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S I. Objective and Scope.

! A parametric study of twir- and triple-screw p.opulsion systems

for large icebreakers is conducted with respect to technical prop-

. erties and feasibility limits. The study is devoted to the following

ii aspects in particular:
AF

S1. Bollard thrust, ahead, conventional propeller

2. Bollard thrust, astern, conventional propeller

3. Bollard thrust, ahead and astern, special compromise

111 propeller, designed for-astern operation

4. Propulsive efficiency at advance speed of 1 knot
5. Propulsive efficiency, free running at 18 knots

6. Radial and axial clearances between propellers and hull

7. Steering and maneuverability

8. Propeller excited hull and shaft vibrations

V. 9. Propeller strength

10. Cavitation

Further, the effect of the following parameters had

to be considered: A

I]. Blade number, three versus four blades

12. Hub size, solid and detachable blade screws

13. Propeller diameter

14. Area and power splitting ratio, 1:1:1 versus 1:2:1

15. Powering (SHP)

The investigation is performed for three ship designs of diff-

erent size:



SCase I

300' LWL, 28' Draft, 70' Bear., 8,500 Tons

15,000 to 45,000 SHP

Case II:

350' LWL, 30' Draft, 80' Beam, 12,000 Tons

30,000 to 60,000 SHP

Case III:

400' LWL, 30' Draft, 90' Beam, 15,400 Tons

30,000 to 60,000 SHP

ilA
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II. The Available Disk Area.

The space which can be used for arranging propellers in the 4
stern domain is limited by the dimensions of the ship, i.e. princi-

pally by draft and beam, and by the clearances required between hull

and propeller. It is usually the aim of any design of heavily loaded

propellers such as those for icebreakers to provide as much disk

area as possible; the disk area is of foremost importance for the 8

performance of such screws. It is therefore necessary to find the

maximum feasible diameters and disk areas of the twin- and triple-

screw systems under consideration.

A. The minimum tip submergence for the blade in its top

position was specified in the contract as 8 feet minimum.

B. The maximum tip submergence is also given in the con-

tract which states that a margin of one foot below base

line must not be exceeded.

C. The lateral extension of the propulsion system is

L limited by the available beam in general, and in particular

by the fact that the propeller shafting has to be of accep-

table length and angularity. Also, engines and gears must

be conveniently locatable inside the hull. These facts

restrict the distance of the shaft axis from the centerplane.

The situation was studied by comparison with similar icebreaker

designs. Figures* 1, 2, and 3 show existing or proposed twin-screw

*Note that all figures are given in Appendix Ii.
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designs for which propeller arrangement plans could be found or de-

j - duced. Table 1* summarizes how much space is occupied by each of

the two propellers, and what percentage of the beam remains free.

Less information was available for the triple-screw system. The

U.S.S.R. icebreaker "Moskva", the only pertinent evidence on hand,

Figure 4, could be evaluated with the help of some reconstructive

1l1 assumptions.

The first part of the following evaluations was based on pro-

peller diameter/beam ratios 0.232 for each twin propeller and 0.58

for the sum of all triple-scew diameters. The former value corres-

ponds to about the average of the considered twin-screw designs, the

latter was derived from the "Moskva". Both values were considered

as sufficiently typical of modern design practice to result in fair

comparisons. But upon Coast Guard request-a second part of the anal-

ysis was then also carried through for ratios of 0.27 and 0.64 for

twin- and triple-screw systems, respectively. These assumptions are

L close to the limits of the design potential, but not unrealistic.

The following maximum diameters were obtained for twin-screw

41 systems: Dp DPx/.... PAx/B=O. 232 MXB027

Case I: 300'x28'xlO' ship DPMAX = 16.25' DPMAX = 19.9'

Case I1: 350'x3O'x80' ship UPMAX = 18.56' DPMAX = 21.6'

Case III: 400lx3O'x9O' ship DPMAX = 20.881 DPMAX = 23.0'

J For triple-screw systems, the useful beam b for the sum of

the triple screws is as follows:

*Note that all tables are given in Appendix I.
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bi 0. 58 b/B .6
case I: 300'x28'x70' ship 1 b = 40.5' b = 44.8

Case II: 350'x30'x80' ship b = 46.4' b = 51.2'

Case III: 400'x30'x90' ship b-= 52.2' b = 57.6'

II 4
The propeller size limitation in the draftwise direction is 21' in

Case I, and 23' in Cases II and III. So, it is less critical than

the beam-wise limitation except in Case III for DpMAX/B = 0.27, and

1for the center screw, when b/B = 0.64.

IIn the triple-screw case the available space b must be distri-

buted among the three propellers. It is assumed that the sum of the

propeller diameters equals b so that there is no gap between the

disks as seen from behind nor any overlap. This is an acceptable

Harrangement aiming at the maximum possible space without unfavorable

interference between propeller races*. A check showed that only

small gains could be obtained by permitting some overlap so that it

is hardly worthwhile risking detrimental interference effects. The

maximum feasible diameters, the areas per screw, and the total disk

area of the systems 1:1, 1:1:1, and 1:2:1 are shown in Table 2 for

both sets of diameter limitations. Note that for the center screw,

Case III, b/B m 0.64, only 23' diameter could be used because of

draft restrictions.

If the beam limitations are 0.232 and 0.58, the split 1:2:1 is

most advantageous for all ship sizes. The disk area gains are only

small though. The split 1:1:1 resuts in the second highest disk

areas.

*But this goal would be reached more safely by providing 1 to 2 feet
clearance between the disks.



If the design is pushed to the limiting ratios of 0.27 and 0.64,

the 1:1 split is best in disk area for Cases I and 1, but suffers

II from draft limitations in Case iM. Only the split 1:1:1 is not re-

stricted-in draft so that its disk area is highest in this case while

Ithe 1:2:1 area ratio is second best in every case.
The results show that small variations in ship size and beam

and draft limitations may turn one alternative from worst to best

II although the gains are not dramatic. For optimal solutions careful

comparisons are necessary.

tS
VIiL
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IlI. Bollard Thrust Ahead.

The thrust at zero speed of advance in the ahead direction is

evaluated for 3 and 4 bladed Troost series propellers of two diff-

erent blade area ratios (B3.50; 83.65; 84.55; B4.70). The thrust

is found first for various diameters of individual screws as a func-

tion of power input (SHP), and later on for certain twin- and triple-

* screw combinations.

