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NOTATION 

A Area of blade section 
p 

Ae Expanded area, Z/r.   cdr 

AQ Disk area of propeller, TTR2 

c Section chord length 

c0 7 Section chord length at 0.7R 

D Propeller diameter 

Expanded area ratio, Ar/A0 EAR 

Fn Amplitude of blade frequency harmonic of transverse 
horizontal force 

Fv Amplitude of blade frequency l.armonic of transverse 
vertical force 

fM Camber of section 

g Acceleration due to yravity 

H Hydrostatic head at shaft r<?nterline minus vapor head 

H. Hydrostatic head at local position minus vapor head 

J Advance coefficient, V./nD 

J. Advance coefficient of propeller, local wake, 
L Vx/[(nD)+{VT/(T,r/R): 

JT Advance coefficient ba^-ecl on thrust identity 

Jv Advance coefficient based on ship speed V/nD 

IC, Torque coefficient,, Q/pn'D'1 

K.T Thrust coefficient, T/pn^U'1 

'.j. Amplitude of blauo frequency harmonic of bending 
1 moment about the transverse horizontal axis 

TV 
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My Amplitude of blade frequency harmonic of bending moment 
about the vertical axis 

n Propeller revolutions per unit time 

(P/D). Propeller section hydrodynamlc pitch ratio, irxtanß. 

P Propeller section pitch s 

PD Delivered power at propeller, ?nnQ 

Pr Effective power, RV 

Ps Power delivered to shaft aft of gearing and thrust block 

p Local pressure 

p Pressure at infinity 

Q Propeller torque 

Q Amplitude of blade frequency harmonic of torque 

q Wake harmonic number 

R Propeller radius 

R Reynolds number for propeller, CQ IAJ^ ^  (0.7 nnD^J/v 

RF Frictional resistance of hull 

Rj. Local rake offset, positive aft 

Rp Residuary resistance of hull 

RT Total resistance of hull 

r Radial distance 

r. Radius of hub 
n 

T Propeller thrust 

T Amplitude of blade frequency harmonic of thrust 

t Maximum total thickness of blade section 

■ ■ '■*' ■■ ■      - - - -  -  ■   -  - ---^n—1 
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V 

V, 

x 

z 

rip 

Pp 

V 

a 

Thrust deduction fraction, (T-R,.)/T 

Ship speed 

Speed of advance of propeller, V(l-Wj) 

Taylor wake fraction determined from torque Identity 

Taylor wake fraction determined from thrust identity 

Local wake fraction 

Nondimensional  radial  distance, r/R 

Number of blades 

Propulsive efficiency, Pp/Pn 

Hull efficiency,  (l-t)/(l-wT) 

Propeller efficiency in open water 

Relative rotative efficiency 

Propulsive efficiency, Pr/Pr 

Mass density of water 

Mass density of propeller 

Kinematic viscosity 

Cavitation number based on vapor pressure, 2gH/V2 
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ABSTRACT 

The design process for an Icebreaker tugboat propeller 

Is presented and considerations  Involving cavltation, vibratory 

forces and propeller Installation and removal are discussed. 

The design point for the propeller Is maximum thrust at 5 

knots full  power ahead with pitch selected to give bollard 

operation at 245 rpm.    Good astern thrust at bollard was 

desired and 75 percent of ahead bollard thrust was provided 

as a minimum.    Preliminary design using series data predicted 

a propeller with a blade area ratio of 0.70 and a pitch 

ratio of 0.73 would give the highest astern performance 

at 85 percent of ahead bollard thrust and still fall within the 

design point restrictions.    Intermediate design involved lifting 

line calculations at the free route condition with a maximum 

predicted speed of 14.86 knots at full power.    Tani:. 

distribution was adjusted for reduced-pitch near root to 

obtain shorter hub length.    Lifting surface calculations 

encompassed the final design phase providing final geometry 

for a wake adapted design meeting ABS strength requirements. 

I 

""*"*"""■ •■"'•'     ■■-'■■■   '■ iMi^imiiiinifcuiu atMMHMHHMMMM 



ADMINISTRATIVE INFORMATION 

This work was performed at the Naval  Ship Research 

and Development Center under authorization by the U.S. 

