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VIBRATION CHARACTERISTICS OF AIRCRAFT ENGINE
"CRANKSHAFTS

(Prepared by F. L. Prescott, Matériel Division, Air Corps, Wright Field, Dayton, Ohio, October 2, 1931)

OBJECT

These tests were made to develop a satisfactory
instrument for recording torsional vibrations and to
make possible calculation of frequency of vibration
from drawings.

SUMMARY

A very satisfactory instrument has been devised for
recording torsional vibration. Many tests have been
made and vibration records taken on engines of all
makes and types. These records are presented and
discussed. The method of calculating frequency of
vibration is presented in its simplest form, and results
of calculations with corresponding observed frequencies
are tabulated.

CONCLUSIONS

Calculation of critical ranges due to torsional vibra-
tion can be made with sufficient accuracy to make the
study of great value in crankshaft design.

INTRODUCTION

It has long been realized by designers of internal
combustion engines that calculation of stresses in
crankshafts was incomplete without an investigation
of the torsional vibration characteristics of the engine.
Marine designers have been compelled to take this
phase of design into account because of the nature
of the drives used and the extremely favorable condi-
tions for large amplitude torsional vibrations. It is
only because of the shorter drives and the compara-
tively stiffer crankshafts used in aircraft engines that
the torsional periods have not forced themselves on
the designers of such engines at an earlier stage. There
.h&s also been a feeling among those actively engaged
In such work that calculation of torsional periods was
too involved and complex and too little was known
of the phenomenon to make it worth while to take
8ccount of it. As a result, engines are built and run
fesardless of critical periods and when a ‘‘rough spot”’
s observed in the operating range, the engine speed
8 varied to avoid running at that particular point.
An example in point is the Liberty 12"’ aircraft engine.
Cﬂcnlation of crank shaft stresses does not reveal any
marked weakness, and yet there are speeds within the
%Perating range where crank shaft failures occur. It
h‘f“ been found by numerous tests that there are three
critical speeds at or near which torsional vibration is
tlcountered. These speeds, as will be pointed out in
“bnection with test records, are 1,000 r. p. m., 1,333

(1)
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r. p. m,, and 1,715 r. p. m. with a frequency of 100
vibrations per second. Two of these periods, most
unfortunately, occur at speeds which are encountered
in operation. The normal rated speed of the Liberty
‘127’ is 1,700 r. p. m., and when fitted with a propeller
for supercharging, but taking off without supercharge,
the speed is pulled down to 1,350 r. p. m., or 1,400
r. p. m. A consideration of this design from the
torsional vibration standpoint would have indicated
the desirability of removing these periods to a little-
used part of the speed range. Because of the smooth-
ness of operation of the Liberty 12"’ at 1,450 r. p. m.
to 1,550 r. p. m., the pilot prefers to use this speed
range at the expense of the output. The Packard
2A-2500 12-cylinder Vee engine has a critical period
of vibration at 1,800 r. p. m., its rated speed. The
roughness of this -engine, which was partially due to
poor distribution, caused numerous failures of pipes,
accessories, and water joints. To remedy this serious
effect, an Allison spring coupling was incorporated in
the geared models, which seems to have the effect of
making all speeds about equally bad in respect to
torsional vibration. See Figures 12 and 14. The
coupling did, however, reduce the impact load on the
teeth of the reduction gearing.

It would appear to be ideal to so design a crankshaft
that no torsional periods would occur within its oper-
ating range. This is readily done in the case of the
radial engine because of the short, stiff crank shaft
used. In the case of the 4 or 6 cylinder line engine and
the 8-cylinder V, it is still possible to avoid the pri-
mary critical period. The 4 and 6 cylinder line engines,
however, will have torsional periods at one-half the
primary critical speed by reason of the double frequency
inertia torque which is characteristic of these engines.

The inertia torque characteristics of a number of
engine types have been computed and published in the
Automobile Engineer, September, 1929. In the curves,
the fact is brought out that the torque due to inertia is,
in the 4 and 6 cylinder arrangements, greatest in the
propeller and crank cheek and main journal. In the
12-cylinder V, the stress due to this factor is greater
in the journal between cylinders 5 and 6. This would
seem to explain why the Liberty crank shaft almost
always breaks at one of the cheeks between 5 and 6
instead of the last cheek. In the case of the radial
engine, inertia torque is a negligible factor.

In case of the 8-cylinder and 12-cylinder V, the
frequency of the inertia torque is equal to that of the



9

power impulses. This frequency is too high in the
12-cylinder V to permit of so designing the crank
shaft as to eliminate torsional vibration, even up to a
speed of 2,000 r. p. m., since the equivalent flvwheel
effect of the necessary reciprocating and rotating parts
combined with that of the erank shaft itself would make
necessary a stiffness which can not be incorporated in a
practical design. It therefore appears that the best
that can be done is to place the rated speed just below
one of the eritical ranges.  This allows a considerable
throttle range before the next lower period is reached,
The reduced torque impulses at this latter period are
not sufficiently serious to cause dangerous torsional
vibration.

