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Stresses in the Blades of a Cargo Ship Propeller
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J. J. Braurockt anD E. A. WEITENDORF}
Hamburg Model Basin, Hamburg, West Germany

The problem of propeller-blade failures on a single-screw ship of the ‘“‘Lichtenfels’’ class is
solved by full-scale measurements, model tests and a calculation with elementary theory.
The results show that the failures are caused by wake-induced forced oscillations of the
blades. The agreement of the results of the three investigations is acceptable. It is further
shown by model tests in regular and irregular waves that the stresses in a seaway can be much

higher than those in smooth water.

Introduction

URING recent years a number of propeller-blade failures
have occurred, both in Germany and abroad. The in~
vestigations reported below were initiated by two propeller-
blade failures on single-screw ships of the “Lichtenfels” class.
The preliminary results obtained from the measurements
made on the “Neuenfels” were reported at last year’s meeting
of the Schiffbautechnische Gesellschaft Committee on Ship
Vibration. The full results of the investigation are given
below.

The practical solution to this particular problem proved to
be the reduction in the propeller diameter D to 4.50 m, and an
increase in the thickness of the blade sections; the object of
the investigations was not merely to establish the causes of
the propeller-blade failures in the “Lichtenfels” class ships,
but also to study the possibility of determining at the design
stage whether the propeller blades will be subjected to ex-
cessively high loadings. There are two possible ways of
doing this: 1) calculation of the dynamic propeller-blade
loading and stresses using the nominal wake distribution as
determined by a model test; and 2) measurement of the
blade stresses on a model propeller working behind the model
hull. These two types of investigation have been made for
the propeller of the ‘“Neuenfels.” The results obtained are
compared with those obtained on the full scale. In addition
further experiments, which are easier to perform in the towing
tank than on the full-scale, were carried out when making
the stress measurements on the model.

Table 1 Ship data

Length, bp Lpp = 128.70m
Breadth, moulded By, = 17.80m
Design draught T = 8.00m
Block coefficient for

T = 800 m 5§ = 0.681
Draught during tests:

Draught, forward 7, = 3.3vm

Draught, aft T, = 5.98m
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Ship and Propeller Data

The ship data are given in Table 1. The main propulsion
machinery comprises a two-stroke cross-head engine (Table 2).
As to the propeller data of ship and model see Table 3.

Full-Scale Measurements
1. Instrumentation

The leads connected to the resistance strain gages on the
propeller blades were housed in grooves cut on the face of the
blades, and like the strain gauges themselves these leads were
covered with sealing material and plastic metal. To enable
an adequate impression to be gained of the stress distribution
over the propeller blade, measurements were taken at various
radii on both the face and the back of the hlade and at various
positions along the chord. To check that the results obtained
were reproducible and that the blades were uniformly loaded,
certain of the measuring points were repeated on more than
one blade (Fig. 1).

As a result there was a total of 30 measuring points: 23
strain gages or 45° strain gage rosettes on the blades; 3 strain
gages on the propeller shaft to measure thrust variation,
torque, and torque variation; 3 piezoelectric accelerometers
on the blades; and a 1 piezoelectric accelerometer arranged
axially on the end of the shaft. The strain gages fitted to the
blades were of the 120-ohm type, those on the shaft were of
the 600-ohm type. A detailed description of the way in
which the strain ages were mounted and sealed and of the ar-
rangement of the leads is given in Ref. 2.

2. Evaluation

The results were evaluated by digital metbods. At the
lower speeds up to 80 rpm the readings were taken over 20
revolutions, and at the higher speeds over 40 revolutions.
The following were calculated from the recorded results:
a) the mean strain; b) the extreme values of the strain;
¢) the Fourier spectra of the strain up to the 20th order.

Table 2 Main propulsion machinery

Type M.AN. K67 70/120 D
Output Ne = 7200 hp
Speed n = 135 rpm
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Fig. 1 Measuring points on full-scale propeller.

a) Mean strain

The mean strains were determined by means of two com-
pletely independent methods. In one of these they were
taken as the mean value of the total of 20 X 96 or 40 X 96
readings relative to the absolute zero of the ‘“total value
measurement.” In the second method the mean strains
were determined from the ‘“measurement of variations.”
In this measurement the absolute amplifier zero was turned
down by a compensation circuit and recorded. The sum of
this value and of the mean value given by the Fourier analy-
sis gave the required mean value. The results obtained by
these two methods are plotted as open and solid points on the
lIines for the mean strain shown on the diagrams giving the
total values.

b) Extreme values of strain

The extreme values of the strains were determined only
from the “total value measurement.” The maximum and
minimum values for each revolution were determined and the
mean values of the 20 or 40 extreme values obtained in this
way were then calculated.

