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TORSIONAL VIBRATION OF AIRCRAFT ENGINES*

By Karl Lﬂrenbaum

Exhaustive torsional-vibration investigations are re-
queired to determine the reliability of aircrazft engines.
A rceneral outline of the methods used for such investiga-
tions and of the theoretical and mechanical means now
available for this purpose is given below, illustrated by -
examples,

I. VIBRATION CALCULATION

Torsioenal vibrations in piston engines require par-
ticular attention, especially as regards aircraft engines
which combine great power and high revolution speeds pro-
ducing great exciting forces; with low weight and maximun
utilization of materials. TFrequent crankshaft failures
during the last few years have demonstrated in a striking
manner the fatal effect of neglected torsional vibrations
on safety in operation. Exhaustive vibration investiga-
tions are therefore expressly recommended as a means of
avoiding undue vibrational stresses by proper precautions.

Calculations, incorporated in the design of power
plants, form a large part of the vibration investigation.
As a rule, this enables the designer to improve the vi=-
bration conditions by appropriate changes. In general,
hovever, a full knowledge of the vibration conditions may
be gained only by vibration measuremeats of the completed
engine. Subsequent changes on the basis of vibration
measurements are possible only to a limited exte§t.

The final purpose of practical vibratioan investiga-~
“tions is the determination of the additional stresses de-
vcloped by critical vibrations, These investigations are
based on the natural vibrations and on the true vibration
diegram in any cross section of the vibrating system.

*"Praktische Drehscawingungs-Untersuchung von Luftfahrzeug-
Priebwerken." Zeitschrift fur Flugtechnik und Motorlufti-
schiffahrt, February 29, 1932, pn. 105-113.
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The true vidbration diagram shows the amplitude of vi-
bration of a single cross section at the critical points
of the operating speed range. The true amplitude of vi-
bration and hence the vibrational: stresses can be shown at
any point of the vidbrating system by the free form of vi-
bration giving the totality of the relative amplitudes of
vibration throughout the cross sect1on.

l, Form of Vibration

1t was repeatedly .shown that, for major critical con-
ditions, free vibrations may be used for stress calcula~
. tions as a sufficiently accurate equivalent of forced vi-
brations, provided the system is one of harmonic vidbra-
tions with comparatively 'small natural damping. This con-
dition is fulfilled with sufficient accuracy by standard
?viation)engines with direct and rigid propeller drive,

Fig, 1.

" Free vibrations and the respective natural vibration
members which depend exclusively on the distribution of
the masses and springs within the vibrating system, can be
calculated by known methods, prov1ded the masses and
springs are determinable with 'sufficient accuracy., The de-~
termination of the springs is often difficult, It cannot
always be calculated in advance on the basis of design
drawings only. As & rule, static torsiomn tests are re-
quired for cranks, bevel couplings, spring couplings, etc.
When torsion tests are made with cranks or complete crank-
shafts, the units should be tested with their bearings _
and, if possible, with their casings, since the stiffness
is greatly affected by the resilience and clearance of the
bearings., -

Nonharmonic elements of vibrating systems (rubber cou-
plings, Hardy disks, couplings’ with clearance) somewhat
impair the reliability of the v1brat1on calculation, the
latter being no longer 1ndependent of the amplitude., Yet,
according to torsion tests with various nonharmonic cou-
Pplings, their damping curve does not differ materially
from the linear law., In this case the ¢alculation of the
form of vibration can be based on a mean damping, nameély,
that corresponding to the mean torquerf the engine.,

The déetermination of the damping effect is much less
reliable with geared engines. The.gear bearings and cas-
ings are incorporated in the elastic system by the trang-
formation of the torgque. and the resulting.reaction of the
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driving-gear bvearings, This additional damping can be de-
termined only by a torsion test which must be made with
the complete engine including the geared parts running 'in
their respective bearings .and casings., It cannot yet be
determined by calculation, .It is hoped that at.least an
estimate of this influence will be possible in future, asg
soon as’ experlmental values. become available for a larger
number of geared englnes.. ~ - '

The free form of vibratlon loses its 1mportance in
systems with marked inherent natural damping (vibration ,
damping ‘devices, strongly damping couplings). These sys-—
tems are not, in general, affected by an increased danger
of v1brat10n, 31nce marked resonances can no longer occur,
In these .cases the stress calculation must no. longer be
based on the free undamped form .of. vlbratlon..

