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SUMMARY

Measurements of the drag-angle oscillation of a helicopter rotor
were made with the Langley helicopter apparatus to determine both the
natural frequencies and the damping requlred to prevent excessive drag-
angle-oscillation response to various throttle and control movements.

There are two types of drag-angle oscillations: symmetrical oscil-
lations in which &ll blades lag and advance together and unsymmetrical
oscillatione in which the blades are out of phase with each other. The
symmetrical type was Induced by a maln-pitch oscillation or a throttle
oscillation at a frequency considerably below shaft speed, and the
wngymetrical type was induced by a cyclic-plich oscillation at a

frequency near that of shaft speed.

The results show that the engine and gear-box inertias and the shaft
torsional stiffness are factors influencing the frequency of the sym-
metrical drag-hinge oscillations, and the experimental results show good
agreement with the theory used. The unsymmetrical drag-hinge~-oscillation
frequency is apparently unaffected by the engine and gear-box inertia and
the shaft torsional stiffness but is influenced by the pylon bending
stiffness, and the experimental results show falr agreement with the pre-
dicted values. ‘

A calculation of the damping required in the drag-hinge dampers for
the symmetrical casge shows that the damping should be approximately
35 percent of the critical. The results further indicate care should be
exercised to ascertain that no regular disturbing forces are present in
the helicopter - such as a hunting pitch or throttle governor or a hunting
automatic pilot ~ with frequencies near those -of the resonant conditions.

INTRODUCTION

The question has been raised as to the possibility of exciting drag-
hinge oscillations, by throttle or pitch manipulations, in helicopter
rotors with the usual hinged-blade construction. The ability to predict
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the natural frequency of the in-plane motion is essential in rotor-stress
calculations, vibration analysis, and rational design of the rotor hub,
specifically the drag demper. The obJect of thls research is the determi-
nation of the natural frequencies of the drag-hinge oscillation and the
damping required to prevent excessive response to various throttle and
control movements.

Unsymmetrical whirling modes, response to forced lateral vibration
of the pylon, and Instabilities are discussed In reference 1. However,
gsymmetrical modes, those induced by torque oscillations either aerodynamic
or engine, 1in general have not been considered for helicopters before.
The method of analysis for the symmetrical oscillations used in +this
investligation is based to a large extent on the work presented in refer-
ence 2, in which the effect of engine inertia and drive-shaft tor-
gional stiffness on the symmetrical oscillations of a hinged propeller
blade was considered. This method is particularly suitable for deter-
mination of the natural frequencies of hinged helicopter rotor blades
for symmetrical oscillation. A method of estimating the required drag
damping for this type of oscillation, which is given in reference 3,
ig algo included.

A test program was inaugurated to obtain data on helicopter in-plane
blade motion dvue to throttle, main-pitch, and cycllic-pitch oscillations.
Results of these testes are presented for selected conditions and compared
with the theories of references 1 and 2. These tests were conducted on
the helicopter tower of the Langley helicopter apparatus.

SYMBOLS
b number of blades per rotor
R blade radius, feet
r radial distance to blade element, feet
c blade sectlon chord, feet
FR
credr
0
Ce equivalent blade chord, feet =
rodr
0

o rotor solidity (bce/ﬁé>
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I

radius of gyration of & blade about the vertical-pin
axis, inches

distance from axis of rotation to vertical-pin axis, inches

distance from vertical-pin axis to center of gravlity of
blade, inches

radius of gyration of a blade about ite center of mass, inches

blade mass (one blade), pound-second52 per inch

effectlve mass of rotor hub and pylon, pound-second92 per inch

combined mass of blades, rotor hub, and pylon, pound-secondsg

per inch <M = bmy, + mé)

by,
mags ratio —
mp + bmb

moment of inertia for ome blade about vertical pin,

pound-inch-seconds2

combined blade mass moment of Inertlia about vertical pin
for all blades, pound-inch-second52

combined blade mass moment of inertia about blade center of
gravity, including assembly inboard to the vertical-pin
axis, pound-inch-seconds

engine inertia, pound-inch-secandsz
gear-box and shaft inertia, pound-inch-seconds2

combined gear—box and shaft and effective engine polar
moment of inertia of rotating and reciprocating parts,

Pound-inch-seconde2 <%6 = n2 <Ih) + Iy

drive-ghaft torsional stiffness, pound-inches per radian
pylon bending stiffness, pounds per inch
gear ratio of engine to rotor shaft

damping coefficient, pound-foot-seconds per radian
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CCr critical damping coefficient, pound-foot-seconds per radian
w drag-oscillation angular frequency, radians per second

w, drag-oscillation natural frequency, radians per second

we whirling frequency of the uwmbalanced side forées,

radians per second

Q rotor-shaft torque, pound-feet
Q rotor angular velocity, radlans per second
€ drag-sngle oscillation amplitude, degrees
gst drag-angle movement for a glven static pltch change, degrees
A =
1 p—

DESCRTPTION OF ROTOR AND DRIVE ASSEMBLY

A three-blade rotor representative of a helicopter weighing
2500 pounds was used In this Investigation. The blades are plywood-

covered and have NACA 23015 airfoll sectlons, a linear washout of 80,
and a solidity of 0.042.

