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otherwise available to the designer.
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INTRODUCT ION

Torsional oscillation is a significant source of dynamic loads in bclicopter
drive trains, which must transmit ever-increasing amounts of horscpower with
very high overall speed reduction ratios over significant distanc:s between
engines, transmissions, and rotors.

The automatic speed gevernor has been a significant development for heli-
copter flight control, 28 it relieves the pilot of the requirement to main-
tain constant rotor spced during changes of load and flight conditions.

A special problem, wkich has been vncountered in almost every recent heli-
copter development nrogram, is that of maintaining torsional stability of
the engine and drive train while at the same time providing a sufficiently
rapid response to demand for power and speed changes. The helicopter drive
train with closed-loop speed control is a system which is difficult to opti-
mize without inducing torsional instability at or near a resonant frequency.

In the past, whenever the problem of torsional stability has been encoun-
tered, a typical solution has been to reduce the gain of the fuel control,
thereby sacrificing desirable speed control properties of the governor.l
However, there are other critical parameters of the system, such as drive
train torsional stiffness and damping, drive train inertia, etc., which
might be used as design varinbles to achieve torsional stability without
sacrificing desirable control properties.

Torsicnal stiffness has always been a difficult design parameter to control,
since it is effectively reduced by the square of the very high gear reduc-
tion ratio of the main transmission (sce Appendix I1I). This very low result-
ing torsional stiffness produces a correspondingly low natural frequency of
the drive train (typically 3-9 H,), which makes it difficult to avoid res-
onant peaks in the closed-loop (governed) system.

Shaft damping is perhaps even more difficult to control in & drive train,
since it reqnires large amounts of vibratory energy dissipation which usu-
ally involves friction, wear, or temperature dependence. s a result,
typical values of shaft damping normally found in helicopter drive trains
amount to only a few percent of the critical value, producing a vibratory
system which is almost completely undamped between engine and rotor.

The major objective of this report is to document an analytical investiga-
tion of the feasibility of the use of a special type of shaft coupling to

achieve control by the designer over one of these drive train parameters--
torsional stiffness--and possibly another--shaft damping.

Shaft couplings have heen developed independently in England and in Russia
which use centrifugal force on link masses (see Figures 1 and 2) to produce
torsional stiffnesses which are nonlinearly dependent on speed and trons-
mitted torque. In particular, these couplings have been designed to have
zero torsional stiffness at predetermined conditions of speed and torque.



The designs developed in England by Chapnanz are being used to eliminate
torsional resonances in marine drives with diesel propulsion. Very little
information is available on the Russian designs, other than Reference 3,
and the spocific applications, if any, are unknown.

The marine drive applications with diesel propulsion involve low shaft
speeds (100-2000 rpm), and consequently the couplings developed for such
use are large and heavy to handle the high torques and to produce the re-
quired centrifugal force.

At the beginning of this study, it was postulated that a zero-torsional-
stiffness (ZTS) coupling could be developed for high-speed application in

a helicopter drive, and could eliminate instability at resonance by decou-
pling the inertias contributing to the resonance. deally, a ZTS coupling
would not transmit any oscillatory deviations of torque becnuse of its low
stiffness, and would therefore reduce the natural frequency of the system

to zero. It should be noted that this is opposite to reconnendntions4 and
efforts in the past toward stiffening thc system and raising the natural fre-
quency above the range of excitations, a procedure which has been found to

be impractical because of the effect of the gear ratio noted above.

In practice, a ZTS coupling has zero stiffness only over a finite range of
angular twist, and large excitations drive the coupling into nonlinear re-
gions with some effective nonzero stiffness. Thus, one of the questions to
be answered in Part [ of this report is how a ZTS coupling actually affects
the natural frequency and vibratory response of a helicopter drive train
with realistic levels of excitation. Another, more basic question addressed
in Part I is whether a ZTS coupling can be designed to meer modern helicop-
ter requirements within the constraints of size, weight, and reliability.
Finally, results of stability analyses are presented in Part 11 to indicate
the predicted effect of a ZTS coupling on closed-loop torsional stability.