Coast Guard under Increased funding to MIPR Z 70099-4-4413', 

27 June 1974.    This work was performed unHer the NSRDC 

Work Unit 1524-550. 

INTRODUCTION 

The design of tug propellers is a comp'icated process 

in that the operating conditions vary over a wide range 

and there is a difference in power characteristics between 

the propeller and the engine.    The operating conditions 

for a tug vary from the static condition at bollard, low 

speed towing and finally to the free-running condition. 

At each of these conditions the available full  power of 

the engine is used which necessitates some trade-offs in 

the design since a fixed pitch propeller will only absorb 

this power at one rpm and one advance velocity.    Normal 

practice is to design a propeller for the full power, 

free route condition enabling a lifting line calculation 

procedure to be used,    unfortunately, the design point 

for tug propellers is most often the low speed towing 

condition which dictates a change in the design procedure. 

—■—>——  - —■--  ■ - —  - -——„mnygmggmji^gin 
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Any of the three operating conditions can be chosen 

for the design point. However, each choice will result 

In a loss at the other two conditions and in this 

particular design the bollard rpm Is reduced and the 

maximum advance velocity at the free route condition 

Is not obtained.   The altered design procedure for a 

tug propeller Involves the use of series data to determine 

the best propeller to meet the design conditions.   This 

best choice is then checked against performance re- 

quirements at bollard and lifting line calculations are 

made at the free route condition.    The series data choice 

provides the additional information to check the propeller 

at the bollard and free running condition. 

This design is further complicated by the fact that 

the tugboat will also experience duty as an icebreaker. 

The presence of ice in the operating region has its 

greatest influence upon propeller rpm in that rpm is 

reduced when the blades operate in a heavier two phase 

mixture of ice and water, crash into a large block of 

ice or when ice wedges between the blade tips and the 

hull.    This reduction of rpm will manifest itself as a 

loss in thrust at all operating conditions. 

■"•■■' ■•■■ ■'■-^ — 
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PRELIMINARY TECHNICAL INFORMATION 

The U.S. Coast Guard provided design conditions and 

guidelines for the propeller design as follows: 

Diameter 8.5 feet 

Number of blades 4 

Shaft horsepower 2500 DC/DC Electric 

Full power free route rpm 305 

Full power bollard rpm 245 

Rotation RH 

Material N1 -Al -Br ABS Alloy 4 

Hub diameter 25 percent of 
propeller diameter 

NOTE:    The full  power of the engine is available at any 

speed between bollard and free route In the limits of rpm 

between 245 and 305. 

In addition, certain design requirements and performance 

were specified as follows: 

1. Strength requirements shall be in accordance with 

section 29, Part II of the "ABS Rules for Building 

and Classing Steel Vessels", ice class IAA, 1972. 

2. The astern bollard thrust at 2500 SHP shall  be 

approximately 75 percent of ahead bollard thrust. 

•MMaMMMMMHMMMMI 
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3.    The design point shall be maximum thrust at full 

power and 5 knots ahead.    The propeller pitch 

must be selected to allow full power bollard 

operation at 245 rpm. 

PROPELLER DESIGN PROCEDURE 

Basically the propeller was designed in three phases: 

1. Preliminary Design:    Preliminary design analysis 

was conducted using series data to determine the effect of 

pitch, diameter and blade area on performance at the 

design point and also at bollard and free route.    Blade 

area and pitch are selected for input to next phase and 

thickness chosen to meet ABS strength requirements. 

The occurrence and severity of cavitation will  be examined. 

2. Intermediate Design:    Lifting line calculations 

are performed at the free route condition to obtain 

maximum speed, stress   levels and inputs for next phase. 

Wake fraction and tdne. distributions are adjusted for 

comparison of final pitch to preliminary design pitch 

and reduce the overall hub length. 

3. Final  Design:    Lifting surface calculations are 

performed to determine the final propeller geometry.    Rake was 

chosen to increase the tip clearance between propeller and 

stern.    Section shape and meanline was chosen to meet desired 

performance. 

