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The torszonal vabrabicnal charccteristics of the cerankshaft of
the Blacxburn Musketeer Zngine are investipoated oy cxperiment:l ond
theoretical &n.lyscs. Good cparccent between theory and cxpurament
18 obtrained for volucs ol erntic:cl freoucncics but not for stresses
due to 1ncdeguabe xnovwledge of bthoe domping foctors. The stresses are
not consadered to be suiliciently high to cxplean o cronksheft feilure
occurring 1n the course of devclopuaent tosts.
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i 1ntroduction

During the development of the Blackburn ‘Musketeer' engine a
failure of & crankshaft occurred, A theorctical vibration analysais
made by the firm indicated that the faalure maight be attributed to a

% engine order critical at 2,300 R.P.M.

The farm's calculatione were examined and checked by R.AE. and
torsicgraph experiments were carried out on the engine when running
on the dynamometer test boed and when coupled to s 2-bladed 7'6" diametsr
Rotol wooden propeller. In cach case repeat tests were made wath an
experimental rubber damper fitted to the crankshaft free end.

Por the criticalfreguencisz of the systemsconsidered good agrae-
ment was obtained between thoory and experament, but a large discrepancy
wag fournd baotween the calculoted and obeerved maximum stresses, which s
due to ouwr present i1nadequate knowledge of damping in engines and pro-
pellers,

The greatest measured crankshaft stress was found to be 42,2
tons/sq.an, and was produced by & 4 engine order critical at 2,000
R.P.UM, This 18 not conoidered to boe sxcessive and the crankshaft
fazlures are not attributed to 1t, It 12 not therefore rccommended
that a damper should be fatted,

2 Engaine Details

The mucketcer engine is of the inverted in line type normally
aspirated, operating on the four stroke cyele, Thare are s1x
cylinders L.8" bore and 5" stroke, the faring order 1s 1, 5, 3, 6, 2,
L, The maximum B.H.P. is 263 at 2,500 R.P.M.

3 Details of Crankshaft Pajlure

The failur ef the crankshaft cccurred after aboutl 10 hours
running and took plecr in the f21let between the centre main bearing
and the adjacent crankweb towards the propeller shaft end.

I Details of Tests

Tvo sets of tests were carraed out, one wrth the engine mounted
on a dynamometer test ted and one with the engine mounted on a propelier
test stend and fatted wath a Rotol 2-blade 7'6" wooden propeller,

In each scries torsional vibrations were measured on the standarn
engine and also wth a rubber vibration damper fitted to the frec cna
of the crankshaft,

Vibration records were taken at 50 R.P.M, intervals in the range
1,800 to 2,500 R.P.M. during power curve tests on the engane and also
during throttle curve fests in the range 800 4o 1,800 R,P.M. Further
records were taken on the dynamoreter test bed durang a constant boost
curve test at -2 1b/sq.zm, boost pressure in the range 1,800 to 2,300
R.P.M.

The Sperry torsaograph and four channel recording cquipment wer.
used throughout the tests, Fifty cycle taming marks were obteined frowm
a transformcr comnccted to the A.C, mains and engine revolution marks
were also recorded,

5 Experamcntal Results

Fags.3 to 12 hevs beuen plotted showang the predominant components
of twrsional vibration for the various tests, Table I shows the main
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resonant speeds and amplitudes, The maximum crankshaft stresses have
been calculated using measured amplitudes and calculated natural fre-
guencies and are as follow;-

5.1 Standard engine running on the dynamometer test bed

The maximum crankshaft stress 1s due to & L engine order résonance
at 2,000 R,P.M. which has an amplitudc of +C.7 degrees at the crankshaft
free end (Fig.4k). The calculated stress dus to this rcsonance is 2.2
tons/sq.in,

5.2 Engane fitted with damper running on the dynamomster test bed

The maximum stress 1s agoan found to be due to 2 4% engine order
resonance ot 2,190 R,P.M, of emplitude 40,24 degrees (Fig.7). Thas
glves a rcduced crankshaft stress of iQ.64 tonaﬁsq.in.

5.3 Standard engine fitted wath Rotol propeller

The 42 enging order resonance iz again the greatest having an
amplitude of +0,83°at 2,020 R.P.M. (F1g.10), The maxamum crankshaft
stress due to thas order is 2.1 tons/sq.in. and the propeller shaft
gtress is 1.8 tong/sq.in,

Stresses due to the 5a engine order at 2,500 B,P.M. are aspproxi-
mately the same asg for the 4l engine order and stresses due 4o the L4th
engine order at 2,160 R.P.M. are slaightly less.