Before proceeding to Parts I and II of the report for the detailed answers
to these and other questions, the reader may find it helpful to consider
how zero torsional stiffness can be achieved in a shaft coupling, and thus
gain some insight into the basic concept.

The pinned link design shown in Figure 1 lends itself well to a physical
description of the principle of operation. Ncte that only one set of links
is shown. A symmetric set of links with another counterweight would be
required for high-speed balance.

At zero speed the coupling has no stiffness, since the driving flange can
rotate freely with respect to the driven flange with no torque transfer
(until the linkage straightens out).

At operating speed, centrifugal force holds the link mass (counterweight)
out at some equilibrium value of o which is determined by the torque being
transferred. Now when the driving flange is twisted with respect to the
driven flange, two effects occur simultaneously. First, the link mass



Driving Flange

Pin=jointed Links

Counterweight

(only one side
.,,,,,

Driven Flange

€ = 0 Defined for Some Particular o

Figure 1, Zero-Torsional-Stiffness Coupling,
Pinned Link Version.



moves inward to a reduced radius. This effect results in a reduced cen-
trifugal force and therefore tends to reduce the transmitted torque.
Second, the linkage geometry is changed (the angle o increases), which can
cither increase or decrease the transmitted torque, depending on the link

lengths.

The first 2ffect produces » negative torsicnal stiffness (positive twist
produces a negative change in torque). The coupling can be designed so
that the second effect produces - positive torcional stiffness which is
equal and opposite to the negative stiffness from the first effect. The
net result is zero torsional stiffness at a particular cesign speced and
angle of twist. The link mass is sized to produce the uesired torque under
the design conditions.

In the design of Figure 2, centrifugal force is augmented by elasticity, so
the coupling stiffness can be finite at zero speed.




Driving Flange

Elastic Link (Steel) -

Driven Flange

8 - 0 Defined for Zero Stress in the
Elastic Link

Figure 2, Zero-Torsional-Stiffness Coupling,
Elastic Link Version.



PART I: REDUCTION OF TORSIONAL VIBRATION THROUGH THE USE
CF ZERO-TORSIONAL-STIFFNESS COUPLINGS

FRELIMINARY CONSIDERATIONS

Rotating machinery is inevitably subjected to exciting forces which set up
torsional vibrations throughout the system. It is of utmost importance
that the exciting frequency be different from the critical frequency of the
system. [f a system is excited at or near its critical frequency, the sys-
tem energy will increase with each successive cycle. The limiting factor
for the energy buildup is interral or external damping which dissipates
energy in the form of heat.

Excitation at the critical frequency of a system normally Jesigned to oper-
ate away from the critical can come about through

1. Start-up or shutdown

2. Operaticn at other than design speeds
3. Unexpected exciting forces

4. Unexpected criticai frequencies.

Figure 3a is an example of an open-loop system where the torque input is
independent of the system response. Open-loop systems of this type will
not become torsionally divergent but can experience severe oscillation when
externally excited at, or near, a critical frequency. For a closed-loop
system (Figure 3b) where control action is dependent upon system response,
instabilities can be caused by internal or external excitation. Turbo-
powered machinery such as helicopters and electrical generators are closed-
loop systems where the operating speed is controlled by a governor. The
speed governor causes a dependznce between driving torque and output speed.
Swick and Akarvnn,5 Peczkowski,® Canale and l(aCabe6 and others describe
governor systems for free turbine engines. Part 1 considers only the
open-loop characteristics of torsional systems, such as free turbine heli-
copter systems, which are subjected to external excitation.

Removing critical speeds from the operating region in the open-loop system
will generally improve closed-loop stability. In addition, fatigue fail-
ure due to cyclic torque variation from external excitationwill be lessened.

