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<. . DISCLAIM.ERS

The finding® in this report are not to be construed as an official Department of
the Army position unless so designated by other authorized documents.

~When Government drawings, specifications, or other data are used for aiy purpose

other than in connection with 2 definitely related Goveiument procurement *
operation, the United States Government thereby incurs no responsibility nor any

obligation whatsoever; and the fact that the Government may have formulared,

furnished, or in any way supplied the said drawings, specifications; or other data !
is mot to regarded by implication or otherwise as in any manner licensing the holder

or any other person or corporation, or conveying any -rights or permission, te manu-

facture, use, or sell any patented invention that may in any way be relzted thereto,

Trade names cited in this report do uot constitute an official endorsement or
approval of the use of such commercial hardware or software. -
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ABSTRACT )
A study of problems related to vibratien and dynamic loads in helicopter propulsion
systems hrs been made. I: has been found that engine “vibration, shaft whirling, and
dynamic instabilities seriously limit ‘helicopter performaace and reliability.

- It is recommended that studies be made to justify an intelligent standardization of
engine vibrarion fimit specifications for helicapters, that impedance-mobility -methods be
developed for optimizing engine/airframe interface design, that research and develop-
ment of helicopter power transmission shafts and couplings be carried out to solve
whirling prohlems, and thas rew methods and hardware be developed to eliminate tor-
sional instabilities in -helicopter drive systems with automatic fuel control.

iii

Preceding page blark

I
i

4




s —

"

FOREWORD

In this report, the dynamic compatibilivy of helicopter propulsion components is con-
sidered from the stazidpoint -of assessing what can be done in this area *o improve
helicopter reliability and performance.

The subject is divided into fou: major subareas: (1) engine vibration limits, {2)
engine/fairframe vibratory interface design, (3) drive tmin dynamics, and (4) torsional
stabﬂity A section on each subarea briefly describes the state of the art, states the
major problems encountere2, provides some motivation for the re-ommendations to be
made, and recommends research and development in specific directions.

The importance of the ; ferences listed at the end of the report should not be
underestimated. It is st. =gly suggested that apyone int.nding to pursue the recom-
mendations contained in %is report should become familiar with these references.
The,y in turn will suggest further study.

Additional bacxgeund material and pertinent informarion obtained from published
references are given in the apoendixes.

The work reporzed hercin was authorized by DA Task 1G162207AA7104, House Task
71.26,

Preceding page alank
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Mg, M;,
Ml ’ Mzs f
M, mobility, in./lb-sec ;
n an integer defining a vibratory mode
N an integer
4
t time. sec
vV, vibratory velocity in the nth mode, in.
Vg free velocity, in./sec
vl V.,,
Vs, V4 velocity of stations 1, 2, 3, and 4, in./scc
X position along a flexible member, in.
X, vibratory displacement of a lumped mass in the nth mode, in.
Ya vibratory displacement along a flexible member, in the nt mode, in.
. Ib-sec
A impedance,
€y strain in the x direction, inin.
. Ib-sec?
P mass per unit length, =T
0, stress in the x direction, lb/in.?
€ frequency . rad/sec
wy, frequency of the nth mode, rad/sec
SYMBOLS IN APPENDIX 1
f force in basic physical clements, Ib
F amplitude of f, Ib
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. e P G a— L - atia - i . R . | o L _




Ib-sec?

m mass, ———-
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M;, trarsfer mobility, in./sec-Ib

v vibratory velocity of basic clement, in./sec

\% amplitude of v, in./sec
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INTRODUCTION

Vibration, shaft whitling, and dynamic instabilities have imposed' major limitations on
the performance and reliability of helicopters since their inception. In addition to the
limitations that have been directly attributed to vibration, there is little doubt that
vibration contributes to problems attributed to other’causes. Fo. example, turbine
blade failares in helicopter engines, which are normally associated with thermal cffects,
might occur less frequently in a less severe dynamic environment.

Even if indirect effects are ignored, however, vibration-related failures of helicopter
propulsion components in the fisld make mandatory the establishment of better
dynamic compatibility of these components.

Vibratory excitation in a helicopter propulsion system can be either from mechanical
sources, such as the whirling of shafts, or from aerodynamlc sources, such as the
N/rev cxcitation at the hub of the totary wing, generated by the air loads on the
blades as they alternately advance and recede in the direction of flight. Although
neither of these sourcés of excitation can be completely eliniinated, efforts can be and
are being made to feduce the magnitude of both.

Mechanical excitations can be reduced by imptoved- balancing of rotating components,
by the avoidance of near-reschant conditions, and by the elimination of self-excited
whirl and vibration. Thess techniques will be discussed further in subsequent sections.

The subject of aerodynamic excitation is so broad and complex, and is being
researched so thoroughly by other investigators, that it will not be discussed in detail
here. Rather, it is assumed that a certain amount of aerodynamxc excitation will
always be present in helicopters, and the question of optimum propulsion system
design to survive in this environment will be considered.

Devices to dynamically isolate the rotary-wing assembly (mast, hub, and blades) from
the rest of the helicopter are under development. Some of these devices are “active”,
requiring external energy to provide counterbalancing excitations over a wide frequency
range; others are “passive”, similar to the Frahm dynamic absorber. Reference 1
summarizes the most promising concepts.

It should be recognized that the aerodynamic sources of excitation are governed to a
large extent by the basic design of the helicopter, such as the number of blades on
the rotor. If additional flight test data is obtained, it may become possible to quan-
tify these effects to the extent that vibration can have proper consideration in carly
design decisions. This report, howcver, is aimed at dealing directly with the current
problems of dynamic compatibility in helicopters of contemporary design.

The adoption of turbine engines originally designed for fixed-wing applications has
cmphasized the nced to consider the dynamic interactions of engine, drive train
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(shafting, transmissions, and rotors), and helicopter airframes. In addition to being
originally intended for a dynamic environment less. severe than that provided by the
typxcal helicopter, the turboshaft engine has also- requited development of power trans-
mission systems with very high overall speed ratios and high horsepower capabilities.

Since speed reduction must oftén be accomphshcd dn several -stages that may ha
physically femote from one- another, it is difficult fo prevent whirling and. vibration
generated by the many rotational frequencies inherent in- the shafting and geatboxes.

The advent of automatic speed .governors on large Hcllcoptcrs ‘has created a special
problem 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.

Thus the overall problem of achlcvmg dynamic compaubxhty in heixcoptcr ‘propalsion
systems can be -conveniently divided into four major afeas: (1) engine vibration limits,
(2) design of the engine/airframie- interface, (3) whirling and vibration of powet- tEans-
mission- shaftmg, gearboxes, and. bearings, and (4) torsional stability. -of the cngme and
drive train with: closed-loop: fuel ‘conitrols. These four .reas. are tréated in -detail in

‘the -sections- that follow,, ¢ach -with a review of the- state -of tie art and recommemlaﬁ

tions for future resea.rch and -dévelopiient.
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ENGINE VIBRATION LIMITS

The ¢ffects of vibration on turboshaft engine relxabxhty (and consequently on helicop-
ter performance limits) are recognized by the engire manufacturers’ recommendations
for engine vibration limits,  One of the chicf characteristics of these limits is that
cach manufacturer expresses them in a different form. Reference 2 discusses the
desirability of standardizing the methods of ¢ tablishing and applying these limits,

Engine vibration limits are usually prressed as maximurni allowable d;splaccmcm,
velocity, acceleration, or bending angle, versus discrete fnqx.mcy of the passing filter
or harmonic analysis. Sometimes limits on overall mﬂgnu.u, summed over all
frequencies present, are slso given.