5.4 Engine fitted with damper and Rotol propeller

The 1% engine order resconance at 2,500 R.P.M. gives the meximum .

stresses having an amplitude of 1,9% at the crankshaft free end (Fig.l2), "he

crankshaft stress due to this order 1s +1.0 tons/sq.in, and the pro-
peller shaft stress 1s +0.9 tons/=q.in,

6 Theoretical Results

Since the crankshaft failure occurred when the engine was running
on & test bed coupled to a Heenan and Froude type hydraulic dynamometer
by means of a Hardy Spicer f'lexible coupliing, it was first neeessary to
consider the vibrations of tne uynamic system approrriate to these con-
ditions, The wvibrations of the coupled engine-propeller dynamic
system were then considercd, taking intc account the flexability of the
propeller blades, for the actual propeller to be used on the engine,

The dynamic systems appropriate to the engine coupled to the
dynamometer and the engine coupled te the Rotol propeller are shown in
Pigs.l and 2, The calculated displacement curves are algo shown for the
second overtone natural frequency in the case of the enpine coupled to
the dynamometer and for the fundamental freguency in the case of the
engane coupled to the Rotol propeller,

Messre, Blackburn darcraft Co, had already made calculations on
the engine and these werc examined and checked by the R.AE,



Faring order 15362L

Maximum torsional vibration stress in the
propeller shaft

ti

5.3 tons/sq.in.

Masimum vorsional vibration stress in the
crankshafi

I

+6.35 tons/sq.1n,

These stresses are produced by a 4} engine order vibration at
2,170 R.P.M.

Faring orider 124653

Maxaimum torsional vibration stress in the
rropeller shailt

n

+1,03 tons/sq.in,

Maximum torsional vibration stress in the
crankshnaft

I

+1.2 tons/sg.in.

These stresges are produced by the 4th engine order vibration
at 2,40 R.P.M,

Tt was poainted out that the above calculationsg gave no indicalion
of the bshaviour of the enginc on the test bed, neithoer dad they give
an accurate victure of the torsional vibrations of the cnpgine-propeller
combanation, for which 1t 13 neceszary to taks anto account the
flexability of the propsller,

Accordingly, Messrs, Blackburns carried out calculations on the
torsional vibrations of the engane on the test bed and submatted them
to the R.A.E,

E.4.B, founa that the staffnesgss of the Hardy Spicoer coupling wasg in-
corrcet and cshould have bsen O.U5bu.x10611/1na/rad1an instead of 0,2216 X0
1b,ine/rndian, This correction altered the fundamental and first
overtonc frequencies considerably but had very latile sffect upon the
second overtors and higher frequencics, 4z bthe amportant criticals
are due to the sccond overtcens fragquency, the results obtained by
Messrs, Dleckburns are correct,

With farang order 153624 the maximum caleulated torsional vibration
stress an the crankshaft is +7.1 tons/sq.in, and arises from the Af
engine ordir vitration at 2,250 R.P.M.  Allowang for 3 stress concen—
tration at tre fillet between the crankpin .nd crankweo, it was thought
that thin otriss mrpht nave caused the crarkshaft faiiure in the engane,
When the farang order is changed to L24E53 therc ore no dangerous
criticals i the npeed rangs of the enguine,

Messrs, Plackburns also made farther calculations on the enpgine
propeller system, this time taking into account the fleyability of the
propeller. The propeller frequency admittance curves were supplied
by Messrs, Rotols, Tne calculations of the cratical speeds were guite
corrcct but in findaing the vibration stressses ang torgues a dynamic
magnifier of ten was ussd,  fecording to Wilsonl, R.A.E, cestumated
that tho engine dynemac magnificers should be 15,1, 26.6 and 37,3 for the
three modes of wvabration respoctively.

The stress in tne propeller shaft dus to the 4] engine order vibra-
tion at 2,290 R.P.M, was therefore increased from +1,66 tons/sq.1in. to
+6.2 tons/sq.in, The maxamun stress in the crankshaft is slaghtly
greater than that ain the propeller shaft.



7 Comparison of theoretical snd experimental Results

A comparison of the theoretacal and experimental results shows
that a fair agreement has been obtained for the resomant freguencies
of the dynamic systems considered, but a largs daiscrepancy ¢xists
between the calculated and observed maximum stresses in the crankshaft.

For instance in the case of the standard engine running on a
gynamometer test bed the maxamum calculated stress is +7.1 tons/sq.1n.
whereas the maximum measured stress 1s +2.2 tons/sg.in,

Similarly for the standard engine fatted wath the Rotol propeller
the maxamum calculated stress in the crankshaft is +6,35 tons/sq.in. and
the maximum measured stress is +2,1 tons/sq.in.