A summery of the pertinent rotor and drive-assembly characteristics
is as follows:
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Rotor-blade characteristics::

Blade radius, feet . . . . . . ¢ o . o o 0 .0 000 . . 19
Blade twist, degrees G h e e e e e e e e e e e e e e e e e et -8
Solidity, o . . e s o s o o o s s e« o 0.042
Blade area (total three blades), squere feet e e e e e e h6.3
Blade section o . . e + s e« » o » = » NACA 23015
Blade welght (ome blade 1nclud1ng drag-hinge

assembly), pounds . . . . .. e e e e e 8.5
Blade moment of inertia (total three blades) about

vertical-pin axis, I, pound-inch- seconds e e e e e s e 5760

Blade moment of inertia (total, three blades) about
their center of gravity, I, pound.inch-Seconds o e s e e 2690
Blade center-of-gravity location from vertical-pin

axig, INCheB .+ . ¢+ 4 v 4 e s e e e e e e e e e e e e s 69 .1
Vertical-pin-axis location from center of rotation, e, ‘

inches .+ . . « .« . e e e e e e e e e e e e e 9.08
0ffset of center line of flapping hinge from

center of rotationm . . . P 0
Blade radius of gyration about vertical-pin axis, d,

INCHEB & v v v v o s s e e 4 e s e e e e e e e e e e e s gk .5
Blade radius of gyration sbout its center of gravity, 8,

INCHEE  « « « & « o o-o s o o o o s o o o 8 s o s o o & o & o 6.3

Combined mass of pylon, blades, and rotor hub, M,
pound-second32 per inch e v e e e e e e e e e e e e e e e 0.9

Drive-shaft and gear-box characteristics:
Drive-shaft torsional stiffness, k,

pound-inches per radian . . . e r e e e e e+ . 524,000
Pylon bending stiffness, K, pounde per inch s e v e v e e e .. 16,400
Gear reduction, n . . . . . e e e v e e e e o v . . 6:1 and 12:1
Effective moment of lnertia of engine, n Iu,

pound-inch-seconds® . . . .« . . . . 1(60)
Moment of inertia of drive system with 6 l gear box,

5, pound -inch-seconds< . . . e e e s e e s e s e e e 2750
Moment of inertia of drive system with 6:1 gear box

with reduced Is shaft inertia, pound-inch-seconds™ . . . . . 2400
Moment of lnertia of drive system with 12:1 gear box

with reduced Iy shaft inertla, pound-inch-seconds® . . . . . 2400

Damper characteristics:
0il in demper, no bypass (unmodified),

pound-foot-seconds per radian « o « o o 4 s s 6 s o0 e 4 o o s 938
0il in damper, 0.050-inch Dpypass, .

pound-foot-seconds per radian . . « + . . ¢ 4 4 4 v o 4 0 . 693
0i1 in damper, 0.125-inch Dbypass,

pound~foot-seconds per redian . . . s b e o5 s o s o 8 s @ 122

No o0il in damper, pound-foot-seconds per radian e o o 2 o « « o Near O
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INSTRUMENTATION AND TEST METHODS

Quantities measured during tests included the following: Rotor
angular velocity, rotor-shaft torque, rotor thrust, blade pitch angle,
blade drag angle, blade flapping angle, side forces, and cyclic pitch.

All the data were obtalned with a recording oscillograph so that
the frequency and amplitude could be easily measured. Rotor angular
velocity was obtained by a breaker installed on the shaft and leading to
one of the oscillograph circuits. Rotor-shaft torque was measured by
electric strain gages, as was the rotor thrust. Blade pitch angle, drag
angle, flapping angle, and swash-plate position were measured by poten-
tiometer control-position transmitters. A complete description of the
recording system is contalned in reference L.

The drag-hinge dampers are used to minimize and nullify disturbances
in the plane of rotation. The dampers were filled with hydraulic damper
oil to approximate viscous damping, that is, a damping force directly
proportional to the velocity.

Several investigations of the symmetrical oscillations were conducted
with varying esmounts of damping and were begun with the damper in its
original form and then by varying the oil bypass to & final no-oil
damping condition. The mean geometric pltch angle for these tests was

ad justed to 2° and to 12.50, on which was superimposed a sinusoidal-
oscillation main pitch of #1°. Tests were conducted for the most part

at a maln-pitch angle of 12.50. The investigation conducted at a main-
pitch angle of 2° was discontinued inasmuch as the magnitude of the
torque, the drag, and the other related oscillations measured was small
and, therefore, made accurate measurement difficult. The oscillation
was produced by an electric motor driving a system of gears and control
links. 7Various rates of main-pitch oscillation were attalned by chenging
the speed of the electric motor with a Variac.