The calculations are limited to propellers that operate at

120 RPM in the bollard condition. For any diameter and SHP there is

an RPM that will give the maximum thrust, and this RPM is in some

cases larger than 120 RPM and in some cases smaller than 120 RPM.

The investigation covers the commonly used pitch range of P/D = 0.5

to 1.4. The greatest thrusts are obtained at the lowest pitch ratios

when SHP and RPM are kept constant. This reflects the gains due to

increases in propeller diameter. Lower pitch ratios than P/D = 0.5,

or still larger screws, are not recommendable, however, because of

ithe unfavorable performance of such screws at other advance speeds.
The evaluations are based on Troost propeller charts, as pub-

lished in Reference 10. The B4.70 samples are reproduced here as

Figures 5 and 6. These charts have been selected because they per-

mit convenient readings at zero advance number. The Lewis Charts,

L, Reference 12, which are similar, were not available immediately for

all parameters of interest.

A sample calculation is given in Table 3. A computer program

was written for these calculations. A nurber of readings was taken

8
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from the charts, and the final resuts were obtained by having the

computer interpolate between these readings (Michigan Library Sub-

, routine TAB). The computer output is summarized in Tables 4 through

U 15.

Figures 7 through 10 illustrate the results. Thrust is plotted

against SHP with diameter as the parameter. The domain covers the

range of common pitch ratios from P/D = 0.5 to 1.4f. Boundary lines

Ifor these constant values are given to define the range of practicable
~propel lers.

The bollard condition is normally considered as the governing

[I - design condition for icebreaker propeller systems, or else some very

low advance speed (see Reference 3). In both events one would tend

I -to select the largest screws with a reasonable pitch ratio so that

the maximum possible thrust is obtained. This would lead to pitch

ratios near 0.5 if compatible with other performance conditions. -"

LI
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+ I _ =IV. Cavitation.

-- -

SIn order to establish in which range the thrust predictions for

t Troost propellers can be realized in practice the occurrence of cavi-

L tation was checked early in this study.
One cavitation check was based on a curve directly applicable to

Troost propellers, Figure 11 of this report, from Reference 11. On

'this basis, the required blade ared ratio for cavitation free opera-

tion at 120 RPM and zero speed of advance was computed and plotted

against thrust in Figure 12. By comparing this diagram with the

curves o.f thrust. versus SHP in Figures 7 through 10, it can be concluded

that practically all propellers of types B3.50 and B4.55 are subject

[to cavitation. It takes about 65% to 70% blade area ratio to render,

at least at lower SHP, the larger screws free of cavitation.

ISince the Wageningen series propellers are not particularly suited

for heavy load conditions, and have not been developed for bollard

operation either, a check under the previous assumptions is conser-

vative and does not reflect the potential improvements by special

r propeller designs.

To illustrate the scope of possible gains Burrill's cavitation

line for heavily loaded propellers has been used for a second check,

Figures 11 and 13. While the B3.50 and B4.44 propellers still appear

to be insufficient the higher area ratio propellers show considerable

improvement and promise satisfactory operation up to 20,000 SHP

L, (B3.65) and 22,000 SHP (B4.70) per screw at diameters around 23'

(Figures 7 through 10).

- 10-



V. Zomparison of Bollard Thrust Ahead for Various Arrangments.

3 The ahead bollard thrust is compared for three different arrange-

mens: Twin propeller (power and area sp'!.t 1:1), triple (1:1:0),

and triple %1:2:1). The maximum feasible diameters for all arrange-

ments were given in Table 2. It was attempted to make comparisons11 for all of the listed diameters, and also for diameters which were

15% and 30% less than maximum. But in numerous cases, mainly with

smaller diameters, no acceptable pitch ratios were reached at the

specified bollard RPM.

Three comparisons were made:

Comparison A:

iHighest obtainable bollard thrust ahead without cavitation
for each arrangement regardless of how much SHP is absorbed.

II The SHP will therefore differ for the design alternat;ves. This

comparison demonstrates the bollard thrust potential. The

Burri 11 cavitation line is used for this purpose. The evalua-

K1  tions are limited to B3.65 and B4.70 propellers because the lower

blade area ratios are subject to cavitation. Only the largest

Iscrews in each configuration are considered since they set the
limits.

Comparison B:

Bollard thrust ahead versus SHP for all arrangements regard-

less of cavitation. Parameters in this comparibon were: Pro-

Ipeller type (B3.50; B3.65; B4.55; B4.70), ship size, and diaaeter

as above. This comparison shows the thrust obtained at the ex-

pense of equal power.

-



Compa r i son C:

Highest obtainable bollard thrust ahead at the limiting

SHP where the most cavitation-prone arrangements start cavitating.

III This comparison is limited to blade area ratios of B3.65 and

B4.70. The results were obtained by means of Tables 16 and 17

fir-ing the highest SHP for which all arrangements do not

icalitate, using the Burrill cavitation limit.
The comparisons were performed for both levels of diameter re-

Istriction, i.e., for the sets of "average" and "limit" diameters

idefined in Table 2.
The results of comparison A are given in Tables 16 and 17 and

Figures 14 through 17. The differences among the various arrangements

are small. The trend favors higher disk areas. It is thus advan-

tageous for "average" diameter 1:2:1 splits, while most of the twin-

screw cases are best at "limit" diameters except in Case III where

1:1:1 is frequently superior.

No conclusions should be drawn from the fact that the four-

bladed propeller is slightly better than the three-bladed one. This

is more likely a coincidental property of the two Troost series.

Similarly minor deviations in series peculiarities would also explain

some seemingly unsystematic trends in the results, -4

For comparison B the results are presented in Tables 18 through

41, and Figures 14 through 41. The evaluation covers only those
parameter variations with pitch ratios between 0.5 and 1.4.

The three systems are confirmed to be almost equivalent. At

greater blade ratios, and in particular for the greatest design

- 12



area, Case III, the 1:2:1 split is only slightly superior to the

1:1:1 split.

These gains, wherever they exist, remain hardly noticable at

the limit of cavitation, comparison C; this case is indicated by the

arrows in Figures 19 through 41.

