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SUMMARY

The high-performance UH-1 compound helicopter was repowered
with J69-T29 turbojet auxiliary engines, and flight tests
were conducted to extend the vehicle's flight envelope,
particularly with respect to maneuvers. A standard UH-1B
rotor and one modified with tapered tip blades were the
principal rotors tested during the program. With the
tapered tip blades, the compound helicopter was flown to

a true airspeed of 221 knots and significant reductions

in power and control loads were obtained. The rise in
power required and the rotor controls load associated with
compressibility were delayed by about .05 Mach number with
the tapered tip blades.

Approximately 55 maneuvers, encompassing a velocity-normal
acceleration envelope exceeding 2g's at 190 knots, were
accomplished to define the maneuver capabilities of the

test vehicle. Various types of maneuvers were investigated.
The cyclic turn was the principal maneuver tested, as it best
represents how compound rotorcraft will be flown. The lift
of the various components of the machine is defined herein,
and it is shown that the rotor provides the largest incre-
ment of normal load factor during a maneuver. For a rotor-
controlled compound helicopter, rotor lift capability will
establish the maneuver characteristics of the machine.

The rotor and control loads and cockpit vibration data
were evaluated and used for trends to define rotor limits.
Although the measured loads were well below structural
limits, the chord load was characterized by an "abrupt
rise" after which a small increase in rotor lift would

have resulted in structural damage. This characteristic

of the chord load provided a basis for defining the maximum
limits of the test helicopter. A normal maneuver limit and
a structural limit thrust coefficient are defined as a
function of advance ratio and airframe drag. The normal
maneuver limit is a design value which assures nondamaging
loads and acceptable vibration levels. The structural
limits are based on load levels that would be considered
acceptable only for structural demonstrations or 1n case of
extreme emergency. Although rotor system dynamics, blade
twist, planform, airfoil section, etc., will influence the
values of limiting thrust coefficients, it is believed that
the effects of these will be small, and with proper inter-
pretation the limiting t, shown herein is generally
applicable to all rotorcraft.
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FOREWORD

This report summarizes the results of a flight research
program conducted to obtain test data on the high speed and
maneuver capability of rotary-wing compound aircraft. The
program was accomplished by Bell Helicopter Company under

- USAAVLABS Contract DA 44-177-AMC-162(T) (Reference l1). The

: work conducted under this program is an extension of the

high-performance helicopter (HPH) flight research program
conducted under Contract DA 44-177-TC-711 (Reference 2)
and reported by References 3 and 4.

Design and fabrication of the auxiliary engine installation
and control system modifications commenced upon receipt of
the contract on 14 April 1964. Ground and flight tests of
the engine installation began on 25 July 1964. The flight
test program as originally contracted was completed 7 April
1965. Additional flight tests as authorized under modifica-
tion five were completed 20 August 1965.

The program was conducted under the technical cognizance
of Mr. G. N. Smith of the Applied Aeronautics Division of
USAAVLABS. Principal Bell Helicopter Company personnel
associated with the program were Messrs. W. Cresap, L.

Hartwig, W. Jennings, R. Lynn, L. Rohrbough, and J. F.
Van Wyckhouse.
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SYMBOLS

Number of blades

Rotor blade chord, feet

Thrust coefficient, L/mR2 p(QR)2

Rotor lift, pounds

Rotor speed, rpm

Engine speed, rpm

Rotor radius, feet

Rotor thrust coefficient, 2 CT/U

Rotor forward speed, feet/second

True airspeed, knots

Entry airspeed, (Vq)

Increment

Advance ratio, V/ QR

Air density, slugs/cubic feet

Rotor solidity, bc/zR

Blade azimuth angle, degrees*

Rotor rotational speed, radians/second

Convergence time constant **

* (Measured from downwind position in
direction of rotation)

** (Time to reach 63.3 percent of final
value)



INTRODUCTION

In August 1961, a high-performance research helicopter
program was initiated, which substantiated the validity

of predicted trends with respect to increased speed, range,
and productivity and rotor loads reduction (Reference 3).

In late 1962, the program was extended to include the flight
test of the high-performance vehicle with a wing and auxil-
lary J69-T9 engines. During these tests the compound heli-
copter was flown to a level-flight true airspeed of 186
knots, and mild maneuvers and simulated power failures were
investigated at speeds to 177 knots. It was found (Reference
4) that the structural loads, vibration characteristics,

and stability and control of the vehicle were satisfactory
for all conditions tested and that, with the exception of the
control loads, the rotor system loads and cockpit vibrations
were lower than those of the UH-1B at its power limit speed.
During these tests a standard UH-1B rotor system was used.

The UH-1B blades were subsequently replaced with blades
having tapered thickness over the outboard 20-percent
radius. With these blades, the compound helicopter was
flown to a true airspeed of 193 knots, and significant
reductions were realized in the control loads and power
requirements as compared to the standard blades. It was
concluded that higher speed and increased load capability
can be achieved by compounding the helicopter and that
this can be accomplished without increased vibrations and
structural loads, or compromise of the autorotational
safety characteristics of the helicopter (Reference 4).

In April 1964, additional tests were contracted (Reference
1) for the exploration of the maneuver flight envelope of
the test vehicle. For this program the high-performance
UH-1 compcund helicopter was reconfigured with J69-T29
turbojet engines. The major portion of the program was con-
ducted with a set of the tapered tip blades installed in the
UH~1B hub. During these tests a maximum speed of 221 knots
was obtained in a slight dive and the maneuver envelope

was defined for airspeeds to about 210 knots. To allow a
meaningful definition of rotor capability, this was accom-
plished with the rotor carrying a significant portion of

the machine gross weight and providing a large contribution
to the net propulsive force. The results of this work are
reported herein.



DESCRIPTION OF THE TEST VEHICLE

The basic test vehicle used for this program was the high-
performance compound helicopter as described in the Phase

II High-Performance Helicopter report (Reference 4) except
for the auxiliary engine installation. The general arrange-
ment of the test helicopter is shown by Figure 1. Following
are brief descriptions of the various components of the
aircraft.

FUSELAGE

The basic fuselage is YH-4O (Serial No. 56-6723) with UH-1B
dynamic components modified into a high-performance con-
figuration. The principal modifications include a tilting
pylon installation, new fixed and rotating controls, exter-
nal pylon and aft body fairings, and a cambered vertical
fin. A detailed description of these modifications is given
in Reference 3.

