


TORSIONAL OSCILLATIONS OF MARINE PROPELLER 
SHAFTING. 

Torsional oscillations =ay be set up in a shaft whether i t  is 
initially a t  rest or rotating with a steady mean angular velocity. 
I n  the latter case points on the shaft will oscillate about a mean 
position, while this mean position itself revolves uniformly about 
the axis of the shaft. 

A propeller shaft can be considered as a particular case of a 
long stifl' coiled spring. If each end of such a spring carry a 
cylindrical mass, and if these are made to oscillate freely about the 
axis of the spring in opposite directions as in Fig. 1 i t  is obvious 
that a t  some point N there will be no torsional movement of 
the spring. Impressing on the whole system a steady angular 
velocity wiU not affect these oscillations, which wiil still occur 
a s  the spring revolves about its axis. 

The position of the point N will depend on the relative moments 
of inertia (I) of the masses A and B, and this point X where no 
oscillation occurs is called a " node " or " nodal point." 

If the moment of inertia of the mass A is equal to that of B, 
the position of K is evidently such that 1, = 1, in the Fig., but 
if i t  W ere t~vice that of B then 2, would be half l,. I n  fact the 
pobitioa of the nodal point is given by the relation :- 

l, RIoment of inertia of B about its axis I, 
-= -- -- 
I, Moment of inertia of A about its axis I, 

Hence, if the moment of inertia of the mass A be very large com- 
pared to  that  of B, the nodal point is quite close up to A and 
practically the whole of the spring is oscillating about its axis 
t o  an increasing degree as B is approached. 

This is the case of a geared turbine driven shaft, where A 
corresponds to the gear wheel and B to the propeller, for though 
the masses of the gear wheel and propeller may be somewhat 
similar, yet due to the speed and mass of the turbines driving the 
gear wheel, their quivalent mass, which may be considered con- 
centrated at the wheel itself, is very considerable. 

To prove this statement, consider a mass A a t  the end of a 
shaft, driving by gearing an exactly similar mass C, the latter 
turning between centres as in Fig. 2. Then if I, and I, are 
their moments of inertia any torsional oscillation given to A 
wiil cause C to oscillate a t  exactly the same speed, but in an  
opposite direction. The effect of adding the mass C is equivalent 
therefore to increasing the moment of inertia of A, so that i t  is 
now equal to the sum of I, and I,, i.e. = 2 I,. 

Now suppose the same mass C is geared to A by a massless 
pinion, so that  i t  rotates, say, K times as fast as A. as in Fig. 3, 
any oscillation of A is then retarded by C to a greater extent 
than before, for C will now be speeded up much faster for a given 
movement of A. 



Under such circumstances the equivalent angular momentum 
a t  A, of A and C acting together, will be the sum of the separate 
angular momenta of A and C, when the momentum of C is referred 
to  the shaft A. This can be allowed for by increasing its value 
in proportion to the gearing ratio between A and C. 

Angular momentum is measured by moment of inertia X 
angular velocity, i.e., I.w, just as linear momentum is measured 
by mass X linear velocity, i.e., m.v. Hence in this case we can 
write-- 

Resultant moment of inertia X w = I,. w, + I,. w, X 
ratio of gearing. 

And since due to the gearing W ,  = K X w. 
W 

Resultant moment of inertia =L (I, + K Z  I,). 
w 

This means that if the whole mass of A and C be considered 
concentrated a t  A, such a mass must have a moment of inertia 
equal to (I, + KZ I,) when i t  is moving with an angular velocity 
given by W = w ,. 

In an  actual installation there are usually two turbines 
driving one gear wheel, but the moments of inertia of each can 
be dealt with in this manner, and from the same reasoning the 
equivalent moment of inertia a t  the gear wheel can a t  once 
be written down, viz. :- 

I , ~ , i d . =  IC + (KZ1 X I x  P + (K22 X 1 L . P  ) 
Revs. per min. of H.P. turbine. 

where K, = 
Revs. per minute of Gear Wheel. 
Revs. per min. of L.P. turbine. 

L 

K, = 
Revs. per minute of Gear Wheel. 