Desg!p Considerations

Critical Jesign parameters such as strength, weight, material, and size
often dictate the mass distribution of a system. It may be difficult to
change the mass or inertia profile of a systeam without adversely affecting
machine performance. Therefore, the designer may only be left with shaft
stiffness and damping as free parameters with which to ensure safe oper-

ation at all expected operating speeds.



(a)

Figure 3. Torsional Systems.
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With proper damping, passage through critical frequencies during start-up
or shutdown is usually not a problem. This is due to the short time dura-
tion that the machine is driver at u critical speed. However, large
amounts of damping are needed when there is continuous excitation at or
near a critical frequency. The damping will prevent the system from becom-
ing divergent and magnifying the exciting force out of safe bounds. Unfor-
tunately. this type of damping is gencrally hard to achievec in mechanical
drive trains In addition, o highly damped system will transmit more
exciting force than a lesser damped system when operation is above critical
3peed.

If the exciting frequency is known, it may be possible to design a shaft
that has a stiffness which gives the system a critical frequency much
higher or lower than the frequency of excitation. However, it may often
be difficult to design a shaft with the desired stiffness and still have
acceptable strength, weight, and deflection characteristics.

Nonlinear Couplings

A low-stiffness shaft coupling miay be used to solve the problem of excita-
tion at a critical frequency. This is done hy lowering the critical fre-
quencies of a system to nearly zerc, while at the same time transmitting
the system torque requirements. Figures 4 and 5 show the characteristics
of some linear and nonlinear couplings.‘ It is apparent from Figure 1 that
a linear torsional spring with near zero stiffness would require large
amounts of twist in order to transmit the design torque. The nonlinecar
spring, however, can transmit design torque with zero torsional stiffness
at a small angle of twist. One of the objectives of this report is to
determine if such a nonlinear “spring” (coupling) is a practical possibil-
ity for high torques uand speeds. Present designs of nonlinear couplings
which have zero or low stiffncss for coirtain operating conditions arce in-
vestigated in the following scction.

For linear systems the resonant frequencies are inherent to the system and
are not functions of the exciting forces. The resonant frequencies of non-
linear systems are functions of the amplitude and period of the exciting
force, as well as the system state when excitation occurs. As can he seen
in Figure 5, if the torque 1s varied over a large range, the nonlinear
spring stiffness increases on cither side of the low stiffness operating
region. In order to obtain an “"average” stiffness over a cycle, the time
variation of the torque must be considered.

The Helicopter Problem

One objective of this report is to develop a procedure for the design and
analysis of a zero-torsional =stiffness coupling, with particular emphasis

*Torsicnal stiffness is defined as the ratio of the change in coupling
torque to the change in angle of twist across the coupling, i.c., the
slope of the torque vs. twist angle curve.
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on helicopter applications. The values used for the dynamic characteris-
tics of the helicopter drive train were obtained from a helicopter sta-
bility analysis by Swick and SRarvan.5 Figure 6 shows the basic helicop-

ter drive system.

It has been found in past helicopter designs that the closed-loop system
car become unstable under certain flight conditions. When this happens,
self-excitation from a small perturbation can quickly cause destructive
vibrations. It is hoped that by including a zero-torsional-stiffness cou-
pling as part of the overall system, all torsional instabilities can be
eliminated. The problem of fatigue failure of elastic members can also
be reduced by lovering the amplitude and frequency of self-excited vibra-
tions as well as the amplitude of vibration caused b external excitation.
The major external sources of torsional excitation : e:

1. Pilot excitation of control parameters
a. collective pitch
b. engine speed setting
2. Aerodynamir excitation of rotor blades.
As helicopter ground speeds increase, the whip effect caused by aerodynamic
excitation of the rotor blades can be expected to increase. This is due to
the changing relative air velocities the rotor blade sees as it enters and
leaves the direction of flight. Figure 7 shows that the maximum velocity

the rotor blades see during each revolution is

V-nx=\H+ r g

and the minimum velocity is

‘!