WING INSTALILATION

The wing installation consists of airframe-mounted support
structure, incidence controls, and right- and left-hand
removable wing panels. The wing panel incidence controls
are coupled with the main rotor controls such that the wing
panels move differentially with a lateral cyclic input, and
together with a collective input. A full lateral stick in-
put produces a 6-degree (*3 degrees from neutral) wing inci-
dence differential. The wind incidence is coupled through a
slip clutch with the main rotor collective control such that
the wing incidence changes 20 degrees for a 50-percent col-
lective input. The wing incidence increases to +10 degrees
with a 50-percent or greater up collective input and reduces
to -10 degrees with a 50-percent or greater down collective
input. The reduction in wing incidence with reduced col-
lective was provided to maintain satisfactory rotor rpm
control during autorotation.

AUXILIARY ENGINE INSTALIATION

The previously used J69-T9 jet engines were removed and
replaced with the more powerful J69-T29 jet engines. The
modifications required for installation of the J69-T29
engines consisted mainly of fabricating new forward mount-
ing rings, new aft engine mounts, and new engine cowling.
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The engine-mount pylon fairing and the fuselage-installed
engine-mount structure for the J69-T9 engine installation
were used with only minor modifications. The aft cabin
door's width was reduced 4 inches to provide opening clear-
ance with the engine air inlets. The engine control panel
on the pilot's pedestal was modified by removing the
mechanical throttles and installing electrical switches for
the electric throttle controls supplied on the engines.

During the initial flight tests of the installation, slats
(eyebrows) were installed on the engine pylon fairing.
These slats had an approximate 8~inch chord length gnd were
installed parallel to and 4 inches above the contour of the
pylon fairing. The purpose of these slats was tokppgbent
airflow separation from the engine pylon during autorotation.
A more detailed discussion of this is found on page 19.

The J69~T29 engine is a limited-life drone engine with a
Military power rating of 1700 pounds' static sea level
thrust. The throttle actuators supplied with the engines
have electrical limit-switch stops for the 84-percent and
100-percent rpm settings. These actuators were modified
for the helicopter installation to provide an idle (= 50-
percent rpm) and a 95-percent rpm maximum derated power
setting. The engines were originally derated to 95-percent
rpm (1400 pounds, thrust) to assure satisfactory operation
and adequate life for the conduct of the test program.
After sufficient test experience was obtained with the
installation, uprating was justified and the engines were
rersted to 98-percent rpm (x=1600 pounds, thrust) for the
remainder of the test program. Figure 2 shows the engine
installation on the helicopter. Figure 3 shows the net
thrust available from a single engine as a function of
forward speed and percent of maximum engine rpm (%NI).

MAIN ROTOR

The UH-1B main rotor used during the initial phase of this
program was modified by the addition of the tapered tip
blades and root fairings. Figure 4 shows the tapered tip
blades installed on the test helicopter. The basic para-
meters of this rotor as listed on the following page are

the same as those of the standard rotor. The rotor system
is basically a UH-~1B system with the stabilizer bar removed.



Number of blades 2
Airfoil designatiou

Root to .8R NACA 0012

Tip NACA 0006 mod.
Chord 21 inches
Diameter Ly feet
Blade twist -10 degrees
Blade area (total) 77 square feet
Disc area 1521 square feet
Solidity .0507
Rotor rpm at 600 engine rpm 324
Tip speed at 324 rotor rpm 746 ft/sec

TAIL ROTOR

A UH-1B tail rotor was used throughout the test program.
The parameters of this rotor are given below.

Number of blades 2

Airfoil designation NACA 0015

Chord 8.41 inches
Diameter 8.5 feet

Blade twist None

Blade area (total) 5.96 square feet
Disc area 56.8 square feet
Solidity .105

Rotor rpm at 324 main rotor rpm 1654

Tip speed at 1654 rotor rpm 736 ft/sec

I



INSTRUMENTATION

Instrumentation was installed to record and/or monitor the
test helicopter's performance, stability, controllability,
rotor and control loads, fuselage vibrations, and other
information as desired during the flight test program.

The information was recorded on two oscillographs installed
on the wing support structure in the cabin area.

INSTRUMENTED ITEMS

Specific channels of instrumentation were provided for re-
cording the following information:

Airspeed

Rotor azimuth

Differential torque pressure

CG vertical acceleration

Pilot and copilot station vertical acceleration
Pitch and roll attitude

Pitch and roll rate (stability and control test only)
Yaw attitude (stability and control test only)
Cyclic, directional, and collective control positions
Main rotor flapping and feathering position

Main rotor hub assembly (beam and chord) moments
Main rotor blade (beam and chord) moments

Main rotor control (pitch link) loads

R.H. cyclic boost tube loads

Pylon lift link load

Tail rotor flapping

Tail rotor hub chord moments

Tail rotor blade beam and chord moments
Horizontal stabilizer moments

Horizontal stabilizer position

Wing beam bending

Wing position (angle of incidence)

Wing angle of attack

To reduce the possibility of reading errors in data reduction,
only the specific channels necessary for a particular test
were connected into the oscillographs. If postflight in-
spection of data indicated an area of particular concern,
additional channels were connected to provide a more com-
prehensive evaluation of the area in question. 1In general,
vibration, fuselage attitude, power, rotor flapping, main
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rotor yoke loads, control loads, control positions, wing
loads, and wing angles of attack were recorded for each
flight. Additional information was recorced as necessary
throughout the test program.

AIRSPEED CALIBRATION

Airspeed calibration was accomplished by pacing the test
helicopter with a T-28 aircraft from the Army Test Center
at Edwards Air Force Base. The observed speeds (I. A.S,)

of bott aircraft were recorded at various speeds, and the
T-28 observed speeds were corrected for instrument and
position error and plotted against the observed airspeeds
of the test helicopter. Figure 5 shows the airspeed cali-
bration obtained with the T-28 pace aircraft and also the
calibration obtained with the Cessna 310 pace aircraft used

during the previous program.

