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A THEORETICAL AND EXPERIMENTAL STUDY OP PROPELLER-SHAFT FAILURES 

by 

Norman H. Jasper 

ABSTRACT 

Thla report presents a detailed study of the stresaea in the tallabaft ~ a 

T2-SE-A2 tanker of the MISSION type, includlnl an analyala of the cauaea of tall-

shaft f allures encountered in these shlps as well aa ln Liberty abipa and other abipa 

of simllar type. The study, conducted on behalf of the U.S. Navy and the SOclety of 

Naval Architects and Marine Engineer■) la balled on full-acale test• aa well aa on 

theoretical analyses. Special emphaala ta placed on the eff ecta of II wblrlln, type of 

flemral Ylbratlon on the atresaea and motions of the abaft. Deaip methoda are enl­

uated in the ll1ht of the above analyala. 

One of the prlnclpal conclusions la that the abaft fallu.rea are due to a lack of 

endurance strensth of the shaft u dealped and built and not due to a aerloua lack of 

endurance atrength of the shaftln, material ltaelf. Tbla lack of endurance streasth ap­

pears to be aaaoclated wlth the mlcroacopic streaa varlationa rather than wlth macro­

scopic stress varlatlons. 

1. INTRODUCTION 

A study of the lateral vibration of propeller shafts was authorized 
by the Bureau of Ship P; 1

'
2 as a direc t result of the numerous fractures•or pro­

peller tailshafts or, single-screw vessels of the Liberty, the T2-SE-A2 tanker, 
and similar types (Maritime Commission designs C-1, EC2, and C-4). Owing to 
the importance of the problem, the Society of Naval Architects and Marine En­
gineers appointed a panel to study it and, if possible, to make recommenda­
tions for alleviation of the situation. The Navy program, of which this in­
vestigation is a part, will be coordinated with th~ work of the Society of 
Naval Architects and Marine Engineers. 

Tailshaft failures ha"e received considerable attention in the last 
several years; see, f or example, the papers published by S. Archer3 and A.R. 
Gatewood.°' To get an. idea of the extent of these failures the following is 
quoted from Reference 3, 

1 Referenc ee a re li s t ed on page 64 . 
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11 The construction of the largely welded dry cargo 
11 Liberty" type of vessel was begun in the United States 
in January 1942 , and altogether no less than 2580 were 
built, of which 2315 remained at the conclusion of hos­
tili t ies, representing a total gross tonnage of nearly 
17 million tons, or about 20 percent of the world total 
f or 1947 of all vessels greater than 500 tons gross. In­
formation at 1 December 1948 revealed that altogether a 
t otal of 583 "Liberty" screw-shafts have been renewed, 
including during the past three yoars about 100 casual­
t'ies at sea with resulting loss of propeller. The cost 
of these breakdowns in salvage and demurrage charges 
alone needs no emphasis." 

Prom the Navy's standpoint, the high incidence of shaft failure (as 
nigh as 50 percent in some classes) threatens to create a serious bottleneck 
in the nation's drydock and ship repair facilities in a time of great shipyard 
activity. 

A number of tneories have been proposed to account for the high in­
cidence of cracked tailshafts. One of these5 suggested that the primary cause 
of the failures was a resonant whirling vibration of the shaft at propeller 
blade frequency (rpm x number of propeller blades). Inasmuch as the design of 
such shafting has been based primarily on the transmitted torque and the dead­
weight transverse loads, and since the appearance of many shaft failures indi­
cated that bending stresses are significant, it was thought advisable to con­
sider the several contributary factors that might induce bending stresses. 

• It was decided therefore that the David Taylor Model Basin would 
conduct an analytical and experimental investigation of the lateral vibration 
of propeller-shaft systems on behalf of the Bureau of Ships and the Society of 
,.aval Architects and Marine Engineers. The investigation presented here is a 
detailed study of the stresses in the tailshaft of a T2-SE-A2 tanker of the 
MISSION type (10,000 hp), including an analysis of the causes of the shaft 
failures occurring on the~e ships. A T-2 tanker was selected for the full­
scale sea t ests because (a) it was a type which had experienced shaft f3ilures, 
~ ·a number of these ships were owned by the U.S. Navy, (c) a ship could be 
made ava i l abl e , and (d) extreme conditions of trim could readily be obt&ined 
by water bal .~ast,ing. 'Th~ prime objective of this test was to determine the 
magnitude and nature of the stresses* in the tailshaft under actual operating 
conditions. 

•In orde r to -avoid misunderstanding later it shall be under1tood. that whenever the term "meaaurecl 
,tress" is used in this report it denotes a stress calculated on the basi1 of mea1ured 1train1. 

.. 
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This report will first present some background infor~ation on the 
flexural vibration of shafting. Next, thn over-all problem is analyzed in 
order to determine the most suitable approach to its solution . The full-scale 
test program is then set forth and the test rbsults are presented and analyzed. 
Conclusions and ~ecommendations are given at the end of the reµort. 

The appendix presents a rough analysis of the vibration data ob~ 
talned by the General Electric Company for the Society of Naval Architects and 
Marine Engineers during these T-2 tar~;<•.:3r tests. The Taylor Model Basin did 
not participate in planning the test made by General Electric; the material in 
the appendix is given in this report primarily for the sake of completeness. 

2. BACKGROUND DISCUSSION 

The subject of lateral vibration of propeller-shafting systems has 
been brought into focus by the great number of propeller-shaft failures on 
single-screw vessels and has also received some attention in connection with 
the vibration of the tailshafts of destroyers and similar ships~•' On de­
stroyers the problem was c,ne of excessive vibration. On the T-2 tankers and 
Liberty ships it was not known whether or not the excessive strains w~re, in 
fact, associated with excessive lateral vibration; if they were, the char­
acter of the vibration was unknown. 

A paper by E. Panagopulos5 i n which it was suggested that the shaft 
fractures were due to a fourth-order resonant whii:-ling vibration has received 
rather wide attention in naval and marine circles. Mr. Panagopulos 1 conten­
t i on was based on a model experiment made by him and on his calculations of the 
natural fre4uencies of lateral vibration of the shaft propeller systems for 
those classes of ships which have been subject to shaft failures. In a dis­
cussion of this paper' it was indicated that a calculation of the natural fre­
quency of such systems was, by its nature, of doubtful value and that there 
existed a definite possibility that the excessive shaft stresses were due to 
excessive external loads on the propeller, aside from resonance effects. 

It would be of great value if it were possible to calculate the 
natural frequency of whirling vibration of propeller-shafting systems. An 
exact analytical treatment of the problem is impractical even if one considers 
only the solution of the applicable differential equations. But apart from 
mathematical difficulties ther~ are many more difficulties due to the lack of 
knowledge of the boundary conditions, as for example, the stiffness and posi­
tion of the bearing restraints. It is not the intention here to go into an 
extensive analytical treatment of shaft vibration-that will be done in a fu­
ture TMB report-but it ls of value to indicate the difficulties and the ap­
proach that would appear to promise usable results. 
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Two general methods appear to be practical; one might be called the 
experimental approach and the other the pseudo-analytical approach. In either 
method the physical parameters of the system will have to be determined by 
some means. The actual and the predicted values Jf natural frequency may then 
be correlated by means of some empirical "factors of ignorance." In one type 
of approach, a physical, electrical, or other model of the system is built; 
its natural frequencies are determined by test, and from these values the pro­
totype characteristics are calculated. In one pseudo-analytical approach the 
natural frequency of a shaft is calculated in a slmr J. ified manner, omitting 
the effects of the propeller, and then the frequency ~fa massless shaft carry­
ing the propeller, etc., is calculated, and the separate effects are combined 
by means of Dunkerly 1s formula 9 to obtain an approximation to the fundamental 
natural fre4uency of the actual system. 

For the purpose of the discussion to follow, whirling will be re­
garded as the resultant of two linear flexural motions of the shaft in two 
planes at right angles to each otner. If the frequency of these two vibra­
tions is the same, tnen the center of the shaft will move in an elliptical 
path which, under special cc~ditions, may take the form of circular or 
straight-line motion. First-order whirling of propulsion shafting, with a fre­
quency e4ual to the fre4uency of rotation, is a common and well-known occur­
rence. It is caused by an unbalanced shaft-propeller system. According to 
Timosnenko10 whirling vibrations may also be excited by hysteresis of the 
shafting material. It is the nigner-order whirls that are of special interest 
~ere, especially from the standpoint of their ex.citation. 

A simple shaft-propPller system will be discussed in order to indi­
cate the possibility of whirling motions in the absence of gyroscopic effects 
and to stu.dy the stress variation at a point on the shaft for various assumed 
types of whi rl. If the propeller is considered as a rigid rotor, it will be 
shown that a whirling of its center about the shaft axis may be produced at 
any frequency due to variations in external moment of the hydrodynamic forces. 
It can also be shown that resonant whirling motions can exist at certain nat­
ural frequencies, and that gyroscopic effects are significant in a determina­
tion of these natural frequencies. A higher-order whirling motion could, of 
course, also be excited directly by externally applied moments such as are gen­
erated by nigher-order waKe components, even though gyroscopic effects be 
negl igible. 

The resultant of the pressure acting on the elements of all the 
blades is a f orce which, in general, has a variable magnitude, direction, and 
point of application, that is, all these quantities may continually change as 
the propeller rotates. The pattern of the variation repeats periodically, 

I 
I 

I 
I 
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withe period equal to the time required for one shaft revolution divided by 
the number or blades. The bending moment acting at any given shaft section 
may be represented by a vector, the length of which (that is, its numerical 
value) varies with time and which rotates at some multiple of the propeller 
speed. The stress at any point on the shaft can be expressed by the familiar 
beam formula 

Stress Mc --I 
where Mis the effective bending moment at the shaft section under considera­
tion and c is, as usual, the distance from the neutral axis 1n bending to the 
point considered. It should be noted that the shaft may be rotating at a dif­
ferf•nt speed and in a different direct ion than the moment vector, and therefore 
c will be a function of time. In prac~ice, the effect of resonance and gyro­
scopic effects may be important. The resonance effects can be taken account of 
by calculating an effective bending moment. The most indeterminate quantity 
required for a stress calculation is the bending moment variation. This vari­
ation can be computed from the propeller design and the wake diagram; such a 
computation has been carried out for the T-2 tanker and will be discussed lat­
er. The severity of the higher-order Whirling motions and strains varies as 
the magnitude of° the higher-order components of the moment variation. 

A mathematical expression for the stress variation at a point P due 
to an effective, statically applied, bending momeut M will now be derived (see 
Figure 1 ) . Let 

be a phase angle locating the point P relative to the 
reference position (in which a propeller blade is 
pointed in the direction of the Y-axis at time t • 0), 

wt the angle of shaft rotation from t • 0, 
- the whirling angle, 
n the order of moment variation (referred to shaft rpm), 
c the distance of point P' from the neutral axis, 
R the maximum value of c, and 
I the moment of inertia of the shaft in bending. 

Let P be the position of any point on the shaft at the instant t • 0, and P' 
be the position of the same point at some later time t. Then 
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, It Locotld on tN Surface of tN lhoft 

Neutral Aail of lendlnt 

.,._ _______ Plant Ttwoup o Refnnc. Propeller 
lloclt ot Tlmt t • O 

0 .,_ _________________ _,. X Aalt 

Z A1l1 ( PttPtfldlculor to Ploftt of Poper) 
Center of Wlllrt ,.,. 

Figure 1 - Section Through the Whirling Shaft 
Tb• vbirl1ng -,tiona con■idere4 here are rt1tricted to the type in vhich the uie or the ehatt lite 

in a plant which contain■ th• radiue OS and the z-uh (curvature in one plane only). 

If the bending moment in the Y2-plane is denoted by My and that in the XZ­
plane by M- , then the resulting moment may be represented by the vector f. 

X ii! + 
The magnitude of Mis IMI, and its angular position is• which will be called 
the whirling angle. 

IMI - (~ + ~)111 

M 
ti> • arc tan .....A. 

My 

• The bending stress due to the application of the bending moment Mis 

Stress -~c • iflR{sln(wt - f) Sin ♦ + coe(wt - f )cos•} 

These formulas will be applied to some typical illustrative cases. 

Case A: Assume that a whirl of n times the shaft speed exists. Then, for 
f ... 0, •= neat, 

Stress • f R cos(n - 1 )wt 

when the whirl and shaft rotation are assumed to have the same 
direction, and 

" _____ _ _ _,.. _ ________ ___ _ _ _ , f 
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Stress • ~ R cos(n + 1 )wt 

when the ~~irl and shaft rotation are assumed to have opposite 
directions. 

