ious harmonics of the air loads act on the blade, which responds as a
function of its dynamic characteristics. Due to the complex interrelation
of the aerodynamic forces acting on a blade and the dynamic characteristics
of that blade, the experimental determination of the actual air loads act-
ing on a rotor is impossible without direct pressure measurement,

Recognizing this, the U, S, Army Transportation Research Command (USA-
TRECOM) initiated a broad experimental program to define the inflight
air loads acting on rotor blades. The first such project involved
National Aeronautics and Space Administration (NASA) tests with the ar-
ticulated four-bladed rotor H-34 helicopter. That work is reported in
part by Reference 2. The second part of the over-all air loads program
involved the subject Bell Helicopter Company tests of the semirigid two-
bladed rotor system of the HU-1A helicopter. The purpose of the Bell
work, as defined by Reference 1, was to gather, reduce, and present se-
lected data from the test flights. The analysis and interpretation of
those data were outside the scope of the program,

These two projects are the first known programs to measure air loads on
a full scale rotor in flight, However, similar wind tunnel model tests
were conducted in 1956 by NACA. These model tests are reported by Ref-
erence 3. It is hoped that the analysis and application of the data

presented herein will allow greatly improved rotors for future helicopter
designs.

At the onset of the program, it was planned that the basic air load and
moment data would be reduced by use of a 12-point harmonic analysis, Os-
cillograph trace sensitivities, channels per oscillograph, paper speed,
etc., were adjusted accordingly, The major portion of the data, flight
conditions, etc., presented herein follows this initial planning and is
referred to as Type I data, conditions, etc.

During the course of the program, USATRECOM advised the contractor that
a new rotor air load prediction technique was being developed by the
Cornell Aeronautical Laboratory and that it was desirable to use data
from the subject program for correlation purposes. During subsequent
discussions with personnel from USATRECOM and the Cornell Aeronautical
Laboratory, it was decided that the HU-1A data to be supplied to the
Cornell Aeronautical Laboratory should have a greater sensitivity than
that originally planned; further, that a 24-point instead of a 12-point
harmonic analysis should be used. To accomplish this, it was necessary
to increase the sensitivity of the air load oscillograph traces, to de-
lete some oscillograph traces (to allow for increased sensitivity), and




to increase the oscillograph paper speed., The resulting four flight
conditions and data are referenced to herein as Type II flights, condi-
tions, data, etc, The results of the Cornell Aeronautical Laboratory
air load prediction work are reported in Reference 4,




II1. DESCRIPTION OF TEST EQUIPMENT

A, HELICOPTER

The helicopter used during the subject program was the United States
Army HU-1A Iroquois, Serial Number 59-1616. An in-flight photograph of
the test helicopter is shown in Figure 1. A three-view drawing of the
basic HU-1A is shown in Figure 2; pertinent data for the test machine

are listed below.

Take-off Gross Weight (pounds) 6175
Center of Gravity (inches, refercnce Sta. 0, Fig. 2) 133.1
Engine Lycoming T53-L-1A
(Serial No. LE 00239)
Power/Engine Speed (Horsepower/r.p.m.) 770/6400
Out of Ground Effecct Ceiling (feet) 12,000
Cruise Speed (knots) 100
Main Rotor Data
Number of Blades 2
Diameter (feet) 43.75
Chord (inches) 15.2
Blade Twist (degrees)(from centerline of
rotation to tip) -12
Blade Section NACA 0015
Tip Speed (feet/second)
At engine speed of 5800 652
At engine speed of 6400 720
At engine speed of 6600 742
Ratio of Blade Pitch to Bar Flapping .16
Pitch Link Arm to Blade Feathering Axis (inches) 7.0
Rigging Data
Fuselage
Fore and aft (degrees) 0
Lateral (degrees) 0
Mast
Forward (degrees) 3
Lateral (degrees) 0
Swashplate (neutral cyclic control)
Forward (degrees) 3
Left (degrees) -1 (left side down)
Swashplate
€yclic control full forward (degrees) 14.5
Cyclic control full aft (degrees) -9
Cyclic control left (degrees) -9.25
Cyclic control right (degrees) 9.5
Blade Angle at Blade Station 23
’ Collective control full down (degrees) 9.5
:' Collective control full up (degrees) 22.5
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B. INSTRUMENTATION SYSTEM

1. General (Block Diagram)

The data presented during the subject program were recorded
manually, by oscillograph, and by photo panel, Counter number, maneuver
description, and pilots' comments were recorded manually; airspeed,
altitude, outside temperature, rotor speed, and power were recorded by
photo panel; and the outputs of the rotor and/or fuselage mounted pres-
sure, strain, and position transducers were recorded by oscillograph.
Photo panel correlation traces were also recorded on the oscillograph.