The study of torsional vibration by the Power Plant
Branch, Matériel Division of the United States Army
Air Corps, began at McCook Field prior to July, 1927.
It was not, however, seriously undertaken until the
suminer months of that year. The project was carried
through the summers of 1927 and 1925 and from June,
1929, until the present. It is felt that there is still
much to be learned, in spite of the mass of data already
taken.

TEST MATERIAL AND APPARATUS

The question of an instrument suitable for recording
the vibrations actually encountered proved to be a
serious one.  Many types were considered and discarded
as impractical for various reasons.  The electromagnetic
type of instrument gives a beautiful record of the rela-
tive velocity of the crank shaft and some uniformly
rotating reference member.  This record must be
integrated in order to show the displacement record,
and of course does not give the amplitude of vibration.
In the case of a vibration of harmonie form, the veloeity
record also gives the frequencey, but the rather compli-
cated displacement ecurves observed are not readily
studied by any record other than the displacement-time
reccord. It was, therefore, decided that the desired
instrument should draw a graph of torsional displace-
ment against time.  An ingenious electrical device has
been developed by Dr. H. Thoma, Karlsruhe, Germany.
The novel feature of this instrument was the use of
toothed condenser plates, one attached to the crank
shaft and the other to a uniformly rotating member.
The variations of capacity of this condenser were used,
as in the condenser microphone, to modulate a vacuum-
tube cirenit, the plate current of which passed through
an oscillograph.  This arrangement is capable of being
calibrated and  gives a displacement-time record.
Another device which has been used suceessfully is
Doctor Geiger's well-known torsiograph. It was by
means of these instruments that the failures of the
power plants on the Graf Zeppclen were analyzed.

An early design of torsiometer used by the Matdériel
Division incorporated links and pins to impart motion
to an indicating hand. The latter moved over a scale
graduated in degrees and was read by means of a neon
stroboscope.  Rapid wear proved to be fatal to this
type of instrument, in spite of caschardened parts.
In the spring of 1928 the idea occurred to the writer
that a flexible cable of small size could be used, and this
was accordingly incorporated in the instrument used
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during the summer of 1928, Figures 1 to 3 show gen-
eral views of the instrument. The arrsngement makes
use of pulleys and a drum on the shaft carrying the
peneil.  This has proven very successful and is quite
free of backlash. The eable eventually wears out but
is readily replaced and, under the severest conditions
so far miet with, the life of the cable is several hours of
continuous operation.  The record is made on ordinary
indicator paper. A drum is provided which retains the
paper and since the pencil revolves with the instru-
ment, the drum is held in the hand, inserted over the
pilot provided for it and quickly pressed in and with-
drawn. The last onc-thirty-second inch of motion of
the drum operates a bell-erank system and presses the
peneil against the paper. A pointer is provided on the
drum and with the engine set on top center of one
evlinder, the beginning of the card is lined up with the
pencil, the pointer being vertical.  This serves to locate
the crank positions on the records. The two revolu-
tions in the engine eyele are superposed, hence the
complete evele erosses the card twice before it repeats.
In the present design the records show a displacement
of one-cighth inch for cach 1° of torsional displacement
of the ecrank shaft. The natural frequency of the spring-

i driven flvwheel is 10 to 12 vibrations per second. This

frequency is necessitated by the high aceclerations to
which aircraft eungines are subjected. Figure 4 (d)
shows the calibration record obtaiued at a speed of 30
r. p. m. The flywheel was plucked and released to
obtain a record of the damped vibration of the spring-
driven flywheel.

TEST RESULTS ON VARIOUS ENGINES

A number of records from various engines are pre-
sented in Figures 5 to 20, In Figure 5 is presented a
series of cards taken with a standard Liberty metal
propeller with blades set at an angle of 25° at 427/
radius. This held the full throttle speed down to 1,330
r. p. m. Two synchronous periods are evident, one at
1,000 r. p. m., eard (¢), and one at 1,330 r. p. m., card
(j). In both cases the frequeney is very close to 100
vibrations per second. At 1,000 r. p. m. we find 12
vibrations corresponding with the 12 power impulses
per eyele or 6 per revolution. At 1,330 r. p. m. we find
9 vibrations per eyele, or 4% per revolution. These
two periods would be accounted for by the presence of
twelfth and ninth harmonies in the single-cylinder
torque curve. Cards (1) and (m) show the effeet of
cutting out one set of plugs.  In the Liberty both plugs
were near the center of the combustion space, hence
little effeet is observed other than the loss of 30 r. p. m.
Card (n) shows the effect of retarded spark at full
throttle.  The speed dropped to 1,000 r. p. m., but
since maximum pressure was reached later in the cycle,
the deflections were greater than those in eard (c¢).
Vertical lines were drawn indicating approximately
maximum torque (207 after top center) on the eylinders
marked at the bottom.  Itis observed that all 12 vibra-
tions at 1,000 r. p. m. and 6 out of 9 at 1,330 r. p. m,,
show maximum acceleration at about the time of
maximum torque.