Investigations were conducted for several representative shaft speeds
and for three effective englne and gear-box inertias:

(a) Engine to shaft 6:1 gear reduction

(b) Engine to shaft 6:1 gear reduction with reduced shaft inertia

(c) Engine to shaft 12:1 gear reduction with reduced shaft inertia
Tests were also conducted with the 6:1 gear-reduction condition to

determine the effect of engine throttle oscillation on the drag-hinge
movement .
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The effect of cyclic-pitch oscillations wae also investigated.
During these tests the mailn pitch was set at a geometric pitch of 12.5°
and the swash plate wae glven a sinusoldal cecillation producing a cyclic-
pitch variation of #1.5°.

ANALYSTS

The method of analysis is, for convenience, divided into three
sectiong: The first section predicts the frequency of the symmetrical
drag-angle oscillation, which 1s the one caused by main-pitch or throttle
oscillation. The mecond sectlon predicts the frequency of the vnsym-
metrical drag-angle oscillation, which 1s the one caused by cyclic-pitch
oscillation. The third section deals with the damping required to prevent
excessive response of the symmetricsal oscillations. The methods of deter-
mining the physical constents used in this analysis are given 1In the
appendix.

Symmetrical Oscillations

Most prior investigations have dealt with the unsymmetrical type of
drag-hinge oscillations in which the shaft torsional stiffness and engine
inertia have no effect. For the case of symmetrical oscillations of the
drag hinge, however, the engine and gear-box inertia and shaft torsional
gtiffness, as well as the offset of the drag hinge from the center line of
rotation, must be considered (reference 2) in calculating the natural
frequency. The natural frequency 1s obtained by solving the guadratic

(Dnh' = Cl< 'tle + Cetee)d)ng + cltletge =0 (1)

where tl is the frequency of englne and gear box against the shaft
stiffness and

2 _ k
t = =
1
T6
2
» o| Ig+I;+m (1+e)

I6(I3 + bmb12> + I3bmb92

2 2
) I6 (i3 + bmbl ) + I3bmbe

Cl 5
I3bmbe
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I3+bmb(1+e)2
I6+I3+bmb<7,+e)2

C ]

Equation (1) yields two pairs of natural frequencies. The higher frequency
is predominantly that of the engine-hub system whereas the lower frequency
is predominantly that of the hub-blade system. The lower frequency is
investigated in this paper and the result 1s expressed as a ratio of the
shaft angular velocity to the drag-angle frequency Qﬁmn, although this

ratio will change slightly with different shaft speeds.

Unsymmetrical Oscillations

The cyclic-pitch oscillation Introduces a different type of drag
oscillation than does the oscillation of the throttle or main pitch in
that there is no apparent variation of the net torque or rotor speed.
However, large slde forces are present at a cyclic-pitch-oscillation rate
near that of the shaft speed. In this phenomenon, no net torque or speed
variation is considered to be present because esach blade executes its
own oscillation in such a manner that the lag of one blade compensates
for the advance of the next blade and the large side forces are due to
rotor unbalance caused by unsymmetrical blade displacements.

Since, for the case of unsymmetrical drag-hinge oscillations caused
by movement of the cyclic pitch, no apparent variation in the net torque
or rotor speed was noted, the effective englne inertia and the shaft
torsional stiffness have no effect and may be considered as infinite. If
this assumption 18 used, the frequency of the drag-hinge oscillation can
be determined by the method of reference 2 for the case of infinite pylon
bending stiffneess by solving the equation

UAn bm-ble
- R 2 (2)
37 My

which is a special case of equation (1).

The cases for which the pylon bending stiffness is not infinite are
discussed 1n reference 1, which presents a theoretical analysis for calcu-
lating the resonant frequency of the side forces due to unsymmetrical
drag-hinge displacement. This resonant side-force frequency 1s called
the whirling frequency.
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For any given rotor, these whirling frequencies wp WAy be calcu-
lated for the case of no demping and isotropic supports by the equation

% - me[QQAl - (o¢ - 9)2] - Agmpt = 0 (3)

The difference between the rotor speed and the whirling speed 1s the
rate of progression of the unbalance around the center of rotation. This
is also the frequency of the drag-hinge unsymmetrical oscillations.
Equations (2) and (3) are seen to yleld essentially the same result by
the use of & value of infinity for the pylon bending stiffness. The pylon
stiffness of an actual helicopter, however, 18 generally low; therefore,
the method of reference 1 must be used.

Blade Damping

The section entitled "Symmetrical Oscillations” indicates that the
rotor hub does not rotate with uniform velocity but osclllates during
blade vibration. The motion of the engine as well as the blades, there-
fore, had to be taken iInto account in order to calculate the frequencies
of the symmetrical oscillations accurately. Similarly, the oscillation
amplitude and the damping of the entire system should be considered in
order to meke an accurate determination of the damping. However, since
there are various sources of damping, such as engine damping, which can-
not readily be determined accurately, the calculation of the air damping
does not warrant the consideration of the motion of the entire system.
For simplicity, in the present air- and critical-damping analysis, the hub
18 aggumed to rotate with uniform velocity and all the vibration energy
of the system appears in the blade. The blade is considered a rigid body
having a single degree of freedom oscillating about the drag hinge. The
engine and gear box do oscillate, however, and their friction contributes
appreciably to the damping in the system.