And I,, I ,,,, and I ,,,, are the moments of inertia of the gear 
wheel and two turbines respectively. 

Since the revolutions of the turbines are large compared with 
those of the propeller shaft, i t  is evident that  the equivalent 
moment of inertia a t  the gear wheel will be considerable, and the 
preliminary explanation thus justifies the assumption tha t  such 
a shaft has its nodal point very close to the gear wheel. The 
shaft may therefore be considered as a spring fixed a t  the gear 
wheel end with the mass of the propeller oscillating to  and fro 
a t  the other end. 

Two corrections are necessary, however, a t  this stage. In  
a n  actual case the propeller is oscillating in water and the blades 
wiU accelerate or decelerate water in contact with them. This 
is equivalent to saying that  the mass of the ppopeller must be 
increased by the mass of a certain amount of water. It is not 
pmsible t o  estimate what this amount wiU be in any particular 
case. Various authoritieu have stated that the moment of inertia 
of the propeller should be increased from 26 per cent. to  10 per 
cent. from this cause. 



A further addition has to be made to the niass of the propeller 
due to the axial nioment of inertia of the shaft itself. In long 
shafts this is not negligble, but i t  can readily be taken into 
account since the effect of the moment of inertia of a shaft fixed 
a t  one enti is the same as if i t  were considered massless and it 

niass having one-third of its moment of inertia were placeci a t  the 
free end. Thus the final total niornent of inertia to be considered 
due to the propeller is given by- 

I total = I propeller $- $. shaft f a I prolx!ler 

where a is a, coefficient that may vary from 10 to 25 per cent. 
or possibly even more. 

Assuming I is known, h o ~ e v e r ,  it is easy to calculate the 
natural period of oscillation of such a shaft, i.e., the time in seconds 
in which it will oscillate to and fro when given a small displacement 
and left to itself. This time (t)  is given by- 

Mass moment of inertia of oscillating weight. 
to cause unit angular deflection. 

where I is as above, I, is the geometric moment of inertia 
of the shaft's cross section about its axis, C is the coeficicnt of 
rigidity for steel, 1 the length of the shaft, and g is 3% 2 f t .  sec.'. 

For a given propeller the number of oscillations occurring 
per second will consequently be much greater for a short shaft 
than for a long one of similar diameter. 

The next point to consider is how these oscillations can be set 
up  in an actual ship. If a propeller be working behind a ship's 
stern-post in a varying wake, i t  is probable that the pressure 
on the blades will vary according to their position. Hcricc in 
such a case i t  may be expected that a periodic force wiU act on 
the propeller, and that the number of times this occurs per second 
will be clirectly proportional to the revolutions per second of the 
shaft and to the number of blades of the propeller. It can 
readily be shown that if this riumbcr of forced oscillations coincides 
with the number of natural or free oscillatiorls of the shaft, the 
osciuations will go on increasing in size until the shaft ultimately 
bre*, unless there is some damping effect. 

The fact that the shaft is mounted in bearings is not lost sight 
of. but this does not affect the problem becanse friction, unless 
abnormal, does 11ot materially affect the ratc of free vibration. 

It is necessary, therefore, in the design stage to arrange the 
revolution.; and clilnensions of the shafts so that with a given 
propeller the period of the forced oscillations is nowhere in tho 
ricinity of the natural period of oscillation of the shaft, duc regard 
being given to the extreme possible values of a in the particular 
case. Even if the shaft did not break very large pressures lnight 
be brought on the gear-wheel teeth causing undue wear and tear. 



From a paper read before the Institute of Naval Architects in 
19.1, it appears that satisfactory results have generally been 
obtained as rcgards the wear of thc tecth of turbine gears when 
the ratio of inaximum torque to mean torque a t  full power does 
not exceed 1.4, and that to ensure this the freqllency " n " per 
second of the forces causing oscillatiorl (e.g., revs. per second X 
number of blades per propoller) should lie outside limits givcn by 
t kit. exprcssior-i- 

, . - 
!. l tOtal - .5 to 1 . 3  

d g .  c. I, 

where the symbols have the same meaning as before. 
If near, or a t  full power the number of forced oscillations 

per second of a shaft coincides with any value of n lying within 
the limits givcn by the above formula, some alteration in revolu- 
tions or dimensions of the shaft is necessary to prevent pressures 
on the gear wheel teeth exceeding safe values. 