The cases of highest total system SHP that can be abz.rbed with-

out cavitation are summarized in Table 42. It is mostly that the

1:1:1 split cavitates first.

The data of Table 42 can be used for first orientation as to the

highest SHP that can be reached for each.ship size. It can be expected

ir, general, that the power of the 1:1 and 1:2:1 splitting ratio de-

signs can be incrrnased a few pf-rcent.

Li
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VI. The Astern Thrust of Troost Propellers at Zero Speed of Advance.

It is a well known fact %hat a conventional propeller is less

effective in generating thrust from a given power input when rotating

in the astern direction. Most normal profiles used in peopeller de-

sign are asymmetrical with respect to nose and tail which results in

a less favorable lift versus angle of attack characteristic when the

inflow is from the tail end direction.

The magnitude of this influence can be judged by Figure 77,

I! Reference 4, page 36, where the ratio of thrust coefficient CT over

ftorque coefficient CQ is plotted against the camber ratio at 0.7 rad-
ius for ahead and astern operation. Figure 42 of this report shows

an average curve derived from the above diagram and used in this work..

The camber ratio-of the Troost propeller series was determined

in Table 43 using data from References 6, lO and 11.
I The o ratin .condi *ons a e co ared as in th same power

inp u!ahead and astern. It is furt assu r t o t

S the f ae a In this case,

TASTERN

Tpo. -d2n2 CTASTERN
TASTERN = - TT AHA !AH CTAHEAD

p 2 . d2.n 2

V (CT/CQ) ASTERN
(CT/CQ) AHEAD

Where: n = rps
* p6 = nose-tail-pitch, ft.

d = propell 3r diameter, rt.

- 14 -



The quantities involved in the last expression can be read off

directly from Figure 42. The results are given in Table.43. The

astern bollard thrust of the Wageningen propellers under considera-

tion can be expected to be about 80 of the ahead thrust.

The astern thrusts are plotted against SHP in Figures 43 through

I46. The picture of the relative merits of the systems is of course
the same as for the ahead condition, as illustrated by Tables 44

through 55, and Figures 47 through 58.

IIR
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VII. The Ahead and Astern Bollard Thrust of a Compromise Screw.

iIn the operation of icebreakers the maneuver of backing out of:

and down from the ice does sometimes require more thrust than that

of moving up since no accumulated momentum is there to assist.

In view of this, the Coast Guard contract calls for an evalu-

ation of special propeller de3igns to operate in the astern direction.

As pointed out in previous section the inferiority of the back-

ing performance is caused by foil asymmetry. If one wanted to carry
the improvement of astern performance to the extreme it would be

obviously possible to mount the screws in the opposite sense, with

the foil suction sides (backs) away from the ship, and the pressure

sides (faces) towards the ship. Although this procedure is not

r? seriously suggested here, it shows to what extent the backing thrust

can be improved and at what expense in forward thrust. The magnitude

El of the potential improvements can be estimated by reading the figures

and tables previously given for ahead and astern thrust in the re-
[1
Li verse sense.

However, the actual aim is an improvement in astern performance

without overdue sacrifices in forward thrust, i.e. a compromise de-

sign.

There are mainly two possibilities of directing a design towards

more balance between ahead and astern performance:

A. Reduction of profile camber throughout the blade using

angle of attack for lift generation instead.

B. Selection of nearly sv...ptrical foils with respect to

the .5 chord-length point (nose half = tail half). This implies

I m m • •m •



symmetrical thickness distributions as well as symmetrical mean

lines, such as the C-series mean lines developed by DTMB.

Reducing the camber does produce a better balance of forward and

astern thrust, decreasing the len3th of the lines in the CT/CQ -

chart, !gure 27 of Reference 4. For a camberless screw ahead and

astern thrust would be identical.

There are, however, many practical drawbacks. When the lift is

produced solely by angle of attack the pressure distribution is dis-

advantageous with pronounced peaks at whatever the front edge is in

each sense of rotation. If the pressures on the suction side have

to be kept safely above the cavitation level more foil length becomes

necessary than with the uniform pressure patterns of cambered foils.

Besides, flow separation becomes a more serious problem. This causes

inferior propeller performance at conditions not too far away from

the design point.

Reduction of camber as a design measure should 
thus be kept 40

within moderate limits.

If perfectly symmetrical foils would be selected the ahead and

astern bollard thrust would become equal. This measure would turn

the characteristic curves in Figure 27, Reference 4 into a horizontal

Iposition. It may also cause a decline of thrust per SHP for the fol-

lowing reason. In order to avoid excessive pressure loading of the

foils at both ends instead of just at the trailing edge, longer foils

must be u!;ed if the peak pressures are limited by cavitation. This

means greater frictional losses and lower thrust.

[This disadvantage can usually be kept well within 'acceptable

limits. The symmetrical foil or nearly symmetrical foil can therefore

- 17 -



IU
be recommended if improved backing thrust per SHP is desired. The

consequence of at least some deterioration of for;ard thrust is in

common to all methods of improving astern operation.

in order to estimate how much thrust can be expected from a

compromise propeller, for which TASTERN = TAHEAD' one can read the

mean value between ahead and astern operation from Figure 42: I
l CT!CQ = 6.19f

so that the following ratio is found:

TCOMPROMISE (CT/CQ) CPMPR. 6.19 AE
TAHEAD =(CTtCQ) AHEAD =(CT'CQ) AHEAD o

Propeller B3.50 B3.65 B4.55 84.70

Ii (CT/CQ)AHEAD 6.95 6.78 6.87 6.71
,.TCOMPR/TAHEAD .891 .913 .901 .!23 -i

The table shows that in the average one would obtain about 90% of
the thrust otherwise reached in the ahead condition.

With the above ratios, compromise propeller thrusts of indi-

vidual screws, Figures 59 through 62, and systems, Tables 5( through

67 and Figures 63 through 74, are given in the appendices. The sys-

tem trends are the same as in earlier cases.

It is not implied by the selection of the example that a fully

balanced ahead-astern behavior has to be the aim. Since forward

motion is the predominant mode of operation of the ship it seems one

should rather not go too far in sacrificing ahead performance.