A

T ST FARAG



~a

FLIGHT TESTS

The initial flight of the high-performance helicopter re-
powered with the J69-T29 engines was made on 21 July 1964.
The preliminary tests were conducted with a UH-1B rotor in-
stalled. The purpose of these tests was to shake down the
new engine installation and to obtain baseline performance
and loads data. The auxiliary engine installation required
much more development time than had been originally antici-
pated. Approximately 5 hours of ground and flight time was
required before two acceptable engines were found. During
this period three (two right, one left) engines were removed
and replaced and numerous engine components were changed.
Two acceptable engines were obtained late in September 1964,
and no major engine problems were encountered for the
remainder cf the test program.

Under the original program plan, a contractor-owned Model

540 "doorhinge'" rotor was to be the basic rotor for the
maneuver tests. This rotor is described in Reference 5.

The rotor was installed, and testing commenced on 18 December
1965. Preliminary testing was conducted with cold jets, and
the rotor operation was found to be satisfactory throughout
the speed range. With the addition of auxiliary propulsion,
however, high control loads and fuselage vibration levels
were encountered. The maximum speed attained with this rotor
was 162 knots. The cause of the high vibration level is
believed to be due to a blade frequency and control system
coupling at the blade pitch and loading conditions required
for trim flight with auxiliary propulsion. Higher control
loads also result from the wider chord of the 540 blades.
(The control load component associated with the reverse flow
region is strongly influenced by airspeed and the blade chord
length.)

The controls coupling causes an imbalance between the control
moments in the fixed and rotating systems at the higher
speeds. The existence of this phenomenon was established

by resolution and comparison of the fixed system loads to the
rotating system loads in terms of swashplate rolling moment
during a complete revolution of the rotor. These moments
were found to be equal during helicopter flight with cold
jets. However, with increased speed and the addition of
auxiliary thrust, the moments were found to be unequal and
also out-of-phase. The abnormal phasing caused high oscil-
latory loads in the hydraulic boost cylinders and resulted

in fatigue damage to the non-rotating controls components.



It was determined that a major modification of the test
vehicle's control system would be necessary to obtain an
acceptable configuration for the full speed range required
for the test program. In order to contilnue the program, the
rotor was replaced by a UH-1B rotor hub with the experimental
tapered tip blades evaluated during a previous program
(Reference 6).

The maneuver tests were started on 11 March and completed

8 April 1965. The program was later modified (Reference 7)
to include additional flight tests for the extension of the
maneuver envelope and evaluation of the dynamic stability of
the test helicopter. These flights commenced 19 July and
were completed 19 August 1965. A total of 21.9 flight hours
was expended in performance of the contract. During the
program, 2.9 hours of ground run and 9.7 hours of flight
were accumulated on the auxiliary engines. Additionally,
13.8 hours (including 5.1 hours with auxiliary engines) of
flight time was recorded during the contractor's independent
research and development programs conducted in parallel with
the contracted work.

—————
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FLIGHT TEST RESULTS AND DISCUSSION

PERFORMANCE

Hovering

Hovering performance data for the UH-1B and tapered tip
blades are given in References 4 and 6. There are no
significant differences between the UH-1B and tapered tip
blades in the measured or the calculated hovering perform-
ance.

Level Flight

The total power requirements for the HPH with UH-1B (standard)
and tapered tip blades are shown by Figure 6. Total power is
defined as the sum of engine shaft horsepower and equivalent
auxiliary jet thrust horsepower. The estimated distribution
of total power at an airspeed of 217 knots is also shown.

The advancing blade tip Mach number and rotor advance ratio
for this condition are .958 and .505, respectively. For the
distribution shown, approximately 15 percent of the total
power is attributed to compressibility even with the tapered
tip blades. Comparison with the power curve of the standard
blades indicates the power savings resulting from the modi-
fied blades. During these tests the rotor carried about

30 percent of the weight of the aircraft.

Calculations of power required were made for both standard
and tapered tip blades as shown by Figure 7. NACA 0012
airfoil section data (based on UH-1B and HPH correlation
studies) were used for the standard blade computations.
For the tapered tip blade calculations, the 0012 section
data were again used, but the drag divergence Mach number
was lincreased in steps. Correlation was obtained with the
drag divergence Mach number increased by 0.05. 1In the
subsequent section it is shown that the compressibility
effect on the control loads of the tapered tip blades
becomes apparent at the same increment in Mach number

( AM = .05) above that of the standard blades.
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STEADY-STATE STRUCTURAL LOADS AND VIBRATIONS

Main Rotor Yoke Moments

The compound HPH main rotor yoke beam and chord bending
moments for the UH-1B and tapered tip blades are shown as

a function of velocity by Figure 8. For the data shown,
the rotor lift equals approximately 20 percent of the gross
welght and the auxiliary propulsion thrust varies from
approximately 1300 pounds at the low speed to 2800 pounds
at the high speed. For comparison, the corresponding beam
and chord moments for the UH-1B at 120 knots are approxi-
mately 30,000 and 110,000 inch-pounds, respectively.

The beam moments, with a frequency principaily two-per-rev,
appear to be primarily a function of forward speed (or
advance ratio). The chord moments with frequencies princi-
pally of one-, three-, and five-per-rev are primarily in-
fluenced by blade dynamics; however, for a given system

the moments are reduced significantly with a decrease 1in
drag (or increase in auxiliary thrust). No sharp rise in
rotor chord load was found; however, the reduction in the
chord bending moments between the standard and tapered tip
blades indicates the significance of compressibility effects.

Control Loads

Figure 9a shows the HPH pitch link loads as a function of
speed with the standard and tapered tip blades installed.
With the tapered tip blades there 1s a significant reduction
in load. The control load at higher speeds is comprised of
two major components: a positive pltching moment at approxi-
mately ¥ = 270 degrees which is associated with the reversed
flow region, and a negative pltching moment at approximately
Y = 120 degrees which is associated with compressibility
effects. The positive moment rises steadily with increasing
airspeed and is influenced by the rotor advance ratio,

rotor thrust, and auxiliary Jjet thrust. Figure 9b 1illus-
trates these effects.

The negative component of control load shown by Figure 9c
1s nonexistent below a Mach number of .875 for the standard
blades and .925 for the tapered tip blade. This load com-
ponent, which is responsible for the abrupt rise in the
control load with speed, is the most positive evidence of

10



tthe onset of compressibility. it 1is with the reduction in
this load component that the most significant benefit of the
tapered rip blades is obtained.

With the tapered tip blades, the onset of the rapid rise 1in
control leocads is delayed approximately 35 knots ( \Mach
number =.05). As noted previously, this increment in Mach

number matches that obtained during the performance correla-
tion.