¢) Fourier spectra of the strain

The results obtained from the “measurement of variations”
were analyzed up to the 20th order. Iach revolution was
analyzed, and the mean spectrum was calculated from the 20
or 40 spectra obtained in this way. A second possible method
would be to average out the data, i.e., to determine the
average values of the 20 or 40 readings obtained for each of
the 96 points, and then to calculate a spectrum for the mean
data. The first method involves considerably more calcula-~
tion, but was used in this case. The results for some of the

Table 3 Propeller data

Full seale:

Diameter D = 4700 mm

Pitch P, = 4080 mm
Blade-area ratio A /Ay = 0.61

Number of blades z =5

Material Cu-Al-Ni special bronze alloy

Modulus of elasticity E = 1.26 X 10° kp/cm?
Fatigue strength in sea-

water for 20 X 10¢ load

cycles 1350 kp/cm?
Model:
Scale A= 20
Material Brass

Modulus of elasticity E = 1.05 X 10% kp/cm?

STRESSES IN A SHIP PROPELLER

w

Mpcm Mpem? Mpern?
V4

_1,5

I

-154— ‘ A ~1,5T—

-10 y'A/K -1y ~-10

Ve / % MrA & Min.v.
-05 ?j -05. % - Js -05 = ;o mec,l(nvv,
P | ax. v.
AN LR LY SN = s R0

L'k M j/DDD, 14 ' 140

—+ 0
0 [Ro=a™ 10
Measuring point 14 Measuring point 13 Measuring point 3
03R O5R 08R

) Variation
10 ‘ J’ uj—[ = =7 (Peak topeak)

|9~ g}’,e/T/E o Total
051 g"‘/g AR B IO o 15 0rd,

|
f\q Lo I «2nd Ord,
D“-‘ﬁ“‘“ﬁ o *ﬁ o 6th Ord.
0F— — (—————F——1 0 —
60 100 %0 60 100 %0 60 100 %0
rpm pm pm

Fig. 2 Radical distribution of stresses at the thickest
part of the blade, full-scale.

measuring points were also evaluated by the second method.
The results showed that a collection of 20 or 40 readings was
considerably too small for obtaining the means of the data to
enable the phases to be determined with sufficient accuracy.
The errors are less so far as the determination of the ampli-
tude is concerned.

3. Results

The illustrations show the stresses plotted against the
speed, one diagram giving the minimum, maximum, and
mean values, and another diagram showing the total varia-
tion together with the double (peak to peak) amplitudes of
the first, second, and sixth orders of the propeller speed.

The stress scale is derived from the value of 1.26 X 108
kp/cm? for the Modulus of Elasticity at 20 X 108 load cycles
as given by the propeller manufacturer.

A comparison of the radial stresses at the various radii as
shown in Fig. 2 indicates clearly that the maximum stresses in
the material oceur neither at the blade root nor at the blade
tip. It isshown in Fig. 3 that the stresses can attain appreci-
able values at the leading edge, and that they then increase
further towards the thickest part of the blade, dropping away
to very low values at the trailing edge.

Unfortunately the failure of the instrumentation at measur-
ing point 15 enables the stresses on the back of the blade to be
compared with those on the face only at z = 0.3 (Fig. 4).
Here the stresses are approximately the same at the lower
speeds, but become clearly higher on the back of the blade
at the higher speeds.

All the radial stresses have the following features in com-
mon: a) the maximum values and the variations are at a
relative maximum at the critical speed of about 70 rpm, and
increase with increasing speed. b) the effects of the first and
second order, which result from the wake, become dominant
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Fig. 3 Distribution of stresses along the chord at x =
0.8, full-scale.
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as the speed increases. Only at the lower speeds is the ex-
citation by the six-cylinder main engine significant. Figure 5
compares the principal stress as calculated from the stresses
in three directions recorded at measuring points 1-3 with
the radial stress. The maximum difference amounts to 109%.