Both the locatior of the measurement transducers and their orientation are specified
differently foi each engine. = '

Some of these umits were established with fixed-wing aircraft as the expected applica-
tion, and there is a guestion to be answered about their applicability to helicopters
because of ‘he lower frequencies and higher vibramry magnitudes encountered. This
question really boils down to a more basic question: What are the relative contribu-
tions to- *';‘gni. vibration from (1) the helicopter rotor and airframe and (2) the
engine itself ‘such as turborotor unbalance). In fact, there are several such questions
which must he answered by experimental and anal yncai tesearch before engine vibra-
tion fimits c2n be intelligently standardized. Some of £ -these questions are:

1. ‘What is the gypical vibratory cnvironment encountered by helicepter
engines? Can this cmﬁmnmcnt be improved by airframe designers
with a reasonable amount of effort? Can it be 1mprcvcd ty proper
engine mount design? How does the vibratory environment vary with
mission gr»hles? With the type of helicopter (ic., number of blades,
number of rotors, ctc.}?

2. What is the best parameter (displacement, velocity, acceleration) to use
in measuring and specifying engine vibration? Which is the easicst to
nizasure o2 The most convenient for analysiz> The most directly
related 2 potential sirucrural damage? o oo
3. What are the best locations and dicsctional orientations for engine
vibration transduzers to measure severity of environment? To measure
potentiai of structural damage? To measure response of internal parts
(such as engine rotor whirl and flexure)?

*The paramerer casiest to measure may not be best for other purposes.
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4, What is the most useful and realistic method of data analysis (i.c.,
discrete frequency magnitude, power spectral density, 1/3 ocrave
2veraging, etc.)? Is more than one method of data analysis required
.n order to establish meaningful vibration limits?

Of course, all of these questions relate to the problem of establishirg engine vibration
criteria that are both realistic and at the same time will improve helicoptes reliability
and performance.

With respect to question 1, the only way to accurately define the vibrational environ-
ment in contemporary helicopters is through acquisition and analysis of flight test data.
The present situation is best summarized by a quotation from Reference 1:

“ ..the most important finding of this study is as follows:

An appallingly small amount of directly applicable experimental
data exists on the vibration environment in operational heiicop-
ters. Moreover, alimost no data have been collected under
controlled conditions in an operational setting to determine the
effects of this helicopter vibration regime on flight crew per-
formance and physiology.”

The same statement applies here if the last five words are changed to “engine per-
formance and reliability.™ The key to this problem is that vibration data must be
acquired at the proper locations and using the techniques which arc designed for the
use to which the data are to be put. There are some data available, but they were
obtained mostly with the objective of defining aerodynamic loads and consequently
are of little use in defining the engine environment. Ideally, of course, engine dara
and acrodynamic data should be obtainei simultancously sc that the effect of the
latter on the former can be determined. In practice, such a test would tax instru-
mentation capabilities to the limic and beyond.

It is recommended that exisring ilight test data be analyzed to determine:
® The spectrum of engine vibration amplitudes for typical military missions.

® The relative contributions of engine and airframe to engine vibration.

® Amplitude versus discrete frequency over the range from 10 to 10,000 Hz
for flight conditions dom.nating the mission profiles.

® Predominant responding mode shapes for the engine (both rigid body :nd
flexural, i possible).
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It is further recommended that additicnal flight test data be acquired from a repre-
sentative group of the different types of helicopters for analysis as described above.

On first corsideration of the question as tu whether displacement, velocity, or
acceleration is best for vibration messurement and specification, many vibration
cengineers assert that it makes ne difference since they are directly related (for discrete
frequencies) by the frequency «. Howewer, there are some whose experience in
measuring ergne vibration has led them to strong opinions in favor of one parameter
over the others.

For example, White® suggests that the magnitude of vibratory velocity is the best
measure of the destructive potential of vibration. He bases this hypothesis on (1)
observations of the zrends of test results and (2) consideration of the velocity-strain
relationship for simple mathematical models i~ which strain is proportional to curva-
ture (e.g.. oeams). ‘To illustrate this concept, consider a simply supporred uniform
beam executing undimped free vibration in each of irs natural modes (Figure ia).
The displacement and velocity of the nth mode are given by

_ . . DEX
Yh = A, cos wyt sin <

. \ . NAX

Yy = ~Ap @ sip gt sin 5=

/El
where ewp = n2x? § Y

Thus the peak velocity is
= - 2 JE
Vinax = ~Ap 0’7 s
for the nth mode.

The bending strain €, is given in terms of curvature by

€ =£.x-=-&£é=€§:1
X E E dx?

Thus for the nth mode, the strain is

C 2.2 . hniEx
€ "AnT'f n°x? cos wpt sin ==

My

AYRTRT




and the maximumn strain is

o G i

= 2,2 L

€
Xmax L2

The ratio of maximum vibratory velocity to maximum vibratory strain is then (for

each mode)
Vmax = JE

€
Xmax fe .

which is seen to be independent of frequency.

Vibration does not always invelve bending flexure, however. Especially at lower
frequencies, a measured velociiy may indicate rigid-body modes, in which the strain
in springlike clements is proportional to displacement rather than veiacity. For
example, consider the lumped mass system of Figure 1b, in which the springs can
represent any element which deflects in direct tension, compression, shear, or torsion.
Displacement and velocity for the two modes are given by

X; = asin wyt )

X; = asin wyt k
> wl = —
m

X; = aw; cos wyt

X2=aw; cos wyt /

and

X; sasinwyt 3

X, = ~asin wyt m
) @2 VTR

X; =aw; cos Wyt

b
~
n

~a Wy €OS Wat
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Figure 1. Two Systems in Which the Ratio of Vibrarory Strain to Vibratory
Velocity Is (a) and Is Not (b) Independens of Frequency.

Consider 4 measurement to be made of the peak velocity of X, which is to be
- . . a
related to the strain in the spring to the left of X;. The strein is € = £ . The

peak velosity in ‘cither meode is V = a w. The ratio of measured velecity tc peak

&

!
i

strain is '\g,— = w2, which i¢ dependent on the frequency. Clearly, then, in this casc

vibratory velocity alone would not be a sufficient measure of the deswructive potential
of vibration.*

AR

It is reccommended that a study be made to determine the extent to which vibration-

3 related engine component failures can be reliably related to vibratory velocity alone.
This study should coasist of two phases:

1. A survey of vibratory engine failure historics made in conjunction with
vibration surveys (flight test data analyses) of the same engine installations.

2. Analysis to relate vitratory strain in complex engire structural components

te vibratory velocity measured at the locations recommendid by engine
manufacturers. ' :

Another reason given by White® for preference of vibratory velecity as a measurement
parameter is that the inecasured vibratory response tends to remain constant with
frequency. It is recommended that a study be made to ratioralize these observations
on a sound theoretical basis, thus improving our understanding of engine vibratory
response to both internal and external excitacion. -

e S

P

The question of vibration transducer- loration is treated in Article 3.17.3 of MIL-E-
8593 by the statement: “The points ot actachment Jor the vibration detecrors shall

I A 0

*Based on the maximum strain theory.
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be shown on the engine installation drawing, and shall provide for determination of
vibration in chree mutually perpendicular planes. In particular, che vibration pickup
mounting points shall be located in close preximity of at least two main bearings.”

The evident attempt in this statement to require transducers to be located such that
bearing whirl (and thus, presumably, rotor whirl) would be detected is laudable, bur
it can be shown that the possibility exists for severe rotor whirl or vibration to occur
without significant vibratory response of the external bearing housings or engine case.

Consider a simplified engine case/rotor assembly (Figure 2Z) in which the engine case
is represented by a beam of uniformly distributed mass and stiffness, the engine rotor
is represented by a massless beam with a centrally located massive disc, and the
engine moun:s and rotor bearings are represented by springs. Since the system is
assumed to be linear, response to external (airframe) excitation and internal (enginc
unbalance) excitation can be considered independently and later added together to give
the total response, if desired. The erfect of damping is neglected.

s N T

oI5k
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{a/ég CAGE Ve 8/2
A7 7777% "f‘ 7
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Figure 2. An Eungine Case/Rotor System With Disc Unbalance
and Vibrating Mount,
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To demonstrate the relationship which 2 measured steady-state vibratory velocity at
“B" or “C" on the engine case has to the velocity of the rotor disc, the mobility
method of analysis will be used.