A block diagram of the basic instrumentation system developed
and used during the subject program is shown in the accompanying sketch.
Figure 3 shows the instrumentation installation in the cabin of the
HU-1A helicopter, Discussions of the major camponents peculiar to this
system are given in the paragraphs below, Table 1 gives a complete
list of all the oscillograph data channels recorded, Reference 5 is
a complete wiring diagram of the instrumentation system.

BLOCK DIAGRAM OF INSTRUMENTATION




2. - Components

a. Pressure Transducers - NACA-developed miniature pressure
transducers were used during this program to measure the differential
pressure between the upper and lower surface of one main rotor blade.
The basic transducer is described in NACA Technical Note 2659 (Reference
6); a photograph of one of the transducers used during the program is
shown by Figure 4.

The device operates on a variable air-gap inductance principle,
A thin stretched diaphragm is mounted between two coils; one side of the
diaphragm is connected to the upper blade surface, the other side to the
lower surface, Differential blade pressure results in a deflection of
the diaphragm and a consequent air gap and inductance change which is
amplified and recorded, The transducer output was amplified by Consol-
idated Electrodynamic Corporation (CEC) System D amplifiers which supply
a 3000 cycle excitation voltage,

The transducers used during this program were supplied by the
Modern Machine and Tool Company, Inc., Newport News, Virginia. All units
were carefully inspected as described in a later section and performed
satisfactorily during the program.

b, Main Rotor Slip Ring - Figure 5 shows the slip ring assembly
which was developed and used during this program, The slip ring assembly
is defined fully in Reference 7. The Bell-designed unit which was built
by the Instrument Engineering Company of Austin, Texas, successfully
completed its qualification tests (Reference &) and perfcrmed satisfacto-
rily during the program,

The slip ring is constructed in four sections, three 50-ring
segments with two brushes per ring, and a l4-ring segment with four
brushes per ring, The 14 rings were power carriers; the remaining 150
rings were used to carry signals,

The slip ring assembly was installed inside the main rotor
mast with only the rotating plug connector protruding from the top (see
Figure 6). It was driven by a cap fitting over the top of the mast and
held stationary by a stand pipe extending out the bottom of the mast and
attaching to the frame of the ship, The stationary wiring was brought
down through the pipe to the signal conditioning equipment.

c. Attenuation Box - The attenuation box was used for two reasonsj
first, it was used to attenuate or adjust the signal amplitude, and second,
it was used to provide a matching network,

Type 7-312 and 7-315 galvanometers were used during the pro-
gram with the CEC System D amplifiers, The output impedadnce of this type of
amplifier was not the correct value for the above galvanometers, The cone
tractor was informed by NASA personnel early during the'program that the
high frequency galvanometers that are intended to be used with that ampli-
fier (323 galvanometers) produced "hashy" oscillograph traces when used




with the NACA transducers. Therefore, the lower frequency galvanometers
were uscd and a matching network was required.

A potentiometer was used in the matching network. The ampli-
fiers have step attenuators which allow the signal amplitude to be varied
in large increments; however., a finer amplitude adjustment was required
for the subject program. Therefore, an adjustment potecntiometer was in-
corporated in the attenuation box.

d. Photo Panel - The following instruments were installed in the

photo panel.

Mrspeced indicator (knots)

Altimeter (feet)

Tachometer, engine (Nl) and rotor (r.p.m.)

Tachometer, gas produéer (NZ) (per cent r.p.m.)

Temperature gage, outside air (degrees centigrade)

Pressure gage, high torque, engine (p.s.i.)

Pressure gage, low torque, engine (p.s.i.)
The instrument readings were recorded by a Model G Automax 35 mm camera.

e. Standard Items - The following equipment was installed in the
helicopter for the test program.

Six Consolidated Electrodynamic Corporatien (CEC) oscillographs,
Model 5-114-P3-18,

Three CEC Model 2-105B power supplies with 1-113B amplifiers.
Two CEC Model 2-105 power supplies with 1-113B amplifiers.