These discrepancies arisc from an inadequate knowledge of the
rzlevant demping coefficients. In thc caze of the engine coupled to a
dynamometer, the damping in the latter must be consadered in addition
to the crankshaft damping. The amplitude at the dynamometer varies
considerably for small changes in frequency and a corregpondingly large
variation in the dynamic magnifier tzkes place, 1t 18 not to be
expected therefore that good agreement between theorctical and experi-
mental results can be obtained for this condition,

Considerang the casc of the cngine running with & propeller the
damping congists mainiy of propellcr and crankshaft damping. Attempts have
been made to determinc valucs for PP, the propeller dampang coeffaicaent,
for various propellers but no satisfactory values have yet been deduced.
The value of h, the damping coefficient for the crankshaft depends upon
engihe design and size, From torsiograph observations on various
engines the following empirical relationshap has been suggested by
Carter® for its evaluation:-

4

he = B, (%ggi; 1b, in, per radian per sec,

where I, is the polar moment of irertia per crank in pounds inches
squared, and E, is a coefficient for vhich values have been deduced for
several engine types.

Carter gives values of E, varying from 20 to 360 based on cbserva-
tions maae on seven different acro engancs, and also quotes evidence
vhich suggests that E, can vary considerably with thc valus of mean
torque,

In this case experience on simalar engines suggested 20 as being
a value for E; appropriate to this engine. For a mode of vibration
with a node at the propeller hub the damping contraibuted by the propeller
is smll in comparison with that contrabuted by the crankshaft, For
the third mode of wvibration therefore, considerang only crankshaft
damping, the dynamic magnafier is 33.2, and this compares with 12.6
which is the dynamic magnifier calculated from the observed amplitudes

for this mode.

It as apparent that with the present state of knowledge on damping
influences in engancs and propellers, 11 1z ampossible to make calcula-
tions for the amplatude of vibration at =« natural freguency of a coupled
engine propeller system to a suffacient standard of accuracy.

The present method adopted by sume engine manufacturers is to make
use of emparical overall factors based on past experience with samilar
designs. This 18 not altogether setisfactory, particularly where an

- -
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TABLE T

Predomanant Regonance Frequencies Measured on
the Cirrus Musketesr FEngine

Standard engine rumming on dynewometer tost bed

LCE - UCLG ue .
Fngine running | Engine ordFri gizonazze Frcgi(ncy Amplitude at fres end
conditions of vabrataion speed Resonance of crankshaft
R.PL. | C.P.S. (degrees)
1

Power curve 3% 2,000 146 +0 .4
Power curve b5 2,000 150 40,7
C.B. curve 4% 2,010 151 +#0.67
Throttle curve 5% 1,590 16 +0.3

" " 61 1,520 152 +0.6

" " L ! 1,280 1| 160 +0.5

Vibration demper fitted to free end of crankshaft engine running
on dynamometer test tad

Power curve l% 2,140 53 +1.22 f
C.B. curve 14 2,200 55 +0.84 :
Throttle curve 3 1,180 59 0.4 |

" " 3% 560 57 40,2 |
C.B. curve % 1,960 147 +0.15 !
Power curve % 1,930 ! 45 +C.24 ?

Calculated natural frequencres for engine dyramncmeter system:=- 51 and

163 C.P.C,
Standard sngine fit’c’® with propeller
Power curve 1% .2l ' I6 +0.5
Throttle curve 1% 2,050 51 0,34
Power curve 3% 2,500 146 +0.75
" " I 2,160 Ly +0,52
Throttle curve I 2,130 2 +0.76
Power eurve b 2,047 153 +0.75
Throttle curve b 2,020 151 +0.83
" " 53 1,530 140 50.2
" " 6 1,520 | 152 +0.43
L] 1t 7% 1 » 180 { ll;.B io . 15
Engince fitted with propeiler
Vibrection damper fitted o free end of crankshaft
SOOI - - -
Throttle curve 1% 2,500 | 63 i +1.9
" " 2% 1,600 | €7 1 0.6
" " 3 1,360 | 68 +0.85
" " 3 ’ 1,160 68 ‘ £0.55 i

Calculated natural frequencies for engine propaller system;- 6§é5 andS
L cC.P.5.

s - s Fanan
WE, 2P, 0 P 8L V5 Pranbe. o Treqt bovin
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FIG. 8.  MUSKETEER ENGINE RUNNING ON DYNAMOMETER TEST BED.



VIBRATION AMPLITUDE AT FREE END OF CRANKSHAFT - LEGREES.
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FIG.9. PREDOMINANT COMPONENTS OF TORSIONAL VIBRATIONS OF
. MUSKETEER ENGINE WITH PROPELLER.



FIG. 10.
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FIG.1I0. PREDOMINANT COMPONENTS OF TORSIONAL VIBRATION OF MUSKETEER ENGINE WITH PROPELLER




FIG. Il

VIBRATION AMPFLITUDE AT FREE END OF CRANKSHAFT - CEGREES
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VIBRATION AMPLITUDE AT FREE END OF CRANKSHAFT ~ DEGREES
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FIG 12. PREDOMINANT COMPONENTS OF TORSIONAL VIBRATION OF MUSKETEER ENGINE WITH PROPELLER
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