I

2. V1brat1on Dlagram

At present the course of the true vibratlon dlagram
of an engine cannot yeét be predicted for the general case,
The amplitudes of vibration can be calculated for a known
excitation in the noncritical region, the damping forces
not having reached their full development (material damp-
ing, piston and bearing friction) being thereby neglected,
No advantage -is gained in this way, since these reglons
are usually free from any danger of vibration,. .On the :
other hand, the amplitudes in the resonance and . stress lim-
its cannot be calculated with the required accuracy, no.
adequate and correct information being yet available as to
the magnitude of the damping forces which, in this case,
have a decisive influence and balance the exciting forces.
Only for the frequently tested 6-cylinder in~line and 12~
cylinder V-type engines have damping coefficients been
calculated from vibration measurements. ZEven at the crit-
ical points, these coeff1c1ents permit expressing the reso-
naace anplitudes of the above. englnes in satisfactory
agreement with their true values, Inasmuch as such coef-
ficients are based on greatly simplified assumptions re-
garding the-true.nature of v1brat10n damping, great cau-
tion is recommended in using them for similar power—plant
arrangements,

While the.resonance 11m1ts by which .the- "stress calcu-
latlon is dec131ve1y affected must be determlned by vibra—
tion measurements on the actual engine, .at least the rel-
ative .vibration diagram may be predlcted On the basis of
an investlgatlon of the ensergy. devoted by each harmonlc of
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.the total torsional-force diagram to the excitation of vi-

brations, the ser1es and relative amplifiudes of the crit-
ical vibrations to De antlclpated in the operatlng speed
range can. be predlcted for any power ‘plant with known num-~
ber and. arrangement of cylinders and cranks, known firing:
order and form of .vibration, This exc1tat1on:energy'is
proportlonal to the resonance amplitude. The curve plot-
ted against the revolution number- (repems)-is . a relative
vibration diagram, Such an investigation was recently .
made with. a large number of four-stroke-cycle aircraft en-
gines hy means of a szmple graphlc method, (Reference 1,)

The relatlve v1brat10n dlagram is 'a very valuable aux-

,111ary which permlts interesting conclusions to be drawn

regarding the vibration conditions of a power plant in op-

eration, before its construction has been started, thus .

aifording means for making the necessary c¢hanges at the

right time, The plotting of the relative vibration curve

requires the knowledge of the free form of vibration which
canndt always be accurately pre@lcted

II, VIBRATION MEASUREMENT

Reliable vibration measurements for the determination
of. the true vibration diagram of aircraft engines were
made rather late, because it was necéssary to develop ade~
quate measuring instruments and methods. Instruments,
hitherto successfully used on low-speed and slowly vibrat-
ing stationary and marine power plants, did not yield sat-
1sfactory results on alrcraft engines,

' 1. D.V.L. Tors1ograph

In the meanwhile the D.V.IL, has completed the devel-
opment of. a tor31ograph Whlch in many tests, has been

- found to meet. the part1cularly dlfflcult conditions of -

measurement on aircraf?t engines, giving accdurate results
up to very high revolution and ‘vibration speeds, - The ‘de~-
vice is d931gned to be rlgldly flanged to a free end of
the engine shaft, The vidbrations-of "thé free shaft end
with respect to a uniformly revolving nass. (prlnc1p1e of

. the seismograph). are scratched full-scale by a diamond on

a‘moving.film, Simultaneously recorded time and revolu-
~'4ion . marks. permit an accurate determlnation of the-posi-

"~ tion, magnitude, and order of the critical conditions.