•— ■   ■ ■ -        - -1 MrtMH 
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PRELIMINARY DESIGN 

Common practice has dictated the design point for 

a tugboat propeller to be maximum thrust In the bollard 

condition or at some low Intermedlatr «peed since 

a tugboat very seldom operates at the free running 

condition. Normally, standard propeller series data Is 

used for the hydrodynamlc desig:. with no consideration 

given for the presence of solid ice pieces in tue 

operating area for designs seeing duty as icebreakers. 

The series data used as a basis in this design is the 

Troost B- series as investigated by Van Lammeren, Van Manen, 

and Oosterveld . This propeller series, commonly 

referred to as the K'jgeningen B-screw series, comprise 

models with systematically varying P/D ratios and blade 

area ratio Ar/A« with performance presented as open water 

curves over an entire region of operation. 

The first step in the preliminary design phase is 

satisfying the condition of optimum thrust at full power 

and b  knots ahead which is the design point. The only 

known quantities at this condition are propeller diameter 

(8.5 feet), shaft horsepower (2500), and ship speed 

(5 knots). The advance coefficient, J, must be known 

1. VanLatmeren, W.P.A., VanManen, J.D., and Oosterveld, M.W.C., 
"The Wageningen B-Screw Series," Transactions of the Society 
of Naval Architects and Marine Engineers, Vol. 77, p 269-317, 
1969 
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to use the series data, so some value of rpm Is chosen. 

The technical guidelines provide a range of rpm, 245-305, 

to work within and the actual rpm at the towing condition 

will be somewhat higher than the 245 bollard rpm. 

Therefore, a range of propeller rpm is chosen, In this 

case 250-310, and the corresponding advance coefficient 

J and torque coefficient }L.  are evaluated at each rpm 

chosen within the range. The advance coefficient 

by which the series data is plotted uses the speed of 

advance of the propeller not the ship speed. Therefore, 

the ship speed (5 knots) must be adjusted by the 

appropriate wake fraction at this operating condition 

which can be found from previous propulsion experiments 

provided in Reference 2 and Table 1. The pitch ratio, P/D, 

specified by J and IC. is obtained from series 

data for various values of blade area. The 

thrust coefficient K-j. and actual thrust is specified by 

the pitch and advance coefficient. The maximum thrust 

for each blade area ratio examined is found by plotting 

thrust versus P/D and the results are presented in 

Figure 1. Each data ^oint on the curves represented by 

symbols is a choice of rpm within the range, in this 

2. West, E.E., "Powering Predictions for the United States 
Coast Guard 140-Foot WYTM Represented by Model 5336," 
Ship Performance Department Report SPD-223-16, April 1975 
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case an Increment of 10 was chosen beginning with 250. 

The figure shows that thrust decreases with Increasing 

blade area following along a line of constant pitch. 

It Is also noted that the pitch which delivers maximum 

thrust Increases as the blade area Increases. 

The appropriate P/D ratio to allow 245 rpm at the 

full power bollard condition can be dei.?rm1ned by 

using the value of the tonje coefficient at 0=0.    The 

value of the bollard KQ,  In this case 0.0364, specified 

by SHP and rpm, provides the P/D to absorb this tcrque 

for earh blade area examined.    This curve Is also 

provided on Figure 1.    The design requirements dictate 

that the final desitn point for this propeller muse 

fall on this curve, assuming cavitavion free operation. 

To avoid confusion it is pointed out that the values 

of thrust along this curve are Irrelevant since they 

were calculated for the 5 knot condition and not bollard 

operation.    It is also noted that as the blade area is 

increased the pitch to deliver 254 bollard rpm and the 

pitch for maximum thrust get closer together. 