Calculations

In order to investigate the blade stresses theoretically it
was necessary to know the wake distribution in the plane of
the propeller. To determine this, measurements of the
nominal axial wake were made on a model of the “Neuen-
fels” at a draught corresponding to that of the trial trip
(T, =335m; T, = 598 m). The wake isotachs are shown
in Fig. 6. Using the results of these measurements the hy-
drodynamic excitations of the propeller blades were then
calculated by the method proposed by Krohn and Sch-
wanecke,* ™ only the first five harmonics being taken into
account. Since the loads predicted by this method of calcu-
lation are inevitably too high, a reduction factor C,,, was in-
troduced; this was derived from results given by Breslin
(Ref. 6, Fig. 4). This determines the ratio of the unsteady
three-dimensional 1ift to the unsteady two-dimensional lift
for aerofoils at the same reduced frequency & = w-C/2V.
The five calculated harmonics of the speed were multiplied
by this reduction factor Cp,, = L's4im/ L 2a:m, which has to be
applied to each harmonic component separately. Caleula-
tions of the vibratory stresses in propeller blades due to the
hydrodynamic excitation forces referred to above have been
carried out by Pfuetzner” and Boese®; both of whom em-
ployed a constant value of Cp,, = 0.66 for the reduction factor
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for all orders of vibration. Pfuetzner used the transfer ma-
trix method, the propeller blade being regarded as a plane
beam rigidly clamped at one end and an average pitch being
assumed.  This simplification was not adopted by Boese,
whose calculations were performed using the Guembel-Csu-
por method. The assumption made in these calculations,
that the centroids of the individual blade sections lie on a
straight line, was investigated by Blume.® It was found
that the center of thrust is not significantly displaced from
the centroid of the blade section. The major part of the tor-
sional moment that is present is due to the rake of the sec-
tions.

The natural frequencies of vibration of the “Neuenfels”
propeller were calculated using the computer program estab-
lished by Blume. He extended the Boese calculation meth-
hods to include the torsion, a value of K = 0.66 being as-

T0%

Isotachs
Radii for
measurements

/-

Fig. 6 Wake isotach lines, model.
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Table 4 Section modulus differences between ship and
model, back of blade

Radius z 0.3 0.4 0.5 0.6 0.7 0.8
Percent 3.8 4.6 6.8 9.8 9.5 11.6

sumed for the reduction factor for the hydrodynamic masses.
With the torsion taken into account the first order natural
frequency was found to be fo = 18.69 cps.

At the same time the forced vibrations were calculated by
means of the program, use being made of the hydrodynamic
excitation loads reduced in the manner described above.
The mean values of the stresses were calculated by the
simplified method due to Conolly™ using the precise values of
the Section Modulus of the profiles. The results are given in
the Sec. “Comparison of the Results of the Full-Scale Tests,
Calculations, and Model Tests.”

Model Tests

The results of the full-scale tests showed clearly that the
prineipal dynamie loading on the propeller blades is of hydro-
dynamic origin. It was therefore possible to carry out model
tests based on the Froude Law of Similarity which would at
the same time indicate whether stress measurements of this
type performed on the model propeller would be likely to
vield useful results.

Because of the shortage of time, the stress measurements
that are described below were carried out on a model of one of
the last propeller designs to be investigated with a view to
modernizing the “Lichtenfels” class. The differences be-
tween the model propeller and that fitted to the ship were very
minor, and amounted only to a difference in the Section
Modulus values. The values of the Section Modulus of the
model employed exceeded those of the full-scale propeller by
the amounts given in Table 4. These percentage increases in
the Section Modulus were allowed for when evaluating the
model test results.

1. Instrumentation

Since use was to be made of existing equipment for trans-
ferring the readings from the propeller to the recorders it was
not possible to take readings at more than nine points with-
out making major modifications. A suitable selection was
therefore made of the points at which readings had been
taken on the full-scale propeller (Fig. 7). Semiconductor
strain gages having a gage factor of about 100 and an active
gage length of 1.5 mm were used. The active semiconductor
strain gages on the propeller blades were connected into a full
bridge circuit together with a temperature compensation gage
(also a semiconductor) and two normal metal-film strain
gages. The resistance of all the gages amounted to 120
ohms.