Case B: Assume the bending moment M is zero, and K • M sin nwt. 
x -Y Yo 

Then, for 

M 
Stress • ~R sin ~ cosc.lt 

Case C: Ass 11me that Mx = MRcos nwt, MY = ~sin nwt, t • 0, and • • l'Kalt. 
+ 

'!hen IMI •~and 

Stress•~ R cos(n - 1)wt 

In this case, which is seen to be identical to Case A, the shaft has 
a circular whirl of n times the propeller rpm, and the strain varia­
tion consists or n-1 cycles of atra1n per shaft revolution. It is 
assumed that the rigidity or the ■hatting ayat• 11 the same 1n all 
planes through the shaft. 

It should be noted that, it the propeller 1a not completely 1•er•ed 
in water during operation, it will be subjected to an applied bending moment 
which does have components 1n both the vertical and horizontal planes and Gan 
therJfore be expected to cause simultaneous deflections in theae two planes. 
Prom the preceding discussion it 11 evident that a whirling aotion may b6 
caused by (1) a combination or an applied bending moment together with the 
gyroscopic effect of the up1M1ng propeller and (2) by the applied bending 
momenta alone if these momenta have components in more than one .plane. A 
mathematic~l treatment of gyroscopic ettecta will be given in a forthcoaing 
TMB report. 11 In either case, resonant vibrations •Y be pr~aent and cause 
severe stresses . 

:, . AKALYSIS OP THE PROBLEM 

Some classes of aingle-screw veasela equipped with tour-bladed pro­
pellers, such as the T-2, C-2, C-4, and Liberty Maritime Coaiaaion deaigna, 
have been experiencing an extremely high rate ot tailahaft fractures even 
though the design and construction of the shafts and propellers haa followed 
accepted practice. '!he appearance of the fractures ahowa that they are caused 
by combined torsion and bending stresses and that progressive fracture has 
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taken place (tatigue tailure). Bending tailures predominated in all vessels 
except in the Liberty ahipa. 

The discussion of the preceding section indi~atea that these fail­
ures may be due to the resonance effects of vibratory motions, to excessive 
applied loads, or to a combination of both. Remedial measures would vary de­
pending on which factors predominate. The following questions arise: 

A. What are the magnitudes of the actual stresses in the tailshaft near 
the location of the failures? 

B. Does the magnitude or the character of the stresses vary appreciably 
with the draft and trim of the ship, and if so, why? 

C. What is the character of any "stress concentration" present and how 
serious are its effects? 

D. Is the contention of Mr. Panagopulos, that a fourth-order whirling 
resonance is present near the operating rpm of these vessels, valid? 

E. Are the stresses caused primarily by excessive external forces or by 
resonant vibrations? 

P. What at,e the magnitudes of the external forces acting on the system? 
lo, 

0. What are the fundamental natural frequencies of flexural vibration 
of the propeller-tailshaft system? What is the effect of the surrounding water 
water on these frequencies? 

H. Is it possible to determine the natural frequencies of lateral vibra­
tion, on the basis of ship's plans, with a reasonable degree of accuracy? 

The only way in which most of these questions can be at least par­
tially answered is by actual tests on a vessel. To get the information re­
quired under Items A and Bit is necessary to measure the strains in the tail­
shaft Just forward of the propeller hub for several conditions of speed and 
loading. In making such measurements it will be advisable to plan them in a 
manner which will provide data free of stress-concentration effects. The 
latter effects mo.y be studied separately by means of models, photoelasticity, 
examination of failur~s, and analytical analysis. The magnitude of the exter­
nal forces may be estimated from a knowledge of the stresses and of the shaft 
rigidity. 

The relative significance of resonance effects, as well as the char­
acter of the vibratory effects, can be determined from strain data obtained at 
a number of shaft speeds and for a number of ships' maneuvers. It has been 
shown, Section 2, that tne frequency of the strain variations is (n ± 1) times 
the shaft rpm, when n is the order of the whirling motion. Therefore, the 

• 
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strain-time oscillograms will indicate the order or whirls that do exist. The 
natural frequency of vibration of the propeller-shafting system may be excited 
by means of a vibrat1on generator, with the propeller both in and out of the 
water. The frequencies thus determined may then be checked against the values 
calculated by various means. 

It is evident that the most· direct and promising approach to a solu­
tion of the problem requires the measurement of strains in the tailshaft under 
various normal operating conditions and under occasional overload conditions. 

The type of shaft failures experienced so far has indicated that, 
in the case or geared turbine and electric drives ( T-2, C-2, C-4, Victories) 
bending stresses predominate, whereas the steam-engine-equipped Liuerty ships 
evidence combined torsion-bending failures. It was decided to conduct the 

' tests on a T-2 tanker as its trim could conveniently be changed by liquid bal-
lasting and a vessel was readily available. It was desired to complete the 
tests as rapidly as possible after completion of the strain-gage installation 
in order to decrease the possibility of gage failures. 

4. TEST PROGRAM AND TEST INSTALLATION 

4 .1. TF.ST PROGRAM 

The tests can be dividP;d into two logical groups: First, those with 
the ship in dock to determine the natural frequencies of the propeller-shaft 
system, and second, those at sea to determine the actual stresses under op­
erating conditions. 

4.1 .1. Vibration Generator Tests in Drydock 

A. The ship was docked; the existing tailshaft was replaced with a 
special test shaft modified in accordance with Figure 2; and a vibration gen­
erator was installed on the propeller. 

B. Vibration-generator tests were conducted with the ship in drydock, 
to determine the natural frequencies of flexural vibration of the shaft­
propeller system {nonrotating shaft). 

C. The vibration-generator tests were repeated with the vessel water­
borne, to determine the effect of the virtual mass of water. 

D. Upon completion of Items A, B, and C all test gear was removed. 
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---- - -- 6·--- - --­,· --- -----9,-------
20.125 diameter (Refnnce) 

21.625 diameter 
22.625 diameter (Rtfer9nee) 

Install Strain ~ in Lint with 

22 
f V the Cenltr of a Propeller Bladt 

~ 45• 
StftlinGocJes ' 

Ottoil. A 

Wood 

ExistinQ Sletvt 

Exiltin9 ~ft 

1• 0-4Holet 

StrainGGQti ' 
14•-,,· - ----v"------1 

Figure 2 - Modifications of T-2 Tanker Tailshaft 

4.1 .2. Underway Tests at Sea 

The torsional, bending, and axial strains in the tailshaft Just for­
ward of the propeller hub were measured and, in addi~ion, measurements were 
:nade of the torsional and translational vibration of the tailsheft as well as 
the linear vibratory motion of the hull near the fantail for each of the fol­
lowing test conditions. 

A. With the ship on a straight course, the speed was varied continuous­
ly from zero to full-power shaft rpm. 

B. With the ship on a straight course, the speed was varidd from 45 
rpm to full-power rpm in 5-rpm intervals. 

C. With the ship proceeding at full J>Ower on a straigt..t course, the 
order "rudder hard over" was executed as rapidly as practicable. 

D. If critical shaft speeds were noted, measurements were to be made 
at such speeds, both on a straight course and during a hard turn. 
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':hese tests were to be conducted both with the vessel in the full­
load condition and in a light-ballast condition trinned so that the propeller 
is only partially immersed. 

4.2. INSTRUMENTATION INSTALLATIONS 

4.2 .1. Strain Gages 

The 3olid tailshaft was modified as shown in Figure 2 in order to 
permit a watertight installation of SR-4 strain gages and to allow the cables 
to be run from the strain gages to the slip-ring assembly which was located 
on the first line-shaft sections. A set of active and temperature-compensating 
gages were connected in the form of a bridge circuit for each type of strain 
measurement; see Figure 3. The bridge was excited by a 22OO-cps oscillator . 
Both excitation and signal voltages were transmitted via a set of slip rings 
and brushes to the amplifying and recording equipment. The strain gages were 
installed at a position about 22.9 inches forward of the center of the pro­
peller, and longitudinal strain gages were placed in line with the center of 
a propeller blade. 

A variation in contact resistance exists between the brushes and the 
slip rings. This variation will give rise to undesirable voltage variations 
whenever current is flowing through the contacts, and the magnitude ot the 
voltage variation will be proportional to the current. By careful initial 
balancing of the strai n-gage bridge with the shaft at rest, on the gage side 
of the brushes, circulating unbalance currents due to a static unbalance of 
the bridge are minimized, thereby ~inimizing the voltage variation due to var­
iable brush contact resistance (brush noise). 

The amplifiers were TMB Type lB strain indicators, and the strain 
signals were recorded on a 14-channel Consolidated oscillograph equipped with 
4-ma string galvanometers. Tl1e strain gages themselves were wate11proofed by 
first coating the properly prepared gages with "Insulex" varnish and then 
filling the annular space around the shaft, containing the gages, with "Tuf­
fernel," a Westinghouse plastic which is applied in liquid form and is cold 
setting. The gages were installed so as to be relatively unaffected by stress 
concentration (about 22.9 inches forward of the center of the propeller hub). 

The tailshaft is shown in Figure 4, which also shows one of the 
wrapper plates that were installed to protect the gages. The strain-gage in­
stallation is shown in Figure 5, and Figure 6 shows the slip ring and brush 
installation on the line shaft. The amplifying and recording equipment is 
shown in Figure 7. 

It is of interest to note that the ship's tailshaft, which was re­
placed by the instrumented experimental tailshaft, did evidence cracks under 
magnaflux examination . 
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Figure 4 - Photograph of Experimental Tallshaft

4.2.2. Vibration Pickups

The General Electric Company installed several Q.E. electromagnetic 
pickups in order to measure the lateral motions of the tallshaft. Four pick­

ups were installed at the outboard end of the stern tube bearing (see Figure 
8) to measure the vertical and horizontal components of shaft motion. Similar 
measurements were made at the first steady bearing. The output of these gages 
was recorded on a string oscillograph.

In order to measure the hull vibration, two vacuum-tube accelerom­

eters, built by the Calidyne Company, were installed on the fantail; their out­

put was recorded, together witn the strain data, on a single Consolidated os­

cillograph. In addition, TMB direct-recording pallographs were installed at 
the location of one of the vacuum-tube accelerometers. Measurements of the 
torsional vibration of the propeller snaft were made by the Material Labora­

tory, New York Naval Snipyard,^^ by means of a Geiger oscillograph, wnich had 
been located 19 feet 6 inches forward of the stuffing-box bulkhead.

4.2.3- Instrumentation for the Vibration Generator Test

A Lazan vibration generator^^ was installed on the hub of the pro­

peller to permit excitation of flexural shaft vibration in both the vertical 
and horizontal planes for either the dry or submerged condition. The vibra­

tory motion of the propeller and s.hafting was measured with both Calidyne 
vacuum-tube accelerometers and with a Shure crystal accelerometer working into 
a General Radio meter; the output of the General Radio meter was again ampli­

fied by a Brush amplifier and recorded by a direct-inking Brush oscillograph.



Figure 5a “ Cloee-Up of Gagos

The output of the Calidyne pickups was amplified and recorded by a Consoli­

dated oscillograph.
A sketch and photograph showing the waterproof installation of the 

vibration generator are shown in Figures 9 and 10 respectively.

5. TESTS AND TEST RESULTS 

5.1. /IBRATiON GENERATOR TESTS

Tne Lazan vibration generator was installed in its watertight hous­

ing (Figure 9), and this assembly was then firmly attached to the propeller 
hub (Figure 10). The frequency of force application was varied continuously 
from zero to about 1200 cpm, and the response of the propeller was measured
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Figure 5b

Figure 5 - Photograpns of Strain Gage Installations

by means of vibration pickups. This procedure was followed to determine the 
natural frequencies in both the vertical and horizontal planes. A check was 
made to determine tne relative amplitudes and pnase relationships between the 
motion of several points on the propeller and tailshaft in order to ascertain 
that tne measured resonance was a resonance of tne entire syste.m. The natural 
frequencies were determined with tne shaft-propeller system in air and with 
the system submerged in water.

Grapns of the relative amplitude of vibration plotted on a basis of 
frequency are shown in Figure n. It is quite apparent tnat the resonances 
of the system are different in tne horizontal and vertical planes. A sample 
oscillogram of the measured vibration is given in Figure 12.
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Figure 6 - Photograph of Slip Ring and Brush Installation on Tailshaft

Figure 7 - Photograph of Anplifying and Recording Equipment 
Used on T-? Tanker Test
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Figure 8 - Installation of General Electric Company 
Displacement Pickups at After Stern Tube Bearing

Stuffing Tubes for Electric Cables

Figure 9 - Watertight Installation of Lazan Vibration Generator
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Figure 10 - Watertight Installation of Vibration Generator 
on Propeller Hub of T-F TanKer

5.2. underway tests

The ship was operated with two conditions of loading; see Table 1. 
For each of tne two conditions the vessel was run through tne schedule of 
tests listed in Section 4.1.2. except tnat the continuous run, Item A, was 
omitted for the load condition and that a crasn back was made from full-power

TABLE 1

Test Conditions of T-2 Tanker

Condition
Displacement

Draft, ft-i!1.

tons Forward Aft 0)

Load 20,300 28-0 28-6 28-3

Lignc 9.270 14-0 14-0 14-0
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ahead to full-power astern at the end of the load-condition tests. Strains 
were measured during each of these runs; sample oscillograms showing the 
strain gage signal, are shown in Figure 13. Strains were also measured on 

• several occasions during the tests, while the shaft was slowly turned over 
with the Jacking gear; the bending strains measured during this operation are 
due to the action of gravity and buoyancy alone and therefore will permit sep­
aration of these effects from the total measured strains. 