To locate the approximate final design point on the 

245 bollard rpm curve In Figure 1, the requirement of 

at least 75 percent astern bollard thrust compared to 

8 

■ ■ -«■-■■■■■■   i     ,,—.n- amllttimmmmmmHimtmllimiamtmmm 



wmmmrm i^*mmmm "m wm »—w 

ahead bollard thrust Is used.    Unfortunately, only a 

limited amount of four quadrant oppn water data for 

series propellers Is available.    Reference 1 provides 

experimental four quadrant open Water results for 

selected propellers of the Wagenlngrn B-Serles and a 

regression analysis was performed to provide Fourier 

coefficients to predict performance for different blade 

area and pitch ratios.    A computerized prediction 

technique has been developed by Strom-Tejsen and 

3 4 Porter   using experimental data reported by Mlniovlch . 

This computer program is capable of predicting four quadrant 

open-water performance for propellers with a blade 

area ratio between 0.45 and 0.85 and a pitch ratio from 

-1.1 to 1.6.    The above techniques are used to predict 

the astern performance for Lhis propeller and the 

results are presented in Figure        The experimental 

results tip^i which the prediction techniques are based 

assume an astern thrust deduction of 0.    However, previous 

propulsion experiments, found in Reference 2, using a stock 

prooeller gave an ahead bollard tow rope pull approximately 

equal to 100 percent of propeller thrust and an astern tow 

3. Strom-Tejsen, J. and Porter, R.R., "Prediction of Controllable- 
Pitch PropelIpr Performance in Off-Design Conditions," Paper 
presented at the Third Ship Control Systems Symposium at 
Bath, England, August 1972 

4. Miniovich,  I.Y., "Investigation of Hydrodynamic Characteristics of 
Screw Propellers Under Conditions of Reversing and Calculation 
Methods for Backing of Ships," Transactions of the A.N.Krylov 
Research Institute, Issue 122, 1958; (English Translation; 
Bureau of Ships Translation 697, Washington, D.C., 1960) 

■■^.■■.^ .—^ ... 
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rope pull equal to 83 percent of propeller thrust. This 

value of 83 percent for the astern bollard thrust deduction 

has already been Incorporated In the results presented 

In Figure 2. The curve for P/D-1.0 over a renge of blade 

area and the slnglt rcint at P/DB1.4 and EAR^O.yO provide 

notlcable trends over a range of blade area and pitch. 

These points are the only ones presented since they 

were experimentally determined. The computer prediction 

of Reference 3 was used for the tentative design geometry 

and this is also provided on Figure 2. The trends 

presented indicate that the percentage of astern thrust 

to ahead thrust reaches a maximum at an area ratio of 

0.70 and along a constant blade area line the percentage 

increases continuously with decreasing pitch. Since the 

delivered thrust increases with decreasing blade area 

the actual astr.-rn thrust may not follow the curve in 

Figure 2. For a pitch ratio of 1.0 the actual astern 

thrust was determined over a range of blade area and 

this is also provided in Figure 2. It is seen that 

increasing the blade area past 0.70 gives no appreciable 

increase in astern thrust. Therefore, the tentative 

final design point to be carried on to the next phase 

10 
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Is chosen as EAR-0.70 and P/D«0.73. No considerations 

as to the effects of cavltatlon and thrust breakdown 

have been Incorporated In making this choice but will 

be discussed later. 
5 

Enkvlst and Johansson determined that propellers 

with higher pitch ratios and smaller diameter have 

shown to produce more thrust In Ice than propellers which 

give optimum bollard thrust In Ice-free water. The 

advantages of a smaller diameter propeller are the 

greater tip clearance to prevent pieces of Ice from 

wedging between the propeller tip and the hull an i in 

submergence effects, specifically, cavltatlon and 

possible air drawing. As an aside to investigate the 

possible benefits ri 2 smaller diameter for this 

design the first step described previously was carried 

out for d diameter of 7.5 feet. These results are 

presented in Figure 3. The figure indicates that the maximum 

thrust does not occur within the P/D range examined for 

most blade area ratios and the decrease in diameter 

would precipitate a reduction in thrust of around 10 

percent as compared to an 8.5-foot diameter. The pitch 

ratio to give 245 bollard rpm is also too high to meet 

the astern thrust requirements. It is, therefore, 

concluded that an 8.5-foot diameter propeller is the 

better choice. 