In addition to the smooth water tests run at draughts cor-
responding to the trial trip conditions of the full-scale ship, a
number of special tests were made. In an irregular seaway
the corresponding propeller speed with a head sea wasn = 128
rpm, and with a following sea n = 123 rpm. The main char-
acteristics of this irregular seaway are listed in Table 5.
This model seaway corresponds to a fully developed seaway
on the North Atlantie at a wind force of about 7% Beaufort.

Table 5 Characteristics of irregular model seaway

Mean wave height, H, =3.32m
Mean value of § highest waves Hyz = 4.50m
Mean value of 4 highest waves Hyp = 5.86m
Maximum wave height Hypx = 8.16 m
Mean wave period Tm = 7.02 sec
Mean value of % longest periods T3 = 7.96 sec
Mean value of 45 longest periods 70 = 8.59 sec
Maximum wave period Tmax = 9.57 sec

STRESSES IN A SHIP PROPELLER

Fig. 7 Measuring
points on the model
propeller.

In order to obtain the same torque coefficient Ko on the
model as on the full-scale ship, a friction reduction calculated
in accordance with the recommendations of the ITTC was
applied to the model. In the case of the tests performed in a
seaway the wind force component for the above-water por-
tion of the hull was added to this.

2. Evaluation and Extrapolation to Full-Scale

The measured readings that were recorded in analog form
on a magnetic tape were evaluated in digital form on a data
processing unit. The average values of 96 readings per
revolution were determined over a total of 40 revolutions.
From these the Fourier coefficients were calculated from the
zero (mean value) to the eleventh order. At the same time
the maximum and minimum values per revolution of the 96
readings for which averages were obtained were printed out.
This was the method of evaluation employed for the smooth-
water tests; in the case of the tests carried out in irregular
waves the calculations were performed for every fourth revo-
lution.

Since the Modulus of Elasticity for the model propeller was
known there was no difficulty in determining the stresses from
the measured strains. The extrapolation of the model
stresses to the full scale was effected by means of the Froude
Law of Similarity. Since the results of the full-scale tests
had shown that the prineipal dynamic loading of the propelier
blades is hydrodynamie in origin, the use of this method of
extrapolation appears justified. The Cduchy Law of Simi-
larity for the transformation of natural frequencies can there-
fore be disregarded.
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Fig. 8 Stresses at x = 0.5 obtained at design draught and
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Fig. 9 Results of model tests in irregular seaway.

In this case the density and the torque coefficient K, were
the same for both the model and the full-scale propeller. It
was therefore possible to extrapolate the model stresses to the
full scale merely by multiplying them by the model scale .
Inevitably there will still remain some scale effect of the wake
due to the differences in the relative boundary-layer thick-
nesses of the model and the full-scale ship.

3. Results £

References will be made to only a few of the results obtained
from the model tests. Figure 8 shows the results of the meas-
urements obtained at the design draught compared with those
obtained at the trials draught. The clusters of points at a
speed corresponding to about n = 135 rpm are results that
were obtained during tests performed to determine the re-
producibility of the model tests. To some extent these indi-
cate the scatter of the measurements made during the model
tests.

In order to complete the picture of the stresses that might
be set up in the propeller blades, additional stress measure-
ments were made in a seaway. The results obtained at
Point 13 during the course of tests in irregular waves are
shown plotted against time in Fig. 9. Looking at the total
values obtained in head seas it is apparent that the mean
values of the stresses are some 40-509, higher than the cor-
responding smooth-water results, although the total variation
is about the same. The modulation of the average value de-
pends on the movements of the ship as indicated by the mo-
tions of the after perpendicular that are plotted as the bottom
trace. The diagram showing the variations again clearly em-
phasizes the similarities of the values of the double ampli-
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Fig. 10 Comparisons of model-test and full-scale results
atx = 0.3, x = 0.5, and x = 0.8.
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tudes (peak to peak) obtained in a seaway and in the smooth-
water tests. The amplitudes of the individual harmoniecs of
the stresses, of which only the first three are plotted to avoid
confusing the records, vary considerably with time. This
probably accounts for the rise and fall in the vibrations ex-
cited by the propeller that is known to occur in a seaway.
It should be noted, incidentally, that these results are by no
means merely of hypothetical nature, since the model seaway
employed corresponded to a wind force of about 74 Beaufort,
at which it is the practice for the ships to be driven at the full
power of the machinery; this is the basis for the model tests
which were carried out at a propeller speed corresponding to
n = 128 rpm. The stresses in the propeller blades that were
measured with the model running in a stern sea varied very
little from the smooth-water results for the model seaway in-
vestigated.