Impedance-mobility methods for vibration analysis are described clearly in Reference 4,
and a condensed description is given in Appendix 1 of this report. Thesc methods
are especially well suited for problems encountercd in establishing vibratory compati-
bility of helicopter propulsion components. Figure 3 shows a2 mobility model of the
casefrotor asserbly, with a velocity generator representing airframe excitation at the
cagine mounts.
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Figure 3. Mobility Diagram for Case/Rotor Assembly With Airframe Excitation.

The combined flexibility of the rotor and bearing supports is

krkp
RB ~ kg + kn

The mobility equations are

V! - V2 " iw‘ V—; - V3 _ iw;
v Ky Fs RB
Vg - VQ _ iw, V3 _ 1
: ke TR Toimg
2 1 _
‘F—z' = i, m F, = F, + F3

which can be reduced by substitution to the matrix equation

— ] -
(kc + km) - Wy md - kC V-z ka,
2 .
kRB (OJ; md - kRB) 0 V3 = 0
k, 0 (&' 'mg - k) v, 0
S —— o

with solution

2 2
km ((.r.?] md - kRB) (w, mc - kc}

B L ———
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o)
V3 = d D < \’1
kk. (w; m, - kop)
— n —
V4 - Vr = cm lD d RB Vl

where

determinant of the matrix

D

2 2 2 2
(ke + k) (w0 my - kRB) (wy m, - k) + k. (w0 my - kRB)

2 2
+ kRBw‘ my (w; m, - k)

Of special interest are the ratios of vibratory velocity at the rotor disc to vibratory
velocity at points “B” and “C” on the engine case:

Va2 Vp  @i'my - kpy
V3 Vd kRB (wx mc —_ kC)

The conclusions that can be drawn from this model of engine respone to airframe
excitation are as follows:

1. In general, rotor disc response docs not follow the same trend as response
at cngine casc location “B” or “C”. In particular, V aVy F 1. VyiVe # 1

. “km . .
When V. = 0 at antiresonance, V AT V, . At other frequencies and
RB

when the airframe excitation is fixed, the best way of reducing V. to

L]

“acceptable™ levels is through a reduction in mount stiffness k| since this

m’

also reduces the rotor response V.
wtan Ke * _kpp , , -
3. When = < wy el that is, when the airframe excitation frequency
e d

falls between the first engine bending mode and the first rotor mode,
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v, and Vg arc 180 degrees out of phase, a condition that maximizes the

possibility for blade rub to occur. Practical values of damping will modify
this conclusion only slightly.

4, The engine case response necar bearing locations (point *B”) could be zero
under two zonditions:

2
(a) kRB = w, my, or

2
{b) k. = w, m,
- km v

For case {a), V, = 7 V; .

For case (b). Vy=0.

Therefore, from the standpoint of engine rotor response, a low measured level of
vibration at “B” can be more significant than a low level at “C”, especially if the
system is closer to case (b) than case (a) (which holds true, for example, in the
CH-53/T64-6 installation®), or if the engine mounts are of low stiffness.

A similar analysis of the response to engine rotor unbalance (Figure 4) is given in
Appendix 1. The results lead to the following conclusions:

1. In general, rotor disc r2.50nse does not follow the same trend as responsc
at engine case location “B” or “C". In particular, V /Vy # 1, ViV # 1.

2. If point “B" is at antiresorance (V
iw, Fy

B> 0), then the rotor responsc to

unbalance, V4 = can be quite large (i.c., a low measured

2 3
(" my - kep)
level of vibration near bearing supports may not indicate a low level of
rotor response).

ke 2 KRB o
3. i m, < Wz < Ty and if the engine rotor unbalance is fixed, a

reduction in mount stiffness :‘im will lessen the rotor response to unbalance.

Of course, the mathematical models considercd above are greatly oversimplified, and
the conclusions may not be applicable to some real engine instailations. However.
they do illustrate how measurements of cngine vibration at external locations may not
be representative of the vibratory response of internal engine parts {specifically rotors,.
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Figure 4. Mobility Diagram for Casec/Rotor Assembly With Unbalance Excitauion.

If engine case vibration is to be used as a measure of acceptability for engine vibra-
tory limits, it is recommended that thorough investigations be condvcted to determine
the relationship of vibration at the points of measurement to response at other
critical locations.

With regard to engine rotor response, it is recommended that special attention be
given to the cffect of squeeze film bearing dampers being used in the most recent
engine designs. These dampers may render the conclusions reached fron: the mathe-
matical models considered above invalid.

If external engine vibration measurements are to be related to engine rotor whir! and
vibrazion, b.zter methods of measuring rotor whirl will have tc be developed. This
is especially true of flexural whirl, which cannot be measured at bearing journal loca-
tions. It is therefore recommended that an investigation be made ro desersine the
best methods for measuring engine rotor flexure under operatng conduions. and that
the most promising methcds be developed t0 a practical state.

e

The final question to be answered before engine vibration Limits can be standardized.
with regard to the best methed for data analysis, may have a multipl. answer. The
discrete frequency method, which is in fairly common use for expressing engine hmics.
has the following disadvantages:

e Amplitudes at several different frequeniies may be individually
but may sum to unacceptable values, especially if one frequency 1s
ple integer of another.

Bl

: ¥4 H Fy : . i ™
e It is difficult to perform discrete frequency measurements. They reguire
sophisticated equipment and extensive processing.

On the other hand, measuremen: of overall vibratory amphitude. summed owv~r all
. ol - ~ %
fn?qua ncics, may not be sufficient since therz 15 no way of determuming mode shapes

-
tor
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This question of data analysis is closely tied in with the previous question of trans-
ducer location. For example, an ambiguous aspect of some specifications presently
furnished by engine manufacturers is caused by all measurements’ being taken in one

plane, especially a transverse plane. This type of specification makes a measurement
of both amplitude and frequency almost mandatory.

It is recommended that vibration data acquisition and analysis on future programs be
conducted with sufficient detail to identify both amplitudes and modes of response
until enough is known about engine limits to allow a simplification of methods with-
out sacrificing predictability of failures. The identification of modes will usual’,
require phase Jata in addition to frequency data, and will also require intelligent
placement of transducers at more locations than is presently customary.

13
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ENGINE/AIRFRAME INTERFACE DESIGN

An invesugation (o determine optimum enginc/airfr:nnc interface characteristics of a
medium transport helicopter was supported by the Navy BuWeps as an addition to the
helicopter development program. Except for stiffness in the roll mode to resist engine
torque, the engine mounts were made “soft” in order to isolate the engine from the
airframe at frequencies above about 15 cps.

Results from the mobility analyses of the simplified engine casefrotor models con-
sidered in the previous section also indicate that, for several cases of interest, a
reduction of engine mount stiffness can reduce vibratory response to both airframe
excitation and engine rotor unbalance.”

The impedance-mobility methods of analysis hav. characteristics which make them
uniquely well suited to the problem of determining optimum engine mount propertics.
This is ecpecially true since the engine vibration response is to be measured only at a
few select points of interest. The mobility methods to be .ilustrated below are formed
in terms of the ratios of the vibratory velocities of these pomnts of interest to the
driving torce. If the poi~ of interest is the same point at which the driving force is
applied, the ravio is called “‘driving point mobility”; otherwise, the ratio is “transfer
mobility”. The response of complex structures, or several combined structures, to
stcady-state excitation can be analyzed in terms of “mobility boxes”, whick greatly
simplify the system conceptually and which climinate the unnecessary zonsideration of
internal parameters (i.c., parameters not associated with the points of inteest).

Another factor which makes mobility methods especially well suited to engine/airframe
interface design analysis is the usual early availability of the designated engine in
hardware form while the airframe is still on the drawing board. Since the engine
mobilities can be determined by testing. a very accurate and condensed model of the
engine structure can be included in the overall dynamic model in the form of these
mobilities.