5. Enkvlst, E. and Johansson, B.M., "On Icebreaker Screw Design,1 

European Shipbuilding No. 1, p 2-14, pl8-19, 1968 

11 
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Due to the rugged operating conditions and the absence 

of skew, normal propeller designs use a Troost blade 

outline adjusted to meet any specific needs. For this 

design the 4-bladed Troost 0.7 blade area ratio outline 

was used and adjusted to maintain the same blade area 

for the 25 percent hub diameter recommended by the 

U.S. Coast Guard. ABS rules for Icebreaker propellers 

provide minimum value;, for the section modulus at the 

0.25 and 0.6 radial stations and also the minimum 

tip thickness. The thickness at any radial station can 

be determined from the section modulus divided by the 

chord length. The chord length and thickness are 

necessary inputs to the second phase of the design. 

The effect of cavltatiin on propeller performance can 

manifest itself as a loss in thrust commonly referred to 

as thrust breakdown. Thrust breakdown at the bollard 

condition is especially critical for this design. Enkvist 
5 

and Johansson compiled data on many propellers operating 

at the bollard condition and provide a prediction for 

the occurrence of thrust breakdown for this propeller 

design. Their results have been reduced to eliminate 

extraneous data and are presented in Figure 4. These 

12 

■ITI>II>»II« i   i     an mmmm i     11 ,,11^^,^^,!,^,^^,,,,,^,,,^ 



results Indicate the tentative design Is Inside the no 

thrust breakdown region.    Prlshchemlklm   has also 

reponed the extent of breakdown as a function of 

rotational cavltatlon number, o  , at the bollard 

condition.    His results were reported for a B4-55 

propeller and were crudely extrapolated to an area 

ratio of 0.70.    Since the curve for the higher 

blade area was roughly approximated It has not been 

Included for presentation.    The rotational cavltatlon 

number at the bollard condition for this propeller is 

eqi-al to 1.9 and according to Reference 6 the loss in 

thrust and torque at this value of o    w^ll amount to 

less than 5 percent.    Obviously the above predictions 

are in complete disagreement and supports the need 

^or further experimentation and the Instability of 

cavltatlon phenomena. 

Another detrimental effect on thrust is the phenomena 

of air drawing which occurs when the propeller sucks air 

down from the free surface of the water forming a vortex 

6. Prishchemikin, Y.N., "A Study of the Cavitating Propeller 
and Ship Hull  Interaction in Cavitation Towing Tank," 14th 
International Towing Tank Conference, 1975 
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from the free surface to the blade surface. This 

condition will occur only at the bollard condition or 

very low speed which Is the primary operating range 

for a tugboat. The presence of air drawing will 

result In a drop In efficiency of the propeller, but 

more seriously will cause instability and sudden 

increases in propeller revolutions and consequently 

sudden change in thrust and torque which could cause 

damage to the main engine. The only extensive investi- 

gation of air drawing has been reported by Shiba for 

propellers not completely immersed and at shallow immersion, 

These results were crudely extrapolated for 

extension to the immersion depth of this design. The 

extent of air drawing can be approximated using he so- 

called Frouue number and Weber number. The propeller 

Froude number (n>/P7g) decides the maximum depth to 

which air is sucked down into the propeller disc. 

As the Froude number increases the depth of air drawing 

increases and the thrust decreases. The scale effect 

due to Froude number normally disappears after a value 

of 3. The Froude number at bolK^d for this propeller 

is equal to 2.1, If air drawing has set in then the 

propeller will be working under the influence of the 

7. Shiba, H., "Air Drawing of Marine Propellers," Report of 
the Transportation Technical Research Institute No. 9, 
August 1953 
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Froude number. The Weber nurrber (nfl.WSD) is a measure 

of the suction force to overcome the water surfacp tension 

and draw air down to the propeller. The Influence of 

the Weber number generally disappears at values higher 

than 180. The Weber number at bollard for this propeller 

is 2012 so it will be working outside the range of Weber 

number influence. Unfortunately, model experiments 

generally operate within the range of Weber number 

influence. Flow visualization studies using the stock 

propeller have shown intermittent air drawing. The 

occurrence of air drawing for this design cannot be 

concretely predicted and neither can the chances be 

diminished by adjusting the blade area and pitch since 

design requirements rule out any of these changes. 