During the tests with tapered tip blades a maximum advancing
blade tip Mach number of .985 was obtained. With the excep-
tion of the increase in control loads and power requirements,
no adverse effects were noted and there 1s good reason to
believe that supersonic blade tip operatilon is possible.

Tail Rotor Loads and Flapping

The envelope of the steady-state tail rotor loads and flap-
ping obtained during this program is shown by Figure 10.

The loads (blade beam and chord bending moment) are primarily
a function of airspeed. Flapping, which 1s influenced by
both airspeed and auxiliary thrust, 1s shown as a function

ol equivalent airframe drag area. It is seen from the figure
that airframe drag (or jet thrust) 1s the stronger influence.
The tail rotor loads were not critical, and flapping was with-
in acceptable limits for all combinations of airspeed and
auxiliary thrust tested.

Vibration

The vibration characteristics of the test helicopter with
tapered tip blades are shown by Figure 1l. The envelope of
pilot station over-all vertical vibration and the principal
harmoni~s of that vibration are shown as a function of speed
for the various usable combinations of rotor power, jet
thrust, wing lift, etc., tested. Figure 1l shows the usable
range of airspeed associated with auxiliary jet throttle
settings. Flight could be maintained at somewhat lower
speeds than shown by the control limit of Figure ll; however,
below these speeds the fuselage angles were excesslive, con-
trol of the aircraft became sluggish, and the load and vibra-
tion levels increased.

The over-all vibration level remains nearly constant to about

190 knots and rises abruptly thereafter. Generally, the top
of the band (Figure ll) is associated with lower jet thrusts.
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It should be noted that the over-all vibration level is not
the summation of the various components due to the phase
relationship of the harmonics. The pilot's comments rela-
tive to vibration level were that the ride was good up to
180 knots with the standard blades and to 200 knots with
the tapered tip blades.

The major rotor excitation, two-per-rev, 1s seen to remain
nearly constant throughout the speed range. The four- and
$ix-per-rev vibration levels rise rapidly above a speed of
about 190 knots. The one-, three-~, and five-per-rev com-
ponents of the vibration levels are not shown ,as in all cases
they were less than r .05g. Longitudinal and lateral vibra-
tions were determined by pilot's comment to be insignificant
and therefore were not recorded.

MANEUVERS

The principal objective of the subject test program was to
extend the flight envelope of the machlne partlcularly

with respect to maneuvers. To accompllsh this, approximately
55 maneuvers were executed in a progressive bulldup fashion,
within a speed range of 151 to 209 knots. From these tests,
the characteristics of the research vehicle during maneuvers,
including the effects of the wing and auxiliary propul: “-
system, are defined.

The maneuvers included cyclic pull-ups, pushovers, and turns,
and collective pull-ups. The cyclic turn was the principal
maneuver linvestigated, as this best represents how a high-
speed rotorcraft will be flown (i.e., with cyclic control
and auxiliary propulsion throttle).

As the electrically-adjusted throttle system of the J69-T29
engine did not provide adequate response for precise in-
flight control of the auxiliary thrust, all maneuvers were
flown with a fixed throttle settlng of the jet engines.
Consequently, there were small variations in airspeed during
the maneuvers. To account for this variation in airspeed 1in
the data presentation, maneuvers were made at five auxiliary
jet threttle settings throughout the speed-range capability
of the machine with each of those settings. This provided
alO- to 20-knot overlap of speed for the various throttle
settings, and this, in turn, allowed a complete mapping of
the effect of the jet thrust throughout the over-all speed
range. As noted earlier, Figure 12 shows the useful speed
range of the test aircraft.

12
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Figure 13 shows the test velocity - normal acceleration
envelope. All the maneuver points are shown on the plot.
The entry airspeeds, maximum load factors, auxiliary engine
throttle settings, and the flight and counter numbers for
all maneuvers are given in Table I.

Lift Distribution

In evaluating the maneuver performance of a compound heli-
copter, it is necessary that the distribution of l1ift be-
tween the rotor and airframe be known. With this, a true
assessment of the rotor performance and limits can be made.
To obtain this distribution, the lifts (normal force) pro-
duced by the rotor, airframe, and jet engines were obtained
independently and their sum was compared to measured accel-
erometer data.

Airframe Lift - The airframe (wing) lift is defined by wing
beam bending moments. During the previous program (Reference
4) good rorrelation of measured and calculated lift data was
obtained for the individual wing and auxiliary propulsion
configurations, but not for the full compound (wing and jet)
configuration. The discrepancy between the measured and
calculated airframe lift for this configuration was attrib-
uted to wing-engine-nacelle-fuselage interference effects.

1t was noted, however, that good agreement was obtained if
total airframe lift was defined in the same manner as used
for the wing-only configuration. Subsequent wind tunnel
tests (Reference 8) also indicated that the airframe lift of
the wing-only and full compound configurations could be based
on wing bending moment. The wind tunnel data show that the
lift angle-of-attack curves for two configurations are
essentially the same except at extreme fuselage angles of
attack.

With the test results and theoretical wing lift distribution,
the airframe lift is defined with reasonable accuracy from
the wing bending moment data. The technique for determining
wing (airframe) lift is described in Reference 4. The air-
frame lift determination can be further simplified when the
wing incidence is fixed and the fuselage angle-of-attack
variation is small. This was the case for the majority of
the maneuvers accomplished during the subject program. Under
these conditions, an adequate determination of airframe lift
is obtained by multiplying the measured bending moment at

the wing root by a constant. For the maneuvers flown with a
10-degree wing incidence, the value of this constant is .06.
This value defines the airframe lift of the UH-1 compound
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with reasonable accuracy for fuselage angles of attack to
about 5 degrees (15-degree wing angle of attack). At higher
fuselage angles or lower wing incidence, the value of the
constant must be reduced.

Rotor Lift - Rotor lift is determined from the steady yoke
beam bending moment. Data were obtained in hover at various
gross weights and rotor rpm to establish the relationship

of the yoke beam bending moment to rotor lift. Additionally,
data were obtained at various rotor rpm during ground runs
with the rotor in flat pitch. Figure 14 shows the variation
in rotor lift (tapered tip blades) as a function of yoke
beam bending moment and rotor rpm.

