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Vibration of Crankshaft-Propeller
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UCH remains to be desired in the vibration
characteristics of present crankshaft-pro-
peller systems, in the opinion of the author,

Discrepancies between torque-stand and flighs
measurements of torsional vibration on the same
engine may explain propeller fractures due to the
vibration of flexure. Recent fatigue fractures of
crankshafts, differing from those due to torsional
vibration, must be attributed to longitudinal
vibration. - ;

Degrees of freedom are discussed with a graph- -

ical summary of vibration frequencies. Vibra-
tion forms, sources, stresses, and resonances are
subjected to mathematical analysis.

~_Three roads open to effective measures against
vibration are given as: direct elimination of
sources; subsequent destruction or damping of
existing vibrations; and changing the pitch of
the vibrating system, or displacing the resonance
points to fields outside of the operating range.
Of these methods the last is believed to be the
most promising, B Sk S
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A few years ago when crankshaft breakage was of fre-
quent occurrence in inline engines research, concerned most:
with the source of breakage, was directed exclusively toward
the degree of freedom of torsional vibration. In these projects
the propeller was regarded as a rigid body whose mass mo-
ment of inertia was so much greater than the mass of the
driving system under consideration that even considerable
change of the propeller moment of inertia did not affect
measurably the vibration form and frequency. fAccepting this
hypothesis leads to the conclusion that the propellers used,
brake or flight propellers of whatever type, are without effect
on the torsional-vibration characteristics of the system.

Recently a few significant observations have been made that
indicate that Increasing the degrees of freedom in the system
produces results of decided importance. The fundamental
observations are as follows: )

(1) Torsional-vibration measurements on the same engine
made in the torque stand with a brake propeller and in flight
with different flight propellers result in findings differing
from one another more or less decidedly and to an extemt
far exceeding ' the deviation due to experimental error in
measurement.  Fig. 1 shows an excellent example of this
deviation. The resonance point, 7,/6, found in measure-
ments on the test stand at an engine speed of 1825 r.p.m.
appears in flight measurements as two points of resonance,
an upper and a lower one. The diagram brings to mind
the well-known double pendulum as a resonance damper.
In fact, later research showed that the natural torsional fre-
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quency of the crankshaft-propeller system occurred at the
same point as the first harmonic of the vibration of flexure
at this speed (see Fig. 14). In this case, the propeller ab-
sorbed part of the vibration energy of the crankshaft and
acted as a resonance-vibration damper for the torsionally
vibrating crankshaft. i

. (2) As a possible result of this condition, we have the oc-
currence of fractures in wood and metal propellers used with
certain engine types due to the vibration of flexure. In metal

(Elektron) propellers the fractures occur solely in the basc -

cross-section of the blade-root near the hub where there is
- increase of stress because of the clamping action of the hub
and decrease® in strength because of internal-frictional fatigue
(see Fig. 2); in wood propellers cracks appear in the-metal
_ rim, and varnish peels at a definite point on the upper half
of the blade (node of the first harmonic of the vibration of
flexure).

(3) Recently, fatigue fractures, differing in appearance and
location from those due to torsional vibration, have occurred
in crankshafts, and- these fractures must be attributed to
longitudinal vibration (accordion-type vibration) of the crank-

shaft (see Fig. 3).

Degrees of Freedom

The foregoing observations make it necessary to consider
all degrees.of freedom that are possible and of idterest in
connection with resonance and the results attributable to these
degrees of freedom. Fig. 4 characterizes the essential degrees
of freedom; Figs. 5 to g give the forms of the corresponding
free vibrations, the occurrence of which in the operating-

Fig. 2 - Fracture Due to Vibration of Flexure in
an Elektron Propeller .in the Base Cross-Section
of the Blade Root Near the Hub
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speed range of the driving system is possible and could be
shown. S : : =

All degrees of freedom react upon one another, as can be
scen easily by observing the change of form of the system
through the introduction of a torsional moment (tangential
force) on a crank throw. The introduction of a torsional
moment (torsional vibration) brings about a change in the
extent of the crankshaft in the direction of its longitudinal
axis (longitudinal vibration) and the bending' of the crank-
shaft (vibration of flexure). A torsional-vibration moment
on the propeller hub causes the propeller blades to vibrate
simultaneously in torsional vibration and the vibration of
flexure. This relation can be understood easily if the crank-’
shaft, by and large, is regarded as a helical spring and the
propeller as an extension of it.