All preliminary groundwork has now been completed for 

this design and it is ready to enter into the intermediate 

phase. 

INTERMEDIATE DESIGN 

The intermediate design phase for this propeller 

involves a lifting line calculation for the free-route, 

full power condition. This condition is chosen over the 

15 
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actual design point because self propulsion experiments for this 

design did not provide all the necessary Inputs for the towing 

condition.    All  the necessary data to perfonn a lifting 

line calculation for the free-route condition are known 

except rpm.    The 305 rpm specified In the design condition 

Is the free route rpm but may not be equivalent to series 

prediction which has been the method used so far In 

this design.    To determine the series data rpm prediction, 

a ship curve, Ky/J , is plotted on the open-water curves 

for the range of blade area examined.    In this case the 
2 

value of Kj/J =0.7 is used because it corresponds 

approximately to the value obtained in previous 

propulsion experiments with the results reproduced in 

Table 1  and Figure 5.    For each J and IC the appropriate 

P/D can be obtained and also the corresponding KQ.    The 

rpm for the full power condition can be üetermined from 

this value of K«.    The results of this calculation are 

presented In Figure 6.    The speed of advance and also the 

ship speed can be predicted from the rpm and advance coefficient. 

This is also provided in Figure 6.    Confidence in the method of 

design using series data can be derived by comparing the 

series data prediction of ship speed and the lifting line 

predicticp.    The closer the two are, the better the method 

of design looks.    For the design point arrived at in phase 

16 

•   J iiai'ili TMBLliMl__^_i t^tmmmmummimmtm 



**^mrm*mmmm 

1 of EAR"0.70 and P/D=0.73 the series data prediction 

of rpm is 299 and a ship speed üf 14.90 knots. The 

value of rpm Is below the design condition of 305 but 

the slight decrease was acceptable to the U.S. Coast 

Guard. Trends shown in the figure Indicate that the rpm and 

ship speed both decrease for increasing blade area with 

rpm decreasing almost linearly with increasing pitch. 

The maximum velocity will occur at a higher P/D ratio 

as the blade area is increased. At 305 rpm the predicted 

speed is less than the maximum attainable speed as is 

299 rpm. 

All data is now known for a first lifting line 

calculation. The first run through will provide a Lerbs 

optimum for the tan^ distribution. The lifting line 

prediction for ship speed Is 14.83 knots which is in 

good agreement with the series data prediction and 

therefore, the design method using series data is considered 

good. The wake survey used is presented in Figure 7 and Table 2. 

The predicted stress levels are provided in Table 3. 

During this phase of the design the U.S. Coast 

Guard requested an investigation into reducing the 

overall hub length to facilitate the installation and 

removal of the propeller without having to remove the 

rudder. This reduction in hub length was accomplished 

by reducing the pitch near the hub and thereby reducing 

17 
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tanß. near the hub. A subsequent lifting line calculation 

was performed with a reduction In the radial loading from 

the 0.6 radius to the hub. The predicted ship speed has 

risen slightly to 14.86 knots and is even closer to the 

series data prediction. 

The second phase of the propeller design Is now 

complete with all necessary data known to go on to phase 3. 

FINAL DESIGN 

The final design phase for this propeller consists 

of a lifting surface calculation to determine the final 

geometry. The final theoretical camber and pitch 

distributions were determined using the lifting surface 

procedure of Kerwin . 

Subsequent to the start of this propeller design the 

location of the propeller on the ship was moved 

forward. The ship lines are presented in Figure 8. 

Moving the propeller closer to the hull reduces the tip 

clearance and the chances increase that a piece of ice 

will become lodged between the propeller tip and the hull. 