The backing ability is also dependent on the propeller arrange-

ment because of the resistance due to the propeller race. This

-- 18



suggests gentle lines in front of the propellers and a sufficient

LA axial clearance. The race should not hit the hull too frontally

Iwhen backing. Similarly, the appendages should be designed for low

resistance in the reversed flow direction.

11
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viii. Hub Siae afluence.

The hub diameter ratio% of Troost propellers are 0.18 for the

B3 series and 0.167 for the B4 series. Icebreaker hubs are larger

for strength reasons and in particular when detachable blades are

used. The Influence of hub size shall be idvestigated comparatively

for solid propellers of 0.21, and detachable blade screws of 0.32Z

hub-diameter ratio.'

it should be mentioned that an equation to account for large

hubs was given by Milano, Reference 3:

TLarge hub = KTTroost,

where K, = 0.97 for solid screws (xh = 0.21 ...0.22),

K, = 0.86 for detachable blades (xh = 0.32...0.35).

It is felt that these corrections are excessive. The factors K, are

derived from a DTMB report by Shultz, Reference 5, in which the de-

crease of the ideal thrust loading coefficient CT. with increasing

hub diameter ratio xh was discussed. Milano adopted these reductions

directly and seems to have overlooked that the absorption of input

power (CPi) decreases, too. If the power input is raised to the

previous level (by increasing the pitch or the RPM) a substantial

Lpart of the thrust loss is recovered. It should be kept in mind,

though, that the large hub propeller needs longer, less efficient

profiles to avert cavitation.

A different approach was used in an attempt tc estimate the

Inevitable thrust losses for large hubs. The propeller efficiency

is determined at a smali advance number J<l, Ai;Z-_O , and it is

assumed that the efficiency loss percentage caused by the difference

- 20 -



Iin hub size equals the thrust loss percentage at zero advance speed,

u the power input (SHP) being the same. The propeller efficiency

can be represented as product of ideal efficiency TL (ideal fluid,

[momentum theory) and blade efficiency (losses in real fluid).

-1oT
LThe change in expanded blade area ratio, i.e. in thrust generating

area, is for large hubs according to Reference 6, page 125:

&aE

aE= 1.1l(xh-O.1 8 ) for Troost B3 series,

aE = 1.1 (x -0.167) for Troost B4 series.raE

In our analysis,

* L| i = 0.21 for solid propeller

Ii X h = 0.32 for detachable blade propeller

The area losses AaE/aE are thus:
I

Solid Detachable

B3 0.033 0.154

4 0.047 0.167

It must be supposed that about the same blade area ratio is required

to Ieep the large hub propeller free of cavitation. The area lost

at the hub must be replaced at other radii. The foils must be len-

gthened by about the same percentage. The ideal thrust loading coe-

fficient is defined as below and increases with hub size:

- 21 -



II - where ,= mean drag-lift ratio

qVA = advance speed, VA* 1.

Xi - hydrodynamic advance number,

Tr D V1i

IIhence, I

It follows that CTi is proportional to the factor:

IIt h LAe His

Incidentally, the same correction would hold with close approximation

for the power loading coefficient C~i which is also proportional to

(D2-d2). Both are thus raised by the factor:

Solid Detachable

B3 1.02 1.17-

B4 1.05 1.20

From this the following changes in can be estimated from the Kramer
! . chart at 0.

Solid Detachable

B3 0.998 0.98

B4 0.995 0.98

This demonstrates that under the assumption of equal power input the

ideal efficiency of large hub propellers is only little smaller than

that of regular hub size screws.

There is however a secondary effect upon blade efficiency caused

by lengthening the foils. For the inc.rease in mean lift-drag ratio ,

- 22 -



corresponding to this influence it can be esti mated from fol data

Uthat . must be multiplied by:

Solid Detachable

B3 1 1.1

4 1 1.

The blade efficiency would be reduced according to Figure 75 by the

factor; 
Solid Detachable

I B3 1 0.98

B4 I 0.98

I The rounded total reduction in propeller efficiency is given by the

j following factors:

Solid Detachable

I B3 0.995 0.96

B4 0.995 0.96

j The thrust losses of a redesigned large hub screw at zero advance

speed are of the same order. Milano's thrust loss iercentages are

[much higher because they were based on overestimated losses while

the change of blade efficiency was ignored.

I

23 -



§! IX. Propulsive Efficiency at Speed o Advance of One Knot.

The propulsive efficiency is defined as: "7p =-

open water efficiency

17 =  hull efficiency

.. , 
= relative rotative efficiency

The open water efficiency was read from the charts, Tables 5 and 6,

LI and similar ones for other propellers. The readings were taken for

3m VA/v'D with VA = I knot and n= 120 RPM = bollard RPM. The

change of y) when VA is increased to I knot is negligible as shown in

the sample calculation, Tables 68 through 70. The sample illustrates

further details of the procedure, too. The relative rotative effi-

jciency is set to unity throughout.
H For the hull efficiency of a-multiple 

screw system the following

expression is derived:

LI_ R_ - _ -. VS_ 
__

(T')_wj 4 I. VAL)'~ 7-S __ _ ___43p L~ (t T

j pwhere: R w resistance
VS = ship speed

I VA - propeller advance speed

w = wake fraction

t = thrust deduction fraction

The last step assumes that power split and thrust split are about

equal. in the actual calculations the area splitting ratio has been

substituted here.

At an advance speed of I knot the following data were estimated

from similar cases, Reference 7:



-Twin Screw:

7 i Triple Screw:

Center screw: w - 0.04, t - 0.03

Outer screws: w - t

The sample, Table 70, shows that the hull efficiency is unity for

all practical purposes.

The propulsive efficiency equals the open water efficiency at

this low speed therefore.

The results are shown in Tables 71 and 72 and Figures 76 through

87. It comes as no surprise that the differences between the systems

Pdare small. They conform with the bollard thrust trends as could be

expected with that little speed difference.

25

ju

IL

- 25 -. !



_-=7

X. Propulsive Efficiency at Speed of A"vance of 18 Knots.

The icebreaker designs are ass,.,ned to operate at 18 knots free

running speed. The evaluation -;r their propulsive efficiency is

similar to the procedures of the previous section with one main ex-

Hception; in the low speej case the circumstances of ice operation

determine the SHP which could vary in wide limits, whereas the SHP,I [ free running, is '. single value depending on the resistance of the

design, i.e. iKs EHP, and its propulsive efficiency, both unknown.