In connection with the resonance possibilities of the system
of practical interest, it is important to know the vibration
frequency and forms of the individual degrees of freedom of
the complete driving group. In view of the interdependence
of these degrees of freedom, it is not wholly sound to speak
of the vibration frequency of the individual degrees of free-
dom; more accurately, there are only vibration frequencies
and forms characteristic of the interrelated system as a whole;
and, when resonance conditions exist, the deflection of all
points of the system at the same time is naturally very con-
siderable. The effective relationships are then most decidedly
manifest and research on this phase is now in progress. How-
ever, for our preliminary consideration of resonance points,
it seems permissible to speak of the vibration frequency and
forms of the individual degrees of freedom, with the under-
standing that the findings set forth will be subject to certain
exceptions and corrections, in most cases presumably only
insignificant, to be disclosed by the research now in progress.

Fig. 10 summarizes the vibration. frequencies; Figs. 5 to
9 show the associated free-vibration forms.

~ Vibration Forms

Fig. 5 shows the form of free torsional vibration for the
customary driving system, almost the only fundamental vibra-
tion of interest, with one node close to the propeller.  The
resulting crankshaft fractures have been understood for some
time and, fortunately, have been reduced greatly in number
recently as a result of fundamental research and the develop-
ment of suitable preventive measures. dn i

Fig. 6 shows the lowest possible form of vibration of flexure
with a reversing strain at the bearing, and with the proviso
that the crankcase is rigid against bending and does not take
part in the vibration.. The corresponding vibration frequency
(see Fig. 10) is very high, so that resonance in the operating
range is very unlikely. - In in-ine aircraft engines with bear-
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ings at both sides of each crank throw, shaft breakages at-
tributable to' vibration ‘of flexure are negligible as compared
with the situation in automobile engines with -fewer bear-
ings ‘and perhaps even as compared - with -radial - aircraft

engines.” .

propéller mass, 1540 Sty ,
An antecedent for the creation of this form of vibration is
axial bearing play which must be present to a considerable
+ extent. - Longitudinal springing is for the most part provided
. by_the crank checks which are susceptible to bending. - Fig.
.3 pictures a fatigue fracture in the hollow in the transition
~ between crankpin and cheek, which fracture obviously is at-
tributable to longitudinal vibration of the crankshaft.
The experimental determination of the frequency of longi-
tudinal. vibration through the creation of resonance by means

dinal vibration with a node close to the very considerable

20

Fig. 4-Degrees of Freedom of Vibration in the Crank-
shaft-Propeller System

Lg =Longitudinal vibration of the crankshaft 9

D g =Torsional vibration of the crankshaft {10)
Bg,, Br,=Vibration of flexure of the crankshaft - (11)
By, =Vibration of flexure of the propeller (12)
D, =Torsional vibration of the propeller (13)

of a small out-of-balance exciter is pictured in Fig. 11. For
this apparatus, the frequency equation is:

A o = fig8 1)
where - i
=0l - ﬂ=_E'— (2)

2 ,i_s;‘t_hciratio of the additional mass of the out-of-balance exciter

to the shaft mass. If in this determination the longitudinal--

.. vibration frequency is found to be 7, it is then reduced to the
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‘Fig. 7 characterizes the form of free findamiental longi-
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longitudinal-vibration frequency of the shaft without the
additional out-of-balance exciter by means of the rclation:_
n =—-—*n2§ S gl

To make possible, in the future, advance calculations of
the longitudinal-vibration frequency of crankshafts, longi-
tudinal dilation tests are being made on different crankshaft
types with the object of supplementing one of the familiar
reduction formulas for torsional springing with corresponding
reduction formulas for the longitudinal springing of crank
throws. i >

Although as a rule, of all the forms of vibration of the
crankshaft, only the fundamental vibrations are of impor-
tance, for the considerably more fexible propeller, even the
harmonics must be considered. The corresponding forms -
of propeller vibration are shown in Fig. 8 (vibration of
flexure) and in Fig. g (torsional vibration).

The forms of the vibration of flexure (Fig. 8) fall into two
classes. In the forms denoted by A, the half on one side of
the crankshaft axis is a reversed mirrored image of the other
half; at the hub the form of the vibration is reversed relative
to the common tangent; and the crankshaft is drawn into the
vibrating system. In the form of vibration indicated -by B
the half on one side of the crankshaft axis is a mirrored image
of the other half; the vibration nodes originate in the hub;
and the crankshaft no longer participates in the vibration.
The vibration frequency in class B is higher than the cor-
responding frequency of class 4.