The hull vibration (Figure 14) was quite small during the underway 
tests; even during hard turns and crash-back operations only relatively small 
amplitudes were observed. The magnitude of the first-order (shaft rpm) vibra­
tion was negligible. Evaluation or the Geiger torsiograms showed that the 
amplitude of torsional vibration attn~ point of measurement (19 feet 9 inches 
forward of tha stuffing box) was small, never exceeding + 0 .1 degree. The 
vibration was of the fourth order referred to the shaft rpm. Owing to the low 
magnitude of the torsional-vibration signal, it was not possible to evaluate 
the amplitudes of vibration accurately and determine the location of critical 
speeds on the basis of vibration measurements. It will be shown later that 
the presence of a torsional resonance was established on the basis of the 
torsional strain data. 

6. ANALYSIS OF RESULTS 

6.1. FLEXURAL VIBRATIONS OF PROPELLffl SHAFT SYSTEMS 

Before attempting to analyze the strain variations it wi~l be well 
to consider first the flexural, ~specially the whirling motions of the shaft. 

It was stated in Section 2 that the accurate analytic determination 
of the natural frequencies of flexural vibration of a ship's propeller­
shafting system was impractical because (a) the lack of knowledge as to the 
e~fective physical constants of the system and (b) the mathematical difficul­
ties involved . The mathematical difficulties can be partially circumvented 
by utilization of mechanical and electrical models. 

First, an electrical analog has been used to show the effect of var­
iations in the location of the aftermost bearing support on the natural flex­
ural vibration frequency of the T-2 tanker shaft system. The difference equa­
tions for the system can be derived from the differential equations governing 
the motion of the propeller . A passive electrical circuit having analogous 
difference equations is set up and the resonance fre4uencies of the electrical 
network are determined. By applying proper scale factors the corresponding 
natural frequencies of the mechanical shaft system are readily computed. 
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Figure 14 - Hull Vibrat i on Measured on the Fantail 

The prime factors affecting the natural fr equencies are the eff ec­
tive locations and restra ints of the bear i ngs and bear i ng supports as well as 
the virtual mass of water acting wi th t he propell er. It is pr obable that the 
bearing support locat ions change with t he snip's speed and loading. The ef ­
fect of such variat ions on the na tural fre4uency ha s been studied by means of 
an electrical analog and the results are shown i n Fi gur e 15. The shaft was 
supported as shown in the sket ch of Figure 15, and the bearings were assumed 
to be restra i ned so as to preclude linear deflecti on . The actual shaft ar­
rangement for the T-2 tanker is shown in Figur e 16 . I t is ult evident that 
the natural frequency decreases rapi dly as the support is moved away fr om the 
propeller. Table 2 gives the natura l frequenci es det ermi ned by t h nalog for 
a number of assumed conditions. 

The wide range of natural fre~uenci es obtained f or t h sev r al as ­
sumptions made emphasizes the futility of att empting t o det ermine , with ac ­
curacy, the natural frequencies of lateral vi bration unl ess the i ndeterminan­
cies as to the surports can be resolved . The mor e gener al methods of analysis 
are very helpful, however, in a 4ualitative study of the effects that changes 
in selected parameters cause in the behavior of the system. 

A simpl e formula for the fundamenta l natural whirling frequencies of 
propeller-shaft systems has been derived 11 fr om dynamic considerations; it t3s 
been reduced t o a read i ly usable form wh i ch re4uir es only the appl i cation of 
the methods of statics. This formula has been applied to propelle~-shafts of 

.. 
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Figure 15 - Natural Frequency of Lateral Vibration 
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TABLE 2 

Comparison of Frequency Values Determined for Several Assumed Conditions 

Case Condition Method Forward Counter Nonrotating Shaft Whirl Whirl 

1 ~~·+ee·=f ~ Electrical •666 •576 •612 
Analog 

2 ~s•·+= 2os·==t 
do •660 •576 •61 2 

3 ~s•·+ ee·=t 
do *750 •636 •684 

••810 

4a Vibration Generator Experiment - - ••8~0 
T9st (Horizontal) on T-2 •6 o 

Tanker 

4b Vibration Generator do - - **1100 
Test (Vertical) •820 

•Propeller imeraecl in water. 

••Propeller in air. 
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the T-2 tanker and the Liberty snip in order to permit a direct check against 
the experimentally determined values of the natural frequencies. 

Assume that the propeller-shaft system is represented by Figure 17 
ln which the propeller has been replaced by a disk. The terminology and sign 
convention which is to be used with tne "whirling" formula as well as the for­
mula itself are also given in this figure. The assumptions made in the deri­
vation of the expression for the natural frequency are that the shaft is spin­
ning with uniform angular velo~ity, that the rigidity of the shafting system 
is the same in all planes cJntaining the Rha~t axis and that the effect of the 
mass of the shaft and of gravity may be neglected. The effects of bearing 
flexibility may be included in the computation of the influence coefficients. 

Examination of the whirling formula snows that ther e are two natural 
whirling frequencies for each value of ~ = h, where w ls tne angular vel ocity 
of shaft spin and Dis the angular velocity of whirl. That is for each abso­
lute value of h there may exist four natural frequencies of whirl. Two of 
these four modes of vibration represent a whirl in the direction of spin, and 
two correspond to a whirl opposite in direction to that of the sp i n, i.e., a 
counterwhirl. A more general treatment of flexural shaft vibration is given 
in Refti Jnce 11. 

The formula given in Figure 17 has been used to calculate the nat­
ural frequencies of whirling and of flexural vibration of the propeller-shaft 
system of the T2-SE-A2 tanker and of the Liberty ships; the results are given 
in Table 3. The computations were made for several conditions of shaft sup­
port; the flexibility of the bearings was not taken into consideration. Case 

1./ of Table 3 does give a natnral frequency of 1070 cpm for the nonspinning 
shaft (h = 0) in air. This figure practically co inc ides with the meas•1red 
nat1tral freq·1ency of 1100 cpm in the vertical plane as determined by the 
vibration generator tests. The full-scale tests gave value~ of 820 and 680 
cpm for the nat ·1ral freq•1encies of the nonrotating propeller-shaft system im­
mersed in water, for the horizontal and vertical direct.ions respectively, thus 
indicating nonuniform bearing flexibility. 

The eighth-order whirling resonances, as evidenced by harmonic analy­
sis of the strain data, occurred near 840 cpm (forward wnirl) and 720 cpm 
(ccunterwhirl). The theory of the whirling shaft 11 indtcates that the natural 
frequency is lower for the counterwhirl than for the forward whirl; see also 
the data in Table 3. 
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TABLE 3 

Natural Whirling Frequencies Computed for Several Assumed Shaft Systems 
. or a T-2 Tanker and a Liberty Ship 

Sys t em in Air 
Na t ura l Frequency• • of Whir l ( cp~ ) tor 

Type ot Ship ASSUlll8d Shaft System the Indica t ed Value of h 
or Wa t er 

+1 +1/4 +1 / 8 0 -1 /8 - 1/4 -1 - h , Food Stern Tulle 

rl' -2 (MISSION) 1 0 leort/ I 
Air 1450 1st Mode 

Tankert - 72JO 2nd Mode 
0 .,i., Stem 

;. 

l Tu lle 8eo,I"' ~ 
Water J056 1J80 1220 1100 888 1st Mode 

11 ,33, i.- \ •ee·-- ~ 1• 6920 6660 6520 6J20 2nd Mode 

2 1 Air 1629 1st Mode 

t ,1,r 99-
7 9 2nd Mode 

Water 1 J40 11 90 1070 1st . Mot1 ,• 
6750 6490 6J50 2nd ModH 

't .. ,!: .. - Air 1?90 1st Mode r 6890 2nd Mode 

1240 1098 9q6 1st Mode Water 6592 6J28 6176 2nd Mode 

4 

t,,.=!~r=-=1 
Air 1070 1s t Mode 

4320 2nd Mode 

Water 1540 1020 
nJ6 iJ4 a94 859 717 1 at Mode 

1 4130 J 57 ,110 3697 J459 2nd Mode 

Libertytt 5 
~,.-~ 9 9 • ~ 1220 1110 1035 474 922 8Jb 695 1st Mode Water 5410 4910 4650 4 90 43 60 42 0 4010 2nd Mode 

• 1 denotes an imaginary r oot . 
**The error due to the neglect of the maE s of the sha ft ls of the order of 1 perc ent . 

The r elationship used to calculate the natura l whirling f re~uenclee le the formul a 
given ln Plgure 17 . 

tThe physical const ants used ln the calculations for the T-2 Tanxer were: 

.. 

in alr m • 106 lb-sec 2 ln. 1 • 249 ,000 lb - sec2 i n . i d • 187,000 lb-sec2 in . El • Jl .4 x 101 1 lb -ln3 

1n water m • 116 1 • 312,100 lb - sec2 1n . 1d • 280 ,000 l b- sec 2 ln . 
where m ls the ma ~s of the propeller, 1 and id its mass aoment of i nertia about a polar ax i s and a d1a · 
metric axis respe~t lvely. 

ttThe phys ical cor. Jtants used in the calculati ons for the Liberty ship wer e: 
1n wat er m • b3 lb - sec2 i n ., i • 144,000 lb - sec 2 1n . , lrl • 100,000 lb-sec2 ln . , El • 9-9 x 1010 lb- l n3 

6. 2 . TuHSIONAL STR E..:SE 

Tne strain data showed t he pr esenc e of a def i ni t e f ourth -order 
(bl ad e f re uency) t orsional str ain var iation superimposed on a s t a tic s train . 
The str esses calculated from t he s tra ins ar e plot ted i n Figure 18 on the ba s i s 
of pr opeller shaft rpm . lt is seen f r om an inspection of t his figure that t he 
values of th e alt ernating and st atic torsion str esses ar e about equal to each 
ot n r a O ha f t rpm for the light condition . The shaf t sy s t em has a r esc ­

nant or e:: i ona l fre q·1ency of vibration of about 360 cpm; t he r esonance t he r e ­
fore fa l l v j hin the operating rpm of the vesse l . 

- - - ------- ----- - - --
.. 
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Figure 17 - Schematic Diagram of Shaft Disk Systam 
The influence coett cient• Ip, 'x' ,,, •x aaat be giTen th• proper•~• 

be the natural angular whirling trequenc7, 

be the••• or the diak (pro-
peller), 

1• the ratio or the ■pin veloc-
1t7 to the whirling velocit7, 

1a the mau m>~t ot inartia or 
the diak about a d1aaeter, 

1• the polar••• .,..nt ot in-
ertia or the diak, 

1a the ratio or polar to diaaet-
rical •u -ent ot inertia, 

•, 1a the ■tatic deflection at th• 
diak due to a .unit tranaTer■ e 
force applied to the diak, 

'x 1• the ■tatic deflection at the 
dhk due to a unit acact applied 
to the diak about a tran.Terae 
ui■ , 

•, 1• the ■tat1c rotat1cn of the 
dhk about a truu1Tene uia due 
to• Wlit tranaTer■e load applied 
to the cUak, and 

0 • 14(kh-l) 1• an effective inertia (the 
gyroacopic tera), • 

•x 1a the atatic rotat1cn of the 
diak about a tran■Ter■e u1• due 
to a Wlit aoaent applied to th• 
tiak about that truiaTer■e uia. 

y and 11 are the linear and angular de­
flection■ ot the diak, 
reapectivel.y, 

Thi ■ tonaila will, in general, g1Te two whirling trequenciea tor Neb value of h, J'or a der1Tat1on 
or thia tonmula and a general diacuaaion or the whirling pbcaaccn, ■ff lleterence ll, 

The steady and alternating components of the torsional stresses are 
tabulated in Tables 4 and 5 for the light and loaded conditions respectively. 
It is to be noted that, although the steady component of the stress is great­
est for the load condition, the alternating streso components are about twice 
as high for the light as for the loaded condition. This increase of the vi­
brat0ry torsional stresn, observed for the lesser drafts, is undoubtedly due 
to the fact that almost half the propeller projected from the ·water, (see Fig-
11re 10), during operation in the light l.!Ondition, resulting in large variations 
in torque. 
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The torsional vibration measurements made with the Geiger torsio­
graph did not indicate a torsional resonance; this may be ascribed to the low 
magnitude of the measured vibratory signal. This emphasizes the fact that 
large vibratory stresses are not necessarily associated with easily observ­
able vibratory motions. It may therefore be difficult to discover the pres­
ence of large vibratory stresses by moans of vibration measurements alone. 
The largest torsional stress was measured during the crash-back operation, 
load condition, and had a value of 5700+3100 psi. The largest value obtained 
during the steady-speed runs was measured at 89 rpm, light condition, and had 
a value of 1840 ±1690 ps.!.. 