(Reference 2.) 'Ian connection W1th the concluded develop~
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ment and testing of the D.,V.L, torsiograph, additional in-
fqgmation isﬁgiven below, illustrated by recent photographs,

'THe défice'is built in two sizes (fig. 2):

&) A large size (diameter of housing 200 mm (7.9 in,));
“b) A small size (diameter of housing 120 " (4,7 ")),

The 1arge type can be used for all large stationary
and automoblle engines and for -aircraft engines down to
avnroxlmately 200 to 250 hp. 1In all these cases the vi-
brating mass of the torsiograph (g = 0.055.-cm kg 82) ecan
be disregarded without error as compared with the vibrat-
ing masses of the engines. This is no. longer true for
small. power plants, BeLss aircraft engines of less than
200 hp, The small type was developed for these particular
cases, It is, essentlally, a geometrical reduction of the
large D.V.L., torsiograph,. - (Fig. 3.) The vibrating mass
of the small torsiograph is only about 1/5 that of the
large one and can be safely neglected in: comparison with
the usual dr1v1ng—gear masses8 of: small alrczaft and auto~‘
mobile englnes. .

_ The use of the dev1ce was simplified by a dlstance
control ~consisting of a Bowden wire and a band brake,
(Fige 4.) Measurement at not easily accessible points is
thus greatly facilitated, A record with time and revolu~
tion marks, magnified 1,5 times, is shown in Figure 5,

él'D.V.L. Torsion Recorder

Vibration measurements at the free end of the shaft
are sufficient for the determination of stresses in en-
gines with a clearly. defined form of vibration, as,’ Bee
present~day aircraft engines with direct propeller drive.:
(Fig. 1.) In the case of geared propellers, driven by the
engine through long intermediate shafts, clutches and gears,
the form of vibration can no longer. be indicated with suf-
ficient accuracy., Its course must be explored with ade-
-quate measuring instruments in.as many cross sections oﬂ '
the vibrating system as possible.

Another device was evolved for the proposed develop-
ment of distance drives. It permits the direct measure-
ment of the total stress in the most endangered interme-
diate shafts. This device has already been successfully
used in several cases. (Figs. S_andu?.)*J :
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The r901proca1 torsion’ of ‘the. two tested cross sec-
tions, I-I and II-II 4is measured with a torsion-proof
indicator tube fitted on the shaft, following current tor-
sion-indicator practice. Thae r901proca1 torsions of the
two cross sections being very small over comparatively
short” lengths of measurement (9,4 to 15 in,), the glass-

" scratch-recordlng method (reference 3) specially suitable

for very short lengths, was used in this case. The rec—
ords, like those of the torsiograph, are plotted full-scale
and are not affected by inertia, The recording plate is
driven by an electric motor (3), revolving with tho shaft
.an& supplied with' current through a slip ring (10), 1In
its. . present form, the whole measuring unit, made of two
parts, can be fitted by 1nterchangeable tlghtenlng rings

on shafts of up to 80 mm diameter.. The length of measure-
ment can also be. adapted to the various degrees of torsion
by using indicator tubes of dlfferent 1eagtns.‘e

Greatly magnified records are shown in 41gures 8a and
8b. . In case a an almost as great alternatlng stress, is
superposed on the static load of the shaft portion due to
the mean torque., Conditions are much more favorable in
case. b, . measured on a distance-~drive shaft, The super-
posed vibration stress is only a very small fraction of
the mean ftorque waich can very accurately be measured in
this case,

he stress conditions in the smooth ruaning and high-
ly stressed intermediate shafts of distance drives will
usually be as favorable. This affords another possibili-~
ty of using the torsion recorder as an actual torque and
power measuring device, Seen from this angle the compar-
"atively simple and inertia-proof measuring installation
may also be successfully used for shafts of ships and air-
ships.. . . .