Reference 3 (pp. 38 and 52) shows that, for torsional oscillation,
the damping congtant C 1s defined as the torgque caused by an angular
speed of rotation of 1 radian per second and the critical damping C,y,

is glven as

Cop = 2Toy (&)

where I 1is the moment of inertia of a blade about the vertical-pin axis
and , 1s the natural frequency of the blade about the vertical-pin
axis. The ratio of C/Cor 18 called the damping factor and is the ratio
that determines the amplitude of the response of the blade to a given
control movement.
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An estimate of the air damping may be obtained by referring to
reference 3 (p. 261). For any glven rotor and blade-pitch-angle setting,
the steady-state relation between the torgque and rotational speed is
expressed by

Q = Constant X‘Qe

and the alr damping for any particular speed ig given as twice the slope
of this curve at that speed:

Friction damping of the drag-hinge oscillations is caused by gear
and bearing friction and hysteresis losses in the rotor head and drive
agssembly. The amount of damping due to these losses 1s not easily calcu-
lated and varies with each installation. Usual practice is to allow an
emplirical value that makes the calculated results coincide with the
measured values (reference 3, p. 264). :

RESULTS AND DISCUSSION

For convenience the results and discussion are divided into four
sections - the first section pertaining to the symmetrical drag-hinge
ogcillations, the second section pertalning to the unsymmetrical drag-
hinge oscillatlions, the third section pertaining to the damping required
to prevent excessive response of the symmetrical drag-hinge oscillation,
and the fourth sectlon pertalning to a general discussion of the problem.

Symmetrical Oscillations

Figure 1 shows a typical record of a resonant condlition of the sym-
metrical drag-hinge oscillations. This record shows that the resonant
condition of the drag angle due to the throttle or main-pitch oscillations
is accompanied by large periodic variations of the rotor torque and speed
at the same frequency as the drag-angle motion and is usually exclted at
a main-pitch-oscillation speed considerably slower than shaft speed.

A summary of the data obtained with the various damping rates and
effective engine and gear-box lnertias at a rotor speed of approxi-
mately 220 rpm 18 presented In table I. These values are plotted in
figures 2 to 4. Figure 2 shows a typical resonant diagram for the various
damping conditions with an effective engine and gear-box inertia of
approximately L4910 pound—inch—secondsg. Figure 3 shows a resonant curve

with only air and frictlon damping for an effective engine inertia of
4560 pound-inch—secondsg, and figure 4 1s the resonant diagram with the
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same demping but with an effective engine and gear-box inertia of approxi-
mately 11,000 pound-inch-secondse. With an effective engine and gear-box
Inertia of approximately 11,000 pound-inch—secondsa, the ratio of the
drive-shaft angular frequency to the drag-oscillation frequency is 3.70.

A reduction of the inertias to approximately 4910 pound-inch-second52
reduces the frequency ratio to 2.85. A further reduction of the inertias

to about h560 pound-inch-second92 reduces the frequency ratio to about 2.7.

Figure 5 shows the agreement between the frequency ratios measured
and the theoretical curve calculated from equation (1) for the various
amounts of effectlive engine and gear-box inertias and a ghaft speed of
23 radians per second. This figure also indicates that the effective
engine and gear-box inertlas are a definite factor affecting the natural
frequency of the symmetrical drag-hinge osclllations due to maln-pitch or
throttle oscillations and must be considered in computing the frequency
of these oscillatlons. The ratio of the shaft angular velocity to the
drag-angle frequency changes only slightly with large changes 1In shaft
angular velocity; for example, at an effective engine and gear-box inertia

of 4910 pound—inch-secondsg, a change from an angular velocity of
23 radians per second to 27 radlans per second yields a change in Q/&h

of 2.96 to 3.16. The constants used in calculating the theoretical curve
for the configuration tested were as follows: k = 52&,000 pound-inches

per radian, tmy = 3 §2é5 = 0.642, 1 = 69.1 inches, e = 9.08 inches,

Q = 23 radians per second, and I, = 2690 pound—inch-second52°

3

The magnitude of the torque oscillations superimposed upon the steady-
state running torgue 1s also of interest. The amplitude of this oscil-
lating torque for the symmetrical drag-hinge oscillations caused by oscill-
lating throttle or control movements can be approximately determined by
multiplying the steady-state running-torque change due to a glven throttle
or main-pitch movement by the drag-angle amplification factor.

The higher frequency from equation (1) is usually too high to be
excited by a pitch oscillation but may possibly be excited by torgque
oscillations caused by engine cylinder firing. For the case considered,
the higher frequency is of the order of 180 radians per second; whereas
the lower frequency is only approximately 7.3 radians per second.