Attitude gyro: Lear K4B System.
Rate gyro: Minneapolis Honeywell Model VEDD-1 with K-3 gyros.
Accelerometers: Statham Model Al7-3-120

Position Indicators: A potentiometer was used to unbalance a
Wheatstone Bridge,

Angle of attack and yaw vane - Aerodynamic vanes were connect-
ed to potentiometers. The vanes were mounted on a boom as shown
in Figure 1. The boom vane position was at the following ap-
proximate location: Water Line +40; Butt Line 0; Station -100.

C. INSTRUMENTED BLADES

The most important item of the program (and the most difficult to as-
semble) was the fully instrumented main rotor blade. A schematic of that
blade (designated as the red blade) is shown in Figure 7. This blade is




detailed completely by Reference 9, It was instrumented to measure beam
and chord bending, torsion, and differential pressure,

For the purpose of tracing bending moments across the hub and estab-
lishing mode shapes, chord and beam bending gages were installed on the
second, or white blade. Also, the mass distribution for the two blades
was assured by installing dummy transducer trays in the white blade,

The following paragraphs describe the strain and pressure sensor
installations and present basic dynamics data for the red blade.

1. Strain Gage Installation

Baldwin-Lima-Hamilton, SR4 paper strain gages, type A-13, were
installed on the blades per standard Bell Helicopter Company laboratory
procedure. A thin coating of epoxy fairing putty was applied over all
strain gages and lead wires and was sanded so that the installation was
aerodynamically clean, Figure 8 shows a photograph of the completed
installation,

The locations of the strain gages in per cent radius are:
Red Blade
Beam Bending: 15; 28; 36; 45; 60; 65; 80; 92.5
Chord Bending: 15; 28; 60; 80
Torsion: 15; 50
White Blade

Beam and Chord Bending: 15; 28

2. Pressure Sensor Installation

Forty-four pressure transducers of the type shown by Figure 4
were installed in the red blade. The transducer installation consisted

of the following components:

Tray Assemblies - These assemblies included transducers, bridge re-
sistors, and mounting hardware (see Figure 9). Stainless steel
tubing (.0625 inch, .010 wall) was used to connect the pressure trans-
ducer to the tray air pressure orifices. All tubing lengths were
quite short and the maximum length used was 3.5 inches.

Aluminum Tubes - These tubes served as an electrical conduit to carry
the transducer lead wires and also to position the trays spanwise in-
side the blade.

The trays were shaped to match the inside contour of the three
blade sections (i.e., box beam, mid-, and trailing-edge sections). Fig-
ure 10 shows the three tray assemblies used.




Six tray assemblies of each shape were mounted to three aluminum
tubes and each tube was then inserted into the matching blade section from
the tip. Figure 11 shows the tube and tray assembly for the box beam
section partially installed in the blade. Foam spacers supported the tube
between the transducer stations.

After all assemblies were in place, the trays were connected to
the blade by screws with drilled orifices. Prior tc the final installa-
tion, the heads of the orifice screws were filed to be flush with the
blade surface.

The span and chordwise locations of the pressure transducers in-
stalled in the red blade are:

Spanwise Station Chordwise Station

Per Cent Radius Per Cent Chord

40 45 17; 34; 63; 88

55; 75; 90; 95 2; 9; 17; 23; 34; 63; 90

85 2; 4, 9; 13; 17; 23; 34; 47.7;
63; 77; 90

The installation performed satisfactorily, During the course of
the program, however, two transducers became inoperative (at 85 per cent
radius, 47.7 per cent cherd and at 95 per cent radius, 34 per cent chord),

3. Mass and Stiffness Distribution

Chordwise stiffness, beamwise stiffness, and weight distribution
curves for the special blades of this program are shown in Figures 12,
13 and 14, respectively. A comparison with the standard HU-1A blade is

given in Figure 14,

The transducer installation had small or negligible effect on the
stiffnesses, From Figure 14 note that 30 per cent of the total weight
added to the standard blades is concentrated at the six transducer stations,

The chordwise center of gravity shift of the blade was determined
to be approximately 0.3 per cent of the chord, This is considered to be
negligible,
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IV. MISCELLANEOUS ANALYSES AND COMPONENT TESTS

During the course of this program, various analyses and component tests
were conducted to establish the approach and to verify equipment perform-
ance and structure. The results of these analyses and tests are summarized
below,

A, TRANSDUCER PRESSURE RANGE DETERMINATION

A study was conducted to define the maximum differential pressure
which might be expected at the various locations over the blade for the
flight conditions required by this program. The results of these calcu-
lations allowed the selection of the proper range pressure transducer to
be installed at each blade location.