Auxiliary Jet Engine Lift (Normal Component) - The auxlliary
jet engine centerlines are located at an angle of +7 degrees
(nose up) relative to a fuselage waterline. Additionally,
certain combinations of auxiliary thrusl and airspeed result
in high fuselage angles of attack. Under these conditions
the component of lift produced by the auxiliary thrust can
represent a significant percentage of the total lift. This
component 1s defined as the jet thrust t 1es the sine of

the fuselage angle plus / degrees.

Lift Summation - Representative samples of maneuver time
historles showing the component lift distributions, their
summation and a comparison with c.g. accelerometer data are
shown by Figure 15. Over one-third of all maneuvers per-
formed were evaluated in this manner, and in all cases good
agreement was found between the accelerometer data and the
summation of the individual 1lift components. The lift
distribution is thus substantiated, permitting valid assess-
ment of the rotor performance during maneuvers.

Rotor Lift Contribution During Maneuvers

From the lift distribution and other data, it is found that
for the test aircraft, which is designed to use the rotor as
the primary control element, the rotor provides the most
significant increment in load factor during a maneuver. In
level flight, the rotor provided about 30 percent of the
required lift and the wing about 70 percent. During the
high load factor maneuvers, the rotor lift increased about
300 percent and the airframe lift increased about 20 percent.

The rotor lift contribution to the load factor is shown

by Figures 16 and 17. It is seen in the figures that the
yoke beam steady bending moment (rotor lift) variation
roughly approximates the load factor variation, and that the
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wing beam bending moment variation is small. The alrspeed,
controls input, rotor speed, oscillatory main and tall rotor
loads and flapping, and the elevator-stabilizer loads are
also shown to illustrate the time variation of these items
during typical maneuvers.

Rotor Thrust Coefficlent

With the lift distribution defined, it is possible to describe
the performance of the rotor during a maneuver in terms of

its lift, rpm and physical parameters, or, nondimensionally

in terms of the rotor-thrust coeftficient, t.. The maximum
rotor-thrust coefficients obtained during the subject pro-
gram are shown as a function of advance ratio, p , on Figure

18. For comparison, ..mnilar data for the UH-1B, obtained
during structural demonstration tests (Reference 9) are also
given. In all cases, the structural loads obtained during

the HPH maneuver tests were considerably lower than those
obtained during the UH-1B structural demonstration.

Structural Loads and Vibration

To establish rotor capabilities during maneuvers, the rotor
and control loads and cockpit vibration level were plotted
as a function of rotor-thrust coefficient for the various
maneuver entry airspeeds and jet thrust conditions tested.
With the exception of the control loads, the resulting
variation of rotor loads with thrust coefficient provided

a means of defining the useful range of thrust coefficients
for the subject rotor. The following paragraphs discuss
the loads and vibration data thus obtained.

Vibrations - A time history of the pilot station vibration
level during a high-speed turn (2g's at 189 knots) is shown
by Figure 19. The mean load factor at both the pilot's
station and the aircraft c.g. 1is shown 1n addition to the
total vibration level and the major harmonic components.
The one-, three-, and five-per-rev harmonics are all less
than *.05 and are not shown. From the figure 1t is seen
that the major increase 1in vibration during a maneuver 1is
due to the four-per-rev component,with the six-per-rev

: contributing to a lesser degree.

Figure 20 shows the pilot station vibration characteristics
as a function of rotor thrust coefficient for a speed range
of 180 to 200 knots at 95-percent auxiliary engine rpm.
These ¢.ta show the same characteristics discussed above;
that is, the two-per-rev harmonic remains nearly constant




with increased load or t, while the four-per-rev shows the
nost significant increase. The predominant vibration input
1s the result of the three-per-rev inplane loads in the main
rotor. These are the result of operating near a blade
natural frequency and can be controlled by changes in blade
dynamics and damping. By comparison with Figure 11, it is
seen that increases in ve.ocity and lift (or t.) have much
the same influence on vibration characteristics.

These data are significant in that they show that the two-
per-rev beamwise 1input, long believed to be the most critical
item with respect to a two-bladed semirigid rotor, is “n

fact not critical. This rotor system has demonstrated its
capability to operate at high speeds with high values of
rotor thrust and power.

Control Loads - The main rotor control loads (pitch link) are
shown by Figure 21 as a function of rotor thrust coefficient
for the 98-percent auxiliary engine throttle setting. The
trends shown by the figure are typical of those obtained for
all throttle settings. In the case of the control loads,
the effect of airspeed decay (i.e., reduction in advance
ratio and tip Mach number) during the maneuver 1s much more
significant than the increase in rotor thrust, and no trend
toward a limiting thrust coefficient is apparent. It 1is
believed that a deep penetration into blade stall would be
required to reverse the trend shown, and that other loads
will becom2 critical at lower values of thrust coefficlent.
Therefore, while the rotor system control loads increase
significantly with speed, they do not increase appreciably
during a mancuver and do not constitute a basis for defining
a limiting rotor thrust coefficient.

Main Rotor Loads - The rotor loads were plotted as a function
of rotor thrust coefficient for the various thrust and entry
alrspeed combinations tested. The oscillatory yoke beam
bending moments are shown by Figures 22 through 26. From
these figures it is seen that the beam load increases at a
fairly uniform rate with increasing rotor thrust coefficient,
and generally there is a trend toward higher loads with
increasing entry airspeed. The beam loads (individually and
in combination with the chord loads) are well within the
structural capability of the test rotor and do not con-

stitute a basis for defining a limiting rotor lift capability.

The oscillatory yoke chord moments are shown by Figures 27
through 3L. These loads are characterized by an abrupt
increase in load which occurs generally at values of thrust
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coefficient beyond one-tenth. Although no structura. limits
were exceeded during the tests, i1t is apparent from these
data that a small increase in rotor lift (At, <.02) beyond
the maximum values tested could easily have resulted in
damaging structural loads.

The characteristic abrupt rise in the chord load provides a

good basis for establishing the maneuver limits for the test
helicopter. 1In defining these limits, a constant_load-thrust
coefficient curve slope (Atp/\load = .2 times 16-7) was

used to define the "abrupt load rise'" for each condition of

airspeed and auxiliary thrust tested. Although the value of
this constant is arbitrarily selected, the slope occurs just
above the 'knee of the curve'" and at a load of 150 to 200

percent of the level flight-trim load for all cases evaluated.