Comparison of the Results of the Full-Scale Tests,
Calculations, and Medel Tests

In Fig. 10 the stresses obtained in the model tests are com-
pared with the results of the trial trip of the full-scale ship.
In this figure the separate points represent the model test re-
sults, and the interrupted lines are the fair lines through the
full-scale results. A study of both the diagram giving the
total values and the diagram showing the variations will
prove that the converted values of the double amplitudes of
the model are about 25-409, higher than the values ob-
tained during the full-scale tests. This underlines the draw-
back of any model testing, namely the scale effect.

In Fig. 11 the radial stresses obtained from the full-scale
trials, the model tests, and by calculation are shown plotted
against the dimensionless propeller radius for the speed n =
130 rpm. Even though the scale effect is again clearly pres-
ent, it is nevertheless clear that for certain purposes, such as
the investigations in a seaway referred to above, stress mea-
surements on the model can prove very useful. According to
this diagram acceptable results can also be obtained from
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Fig. 12 Comparison of spectra.
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calculations of the blade stresses based on forced vibrations
with corrected loadings obtained from the two-dimensional
aerofoil theory. As regards Fig. 12, which shows the spec-
trum of the harmonic orders for one speed and one measuring
point, it may be remarked that the calculated values are
closer to the model results than to the full-seale results.

The full-scale measurements have led to the conclusion
that the propeller-blade fractures that have occurred were
not caused by resonance effects. In fact the propeller blades
were subjected to forced vibrations. With the exception of
the speed range around 70 rpm the excitation is produced by
the hull wake, the double amplitudes (peak to peak) of the
stresses in this particular case amounting to about 150 per-
cent of the average value. The fatigue limit of the material
is then reached at a radius of z = 0.5. Tt is therefore neces-
sary to make use of a fatigue diagram to assess the service
strength of a marine propeller. In Fig. 13, which is a Haigh
fatigue diagram, the value of o, = 13.5 kp/mm? plotted on
the ordinate is the fatigue limit for 20 X 106 load cycles in a
sea-water spray, and the value of o, = 24.7 kp/mm? plotted
on the abeissa is the yield point in air. These values were
determined by the propeller manufacturer from specimens
taken from the material of the broken spare propeller.?
Also plotted on the Haigh diagram is the maximum stress
measured at radius x = 0.5 during the full-scale tests, less the
average stress, plotted against this average stress. Since it
was found in Fig. 10, which compared the full-scale and the
model test results, that there was a sufficient agreement be-
tween these two values, it seems reasonable to include the
model test results in a discussion of the propeller loading.
Also plotted on Fig. 13 is therefore the arithmetic mean of
five maximum values for the speed n = 135 rpm measured
with the model run at the design draught. These five stress
values, which have been previously shown on Fig. 8, produce
a result which is definitely in excess of the fatigue limit. A
consideration of the maximum stress values in a seaway would
provide a complete explanation for the rapid failure of the
propeller blades after only 4 X 10% or 8 X 106 load cycles.
Frequency estimates for the various sea states have not yet
been carried out for the routes on which the ‘“Lichtenfels”-
class ships are engaged. Therefore, these values have not
been included on the loading diagram.

Conclusions

From the results reported in this paper, and especially from
their use in a fatigue diagram, it is apparent that propeller-
blade fractures could well be avoided even using the informa-
tion and methods available to the practical designer. The
comparison with the full-scale results shows that model tests
and caleulations of the stresses in the propeller blades, based
on the wake field measured on the model, would prove to be
very useful. It must, however, be borne in mind that a true
indication of the safety margin available in practice will be
obtained only if one compares the actual stresses and their
variations with the fatigue limit of the material. A compari-
son of the mean stresses with the ultimate strength of the
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Fig. 13 Haigh diagram.

material would be of no use. The knowledge of the fatigue
limit and of the yield point of the material in seawater is
essential.
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