: An improved type of the torsion recorder now in oper-
ation is shown in Figure 9. This device again incorporates
the filgp~scratch~recording method successfully used in the
first D,V.L., torsiograph, after it had been shown experi-
mentally that sufficiently thin lines (to within 0,01 mm)
can be plotted by this method. .. Considering the available
length of measurement, the uor51on of .distance drive shafts
is not likely to drop below this 1imit,

Tne dev1ce closely follows the veneral 11nes of the
D.V.L., torsiograph, The film is again driven by the re-
volving shaft through a worm gear., The worm is stopped by
a band brake with Bowden cable. This unit is extremely
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handy and greatly ‘reduces the revolv1ng masses-as compared
to the experimental type. (Wigs. 6 and ‘7. )

III, EXAMPLE: VIBRATION -TEST OF A SIMPLE DISTANCE“DﬁIVE

The test was made with the simple distance-drive shown
in Figure 10, consisting- of a BMW IV enging -~ rubbef cou-
pling ~ lengthening shaft ' (1 = 150 cm) - propeller;. Al-
~though the test arrangement was simple, the results show
that a stress calculation, based on the calculated form of
vibration and on torsiograph measurements at the free shaft
end only, is very contradictory as regards the stresses in
the lengthening shaft. Not before the torsion recorder was
- used for the measurements could reliable figures regarding
the true stress conditions be obtained, : :

.The rubber coupllng, the characteristics of which were
determined by a torsion test (fig, 11), had ‘a decisive in-
fluence on the vibration conditions of the .installation,
The diagram shows the departure from the linecar law and the
damping capacity of the coupling. About 15 per cent of the
absorbed eneugy .of deformation is retained during the dis-
charge and convented into heat. The damping was determined
by graphic differcntiation of the work of deformation-load
curve (radius = f(Mg)) as a function of the load . (c and
1 =f(Mg)) and likewise plotted in Figure 11,

Figure 12 shows the equivalent v1bration arrangement
'of the .distance drive for a smooth shaft with an inertia
" moment JP = 242 cm*, The assumed elastic length of. the

rubber coupling thereby corresponds to the load- appiled by
the mean torque of the BMW IV engine (approximately 125 m
kg)., The damping of the coupling is comparatively soft.
It equals that of a steel shaft of ~ 4.7 m 1length and

~ 70 mm dlameter. ’

The  single and doudle node v1bretloh'of the‘installa—
tion-was. calculated and plotted in Figure 12 with the re-
spective natural vibration numbers mng, = 2000 1/min and’

ne, = 6080 1/min. The only critical vibration likely to

occur in the operating speed range of the installation,
for the form of vibration 1ne,, is ne1/3- assiming
roughly jdentical amplltudes of vibration - in each crank,
In spite of the proximity of the 1.5 harmonic at full
throttle, any resonance with it is not likely to be very
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pronounced, . The form of vibration ng4 with a node close-
ly before the rubber coupling, eorresponds to the usual

form of vibration of the engine .with direct- drive propel-—
ler, (Fig. 1.) Hence, the well-known series of critical
conditions n62/4.5; nea/s, «es appears in the operating
speed range, ' : . .

Following the preliminary vidbration calculation, the
installation was tested simultaneously at the free end of
the engine crankshaft with a D,V.L, torsiograph and in the
lengthening shaft with the torsion recorder, (Flg. 10. )
Two records each, plotted with the two devices at the same
time and speed are shown in Figure 13.

The estimation of the test results in Figure 14 re-
quires no further comments, It will. be noted that, as an-
ticipated, the critical condition /1.5 is. very little
pronounced, whereas the critical ne73 is strongly marked
“in spite of greatly reduced engine speed, It is, further-
more, noteworthy that the natural vibration numbers neg,
and ng_ calculated from the ordinal number and position
of the critical vibration, differ materially from sach
other, This phenomenon is attributable to the anharmonic
character of the rubber coupling, the elasticity of wkhich
changes with the mean torque exerted on it., (Fig. 11,)
The engine was throttled down during the vibration measure-
ment;, the stiffness of the coupling thus increasing w1th
the torque.