Figure 6 presents the records taken on the same engine
with a propeller setting of 17° at 42’7 radius. Here the



maximum speed was 1,700 r. p. m., the rated speed of
the Liberty ““12.”” 1In this set of records three resonant
periods are observed. That at 1,000 r. p. m. is of small
amplitude, due to the small power impulses. The
period 1,330 is apparent in cards (g) and (h), followed
by a comparatively smooth range, cards (i) to (I). The
third resonant period occurs at about 1,700 r. p. m., as
shown in cards (o) and (p). The frequency is the same
as at the two lower periods. It is to be noted that six
out of seven of these vibrations show maximum acceler-
ation close to points of maximum torque. This period
would indicate a seventh harmonic in the resultant
torque curves. No records have been taken at speeds
in excess of the third resonant period on a Liberty
12-¢ylinder engine.

Figure 7 shows a set of cards taken on a Curtiss D-12
engine of about 1,150 cubic inch displacement. These
were taken on the dynamometer, using a rather heavy

moid coupling. The compression ratio of this
engine was 7.3 to 1 and the engine was operated at the
maximumn load it was believed safe to carry at each
speed up to 1,800 r. p. m. From this point cards were
taken at full throttle up to 2,700 r. p. m. This was
done in order to record the worst conditions obtainable
in normal operation. Vertical lines indicate cylinderg
at top center. It is observed that definite resonance ap-
pears at 1,600 r. p. m., 2,100 r. p. m., and 2,700 r. p. m,
These periods bear the same relation to each other as
did 1,000 r. p. m., 1,330 r. p. m., and 1,700 r. p. . in
the case of the Liberty ‘“12.” If the frequency is
sccurately 160 vibrations per second, these resonance
points should occur at 1,600 r. p. m., 2,130 r. p. m., and
2,740r. p. m. It is evident from the records that 2,500
r. p. m. should be an excellent full throttle speed, since
this would allow a throttle range of 400 r. p. m. before
encountering resonance, reducing the power output on
propeller load to 59 per cent of that at 2,500r.p.m. Itis
doubtful if the effect of the resonant vibrations at 2,100
F. p. m. could be felt at this reduced output. In
climbing, the engine might be called upon to operate
v["ithin this critical range at full throttle, but the dura-
tion of such full throttle operation would not be great
tnough to cause crank-shaft failure. Unfortunately, no
records are available on this engine with propeller load.
It wil) pe pointed out in connection with another set of
ards that it is unsafe to draw conclusions from dyna-
lometer records, due to the effect of the coupling used.
n Order to approximate propeller loading, the moment
of inertia of the coupling should be large.
. I;‘igure 8 presents a very interesting record of a Cur-
88 §-cylinder line engine of about 410 cubic inch
_dlspla.cement. In this engine, resonance with the power
M pulges could not be observed, since it wouldnotoecur
Intil gpeeds in the neighborhood of 3,200 r. p. m. were
'®ached. This is far beyond the operating range of the
‘hgine. There should also appear a range of resonance
it a speed of about 2,130 r. p. m., but the available
Propetliers would allow the engine to turn up only to
875, p- m. Cards (a) to (1) were taken on propeller
loaq in the airplane, while cards (in) to (x) were taken
°n the dynamometer. In the latter case, a thermoid
‘Oupling was used to couple the engine to the dyvna-
Mometer, Since it was of small size, its effect as a fly-
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wheel was negligible and the actual crank-shaft vibra-
tion was only slightly apparent in the records. These
cards would seem to indicate that a coupling with appre-
ciable hysteresis, such as that offered by the thermoid
discs, might be a desirable type to incorporate in a
geared engine. The chief objection to the thermoid
coupling would be, of course, its size.

Figures 9 and 10 show cards taken on a Wright
R-1750 9-cylinder radial engine. Figure 9 is from the
direct drive engine and Figure 10 is from the 2:1 geared
engine. The gearing is of the Farman type and does
not incorporate any type of spring coupling. There is,
however, indication of a considerable amount of flexi-
bility in the reduction gearing, since the resonance
period is lowered from about 2,100 r. p. m. to about 1,450
r. p. m. Assuming the same moment of inertia in both
engines, the ratio of torsional stiffness from center of
eylinders to edge of propeller in the direct engine is to
that of the geared engine as 21002 to 14502, or 2.1 to 1.
It is hard to say where this flexibility is introduced, as
this type of reduction gear is very much like an auto-
mobile differential in which the spider drives the pro-
peller and one of the bevel gears is held stationary, the
other being driven by the engine. The frequency of the
direct crank shaft is about 158 vibrations per second,
while that of the geared shaft is reduced to about 109
vibrations per second. It is observed that torsional
vibration ocecurs in the direet engine at normal oper-
ating speed of 1,900 r. p. m., while in the geared engine
the operating range from 1,600 r. p. m. to 1,900 r. p. m.
is free of resonant vibration. The range from 1,300
r. p. m. to 1,550 r. p. m. is practically never used.
Hence this condition is satisfactory in the geared
engine. In the case of the direct engine, however,
stiffening of the crank shaft is indicated in order to
eliminate possible trouble due to critical crank-shaft
vibration.