The EP:? can only be estimated from series data at this stage.

Series '0 (C method), and Taylor's standard series both fail to give

acco~ptable results because the icebreakers differ strongly from the

j Ii ,eries hull shapes, and their form parameters are not covered sat-

Iisfactorily by the series.
An attempt to use Ayre's method of EHP estimation, sample pre-

sented in Table 73 based on Reference 10, yields suits which are

also not consistent in themselves with respect to ship size, but

are at least in the right range in conparison with similar ships.

About 10,000 EHP seem to be needed to go 18 knots. Since all ob-

tainable estimates were not fully satisfactory it was decided to

cover a range of SHP so that the curves can be used more soecific-

ally as soon as more reliable EHP data are available.

The SHP range was chosen wide enough to include powers higher

than those expected as necessary for 18 knots in order to keep the

data applicable for higher service speeds if such should he selected

later. The following power range was covered:

Ship size Case I: 6,000 to 30,000 SHP

- 26 -
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Ship size Case I1: 9,000 to 39,000 SHP

Ship size Case III: 6,000 to 36,000 SHP

The comparisons were conducted for the systems pitched for the best

bollard thrust because it is common and recommendable practice to

H design icebreaker propulsion systems for very low or zero design

speed. The pitch ratios and propeller diameters chosen for bollard

Hoperation and used in the following are summarized in Tables 74 and
75.

The possibility of cavitation was ignored in selecting the

best bollard thrust systems as well as in finding the propulsive

efficiencies. This was done on the assumption that while the Wagen-I [ingen series propellers might cavitate in some states the redesigned
Lspecial icebreaker screws could be kept free of cavitation through

most of the investigated SHP range. However, the findings for SHP

H! in the upper domain should be interpreted cautiously.

The relative rotative rotative efficiency was again assumed to

Lbe unity although this neglects the slight advantages that triple

screw systems should have over twin systems at this speed.

The hull efficiency of the center screw is expected to be more

favorable than that of the outer screws of triple or twin systems

because of the beneficial influence of the boundary layer energy

recovered from the wake by the center screw. This results in a wake

fraction exceeding the thrust deduction fraction, thus *t >I. The
%

following data, Table 74, were adopted as estimates for w and t

I after analyzing some similar designs and available equations. It was
1,

felt that these data were typical enough for the purpose of prelim-

inary design comparisons. A thrust deduction fraction of only 0.15
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may sound optimistic even though w is estimated relatively low, too,

but in our opinion this low level of t, which results in 1.13,

can be reached by successful stern designs.

Although the center screw alone reaches substantial gains in 1H

a lot of this is averaged out in triple-screw systems. The results

are 1H = 1.03 for the 1:1:1 power split, and H= 1.046 for the

U1:2:1 split. For derivation see Tables 78 and 79,

The number of revolutions at which the propellers absorb the

SHP must be determined by a trial and error procedure outlined in

Jthe sample in Tables 76 through 79.
The evaluations were performed for Troost B3.65 and B4.70 pro-

U pellers; it could be shown by a few checks that the conclusions

would be the same for the lower aspect ratios.

IThe results are presented in Tables 80 through 82, and Figures

t 88 through 92. The tendencies differ appreciably in comparison with
I,

L~j

the bollard condition. In all investigated cases, predominantly so

i v in the lower SHP range of each ship size, the power split 1:1:1 is

best, 1:2:1 second best and 1:1 weakest.

The differences in propulsive performance at 18 knots stem from

the fact that the pitch ratios were selected for the bollard condi-

tion and are not optimal when free running. The twin system and

the 1.2:1 split are associated with lower pitch ratios than the 1:1:1

system, and their pitch is less than optimal at 18 knots. The losses

L in this free running condition under partial load greatly exceed

the gains in hull efficiency experienced by the triple systems.

These losses can be reduced somewhat by proper designing:
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A. One can try to work with profiles that perform better

at negative angles of incidence as associated with the

"underpitch" at 18 knots.

B. If a little bollard thrust is sacrificed more pitch

£ can be permitted. This measure can al'so be termed: De-

signing for higher speeds somewhere between bollard and

13 free running condition.

It should be noted that the desired free running number of rev-

olutions N= 150 RPM could not be maintained exactly since the de-

13 sign parmeters were fixed by other assumptions, but it is well with-

in the range of variation covered here.

2

I

IH

L
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Xl. Steering and Maneuvering.

Twin-screw icebreaker designs generally have some difficulties

to provide sufficient maneuverability, in particular at lower speeds,

because the centerplane rudder, usually installed, is operating out-

'I side of the propeller races except perhaps for the greatest rudder

angles.

In a triple-screw design with the rudder arranged behind the

I center-screw the propeller-induced inflow into the rudder supports

the rudder action beneficially.

The magnitude of this effect was studied by comparing the rud-

der normal forces per unit area for a twin-screw design to those

for the triple-screw version. It was assumed in this context that

the twin propeller races do not hit the rudder whereas in the triple-

screw design the rudder is fully immersed in the center-screw race.

In most practical cases the situation is a little less extreme so

that the twin system would look somewhat more favorable than in

this investigation.

The ratio of the rudder forces as defined above is derived

in tables 83 through 85. As a result the triple-screw rudder force

per unit area exceeds that of the twin-screw case by a factor of

1 + CT, where CT = thrust loading coefficient. This answer is in-

dependent of the rudder angle while the advance speed is of influ-

tence as it is contained in CT.
The procedure of determining the function (I + CT) when SHP,

F diameter, and propeller advance spee% are given is also outlined in

tables 83 through 85. For an analogous sample see also table 76,

{-C



The rudder force comparison was carried out for the three

Lship size cases, propellers of type B3.65 and B4.70, and for both
[j triple-screw versions (1:1:1 and 1:2;1) relative tc the twin-screw -

case. Only two ship speeds, 1 knot and 18 knots, could be considered,

ratherthanthe speeds of 2, 10, and 18 knots called for in the con-

tract, because of time and budget limitations. The speed of ten

Uknots can, however, be judged by comparison with the two extremes.

The equilibrium RPM at 1 and 18 knots were already at hand fron

previous calculations in sections IX. and X. so that it became pre-

ferable to disregard the low speed of 2 knots.