For a helicopter gross weight of 5900 pounds, a rotor speed of 314
r.p.m,, and an ICAO standard day at sea level, differential pressures
over the blade as a function of azimuth positions were calculated for the
following flight conditions: (1) hover out of ground effect; (2) 120
knot straight and level flight; (3)-50 knot, 2140 foot per minute climb;
(4) 80 knot entry, 1.39 g pull-up, and 770 shaft horsepower. Calculations
were based on the experimental pressure data of NACA Report 832 (Reference
10). The highest pressures for all spanwise stations inboard of 95 per
cent radius were predicted for Condition No. 4 above, and the highest pres-
sures at the 95 per cent radius were predicted for Condition No. 3. The
contractor's IBM 650 computer Program C21 was used to obtain values of
angle of attack and Mach number for these flight conditions.

In the chart below, the calculated values of maximum differential pres-
sures are shown in parentheses. The values to the right of the ones in
parentheses are the maximum pressure ranges of the transducers used. The
results of the flight tests showed that these values were adequate for the

test program,

MAXIMUM DIFFERENTIAL PRESSURE

AP, p.s.i.
Span Sta.
Ch. in % R
Sta. 40 55 75 85 90 95
in % Ch. .
2 (8.9) 15 (11.8) 15 (11.3) 15 (12,0) 15 (12,0) 15
4 (5.2) 8 (10.6) 15
9 (5.8) 15 (9.0) 15 (9.5) 15 (8.9) 15 (9.4) 15
13 (8.6) 15
17 (3.2) 8 (3.7 8 (5.4) 8 (7.3) 15 (7.2y 15 (7.5) 15
23 (2.8) 8 (4.3) 8 (5.8) 15 (5.8) 15 (6.8) 15
34 (1.4) - (2.0) 4 (2.5) 38 (2.8) 8 (3.7) 8 (3.4) 8
47.7 (1.4) 4
63 (0.5) 1 (0.8) 2 (0.9) 2 (1.1) 2 (1.3) 4 (1.3) 4
77 (0.8) 2
88 (0.1) 1
90 (0.3) 1 (0.5) 1 (0.61) 2 (0.8) 2 (0.8) 2
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B. BLADE STATIC STRESS ANALYSIS

A static stress analysis of the critical blade station for various
flight conditions was made. This analysis showed that the most critical
spanwise station for the modified blades is the same as that for the
standard blade., Thc critical spanwise station occurs at the 13 per cent
radius and is well inboard of the modified sections of the blade.

C. BLADE FATIGUE TESTS AND SAFE LIFE DETERMINATION

As described previously, holes were drilled through the rotor Dblade
nose block, box beam, and skin to mount the transducer installation.
These holes produced stress raisers which reduced the fatigue strength of
the basic blade. Therefore, it was necessary to determine a safe life
for the instrumented blades of the subject program. The determination of
a safe life involved blade specimen fatigue tests (Reference 11) and anal-
yses of the fatigue test data (Reference 12). The following paragraphs
summarize this phase of the program,

Four HU-1A main rotor blade specimens were tested with the transducer
trays installed, Testing was accomplished in a constant displacement
fatigue test machine as shown by Figure 15, This machine applied combined
mean and oscillatory chord and beam bending moments in addition to a
steady axial load to simulate centrifugal force. The bending moments,
expressed as a per cent of the YH-40 V.. loads measured during the YH-40
flight "load" survey, were: 111 per cent for blade specimen Serial No,
A2-2, 110 per cent for specimen Serial No. A2-16, 79 per cent for speci-
men Serial No. A2-15, and 70 per cent for specimen Serial No. A2-18.
Cycles to failure were plotted as a function of stress level at the crit-
ical chordwise location (17 per cent) and a mean curve through the test
data was drawn. Subsequently, the failure stress levels at all frequen-
cies were reduced 20 per cent to account for scatter. Based on these
data and an assumed conservative flight spectrum for the test helicopter,
fatigue life calculations were made for several configurations of the test
blade,