With relation to the considerably higher torsional resistance
of the propeller in relation to the resistance to flexure, the
form of fundamental torsional vibration shown in Fig. ¢
should be considered.

Advance Calculation of Vibration of Flexure

This calculation frequently can be carried through with
sufficient accuracy by the Rayleigh-Ritz method supplemented
by graphical methods; Fig. r2 shows the experimental de-
termination. The propeller is suspended lightly sprung in
a rubber cable and is actuated by a small out-of-balance exciter
fastened to the hub. Naturally, in this apparatus only the
vibrations of class B, Fig. 8, are set up. To simulate more
nearly actual operating conditions, the apparatus shown in
Fig. 13 was developed. . This apparatus reproduces, in addi-
tion, the effect of the coupling arrangement of the crankshaft-
propeller system. The apparatus represents a vibrating image
of the actual driving system. - = o %

A two-bearing shaft, the torsional springing of which cor-
responds to that of the crankshaft under investigation, carries
at one end the appropriate propeller with a hub and, at the
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(a)

(b)

Fig. 8 — Vibration of Flexure of the Propeller

¢ (Above)—Fundamental and first and second harmonic
with the participation of the crankshaft.

b (Below)—Fundamental and first and second harmonic
5 without the participation of the crankshaft.

other end, a crossbar on which are two out-of-balance exciter
elements displaced similarly at 180 deg. These elements in-
troduce a pure vibrating moment corresponding to the tor-
sional force harmonic set up by the engine. The moment of
inertia of the crossbar corresponds practically to the sum of
the mass of the engine-driving system. The speed of the
out-of-balance moment is adjustable in the range of from
about 200 to about 18,000 r.p.m., so that the entire frequency
range of the different degrees of freedom of the system can
be explored. With the help of a properly mounted mirror,
the vibrations of the points of interest (crossbar, hub, propel-
ler blades) are observed. The frequency determined by this
appararus for the stationary propeller is reduced to that of
the rotating propeller (taking into consideration the stiffening
effect of centrifugal force) by means of the following equa-

- tions of Mesmer and Hansen?! for the fundamental and first

harmonic:
w2 = v? + 1.45n (Fundamental vibration) (4)
! 2 e g3 Rdgt (First harmonic) (5)
where-* o : ‘ )
v = Vibration frequency at propeller speed n (6)

vo = Vibration frequency at propeller speed n = o (7)

n= Propeller speed : (8
The frcqucnacs of propeller vibration given in Fig. 10

1 See Aircraft Engineering, Vol. VII, March, 1935, pp. 65-69;
Oscillations”, by M. Hansen and G esmer. -
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Although the creation of torsnonal and long1tudmal vibra- -
tion and the vibration of flexure in the crankshaft by 'the
harmonics of gas and inertia forces is understood generally,
such knowledge concerning the sources of propeller vibra-
tion is only partially available. Literature on the subject of
propeller vibration either ignores the question of causes or
goes into it only in a general way. As a rule, air-flow
phenomena are given as sources — such as turbulence vortices,
periodic pulsation of the propeller blades in passing wings or
other resistance bodies, and overlapping in the propeller
fields in multiengine aircraft. On the contrary, recent re-
search, carried out by the German Institute for Aeronautical
Research on the exciter apparatus, Fig. 13, and on aircraft,
has demonstrated that, because of the coupling between crank-
shaft and propeller, the torsional harmonics of the engine
should be regarded as of first importance in considering the
source Df PI'OPCHEI' v1l3rat10n

In this connection it must be emphas1zed that occasionally
there occurs in propellers vibration that is obviously attribu-
table to air forces as the source. For these conditions, the
term “flutter” has been coined, without any explanation of
the phenomenon being given. As discovered in these observa-
tions flutter is accompanied by a detonating, machine-gun-like
report, whereas vibration causes hardly any noticeable noise.
Flutter occurs on the propeller teststand when the propeller
is driven by an electric motor and when there is no engine
present, whereas vibration is produced only when the pro-
peller is engine-driven. These observations seem to indicate
clearly that air forces are the cause of flutter and that the
torsional harmonics of the engine are the cause of vibration.
Unlike the situation with regard to vibration in resonance, no
clear understanding exists as to the nature of flutter, whether
it be torsional vibration or a self-actuated phenomenom An

_explanation of its relationships seems of utmost importance.