Figure 11 shows records from the Pratt and Whitney
Wasp and Hornet 9-cvlinder radial engines, both of
them dircet drive. Both are free of critieal vibration
up to about 2,100 r. p. m., whnich is in excess of normal
rated speed. The critical frequency of the first appears
to be about 175 vibrations per second and of the other
about 165 vibrations per second. These records con-
stitute proof that the large radial engine can be so
designed as to be free from trouble due to torsional
vibration up to a speed as great as can be utilized
before valve gear trouble makes itself felt and where
inertia loading of the erank bearing becomes excessive.

Figure 12 is an interesting set of records from a
Packard 2,500 series 12-eylinder V engine. Cards
(a) to (k) were taken, using domestic aviation gaso-
line and 5% c. c. of ethyl fluid. It is to be noted that
while the period of the crank shaft is apparent at 1,350
r. p. m., the variations from eycle to cyele are much
greater in amplitude. This was thought to be due to
faulty distribution, hence the fuel was changed to
highly volatile casinghead gasoline and cards (1) o
(v) were taken. The engine operated mueh more
smoothly on this gasoline, showing that a large part
of the roughness of the engine was due to poor carbure-
tor and manifold arrangement. It is to be observed
that the crank shaft has a distinet torsional period at



1,350 r. p. m. and another at 1,900 r. p. m. Both of
these show a frequency of 135 vibrations per second,
there being 12 vibrations per engine cycle at 1,350
r. p. m. and 9 at 1,800 r. p. m. Since the rated speed
of this engine is 1,800 r. p. m., the engine is called upon
to operate for extended periods within this second
critical range.

Figure 13 shows a set of records fromn the propeller
end of the engine, using the same fuel as was used in
cards (a) to (k), Figure 12. These records show quite
definitely that defleetions occurring at the rear end of
the crank shaft do not indicate accelerations of the
shaft and propeller as a unit. In resonant vibration,
the shaft probably defleets according to an elastic
curve, showing one node at a point close to the edge
of the propeiler hub. In this case, the torque on the
most stressed section is nearly double that which,
applied at the rear, would produce the same angular
deflection as observed in operation. The large asyn-
chronous deflections due to distribution may or may
not follow this same type of elastic curve, depending
on which evlinders receive the surges of pressure, or
ramming effect of the manifold. The frequency of the
latter effect in this engine, as indicated by vibrometer
records, is from 12 to 21 per second. It is possible,
therefore, that the actual deflection of cards (a) to
(k), Figure 12, were even greater than shown by the
records, since the instrument frequency was about 10
vibrations per second.

In connection with this test a second engine was
available, which incorporated a reduction gear and an
Allison type of spring coupling. It was also possible
to replace some parts of this reduction gear with others
and run without any spring coupling. Figure 14,
cards (a) to (m), show the records ohtained with the
spring coupling, while (n) to (z) show those obtained
with the solid gear drive. These latter records should
bear some relation to those shown in Figure 12, (a) to
(k). The fuel was the same and, aside from the gear-
ing, the engines were alike. Little can be said as to
frequency of vibration with the spring coupling, except
to again observe that all speeds from 700 r. p. m. to
1,900 r. p. m. were about equally bad in respect to vi-
bration, with no apparent tendeney to damp out oscil-
lations, as was observed in the case of the thermoid
coupling, Figure 8, eards (m) to (x). It appears that
the natural frequency of the coupling is about 55 vibra-
tions per second, although it could have a varicty of
frequencies in view of its nonlinear deflection charac-
teristic.  Cards (n) to (z), without the spring coupling,
show that much less vibration is found at all speeds.
There appears to be some resonance at about 1,800
r. p. m. at a frequeney of about 90 vibrations per
second and also at 1,600 r. p. m. with frequency of
about 99 vibrations per second. Cards (c), (¢), (f),
(v), and (z) show a form of vibration which has been
found in two V engines with poor distribution,
Here there are six vibrations per engine ceyele, or three
per revolution.  There is no indication in the analysis
by A. Stieglitz of the normal torque curve of a 12-cyl-
inder V engine to indicate resonance with a sixth
harmonic, as would be indicated by these records.
If, however, due to faulty or unecven distribution,
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alternate power impulses were abnormal, a vibration
of this type would occur, such as is observed in a 6-cyl-
inder line engine, at resonance with the sixth harmonie.
This form of vibration was observed on the air-cooled
Liberty which has a rotary induction system and plain
galtery manifolds. There is no reason why the air-
cooled Liberty should differ greatly from the water-
cooled in character of vibration, with the exception
that pressure surges in the gallery type manifold are
nndonbtedly present, due to overlap of suction strokes.
This form of vibration is not found on engines using
four carburetor barrels, so that each barrel supplies
three cylinders, at 240° intervals and forked rod
construction.