: The:fo0llowing conclusions were reached by comparing
the ‘stresses in the lengthening shaft (m kg, and m kgs),
measured by tAG torsion recorder, with the stresses calcu~
lated on the basis of torsiograph measurements .(¢; and @z)
for -the free vlbratlons Be, and ng, (fig. 12)

a) In the strongly pronounced critical condition
nel/S, a calculated stress of #193 m kg corre-
sponds to a measured stress of *¥176 m kg. The
true stress is less than 10 per cent below the
calculated value, The small difference is attrib.
utable to the damping of the coupling dut, under
‘some conditions, may also be due to inaccuracy of

" measurement.

b) A stress of *83 ﬁfig is calculated from the slight-
1y pronounced critical condition nel/1.5, the

measured value being +147 m kg. In this case the
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- true-stress is approximately. 75 per cent: above
its calculated value and it is .clear that for 1lit-
tle pronounced critical conditions the stress cal-
culation can no longer be based -on-the free form
of vibration, In the present case the forced vi-
bration is far from agreelng w1tn the free vibra-
‘blon. .

e) In'the'efitioal;cohditioﬁi ﬁ;;/é the measured
stress of 44 m kg is only ~ 20 per cent of the
calculated stress of 1200 m kg. '

" d) In the critical condition ne /4.5, the measured
: stress of 162 m kg is only :~ 240 per cent of the
calculated stress of +160 m kg, -

For resonances:with mng, the true stresscs of the
lengthening shaft are obviously much smaller than those %o
be anticipated from stress calculations based on the free
form of vibration. =ng ~If the internal .damping of the
rubber were proportionate to the frequoncy, this phenome-
non might be attributed to a con81derably increased damp~
ing effect of the coupling for the greater vibration num-
ber. ‘ng,. .This assumption, however, is: not admissibdle,
since tae material damping for a given amplitude of vibra-
tion is 1ndependent of the frequency. 'In this case it is
probably a partial vibration of the engine gear proper
reaching up to the node just before the rubber coupling,
This vibration scarcely passes through the coupling, so
that no material stresses-of the form of vibration ng
are set up in the lengtlening shaft. The example shows
.clearly that a completely wrong picture of the true stress
_conditions in the. lengthenlng shaft would have been ob-
.tained without - the measurement w1th the torsion—recordlng
dev1ce.'. »

IV. RESULTS OF VI‘BR.A.'TI'ON PESTS WITH AIRCRAFT ENGINES

Durlng the. 1ast fow. years the D V.L. has 1nvest1gat~
ed. the vibration conditions of a. large. nunber of straight--
‘type,_v'type and - rad1a1 alrcraft engines,.. The free form
.of vibration. and “the - relatlve vibration diagrfam of thése
eng1nes were calculated ‘The _true vlbratlpn dlagram was .
plotted w1th a.D, V.o, tor51ograph at ‘the free end.of the.
”crankshaft and the additional . v1brat1on ‘stress. was calcu-
iated as far as possible with 'the aid of the fres form of

vibration,
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Various engines, with and without reduction gear and
vzbratlon-damplng devices, wlgh rigid and spring couplings
conqecting crankshaft ‘and propeller, were tested in this
manneér, The vibration test revealed the effect of these
'dlfferent arrangements on the vibration characteristies,
Further detalls revardlng the pos1tion of the natural vi-
bration numbers, the dlstrxbutlon of ‘the critical points
in the operating speed range and partlcularly the magni-
tude of the additional vibration stress of -these englnes
were thus obtained. . _

Some of the tést‘results‘are shown in Table.I, In ad-
dition to the characteristics of the various engines, the
principal tor31ona1 vibration characteristics are given in
columns 5 to 12.

1. Natural Vibration Numbers

_Column 5 'gives an idea of the natural vibration num-
bers, The following distribution is obtained for direct-
drive englnes, using different values not contained in
the table'

4—cylindér;ine}ing:engines ‘ne 10900 to 13900 1/min

.