Diameter and pitch of each version were again selected as opti-
mal with r.-spect to bollard thrust, "limit" diameter condition. They

are summarized in table 75.

The results are displayed in tables 86 through 97 and figures

93 through 101. It is obvious that major gains are obtained:

About 50 to 10% more normal force at the free running condition, the

more the higher the abscissa value of "free-running SHP", and up

to a factor of 750 in the "full power"-"low speed" operation at I knot.

At this speed, however, the twin-screw rudder normal force is only

small so that the absolute value of the triple-screw rudder forces

might still be unsatisfactory.

If absolute rudder normal forces would have to be estimated one

would first find the twin-screw force: N C. V 2 A

and multiply by (I + CT) from the graphs for the triple-screw answer.I V
For notation see table S3.
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XII. Strength.

The subject of propeller strength is an essential one in ice-

Ubreaker design; the operational reliability of the ship depends on

the abil.ity of the blades to withstand not only the loads due to the

ipropulsion forces, but also those caused by ice impact which may be

a multiple of the former.

In order to evaluate the strength characteristics of the design

alternatives a comparison between triple-screw systems (1:1:1, and

1:2:1) and twin-screw systems (1:1) was performed. The propulsive

stresses were determined for the bollard condition, n = 120 RPM, as

a function of SHP. The maximum feasible diameters were chosen in

accordance with table 2, "limit" conditions. The bollard thrust of

each screw could be obtained from ealic-r results, tables 5 through

15, or figures 7 through 10, ignoring cavitation, Actual-ly, in

evaluating the stresses by computer the bollard thrust.was recom-

puted by an equivalent subroutine. The computations are limited

Jto the Troost series B3.65, and B4.70 propellers; the smaller blade

area ratios are more subject to cavitation so that the comparison

IL~ would be less reliable.

IT The propulsive stress equations for Troost propellers are de-

rived in tables 98 through 100. The critical stress occurs usually

I at the trailing edge soAat the comparisons are made for this point.

The results for thrust, torque, and stress are summarized in

S-- tables 101through 103for the three ship sizes. Figuresl02 through

I 104 also show the stress ratios, tripe-screw to twin-screw arrange-

ments, plotted versus SHP.
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For the design alternatives under comparison there are generally

I isom disadvantages of the triple-screw systems although they are small

p and of no practical significance.

The reason for the equivalence in stresses appears to be ,hat

the total disk areas of the systems are nearly the same so that the

loads per blade are smaller with the triple-screw systems, but the

L blade dimensions are also smaller.

It was stated in the proposal that the triple-screw systems would

have the lower propulsive stresses if the dimensions of each screw were

the same as in the twin-screw case. This conclusion seers to be

confirmed indirectly by the results, but it must be added: Stress

reductions with greater number of propellers should only be expected if

the total disk area with 3 screws somewhat exceeds that of the twin-

screw version.

It should be noted at last that the absolute stress level is

extrerrly low in all cases. The great blade area ratios necessitat-d

by cavitation requirements, when using Troost propellers, results in

root profiles that are verdimensioned from the strength viewpoint.

It is believed, however, that the changes in propeller shape when

designing for a higher admissable propulsive stress would affect twin-

and triple-screw systems in about the same manner so that the overall

conclusions would remain the same.
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XIII. Vibrations.

It is always an important design goal to keep hull and shaft

jvibrations within acceptable limits. This can be accomplished by

avoiding resonant conditions, and besides by minimizing the periodic

excitation forces acting upon propeller and hull.

The elastic properties and natural frequencies of hull and

shafting are not yet known in the early stages of a design so that

the determination of resonances and critical propeller speeds must

be postponed until the design has been worked out in sufficient

detail.

But it is possible to direct the preliminary design work towards

a low level of excitation forces by seeking favorable propeller

jarrangements.
Although direct measurements in model tests would certainly

V give the most reliable predictions the attempt can be made to judge

different configurations on a theoretical basis. The theory, in

H its range of validity, has the advantage of showing more clearly

the influence of the important parameters.

In the context of propeller-excited hull and shaft vibrations

the clearances between propeller and hull, axially and radially,

are known to be the most significant factors among those that the

designer can control.

p It was therefore undertaken to compare the various icebreaker

propeller arrangements from the viewpoint of the propeller-induced

vibratory excitation forces acting on the hull. These were deter-

mined using a theory and results by Breslin as outlined in references

14 and 15. The theory assumes uniform inflow into the propeller
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disk and finds the pressure fluctuations at given distances from-

the propeller caused by the rotation of the blades. The pressure

is split up into components due to thrust loading (thin foil) and
U

to finite foil thickness effects.
F1 The influence of the presence of the hull plates upon the

pressure field are neglected, and must be corrected for later by

a so-calied intensification factor. This factor, a "wall effect"

jcorrection, is not well known; it should depend on the clearance

because the flow pattern should be changed more drastically by the

i! wall when the gap is small. Reference 1i4 recommends a factor of 2,

but this can only hold for some average clearances.

Hi With these and all other limitations of the theory in mind,

what is the use of its results? It can be assumed that the results

can serve for orientation as to the relative merits of different

i1 arrangements although the absolute force predictions are not correct.

The results should also be indicative of what gains may be expected

when varying the clearance. The study was conducted with respect

jto the forces exerted by th,. propeller flow upon a flat plate

abreast the screw (see sketch) which simulates the outer screw

S[, situation, and also for a propeller

operating under two intersecting flat

'Ar OUNSOAhV 0_____ plates of 10 rise angle each, which

0 is similar to the center screw

situation (see sketch).
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I i
Parameters in tnis study were:

Ship :speed: 0, and 18 knots (Bollard, and free
running condition).

Propeller type: B3.65, B4.70.
SHP, thrust: Variation as for earlier evaluations,

[1 ignoring cavitation.
Clearance: Between O.1 D and 0.6 D.
Diameter: The "limit" diameters for each ship size.

The procedure in obtaining the pressures on the hull and

subsequently the forces by integration is described in Tables

104 through 106. The results are given in Tables 107 through 118,

and figures 105 through Ill.

Tab3es 107 through 112 and figures 105 through 110 relate

to the free-running condition. The alternatives that are compared

here are the same that were selected in an earlier paragraph (X)

for optimal bollard performance. The tables give the absolute

vibratory forces, and the ratios force/thrust for various

clearances. The figures only show the force/thrust ra*,o as

Ii~ function of thrust.