Due to the long lengths of shafting used in H.K ships there is 
~lsually littla diftlculty in complying with the reql~irernel~ts of the 
above forrtiula in such cases, and typical designs are well outside 
the upper figure 1 *3 ,  but where the engines are placed well aft 
in a ship and the shafts are short, dangerous oscillations may 
occur urdcss precautions are taken in the design stage. 

An apparcntly clear case of the effect of torsional oscillations 
was seen in a large mercantile oil-tanker fitted with double reduc- 
tion gearing, the macllinery being fitted right aft. After trials, 
indications were obscrved of excsssive pressurc a t  definite angular 
positions around the gear %heel. The freqncncy of the torsiol~al 
oscillatioris was calculated and was founcl i o  ),c about 288 per 
lninutc corresponding in the casc of tllc four- bladcd propeller 
t o  70 revolutions per minute. The actual rcvoliltions during the 
fall speed trial -nere 65 t o  67. g'he rhnfting nas  thcreforc running 
very close to the critical speed and this was remedied to some 
extent by fitting propellers of larger pitch and thus reducing the 
shaft rerolutions. Although this still left lnatters in a state which 
would in the design stage generally be considered undesirable, 
this vessel has run satisfactorily on service. I n  the case of a sister 
vessel the four-bladed propeiler was exchanged for one of three 
blades the revolutions renraining unaltered, but the frequency of 
the implilses was changed to about '710 per minute as compared 
with a critical frequency of 280. 

The naval designs, in addition to being outside the range of 
limits given bj- the preceding formnla, are also multiple screw 
and thc periodic v:iriittion of forces on the shafting induced by 
the blades moving in a varying wake are rel:itivcly of less amplitude 
than those in a single-screw ship, thus further lessening the 
tendency to bring cxcessive forces on the gears. 

By snitablo design, therefore. it is quite possible to prevent 
excessive pressnies being brought on gear wheel tecth due to this 
cause, and in some cases where defects have been attributed t o  



violent torsional oscillations, it is far more probable that any 
unsatisfactory working of turbine gearing was due either t+-- 

(a) the use of unsuitable or defective material; 
( h )  inlperfect gear cutting, or unsuitable design of the 

gear teeth; 
( c )  incorrect alignment of gear wheel-; or pinions ; or 
(cl) insufficient lubrication. 

The general question of torsional oscillations in geared turbine 
installations has recently been given considerable prominence 
owing to the troublz experienced with the gears for double- 
reduction fitted in merchant ships. The mathematics of the 
subject has been ventilated in a paper read a t  the 1922 meetings 
of the l~lstitution of Kaval Architects entitled " Nodal arrange- 
ments of geared drives." The necessity for a full investigation 
of this questiou arose from a series of troubles experienced in 
the ss. " Nelnlore Head,"one of the first vessels fitted with 
double-reduction gearing, the history of this ship being fully 
described in a contemporary paper read a t  the same meetings. 

The failures in this vessel. in which excessive noise and vibra- 
tion followed by rapid wear of the gears were experienced, did not 
appear to be definitely attributed to any of the causes stated 
previously, but in forming an opinion on this matter it has prob- 
ably not been realised that the necessities for accuracy in tooth 
lorm in rcductioll gearing generally, are much more pronounced as 
the number of reduction stsges increases. An error in tooth forix 
or other irregularity in a gear wheel or pinion in a single-reduction 
gear, necessarily causes or tends t o  cause a relative departure 
from uniform motion between wheel and pinion proportional 
to the irregularity. But if the same irregularity is considered 
between the gear-wheel and the intermediate reduction element 
in D double-reduction installation, then the effect is considerably 
magnified a t  the pinion teeth of the first reduction. There appears 
to  be little doubt that this feature has not been fully appreciated, 
and the high standard of accuracy required for a single reduction 
gear should, therefore, in general, be equalled or excelled in a 
doable-reduction installation if equal egciency and reliability 
under the same conditions of tooth pressure, &C., are to  be 
obtained. 