. B-cylinder in-line . " . 1ng, = 5900 " 6600 "
12-cylinder YV-type ~ "  ng = 5400 " 5740
Radial LR ne, = 8800 " 29000

1

A In older engines of the same construction and similar
power range these. flgures are. unaffected by vibration con-
siderations and do not vary much, The influence of v1bra~
tion on the size of the crankshaft and gear components has
been revealed of late by new englne.types.

The-natural - vibration numbers are greatly cut down by
reduction gears, usually much more than may be expected on
the ground of the additional damping action of the gear
shaft -which must be reduced by the square of the gear ra-
tio, As already mentioned in paragraph I,l, this phenome-:
non. is attributable to.the incorporation- of the gear bear«
ing and hous1ng in the vibrating system, A preliminary
calculation of the naturgl. vidbration number of gecared en-
gines, based on. des1gn draw1ngs, is therefore hardly reli-
ablec : . - E ' C
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In working out the dimensions of the damping mass
which revolves with the system, the reduction, shown in
column 5, of the natural wvibration -number by an addition-
al vibration-damping device, must be taken into account,
~Owing to the often rapid succession of critical conditions,
a too~heavy damping mass may introduce damped critical vi-
brations, originally lying outside the operatlng speed
range, within this range,

The ordlnal numbers of .the most strongly pronounced

critical cond1tions in the operatlng speed range are giv-
en in column 6, The table shows that resonance occurs. at
comparatively low harmonics with correspondlngly large eX-~
citing amplitudes. An improvement may be achieved by .in-
creasing the natural vibration numbers to a level where
resonance occurs only at major harmonics with respectively
smaller excitation, Good results may be obtained only
provided the crankshafts are much larger than those now:
currently used. The new method developed for stralght—
type engines may often be a satisfactory solution, ,It im-
plies a comparatively low natural vidbration number, addi-
tional damping and no materlal increase of weight (Section
Iv, 3, 4). The natural v1bratlon number of: radial engines,
:the lowest’ crltlcal condltlon of Whlch corresponds to onc-

half. its number .of cylinders, may in certain cases be
grewtly reduced-by additional intermediate damping mem-
bers, as .shown by Figure 15, In one case, the natural vi-
bration. number. of a 9-cylinder radial engine was.so far.
reduced (ne = 3400 l/mln) by a spring coupling between
the . crankshalt and the propeller and by elastically hinged
counterwelghts that, although the lowest critical condi-
tion /4 5 still occurred, it lay outside the regular
operatlng speed range which is free from resonance, The
vibration conditions of the 5-cylinder radial englne,A
which has.a rather high natural vibration number (ne =
10500 1/m1n).. are far from being so favorable,.

2. V1brat1on Stresses

. The greatest v1bration .amplitude measured with the
torsiograph, at the free end of the crankshaft, is. given
in column 7 of the table, This value, together with the
free form of vibration, is -the starting point for the
stress calculation, the results of which are given in col-
umn 8, In all these cases but one, the additional vibra-
tion stress is a multiple of the static stress exerted on
the shaft by the mean torgque. (Column 9.,) These figures
show the decisive 1nfluence -0f..the v1brat1on condltlons

R B
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on the dimensions of the crankshaft, The stresses given
in dmkg do not yet permlt of . comoarlng the different en-
gLnes. : ' : -

'Columns-lO and 11 :show the magnitude and location of
the additional vibration stress.of the crankshaft, refer-
red to the ¢ross section with the smallest antitwlstlng
moment, irrespective of stress increments due to special
forms of the shaft, stress cumulation at changes of cross
section, "notch effect ~inherent stresses, etc.. A relia-
ble calculation of tnese influences is hardly possible.
They must be directly determined by stress measurements
with extensometers having a very short stroke and facili-
tating access to points of great stress accumulation (hol~ -
low throats, notches, etc.)s In.the absence of such in-
vestigations it must be assumed at first that all the
tested crankshafts are equally subJect to the above influ-
ences, Then, the figures of column.l0 permit of a first
comparative estimation of the various engines, Inasmuch
as the true resistance of the crankshaft to alternating
stresses is not known and- the alternating strength charac-
zterlstics ‘of smooth test pieces (approximately 37 kg/mm?)
-or model crankshafts (approximately 20 kg/mm2) are not
convertible to full-scale parts, it was hitherto impossi-
ble to estimate the absolute, admissible ultimate stress
withstood by the shaft without failure. Sustained iorelon
" tests of the actual crankshaft, for the determination of
its true resistance to alternating stresses, are there-
-fore urgently recommended, Such tests would also agree
with the new tendency of applying dynamic stress investi-
gation methods to full-scale tests with completed parts,
An installation for the testing of crankshafts in their
respective bearings and Hous1ngs at their operating vibra-
tion number and form (fige 1) is now under development at
the D.V,L,