Unsymmetrical Osclllations

Figures 6 and 7 show two typical records of the resonant condition
of the unsymmetrical drag-hinge oscillations. These records show that
two resonant conditions exist, one excited by a cyclic-pitch oscillation
below shaft speed (fig. 6) and one excited by a cyclic-pitch oscillation
above shaft speed (fig. 7). These figures also show that thls resonant
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condition is accompanied by rotor mass unbalance with the same frequency
as the cyclic-pitch motion and results in large side forces, but no
apparent periodic variation in the rotor speed or net rotor torgque exists.
The experimental values of the unsymmetrical drag-angle frequencles yleld
values of Q/w, of approximately 5.

A summary of the data obtained for one representative condition is
presented in table IT. These values are plotted in figure 8 and show the
two resonant frequencies, one at O, 81 of rotor speed and the other at 1.2
of the rotor speed. For the configuration tested, the amplitude of the
glde forces present for the case of a cyclic- pitch oscillation of *+1. 5
and at a rate faster than the shaft speed was of the order of 1550 pounds.
These side forces are not seen in the records of the symmetrical drag-
hinge oscillations since in this case all the blades lag and advance
gimultaneously. For the unsymmetrical case In which each blade executes
its own oscillation, however, a large rotor unbalance (side force) due to
the unsymmetrical blade displacements occurs. Also, no apparent net-
torque or rotor-speed variation occurs because the blades move In such a
manner that the lag of one blade compensates for the advance of the next.

The resonant frequency of these unbalanced side forces is called the
whirling speed wg 1In reference 1 and can be calculated by using the theory

presented therein. Figure 9 shows the agreement between the frequencies
measured and the theoretical curve calculated from reference 1 and also
shows the effect of static frequency VK/M on the whirling frequencies,
where for the present investigation O = 23 radians per second,,Al = 0.07,

A3 =0.19, M = 0.9, and K 1is the pylon bending stiffness measured in

pounds per inch. Four roots of the equatlon are found; the top and bottam
curve are predominantly the bending frequency of the shaft, and the two
center curves are predomlnantly the frequencies of the blade motion. The
top and bottom curves have real roots which go to infinity at a value of

dK/M of infinity. The sign of the root indicates the sense of rotation
of the whirling frequency. The other two roots are real for values of

\’% <10, are imaginary for values of \f%h between 10 and 39.6, and become

real again for values of \E% > 39.6. The imaginary roots indicate a reglon

of self-excited unstable oscillations. The real roots indicate the fre-
quencies at which gtable oscillations may be excited.

For the roots which are predominantly the blade motions, a value of
\E§-> 100 may be regarded as Infinite for the purpose of estimating the
whirling frequency. Lower values of \K/M yield frequencies which con-
verge at a point slightly less than the shaft rotational frequency at
approximately ‘J§'= 39.6. The experimental points obtained from figure 8

show whirling frequencies at 1.2 and 0.81 of the shaft angular velocity.
These values are plotted in figure 9 and show falr agreement with the
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theoretical curve (within 10 percent). In an actual helicopter with a
fairly low pylon stiffness, the roots could either be real or imaginary,
depending upon the values of JK/M,.Al,.AS, and Q. For an analysis of

this problem of the unsymmetrical type of drag-hinge oscillation, refer-
ence 1 should be used.

The rate of progression of the umbalance about the center of rotation
1s the drag-hinge unsymmetrical natural frequency and is the difference
between the rotor frequency and the whirling frequency. For this configu-
ration, the theory of reference 1 indicates a difference of 6 radians

per second which ylelds a ratio ofA%g = 3.83. If equation (2) herein,

from the theory of reference 2, 18 used and the engine inertia and pylon
stiffness are assumed to be infinite, the almost identical result of
V. 3.8 may be obtained.

®n

Blade Damping

The total damping of the drag-hinge oscillation 1s composed of three
parts: (1) air damplng, (2) friction damping in bearings, gears, hyster-
esls losses, and so forth, and (3) blade damping supplied by some external

mechanism.. Xach of these 18 reduced to a ratio of Y gince this ratio

cr
determines the amplitude of the blade response to a glven control movement.

The critical damping torque per blade for the case of symmetrical
oscillation (equation (4)) is

Cop = 2Iwp

- 1920
= 2 === .
% 12 X Tk

i

2539 pound-foot-seconds per radian

The estimated air damping is given by the equation
PN ]
Cair = 2&%

where, for the rotor tested, Q = 3020 foot-pounds and ¢ = 23 radians
per second. Therefore,
Q= 5.710°

and

aq . _
o = 2(5.71)Q
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which gives the alr-damping rotor torque as:

C 2X 2% 5,71 x 23

air

i

526 pound-foot-seconds per radian
or, for each blade,

Cqir = 175.3 pound-foot-seconds per radian

The air-damping factor 1s

Cair _ 175.3 _ 0.069

Cor 2539

or the alr damping is approximately 7 percent of the critical.