Finally. there are rheorems in mobility analysis, to be illustrated below, which greatly
facilitate determination of the effects of inserting a single connecting clement into a
structure, such as an engine mount.**

Consider first the problem of determining the effect of replacing a very stiff engine
mount by a softer one in an already existing engine/airframe design.  Figure 5 shows
the airirame and engine represented schematically by mobilities My and M,, with

*A significant factor not considered, however, is engine-transmission shaft misalign-
ment, which can become a serious problein when soft engine mounts are used

*“Engine mount is used in che singular sense here because the models to be used for
iltustration will be sunple and one dimensionzl, requiring combinazion of the cffects
of all mounts, say, in the vertical direction, into a single effective “mount”.

14
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points 1 and 2 to be connected rigidly. The airframe mobility M, is a driving-point
mobility looking Lack from engine mount point 1. The engine mobility M, is a
driving-point mobility looking into the point of attachment 2. A source of airframe

excitation is designated by FeJ : representing a vector component (say, vertical) of '
the sum of acrodynamic blade forces at the hub for frequency w .

2

-

|
! ‘W
#
M, M, -z-fr(;
|

ENGINE AIRFRAME

Figure 5. Mobility Schematic of Engine and Air” une To Be Connected
by Mounting Element M, Between Points 1 and 2.

Figure 6 shows an equivalent system obtained by application of Norton’s theorem,*
which can be used to determine the force and relative velocity across the soft mount.

["Vz r Vi

Me

| I e
000 % e O
Figure 6. Equivalent System (for M) Obtained

by Application of Norton's Theorem,
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M, represents the mobility of the soft mount, M; is the “internal mobility” of the
engine/airframe system without M,, and F}, is the stcady-state force that would exist
in a rigid link connecting points 1 and 2 (ie., in the rigid mount). The internal
mobility M; is simply the sum of driving point mobilities M, and M, .

An analysis of the equivalent system yields the steady-state force F, in the soft
mounts and the relative velocity between engine and airframe at the poiats of attach-
ment, The force F, can then be used in conjunction with engine transfer mobilities

(perhaps experimentally measured) to redict vibratory response at points of interest
on the engine.

To illustrate this method, let the airframe and engine be simply represented by single
rigid masses m; and m, respectively, and let the soft engine mount consist of a
spring of stiffness k. From Figure 7, the engine mount mobility is given by

M, = iw/k (sce Appendix II).

Va —>V,

£

£ | —vrsvoo— | _ £

— ?/,"Vz — .4:(4)
Mg = Z

Figure 7. Mobility M, of Soft Engine Moun:.

Frcm Figure 8, the internal mobility is

: T mee——v—— S +
M; iwm,; m, My + M,
H L1 my : s
From Figure 9, the “blocked force” is F, = e — F. An analysis of the

equivalent system shown in Figure 6 yields
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Figure 9. Blocked Force F}, in Rigid Mount.




Then, to find V,,

— Vs 1 ~kF
M; = — = ——, =7 NCY -
F. iwm, iwlw!mm, - k{m + my}]

Of course, for such an oversimplified model, a less complicated method of analysis
will vield the same result. However, the example illustrates the following possibilities
for real systems:

1. The blocked force Fy, can be dircctly measured ir an existing helicopter
with a rigid engine mount.

2. The internal mobility Mj is made up of driving point mobilities M; and M,,
cither one of which can be either calculated using existing computer analyses
or measured in a shake test.

3. For a more realistic model, the mobility M; used in the final step wouid be
a transfer mobility for the response of soms particular poin: of interest on
the engine; this mobility could be accurately detcrmined from engine shake
tests.

s similar scheme for applying Norton's theorem in terms of clectrical analogies is given
in Reference 6 for a missile-payload problem.

Another theorem that can be used to advantage in dynamic interface problems is
Thévenin’s theorem.* Figure 10 shows +h~ arframe represented by mobility M,
excitazion at the rotor hub represented by a harmonic forcing function, and with an
engine and mount assembly to be represented by mobility Mg and instailed between
points 1 and 3, where 3 is ground. Figure 11 shows the equivalent system obtained
by Thévenin’s theorem. M;j is the driving-point mobility looking back into the air-
frame from the engine mount point 1, and Vg is the free vibratory velocity of point
1 without M.

3 Me {
I R

Wt
Fe?
M‘ . ey

o o=

l

|

l

Ld & e — -
ENGINE & MOUNT AIRFRAME

Figure 10. Mobility Schematic of Airframe With Enginc and Mount
To Be Installed Retween Points 1 and 3.
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Figure 11. Eqi valent System (for M,) Obtained by
Aoplication of Thévenin's Theorem.

As a simple illustration of application, consider the same system «5 for the previous
example, with che airframe and engine each represented by a rigid mass and the
cngine mount represerited by a spring.

From Figure 12, the mobility of the engine/mount assembly is

k - w*my

¢ iwkm;

S
3,&
TR

R Sh
My =Y Vs — £- wsz
¢ F ‘f:w‘é»’”2

Figure 12. Mobility of Engine/Mount Assembly.
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From Figures 13 and 14, the internal mobility of the airframe is M; = o and
!
. ® in.: = a—-———F
the free velocity of the engine mount poinv is V o
L
oo ’
M I, = Vi- - _y_;_ - !
F F <wm,

Figure 13, Internal Mobility of Airframe.

[T
lm, { F
Vo — _I —__F
‘é - <lwm, Vo = < W m,

Figure 14. Free Velocity of Mount Point.

Analysis of the equivalent system shown in Figure 11 yiclds the force in the engine
as

Vo —kmz F

F, = =
Me + Ml wzm;m; - k(m, + my)

¢
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Once again, the oversimplification of the system does not justify the method of analy-
sts. However, for realistic models, it can be seen how the mobility method allows
experimental measurements or computer resuits to be integrated into the analysis for
maximum advanrage. This might be done in the analysis just described as follows:

® The mobility M, can be determined from an engine shake test.

® The internal mobility M; can be calculated with existing computer programs
for structural dynamics, such as NASTRAN (see Appendix II).

® The frec velocity V, can be determined from a program such as NASTRAN
and later verified by an airframe shake test.

®

For a realistic model, the final stcp would require a transfer mobility
VN/Fe . where Vyy is the velocity of a point of interest on the engine.

This mobility can be obtained from an engine shake test.

More extensive application of mobility methods to the problems of engine/airframe
vibration should make the relatively independent analytical amd experimental studies

of engine contractors and airframe contractors easier to combine, resulting in more
compatible systems.

Therefore, it is recommended that studies be made to develop schemes similar to
those illustrated on the simple models above for applying mobility methods to
realistic multidimensional analyses of helicopter/engine ine- Yations. References 6
through 9 may be helpful as a starting point.

In developing these methods, special efforts should be made to use the already existing
computer analyses and vibration test facilities that have been developed by the engine
and airframe contractors for vibration studies. A list of the major computer programs*
that are applicable to the subject program is given in Appendix II.

*The list is restricted to thse programs that the author became aware of during this
study.
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DRIVE TRAIN DYNAMICS

Whirling and vibration of shafts, couplings, and gearboxes are significant sources of
dynamic loads in helicopter propulsion systems. The recent vibration-related engine
failures encountered in helicopters illustrate how engine/airframe interface characteristics,
drive shaft whirl, and fuel control response can all interact in complex ways to cause
problems.

In particular, cross shaft problems point out an area in which design analysis can be
profitably improved. Figure 15 is a schematic of a typical shaft assembly, which is
typical of helicopter drive shafts. Figure 16 shows the shape of the first flexural
whirl mode, which is generally assumed to he the specd-limiting fuctor for subcritical
shaft design. Figures 17 and i8 show “rigid-body” modes that ran occur at speeds
less than the first flexural critical speed under the follewing design conditions:

1. Couplings capable of allowing angular miszlignment used in conjunction
with splines requiring radial clearance. This includes the typical cross
shaft design as well as designs using Hooke’s joints.