At all events it should be stated that flutter has not yet, up
to the present time, lead to propeller breakage, whereas the
fractures illustrated in Fig. 2 can be explained clearly by vibra-

Fig. .9—Form -of ‘To‘r-
sional Vibration of the
Propeller (Fundamental)

M0
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| ‘Torsional vibration (fundamental vibration, Fig. B) oo T 500 t0 15,000 1/min” ;'w.;b
. Cronkshaft { - Longitudinal vibration (fundamental vibration, Fig. 7)............. ey 600D fo 15,000 Lmin. | 00 ; 5
e & | Wibration of Hexire (FIz 8) . r s dii bt i BT e, ~ 23,000 t0 30,000 1/min. 5 g3~ >
: : G| Fundamental yi_bration"‘{l?rig‘. 8 B.1). &l S l”ﬁ ~ 9500 1,0 4500 1/min. "] ' i\

,.__.S:fibration-ﬁc‘nlf'Fléme,_ % | 1st harmonic (Fig. 8, B, 2)............ R g ne, ~ 7500 to 14,500 1/min. 195" e

i (i armanie (Fig. 8 B, 3). & B ne, ~ 19,000 1/min. Nl ?,‘i&’i

‘Torsional vibration (fundamental vibration, Fig. e e n ~ 5500 to 7000 1/min, 31 L

Fig. .10—Ind;ividual Vibration Frequencies for fhe Complete Driving Gro-up of the Crankshaft-]?ropeller System

tion of flexure in resonance with the torsional harmonics of
the engine, " ikitios A

Only slight danger is to be anticipated from flutter, since
futter is observed rarely and only with certain propellers.
Moreover, the loud noise associated with flutter-speed causes
avoidance of this speed, whereas the noise of the vibrating
propeller can hardly be heard above the other noises of the
driving gear in operation and, therefore, there is a possibility
that the propeller may remain in the critical range for a long
time without the fact being evident.

The manner in which torsional harmonics excite vibrations
has been understood generally for some time as a result of
recent research on crankshaft torsional vibration. This re-
search has made it possible to specify for each driving system
of a given firing order, coupling system, and torsional-vibra-
tion form, the characteristic series of torsional harmenics to
be anticipated, both as to amplitude and frequency. For
instance, for the normal fourcylinder, in-line engine with
rigidly coupled propeller, this series is:

-1 BT (n = engine speed)
for the six-cylinder type with normal firing order:

Al B G en o
for the twelvecylinder V-type with 6o-deg. crank angle and
normal firing order: : <

34,60 .
Resonance Points

. The coincidence of any of these externally excited fre-
quencies with a natural frequency of the crankshaft-propeller

- system ‘is known as a resonance point and hence a critical
-speed. Fig. 14 shows these relationships for a four-cylinder
" in-line engine, which was flown successively with eight dif-

‘ferent propellers.  The figure shows for the various propellers,
- the fundamental and first harmonic of the vibration of flexure -
over 'the ‘range “of eagine’ speed,” the “natural frequency ‘of -

the  crankshaft” (horizontal ~zone

vibration of flexure, and the frequency of natural torsional
vibration of the crankshaft (7, ~ 11,000 1/min.). The effect
of this natural coincidence on the torsional-vibration curve
of the engine is shown in Fig. 1. -Mention already has been




52269" broke : repeatedly 'after ‘shorl: bperétmg :

periods (fracture of the blade t1p in the node of the’ first”

harmonic). Propeller No. 52235 is a new development, the

opérating results with which are not yet available. The dia-
gram shows that propeller No. 52269 vibrates in resonance
with the sixth torsional harmonic close to the much-used
maximum speed of the engine (2150 r.p.m.), whereas the
correspondmg resonance point for the three remaining pro-
pellers is not reached within the operatmg speed.

The diagrams in Figs. 14 and 15 give the impression that,
within the operating range of the engine, there is hardly any
non-critical speed.- Hence arises the question of the vibration
deflections in the critical speeds, and hence arises that of
vibration stresses and the risk of breakage connected with
them.