6 .3. BENDING STRESSES 

Analysis of the strain data shows that the bending stresses in the 
tailshaft are fairly complex in character but that the f r st -order component 
1$ by far tne most predominant. Sample oscillograms ar e shown in Figure 13. 
For each test condition a typical oscillogram was analyzed into its Fourier 
components, up to and including the eleventh-order term. The Fourier analysis 
was carried out by a 48-ordinate scheme for the light-displacement condition 
and by means of the "Reeves Electronic Analog Computer" (RF.AC) for the hea·: y-

• displacement condition. The results of this harmonic analysis are prese11ted 
in Table 6. 

The magnitude of the phase angle~ given in Table 6 may be utilized 
to show that: 

A. For the light displacement the center of pressure is below the cen­
ter of the pr.opeller; thus the first-order bending stresses due to the over­
hanging weight of the propeller (less the buoyant force) and those due to the 
eccentrically applied thrust are additive. 

B. For the heavy diBplacement the location of the center of pressure 
v2r e~ apprec ably with shaft rpm. It 1 es, however, t n the first quadrant 
of the propeller. In this case the gravity effects tend to neutralize the 
bending stresses due to the eccentrically applied thrust. 

The position of the center of thrust and the magnitude of the ap­
plied bending moment due to the eccentrically applied thrust may be calculated 
in any particular case by the method indicated in Figure 19. In this figure, 
the magnitudes of the static components of Mg and Mgp as well as the orien­
tation of these vectors are obtained from the tesc data, Table 6. The result 
of a series of such calculations is lndicated in Figure 20. 
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The externally applied static bending moment, Mg, due to the weight 
of the propeller less the buoyant force, rP-sults in a bending stress at the 
strain-gage location which has a frequency of one cycle per shaft revolution . 
The measured value of this bending stress is 1150 psi and the corresponding 
bending moment is 920,000 in-lb. Since the weight of the propeller less the 
buoyant force is about 37,300 lb, the effective point of application of this 

.. 
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TABLE 6 

Harmonic Analysis of Strain Oscillograms 

The oscillogr-1111 records ar.al7zed are shown 1n Figure 13, 

llanaon1ca• 

Peak Stead7 Tena 1 at HaNlon1c 2nd llal'IIOnic }rd lllr11onlc ,4th Harmonlc 5th Harmonic 6th Haraon1c 7th Harmonic 8th Har■vnic 9th Ha.rmor 
Run RPM Streu Percent Percent Percent Percfflt Percent Percent Percent Percent Percent Pare • Number pal A, Peak Ai PNk A• P•k A1 P-eak A• Peak A, Peak A1 Peak A, Peak At Peak A, PNk 

pal Streu pl1 Streu pal Streu pal Streu pal Streu pai Streu pal Stre11 pal Stre11 pal Str111r. pli Streb -
,-c 111 5610 240 4.} }760 67 )}5 2.4 1400 24 - - Boo 14 200 4 21 0 4 - - 'BO 9 
4 46 2~0 57 2 .8 2015 99 60 ., .o 190 9 90 - ,,o 6 40 - 55 2 15 - 40 2 

5 5} 2}70 }2 1 2}}0 98 155 7 225 9 90 - 1}0 6 105 - 70 ' 60 - 60 2 

6 58 2}10 ,,o 6 221 0 96 50 2 210 9 50 - 150 9 10 - 10,; 4 2S - Bo ' 7-1 62 2265 100 4 2040 · 90 15 - 275 12 75 - 75 ' 50 ;, 50 2 45 - 25 1 

7-2 62 2580 ,,o 5 2450 95 90 ' }00 12 40 - ?25 9 50 - 55 2 }5 - 50 -
8 67 2580 2}0 9 2420 94 70 ' 2}5 9 10 - 210 8 15 - 195 7 40 - 1}5 5 
9 1' }040 190 6 26}5 87 45 2 2}5 8- ,o 2 '75 12 25 1 150 5 20 - 15 4 

10-1 77 }620 2}8 7 }000 a, 60 2 570 16 20 - 125 }2 55 1 175 5 20 - ,so 8 
11 a, 3'60 'i.'67 8 c700 Bo }5 1 }}0 10 70 - 400 12 65 - 270 9 55 - 250 9 
12 89 }860 }60 9 }140 79 165 4 570 ,a 100 ' }10 8 55 - 275 8 25 - }95 1} 
13-A 96 }980 266 7 }4}0 86 260 6 525 ,, 90 - 5}0 14 45 - 260 1 60 - 125 4 
14 100 4000 578 14 }150 79 57 1 900 21 86 - ,as 10 62 - 220 6 }2 - 2}2 8 
15 104 }760 }55 9 2450 65 140 4 1;, 10 }2 52 - 295 8 62 - 155 5 87 - }45 12 
16-1 105 '750 290 8 1870 50 154 4 ,,oo }5 170 5 ,,o 9 125 ' 10, 22 182 6 155 5 
17 104 }6}0 - - 2120 58 50 1 675 19 - - 850 25 - - 245 8 - - ,,o ,, 

101 46 1200 - .. 925 77 25 2 85 1 - - 55 5 - - 45 4 - - 20 2 
102 51 1240 - - 845 68 20 2 1}5 11 - - 100 8 - - 75 6 - - 40 ' 10} 57 965 - - 760 78 45 5 110 11 - - 95 10 - - 55 6 -, - - 25 ' 6s 

... 
104 -1 67 755 . - 590 78 25 ' 115 15 . . 110 10 . . ; . . }5 5 
104-2 61 505 - - 1}5 27 45 9 150 ,o - - 70 14 - . 120 24 .. . 10 14 
105 68 ,,~ - . 860 78 45 4 165 15 . . 65 6 . - 25 2 . . }5 ' 106 72 905 . - 645 71 65 1 170 19 . . 170 19 . . 70 d . - 45 6 
107 .~ ,.., 1210 . - 910 75 95 8 115 9 . . 20 2 - . 145 }6 . . 195 16 
108 82 1535 . - 12}0 80 Bo 5 90 6 . . 195 ,, . . 110 1 ~ . 215 14 
110 89 1785 . - 1150 64 6o ' 490 27 . . 140 8 . - 255 14 . . 240 1} 
111 -A 95 1910 90 5 1255 66 90 5 155 8 ,o . 240 ,, Bo . 2}0 1;, }5 2 ,oo 16 
111 -A 95 1850 1010 55 840 45 }05 16 160 9 

Sample 2 

112 100 16}0 - - 1600 98 }5 2 520 }2 - - 210 ,, - . 241 1 15 - - 170 10 
11} -B 10} 1640 - - 1550 95 10 4 290 18 - - 110 7 - - 140 10 - - 1}5 11 
115 92 2765 - - 1260 46 80 ' 925 }4 - - 450 16 - - 9,; ., 12'5 '5 6o ' 116 85 56}0 - - 4400 78 ,so; ' 680 12 260 ' 515 9 160 ' }15 6 215 ' 2)0 4 

*Subscript n of An denote• the order of the harmonic, The eecond figure giTee the etreH ae a percentac• ot the peak etr"•. 

**Gtreu • AO + L An ain( n t + 11,n), The phaae angle• for Runs 3-C - 17 are referred to the top dead center poa1tioa; tho•• for Rull 
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800 14 200 4 21 0 4 • • 5)0 9 • • 250 4 77 ,4 }45 ,6 69. 2 100 .9 ';j"4 
) 90 • 1}0 6 40 - 55 2 15 - 40 2 10 • 65 ' 81 .6 270, 5 271 .2 60 2 7 
- +--+----+--+-~-+--+----+-""""i~---t---:-'-t----1-,--...... ---+---+---+-....;_+----.... - - --+--=--'---+----+----

1 _ _ 9_0 ____ -_ ....... _1,_o ....... _ 6 ____ ,_05 ____ • __ +-~7~0+---' -+--60-+ __ -_-+-~6~0-+-_2_-+_5.;_o-+ __ -_-+_7.;_o-+--'---1- 7~9-·~o~--1-87..:..._04-_1....:5..:..5..:...7~ -..:..'5..:..5..:..·_o -:O-
~ - +---'i;'"'o-+-----+-1 i;._,o'-+-_..._9-+_1_0+----'-+--1_0"'-t-,; __ 4_'-+-_2_.'5-t-__ - -+-_a_o+-.....;;'--+--1..;.o-+------+--''..:;.5-+ __ 1_-+--'7_8_. 6_+-_ 29 1 . o 264 . 5 6,. , T 

75 • 75 } 50 2 50 2 45 · 25 1 15 · 25 1 86 .2 ,u'-5-_-:-6-+-1-2_'.j ..:, i'-t--1,,-:8:-_~7 ~ 
40 • 225 9 5-, • 55 2 }5 • 50 • 10 • , o • 81 .0 , 2,.2 181.5 ,s,., -:-c 

J 10 • 210 8 15 • 195 7 40 • 1}5 5 55 • }5 • 75 . , 200 .8 204 .} '39 ,t; -:, 

- +-''-o-+ __ 2_-+.;;.H.;..:5+_1_2_+-_2"'"5+-_1_-+""".1:--::5-:-0-t---5:--+-2::--:o-+ __ - -+-:-::1-:-5 +----::4:---+-:-60-:-t--2--+:--::5:::5-+--:2-➔-,8~'-:· 9:-+-- 2::-:2:-::1;,-· 2:::--t--_2_05..:..·.,..o-+--=5..:..9....,... 6 ~ 
- ~ 2..:..o-+-----+-_12"-'5'-+-_..:;.:,-'-2-+-""5..:;.5+-_,_ -+-_1""'7..:;.5+---5'--'-+--2_0-+-__ - -+-1_8o-+ __ a_-+-_4...:.5-+-----+-1....::,...:.5-+_..:;5_-+_a..:..1_. 6_ +-_ 2_0....:1_. a_1--_1_1 ,, ___ 4 ...... _ 2....:7...:.5_. 4._ ~ 

70 - 400 12 65 - 270 9 55 - 250 9 20 - 50 2 75 .0 z,8 .6 128 .4 '38 .o .o 
_ _ 10_0_. __ , ____ ,1_o ___ a 55 • 275 s 25 - }95 ,, 150 5 50 1 n.2 179 . , 115 .2 251 .o '":"z 

90 - 5,0 14 45 - 260 1 60 - 125 4 1,5 4 75 , 19.2 222 .a 185 .9 ,a .2 .2 

'._ '-+_86_+----+:,'-a_a-t----:10:-----t-""".6:-2+-·-+-2-:-2-::-ot-----:-6-r-:::':-2r----r2::'.',2:-t--:-:8-r753:-t_-:·:-+::--:'6:-::2+-,-=-'-+-:::75=-·-=-2--t--=-25=-=,B_.-=--B t--....:..,97..:.. • ..,,.9_ + - 1..,,.sa_ • ...:..9•-;:.::2_ 
52 - 295 8 62 - 155 5 87 • }45 12 100 4 120 5 77 ,5 , 21.:, 92. 7 70. 4 ~ 

:_ +-17.:...0-4 _ _ 5'---+..;;.'-1 o-+_...:.9--+-1_2-'-5-+----''---+-7.;...o_,;::_2=2:::::1_82;;-:_:r_-_--:._
7
6::;:1~5~5::::5::~=:-::::::-::~=-2:-:,;5::::~9:::!::9:1:. 7~~; ::~12;4:._o=-_~f--- _--:::79=-.-=7-+---:2~1.,,.4....,_ o,...L:.r:'7t:..... 