Limiting Rotor Thrust Coefficients

Using the slope as defined in the preceding paragraph, the
corresponding value of rotor t, was obtained for each of

the airspeed-auxiliary thrust combinations tested. These
values were then plotted as a function of rotor advance
ratio and auxiliary jet thrust. These data were then
cross-plotted to eliminate the airframe drag variation

with airspeed that results with a constant value of aux-
iliary thrust. The final data thus obtained define the
approximate thrust coefficient beyond which damaging loads
will occur as a function of forward speed (or advance ratio)
and net fuselage drag or non-dimensionally in terms of rotor
propulsive force and lift. These values of thrust coeffi-
cient are shown on Figures 32 (in terms of net fuselage
drag) and 23 (in terms of rotor propulsive force and lift)
and are defined as the normal maneuver limit.

Use of the normal maneuver limit in deslgn or test planning
assures nondamaging loads and acceptable vibration levels.
For the test helicopter, these limits are conservative and
providc a margin of error in the execution of the maneuvers.
For design use, these limiting values should be used in con=-
junction with infinite life stress allowables.

In addition to the normal maneuver limits, the maximum
theoretical rotor lift capability and a '"structural limit"
area are shown on Figures 32 and 33. The maximum rotor lift
is based on peak lift values calculated by the contractor's
aerodynamic computer program. The '"structural limits" are
based on extrapolations of the previously discussed load-tg
data to oscillatory load levels which would be considered
acceptable only for structural demonstrations or in the case
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of an extreme emergency. Consequently, in establishing =2
fatigue life spectrum, only a small percentage of the timc
would be assumed at these load levels.

The "structural limit" data are shown as a shaded area due
to the large extrapolation in the test data required. It
is estimated, however, that these limits are within 5 per-
cent of the values shown for the high and low equivalent
drag areas noted.

These limits, as defined herein, are based on the results
obtained with the test helicopter and theoretical con-
siderations such as those defined in Reference 9. It 1is
recognized that such items as rotor system dynamics, blade
twist, etc., will influence the values of the limiting
thrust coefficients; however, it is believed that their
effects will be small and that with proper interpretation
these data will be found to be generally applicable to all
rotorcraft.

On the basis of the limiting .arust coefficients and further
considerations of performance, it becomes apparent that
future compound rotorcraft should be designed such that

more effective use of the airframe lifting surfaces 1is

made during a maneuver. Additionally, it is equally obtvious
that some means must be provided to restrict the lift and
the related high loads and vibrations that the rotor can
develop during the maneuver.

STABILITY AND CONTROL

Throughout the flight research program, the stability and
control of the vehicle were evaluated both quantitatively
and qualitatively to provide an improved understanding of
helicopter operation at increased forward speeds. Addi-
tionally, specific flights were conducted to record and
evaluate the test helicopter's dynamic stability at high
speeds. The general handling and control characteristics,
the dynamic stability, and the correlation of responses com-
puted by the contractor's dynamic maneuver program with

the flight data are discussed in the following paragraphs.

Control Response Characteristics

The control characteristics of the flight research vehicle
were found to be good even in the very high speed range.

No difficulty was noted by the pilot in flying and maneuver-
ing the aircraft. Control sensitivity in the upper speed
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range o1 the vehicle was found to be quite acceptable. This
I's of significance,as it had previously represented an area
of considerable concern for high-speed rotorcraft.

Figure 34 iilustrates the roll control response of the test
aircraft as a function ol spe.d for var.ous conditions of
jet thrust and wing trim. All conditions resulted in
acceptable levels of response. This is primarily a result
of the wing's contribution to the roll damping and to the
total lift of the machine. It is seen that the effect of
increased jet thrust is Lo reduce the magnitude of the ship's
response. This arises from the decreased rotor inflow and
the decreased rotor lift required. The wing 1lncidence 1is
shown to have a small effect on response. This occurs
because the airframe-rotor lift sharing 1s not a strong
function of wing incidence. The rise in the r-ll response
magnitude with speed as shown by the figure indicates the
probable need to decrease the wing aileron function at
speeds higher than those tested.

Although the pillots reported excellent pitch response of the
aircraft, subsequent to the stability maneuver tests some
concern was expressed with respect to the maneuver stability
of the machine. The final normal acceleration per inch of
longitudinal control increased excessively with speed.

Figure 35 explains these qualitative impressions. The ini-
tial and final normal load factors resulting from a displace-
~ent of the longitudinal control are shown for two values of
wing incidence throughout the speed range tested. The
initial acceleration/inch of longitudinal control does not
increase markedly with speed; in fact, with low wing inci-
dence the test data show a decrease in the 1nitial pitch
response. As this initial acceleration is the primary cue
that the pilot recelves 1n response to a control motion
during normal flying where the controls are not displaced
and held (but,rather, moved to make minute corrections
continuously), it is understandable that no significant
pitch response changes were noted during the early flights.

The final normal load factor/inch of longitudinal control
shown on the figure, which better defines the over-all
maneuver response of the aircraft, 1s seen almost to double
in the speed range from 170 to 190 knots, thus confirming
the pilot's impression. The increase 1n the final normal
acceleration/inch of longitudinal control with speed 1is
excessive, and this indicates the need for an auxilliary
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device to reduce the maneuver response of high-speed rotor-
craft (e.g., pitch acceleration or normal load factor
sensitive bob-weight or pitch-cone coupling).

Dynamic Stability

Initial flights of the test aircraft with the J69-T29 engines
and cowling installed showed good level-flight characteris-
tics; however, a severe short-period oscillation was encoun-
tered during autorotation. Following the qualitative evalua-
tion, the ship was tufted and the flow pattern was observed
from a chase aircraft. The stalling of the nacelle-pylon

and the subsequent flow changes were apparent. 1In auto-
rotation, the engine-pylon fairing stalled and thus created
moments on the airframe which pitched the machine down. At
this point the flow would reattach and the ship would pitch
up. Then the process would repeat itself. The '"eyebrow"
attachments (described on page 3) were installed on the top
surface of each pylon fairing to prevent stalling. This
change resulted in a stable configuration for the autoro-
tation flight condition with no change in the good level-
flight characteristics of the machine.