The friction damping of the drag-hinge osclllatlons caused by gear
and bearing friction and hysteresis losses in the rotor head and drive
asgembly 1s not easlily calculated and willl vary with each Installation.
Usual practice 1is to allow an empirical value that makes the calculated
regults coinclide with the measured values. As suggested in reference 3
(p. 264), this damping value should be about 10 to 15 percent of the
critical for the average installation.

"Consglder the maximum resonant curve in figure 2 with only alr and
friction damping. The helight of this curve at the resonant frequency
indicates that the damping present is approximately 15 percent of the
criticael value (reference 3, equation (32a)). The alr damping for a
rotor speed of 220 rpm and a maln-pitch angle of 12.5° 1g approxi-
mately 7 percent of the critical; a friction value of about 8 percent is
thereby indicated. TInspecting the next lower curve of the same figure,
which represents the lowest amount of oil damping used (approximately
4 percent of the critical), shows that the total damping is about
19 percent of the critical and also indicates that the value for the
friction damping is about 8 percent. In this paper, an empirical
value of 10 percent is allowed for friction damping.

If the symmetrical drag-angle oscillations are to be kept from beling
magnified, a total demping of about 50 percent to 60 percent of the criti-
cal should be used. If the critical value and the amount of damping
allowed for alr and friction are known, then the externmal blade dampers
must supply 30 to 4O percent of the critical. For purposes of caleculating
the required damping, assume 35 percent of the critical. Thus, for the
blades under consideration,the following damping coefficient is required
per blade:
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C = 0.35Cey

0.35 X 2539

888 pound-foot-seconds per radian

General Discussion

In general, oscillation of the drag hinge will not occur (with the
exception of ground resonance) unless some exciting force near the
whirling speed wp or near the natural frequency w, of the symmetrical

drag-hinge oscillation is present. Without damping, the rotor blade is
very sensitive to dlsturbances in the plane of rotation and a pilot can,
by small throttle or control movements, induce large drag-angle oscil-
lations that might result in blade failure.

Another source of lnduced drag-angle oscillation is a hunting pitch
or throttle governor or a hunting automatic pilot. Care should be taken
to mee that the natural frequency of contemplated governors or auvtomatic
pilots does not coincide with either of the two resonant conditions.

‘Damping of the msymmetrical ogcillation 1s not included in this
paper, but apparently experimental verification of the damping factors
given in reference 1 1s a field for further research.

CONCLUSIONS

The natural frequencles and amplitudes of helicopter rotor-blade
oscillations about the drag hinge were experimentally determined with the
Langley helicopter apparatus (helicopter tower) by the use of several
effective engine and gear-box inertias and various blade-damper settings.
The experimental results have been compared with the avallable theory
and, on the basis of the configuration tested, the followlng conclusions
may be drawn: :

L. There are two types of oscillations of the rotor blade about the
drag hinge: symmetrical and unsymmetrical. The symmetrical types were
induced by a throttle or main-pitch oscillation at a frequency consider-
ably below shaft speed. The unsymmetrical types were induced by a cyclic-
pitch oscillation at a frequency near that of shaft speed.

2. The engine and gear-box inertia and shaft torsional gtiffness are
factors affecting the frequency of the symmetrical drag-hinge oscillations.
The theory used in thils analysig takes these factors into consideration
and the experimental results show good agreement with the predicted values.
This type of drag oscillation is characterized by large torque and rotor-
gpeed ogcillations along with the drag-angle motion.
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3. The assumption of constant rotor speed is apparently valid in
determining the whirling and natural drag-hinge frequencies of the unsym-
metrical blade oscillation caused by periodic cyclic-pitch movements.

For infinite pylon stiffness, the two theorles presented predict approxi-
mately the same results but yleld natural unsymmetrical drag-hinge fre-
quencies somewhat higher than those determined experimentelly. The dis-
crepancy of the drag-angle frequency itself is rather large, but the dis-
crepancy in the whirling frequency, which determines the drag-angle fre-
quency and which is the one that must be avoided, is only of the order
of 10 percent and is considered in fair agreoement. This type of drag-
angle movement is characterized by large oscillating side forces, but no
apparent rotor-speed or net-torque variation exists.

4. The drag-hinge damping added to the system to prevent resonance
cauged by main-pitch or throttle movements should be approximately 35 per-
cent of the calculated critical.

5. Care ghould be exercised in the design of the helicopter to ascer-
tain that no regular disturbing forces are present - such as a hunting
pitch or throttle governor or a hunting sutomatic pilot - with frequencies
near those of the resonant conditions.

Langley Aeronautical Laboratory
National Advisory Committee for Aeronautics
Langley Air Force Base, Va., March 8, 1949
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APPENDIX
DETERMINATION OF PHYSICAL CONSTANTS

Blade moment of lnertia was determined by suspending the blade from
its vertical-pin axls, swinging the blade, and determining the time of a
single oscillation in seconds. If the blade constants and the time for
a gingle osclllation are known, the moment of inertia is then glven by
the formula

where g 1s the gravitational constant and t 18 the time for one-half
cycle.