\
-
]
e ]
e

min = H

‘This effect combined with the cylic variation of the rotor blades to
achieve forward motion causes substantial torque variations on the rotor
and drive train.

An added incentive for the development of a versatile coupling for heli-
copters comes from the nature of helicopter design and development.

Nearly every major component of a helicopter drive train is made by a dif-
ferent company. It is usually the responsibility of the airframe manufac-
turer to couple all the drive train components together. Thus it is very
possible, unless there is exceptional coordination during the component
design phase, that the assembled system will have critical frequencies
which are unacceptable.

10









uy -ruw

Vg " helicopter velocity

Figure 7. Rotor Blade Velocities.

12



Twe ~-ncepts of zero-torsional-stiffness couplings for high-speed helicop-
ter applications are analyzed later in this report. 1In addition, a Lagran-
gian formulation for a dynamic simulation of an open-loop helicopter drive
train is included. The simulation is used to cetermine the effectiveness
of a zero~-torsional-stiffness coupling in reducing torsional vibrations.
The procedure used for analyzing torsional vibrations of the open-loop sys-
tem readily lends itself to the inclusion of governor dynamics for closed-
loop analysis.

A synthesized design of a zero-torsional-stiffness coupling for helicopter
applications, and the results and discussion of the drive train simulation
study using the synthesized coupling are presented in subsequent sections.

SURVEY OF EXISTING LOW-TORSIONAL -STIFFNESS COUPLINGS

Lov-torsional -stiffness couplings have been designed to place the critical
frequency of a system below the excitation frequencies. The couplings can
employ rigid and elastic linkages, as well as a variety of torsional and
linear springs. Centrifugal force caused by the rotating links plays an
important role in determining the stiffness characteristics of many of the

couplings.

The geometry of the coupling (arrangement of components) is the dominant
factor in determining the torque resulting from either the centrifugal
force of the links or the force due to the elastic deformation of the links

or springs.

This section describes various coupling designs which, for certain operat-
ing conditions, have low torsional stiffness and the capability of trans-
mitting high torque.

Elastic Link Dou&

The elastic materials used in coupling designs range from rubber to steel.
For systems with lov torque requirements, a rubber or elastomeric material
may be used successfully to achieve low stiffness. For the more common
high torque systems, steel links have been employed to achieve low tor-
sional stiffness.

The most notable of the high torque elastic link designs is the half-moon
(HM) coupling developed by C. W. (:lnpun.2 Figure 8 is a diagram of the
HM coupling showing the elastic (steel) links. Pins X; and X5 are equally
spaced about O and connected to the driving flange. Pins Yy and Yy are
also equally spaced sbout O but are conected to the driven flange. When
one flange is rotated relative to the other about point 0, torque can be
transmitted across the coupling through the mechanism of elastic deformu-
tion of the steel links. The zero-speed torque-deflection curve of the
HM cc °ling is shown in Figure 9. At other than zero speed, the centrif-
ugal or-ce of the links enables additional torque to be transmitted ncross
the ..upling. The additional torque is proportional to the square of the

13



Figure 8. Half-Moon Co\mlmc.2

- Torque Zero speed

Figure 9. Stiffness Characteristic of HM (:oupl.inc.2
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coupling speed. Figure 8 shows that the center of gravity of each link
moves toward O as the twist of the coupling is increased. As a result of
the path of the center of gravity, the amount of additional torque trans-
mitted across the coupling resulting from centrifugal force is reduced
with increasing twist angle. If, at a given speed, the decrease in torque
resulting from centrifugal force is larger in magnitude than the increase
in torque resulting from elastic link deformation, a negative torsional
stiffness will result. Chapman overcomes the negative stiffness problem
and the resulting instability for operation up to a maximum design speed,
by including some torsional rigidity in the bushings at pins X;, X, Yy,
and Yo. The HM coupling has been quite successful in low speed/high power
applications. Chapman has indicated through correspondence that he has
been unable to design a steel elastic link coupling that can operate at
the high speeds found in turbine engine helicopter drive trains.