Figure 15 is the record of the Curtiss V-1570 engine.
Here resonance occurs at about 1,550 r. p. m. and 2,000
r. p. m. On the basis of a frequency of 155 vibrations
per sccond, resonance would occur at 1,550 r. p. m.,
2,060 r. p. m., and 2,660 r. p. m. This engine passed
a 50-hour full throttle test at 2,400 r. p. m., but was
found to have a cracked crank shaft at the conclusion
of the test. Figure 16 is a set of records on the engine
at conclusion of the test. The character of vibration
is different from that observed with a perfect shaft,
as might be expected. An attempt to run 50 hours at
2,600 r. p. m. terminated at 12% hours with a broken
crankshaft.

Figure 17 shows a set of records on the same engine
as in Figures 15 and 16, but with 7:5 reduction gears of
the spur type. A Curtiss spring coupling is incorporated,
in which coil springs are under an initial compression
and no motion of the coupling occurs until a definite
torque is exceeded. The rate of increase of torque with
deflection is also different after the coupling starts to
vield than before. The torsional rigidity of the propel-
ler crank-shaft system is very greatly reduced, giving
a natural frequency of only about 80 vibrations per
sccond. This frequency indicates the first torsional
period at 800 r. p. m., the second at 1,070 r. p. m., the
third at 1,370 r. p. m., and the fourth at 1,600 r. p. m.
The third period at 1,370 r. p. m. does not appear in
the records, but the fourth shows plainly at 1,600
r. p. m. This period, with three vibrations per
revolution, is not caused by distribution, since this
engine is particularly good in this respect. It would
indicate a sixth harmonic for a 12-cylinder V engine,
contrary to the analysis previously referred to by
A. Stieglitz and reproduced in Figure 23. This engine,
however, has the articulated rod construction, which
may cause the torque curve from one bank to differ
from the other.

In Figures 18 and 20 are presented some records
taken on a Liberty 12" engine to study the effect of
fuels, detonation and preignition on crank-shaft
torsional vibration. Figure 18 shows the effect of
changing the spark advance from 30° to 60°. This
was, undoubtedly, accompanied by severe detonation,
since the fuel was domestic aviation gasoline. Cards
(0) and (s) serve to show the effect of premature
ignition. Cards (t) to (w) show the effect of cutting
out eylinder No. 1 or No. 6 combined with 30° and
60° advance. It appears that No. 6 (nearest the
propeller) is the more serious loss, giving greater



deflections than when cylinders near the rear end
of the shaft cut out. It was then decided to try the
worst fuel obtainable—low-test automobile gasoline,
such as is used for washing purposes. To make
matters as severe as possible, the plugs used were the
hottest obtainable, and cards were then taken at
30° and 60° spark advance, The detonation must
have been terrific, as evidenced by dense black puffs
from the stacks. It is interesting to note, however,
that no one was able to hear detonation above the
other noises present. At another time silencers were
fitted to a Liberty in the effort to make detonation
audible, but without success. These silencers were
effective enough to make unnecessary the use of ear
defenders, and the fuel was low-test gasoline. How-
ever, no one could be sure he could detect audible
detonation. When a Liberty single is running, ex-
hausting into an exhaust duct, detonation may be
heard for half a mile.

In Figure 19 are shown several cards taken under
various conditions. These serve to show that pre-
mature ignition does increase the amplitude of torsional
vibration, while detonation at normal spark advance
does not affect torsional vibration. In case, however,
of extended periods or detonation, hot spots may
appear and cause preignition, and thus indirectly
cause increased vibration. Figure 20 shows the best
conditions obtainable. California gasoline was used
with 11 cc. of ethyl fluid and cool plugs were installed.
There were no visible signs of detonation, even with
60° spark advance. The surprising feature of this
run is that the amplitude of torsional vibration is
greater for a given spark setting and power output
than when using low-test gasoline with preigniting
spark plugs and extreme detonation.

Figure 23A and Figure 23B show comparative reso-
nance deflections for 12-cylinder V and 6-cylinder line
engines. Figure 23A is calculated on a frequency
n=6,000, as found in the Liberty ‘12", These periods
check with great accuracy the observed periods as
indicated in Figures 5 and 6.

Figure 23B shows the 6-cylinder resonance curve
on the basis of n=9,600 as found in the engine which
gave the records shown in Figure 8. Unfortunately,
only one of the periods predicted in Figure 23B could
be observed.