' Vibration Stresses

The deflection in resonance of sole interest in this connec-
tion can be getermined basically by a consideration of the
energy force involved, since this deflection is determined
through the .equilibrium between the work of_ excitation and
‘the work of damping. If the amount of this work and also

o

Frg.‘ 12 - Determination of the Frequency of Vibration
~~ of Flexure of Propellers by Setting Up Resonance by
7. Means of an Out-Of Balance Excxter at the Hnb

the fangue strength of the 1ndrV1dua1 parts of the system are
known, then an estimation of the breakage risk at the reso--
nance points is possible. ;

The energy involved. in settmg up the torsronal harmonic
can now be set forth exactly.  For example, at the moment
of observauon, there is effective on the n throw of the crank-
shaft with = throws the followmg harmonic torsmnal com-
ponent. S Lol

"_, : T;;,; i bl ¢,,) 1o

where I( is the degree of the harmomc in questlon and on its
phase angle.” = " -

At the same time the ampljtude of torsmnal vibration of
this- throw is:

e = a0 sin k(wt— ) (15)

' Fig. 13— Exciter Af]paratlra for Combme:ﬂh Vibrations of
the Crankshaft-Propeller System — Reproduction of Vi.
* - brating Condmons of the Driving System

where U, is the phase angle of the deﬂectmn. Du.rmg the
time &z the crank throw in question vibrates about the angle:

day = Qo 08 k(wi— yn) d(kwt) (16)

The work performed by the torswnal harmonic during the
time 4z then amounts to:

‘dA:r“

&

The amount of work performed during a full vibration is
then summarized as:

= Ty, da, ()

:r = 2[ Clﬁ:r (18)
Carrymg through the integration results in:
Ar  =als ao sin k(yn—¢n) a9
% %

If then there is taken the sum of all z crankshaft throws,

taking into. consideration their opposing displacement (Z)
geom.
and with the proviso that all z throws attain their maximum

vibration at the same time ({, for all throws alike), then the
total work of excitation of the % torsional harmomcs for the
entire engine is:

zAT '_= = 3T, ao, sin (kga—2) (20)
oLy .
where v is the phase angle of the resultant from
Y/ L1 'a.,
geom. "k

The amount of this work reaches its maximum in resonance;
then the phase angle of the vibration % §,, appears perpendrcu—

lar to the phase angle vy of the resultant from

BT, oa (d.h. hpn = +—~'5-)
geom. k

Therefore the exciting force of the torsmnal harmonics in’
resonance for all z throws is: G

(22)

EA 7 urTok (23)

Zao,
geom. |
or, with mterchangeably similar torque dragrams for alI cyl- -
inders of the engine

(To, = ot To,): (24)'
k fin E:

Za.,”

genm

If then the unknown amphtudes a. . with the aid ‘of the

EAT = 1rT° (25)

known form of free torsional vibration (see Fig. 5}, are re- .
duced to the single unknown amplitude a., of the last crank-

throw then there results ﬁnaﬂy

= 18‘30 (26)

@)



of work, the resonance ampli-

_tem can be calculated before-

~ obey different laws, then the . >

‘damping force that will ac- __ 4

"7' Sl ey

_Thc amphtude Tu of the f{ torsaonal harmomc is known

from the . harmomc analysxs ot -the ‘torque diagram of the
engine. For example, in Fig. 16 are shown the amplitudes
of the individual harmonics up to the 16th degree for the
four-stroke cycle’ carbureter engine, m per cent of the mean

indicated pressure, and these amphtudcs can be determined

- for all four-stroke cycle carbureter engines from this curve.
Corrcspondmg diagrams . for
- the ‘two-stroke ‘cycle and for
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However, the mathematical analysis of the work of excita-
tion developed previously performs a worthwhile service in
connection with a qualitative judgment of the risk of break-
age at the resonance points. For a final amplitude, - @,

= 1, a specific excitation force for individual harmonics may
bc given and hence at least the relative danger at each of the
resonance points may be judged in advance (see Figs. 14 and

"15) and appraised the one against the other. For exampie,

on the basis of stich an investigation the importance of in-

150
_the various Diesel types may '

Fre luenq'r of Crankshaft Longitudinal Vibration /
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‘that, in a fcw most pressing cases, a 1 gh . CStll'Ilatlon of:
"V1brat10n strcsscs in propcllt:rs might be made, the followmg- -

method was developed i in the German Institute for Acronau—
tical Research:: s i

The tip dcﬂemon of the propcllcr opcratmg and vxbraung,

on an au‘craft is estimated by means of a measuring rod. The
propeller is then mounted in the exciter-apparatus shown in
Fig. 13 and set into vibration of the same form and with the
same tip deflection. - The form of vibration is then recorded
photographically (see Fig. 17) and measured accurately. As-
suming that this form of vibration does not differ essentially
from that of the vibrating propeller, the vibrating stress

ETy”
W
"1is determined through graphical differentiations of the form

of vibration (see Fig. 18). In the foregoing case, an Elektron
propeller, the considerable bending stress of

§ ~ = 10 kg, /mm.?