A series of flights were then conducted specifically to
evaluate the dynamic stability of the test helicopter at

high speeds. All data were obtained at a constant value of
auxiliary thrust (1600 pounds), a density altitude of approxi-
mately 6000 feet, a gross weight of 8568 pounds, a main rotor
speed of 324 rpm, and a neutral center of gravity. Pulse
control inputs were used to excite the basic rigid body
oscillations of the helicopter. The response to inputs in
both directions for each axis (pitch, roll, and yaw) were
measured to determine if significant nonlinearities were
present. Records were obtained at nominal speeds of 160,
170, and 180 knots. These time histories are shown on
Figures 36 through 53. The initial control inputs used to
disturb the vehicle and the recovery motions (where of
interest), are shown. All control positions shown in these
figures are given in percent of full throws.

Longitudinal - Figure 36 shows the longitudinal response to

a primarily fore-and-aft cyclic pulse input with the machine

at 152 knots. Displacements and rates about all axes are

shown positive in accordance with standard NASA notation 4
(positive nose up, nose right, and roll right). It can be

observed from the figure that the short-period pitch oscil-

lation is well damped and that the long-period or phugoid

motion is present and has a period of about 24 seconds.

The maneuver was terminated (note recovery) because of the
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increase in roll attitude; however , pilot comment indicated
the vehicle to be adequately stable. The damping was esti-
mated to be such that one period (24 seconds) was required
to nalf amplitude. This same test was flown with the pilot
attempting to control roll attitude but was unsuccessful
because of the introduction of inadvertent pitch inputs.

No further efforts were made along these lines, as the data
obtained do help demonstrate coupling effects and allow
sufficient stability measurements to be made.

Repeating the input in the aft direction produced thc¢ time
histories shown on Figure 37. It can be seen that the
phugoid is considerably more stable when disturbed by an aft
input than by a forward input. The response appears to be
such that half amplitude would occur in about 12 seconds.
Also, the short-period oscillation is so heavily damped that
it 1s, for practical purposes, not present. The more stable
condition for aft inputs is a result of rotor nonlinear char-
acteristics that are a direct function of inflow.

Although the auxiliary thrust reduces the inflow condition,
the rotor angle-of-attack stability contribution is de-
stabilizing. For aft inputs the inflow is decreased and the
short-period oscillation, which is primarily an angle-of-
attack and pitch attitude oscillation, is destabilized to the
point that it becomes oscillatory and apparent on the pitch
attitude response. Figures 38 through 41 illustrate the
longitudinal response up to a speed of 184 knots. The
general trend was for the phugoid to become more unstable

as speed increased. The basic characteristics are summarized
in Table II. It should be noted that these characteristics,
which were reported as satisfactory by the pilots, were
obtained without the aid of any artificial stabilization
equipment and without the standard gyro stabilizer bar.

Lateral - Lateral cyclic pulse inputs disturb the research
vehicle as shown by Figures 42 through 47. The most pro-
nounced effect with respect to roll is the tendency of the
aircraft to seek a left roll even following a right control
distnrbance. This left rolling tendency has been charac-
teristic of all configurations of the HPH and is apparently
due to aerodynamic flow effects caused by the fuselage
fairing and afterbody. The addition of wings and jets has
lessened the strength of this tendency, as reported during
Phase 11 of this program, but the condition remains. Noting
Figure 42, it can be seen that a right lateral pulse causes
the machine to roll right, but also excites an oscillation.
This oscillation is a result of coupling between roll and
pitch and is essentially the manifestation of the phugoid

21



in the roll axis. The period can be seen to be icentical

to that measured with the longitudinal pulse inpu!s Al so,
the pitch attitude trace indicates that the ..z, -as
disturbed.

Figure 43 shows the lateral stability following a let: pulse
with the machine at 159 knots. [Ior this case, it is apparent
that the basic roll response is a pure convergence with a
time constant of about 2 seconds. The wing's effect and the
reduction in inflow made possible by the auxiliary propulsion
act to provide strong damping for the roll mode. “he trrend
of damping for the roll convergence is generally =~ w od
reduced damping as speed increases. [Ime Aisior.e . ..re soowd
for speeds up to 185 knots, and this trend car be .nserved.
lable II summarizes the basic roll characterisiics of the
test aircraft. Pilot comments with regard Lo rotl szabiii v
point out that although the machine 1s adequate in this ar~a,
increased roll damping 1s desirable and would make the air-
craft easler to fly.

in the 160-, 170-, and L180-knot speed ranges by pulsing the
pedals and recording the resuiting directional oscillations.
Figures 48 through 53 are the results of these rests. The

oscillation can be observed best by noring ‘he vaw rate trace.

It can be seen that 1n cach case the motion is strongly

Directional - Directional dynamic stabillity was invecscigated

damped. As specd fucreases, the period decreases rom some
2.3 seconds Lo about . seeconds at 182 kunoots. Tols arises
from the fact that the i ia and talil rogor crarributi-n o
the dire~tional angie-ot-attack s=zabili v i dire - cnal
spring etfect) 1lncreases w:iin sweed. [he oyn.es @ nace

amplitude likewlse decrease wi!n speed, zoing !rom abou:
at 162 knots to 0.7 cycle at 180 knots. 'lhe results of the
directional stability test are summarized in Tlabie [1., [t
1s 1lnteresting to note that the tall rotor input, being ofrf
the princimal axis 1n roll, cr:2ates a roll reaction. This
effect can be seen best by following the roll rate trace.
This characteristic of the HPY was noted by the pilots only
after the subject pulse input flight tests, and is not con-
sidered to be a problem during normal maneuvering flight
because only slight lateral stick motien is required to
correct the tendency.

The research vehicle did not evidence a strong basic yaw-
roll coupling in that no tendency to enter into a "Dutch

Roll'" oscillation was noted. The dihedral effect of the

wing was not great enough to contribute significantly to

interaxls coupling.
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CONCLUSTONS

tapored Ll o blades sTor T Toant o reduce rotor power require-
nents and control loa's o0 onalan soeeds. N maximum advancing
tip Macn nunber ot L9583 was arta’ned curing the subject test
pro.van, and otner chan conirol Load and Lvower increases re-
ported herein, 7o adverse effects were nored due to nigh *ip
Mach nunber operation.  There s everv reason o believe "ha
supersontic advancing tip obera’.on .s DoSsibie.