These curves are reproduced from a paper on
“Torsional Vibrations in Vertical Engines,” by Albert
Stieglitz, and published in Luftfahrtforschung, July
24, 1929,

METHOD OF CALCULATING FREQUENCY OF
TORSIONAL VIBRATION

Several methods of attacking the problem of tor-
§ional vibration have been proposed and two of these
In particular have given excellent results. B. C.
Carter, in Engineering, July 13, 1928, has given an
empirical formula based on numerous experiments.
In his method, the crank is reduced to a torsionally
equivalent length of shaft of the same cross section as
the main journal. Prof. S. Timoshenko, in his book
“V_ibl‘!ttion Problems in Engineering,” has given a
rational method of reducing all cranks to a length of
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shaft having one torsional rigidity. Once having the
crank replaced by a uniform shaft, and the inertia
masses reduced to an equivalent flywheel system, the
frequency of vibration is readily calculated. In air-
craft work, the moment of inertia of the propeller is
from ten to twenty times the total equivalent moment
of inertia of the engine. It is, therefore, permissible to
consider the nodal point as being located at the edge
of the propeller hub. It could hardly be taken at the
center of the hub, since the hub reinforces the shaft
end and prevents it from deflecting. In the case of
the radial engine, the equivalent moment of inertia of
a given number of cylinders is approximately twice
that of the line engines, because of the necessary
balance weights. However, it is found that little error
is introduced in considering the propeller moment of
inertia as infinite; that is, assuming a node at the edge
of the propeller hub.

Professor Timoshenko has stated in his book, “Vi-
bration Problems in Engineering,”’ that little error is
introduced in calcnlating the primary or fundamental
frequency, if all the equivalent flywheel masses at the
crank pins are considered as adding together at the
longitudinal center of symmetry of the engine. The
problem is, therefore, reduced to that of finding the
torsionally equivalent length of shaft from the edge of
the propeller hub to the center of symmetry of the
engine, and the equivalent moment of inertia of the
crank-pin systems.

A typical aircraft engine crank shaft is shown in
Figure 21. The notation used is given in Table 1 sub-
stantially as used by Timoshenko and Carter.

Table 1

a=nctual length of crank pin. . oo _.._. in.
m=cffective length of crunk pin =a+0.9h in.
2b=actual length of main journal . ... ... __________..... in,
2by=elfective length of main journal _____ ... ___...___ =2b4-0.9h in.

=NRE=1474X105(D%—d%)
=L E=2.5X10hu?
=J1G=1178X100( D4 —dY)
=16 =1.17T8 X 106( DYy —d's)

Ba={lexural rigidity of crank pin
By=flexural rigidity of crank check
Ci=torsional rigidity of main journal
Csy=torsional rigidity of crank pin
Ci=totsional rigidity of crank cheek_____.
Dy=outside diameter of main journal
dy=inside diameter of main journal ... _.........__....
Diy=outside diameter of erank pin. ... ...
dz=inside diameter of crank pin
E=Young's Modulus of clasticity for steel

in.

Fay=cross sectional area of crank pin

Fi=cross sectional arca of crank cheek._.. ... ... ... .. ... =hw
G =Modulus of elasticity in shear or torsion =12X1081b./in.?
h=thickness of crank cheek__._ .. .. ... ... . in.

Li=moment of inertia of main journal section...._..__ -‘—; (DY —dYy) in.t

Iy=moment of inertia of crank pin section._........ -(;i (D4—d4y) in,¢
ILi=moment of inertia of crank cheek section =hw!/i2in, ¢
Ji=polar moment of inertia of main journal section_._... =2l in. {
Jiy=polar moment of inertia of crank pin section =2 in. ¢
Jy=polar moment of inertia of crank check section. =w3h33.6(w?+h?)in.¢
K=factor of complete constraint by main journals (Timoshenko) =

Rla+h)? aR?  a R, 1.2 a R
1oy Tzo Yamtam Y oxioen T B
—_ _‘77015—7{}'7‘7‘ T eemes i”.
207" 2B

L=length of connecting rod
lLi=equivalent length of shaft from edge of propeller to first crank
throw minus b eieieieeaaaan




6

{r=¢quivalent length of shaft, eenter to center of main journuls i!

shaft is unconstrained__. ... . _ . .. __ |+a "l’ I in.
lLy=cquivalent length of shaft, center to center of main ‘mmmlﬁ if
shaft is constrained by main bearings. =2b+a; o (I— K ) +
G .
2 —_——
2R (l TR e e in.
Li=l+ ;xl: (unconstrained). . . .. .. ... L .. in.
n . .
Le=UO+ 4 Xz (constrained) .. .. in.
=rotuting weight fer crank pin__. .. - I (4
1z =reciprocating weight jer crank pin. - Ib.
n=number of crank throws.
R=crank radius___. __. - - in.
w=width of crank cheek in.