5=

= Eey” (28)

(29)

was evident at the location of the node of the first harmonic
of the vibration of flexure. This bending stress surpassed by

e
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far the endurance strength of the propeller blade and indi-
cated the risk of fatigue fracture of the propeller.

Efforts Directed Against Vibration

The trend toward power and speed increase makes impera-
tive, to a greater extent than ever before, effective measures
against vibration.  For this purpose, basically three roads
are open: i

(1) Direct elimination of the sources of vibration.

(2) Subsequent destruction or dampmg of cx1st1ng v1bra—
tions.

(3) Changing the pitch of the V1bratmg system, or dis-
placing the resonance points to fields out51de thc operatmg
range. ar gy .
Method (1) will not be dISCuSSCd at this time; its pos—
sibilities (for example, providing a vibration-free speed range -
through appropriate choice of firing order) are extremely
limited. The destruction or damping of existing vibrations
through supplcrnentary vibration dampers is familiar through
its use in connection with the torsional vibration of crank-
shafts. Its effectiveness is in reality limited to damping de-
grees of frecdorn, and it is accompanied by increased wczght

Changing the Pitch of the V::bratmg System ;

On the contrary, this method seems to offer more promising
and more variegated prospects without increase of weight.

Reference to Figs. 10, 14, and 15 shows that the frequency

ranges of natural vibration of current driving systems are
exactly coincident with the effective section of the frequency
band of excitation for the torsional harmonics (harmomcs of
lower order and of larger exciter amplitude, Fig. 16). Condi-
tions for the creation of critical speeds could hardly be more
favorable, and the question arises as to whether a displace-




ment of the natural frequency spectrum into the range of
I'ugher or lower frequency seems promising. : ;

:In a few of the more recent experuncntal engines, an at-
. tempt has been made to shift over into the range of higher
. frequency (., = 12,000 to 18,000 1/min.) by building as
- rigid a crankshaft against torsional vibration as possible, in
" order to come into resonance only with the higher torsional
- harmonics of lower exciter amphtude (see Fig. 16). How-
"'ﬁ_e\_rer “the’ crankshaft rigid against torsional vibration is ob-
tainable only at the cost of distinct disadvantages (increased
" weight and size, higher peripheral speed, and increased bear-
ing troubles).  In this connection, the advance in vibration
tcchniqxic will either be overtaken or outrun by the approach-
_ ing speed ‘increase. The behavior of current propellers in
connection with vibration will not be “affected significantly
by crankshaft rigidity. A decided displacement of the fre-
quency of propeller vibration seems hopeless as regards cur-
rent propeller types, since blade dimensions are determined
basically by aerodynamic requirements. The use of hollow
or articulated propellers would of course result in a decided
raising of the frequency of vibration of flexure; at the same
time the frequency of fundamental vibration would swing
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to the neighborhood of the present first harmonic of vibra-
tion of fexuré. :

Efforts pointed toward the opposite direction in general
seem promising. With the understanding that the frequency
of torsional vibration of the crankshaft is really controlled by
the propeller mass rigidly joined to it, it is again proposed,
obeying the laws of vibration, to separate crankshaft and pro-
peller through the interposition of a flexibly sprung connec-
tion.  Such a sprung connection ideally should transmit only
the mean torque moment of the engine to the propeller.” The
effect, from- the viewpoint of vibration tcchnique, would _be
somewhat as follow :
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meéans of suitable dimensions of the sprung connecting mem-
ber. The first harmonic, moreover, would almost coincide
with the fundamental vibration of the free crankshaft and
would therefore rise to double the value of the current fre-
quencies of fundamental torsional vibration of rigidly coupled
propellers.  No noticeable moment of torsional vibration
originating in the crankshaft could be transposed to the pro-
peller over the sprung connecting member; propeller vibra-
tions due to torsion would no longer be possible. The crank-
shaft-propeller ‘system would therefore to a large degree be
vibration-free within the operating speed range.