This ratio reaches values of up to 20% ;a some cases of

small clearance. It is decreasing rapirl;y when the clearance is

increased. When the clearance is 0.3 D or more the ratio does

Lnot vary much with the thrust any longer.

The four-bladed propellers produce noticeably lower levels

of excitation.

For a giv.f1 number of blades, when the clearance is low,

L the 1:2.1 center screw causes the greatest vibratory forces,

fol1 owed by the 1:1:1 center screw. The twin propellers are

a little lower than this, but higher than the outer screws of

the other alternatives.
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Li At higher clearances the tendencies are partly reversed,

and the twite screw alternative becomes Iast favorable.11351
Ir ,he bollard condition, figure 111, and Tables 113 through

118 the force ratio is practically independent of the thrust,

,and of the propeller arrangement and ship size, so that the re-

suits can be plotted against clearance in a single diagram con-

venlently. The force ratio is smaller tian in the free-running

condition, i.e., less than 4 percent in all cases. The bollard

thrust is much greater, however, so that the absolute excitation
forces are about of the same magnitude in both cases.

UThe tendencies with respect to clearance, and number of

T[ blades are also in close agreement in the two conditions. It

should be noted that the low force ratios of less than one per-

H cent which are obtained in some cases are less trustworthy than

the others because the integration scheme has only poor resolution

L when dealing with small pressures.

L Despite the limitations in the theory applied here and

some shortcomings in the evaluation procedure it is believed

17 that valid recommendations can be given to the designer in the

following respects:

L a) The four-bladed propeller is superior to the three-
bladed screw in view of its lower hull vibration
excitation.

b) Great returns for an increase in clearance are
obtained up to 0.2 D. From there on, every

" clearance incre. se of 0.1 D reduces the force
L amplitudes by only abcut 25 percent or less.

It is therefore recommended to limit the clearance to about

0.2 D because otherwise the sactifices of propulsive performance

1" and bollard thrust are becoming unduly great. If with these
L
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i clearances vibration problems should still be of any concern

the cure should be sought in properly avoiding resonant conditions

rather than further reducing excitation.

[1 A last comment as to shafting vibrations which have not been

considered in the foregoing. These vibrations which are caused

by non-uniform inflow into the propeller cannot be analyzed

jJ without some experimental data about the flow. it can be

inferred, however, that the recommended radial clearance of 0.2 D

is sufficient from this point of view, too. This statement is

based on the s'ystematic comparisons of wake harmonics for various

stern configurations in reference 7, which show only little effect

on the velocity amplitudes of each harmonic by variation of the

radial coordinate. This makes it unlikely that in the case of

shaft vibrations any major gains can be obtained by clearance

variations if the clearance is of the order of 0.2 D or greater.

1i3
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XIV. Propeller Arrangement and Stern Shape.

yl The most favorable propeller arrangement from the viewpoints

of hydrodynamic performance, cavitation and vibrations is one

where the inflow into the propeller disk is uniform except that

in the same time one wants to recapture as much of the energyI
concentrated in the viscous wake as possible. These considerations

Fwould call for ample axial propeller clearances, in particular

for the outer screws which cannot serve for wake energy recovery
H anyhow.

It must be realized on the other hand that whatever improves

the uniformity of inflow into the propeller is in the same time

.instrumental in mking the propeller more accessible to ice inflow.

Conversely, any protective shape that keeps the ice away from the

screw would also tend to deteriorate the hydrodynamic and vibra-

i tory performance.

t LSpecifically, in comparing the present U.S. Coast Guard line
designs M4 and M5, the conclusion would be that the former gives

the outer propellers better inflow, but less ice protection. The

I 1. M5 design has the outer screws operating closely behind a flat

shoulder in the stern waterlines. This will probably result in

L separation and high EHP in the free-running condition. The

performance loss in the bollard condition may be even more

severe since the propeller suction field in the ahead operation

finds a great area of attack so that the useful thrust is reduced.I
Similarly, in backing at low speed the thrust deduction force

jcaused by the shipstream pressures upon the hull should be notice-

.. able.
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, The advantages of the M5 lines must be sought in the reduced

vulnerability of the outer screws in ice; this is an essential

feature, and it appears justified therefore to examine the prop-

erties of this design more closely in model tests.

The authors would recommend a compromise form with more

U moderate shoulders and a slightly greater axial propeller clearance

tj for the outer screws. The radial clearances should be selected

as small as compatible with vibrational standards. The study

in section XIII.seems to indicate that nothing substantial can

be gained by increasing the radial clearance above 0.2 D. This

is in agreement with common design practice.

The propeller tip submergence is generally selected so as

to avoid air suction and/or excessive propeller-induced vibratory

U. forces on the stern. For an icebreaker it is the more stringent

design aim usually to assure that the average size ice block

~ L when floating on the water surface be not sucked into the disk.

The actual submergence should therefore be related to the thickness

of the ice to be broken.

't4
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XV. General Conclusions.

iNone of the systems show major advantages in the bollard

condition. The tendencies go with the available disk area. This

I] makes the 1:2:1 system slightly superior at "average" diameters

whereas the twin system is best when "limit" diameters are

assumel. The 1:1:1 system follows up closely on second place

[1 in almost every case.

The astern and compromise design performance at zero advance

speed, and the efficiency at one knot are in line with the above

tendenc i es.

The 1:1-l split performs best in the free-running condition

while the other two are underpitched for free running under

partial load.

Both triple-screw systems show great gains in maneuverability

relative to the twin system.

II All versions are practically equivalent from the strength

aspect.

The vibratory forces acting on the hull are markedly smaller

lfor four-bladed propellers than for three-bladed ones. Otherwise,

in particular if the recommended radial clearance of 0.2 D is

selected, the differences among all systems under comparison are

1insignificant.
The performance gains by triple-screw systems are thus only

marginal; but these systems have important secondary advantages

with respect to steering, and reliability. Since the availability

of the ship and therefore the effectiveness of the whore invest-

ment depend on the reliability of the propulsion system the

L triple-screw systems deserve preference.
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The question which splitting ratio to chose is less

significant. We believe that the ll:l split is more recom-

mendable because it promises a good balance between bollard and

ri free-running performance.