850 25 • • 245 8 • • }10 ,, • • 60 2 85 . 1 184 .5 129.6 17 .0 :,-

55 5 • • 45 4 • • 20 2 • • 15 ~ 89 .0 9 ,9 128. 4 , ,1 .0 1.10 
100 8 • • 75 6 • • 40 ' • • 40 } 104 .5 202 .4 124 .5 
95 10 - • 55 6 • • 25 } • • 20 2 121 .0 242 .9 67 .4 

11 O 1 O • • 65 7 • • }5 ~ • • ,5 5 117 . 8 46 . 7 2' . 4 
j • • 70 14 • • 120 24 • • 70 14 • • 70 14 105 .2 }4 .4 ?58. 4 
, - +-_- +--_-+-..,.6-5 -+----,-6--+--_--1---_- -+---=-25:;---:-2 --,--_ -r--. -,--=-=,5:-t--·-=-, -,-_--,--_-+--=,-=-o-+---=-, -..-..-,8..,....,6 . br--+--2=-=5-=2....,. ,=-+--:, 6"", .....,_ 1=-i--_-~i.:1L~-
- +--+---+-.:;.;._+-_.:.-+--+---+--=-+--:---+--+---t--:-::-+--:---t---+-----i---::-:-1--:--+---::--c----+-""::"'.""-c-+--:--=--~--- -=L 

J • • 170 19 - - 70 d • • 45 6 • - 85 9 70 . 1 1 75 . 7 141 . 9 - ~ 
,- +--_ --+--_ -+--20-+--2-'--t--_---,~-_--+-:-:14-=5..,._---=-,~6--,--_---,..--_--,.-1:-::9:-:-5-,.-~, b~.....,..-__ .,..... ___ .....,....,b,..,0:-+--:5:---+--,6,::9--,_ 2=---+--:,,22=-=,~.-=-, -+---,,,~2..,......b . b-+--_-l 

:- -+--.--t--. 195 1, . . 110 7 ~ • 215 14 • • 90 6 115 .b }2b.5 95 -7 • 

,~:~:_--_- ,-+_-_-_-_--_-_-+-r_-,_4;..:o~!:::a::~~~-:~;::-:::::-::-2=5~5~::~,-::-4::-_-_-.,.t-_--:--;~==~-==~:2~4~0~::~1,;:~;:•;~!==~·==~;:9~0:;::~5;::!~-;84:=·o~:!::.....,,-:-:108;:.:8~~=~1~95:.....,•.....,1:!::::-~-
- , o • 240 1, 80 • 2,0 1;, }5 2 ,oo 16 60 4 }5 2 208 . 1 104 . 1 58 ,4 1:,5 ,7 

_ ...,_;;_4-____ --1~~-...... --+-----1--+------------------------+-----I- -----t----t----+----,L_ 
• ,05 16 160 9 I 
, • • ? 1 0 1} • - 240 15 • - 170 10 • • 20 1 15 7 . :, 5} . 1 1 :,6. 2 
• - +--_-1--_-+c..1 ,....:o-+-..:..7-+- _-t--_-+--,-4--0+-""""'1 o'--➔-_--r--_-....,..-, ,~5➔-,-1-;--_-+--_--+-2;;.oc.....,t---, -➔-,~5..:..o'-'. 1'-+--, 2~2:...; . ..:..,-t--'7:.:6.:.. 9=--+---:-

i._ * 2&:-· o-1--;--=-- ~-=-~~~-~;..-1;_-_-,-=:-=--=.-=.;-,-:6-.:-::o~;-=.-=.-;-:-____ -1;_-,_.9-1""1 ~~':_-:_-=.-!.._-:_➔t---:;:.~-55'/t----_-~-s,-:_-:_~~2~)60:-10":' ....,-~-----:"~-:_-:_-:_;-:2~~~5-=-~-=--=-~;-=--=-~;-,-;~~~-=-~-=--=---;===:=~=;:~:~:==:==!=~:~=: ~=~~==, ~~4=:~4'-o =:===66:--.-6 

second f i gure gives the atreaa aa a percentag~ of the peak ■tree■ , 

Rune 3-C - 17 are referred to the top dead cen1;er po■ition; thoae for Jhma 101 - 116 are referred to arbitrary reference poait1ona. ~;ra 
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Pha se Angle in Degre~••• 

Jn~ 
2nd 3r d 4th 5th 6th 7th 8th 9th 10th 11th 

•nlc Harmonic Harmonlc Harmonic Harmonic Hanaonic Har■onlc Harmonic Harmonic Har■onic Har■onic Notea 

• J .. 1/12 "'' "' •s ... .. , ... ... .... lu • 
~ 

) ,9_! ,4 345 .b 69 .2 100 .9 137 .:.> 10 .9 64 .0 158 . 7 ,so .o 7'.l ,02 .6 Light Condltlon ( He Table 1) 
) .2 . 6 210 .5 27 1 .2 60 .2 51 .6 253,4 126 .8 n .5 51+ .6 184 .9 a, .5 do __. 
; .0 .o 187 .0 155 ,7 355 .0 9 ,0 149,9 109 .6 29, . , 219 .0 82 .8 56 .9 do 
I . ' . 6 291 .0 264 ,5 6, . , 11 5 .0 209, 1 11a . , , 11i. ,7 :,08.7 196 .8 ,4 .2 do 
3.7 ,;, 305 .6 12'.j. 7 128.7 127 ,7 191, 7 29.2 255 . , 125 .6 248 . 1 82 .5 do 
1.1 ,b , n. 2 181 ,5 1a, . 1 27. 1 1 .6 111 0.2 100 .7 ,,a .2 265.2 :,21 . , do 
} , 4 ..: ,., 200 .8 204 . , n9 .4 111 .1 1117 . ' 65.2 ,,2 .2 217 .9 192 .9 28 .1 do 
},6! .9 2211 .2 205 .0 59 ,6 56,5 :,09 . 1 a, .5 270 .0 ,1 2 .5 152 .4 ,110 .8 do 
; .4 t' ,6 207.8 119 ,11 275 ,4 158 .8 198 .2 1.6 150 . 7 71+ .8 181 . ' 246 .o do -. r· .o 238.6 128 .4 :,38 .0 349 , 7 ,,,, ,5 :,58 . 1 209 .0 89 ,7 2DO.O 21 4,1 do 
I .0 .2 179,3 115 .2 251 .0 282 .9 78 .0 1 .6 2'7 .4 12 ,5 178. 7 ,s6. o do 
l.2 .2 222 .8 185 .9 :,8 .2 9. 0 205. 1+ 55 ., 49.8 ,1. , 290.1, n4 .1f do 
l.9 .2 258. 8 97 ,9 158 ,9 197 ,0 57 .2 as ., ,s8., 12 .0 155 .1 55 ., do 
) .4 ,5 , ,, 1 . ' 92 .1 70 ,II 114 ,9 7' .2 16 .4 2111 .9 ,40.5 ,,5 .7 n 2 .4 do 
, .o ,7 124 .0 79 ,7 21 11 .0 158 .0 ,24 .0 129. ' 86 .0 91 .0 69 .0 102 . , do 
I .0 . , 184 ,5 129 .6 17 .0 59 ,2 92 .0 178. 4 27 .0 209 .6 :,15 .0 86 .1 do 

I .0 .4) 9 .9 128 .4 ,11 .0 ,09.8 ,15.0 120.5 45 .0 92.6 :,44 .0 77,9 Loaded Condit ion ( He Table 1) 

-~ 202 . 11 124 .5 . 9, ,9 . 71 . 1 . 65.:, . , 9 .8 do 

.C) 242 ,9 67 ,4 . 511.7 . 89 .0 . 14 .6 - 2,5.5 do 
46,7 2, ,4 . ,5i. .2 . :,25.6 - 144 .1 - 14b .:, do 
:,i. ,4 758 .4 . ?18 .1 . 275 .8 . :,6 .6 - ' " .4 

do 
252 . , 16, .7 . 59 ,\) . 202 .6 - 65.5 . 120 .0 do 

~ 175 ,7 141 .9 . 72 .1 - 162 .8 . 6 .6 . 257.6 do 

~ 22'.' , 2b .b . 59,9 . 48.o . 127 . , - 86 . , do 

1• :,26.5 95 ,7 - 24 ., . 216.8 . 61 .1 - 1:,5 .0 do 

--· , oa .a 195 , 1 . 106 .', . 60 . 1 . 45 ,:, - :,9 ,7 do 
' , 7 104 . 1 58 .4 1'5 -7 25.2 10:, .5 :,46 ,5 22 .0 277 ,5 298 .~ 2'7 ,7 do 

do 

5:,.1 1:,6 .2 . 1 ,2 . 1 - 7' 9 - 50 ,7 . lS!f.1 !Aaded Condition (aee Table 1) 

~ 
122., 76,9 . 117. ! - 101 .6 . 1:,1 .6 - 15--S .2 do 

215. 11 74 .o . 121 .6 - " .5 . 109.0 . 1~.o -irurn - Loa a ea C ond 1t i on 

. 6 I 205 . 1 104 .4 66.6 186.9 167 .8 b2 .5 87 . 1 114 .2 187 .4 16.0 Cra•h Back - Loaded Conditi on 

t rary reference positions. 
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• Oistan'-e of Center of Pre11ure from Center of Propeller 
• Anoular Position of Ct!'ter of Pre11ure 

Lood Condition 

I • • . - • • • - . 
ll • • • • ; i • • • • 

20 40 so 80 100 
Shaft SpHd In rpm 

Reference Position (Vertlcol Oir1ctlonl 

f 
- • . . s ... 
' • . • I"' 

LiCJht Condition • 0 C 

I I 

- . 
I I • 

I I I I 
I Ill 

I 

20 40 60 80 100 liro 
Shaft SpHd in rpm 

Figure 20 - Location of the Cent er of Pres sure, Computed by t he 
Me thod Illustr ated in Fi gure 19 

weight i s computed on the bas i s of measured s trai n to be about 24 .6 i nches 

.. 

aft of the gage loca ti on . The cent er of the ,ro~ell er i s appr oxi mat el y ?.2 .9 

inches aft of t he gage l oca t i on . Compar ison of thes e figure s pr ovid es a check 
on the accuracy of the strain mea sur ements . 

The alternat i ng bending str ess es measur ed wlth the SR-4 stra i n gaees 
are pl otted in Figur es 18a and 18b on a basi s of shaft r pm for t he l ignt and 
l oad conditlons, re spectively . It is evi dent fr om an i nspection of these f ig ­
ur es t hat , f or the l ight condi tion , the bending stress is the pr edominant one 
and, for tne ::;ame rpm , is always l arger than the bending s tre ·~ c; f or the l oad 
condit ion . Conversely, for t he load cond ition the combined t or :1 i on st r ess pre ­
domina t es and , f a:' the same r pm , i s always l arger than the corr t·spond ing t or­
s ion stress for t he light condition. 

.. 
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It has been stated before in this section that, for the light con­
dition, the first-order bending stresses due to the eccentric thrust and those 
due to the weight of the propeller reinforce one another; the variations of 
bending stress with rpm would therefore be expected to have the general form 
actually obtained, providing that there were no serious resonant flexural 
shaft vibrations. It might therefore be concluded that no serious flexural 
resonances are prEsent, without resorting to further examination of the Four­
ier components of the bending stress. However, the alternating bending stress 
for the load condition does not vary in an obviously logical pattern; a pos­
sibi e explanation may be found through an examination of the harmonic content 
of the bending stresses together with a study of the location of the center of 
pressure. 

The results of a harmonic analysis of the bending stresses, given 
in Table 6, are also plotted in graphical form in Figure 21. This analysis 
shows , as does an inspection of the actual oscillograms, that the harmonic 
components of the stresses do vary somewhat even though the propeller speed 
is kept reasonably constant . Wherever curves are drawn in Figure 21, they 
are intended to show the probable maximum value that would be measured if the 
oscillograms had been taken over a long period of time. For the light con­
dition d finite eighth-order whirling resonances are indicated at about 90 
rpm (counterwhirl, 720 cpm) and at 105 rpm (forward whirl, 840 cpm). For the 
load condition the higher-order stress variations were of rather small magni­
t u1e ; only one fairly well-defined resonance was apparent, namely an eighth­
order counterwhirl (ninth-order strain) at about 90 rpm. 

The shape of the bending stress curve for the load condition in 
Figure 18b may be explained by noting that the minimum stress value at 60 rpm 
coincides with a minimum value of the first-order stress near 60 rpm; see Fig­
ure 21a. The reason for the low first-order stress near 60 rpm is that the 
vector sum of the bending moment due to gravity loads and the first-order 
bending moment due to the eccentrically applied thrust is a minimum. This 
behavior could conceivably be utilized in design by locating the center of 
thrust so as to make the bending moment due to the applied thrust counteract 
that caused by the propeller weight at the operating propeller rpm. The hump 
in the stress curve near 95 rpm in Figure 18b is due to the relatively large 
contributions of the third- and ninth-order harmonics near this speed. 

The higher-order odd harmonics of the bending stress correspond to 
whirling motions of the shaft as discussed in Section 2 and Reference 11. A 
theoretical analysis of the bending moment acting on a propeller has been made 
and some of the results will be given here. 
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4000----..----,-----,----.---,----, 

0 

sooo,1----..----,-----+-~ro-+-----'-------, 
0 

Llollt Condition 
0 

0 

1 0 azooo1'---+---~----+----+-- -~-~ 

i --: • J • 

• 
• 

Loocl Condition 

• 

0 20 40 0 10 120 
Slloft Speed In rp111 

Figure 2la - Firat-Order Coaponent ot Bendina Streaaea 

The cune■ drawn are not aean value■ ot point• plotted, but 
are intended to ahov probable maxillWI value■ that would be 
aeaaured it aeaaurement• had been taken over a au.tticiently lona 
period ot tiM. 