Future Developments in Driving Systems

In these developments the use of such sprung connecting
members would have broad and favorable results. Crank-
shaft dimensions (weight and size) would be decreased and
could be basically .controlled by the mean torsional mo:
ment. In view of the increasing speed, the weight thus saved
could, with the greatest advantage, be converted into counter-
weights, which should, by all means, not be rigid, but sprung
to the throws about the periphery to avoid reducing the
natural torsional frequency of the free crankshaft. Less costly
metal could be used for crankshafts. '

The development' of a connecting member so designed as
to be satisfactory from the viewpoint of vibration technique is
primarily a question of construction and choice of suitable
springing material. Next to the familiar metal springs for
torsional and bending suspension, a combination suspension
of meral and rubber joined through adhesion seems under
the circumstances to offer most promise. Research in this di-
rection is at present under way at the German Institute for
Aeronautical Research,

" In driving systems with reduction gearing the introduction
of the springing in the gears is under consideration (Fiat A
30); in direct drive the springing will be most appropriately
placed in the propeller hub (Carter hub). In this connection
it should be noted that the sprung connecting member should’
be designed in advance in accordance with the vibration char-
acteristics of the entire driving system and developed along
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with it. The supplementary introduction of such a device
into a driving system already fully developed and subject to
vibration always will be béset with difficulties from the view-
point both of vibration technique and construction.

The vibration characteristics and the elimination of dan-
gerous conditions of torsional vibration otherwise present in
the driving system by means of a flexible propeller hub for a
fourcylinder engine are shown in Fig. rg. This hub employs
torque arms and tubes for torsional springing. Outside the
limits of the questions under discussion, it might be men-
tioned that this hub with suitable torque arms also may be
used as a measuring instrument for torsional moments.

Diffcriﬁg Radial-Engine Vibration
Characteristics Analyzed |
S | _'W. G. Lundquist

Project Engineer, Wright Aeronautical Corp.

MY principal issue with Mr. Liirenbaum is that he discusses the
vibration of crankshaft-propeller systems in general bur apparenty

takes no particular cognizance of the fact that the type of powerplant to
which the propeller is attached fundamentally controls the problem at
present, particularly in regard to the efficacy of damping devices. Air-
craft engines can be divided roughly into two camps—radial engines and
in-line engines. The -crankshaft-vibration. characteristics of these two
groups differ from each other and hence some of Mr. Liirenbaum’s
general statements, although true for one type of engine, are misleading
for the other type. LN R e St

For instance, Mr. Liirenbaum states that the principal sources of
disturbance causing crankshaft and propeller vibration of all kinds are
the torsional harmonics of the engine which are transmitted to the pro- -
peller. A liule further along he gays that the effectiveness of dampers ‘
“is in reality limited to damping degrees of freedom and is accompanied
by increased weight”. Lo Sin e o

These statements are generally true and constitute a real problem in
certain types of in-line engines. With the radial-type engine, however,
the advent of a good dynamic vibration absorber in the form of a
dynamic counterweight (dysamic damper®) has so changed the pic-
ture that, although the foregoing statements are still true (except that
concerning weight increase), they now describe a fortupate condition
in a radial engine ‘and are a cause for rejoicing rather than alarm, be-
cause we can now climinate the one torsiopal harmonic which ordi- .
narily would annoy the propeller. That radial engines should enjoy
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such an advantage over in-line engines is due to the fundamental dif-
ference in the vibration characteristics of the two types. The explana-
don is as follows: b g e

A radial engine of one or two rows suffers principally from only
©-one harmonic torque’ variation ‘which has a frequency equal to the
firing frequency—(the major torque variation of the engine)—a definite
frequency in cycles per revolution of the crankshaft. It has, therefore,

- usually only one important critical speed for torsional crankshaft vibra-

tion; that is, the major critical, single-node mode of vibration. ‘The
next integral multiple of this harmonic has twice its frequency and
hence its critical speed is usually down in the idling range where it
is negligible. It is also of very small magnitude in engines of nine
or more cylinders, The largest torque harmonic introduced by link-rod
action is of small relative magnitude and low frequency which puts any
critical speed from such a source far above the maximum operating
speed of the engine. This state of affairs is taken care of perfectly by
one polychronic dynamic vibration absorber which will, at all times,
remain synchronous with the one troublesome major -harmonic. The
dynamic-damper counterweight does just that and, hence, eliminates

* the effect of the troublesome major critical speed. But it also does more
than that, Being always synchronous with the major torque variation
of the engine and receiving its excitation from the motion of the crank-
shaft under the influence of this torque, it lags the motion of the crank-
shaft by 9o deg. at all times and, hence, is constrained continually to
absorb the energy of any crankshaft oscillation of that frequency at all
speeds.  This statement means that not only does it reduce the
resonant magnification of torque variation at the critical speed, but
also that it has the .ability to absorb, at all speeds, the energy input to
the crankshaft by the normal torque variation, thus reducing the crank-
shaft oscillations produced by this harmonic throughout the whole speed
range. ‘The amount of this reduction in the so-called normal gas torque
variation depends upon the design of the individual engines, but there
appears to be no reason why it should not be possible by this means
to deliver the power of any radial engine to the propeller with a torque
variation as low as =10 per cent of the mean engine torque regardless
of the number of cylinders on the engine. In other words, the dynamic
damper will do virtually all of the speed regulation in the engine if
it is permitted to do so. Incidenrally, the dynamic damper does not
add any weight to the engine as Mr. Liirenbaum charges, but merely
puts some of the weight already there to work.