A similar procedure was used In the determination of the engine and
gear-box inertias. A bar with a weight attached to one end and the other
end attached to the crankshaft of the engine (or gear-box shaft) was
deflected and the time for a single oscillation determined. Making the
proper corrections for bar and weight and substituting in the moment-of-
inertia equation,yield the engine and gear-box inertias.

The shaft torsional stiffness (in.-1b/radian) was determined by
applying a known ‘torque to one end of the shaft and measuring the angular
deflection.

The pylon bending stiffness was calculated by considering the pylon as
a cantilever beam rigldly supported. The stiffness of the pylon can be
calculated from its kmown dimensions by the following formula:

3BT,

X = 3

where L 1is the length of the pylon, IC 1s the moment of inertia of the

cross section of the pylon, and E 1is the modulus of elasticity for the
material.

The mass of the pylon was considered as that part of the shaft above
the top support. This mase was calculated by using the dimensions of the
gshaft. The mass of the rotor head and blades was determined by welghing.
The combined mass of blades, rotor hub, and pylon ylelded a value of
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M = Weifgt

347
386

0.9 pound-second82 per inch

The damping constants for the various oil bypass openings were

determined by measuring the force necessary to move the damper at several
different speeds.
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TABLE II

SUMMARY OF DATA OBTAINED FOR UNSYMMETRICAL IRAG-ANGLE OSCILLATIONS
CAUSED BY A SINUSOIDAL OSCILLATION OF THE CYCLIC PITCH

[Eotor speed, 220 rpm; blade damper, 0.125-inch bypasé]

Symbol 4 Side-force .
(see y | emplification Shaft speed
fig. 8) (deg factor | Cyclic-pitch-oscillation speed

O 0.98 1.9 2.20
1.95 5.0 1.60

3.65 10.0 1.42

3.65 11.7 1.25

3.70 12.5 1.23

4.o2 12.5 1.23

4.55 12.5 1.23

4. 68 12.2 1.17

3.90 8.5 1.12

3.90 9.6 1.08

3.25 10.0 1.0k

3.12 9.3 1.0k

- 8.0 1.00

1.95 9.0 .98

3.78 11.5 .92

b 7h 18.5 .88

4.87 19.0 .85

5.85 3.6 .81

5.00 19.0 .80

2.92 10.0 .75

1.62 6.5 .70

---- 3.7 .65

1.62 2.5 .62

———— 1.0 3.25

~_NACA_~



NACA TN 1888

23

*ggedmrp €PBTq OU UYITA QOﬁW$Hﬁﬂomo
d-urem £g PeSUBO SUOTIBITIONC OTBUB-IBID TROTLIOWEAS JO paooes ydeaBoryroeo worddy — T eJamBig

VIR

Jowty sdo=-p1

qost

<

2040 8pie
YInog-g3IoN

A

vnouam\nwwzzl//

anbao] —

3snayy

o o sff//(\\\nﬁﬂ//( R v A o
{//ltzou«m.cﬂﬁuho uoyInTodaa 1

aods
Py 1950 -1 85y P 14808

#T3us IFevag

90407 OpTs
189y -198Y



NACA TN 1888

24

*BuTdwep 6pBTQ JO SIUNOWE ENOTIBA PUB mm@ﬁooomlmonﬂl@nSom 0T6f JO BTJJIOUT X0g—JIBo8 PpuB eurIue
yats mda o2z JO pesds JO30L 3B SUOTABTITOS0 OTFUB-BBID [BOTJILEUWMAS JO WBISBIP QUBUOSSY —°Z OJNITI

poads doﬁw.nﬁomo;noﬁmlaﬂmz\co&m 11BYS—1030Y4

0°S 9°% 2°h 8L #°€ 0*¢ 972 22 81 7't o.oa
T T
~NOYN™
e
o ) LJO _”u E
G S \\\ hl..lm
) © | o ol ot 4T
o —1- 9 s B
Y “ 5 = ® | —
o} 5 \Q . Y
B —— ~—y
/// /lf. D\ \
T =} e £ NoH

~

7
N

9°1

N

98
—j ¢109908] UOTYBOTITTduR oT8Ue~IBIQ

N
»
Burdmep o O V
sgedlq UT-CIT0 O
NI e .
/ \ ‘Nw Burdwsp TIO T O L
J {
8°2
7
v
. < Al
1
9°¢