2. Couplings capable of -llowing angular misalignment used in conjunction
with flexible bearing supports or housings on the outboard ends.

3. Couplings capable of allowing both angular and radial misalignment, even
if used without splines and with rigid bearing supports.

The last case is considered and discussed in Reference 10, which is one of the few
published analyses of this type of problem.*

‘— SPLINE SPLINE —7
SHAFT

72277777l C \__ (éhixll&lés C mrrrrrrrrirrr
COMBINING ENGINE
GEARBOX GEARBOX

Figure 15. Schematic of Typical Cross Shaft Assembly.

*Russian literature excepted.
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Figure 16. First Flexural Mode 3Shape for Drive Shaft.
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Figure 17. Rigid-Body Mode Shape, Cylindrical Whirl.
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Figure 18. Rigid-Body Mode Shape, Conical Whirl.
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Rigid-body modes, which can occur in many drive shaft configurations using flexible
couplings, are often ignored in the preliminary design analysis of a helicopter propul-
sion system. If whirling problems occur at a later stage of development, these modes

may then be investigated, but the analytical tools generally used for this purpose have
some or all of the following limitations:
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1. The whirling problen: is represented by a lateral vibration model.

.

2
s

il gl o F

As a resule of 1, gyroscopic moments and the coupling of whirl with lateral
vibration of housings are often neglected.

O

3. The effect of rctational acceleration on whirl is neglected.

i

4, The effect of internal friction in couplings, splines, sieeves, or U-joints is
neglected.

e BN,

These problems have been generally overlooked or underestimated in the past because
unbalance response in synchronous rigid-body whir! modes ‘. usually limited in ampli-
tude by nonlinearities or discontinuities in system parameters, thus allowing passage
through these critical speeds without dire consequences. However, the last-mentioned
effect of internal friction can cause a drive shaft to become unstable and self-
. destructive at speeds above the rigid-body criticals. Cases of severely violent whirl in
: shaft-coupling systems which have been observed in past development programs have
sometimes been attributed to this effect, but the solution has usually been to change
} the design®, s preveating verification of the hypothesis or analysis of the cause.

O g

*Such as a change to a different type of shaft coupling, perhaps sacrificing desirable
taracternistics of the original coupling that was the basis of its choice.
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A quote from Reference 10 describes che situation for a particular type of coupling,
but it applies to many other configurations as well:

“A significant feature of the results for this example is the
wide gap which exists between the second and third critical
speeds. This gap may provide a suitable region for high

speed, super-critical applications. Such operatiens could per-
mit the Bossler couplings to be designed with more misalign-
ment capability and with less weight. Supercritical operation
also opens the possibility for very smoothly operating designs
which employ dynamic sclf-balancing. However, it is important
to note that a potential problem area also exists. The built-up
naturc of the Bossler coupling creates a possibility for a
whirling instability involving non-synchronous precession (Reference
11) when operated above the first critical speed. The dynamic
stability characteristics of supercritical systems employing Bossler
couplings are unxnown at present.”

It is important to note that the critical speeds referred to above are rigid-body criti-
cals, not the flexural criticals which are often used as criteria for shaft design and
which the research on supercritical shaft design by Battelle Memorial Institute?! was
related to.

A report of whirling induced by internal friction in a pinion shaft test rig is given
in Reference 12. Refersnce 13 reports a similar vccurrence and the “fix” for a
turbine engine rotor shaft.

The source of internal friction inducing the whirl reported in Reference 13 was a
spline coupling. In analyzing the problem, the spline friction force had to be calcu-
lated from assumed values of the friction factor, since no appropriate data on spline
friction was available.

The tendency for whirl speed to remain constant regardless of shaft speed, a charac-
teristic of friction-induced whirl, is illustrated by an experimental observation from
Reference 12:

“Rotating single-mass systems with large spans continued to
whirl at the natural frequency as the rotating speed increased
to twice that frequency.”

This could be a partial explanation of the wide discrepancies sometimes noted between
vibration measurements made on the same helicopter propulsion system by different
investigators, since filters are sometimes used which admit only the frequencies
expected at speeds synchronous with the various rotational spreds.

Even if rhe rigid-body modes in a drive train do not result in friction-induced whirl
instability, the synchronous response to unbalance can cause rapid wear of couplings,
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splines, and bear‘ngs, especially during start-up. when grease may be cold and clearances
may be large.

It is therefore recommended that a study be made to identify all of the specific rigid-
body shaft whirl modes that can and do occur in contemporary helicopter propulsion
systems, and that analyses be conducted to determine ways to reduce the magnitude
of response to these modes and to ensure stability under all operating conditions.

In order to effectively apply the resuits of this study, it wli be necessary to have
detailed information on the dynamic properties {(such a5 stiffness, damping. etc.} of the
differrnt types of couplings now in use or being considered for use. It is therefore
recommended that experimental studies of these properties be made and methods
developed for predicting these vroperties under various operating conditions.

One of the oldest and simplest types of shaft coupling is the Hooke’s joint. or univer-
sal joint. This coupling has proved to be efficient and reliable in many applications
for transmitting torque while accommodating misalignments. but recent high-speed
applications have proved troublesome. As a result, other more expensive types of
couplings have been developed for high speeds which sacrifice some of the desirable
properties of the U-joint associated with its simplicity.

At high speeds. the dynamics of a shaft with U-joint couplings are quite complex.
This is due in part to the oscillating speed characteristic of the coupling and in part
to its bearing friction which plays the part of the internal friction discussed above.
As a result, when past experience with U-joint couplings in low-speed applications has
been applied to high-speed power transmission shafts, problems of whirl and vibration
have been encountered.

It is possible that a more complete understanding of the dynamics of shafts with
U-joint couplings can make possible an advantageous use of these couplings in high-
speed applications

It is therefore recommended that a study be made, preferably both analyrical and ex-
perimental, to determine optimum design criteria for smooth and efficient operation of
shafts with U-joints at high speeds for helicopter applications. Reference 14, which
treats torsional dynamic effects and bending moments induced by misalignment. may
be found helpful as a starting point.

Finally, shaft couplings should be recognized as potential rransmitters of vibration from
one component to another in a drive train, as well as sources of excitation.

For cxample, the engine-to-transmission drive shaft on the UH-1 helicoprer uses a
spherical spline coupling to accommodate misalignment between the rigidly mounted
engine and the compliantly mounted transmission. The transverse vibratory shears and
moments transmitted by spline friction across the interface arc unknown quanuties. It
can be surmised that these shears and moments vary with spline clearance, lubrication,
misalignment, transmitted torque, vibrazory velocity or displacement, and vibratory fre-
quency.

3]
W




T

It is recommended that measurements be made on exisung helicoprers to determmne th
magnitude of the transverse vibratory shears and moments transmitzed across sphne

If these measurements indicate that the transmitted shears and moments are sx

it is recommended that experimental and analstical rescarch be carmied out 1o deter
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minz how they vary with the factors listed above or with any othe

be significant.

factors found 10

it should be possible to predict amalyucally the transverse shears and moments trans-

mitted across other tvpes of couplings by using information obtained from the studies
of coupling dynamic properties which were recommended carlier for shaft whirl analv-
sis.




TORSIONAL STABILITY OF HELICOPTER DRIVES ‘ ?
WITH AUTOMATIC FUEL CONTROL ‘

Although this topic properly belongs in the preceding scction on drive train dynamics,
it has been trcated independently by SAE-Acrospace Recommended Practice 704 be-
cause of its connection with automatic speed governors. and accordingly it is treated
as a separate tovic here. !

In the past, the approach to designing helicopter drive systems with automatic speed
control has been to define a set of fuel control characteristics which, when combined
with a predetermined mechanical drive, would result in acceptable control response
without objectionable oscillations or instabilities. This approach has not always led to
optimum speed control characteristics, since the desired high gain of the governor
muse sometimes be sacrificed to ohtzin stability.