The calculations indicated that with the most inboard instrumented
blade station at the 30 per cent radius, the blade life would be about 70
hours. With the most inboard instrumented blade station at the 40 per
cent radius, the life of the blade was calculated to be 140 hours.
Because of the large increase in blade life, the blades were constructed
with the most inboard instrumented station at the 40 per cent radius,

During the flight test program, a review of the measured data revealed
that the blade moments at the 75 per cent redius were higher that had pre-
viously been measured during the YH-40 tests and that there was a signifi-
cant amount of five per revolution beam bending during certain flight con-
ditions. Additional fatigue life calculations were made and the 75 per
cent radial station was found to be critical. At this time it was esti-
mated that 15 hours flight time would be adequate for the subject program.
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Since 15 hours was well under the new fatigue life of the blades, it wac
decided that this flight time would not be exceeded without additional
analysis and a careful inspection of the blade, These were not required.

D. SLIP RING QUALIFICATION TESTS

-Qualification tests of the main rotor slip ring assembly were conducted
by the Southwest Research Institute, San Antonio, Texas,and are reported
in Reference 8. The slip ring assembly was operated at approximately 340
r.p.m. to determine the mechanical and electrical performance under adverse
environmental conditions of low and high temperatures (0° to 120°F), rela-
tive humidity (100 per cent), and high altitude (15,000 feet),

Each test consisted of one-hour runs during which the slip ring
assembly was operated in the clockwise and counterclockwise directions for
each of the four test conditions. Temperature and self-generated noise
were checked during the tests.

After completion of the eight hours of operation the slip ring assem-
bly was checked for resistance, dielectric strength, and brush wear, The
resistance to ground was over 500 megohms and the insulation withstood
500 volts AC, 60 c.p.s., for five seconds. Brush wear or "dusting' was
slight and over-all performance was excellent,

E. LABORATORY CENTRIFUGE TEST

After completion of the preliminary design of the transducer tray and
installation, it was decided to conduct a centrifuge test on a typical
assembly. The purpose of this preliminary test was to check the struc-
tural strength of the assembly during high acceleration forces and to
establish that the transducer as mounted did not produce extraneous
outputs due to case distortion. The test was accomplished early in the
program (October, 1960) before the final blade design was completed,
Figure 16 shows a photograph of the test fixture and a mockup of the box
beam transducer tray assembly. The rotating arm shown was a section of
a box beam used in the HU-1A main rotor blade, and the transducer tray
assembly was installed in the tip. The transducers were connected through
a slip ring to amplifiers which were connected to a recording oscillo-
graph,

The beam was rotated at 1500 r.p.m. which produced a 762 g accelera-
tion on the transducer installation (corresponds to 95 per cent radius on
an HU=-1A rotor), With the orifices sealed, no output was recorded and it
was therefore established that centrifugal force would cause no extra-

neous signal,

Accelerating the device to 1500 r.p.m, required approximately one
second. The assembly was started and stopped 100 times for the purpose
of straining the tubing connections and the mounting with repeated iner-
tia loads. Inspections of the installation after completion of the tests
showed all connections and hardware to be satisfactory and it was con-
cluded that the installation was adequate,
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F. GROUND RUN AND FLIGHT TEST OF TYPICAL TRANSDUCER INSTALLATION

During February, 1961, a ground run and a short flight test were
conducted with a blade which had a complete transducer installation at
the 95 percent radius. These tests were conducted to prove the struc-
tural adequacy of the transducer installation and to evaluate the over-
all system in flight., Also, any instrumentation '"noise" or '"hash"
problems which might occur during later tests could be determined and
corrected., '

Three tray assemblies, including seven transducers, were installed
at the 95 per cent radius station of one HU-1A main rotor blade, This
installation at 95 per cent radius was similar to that used later in the
fully instrumented blade, The main rotor slip ring assembly discussed
earlier was also installed on the helicopter so that its performance
could be checked.

The results of this tcst showed that,

1) the installation was structurally adequate,

'2) the recording system functioned properly,

3) the air pressures recorded were within the range of
the transducers, and

4) the slip ring assembly was satisfactory,

In addition, four air pressure leaks were discovered, Two of the leaks
were caused by the assembly procedure, and two were the result of faulty
transducers, Changes were made in the assembly and transducer testing
procedures to eliminate, insofar as possible, a similar occurence<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>