To maintain the same tip clearance as was available in 

the Initial propeller location, a tip rake amo;int1ng to 13 

degrees from the shaft centerline would be needed. This 

8. Kerwin, J.E., "Computer Techniques for Propeller Blade 
Section Design," Proceedings of the Second Lips Propeller 
Symposium, Drunen, Holland, p 7-31, May 1973 
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value 1s somewhat high since the propeller tip would extend 

past the aft end of the hub so a lower value of 8 degrees 

with a linear distribution was chosen. This lower value 

of r*ke results in a loss In tip clearance of 15 percent 

from the original propeller location but since the original 

tip clearance was quite generous this loss was not 

considered excessive. 
o 

The lifting surface procedure of Kerwin   does consider 

the influence of rake.   The Initial lifting surface pitch 

distribution is then used for a final thickness check to 

meet ABS rules and a subsequent lifting surface calculation 

is performed with the adjusted thickness.    The final 

thickness distribution is contained in Figure 9 and the 

final chord length d1stribul!on is oresented in Figure 10. 

The final pitch distribution Is presented In Figure 11. 

Included   in Figure 11 is the Troost pitch curve for 

P/D=0.73 and a comparison shows the effect of a wake 

adapted design and the hub length restriction.   The final 

camber distribution Is presented in Figure 12 with certain 

irregularities smoothed out.    These irregularities 

consisted of waviness in the camber curve around mid-span 

and It was thought that this slight waviness may cause 

kinks in the blade surface which are not too desirable. 

Complete propeller geometry 1s provided in Table 4. 

19 
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The choice of section shape and meanllne was based 

upon the performance requirements. The meanllne 

chosen for this design Is the NACA 65 elliptical meanllne 

and the elliptical distribution was chosen as the section 

shape which Is elliptical from the leading edge to mldchord 

and a fourth degree polynomial or parabolic aft of the 

mldchord. 

A last Investigation 1n this ph^se of the design 1s 

the extent of propeller associated vibration. Propeller 

associated vibration arises from two sources: 1) the 

unsteady bearing forces which are associated with the 

propeller blade operating In a spatially varying wake 

field and unsteady forces being Introduced through the 

shaft, and 2) the pressure forces which are associated 

with the rotation of the propeller past the hull. 

The unsteady bearing forces and resulting moments 

have been theoretically evaluated for this design using 
g 

a computerized technique developed by Tsakonas .    The 

predictions are contained In Table 4.   Past Investigations 

have indicated an unskewed propeller will exhibit high 

9. Tsakonas, S., Breslin, J., and Miller, M.L., "Correlation and 
Application of an Unsteady Flow Theory for Propeller Forces," 
Transactions of the Society of Naval Architects and Marine 
Engineers, Vol. 75, p 1B8-193, 1967 
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unsteady forces and 3 percent of the mean thrust for the 

unsteady thrust amplitude for this design Is considered 

high when compared to a ship like the 0B0 as reporteo by 

Valentine   The addition of blade skew angle has shown to be 

benef^lal In reducing these forces, but the use of a 

significant amount of skew angle in this design 1s not 

recommended due to reduced astern thrust and the Increased 

probability of blade damage when the propeller Is rotating 

In the astern direction in the presence of Ice. As the 

propeller rotates the thrust developed by one blade Is 

not constant but fluctuates as the blade sees the 

different velocities in the wake. These fluctuating 

forces set up a vibration in the propeller which ran 

be transmitted through the shaft to the hull and on 

to the power machinery. If the frequency of these 

fluctuating forces Is equal to a resonant frequency of 

the hull, severe vibration problems will arise. Fortunately, 

ir.ebrcaker hull requirements demand thick hull plating and 

10. Valentine, D.T. and Dashnaw, F.J., "Highly Skewed Propeller for 
San Clemente Ore/Bulk/Oil Carrier - Design Considerations Model 
and Full-Scale Evaluation," Society of Naval Architects and 
Marine Engineers STAR Symposium, Washington, D.C., August 1975 

21 
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therefore, the higher unsteady forces may not cause local 

hull vibration problems. The unsteady furce caused 

vibration transmitted to the machinery cannot be 

accurately predicted without a vibratory response 

analysis of the main propulsion machinery system. 