The methods and tools presently available for stability analysis are not always s, cesy
ful in precicting conditions for torsional stability in helicopter propulsion s)stems.
This is due in part to the lincar restrictions on analytical tests for stability and
part to the designer’s incomplete knowledge of sy..em parameters.

For example, Reference 15 reports on stability problems encountered in a medium
transport helicopter which were not predicted by the initial design analysis, A Holzer
torsional analysis initially predicted a natural frequency invelving rotor biade lag
motion which turned out to be about 25 percent too fow. A study of system
parameters cventually revealed that the lag damper characteristics used in the analysis
were in eror, It is significant thar the final soluti~1 was to reduce the fucl control
gain, since a proposed modification to the lag damper was reported to produce
unacceptable ground resonance characteristics. It can also be observed that a fuel
control mocification is usually 'ess expensive to an airframe manufacturer than a
design cha~ge in the helicopter drive train or rotor.

Another point of sigrificance in this example is that analytical predictions of drive
train response were ultimately made from digital simulations, marching out step-by-step
solutions to the equations of motion for each test case. That is, lincar servo analysis
was not adequate for the problem duc to the inherent nonlinearitics and complexity
of the system. Computational expense could have been greatly reduced or eliminated
if a satisfactory method had been available for fiading regions of stability in concise
ferm for complex nonlinear systems.

One nessibility 15 to extend the present methods for predicting stability of lincar
systems to include ‘“‘equivalent linear” systems. That is, the significant nonlinearities
in a drive train and governor might be represented by predictable lincar characteristics
to produce ncarly the same respon-e.




Another possibility is to apply the seccond method of Lyapunov, which is the m@st
general approach currently available for the study of st-bility in dynamic systcms
The generality of the method is the basis of considerable difficulty encountered in
developing systematic techniques for its application to specific classes of problems.
Slgmncant work has been done, however, toward developing methods which are well
suited to high-speed digital computation of the “Lyapunov functions”.!?

A second-rate substitute or first-class companion to the development of better stability
analyses would be the development of faster and more efficient marching solutions for
digital simulation. For example, a method for direct application of Hamilton’s princi-
ple to the derivation of first-order difference equations for ¢ 'mamic systems has been
derived by the author of -this report.!® Since this method climinates the need to
take second derivatives in writing equations of motion and thercby eliminates one of
the usual steps in machine computation,* it should be possible to -cducc man <nd/or
machine effert in obtaining solutions to test cases.

it is therefore recommended that studies be made to develop improved methods for
stability analysis of complex nonlinear drive systems with closed-loop fuel control,
andfor methods for more rapid digital simulation of drive train dynamic response.

As pointed out in the introductory paragraphs to this section, the usual solution to
drive train torsional insiabilities is to modify the fuel control characteristics. This is
because modifications to the isechanical components of already existing shafts, trans-
missions, and rotors are costly and sometimes result in less-than-optimum system
performance by some other criteria. On the other hand, the modifications usually
necessary to the fuel control to obtain stability often result in poor speed control
response chai - teristics.

It is possible that new mechanical components for helicopter drive trains can be
developed which will allow improvements in speed control response without sacrificing
torsional stability.

For example, Reference 19 describes the design and application of a shaft coupling
which uses canmfugal force to provide a zero torsional stiffness characteristic at a
partirular point on the torque-speed curve. The zero stiffness property of the cou-
pling effectively decouples the torsional inertias on opposite sides of the coupling and
has been found to climinate the first resonant mode completely and to reduce the
second mode significantly in a two-degrec of-freedom shaftrotor system. The coupling
is now in service in a tugboat drive, with one of the previously resonant torsional
frequencies completely eliminated. A similar coupling developed in Russia is described
in Reference 20.

it is recommended that the application of zero-torsional-stiffness couplings to helicopter
drive shafts be investigated with the objective of eliminating or favorably modifying
resonant modes of totsional oscillation.

*For example, in the Runge-Kutta integration algorithm, the exact first integrals of
many of the accelerations are obtained without numerical integration.
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It is also recommended that favorable consideration be given to the development of
any other mechanical devices which appear capable of enhancing the torsional stability
of helicopter drive trains without compromising speed control characteristics.
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CONCLUSION

The basic conclusion of this report is that the reliability and performance of U. S.
Army helicopters can be improved by specific research and development work in the
areas of @nginefairtrame vibratory compatibility, power transmission shaft dynamics,
and- drive systemlgovernor stability. The programs which appear to offer the greatest
potential for practical sesules at the present time are described in the Summary of
Recommendations, ' - - =




SUMMARY OF RECOMMENDATIONS

1. It is recommended that existing flight test data on engine vibration in
helicopters be analyzed to determine:

® The spectrum of engine vibration amplitudes for typical military
missions,

®  The relative contributions of engine and airframe to engine vibration.

¢  Amplitude versus discrete frequency over the fange of 10 to -10,000 Hz
for flight conditions dominating the mission -profiles.

®  Predominant respondmg mode shapes for the engine, both rigid-body
and flexural.

A list of some of the presently available flight test data is given in Appendzx
- L .

2. It is.recommended that additional flight test data be acquired: from a repre-
sentative group of the different types of helicopters- (e, smglc rotor, tandem

rotor, two blades, four blades, etc.) for analysis as describéd in recommenda-
tion 1,

3. 1t is recommended that a study be made to determine the éxtant to which

velocity alone (with no frequency dependence). This study should_consicc
of two phases: '

-~

® A survey of vibratory engine failure histories made in conjunction with

vibration surveys (flight test data analyses) of the same engine installa-
tions. -

gy
L

Analysis to relate vibratory sirain in engine stiactural components to

vibratory velocity measurcd at tie locations recommendcd by engine
manufacturers.

(Gl

4. It has been observed that measured engine vibratory velocity tends to remain
constant over a wide frequency range. It is rccommended that a study be
made to rarionalize this observation on a sound theoretical basis, thus im-

proving our understanding of enginc¢ vibratory response to both internal and
external excitation.
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vibration-related engine component failures can be reliably related to vibratory
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10.

Jt is recommended that investigations be conducted to determine the
relationship of vibration at recommended points of measurement te vibratory
response of critical engine components, especially rotors.  With regard to
engine rotor response, it is recommended that special attention be given to
the effect of the squeeze film bearing dampers beine used in many cecen:
engine designs.

It is recommended that an investigation be made to determine the best
methods for measuring engine rotor flexure under opera.ing conditions, and
that the most promising methods be developed to a stats that will encourage
their use.

It is reccommended that vibration data on future helicopter development pro-
grams be acquired and analyzed in suificient detail to idenvify both ampli-
tudes and modes of responses until enough is known xbout engine vibratory
Limits to allow a simplification of methods without sacrificing predictability
of failures, The identification of modes will usually require phase data in
addition to frequency data, and will also require inteiligent placement of
transducers at mote locations than is presently customary

It is recommended that i1mpedance-mobilit, methods be developed ‘or
engine/airframe vibratory interface anmalysis. A primary objective should be
to achicve optimum use of mobilities obtained from shake tests or from
existing computer prugrams in the overall analysis. A list of some eristing
cowmputer programs is given in Appendix 1L

It is believed that problems associated with rigid-body whirl modes* in
nelicopter drive shafts with flexible couplings have been treated too lightly

in design analysis,” It is therefore recommended that a study bc made to
identify all of the specific rigid-body shaft whirl modes thac can and do
accur in consemporary helicopter drive trains, and that analyses be conducted
10 determine methods for reducing the magnitude of rcsponse to these modes
and ensuriug stability under all operating conditions.

It is reccommended that experimental studies be made to determine the
dynamic properties, such as stiffness, damping, and rsertia, of the different
types of shaft couplings now in use or being contemplated for use. Alhough
some of these properties are known and available, they are incumplete for

an adequate dynamic analysis. In making these studies, shaft couplings
should be recognized .. porential transmitters of vibration from one com-
ponent to another in a drive rrain, as well as sources of excitation.