In comparison to this performance, a line engine not only suffers
from a major harmonic as does the radial engine, but it also suffers
from a whole series of minor harmonic torque variations which, because
they are not all applied ar one point along the crankshaft, combine to
put energy into the vibration of the shaft although their algebraic sum
for the whole shaft is zero. The line engine therefore has one major
critical speed and in addition a series of minor critical speeds, all of

" good vibration absorber. :

the same frequency in cycles per second however, but occurring at dif- |

ferent engine speeds.
(spring actuated) will eliminate the serious effects of all these criticals
but may give trouble between criticals. It is also difficult to build

An isochronous dynamic vibration absorber '

a cheap and reliable spring-actuated damper which does not have un- :

* See S.A.E. Transactions, March, 1936, pp. 81-89; “Eliminating Crank-
shaft Torsional Vibration in Radial-Aircraft Engines”, by E. S. Taylor.
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The friction-type damper (Lanchester type). will reduce the severity
of all the critical speeds but adds weight. It is nat as effective as a

Again, Mr. Liirenbaum goes to considerable trouble to calculate the
energy input to a vibration as the first step toward calculating the
amplitude of vibration at a critical speed. Here again the type of
engine under consideration affects the problem. Energy-input calcula-
tons are useful from an academic standpoint in the study of any
engine type to assist Us in getting a sound comprehension of what
occurs during critical speeds, but they give us no quantitative answer
as regards vibration amplitudes because we do net know how much
work the damping forces do, as Mr. Liirenbaum admits. Energy
calculations are of more assistance in the study of in-line engines than
in the -study of radial engines because they are useful principally in
determining the effect on torsional crankshaft vibration of firing orders
Radial engines are simipler
in this respect and are, therefore, susceptible to adequate analysis with-
out the use of energy calculations. With either type of engine, however,
if we want to estimate amplitudes of vibration, we have to rely on our
experience based on torsiograph studies. Fortunately, as Mr., Liiren-
baum points out, there are instruments available now to measure these
amplitudes for us directly which instruments, particularly in the case
of radial engines, give us the data for estimating amplitudes quickly
and accurately enough for design purposes and with no energy-input
calculations required. ) E

For instance, we know from torsiograph studies that, at a critical
speed for torsional crankshaft vibration, a conventional radial engine
without a damper will develop a torque variation in the propeller shaft -
10 to 20 times the normal torque variation of the engine. In other
words, the magnification factor for this type of engine lies between 10
and zo. Knowing then the torque variation imposed by any particular
harmonic (from a harmonic analysis) we merely multiply it by 10 or
20 and then add the result to the normal peak torque minus the
harmonic under consideration to obtain the limiting values of the
maximum torque imposed on the propeller shaft at a critical speed, the
values obtained with the magnification factor 1o being the best we can
hope for and those with the factor 20 being the worst we are ever
likely to get. Incidentally, we have found that a magnification factor
of about 15 comes fairly close to being the correct value for engines
of this type. From these torque values, we can estimate our stress
conditions and govern ourselves accordingly. :

Knowing the magnification factor, we also can obtain a value for
the overall damping factor of the engine from the formula,

i L]

1
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K

Magnification factor

where A = Damping factor

and .
_ Disturbing force frequency
, " Natural vibration frequency
. ]!
At synchronism, this value becomes K = i

From this formula we can plot the resonance curve of the engine -
under consideration as shown on Fig. 4. This resonance curve not
only shows us what to expect at the critical speed but also shows how
closc to a critical speed we can operate without exceeding some prede-
termined stress condition in the engine. For example, we know that
negative torque in the propeller-drive train is very injurious to reduc-
tion gears, propeller splines, and so on. In order to locate this point
on_the resonance curve, we merely divide the minimum engine torque
(after removing the harmonic. under consideration) . by the ‘amplitude -
of the harmonic under consideration and obtain a value for maximum
permissible magnification-factor:+ 'We then draw a line on the resonarice
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