The second source of vibration problems arise from 

unsteady pressures Induced by the rotating propeller on 

nearby portions of the hull and appendages. These 

pressure forces are most dependent upon the clearance 

between the ship hull and the propeller, the blade 

thickness and the blade loading. It has been assumed 

that the peak pressures near a propeller vary as the 

distance squared of the tip clearance. The Incorporation 

of rake In this design has made the clearance still 

quite generous which would tend to decrease the effect 

of pressure related unsteady forces. Thicker blade sections 

have an increasing effect on pressure forces and unfortunately 

ABS rules have dictated thick sections for the design and 

this may cancel out any Improvements obtained through 

increasing the tip clearance. A symmetrical blade loading 

22 
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pattern as Is Incorporated In this design on the other 

hand tends to decrease the pressure force. Therefore, 

this design has one plus and two minuses In terms of 

unsteady pressure forces and a rough guess would say the 

effect of unsteady pressure forces Is low. A systematic 

Investigation Into propeller-Induced vibrations associated 

with hull-pressure forces has been reported by Van Gunsteren 

and Pronk . They investigated both single and twin 

screw ships of various types and the results are reproduced 

in Figure 13. The present design has been included in this 

figure and falls outside the area where severe vibration 

problems would be expected to be encountered. 

11. VanGunsteren, L.A. and Pronk, C, "Propeller Design Concepts," 
Proceedings of the Second Lips Propeller Symposium, Drunen, 
Holland, P 35-38, May 1973 
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SUMMARY AND RECOMMENDATIONS 

Series data predicted a propeller with a blade area 

ratio of 0.70 and a pitch ratio of 0.73 will have the best 

overall performance when considering all operating points 

and design requirements.    The final design has a wake-öiapted 

pitch distribution with a reduction at the hub to obtain the 

shortest possible hub length.    The hub Ipngth was reduced 

to facilitate propeller installation and removal.    During the final 

ship design, the propeller was moved forward, closer to the hull. 

A rake of 8 degrees, from the shaft centerline, was added to 

the, propeller to increase the clearance between the propeller and 

the hull.    Predicted astern operation at the bollard condition of 

85 percent will exceed the design requirements. Cavitation of 

sufficient severity to cause thrust breakdown cannot be accurately 

predicted but should only occur at the bollard condition if at all. 

occurrei.ce of air drawing and its detrimental effects also 

cannot be accurately predicted for this design.    Stress levels 

are low due to ABS requirements for section modulus.    Unsteady 

forces which can cause vibration are relatively higher 

compared vO propelle»" designed for reduced vibration, but 

without further detailed studies the potential for serious 

vibration problems cannot be accurately assessed. 

The 

?4 
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It Is reconmended that the full scale propeller be 

built as designed. It Is also reconmended that a model be 

built and cavltatlon performance at the bollard condition 

be examined to determine the extent of thrust breakdown. 
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Figure 1 - Series Prediction for «n 8.5-Foot Diameter Propeller 
Absorbing Full Power at Five Knots Ahead 
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Flcure 2 - Prediction of Astern Bollard Thrust to Ahead Bollard 
Thrust Ratio and Actual Astern Bollard Thrust 
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Figure 3 - Series Prediction for Full Power Flva Knots Ahead 
Condition for a 7.5-Foot Diameter Propeller 
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Figure 4 - Prediction of Occurrence of Thrust Breakdown 
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Figure 5 - Self Propulsion Performance of Mod«! 5336 Fitted 
with Stock Propeller 
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Figure 6 Series Prediction of Full Power Free Route rpm and Velocity 
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Flgure 7 - Wake Survey Velocity Component Ratios at Experimental Radii 
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Figure 13 - Limits of Cavitation and Hull-Transmitted Propeller Vibration 
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TABLE 3 

Stress Levels from Intermediate Design Phase 

r/R 
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TABLE 5 

U.S. Coast Guard Fluctuating Forces 

T 

Q 

Kj x 10' 

KQXIO 

T 

T/f% 

-4 

1232.2 

1194.2 

0.478 

0.544 

194.78 

383.73 

1661.8 

3072.6 

38287.0 

3.22 
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