The equivalent moment of inertia of one crank
syvstem is, according to Professor Timoshenko:

; [ <1+ ]R +ie

average ratio of erank to connecting rod

mo
my -+ 9

Nince the

is about 1/4, this value of 2) may be used, making

R: [
the term ; <I F 412> cqual to 0.508.  This may be used
for all practical purposes, henee we may take for the
whole engine-—
T=n[(m+0.51m) R 1 4] .- .. (1)
in which 7.= calculated or experimentally determined
value of the moment of inertia of one erank, about

the main journal center, lb. in.?
The frequency of oscillation of a torsion pendulum

Ih.in.?

is f=%-_\/§’in which (" is the torque in 1lb. ft. per
radian, required to deflect the torsion member, and I
is the moment of inertia of the pendulum in slug ft.2
In design calculations, it is convenient to use C) in

1b. in. per radian pcr inch length and 7 in 1b. in2,
/1"\’3" 2 C,

in which case (— Tand f.:f 11 or
3. 125\/(‘
For the unconstrained case, f;- 3. 125 \'/’-I—Il‘/ (2)
: . e
For complete constraint, f.=3. 135\( /I (3

Major Carter’s method, sce Engineering (British),
July 13, 1928, is purely an empirical one, and is given
only for the case of the shaft in its bearings. The
cquivalent length of shaft, from center to center of
main journals, is given as—

Liberty 12, 5" x 7"/ Vee ... . _
12-cvl. Kl ,.” X 6”7 Vee (Curtiss D-12)
p 7 x 614 Vee (Curtiss V=170 . .
51y “ line (Curtiss Crusader)

! Not observed.

Google

Table 2

3k
2

I)‘lﬁtl‘

huwd

DA — 4y
DYy -dy

Yo A

¢ in which the symbols have the same meaning as before.
The above methods will now be applied to the Lib-
erty ‘12" engine, where—

P
l,— (26 0.8h) 4 4(

a=____._
a;=2,5+0. Qxlf
W=
2hy=2409X1= .
B:=147T4X10002.3754—1
25X HEX1X3.4375

..................... 23‘5111.
1.25 in.

F:—l (2.3751—1.250) = ___ c.--. 821003

20

. R4375in.?
1in.

.- 935in.

231, xf(}i+2><101.2xm

7.25in. (actual) or 7.6 in.(equivalent length)
51.8X108

101206 == e 1158 in.

SLRX 10 .; 5 . ABLAX 100 3.3 .
L=2.943.4 34 55106 )+ X35 Torax 10 ‘2><9.'35)= Y in.
Ly=7.643X11.58 42.36 in.

Le=7.64+3XY= 34.6 in.
I=6[(6.340.51 X12.4) 3.51492.5]= . ... ... ... 1,482 1b. in2
- [ 5rsxam
f1=3.125 AN X 4236 = mm e e s 90 vib./sce.
o BLRXI0E
f-=3.125 v LAN2R 4G e e e iieos 9.5 vib./sce.

According to Major Carter—

l3=(24+0.8X1)+ 4(
3%3.5 2,625 —
+'D('§ 5(

e

11.33in
4219 in.

The observed value is about 100 vib./see. as shown by
the records, Figures 5 and 6.

Table 2 shows the calculated and observed frequen-
cies for several engines:

Timoshenko Observed
. - Carter . ) o
Uncon- Con- ¥re- s
strained  strained 1 quency b Critr.p.om.
,,,,,,,,,, 100 i 00 1,000, -
B 161 160 1,600, 2
153 155 1,350, &
,,,,,, 161 160 1,600, :
I 135.5 m !
137 | 135 1,350, 1,800,
718 ¢y 7
P ExL/vib,
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\
’QQQ’ rile D 00,12/122/No, 3533 (CeAuCeIoCo 1)
¥
AIR CORPS INFORMATION CIRCULAR
Vol., VII, No. 664
(hange )
Hoe 1 ) Var Department, Air Corps

April 20, 1936,

Page 6, Colurms 1 and 2, of Air Corps Information Circular
Vole VII, Noe 6064, "Vibration Characteristics of Aircraft Engine
Crank Shafts", is corrected by direction of the Chief of the Air
Corpsy in accordance with a recormendation from the liatariel
Division contained in letter dated April 9, 1936, as followst

Column 1
Line 4 recds (/Z- R ) should read (1 - R)
K K

Line 5 reads ([- R_ ) should reed (1 - R_ )

2K oK e
7 LIER‘QT\\
Line 15 reads (,Z-l- R% ) should recad (L +12) g QF Ty I AN
412 Ziz RIY-URQ
- Q, ap 1Y
2 2 &L 3
Line 18 reads (/{+ R7,) should read (1 % _}3__2) S FORNLE
4L AL e

Column 2

/
Line 29 reads 51,8 x 102 should read 51.8 x_ggz
34.5 + 10 34.5 x 10

(CoieCaIeCe Koo 1, April 20, 1936.)