The aenet ' vs derived fron auxi!lliary sropulsion in level
ooy oo, incceased speed and or reduced rotor loads and
or cockpit vibrationsy are als» obta.ned during maneuvers.
For o given alrspeed, increased auxi!iiary propulsion witil
ailow i gher rormnal load ftactors tor the sume rotor struc-
oo ivacd levels LIt Tng roter LitL capabilities can be
detned as a function ot equivalent ‘uselage drag and advance

2 & lo.

Y

For o fixed-wing cenr u .o helicopter that is designed to u e
the rotor as the prinarv cantrol element, the rotor provides
the nost o significant increnent in load factor during a maneu-
cor, ound Che mancuver ~canabhility of rhe vehicle will be

PonT e Sy e paior. ~ o coapeund heliconter rhal uses
T g rplane contpa . c¢onust be raken o nrevent

' AN LN Te ccerooad Tag oot the rocer during a maneuver.

0§ o snoeuld o se ¢ oveeted toward s inding means by wnicoh

coe o hut ion of L wong duriag o nancuver can be

Acceptable stability anc control characteristics, including
response, can be ach'eved for a compound helicopter through-
out the flight znvelcne and in all regimes of flight without
imrosing demands on tue ilight path of the vehicle during

al ~~rotation. Additional researches are required to investi-
geie further and develop means of reducing the high-speed
load factor control sensitivity (maximum load factor/control
displacement) of such machines.

The directly-controlled two-bladed semirigid rotor is
capable of high-speed flight with low vibration levels and
acceptable structural loads while providing a significant
amount of lift and propulsive force.
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TABLE I

MANEUVER TEST FLIGHT LOG

Flight Ctr. Jet RPM  Airspeed Load
Number*  No. TN Vg-Knots Factor-g Type**

635 L26 84 151 1.31 Right Turn
L27 151 1.57 ~
L28 151 1.89
431 163 1.30

635 432 163 1.60

638 561 84 169 1.88

635 429 87 151 1.30

635 430 151 1.58

636 Lsh 155 1.88
L56 167 1.30 (L)
L58 169 1.29 (2)
L57 169 1.60 (L)
L59 169 1.61 (2)
L60 169 1.88 (2)

636 L55 169 1.88

638 563 171 l.64

638 564 171 1.78

638 562 171 1.99

636 L6l 183 1.32

636 L62 184 1.57

638 565 87 186 1.69

635 433 88 163 1.31

635 L34 88 163 L.55

638 568 90 169 1.32

638 569 169 1.57
570 169 1.92 Right Turn
576 186 .63 Pushover
575 186 1.60 Pull-Up
571 187 1.34 Right Turn
572 187 1.60 Right Turn
573 187 1.92 Right Turn

638 574 90 188 1.37 45° Bank
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FABLE 1

(Continued)

Flight Ctr. Jet RPM  Airspecd Load
Numnber* No . TN Vgp-Knots Factor-g Type*™
654A 115 95 185 1.62 Right Turn
654A 114 186 1.31 Right Turn
636 L63 186 1.31 !

638 566 186 1.68

638 567 186 1.92 Right Turn
658 310 188 .78 Pushover
65L4A 119 189 1.96 Right Turn
654C 126 189 2.00 ‘

654A 116 190 1.92

658 311 190 1.99 Right Turn
658 309 191 1.43 Pull-Up
654C 128 194 1.73 Right Turn
654A 118 95 196 1.43

654C 127 98 196 1.53

654C 130 192 1.69

654C 129 196 1.39

654C 131 199 1.22

65LA 117 199 1.39 Right 'furn
658 314 200 1.74 Left Turn
654C 132 203 1.60 Right Turn
658 312 203 1.93

658 315 98 209 1.51 Right Turn

* Flight Number

635
636
638
654A
654C
658

Gross Weight, Lbs

8360-8260
8300-8125
8380-8050
8§143-8013
8275-8190
8378-8200

*% All maneuvers at 10° wing incidence except as noted

(L)
(2)

0° wing incidence
5° wing Lncidence
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TABLE II

PERIOD AND DAMPING OF CHARACTERISTIC MODES OF MOTION

True Control Oscillation Characteristics*
Alrspeed- Input Period - Time to Half
Knots Direction Seconds Amplitude-Seconds

Longitudinal

152 Fwd 24 .0 24.0

159 Aft 24.0 12.0

169 Fwd 26.0 %

170 Aft 24.0 24,0

183 Fwd 15.0 -7.0

184 Aft 26.0 20.0
Lateral

161 Right 26.0 ~20.0

159 Left w (r=1.3)

L74 Right % (r= 3.0)

174 Left 0 ("= 3.0)
Directional

162 Right 2.5 2.1

162 Left 2.2 2.8

171 Right 2.0 1.0

171 Left 2.0 1.0

180 Right 2.0 1.4

182 Left 2.0 1.4

* Approxlmate
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Fixed Stabilizer
Area 10,2 Sq Ft

Moveable Stabilizer
Area 24.8 Sq Ft
Including Carry Thru

Wing Area 64 Sq Ft
Including Carry Thru

23° Sweep

J69-T29 Turbojet
Engine Nacelle Area
74 Sq F: Including

Carry Thru

()
©

{

] -

/ ]_30

Figure 1. General Arrangement of the Test Helicopter
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Net Thrust - Pounds
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Figure 3. Auxiliary Thrust vs %N; Jet
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Calibrated Airspeed - Knots

200 T T T T A T

O T-28 Aircraft Pace Nov 64

/Ay 310 Aircraft Pace Feb 65

//1:r * Line of
Zero Error
160 ///
140 V)é{/
120 —]
0V 120 140 160 180 200

Indicated Airspeed - Kno:s

Figure 5. Airspeed Calibration
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Pitch Link Load -
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Rotor Blade Pitching Moment = In-Lb x 10-3
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36

-l



. - j.
.
CeTe

i f T -vg—.'-_;-———""
15 1
3eam
10
5

15

s

1C

Tail Rotor Blade Bending Moment -
In-Lb x 10-2

0

50 |
Flapping +4

2?5 40 ~ 0
&5 /////' +2 v
s 30 - ]
6 U —
00 ] -
[0 .
. § — | Equivalent 1
~ G 10 Fuselage Drag
grg - Sq Ft

0 o VT 160 180 200 220

True Alirspeed - Knots

Figure 10. Tail Rotor Loads and Flapping

37




Pilot Station Vertical Accelerations
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Figure 11.

Vibration Characteristics
In High-Speed Level Flight
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