Until the first test results become available, at
least an approximately correct scale of comparison, of
practical use, is urgently needed., The danger of failure
may be estimated, with certain restrictions, on the basis
of the stat1stlcs of failures _.in.column 12, The assump-
tion is justified that the comp081te stress causing the
failure of the shaft con81sts chiefly of the torsional
vibration stress which exceeds all the other components
‘(bending, inherent stresses, etc.). Then, by comparing
columns 10 and 12, a stress of approximately 6 kg/mm2 nay
be derived which, at present, stands for the statically
determined admissible limiting stress. Owing to the above
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. i .
assumptions this figure ‘must be used with discrimination
as a basis for ‘éstimates. This substitute will have to be
used Writil further déetails become available, . On the other
hand, ‘the :.persistent lack of ‘reliability in estimating the
danger of failure, increases the urgency of .full-scale
tests with actual crankshafts.

'3; Vibration Damping

In connection with the vibration stresses of aircraft
engines, vibration damping, at present the best-known
means. of reducing these stresses, is briefly referred to
below, A greatly simplified diagram of the various types
of vibration-damping arrangements is shown in Figure 16,
The various masses.and springs of the power plant shown
in the figure are concentrated in one mass m; . and one
spring unit ¢, connected with the very large propeller
mass M, . o . : :

a) Resonance pendulum,- The designation "vibration
damper," oy which this device is sometimes designated, is
incorrect, since the vibration energynisﬂnot'damped or de-~
stroyed (D = 0), Hence, the resonance pendulum is shown
only as a transition to the damping dev1ce t. Device a
is a small coupled pendulum ¢, my, in resonance with the
system ¢, m, which is to be damped., According to the
theory of the double pendulum in this case,

x, =0

]

X - %— sin @ t

2

at the original point of resonance W = J/ c17m1 of the

system ¢, m,. Resonance is thus eliminated at this point
but replaced by two new resonances, one below and the oth-
er above it, The original point of resonance w 1is ap-
proached the closer by these new resonances, the smaller
c; and mp are as compared with ¢; and mp;. Hence,
the resonance pendulum is only a remedy for engines with
constant revolution speeds at a certain critical condi-
tione As a rule, the running conditions of aircraft en-
gines, which have a rather wide operating speed range, are
not improved by a shifting of the critical vibration p01nt
but only by its elimination by transformatlon of the vi--
bratien energy into heat.,
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, b) Resonance damper.,- This device produces the re-
.quired damping action. D, which should have the optimum
value (DOpt) between D:= O and D =@, A damper of

this type, des1gned for aircraft engines, was ‘recently
proposed “by .0, Fopol (reference 4) ‘and is now under devel-
opment, Instead of an external damping force, Foppl uses
the internal damping of the sprlng Csy WwWhich is best
made of rubber., :

, c) Friction damper.- In this case c¢p = O and the
damping mass my  is coupled with m, by solid or vis-
cous friction only. &Even i -the optimum position '(Dppt)
the action of this damner, for the same weight, is less .
than that of the resonance damper b which increases the
relative path x5 - Xy by the resonance of the damping
pendulum cz ma. . ' ‘ o

Device. ¢ was hitherto used as a frictiom or ligquid
damper only for aircraft englnes._ As shown by several ex-
amples in Table I, these dampers nave, by long experience,
been developed into the most efficient means of reducing
undue vibration stresses. Crankshaft failures are pre-
vented on engines. (espec1a11y 6—cy11nder straight—type)
equipped With damperse .