'42
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TABLE 83

verivation of Rudder Force Expressions.

The rudder normal force N, and its compcne-

- L ents lift L, and drag D can be expressed

in terms of nondimensional coefficients as

functions of the inflow velocity V:

N - CN /2 v2 A, CN  normal force coefficient,

L - CL  f/2 V2 A, CL - lift coefficient,

D - CD P/2 V2 A, CD - drag coefficient, 1
where CN CL Cos*( + CD  s inot

angle of incidence j
A - rudder area

The coefficients depend on the rudder shape and on the angle of

attack. The magnitude could be estimated by CN V0.9 both at

a( =15 deg. and *- 30 deg., but there are major variations in them

and thus some uncertainty as to the firgures fort( 30 deg.

The inflow velocities into the rudder can be asserted as followed:

For the twin-screw design with central rudder:

V Vs  (I-W)

Vs = ship velocity

w = wake fraction, estimated as .L ship speed

of I knot, and 0.225 at 18 knots.

For the triple-screw design with the same rudder arrangment:

V V. (l-w) + WA

The velocity WA is the fully developed axial induced velocity in the
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TABLE 84

propeller race, and can be determined according to momentum theory:

WA - VA (-1 + r1 + CT)-

W Vs (-w) (-I + 1C)

where

CT thrust loading coefficient

A ~ d isk area

VA - propeller advance velocity

.3 advance number

T T/( t ' D4 )

The ratio of the rudder normal forces per unit rudder area for a

triple-screw vessel to the corresponding forces for a twin-screw ves-

sel is given by the following equations:

04/ ITI-ZCI-AV

i!.,

rIf this ratio is to be discussed as a function of SHP the evaluation
procedure is as follows: For a given SHP, ship speed, wake fraction,

.Land propeller diameter tne equilibriun RPM must be determined first
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TABLE 85

just like for the propeller efficiency in section X. This is done

by means of propeller charts, such as Figures 5 and 6. estimating

a few RPM and solving for the point where the advance number 3-

VA/14.D corresponds to the one associated with the correct moment

Iloading coefficient km - SHP/ WfV When the RPM are known

kT can be read for the same advance number from the pertinent chart.

This yields the desired quantity:

CT I y

The first part of the procedure is analogous to the sample of

I Table 76.
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I Derivation. of Propulsive Stresses for Troost Series Propellers.

V
(I, The critical stresses to be

analyzed occur in the root pro-

* file assumed at 0.2R, see sketch.

The influence of centrifugal forces

[. -e._ .. is neglected, i.e. the rake is

assumed to Le zero. The load is

I ,then consisting of thrust and

torque.

L. The thrust results in axial bending moments at the

Iblades:
IMA 0.46- R -Tz for 0.2R profile,

where:

L.

=Tz  thrust per bladeV z
-t R = propeller radius

L 0.46 R - estimated distance from root profile at 0.2R

to location of thrust resultant on blade,

I Iestimated as 0.66R.

The torque produces a circumferential bending moment:

MC = d.

where:

i/Z = torque per balde

I 1 d9O.6 = distance from root profile at 0.2R

to location of resulting circumfer- ,

. ential force at about 0.8R, nondi-

mensionalized by R.
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The x-y compoenents of these moments are:

Mx - MA • sinX - Mc •cos c

my - MA - cosO( + MC . sino(

where K - pitch angle at 0.2R, given by:

tano X - •--

r The stresses are then at the trailing edge, point I:

ID
I with

L.I
~- c- section modulus

__ = section modulus

Ix, ly -moments of inertia

e,,C,, distance of trailing edge from centroid

C - chord length

1.= thickness of foil 4

, = nondim. foil shape
parameter

According to reference 11, page 94, the following numerical values

hold for root profiles of Troost propellers:

= 0.464
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=0. 555

__ 0.455

pagsI1 th.0og

Chord length c, and foil thickness t must be determined for the

I various types of Troost propellers. According to reference 11,

pages 14 through 16, it follows from the geometry of the series
that: CM* =-o, . .L'C .

C 
-C

Iwith C-- .0- I-

i The numerica! values are tabulated below.

CO.2 c 6c t
Series T D _

B3.35 0.7473 0.2589 0.194 0.0406

83.50 0.7473 0.3698 0.277 0,0406

B3.65 0.7473 0.4810 0.360 0.0406

B4.40 .07608 0.2187 0.164 0.0366

4.455 0.7608 0.3829 0.286 0.0366

B4.70 0.7608 0.5007 0.374 0.0366
I _ _ _ __ I _ _ _ _

4i

!-

-t[
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[• "TABLE 104.

Determination of-Propeller--induced Vibr-atory Forces Actinc, on

U null inWy of Propeller.

I - : According to reference 14, the pressures induced by a propellerI+ blade ir its top position at a field point in its vicinity,-which 4
has the axial, radial, and angular coordinates x,r ,Y aire given

by two contributions;

The pressure due to blade loading:

A* r

The pressure due to blade thickness:

U L The out-of-phase components of these pressures are omitted because

[ they are not needed to find the maximum pressure.L f
The notation is as follows:

forward velocity

tic mean thickness ratio of blade sections

(50= half the sector angle formed by the projection
of the blade on the plane of rotation

L = no. of blades

[ 2N = advance number

= propeller radius



TABLE 105

V T = thrust

SAD = propeller disk area 4
The functions..u, Q0.. 0), 4z, $w ) are tabulated in reference 14;

L they depend on the distance between field point and propeller blade.

The pressure equations for zero advance speed (bollard condition)

can be simplified:

-Z-

The total pressure is obtained by superposition:

- -' 4; + cc)-

: I"

The maximum amplitude of this blade-frequency pressure becomes:

where a,, a2 as defined above.

. . In the bollard condition the special solution is

I 2;
C-Z
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In integrating the pressures to obtain the forces on the hull

f [1 the following schemes were used:

tOUTER SCREW;

The pressures were det,-rmined at five points
Oin the propeller plane as shown, and also

qin the two planes one radius R before and

abaft the propeller plane.
CENTER SCREW: Each pressure was multiplied by the area of

the rectangular elements surrounding the

ipoints, bounded by lines halfway towards

the neighboring point.

1.o
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