0
&Y

NACA TN 1888

*Sutdmsp TTO OuU puB mm@ﬂoommlﬂogﬂldﬂﬁom 09GH JO BIJJIOUT X0Q—~J808 PuUB SUTIUS
u3TM mda 022 JO Ppeeds J030x 3B BUOTYBTTLORO oTSue—9Bap TROTJIYEUMAS JO WRISBTP JUBUOSSY —'¢ 0BT I

poeds UOTYBTTTOSO-031d~UTeN/poads 4JBUS—1030Y

2L 1°9 9°5 81 o't 2°¢ n°e 9°T 8° 0

S
ﬂ\ \%\\ wo

R
N

P
—

9|
=
o

fx0q08] WOTAROTJTITdwR oTfuUe—-IBIQ

IE—
o

®
M

48
p]

o
=




NACA TN 1888

26

*Burdmep TTO OU TUB SSPUCOSS—YOUT—pUnod 000°TT JO BIQJIOUT XO0G—IBOT PUB SULIUL

qata wda 00 JO peeds J030J 38 SUOTYBILIOS0 oT3us—-IBIP T[BOTIJEUmAS JO WBISBID JUBUOSSY — 1 SaNST, I

peeds UOTIBTTT omocﬁopﬂmlmﬂg\womomm 2881090y

6 8 L 9 g o ¢ nc
T I
S TNIUNT !
< 8’
. 9
J TN 3
g N \m_\
\ |
\[ o/
,mu%\ﬂ
@y | N
B Q .N
2°¢

‘xoq08J UoTBOTITTdWR eoTBuR~-3BIQ

-qi

3



27

NACA TN 1888

*SUOTABTTIOS0O TBOTJIJOUMAS JO 9880 O3 J0J
mdx ogg Jo peeds 1090a B J0J g OoULISJed JO LI06y] TQTA BRTNSel Tejuswigedxe Jo uostazdmop —*¢ eansT I

ZPes—"ul—q1 €BTJI6UT XO0Q—IBOZ PUE SUISUS POUTAWOD

o 000 ‘4T 000‘2T 000°0T 0008 0009 000t 0002 Q

_ _ |

R
1
\\ e
o
L £
\\
—
)\</>‘ |

.:
g

Kousnbex] qusuOSOI eﬁma—%;e.xq/pee&s 1JBUS



NACA TN 1888

28

‘poads 3Juys A0Teq Sousnbedy gosypd~0iTofo v £q pesfoxe Jedmep opwiq T
. eoediq qouT-CIL'0 WATH SUOTIBLITOSC efPun-Peap TwoTdjeumisun Jo piooes ydeaBoryTose Teolddy -'g eardig

AU #Gompt.,

i%afihkﬁhﬁ%x

NE/ \gﬂ«/rf \ //\P/ \ f\ /\ /\%f

3 ws&ﬁa

esgaa

ROTANTOE8d [

388K~ RY

‘Y‘I‘I wey 3 bsgovx\\;ﬁ

poads ggeng agang OFTR
nﬁezspuwa ,, g rBuw Iwag

VAVAVaAVAVAVAVY



29

*peeda 9JB4S 0A0Q% hoﬁm,%mh,w yog1d~oiTode v £q gﬁoﬁm.nemﬁ@@ epRTY UT ‘
peedfy YOUT~GII' O WATA BUOT4ETINORC oTSus-Fuap TeOTJIemudisun JO paoded gdeaBorTIeso 180TdLy ~'L 8andig

EEEN s sl M AN NN N A A

Y RVAYAVAVAVANAVA
VU VVVN

L/
V

S

yoytd oyyodo
pesds 9J¥UR 1904 ~19%g

,;> A\ | b > ] 44Howw>w
BYAYRYAYRYRYRYA: YA

NACA TN 1888



NACA TN 1888

30

YOUT~CST°0 B YITA SUOTYBITION0 oTSUs—TBIp [BOTJILOUMASUN PUB S00J0J OP]S JO WBJISBID jUBUCESY —°Q oansST I

9°¢

«gedumep epeTq Uy ul ssevdiq

poads ﬁoﬁﬂmﬂ.ﬂomonﬂoﬁmlﬁaoho\mm&m 1IBYS—I090Y

2°¢ g2 42 o2 9°1 2'1 8 Ly o
o) N _
%
= RN e ;
O )
4”.,, /D - .\ wy .
LY
o | b
ﬁm
_
e
8T3u® Jeag -~ — - - —- o] ’
u0T180TITTdUR 90J0J-9DTE © f 2
!
ot

I0108J UOFIBOTITTAWS ©0J0J—6DIS

ot

Zep ‘eT8ue Fvag



31

NACA TN 1888

*puooes xed susipsL £g Jo peeds 3JBUs ® ¥ sefouenbess SUTTJITUYMA UO SSBN PUB

geougITas uoTLd Jo 406336 puB T €oUSI9FOX JO AI06U] UJTA 81TNSOI Tejuewtaedxe Jo uosTaedmo) —*6 OINSTI

7

o o & 0Z &l rOl 96 8§89 08 L w9 99 gy Oor c& vZ 9/ 8 O

08

oo/

orl-
/

oc/-
- 001~ X
Q
I
] 08 3
// 09- .
0r- 2.
| 0oc- 3
° X
S
|1|IIO ||||||||||| —— T B e e i e SRl bk .||.I.JA.|QN M
1100191 40)NOUD  1JDYS o =
L — <
09 =
] <
S
=
5
&

oc/

ovl