Let P• . denote the moment vector repreaenting the bend-
' ing moment acting at the root of blade 1 in a plane 

containing the axes of the blade and of the shaft . 
This vector will rotate with the blade with an ang,jlar 
velocity w. t, - wt is the angular spatial position 
of P•,, and tis the time elapsed from some reference 
time. 

The bending moment acting on each blade may be expressed as a Four­
ier a~riea in wt. The contribution■ of ~he several blades may then be added 
to give the resulting moment acting on the propeller disk. Carrying out this 
analysis, it ia found that the frequencies of the bending moment variations 
acting on the propeller disk are equal to knw where k is any integer, n is the 
number of blades, and w is the angular spin velocity of the propeller. 

.. 
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2000 } • Third Order St ress Fourt h Order Whirl 
1 Fifth Order Stress 
, Seventh Order Stress} Ei9hth Order Wh irl t----t- -+- ----+-- ~ 
o Ninth Order Stress 
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Figure 21b - Higher-Order Components of Bend ing tresses 

The seventh- and ~! nth-order strain variations correspond 
to eighth-order f orvru ,~ and countervhirla reepectivel.y. 

120 

Figure 21 - Bend i ng Stresses - Harmonic Components 

• 

For a propeller with an even number of blades only the coefficients 
of the odd harmonics in the Fourier series for P•, will give rise to hi her­
order moments, whereas for a propeller with an odd number of blades only the 
coeffici~nts of the even harmonics of this Fourier series need be considered 
in determining the w'.11rl1ng motions. For the four-bladed propellers installed 
on the T-2 tankers oniy even orders of moment variation and whirls, and conse­
quently odd orders of strain, would be expected. The harmonic analysis of the 
strain records showed this to be essentially true. These results will be 
given on page 40 for a four-bladed propeller. 
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Pourier Component of P, , 3 7 11 All even orders 
5 9 13 

Pourier Com~onent of Total Bending Moment 0 4 · 8 12 None 
Acting on he Propeller (Referred to a 
se~ of axes fixed in the ship) 

Order of Strain Variation Referred to Shaft rpm 
(Whirl in direction of shaft rotation) 

1* 3 7 11 None 

(Whirl in direction opposite to shaft rotation) 1* 5 9 13 None 

-Wo whirl. 

The vibration-generator tests showed that the nonrotating propeller­
shaft system has natural frequencies of flexural vibration in the ho~izontal 
and vertical directions of 680 and 820 cpm respectively, for the submerged 
conditions. It is indicated in Sections 2 and 6.1 that the rotation of the 
propeller may induce two whirling resonances corresponding to each flexural 
resonance of the nonro ,ating shaft system. The higher-order flexural reso­
nances indicated in Figure 21b correspond to such whirling resonances although 
it will not be possible to check the resonance frequencies by analytical meth­
ods because knowledge is lacking as to the magnitude of a number of physical . 
quantities that significantly do affect these frequencies. 

To recapitulate some of the major items discussed in this section: 
• It has been shown that the first-order bending stress variation predominates 

and that the eccent1 -C application of thrust increases the alte1·nating bending 
stresses tor the light condition and tends to decrease these stresses for the 
load condition. The higher-order bending stresses associated with shaft whirl­
ing are generally of greater magnitude for the light than for the load condi­
tion but their contribution relative to the first-order bending stress 1s 
greater for the load condition. The ship's operating speed of 90 rpm coin­
cides, for the load condition, with a condition of relatively high third- and 
ninth-order bending stresses although the magnitude of the alternating bending 
stress is not severe for the load condition. The highest bending stresses 
were observed during the "crash back" operation, 1. e., going astern from full­
power ahead; the value of the measured bending stress was approximately ±5700 
psi. 

.. 
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6.4. COMBINrn STRESSES 

The maximum value of the combi~ed stress is tabulated, for each of 
the test conditions, in Tables 4 and 5. These values were obtained as follows. 
Each oscillogram was examined in order to find that particular instant at 
which the resultant of the shearing and normal stresses gave a msximum value 
of the combined stress. A plot of the combined stresses against shaft rpm is 
shown in Figure 22. 

Examination of Figure 22 shows a r a ther definite peak of stress near 
90 rpm for the l i ght condition. This peak is due to the effect of the first­
mode tor sional resonance at 90 rpm as is evident from Figure 18a. The occur­
rence of the torsional resonance within the norma 1 opera ting range is, of 
course, undesi rab le. For the load condit ion the combined str esses increase 
with the rpm and do not indicate the presence of severe resonance effects. 

The combined stresses computed from the strain com onents measured 
during the hard turns were of the order of 10 percent higher than during a 
traight run a t the same shaft rpm. The stresses obtained during the crash­

back operation were severe, with a maximum value of abou t 10,500 psi for the 
loaded condition. The crash-back ope~ation was not carried out for the light 
condition, but i t would be logical to expect even mor e severe stresses for 
this condition. One might estimate, on the basis of the measurements, that 
the combined stresses during crash-back are about twice the maximum stresses 
obta i ned during normal, constant-speed operation. 

It is of interest to determine the principal directions of the max­
imum normal tensile stresses inasmuch as a fatigue fai lure would probably 
occur in the plane on which this stress acts. The principal direction, calcu­
lated for the most severe stress condition for both light and loaded opera­
tions, was at an angle of 21 degre~s with the shaft axis for Run 3C and at an 
angle of 31 degrees for Run 11 6 . 

It should be remembered that the stra ns wer e measured at a location 
which was relatively free of stress concentration. The ac tual peak stresses 
in the tailshaft probably occur near the end of the keyway since it is here 
that stress cuncentration due to the effect of disc ontinuit ies and end effect s 
(frett ing,* corrosion, 3hrink fit) of the prop 11 r ub and 1 ner w111 be great ­
est. The shaft failures are due to the combined effects of torsion, bending, 
and axial stresses, all of which do have bo th steady_and a ternating com onents 
The bending stress predominates on the T-2 tankers. It is iffic lt to de er­
mine the encurance strength under such combined loads, rimarily because little 

*Th word frettine; as uaed in this r port describe am chanic 1 vibr tory rubbing mo ion b tween t wo 
contacting urfaces. 
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is known about the behavior ot materials under these conditions. So-called 
"stress concentration factors" due to surface discontinuities can be deter­
mined analytically, but their influence, under conditions of alternating 1~ads, 
on the endurance strength is known to be less than theory would indicate. The 
stress concentration factors to be used in evaluating endurance strength are 
usually obtained from endurance tests conducted on special test specimens 
which are subjected to one type of load variation only. If steady and alter­
nating loads are superimposed on each other, it is not clear whether or not a 
stress co~centration factor should be applied to the steady as well as to the 
alternating-load component, although one would reason that it should be ap­
plied to uoth, provided the elastic limit is not exceeded. 

If it were desired to determine the combined stress at a point, then 
assuming that all stresses are within the elastic limit, the expression for 
the shear and normal stresses acting on any given plane through the point 
could be written by expressing each stress component as a function of time and 
applying the proper stress concentration factor to every component whether 
steady or alternating. This procedure gives the magnituce and direction of 
the stresses but does not provide much useful information for determining the 
endurance strength of a structure. Probable maximum shear and principal 
stresses for some of the test runs were determined by applying a stress concen­
~ration factor of 2 to the steady and alternating torsion stresses. 

In order to check the endurance strength of the shaft, an approach 
suggested by Soderberg, 14 which is based on experimen:al data, was used. Let 
it be assumed that the maximum shear theory of failure is valid, then failure 
will occur when the maximum shear stress is equal to the yield point in shear, 
which is one-half the yield point in tension oy or 

ri ]1/1 l 1 L( o1 - o2 )2 + 4-rc = 2oy 

(for bi-axial stress o, o combined with shear stress T). For the ca se under 
l 2 

consideration the circumferential stress is zero, and the expres sion tecomes 

)
1/2 l 

T2 = -(1 
2 y 

[ 1 ) 

where" is the normal stress and T the shear stress on a given plane. Actu­
ally Equation (1) provides a failure criterion. If a known set of str esses" 
and Tis substituted in Expression (1 ], the value of the expression may be con­
sidered as an indication of the degree to which the failure stress ;"y has 
been approached. Soderberg14 found that test data may be interpreted to show 
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The stress values pertain to t he stra in gage location ( Jee Figure 5) . 

tha t, f or slmultan2ous applicat lon of a s teady and an alternating s tress, a 
fatigu e fai l ure wo~ld be likely to occur f or the combinati ons 

[ 2 ] 

where T'o is the maxlmum steady value of resultant stres~;, 

T' a i s the maximum alternating va lue of resultant stress, 

T' is the yield point (stat i c strength), and y 

T' e is the endurance limit (_endurance strength) . 

Note that in Expression l2] either shear stresses and (static) strength in 
shear or normal stresses and strength under normal stress are to be used, but 
not combinat i ons of the two. In this discuss i on shear stresses and shear 
strength will be used. Expression [2] appears to be on the safe side and prob­
ably is .nearly v~lid for the condition where both the alternating and steady 
components of stress act on the same plane. The steady and alternating compo­
nents of the maximum shear stress are computed thus : 
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l ~ ] 1/1 -r•= - (K <J )2 + 4(K--ro)2 o 2 I I ""'l' 

~ ]
1/1 

T"' = .l (K " )2 + 4( K_ T'a )2 a 2 , a ""T 

[ 3 J 

where K, nnd KT are the stress concentration factors for longitudinal and tor­
sional stresses; the subscripts o, a denote steady and alternating components 
respectively. The values of -r; and -r; are substituted in [2] giving 

Expression [2] taken with the. equality sign may be plotted as in Figure 23, 
thus showing that the result is a straight line. Points lying above this line 
may result in fatigue failures. It ts believed that stress concentration fac­
tors should be applied to both the fteady and the alternating stresses as in­
dicated by [3] . The BuShips Design Data Sheet for Shafting15 does not apply 
a stress concentration factor to the steady-st~ess compr ~~nt; the stress con­
ditions computed on the basis of the formulas given in Reference 15 are given 
in Columns 3 and 4 of Table 7 for comparison with the values in Columns 5 and 
6 of the same table, which were computed by use of Equations [3]. 

The stre~ concentration factors for bending and torsion are taken 
as 1 and 2 respectively in accordance with Reference 15. The values of the 
resultant steady and alternating components -r;, -r; are listed in Table 7 and 
in addition are plotted in Figure 23. The endurance limi t in shear is taken 

1 as 14,000 psi, and the elastic limit in shear ts taken as 2(30,000) = 15,000 
psi. 

Examination of Figure 23 shows that the stress condittons plotted 
are all within the endurance limit condition, the crash-back operation (Run 
116) excepted. Since a backing operation, such as Run 116, occurs but rarely 
1n the life of a vessel, it need not be considered from the standpoint of en­
durance strength although it is necessary to assure that the ultimate strength 
not be exceeded at any point on the shaft under all operating conditions. The 
question then arises as to the reason for the shaft failures. The only stress 
concentration factor used in these calculations was that one which was applied 
to take account of the keyway effect. No allowance was made for the effects 
of salt-water corrosion, press fits, temperature, fretting corrosion, or of 
internal stresses set up in the shafting material during manufacture or as­
sembly. The direct macroscopic effects of shock loading, resonar:~e conditions, 
and eccentric thrust are reflected in the measured strains and, therefore, 
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TABLE 7 

Stress Values used in Endurance Strength Calculation 

2 3 4 5 6 I 7 8 9 10 
*Stress Concen- Stress Concentration Factor (KT= 2 ) Applied tration Factor 
(K=2) Applied to to Both Steady and Alternat ing Components 
Alternating Com- of Shear Stress , psi 

Test oonent Onlv 
Condi- Maxi- Mini-
tion Steady Alternat- Steady Alternat- Maxi- Mini- mum mum 

Compo- 1ng Com- Compo- ing Com- mum mum Princi- Princi-
nent ponent hent ponent Shear Shear pal pal 

psi psi -r"' -r"' Stress Stress Stress Stress 
0 • . 

110 rpm 5100 ±6900 5100 ±3450 7600 4200 +10200 -10600 
Light 
89 rpm · 3700 ±8000 3700 ±4000 7400 1900 +9300 -9500 
Light 
89 rpm 6800 ±4000 6800 ±2000 8600 5100 +9300 -9700 
Load 
Crea.sh 11400 + 13700 11400 ± 6900 178(10 5900 +20600 -20800 
Back . . 
Load 

From From From From 
Eq. [5] Eq . [ 17] Eq. [3] Eq. [3] 
R&f. 15 Ref. 15 Sec. Sec. 

6.4 6.4 

*Tbe1e values are equivalent tenaile and compressive stressea vhich may be converted to ahear 
atreaaea by lmlltipl,Ying the given value• by the factor 1/2. 
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need not be considered by applying additional safety factors. The original 
tailahaft installed on the SAN LUIS OBISPO did show the presence of cracks 
under magnaflux examination. The special tailshaft used for the tests was 
magnafluxed after the test runs. This shaft did not evidence any cracks al­
though it had been subjected to severe operating conditions, thus Lndicating 
that the shaft failures ar e due to a lack of endurance strength and not due 
to occasional overstressing. 