A modified arrangement of the elastic links in the coupling is shown in
Figure 10, where the pins X;, Xy, Y. and Yo are not necessarily colinear
in the unstrained position. The X and Y pins are the same distance from

0, as opposed to Chapman's staggered pin design. The next section presents
an analysis technique for the design of Figure 10 which will hopefully
produce elastic link couplings with improved stability characteristics for
high-speed applications.

Pinned Link Designs

Two pinned link coupling designs are known to have been developed. One is
the toggle link (TL) coupling designed by C. W. Chapman.2 The other is

a design of Russian orlgin.3 An i{llustration of the TL coupling is shown
in Figure 11. The torsional stiffness of this coupling is effectively
zero at zero speed but increases as the speed increases. Chapman has been
able to produce TL couplings with torsional stiffness-to-mean torque ratios
of 4 or less for low speed/high power applications. This ratio is a measure
of relative stiffness which Chapman uses as criteria for effectively elim-
inating torsional vibrations. The TL coupling, like the HM coupling, has
some torsional rigidity in the bushings to overcome negative stiffness at
operating speed. The Russian pinned link design, shown in Figure 12, con-
sists of a mass connected by two links, one to the driving flange and the
other to the driven flange. The stiffness properties of this coupling are
dependent upon the mass, weights of the links, speed of rotation, link
length, and pin location on the flanges. Reference 3 gives very little
analytical background which is of much use in designing a coupling of this
type. There are no graphs given in this reference and, in addition, an
equation interded to represent the torque-~deflection characteristic of the
coupling is dimensionally incorrect.

low stiffness couplings up to now have been designed for low-speed oper-
ation (500-3000 rpm) as would be found in diesel engine systems. For tur-
bine engine applications, such as found in many helicopter drive trains,
drive shaft speeds of 10,000 to 20,000 rpm are not uncommon.

15
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Figure 12.

Russian Coupling (Pinned Link).
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A new pinned link design is developed in the next section, 'Design Analysis
for licopter Applications.” 1t is shown that a simple coupling can be
synthealzed which has zero-torsional stiffness at high speeds without the
aid of bushing stiffness or other added torsional stiffness correctors
which are used to avoid negative stiffness.

DESIGN ANALYSIS FOR HELICOPTER APPLICATIONS

Elastic Link Design Analysis

A procedure for analyzing the elastic link coupling shown in Figure 10 is
developed in this section. The parameters involved in determining the
stiffness properties and strength characteristics in this analysis (see
Figure 13) are

Density of link o, lb-sec2 ‘m?
Dimensions of link a,b,d,t, in.

Initial position of link r,é‘o. rad.
Modulus of elasticity of link E, lb/in.2

Speed of rotation w, rad/sec

2
Yield strength Cmax" 1b in.

Number of links N .

The location of the center of mass for the half-cylindrical link is

c_i.nz+nb+b2

- 3r as+b
Due to the symmetrical distribution of pins A and B about the link center
line, the force on the pins due to angular rotation, w, of the coupling
for a link of mass m is

F<: m 2
Fy =z =g (fc+ r cos(&eo)]
(assuming ¢ = c('n,Fc) (1)
where
1
m:;ﬁdo(bz-az) (2)
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The force in the x direction on pins A and B is a function of the deflec-
tion, Ax. It is not a simple relationship and requires a Theory of Elas-
ticity analysis for accurate results. An expression for the spring con-
stant, Kp. due to elastic deformation of the link is developed from the

Theory of Elasticity in Appendix I, the results of which are given below.