I n  investigating the case of the " Melrnore Head " i t  was 
appreciated that in addition to the oscilktior~c: of the main shaft 
2nd genr-wheel, those of the intermediate and primary elements 
of the reduction system in addition to those of the turbines should 
be investigated. Disturbances arising from the variations in 
torque of the propeller may conceivably be tralismitteci to the 
primary elements and induce dangerou3 osciUntions in these 
dotails. Such oscillations bring about a hammering between the 
teeth and cause much largel- pressures and stresses to be set up 
than are induced by a uniform transmission of torque. The 
investigation was found to be exceedingly complex but certain 
tieductions were arrivtd at which indicaterl that great impro~e-  



mcnt could be effected if the system could be so " tuned " as 
to reduce the number or critical speeds that might be set rrp in 
the various parts of the systeni within the running range of the 
machinery of the ship. Important differences of opinion on the 
general question were expressed during the discussion on the 
papersreferred to, and it is still a clifficult matter to pass judgnlent 
on the mcthod that was eventually adoptcd for overcoming the 
difficulties in the " ;\feln~ore Head." Still the nlethotl adoptcd is 
worthy of description in view of the great interest created. By 
" tuning " was meant, the proportioning of the turbine and pinion 
shafts so that the time of natural oscillation of each turbine 
about its pinion extremity was lnade equal to the natural time of 
oscillation of the propeller and shaft about the gcar-wheel 
extremity. The reason for designating such a gear :L " nodal " 
arrangement can be understood, for the system as a wholc now 
has a natural period of oscillation cqual to that of the propeller 
and shaft alone, arid the node or stationary point of the system is 
a t  the gear-whccl. tinder the eonditio~is most favourable tliere- 
fore for setting up resonancc the gearing clcments are no longer 
subjected to osci1l:~tions and all wheels, &C., in the gear case, 
apart from errors in the teeth, rotate uniformly although turbines 
and propeller may be oscillating. 

To carry out the idea of " tuning " the turbine and its driving 
shaft to the same periodicity of the propeller and propeller shaft, 
the pinion shaft was removed and replaced by a hollow bored 
pinion shaft with an intcrnal flexible driving sht~ft as illustrated. 
Thc collars on the infernal shaft were made a sliding fit in tho 
bore of the pinion shaft and were introduced to prevent any 
possible whipping of the internal shaft. (See Fig. 4.) 

The modifications made appear to  have had a marked improvc- 
mcnt on the running of the gear in this ship, but as previously 
stated it is inlpossible to pass judgment in so far as to state that  
such an arrangement was ncccssary. There are several gears on 
service of somewhat similar design t,o those fitted in the " Melmoro 
Head," and which have not give11 trouble. It must be appre- 
ciated that apart from " tuning " the modifications entailed 
new pinions and intcrmediato mcmbers of the gearing being 
fitted and the provision of a measure of flexibility between 
pinions and turbines. Such changcs must bc borne in mind and 
considered as hating some effect on the improvement in con- 
ditions, but as a scientific application of certain theories the  
modification is of great interest and continued experienco of this 
vessel and others wiU be valuable. 

As far as naval experience with single reduction gears go, 
there are gears of all sizes and powers in different classes of 
vessels which have a t  times to  run constnrltly a t  any speed 
within the working range. Therc has been no marked evidence 
in any of the types and sizes fitted that, providing the work- 
mansllip is good, the running of the gears has been affected 





by torsiorlal oscillations. In  the case of a few vessels the original 
gears have been ~ e r y  noisy and near has been experienced on 
the teeth. Such dcfective gear3 have been rcplaced by exactly 
similarly proportionccl sets which hare run sati5factorily so that  
torsional oscill~tions pure and simple could not accoulit for the 
initial failures. 

It ia ,  honever, rccognisetl that If inacc.urac.~c~s in the gears 
arc presc~lt the running conditions Inay set up osclllationd which 
then play an  important effect in producing hanlmering and 
wear. 
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