*Modes that cannot be deter.nined simply from a consideration of lateral bending
vibration of shafts, modeled as beams.
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11.

12.

13.

14,

It is recommended that an analytical and experimental study Le made to
determine optimum design criteria for smooth and efficient operation of
shafts with Hooke’s joints at high speeds for helicopter applications.
Reference 14, which treats torsional dynamic effects and bending moments
induced by misalignment, may be helpful as a starting point. The effects
of fiexible bearing mounts or support housings should not be neglected
unless they are proved to be insignificant for a particular configuration.

It is recommended that the magnitude of the transverse vibratory shears
and moments transmizted across spline shaft couplings used in power trans-
mission shafts be measured on existing helicopters. If these measurcments
indicate that tne traramitted shears and moments are significant, it i.
recommended thze experimental and analytical studies be made to determine
how they vary with the pertinent parameters, such as spline clearance, mis-
alignment, aad transmitted torque.

It is believed that the methods presently used fer torsional stability analysis
of governor-controlled rotor drive systems are not adequate for the problems
being encountered. It is therefore recommended that studies be made to
develop improved methods for stability analysis of complex nonlinear drive

systems with closed-loop fuel control, and/or methods for more rapid digital
simulation of drive train torsional response.

It is recommended that the application of zero torsional stiffness couplings
to hclicopter drive shafts be investigated with the chjective of eliminating
or favorably modifying resonant modes of torsional oscillation. It is also
recommended that favorable consideration be given to the development of
any other mechanical devices that appear to be capable of enhancing the

torsional stability of helicopter drive trains without compromising speed con-
trol characteristics.
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APPENDIX |
IMPEDANCE - MOBILITY METHODS FOR VIBRATION ANALYSIS

Impedance — mobility methods are ideally suited for stcady-state vibration analysis of
complex structures when the following conditions prevail:

@ Vibration is to be measured at onlv a few sclected points in the structure,
and the response of these points is to be predicted by analysis.

@ It is desired to ccmbine experimental measurements with the analytical
model so as to improve the accuracy of simulation,

@ It is desired to predict the effect of changing specific elements in isolated
parts of the structure or at an interface

@ It is desired to predict the vibratory response of an assemblage of com-
ponent structures, when the vibratory response of each componest is
known.

Impedance — mobility methods were first developed by electrical engincers for circuit
design analysis, and they were later adopted for vibration analysis by some mechanical
engincers. However, acceptance of these methods has not been widespread in the
mechanical engineering field, mainly hecause they arc so often presented in terms of
electrical analogies. An excellent elementary position of these methods is given in
purely mechanical terms in Reference 4. The remainder of this appendix will be
devoted to summarizing a few of the basic features of mobility analysis and motiva-
ting their application to helicopters.

In mobility analysis it is convenient to express vibratory force and velocity as com-
plex quanticies:

twt .
Fe = F (cos wt + i sin wt) (1}

oy
)

it - ,
Ve =V (cos wt + 1 sin wt) {2)

“
(]

where F and V in general are complex.

In linear vibration analysis of lumped parameter systems, the three basic physical
clements are the mass, damper, and spring. The equations of equilibrium for these
components are

av _ {

nass: m 4= = {3
I 13
damper: cv = f (4)
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spring: kf vdt = f 15)

mass: iomv = F (6)

damper: ¢V = F (7)
ok,

spring: = V=F (8)

ft should be recalled that the imaginary component of a complex vector corresponds
to the sine term of harmonic motion while the real component corresponds to the
cosine term. Thus the complex notation expresses both the amplitude of a vibratory
vector (given by the modulus) and the phase angle.

Mechanical impedance is defined as the ratio of vibratory force to vibratory velocity,

F

\Y

Mobility is the inverse of impedance and is thereforc defined as the ratio of vibratory
velocity to vibratory force.

v
M= =

Nt

The choice of either impedance or mebility as a working quantity is basically arbi-
trary, but may be influenced by special characteristics of the problem of interest.
Mobility will be used in this report, because velocity is the quantity to be measured
most often, while the exciration will often be expressed in terms of force.

if the velocity and force are taken at the same point in a structure, the resulting
mobility is called “driving point mobility”. If the velocity and force are taken at
different locations, the resulting mobility is called “transfer mobility™.

Every element or combination of elements in a structure has a characteristic mobility.
The mobilities of the three basic physical elements are obtained from Equations (6).
(7). and {8). as shown in Figure 19, by dividing the relative velocity across cach
clement by the exciting force. Soecial notice should be taken of the fact thar the
velocity of onc side of a mass clement must always be taken as zcro, since Newton's
Second Law is valid only in an inertial reference frame. That is. the velocity used
to obtain mass mobility must be absolute.

Mobilitics of combinaticas of clements are obtained in exaztly the same way, and the
analysis of any structure is reduced to the solu’on of a set of algebraic equattons by

the rcquirements of velocity compatibility and force equilibrium.
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Spring .
Mobility =Mg= ‘\é' =% from Equation (8)

Figure 19. Mobilities of the Basic Elements.
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For example, consider a damper, spring, and mass connccted in series and excited by
a harmonic force generator. A mobility schematic is shown in Figure 20, with the
links numbered to identify for.cs.

Fe wai"

F

r\é‘,& rvchfv{

5 777?7777 QQ?

Figure 20. Mobility Schematic for Damper, Spring, and Mass in Serics.

The mobility equations are

V;-Vz_l V’Z-V3 H ) V;_ 1
F, T ¢’ F, —R’F_;_iwm

and equilibrium of forces requires

The driving point mobility which the force generator “locks in to™ is calculated as

Vi _ Vi -V, Va - Vy v,

E‘ﬁ!:—i + = +o—
F F F F
=l+i—‘£+x_.}._.
£ k iwom

_ mwk + ic fwlim - kb
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which illustrates the basic rule that mobilities connected in series can be added 0

obtair the mobility of the resulting assembly. The transfer mobility for velocity Vv,

15

\Y 2 1
My =F =7F - F =M, -2

»~
=
=

]
;

i (w'm - k)

kewm

Figure 21 shows the mobility schematic of the samc clements conncered in parallel
The mobility cquations are

‘f} ‘é Vz iw \!: 1
- wm ’ i:3 kK ° F; C

The equilibrium of forces requires

and the compatibility of velocities requires V, = V, .

The driving point mebility seen by tac force generator is calcmated as
¥ +
M ?Ss;; M c
L + +

My M. ;’\r‘im Mc Mm My

vy
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To illustrate applications of these techniques, consider the problem of determining the
vibratory response of a turboshai. engine to rotor unbalance if the response is to be
measured at an cxternal location on the engine case. A gre. iv simplified model of the
the rotor/case assembly is shown in Figure 22. The case is 1presented by a uniform
beam of mass per unit length p and stiffness EI . The roter is represented by a
massless shaft carrying a centrally located disc cf mass My. The bearing supportz -
engine snounts are represented by springs of stiffness kgyy and kp, 5 recpectively.

Figure 23 shows the mobility model with rotor disc unbalance represented by a force
generator.  The engine case is reduced to a single-degree-of-freedom system in che
mobility model. thus preserving oiiy the fundamencal mode. The case stiffness and
rorer stiffuess are represented by k. and kg respectively.

e
.;. oisk my
ROroR AVd
’é% ==+ 1}\ 16%
cass LIV =
S aie ASrint e
2y EhE e By b
bciciiea
< £ N

Figure 22. Simplified w-idel cf Engine Case/Rotor Assembly.