It can be concluded from the foregoing discussion that the combined 
ettects of fretting and salt-water corrosion and of residual arad other stress­
es set up during assembly are sufficient tc lower the endurance strength to an 
appreciable extent. It will be in order to raise the stress concentration 
factors applied to the stresses a and T of Equations [3] in the preceding cal­
culations to bring them into line with the failure condition, since it is 
known that failure does, in fact, occur. Then,in future design, such an aug­
mented stress factor may be applied to the nominal stress in addition to known 
stress concentration factors in order to allow for these indeterminate but sig­
nificant effects. Of course, if the contribution of each effect is known, 
they may all be combined to give the resultant factors Ki and KT of Equations 
[3]. It would, of course, be preferable to eliminate fretting and si1ni~ar 
deleterious actions altogether. 

The factors by which the combined stress conditions, as calculated 
by Equations [3) using Ki= 1 and KT= 2, must be multiplied in order to bring 
them up to the endurance failure condition are 1 .67, 1.68, and 1 .87 for runs 
110, 3-C, and 12, respectively (see Figure 23) . In order to furnish some 
margin of safety the design value for the combined stress condition should be 
less than that at the endurance limit. The required design condition may be 
expressed by the following formula 

[ 4] 

where N is the safety factor, say 2, and T;, T: are obtained from Equations 
[ 3). 

On the basis of the foregoing, the following conclusions may be 
drawn. The ship's speed of 90 rpm coincides with a torsional resonance of the 
propeller-shafting system. The alternating stresses are more severe during 
the light condition, and the steady components are more severe during the load 
condition. The conditions for a fatigue failure are given approximately by 
Equation [2). In using this relationship for shaft design it has been modi­
fied as in Equation (4). The stress concentration factor for normal stresses 
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may be taken as 1 .9 and that for torsion stresses as 2 x 1 .9 = 3.8, for shafts 
similar to that of the T-2 tanker on the basis of the di sc .1. sslon Just preced­
ing and illustrated in Figure 23. Sometimes more accurate values of the 
stress factors may be determined. It is believed that the stress concentra­
tion factor should be applied to both the steady and the alternating compo­
nents of the loads . The stresses due to r esonant whirling of the shaft are 
not, as such, believed to be dangerous. The tallshaft failures of the T-2 
tankers, and probably of similar classes as well, are due t o a lack of en­
dur anc e s trength, not necessarily of the material but of the shaft as designed, 
buil t, and used. Some remedies for existing ships would be: 

A. Reduce stress : oncentratlon and slm: ., r deleterious effects by pr e­
venting fretting between the propeller hub and t he shaft a t t he forward end 
of the hub, by preventing fretting between the brass sleevL . d the propeller 
shaft near t ne t apered end of the shaft, by excluding r:v sture from the highly 
stressed portions of the shaft, by care in the design ~nd cutting of the key­
wa y as well as by careful fitting of the propell er and key to the propeller 
shaft. 

B. Increase the size of the tallshaft (a rather poor approach) in order 
to reduce the nominal stresses and/or select shaft materials, surface treat­
ments, heat treatment s , or shaft designs which will provide higher endur·ance 
strength f or t he intended service. Cold rolling and nitriding of press-f i t t ed 
surfaces may be mentioned here. 

C. Try to keep as much of the propeller immersed as possible. 

Additi onal suggestions for new ship design would include: 

A. Greater care should be taken in assuring relatively uniform flow 
over the ent i re propeller disk with specia l attention devoted to the position 
of the center of pressure r elativ e to the center of the pr~peller. The prime 
objective ls to reduce vlb~atory strains to a mi ni mum . 

B. The tallshaft design should take into consideration the endurance 
strength along the lines indicated in this section. 

C. Computations should be made to assure that there will be no vibra­
tion resonances at the vessel's operating speeds. 

Apart from the immediate problem there appears to be a definite need 
for information and utilization of information on (a) the relationship bet ween 
endurance strength and various types of stress combinations , (b) the mechanics 
of initial crack formation, and (c.) the effect of temperat'.il' ~ on endurance 
strength in the pre3ence of discontinuities. These questions are not directly 

• 
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concerned with stress concentration factors due to geometric discontinuities 
such as may be studied by photoelastic methods. Valuable inforr.1ation could 
be derived fror.i carefully planned experiments. 

6. 5. COMPARISON OF WAKE EFFECTS OBSERVED ON 
MODEL AND ON FULL-SCALE PROPELLERS 

It h.1s been r.tentioned before tha: the nommiformity of the wake 
gives rise to reriodic bending moments ar.d torques w:1ich, in turn, cause peri­
odic stress va~iations in the shaft. 

In this section. an attempt will be made to correlate the stresses 
and forces, which we~e calc'..llated on the basis of model wake tests, with the 
values obtained from full-scale measurements. If a reasonable correlation can 
be shown to exist, then 1: ~ay be practical to predict the stresses that \1111 
occur ur.der operating conditions on the basis of model wake tests. 

A model of the T-2 :anker was tested t o determine the wake pattern 
under conditions approximating those existing during the f'..111-scale trials for 
the load condition at 95 rpm. The wake data are given in Figure ?4. The 
forces acting on the propeller blade due t o thi s wake var13tion were computed 
for various angular positions of t he bl -:i de . These f orces were finally used 
to compute the resultant torque and bending m.;ment s at '::; he strain gage loca­
tion on the tnilshaft, Just forward of the rr -:> peller. 'l'hese torque and moment 
va~iations, applied to the sh1ft, are plott ed as Curves 6, 9, and 10 i n Figure 
25. 

The moment due t o the strens act i ng in the shaft would equal the ap­
plied moments if there were no dynami c effects present, that is, if these mo­
ments were applied statically. Owing to the presence of the dynami c effect s i t 
is necessary to multiply the applied moments by the applicable resonance fac­
tors i n order to obtain the res i sting moments i n the shaft. The value of the 
resonance factor depends primari ly on t he damping, the ratio of the forc ing 
frequency to the natural f r equency, and t he mode of vibration. 

The strain osc i logram taken at 95 rpm, du~ i ng the load condition, 
is reproduced in Figure 26. It is r eadily seen that the bending strain in the 
shaft does vary somewhat fro~ cycle to cycle. Inspection of Sample 2 , in con­
junction with the analysis ca1·ried ut:.. t so far shows 1t to be relatively free 

• of higher-order resonance effect s compared wi th tha other eye les, and 1t ,'las 
therefore chosen for compari son wi t h the monent variati'.)n computed on the 
basis cf the nodel wake tests (Curv e 10 of Figure 25). Vi sual in~pection of 
Sample 2 , Figure 26, and C1..lI'Ve 10 of Figure 25 does show a good degree of sim­
ilar 1ty; it is to be expected, of course, that the strain records will contain 



higher-ord~r strains due to resonance eff ects which will be absent from the 
compute;d variations of Figure 25. 
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harmonic analy of the mea s r ed and comput ed strain variat ions, 
·nown in Figur ~ 26 and 25 , res ect vel , wa made and gave the resu ts shown 
i n Ta tl e 

mhe bes t agr eement would be ex, ected in the first -order term with 
progr ~s l'I l y poorer agr ec:ncnt in the hi gher-order terms. Table 8 does show 
a rea~ onnbl correspond ence of the f i rs t - o~d er stresses , and, al though there 
i s &n appr ecia bl e var at i on in the computed and measured third -order terms , 
th P. ir or der of magnitude !.s the same . It may be concluded that, although it 

TABLE 8 

Comparison of Str es~ es Computed fr om Model and Full-Scale Tests 

Measured Val~e T-2 Tanker Compute1 Value from 
uantity Sample 1 Sample 2 Wake Tests 

Figure 26 Figure 26 Curve 10. Figure 25 

Ma,: i mum tress ±1910 psi ±1850 psi ±1 860 r"1 
1st -Order Str ess Variat ion ±1250 psi ±1530 psi ±1 000 ps i 
3rd-Ord er Str ess Variation ±160 psi ±420 psi ±840 ps i 
5th-Order Str esr; Variation t240 psi +150 psi ±300 psi 
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does not appear possible to predict with accuracy the bending moment which 
will act on the shaft, it will be practicable to estimate the service stresses 
with an accuracy of about 50 percent, excluding resonance effects. The com­
putations necessary for plotting the curves of Figure 25 require approximately 
one additional day of computer's time, if they are made in canJunction with 
propeller design computations. 

Curve 6 of Figure 25 shows that the model wake tests give a calcu­
lated torsional stress of 3730 + 730 ps t ab against a measured torsional stress 
of 3670±660 psi. Although this seems .like excellent agreement, it should be 
remembered that the measured stresses include the resonance effects. The 
shaft-propeller system does have a torsional resonance near 90 rpm as dis­
cussed previously. 

It is suggested that, in the future, curves 
Figure 25 be computed along with the propeller design 
diagram does indicate fairly severe wake var iations. 
should be of value to the shaft designer. 

6.6. SUMMATION 

such as shown in 
f or case .. where the wake 

The data thus obtained 

The tests have shown that the alternating bending and torsion 
stresses in the shaft were about twice as high during the light displacement 
condition, in which only about half the propeller disk was immersed, as they 
were during the load condition. Even for the rel atively more severe, light­
dlsplacement, steady-speed operation, the normal alternating stresses were 
only about ± 4000 psi in bending and +1700 psi in torsion near 90 shaft rpm. 
It ls, however, a fact that failure does occur with these st1·esses. Conslder­
Rtion of ordinary stress concentration factors due to geometric discontinu­
ities such as a keyway does not appear sufficient to account for the fatigue 
failures encountered . The fracture phenomenon, which occurs in these shafts, 
has its origin in extremely localized sections of the structure and hence is 
related not only to the overage stress, such as is measured by the strain 
gages, but also to the microscopic aspects of the stress. 

The shaft failures are due to a lack of endurance strength of the 
shaft, and the indications are that the excessive reduction of endurance 
strength may be primarily due to a fretting action, 16

'
17 

'
18 which is primarily 

mechanical in nature, to salt water corrosion, or to a combination of both. 
The effect of the latter processes is to ~ause a surface deterioration result­
ing in high local stresses and progressive fracture. There is no known 



cor,clusive evldenci! to show that either of these factors is or is not contrib­
uting significantly to the shaft failures. It should not be difficult to de-
termine the absence or presence of 
shafts that have been in service . • 
corr·osion depends on the degree of 

these effects by examination of propeller 
0.A. Tomlinson11 indiqates that fretting 
sliding that occurs between two surfaces 

and that, once a critical value of sliding motion has been exceeded, fretting 
will take place. If the alternating stresses in the shaft could be reduced, 
then it is possible that the effects of fretting and salt-water corrosion 
would also be reduced, although not necessarily in proportion to the stress 
reduction. 

T.L. 0berle17 discusses the wear of metals and indicates that the 
wearing ability and the resistance to fretting is a function of the Medell num­
ber (Modell No.• Brinell hardness x 101/modulus of elasticity) and is greater 
the higher the Modell number. It is thus possible, according to this theory, 
if the end of the shaft sleeve or of the propeller does move relative to the 
steel sh~ft, under vibratory stress, that the lower modulus composition will 
wear the shaft (fretting) providing that its Medell number is higher than that 
of the shaft. 

Another factor which may have bearing on the reduction in endurance 
limit is the effect of temperature on the endurance strP-ngth. It has been 
shown that the notch sensitivity of steels, under static load application., is 
greatly increased as the temperature is lowered. It is not unreasonable to 
assume that a similar effect may te pres~nt under vibratory load conditions. 
It is, of course, possible that the tailshafts may be subjected to fairly low 
temperatures depending on the routes traveled. 

The measured bending strain variations do show the presence or 
~igher-order whirling mntions; actually eighth-order whirling resonances are 
indicated near 90 and ,J5 shaft rpm (P1gure 21b), and since the measured res­
onance frequency of the counterwhirl is lower than that of the forward whirl 
it is concluded that these whirling motions are significantly affected by the 
gyroscopic effect of the propeller, in accordance with the theory or Section 
6.1 and Reference 11. 

The third-order bending strain variations (fourth-order forward 
whirl), although the largest magnitude higher-order strain variation present, 
did not pass through a resonance throughout the speed range, i.e., up to 110 
shaft rpm, contrary to tht theory proposed by Mr. Panagopulos. 5 It can be 
stated, therefore, that a fourth-order resonant whirl does not occur on this 
ship. The model wake study also indicates the presence of a strong third­
order moment variation, referred to a point fixed in the shaft; consequently, 
a strong third-order bending strain is to be expected. '!be predominant bending 
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strain variation, in both the light and heavy displacement conditions, was or 
shaft rpm frequency and would be present to some degree due to the effect or 
gravity, regardless of any other excitations. 