[(n2 - b2) + (n2 + b2) log %]
K =Ed > 3 (3)
2n(a” + b))

For a rotation of g radians of each pin the change in relative displacement

between A and B can be related to Ax by
0+ 8 8

——2) - sin ?01 (4

4X = 2r[sin( 2

and, thus, the force directed between A and B is

FAX = -}Bx = l\p.’.‘.x (5)

The torque about O resulting from forces acting at A is equal and opposite
to the torque about 0 resulting from forces acting at B. Since B is on
the driving flange and A is on the driven flange, the torque transmitted

by the coupling is
g+ 6 8 + 90

o
T= -Fp, T cos(T5—) 4 Fp 1 sin (T3 ) (6)

Equations 1 and 5 are substituted into equation 6. The resulting equation
is divided by d and the right side is multiplied by the number of links, N,

giving

NETr _ a2 -bd) + 2%+ b2 log )
2 a
n(a + b))

e N 2
- o : - -
) sin 1?1 + 70 (b a’)

JL (bz TiED,» a2) + r cos(g;:—ig)]r stn(e ! eo (7)
3n a+ b 2 2 :

8

It is necessary to determine the coupling twist angle, 3 which produces
the maximum allowable stress in the link. At zero speed the stress at
point D in Figure 13 will be

ﬁﬁ . FAx
°p T 21t Ttd
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where

3
t dat
t=0-a, ll:FAx(a+§-).nndl-T2—
giving
2F
o, = (3a + 2t) (8)
D ¢34

At speeds other than zero, the stress at points A and B must be considered.
However, the pins at these points can be made large to account for stress
without affecting the stiffness properties of the ¢ »upling.

Finding a coupling with zero or low stiffness which can transmit the speci-
fied torque requirements at design speed is a formidable problem. Choosing
2 material such as steel for the links removes E, Omax’ and p from the list
of free design parameters, leaving

60 b
r d
a

Sinced is factored out of the right side of equation 7, the ratio

can be plotted against 6 for various values of 60. r, a, and b,

The d. termination of a low stiffness coupling requires finding a ii-8 curve,
whose slope, (1/d) (dT/d8), is zero or near zero but never negative. This
can also be achieved by directly plotting the slope

: ¢
K=ﬁ

versus § for various values of the design parameters. Using the value of
{1 where low stiffness occurs, and the amount of torque which the coupling
must transmit at design speed, the value of d can be evaluated from

L

d = 3

Equation 8 must be applied to see if the maximum allowable stress in the
link is exceeded for the specified set of design parameters.

A slight change in the design speed or design torque would require one to
start the search technique over again. The practicality of designing this
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type of coupling for helicopter use by trial and error, where the design
parameters are constantly changing, seems very low. On the other hand,
if design charts were generated showing stiffness propertie~ for various
speeds and torques, this type of coupling might prove quite useful.

Under a set of simplifying assumptions, and with the design torque and
speed known and invariant, a simplified set of design equations can be

developed which renders a trial and error solution more tractable, as
follows:

The assumptions arc (see Figure 13)

1. 8 = 0 at design torque and speed. (All of the torque transmitted
at design conditions will be due to centrifugal force.)

2. c¢/a = constant = 0.636 for small 8 (the link is semicircular and
t'a is small).

3. Elastic and centrifugal effects are independent.

4. Elastic effects are approximated by the bending solution, using
the method of Cnstiglinno.17

5. The pins are symmetricaliy placed at equal radii,.
6. The material is steel.

The design speed and torque are calculated from the requirements of the
Swick and Skarvan model as

. 2r rad
1 = 13,820 rpm \ 60 - 1447 ;e—c (9)
(12) (550)
T = —(—IW x 5000 hp = 22,850 in.-1lb (10)

Thus the torque transmitted per link in a two-link coupling is 11,425 in.-1b,

The weight of a semicircular steel link is given by (see Figure 14 for link
dimensions)

2

W= 0.89 abt + 0.445 bt (11)

The centrifugal load. concentrated at the cg of the link, is
2 eo
Fc =mw (h + ¢) , where h = r cos (-?) (12)

or

F = (h + .636a) (4810 abt + 1105 btz) <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>