U-1164444C.44/21/36



METHOD OF CALCULATING FREQUENCY IN
RADIAL ENGINES

In applying the foregoing calculations to radial en-
gines, it is found that Professor Timoshenko’s uncon-
strained case applied with sufficient accuracy. This is
probably because in the usual radial engine designs the
aftercrank throw is supported by only one bearing
and the shaft has a certain degree of freedom. The
equivalent shaft length is calculated only to the center
line of the engine, hence the after-crank cheek need
not be considered. The crank shaft is counterbalanced
in all single-row radial engines, hence its moment of
inertia may readily be found by treating it as a com-
pound pendulum, the only data necessary being the
crank radius, reaction of counterbalances at crank
radius, and time of one swing right to left about the
main journal axis. The moment of inertia of the

shaft is then:
. 1 .
1.= WRt3 1——;—2=39.2 WR 1b. in.2 (5)
Where W,=weight of counterweights at crank radius_Ib.
R=crank radius_____.___________________ in.

t=time of one-half vibration (one swing) _sec.
No appreciable error is introduced in thus including
the shaft end which projects into the hub.
The equivalent moment of inertia of the rotating and
reciprocating parts is, as in the line engine—

tp,=(m+0.51m;)R2______ Ib. in.?) (6)

Figure 22 shows the crank shaft of a Pratt and
Whitney Wasp 9-cylinder radial engine of 1,340 cubic
inches displacement, in which—

%'(eeuler of engine to crank cheek)=__.__.._._.____.__.___. 1.78 in.
“2‘ =L T840.45X 1 AT5m el 2.44 in.
LI 0.4375 in.
b1 =0.438+0.45X1.475= 1.008 in.
Bym2.5X 104 1.475X3.75% = . o - oo ... I 104.3X108
Cim1.178X 108 (2.8744—1.6569) =___.. ... ... 7L.7X108
Cr=1.178X 108 (2.685¢—1.125¢) = ____ ... e 50.1X108
D= 2.874 in.
d= 1.656 in
Dy= 2.685 in.
di= 1.125in,

A= 1.475 in.
= 3.75in
i = (rotating weight of master and lnk rods)=_......__.__.. 19.81b
;"(l‘edpmtlng welght of pistons and rods)=...._. cee. 56.551b

e Welght of counter weights at crank radius=. .._. 48.27 1b
L 2.875 in.

{=time of one swing of crankshaft=_._...._....._..._.._.__. 0.517 sec.
le=30.248 27X 2.875X0.51 T o=« 1,460 Ib. in.3
2= (19.84.0.51X56.55) 2.8750= . oo ooooeeea, 4021b. in.2
L T e 1,862 1b. in.?

"'(Wlml. sinoe torsional rigidity approximately uniform).... 8.4 in.

B AL

84+1.008+2.4 TTXIT

o JTIXE

The cricital r. p. m., therefore, will be for 9 cylinders,

166X60
4.5

Figure 11, (a) to (n), shows the torsiometer records
lsg engine at throttling loads from 2,400 r. p. m.;
» full throttle from 1,876 r. p. m. to 2,375 r. p. m.

96721—32——2

TLIXI0 _
194.3X 1087 77T TTs TTooe

+2.875

N=

==2,210r. p. m.

Google

Figure 11, (aa) to (nn), shows the records of a Pratt
and Whitney Hornet 9-cylinder radial engine of 1,860-
cubic-inch displacement on propeller load. The calcu-
lated frequency is 180 vibrations per second and the
critical speed

- 180X60 _
N= 45 =2,400 r. p. m.

A similar calculation on a Kinner 5-cylinder engine
of 370-cubic-inch displacement shows the frequency to
be 156 vibrations per second and critical speed

156X 60
= 2.5~~'—-=3,750 T. p. m.

No test records are available on this engine.

Table 3

Timo- ]

Criti-
Engine (s(?x(:?:r? ‘.Observed cal

| r.p.m.

strained) |
R-1750 (Wright Cyclone) 162.5 | 143-165 2160
GR-1750 (Wright Cyclone) _________._____|....o..._. 101-116 1450
R-1860 (Pratt and Whitney Horne 180 | 158-180 2400
R-1340 (Pratt and Whituey Wasp) .. 166 | 154-170 2210
R-370 (Kinner K-8) - oo oo __._._._. 156 I .......... 3750

Figure 4 (a) and (b) show torsiometer records of the
nose end of a Liberty ‘“12,” using two types of pro-
peller, metal and wood. A small displacement un-
undoubtedly occurs, but due to the relatively large
moment of inertia it is insignificant; hence in aircraft
work, it appears sufficiently precise to record only the
motion of the rcar end of the crank shaft. These
records also serve to show the desirability of driving
accessories, and particularly superchargers, from the
propeller end of the shaft, where torsional vibrations
are of low amplitude. Slipping clutches, spring
couplings, etc., could then be omitted, making a saving
in weight. Ignition and valve timing would also be
more uniform, resulting in smoother operation of the
engine.

Card (c), Figure 4, shows a method of arriving at the
accelerations which occur in actual accessory drives,
using the conventional rear-end drive.

From the foregoing, it is seen that calculation of
torsional periods from design data is sufficiently pre-
cise to make such a study worth while in any new
design as well as in existing engines. Data are not
available on all types of engines, but the leading types
have been covered by experiment, so that the character
of vibration to be expected is fairly well established.

RECOMMENDATIONS

It is recommended that the Matériel Division and
Power Plant Branch continue this study until all types
of engines and reduction gears have been analyzed.
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FIGURE 23 A and B—Comparative resonance deflections 12-cylinder Vee and 6-cylinder
in-line engines
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