A t ors i on8l resonance of the shaft occurred within the operating 
speed r ange of the vessel (90 rpm). This torsional vibration is excited by 
the fourth-order torque component due to the wake variation. Operation of the 
vessel which permits the propeller blades to emerge from the water greatly in­
creases the magnitude of the alternating stresses. 

The tanker tests have shown that a trim of the ship which will allow 
only partial immersion of the propeller should be avoided since such a condi­
tion will result in a considerable increase i n all vibratory stresses in the 
shaft. 

The solution to the shaft failure problem of these shi ps is to be 
sought in increasing the endurance strength of the shaft primari ly by atten­
tion to those factors which cause a ~urface deteri oration of the shaft such as 
fretting and salt-water corrosion (galvanic action). It sho~ld be emphasized 
that, in the presence of vibratory stresses , both fret t ~:1g and salt-water cor­
rosion can give rise to large, highly localized stresses incident to the sur­
face deterioration which accompanies these processes, even t hough macroscopic 
strains, as measured with strain gages, are q•1i te small. 

In future hull designs it would be advisable to study the wake vari­
ation over the propeller disk and to make a strong effort towards a reduction 
of the moment variations which act on the propeller disk. 

7. CONCLUSIONS 

1. The failure of tailshafts cannot be ascr i bed to a single factor. 
The study of the problem requires a rather complex analysis. 

2. The propeller-shaft system does not have a f ourth-order whirling 
resonance within the speed range of the ship. There is experimental evidence 
of an eighth-order forward whirling resonance at 840 cpm and an eighth-order 
counterwhirl resonance at 720 cpm, excited at 105 and 90 rpm, respectively. 
These modes are believed to be the fundamental modes of whirling vibration in 
view of the fact that the frequencies are of tne order of magnitude of the 
natural frequencies of flexural vibration of the nonrotating shaft, immersed 
in water, as experimentally determined by means of vibration-generator tests. 

3. The bending stress variatlons i n the ta i lshaft are due primarily to 
external bending moments applied to the propel~~r as well as to the gravity 
effect of the overhanging weight of the propeller. A smaller but significant 



contribution to the bending stresses ls caused by the resonant eighth-order 
whl~ling motion of the shaft. 

4. The torsional shaft vibration does have a fourth-order resonance of 
about 360 cpm, which occurs at 90 shaft rpm. The torsional stresses are in­
creased considerably owing to the effect of resonance. 

5. The magnitude of both bending and torsional vibratory stresses ls 
increased appreciably when the vessel i ~ trimmed so as to permit the propeller 
blades to emerge from the water (ballast condition). For the test condttions 
existing on the MISSION SAN LUIS OBISPO the vibratory stresses were approxi­
mately doubled when the ship's propeller was only partially immersed. In the 
latter case the bending moment due to the propeller overhang and that due to 
eccentric thrust application are additive whereas they tend to cancel one 
another when the entire propeller is immersed. 

6. The alternating component .of the str~sses measured during the light 
displacement condition were about +4000 psi in bending and ±1700 psi in tor­
sion at 90 rpm (see Tables 4 and 5 for a compilation of these stresses). 

7. A rough prediction (within a·bout 50 percent accuracy) of the for!!es 
and moments applied ·to the propeller and the consequent stresses in the pro­
peller shaft can be made on the basis of an analysis of a model wake test, 
provided no signlflcant resonance effects will occur. 

8. The shaft failures are due to a lacK of endurance strength of tne 
shaft assembly. 

9. The indications are that the excessive reduction of endurance 
.strength of these shafts may be due primarily to a fretting action, to salt­
water corrosion (1alvanic action), or to a combination of both. It is not 
unlikely, furthermore, that the end•;ranc e strength of steel may be adversely 
affected at low temperatures. In order for failure to result from the13e ac­
tions they must be accompanied by vibratory strains. 

10. The formulas given by the Bureau of Ships Design Data Sheets1 ~ for 
the strength design of shafts are not safe for general use. They should be 
modified, possibly along the lines suggested in Section 6.4, or else the shaft 
design should be changed to eliminate indeterminate effects such as fretting 
corrosion. 

11 . The gyroscopic. effect of the propeller disk does play an important 
role in determining the natural frequencies of flexural vibration (whirling 
motion) of propeller-shaft systems at the low shaft revolutions encountered 
in ships as well as for high-speed rotors. 

-- - ~--- ---- - ----- ------~~~ ~= 
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72 . The flexibility of the bearing supports of the tailshaft-propeller 
system may vary appreciably along different radial directions as indicated by 
vibration-generator tests of these systems. For the T-2 tanker tested, the 
over~all st i ffness of the system in the vertical plane is about 1 .5 times that 
in the horizontal plane. Similar tests on a Liberty ship indicate that, in 
this case, the corresponding stiffness ratio is about 2.5. 

13. The computation of the flexural resonance frequencies of a rotating 
propeller shaft must take the flexibility of the bearing supports into consid­
eration. A relatively simple method for making such computations is indicated 
in Section 6 .1. To obtai~ reasonably accurate values for these frequencies 
it is necessary to determ~ne the type and the stiffness of the bearing 
supports. 

14. Very little is known as to the endurance strength under combined 
stresses such as occur in the tailshaft. 

15. The general pattern of bending strain variations and flexural vibra­
tions encountered on the T-2 tanker will probably be applicable to the Liberty 
ships. 

8. RECOMMENDATIONS 

1. The endurance strength of the tailshafts should be increased. This 
may- be accomplished, in part, as follows: 

a. Reduce obvious stress concentrati0n factors by rounding 
off sharp corners in the keyway, etc. 

b. Determine whether a fretting actlon exists between the 
edge of the shaft sleeve or propeller hub and the shaft by mak­
ing a metallurgical examination of condemned shafts or of shafts 
that have had considerable service. This should be relatively 
easy to accomplish. If a fretting action ls present, its effects 
may be alleviated by adjusting the Medell numbers (Reference 16) 

of the mating surfaces to decrease the surface deterioration of 
the steel, by preventing the relative motion between the mating 
surfac~& or by elimination of the composition sleeve. Reference 
17 contains a discussion of remeJial action s . The pos i bility 
of cladding ordinary steel shafts with a fretting and corrosion­
resisting material might be considered. The possibility of uti­
lizing a rubber-covered steel shaft should be studied. Cold 
rolling or nitriding of shaft in way of press fits has been sug­
gested for reducing effects of fretting. 



0. Determine whether salt-water corrosion (galvanic action) 
of the shaft does occur. This may be ascertained from a metal­
lurgical inspection of conde~.ned shafts. If salt-water corrosion 
does occur, it must be eliminated or else a minimwo useful shaft 
life must be accepted. Exclusion of salt water from the steel 
shaft would necessitate development of better sealing methods and 
more rigid control over shaft-installation procedures. A more di­
rect solution would be replacement of the steel shaft by a stain­
less steel shaft or by a steel shaft with a cladding of a corrosion­
resisting material. 

2. It is recommended that a study be made of the effects of low temper­
atures on the endurance strength of steel in the presence of representative 
types of surface discontinuities. Such a study may bear results similar to 
those obtained from the study of the variat1on of notch sensitivity with tem­
perature under gradually applied loads. 

Some effort should be expended to learn more about the endurance 
strength of steel under combined stresses such as do occur in the t3ilshaft. 

3. The shaft design procedures of Reference 15 should be modified as 
follows: 

a. In additiqn to a cpmputation of the bending moment result­
ing from the overhanging propeller, the bending momenta due to the 
condition of most severe wake variat i on to be expected in service, 
should be considered. The latter values may be obtained from an 
analysis of model wake tests, such as is presented in Figure 26. 
Alternatively, an approximation may be made by representing the ef­
fect of the wake variation by a series of eccentric applications of 
different orders of thrust variations. For the sake of convenience, 
representative data for various classes · of ships could be tabulated 
to give an equivalent eccentricity for each significant order of 
moment variation which, if multiplied by the mean propeller thrust, 
would give the magnitude of the desired order of moment variation. 
This equivaient eccentricity should probably be given as a fraction 
of the propeller diameter. 

b. The calculation of the natural frequency of flexural whirl­
ing vibration of the propeller-shaft system should consider the 
flexibility of bearing supports as well as rotary inertia and gyro­
scopic effects of the propeller. A method which does this and yet 
is not too complex for practical application by engineers is out­
lined in Reference 11. Information as to the type and stiffness of 
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the shaft supports is rare, but essential for frequency calcula­
tions . Such data should be collected by means or full-scale 
tests. 

c. The lowest nth order whirling resonance of the propel­
ler shaft (where n is the number of propeller blades) should 
lie outside the operating speed of the shaft. 

d. The calculation of the endurance strength or the tailshaft 
should be modified as indicated in Section 6.4, Equations [3] and 
(4]. 

5. Systematic tests should be made on typical ship installations in 
order to determine the.type and stiffness of the tailshaft supports. Compari­
son of computed and measured natural whirling frequencies should be made when­
ever the opportunity presents itself. 

6. Ships should be operated at a condition of trim which will insure 
immersion of the propeller. If it is known in the design stage that loading 
requirements do not permit such operation, then the uhaft design should be 
checked as indicated in Recommendation 4a. 

7. Stress raisers associated with the pr-esence of a keyway and a forced 
fit between shaft and propeller hub may be eliminated by utilizing a bolted 
coMection between shaft and propeller. The advantages and disadvantages of 
such an arrangement should be evaluated. 

8. Every effort should be made to keep the vibratory stresses in all 
parts of the shaft system to a minimum and to prevent vibratory relative mo­
tions between mating surfaces because the deleterious effects incident to 
such stresses and motions are rather unpredictable and may be out of propor­
tion to the severity of the vibratory strains relative to the static strains. 
Vibration appears to be an essential factor in the process of fretting 
corrosion. 
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APPENDIX 

VIBRATION MEASUREMENTS MADE BY THE OENIBAL EL:&:TRIC COMPANY 

The General Electric Company installed displacement gages at the 
after end of t he after stern tube bearing and at the after end of the first 
inboard l i ne bear i ng for the purpose of :ne.:lsu:ring the vertical and horizontal 
motion of the shaf t relative to the ship. In addition, a portable vibration 
pickup w~s used to measure the vertical and horizontal vibratory motion of the 
shaft midway between the first inboard line bearing and tho stuffing tube (see 
also Figures 6 and 8). 

Sample oscillograms of these motions are shown in Figure 27, and a 
rough analysis of the oscillograms is given by the graphs of Figure 28. 

Only limited information can be gathered from these data due to a 
combination of circumstances, for example: 

A. Two of the pickups (Traces E and F of Figure 27) were located next 
to the first inboard line bearing, and since a bearing does, of course, re­
strict the motion of the shaft, the measured whirling motion at such locations 
is relatively small. Any out-of-roundness or runout of the shaft will be 
measured by the pickup, see for example, the first-order motion of Traces E 
and For Figure 27 . 

B. Two pickups (Traces C and D} were located Just aft of the after 
stet'n tube bearing; the conunents under A preceding apply to f,ome exter.1; to 
tt..!.s location. Furthermore, much greater amplitudes of motion than ac t.ually 
measured had been expected, and consequently the actual signal strength during 
the tests was quite low, resulting in very small deflections of the oscillo­
graph trace, which made accurate analysis impractical. 

C. All the motion measurements may include, to some extent, the effects 
of out-of-roundness of the shaft and of hull vibrations. 

The motion measurements do not indicate definite resonances; however, 
they do confirm the presence of strong fourth- and eighth-order whirling mo­
tions. The pickups loc~ted at the inboard line bearing evidenced strong 
eighth- and fourth-order motions during the light load condition only, with 
only partial immersion of the propeller; during the load condition first-order 
vibrations predominated at this location. The actual hull vibrations near the 
fantail were of the order of l mil single amplitude; therefore, it is not like­
ly that the data plotted in Figure 28 are appreciably affected by the hull 
vibration. 
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The one disconcerting item 1n these vibration data is the rather 
definite third-order vibration occasionally measured at the outboard bearing. 
Theoretically, there should be no third-order whirl. However, a possible ex­
planation is as follows: A first-order forward whirl is.caused by the pres­
ence ot mass unbalance in the shaft and in the propeller; a fourth-order 
counterwhirl 1s generated by the hydrodynamic forces as discussed in the body 
of the report. If the two whirls have the same ampl!tude, their sum would be, 
equivalent to a third-order whirl. The third-order vibration was not steady 
in character, and, if the records were such as to permit making a harmonic 
analysis, both first- and fourth-order components would probably be obtained. 

In general, the effect of these displacement measurements is to con­
firm the analysis made on the basis of the strain measurements, although the 
motion data in itself would not have provided a clear picture of either the 
motions of or the stresses in the shaft. 
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