Figure 23. Mobility Model for Response of Case to Roter Unbalance.
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It is desired to compate the vibratory veloziy at locations B and C on the engine
case to the response of the rotor disc. The :nobility equations are

V; 1 V; - V2 iw:

——— T3 e T emw——

.Fz iwz nld F3 k

4 iwymg

and the equations for cquilibrium of forces are

F1=F2+F3;F3=F4+F5

Taken together, these rcvsesent a system of seven algebraic equations in seven un-
knowns, which can casily be reduced by substitution to the following third-oider
matrix cquation:

i— ] .
((:J% md - kRB} kRB Vl I(A)F;
v kC (w% mc - kC) Vz = 0
kRB - {\km + S(RB) w% mc V3 0

Cramet’s rule yields the solution as

kwim, + k., + kpp! {wim. - k
cw2itie W'm RE/ W2ihe c )
Vi = Vg = 5 (iw, Fy)

k (w m, - k)
V, = Vp = RB Dc = (iwyF)

~kppk
RB | \
V3 = VC = —"5_"' (\(&)Q F;)




an b

—

D = (k. + ky) (wi?mg ~ kpp) (wi?m; - k) + k2 (w?my - kpp)
+ kppwit my (¥ m, - k).

Of special interest are the ratios of rotor disc response to tac response which would
be measured at locations B and C:

V] Vd km + kRB kcwgmc

— = —— = + -

V2 Vi krp kpp (wim. - k)
ll_, _ _V_d - - kp (wim, - k) + kppgwim,
Vs Ve krpke

Inspection of the solutions shows that the rotor disc response can be very large even
when the measured response on the case is zero. For example, if

Vb

L]

. = ey2
0 (antirescnance, k. = wim)

iw, Fy

(w3 mg - kRB)

Mobility (or impedance) analysis of large and complex structural asscmblies is facilita-
ted by the application of special matrix techniques as described and/or used in
References 4 and 8.

The mobility approach is made especially powerful for analysis of the effects of
changing or inserting individual elements in a complex structure by the use of
Thévenin’s theorem and Norton’s theorem.

Consider a system which is to have an element (or combination of clements) installed
between two junction points, say, points 1 and 2. Figure 24 illustrates the concep,
with the mobility of the added element represented by M, .

V. \'J Vi 2
el e
.1, T

; STRUCTURE : : STRUCTURE :

| IR L -

Figure 24. Mobility M, Added Between Two Points in an Existing Structure.
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The force and relative velocity across mobility M, installed in the structure, with all

force and velocity generators activated, can be determined from an analysis of a

relatively simple equivalent system given by Thévenin’s theorern.  Thévenin's equivalent
system is shown ‘a Figure 25, where

)

M, mobility of the added clement

it

M; driving point mobility of point 2 with respect to 1 with all generators
deactivated (a deactivated vel iy generator becomes a rigid link while
a deactivated force generator disappears) and no M,

V, = free velocity V, - V, with all generators active and no M, .
H

Me i

M‘: i vo

Figure 25. Thévenin’s Equivalent System.

An alternate equivalent system which can be constructed from Norton'’s theorem is
shown in Figure 26, where Fyp is the “blocked force” that would be transmitted
through a rigid link if it were inserted to prevent relative motion of points 1 and 2
when the generators are activated. The mobilities M, and M; are defined the same as
for Thévenin’s equivalent system. An example of direct application of Norton’s
equivalent system is the determination of vibratory force and velocity across a soft
engine mount to be installed between an engine and airframe. The blocked force Fy

would be the force measured or calculated in a rigid engine mount at the same
location.

Y, V.

Q00 O
77TITNT

Figure 26. Norton's Equivalent System.

44




=

g

PN oy B

M‘,\ By ‘:t”ul‘ wys, w,]yl},ﬂ.?l,]l‘uﬂl).w.llll\lwplu!

e

g i g

R A

Ao
oy

e o

" ame

. b ——

pe

APPENDIX 1I
COMPUTER PROGRAMS CURRENTLY IN USE OR
AVAILABLE FOR HELICOPTER ENGINE/AIRFRAME VIBRATION ANALY»IS

The major specialized computer programs for engine/airframe vibratory analysis with
which the author of this report became familiar during the study preceding the report
are listed below. The list is intended solely as a convenience for future researchers
in this arca and does not constitute in any way a commendation by inclusion or a
criticism by omission of any contractor or other organization, All of the helicopter

engine and airframe contractors have general analytical capabilities which may not be
included in the list.

—~ s evmw mmmsm— e wom = = -

1. VAST, “System Vibration and Static Analysis”

a. Source and User: General Electric, Aircraft Engine Group, Lynn,
Massachusetts.

b. Description: Based on Prohl's method for calculating critical speeds of
rotors and expanded to include the engine frame and associated components
modeled as bcams. Effects of bearing clearances, squeeze film dampers,

aircraft mancuver loads, etc., have been added. Calculates critical speeds and
forced response of turboshaft engines.

c.  Pertinent refevences:

(1) Sevcik, J. K., “System Vibration and Static Analysis”, ASME Paper No.
63-AHGT-57, presented at the Aviation and Space, Hydraulic, and Gas

Turbine Conference and Products Show, Los Angeles, California, March
3.7, 1963.

(2) Prohl, M. A., “A General Method for Calculating Critical Speeds of

Flexible Rotors”, Journal of Applied Mechanics, September 1945, pp.
A-142 through A-148

2. Critical Speed Analysis of Turbo Rotor Systems (Lycoming)

a. Sourcc and User: Lycoming Division, Avco Corporation, Stratford,
Connccticut.
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b. Description: Based on a planar multiple beam meodel that allows reasonably
accurate predictions for critical speeds but which is dependent on an accurate
knowledge of damping for reliable predictions of forced response. The capa-
bility exists for determining the response to shock or impuise inputs at the

enginc mounts. The program calculates both critical speeds and foiced
response of turboshaft engines.

c. Pertinent reference: |

Bohm, R. T., “Designing Complex Turbo Rotor Systems With Controlled
Vibration Characteristics”, SAE Paper No. 928B, presented at the National
Transportation, Powerplant, and Fu-ls and Lubricants Meeting, Baltimore,
Maryland, October 19-23, 1964.

COSMOS — USA, Dynamic Structural Analysis of Helicopter Airframes

a. Source aund user: The Boeing Company, Vertol Division, Philadelphia,
Pennsylvania.

b. Description: Based on the stiffness method for calculating eigenvalues of an
elastic structure. Uses a “unified structural analysis (USA)” method which
avoids breaking a structure into substructures. Eigenvalues are obtained by
similarity transformations. Mass elements are strategically located at
relatively few points in the model. The method is efficient but is not well
adapted to studying the response of a small part of the structure in great
detail (e.g., an engine or a transmission)., Calculates critical frequencies and
mode shapes of complicated structures and zssemblages.

¢. Pertinent references:

(1) Sciarra, J. J., “A Computer Method for Dynamic Structural Analysis
Using Stiffness Matrices”, Journal of Aircraft, Vol. 6, No. 1, Jan-Feb ﬂ

1969, pp. 3-8.

(2) Kiersky, L. B., “COSMOS, A Computer Program for Structural Analysis”,
Doc. D2-4513, The Boeing Co., 1962,

NASTRAN, “NASA Structural Analysis Computer System”

a. Source: NASTRAN, Systems Management Office, NASA Langley Rescarch
Center, Hampton, Virginia,

b. User: Bell Helicopter Co., Hurst, Texas.

c. Description: This program performs both static and dynamic structural
analysis. The dynamic analysis solves for natural frequencies, mode shapes,
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transient response in terms of modal coordinates, transient response in terms
of grid-point coordinates, and forced response to a spectrum of harmonic
inputs. Output is obtainable as curves against time or frequency, or as plots
of structural deformation at specific time intervals.

.

d. Pertinent references:

(1) Butler, T. G., and Michel, D., “NASTRAN, A Summary of the Functions
and Capabilities of the NASA Structural Analysis Computer System™,

P : NASA SP-260, 1971.

E =

] (2) McCormick, C. W., “NASTRAN Beginner's Guide”, MS 139-1, prepared
for NASA Langley Research Center, Hampton, Virginia, by the MacNeal-
Schwendler Corporation.
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