As a rule the damping devices. b and ¢ are mounted
on power plants developing vidrations in operation., As in-
dividual units, mounted on a free end of the shaft (exter-
nal dampers), their use, which increases the weight of the
engine and remains an. emergency solution, is justified on-
1y when other means for eliminating the danger of vibra-
tlon are not avallable.

. d) Internal . damp1ng* - Unlike external dampers, the
damping unit roughly described in this paragraph, is in-
' corporated from the beginning in the power plant. A
strong damping actlon is achieved by using. the great pro-
peller mass ¥ as the damping mass mp, without thereby
increasing the weight of the engine., It is still rather
difficult to form an opinion on the new solution intro-
duced by internal dampinge. Yet, according to the vibra-
tion diagram of Figure 17, which is nearly free from reso-
fiance, and was plotted for an aircraft eagine with infer-
nal damping, this solution of the vibration problem seems
to be good, especially for an op timum adjustment of -the
damping unit (Dopt)-

*The designation "interanal damping" was taken over from
Professor Junkers! Research Institute which, first in Ger-
many, applied this kind of damping to airplane engines,
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V. SUMMARY

ST

-,;_1/ PRVIN -::._.-.'.n

A knowledge of the vibration and stress conditions in
flight is .essential for judging the reliability of air-
craft engines, based on the free form of vibration and on
the relative and true v1brat10n diagrams., As a rule, the
free form of vibration and the relative vibration diagram
.may be calculated .in advance with sufficient accuracy. -

" The vibration conditions of running engines may thus be
predicted and the necessary improvements introduced in
time,

True vibration diagrams are usually obtained from vi-
bratlon measurements on the completed engine, Two devices
for this purpose and supplementing. each other, the D,V.L.
totsiograph and the D,V,L, torsion recorder, are.descriped
in this report. The D,V.L. torsiograph, mounted at the
free end of a shaft, measures the vibrations.of the latter
with- respect to a uniformly revolving mass, while the tor-
sion recorder measures directly the reciprocal torsion of
two shaft cross sections and hence the total stress (meon
torque and superposed vibration stress), An investigation
of the vibrations of a simple distance drive by means of
the two devices is given as an example,

Several final results and the discussions of vibra-
tion tests are added, Attention is called particularly to
the still-prevailing uncertainty regardlng the estimation
of admissible vibration stresses and to the consequent
necessity of determining the true alternating strength of
crankshafts by full-scale tests, Until such results be-
come available, a statically determined limiting stress
is suggested as a temporary criterion, Vidbration damping,
the beat means of reducing the vibration stress known at
the present time, is briefly referred to in this connec-
tion,

Translation by W, L. Koporindéd
National Advisory Committes , . -

~ for Aerconautics,
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Fig. 1 Vibration arrangement and free fundamental form of
vidration of a six-throw aircraft engine with propel-

ler.
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Fig. 11 Spring action and damping of rubber coupling.
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Fig. 12 Vibration test arrangement and free vibrations ne,

and e, of experimental distance drive.
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= 590 r.p.m. -5 cm a)
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= 590 —gl \‘1 revolution of
r. p m, ne § crankshaft.
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1 revolution of
crankshaft.
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ng = -2 revolutions of
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1.5 n = 1325 r.p.m,
n I“’ B)
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sz revolutlons oiéj
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a) and b). Torsiograms 2t free end of crankshaft
(slightly enlarged).
o) and B). Torsion diagrams of lengthening shaft
(greatly enlarged)
a) and @). n = 590 r.p.m. critical condition Dey

3
b) and B). n = 1325 r.p.m. critical condition
nel nez
15 @ 715

Fig. 13 Simultaneous records of the DVL torsiograph
and of the torsion recorder.
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Fig. 14 Vibration and stress relations of experimental distance drive.
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Fig. 17 . Vibration diagram of an aircraft engine with internal
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