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NOTATION

A Area of blade section

R
AE Expanded area, Z f cdrrhcd

A0  Disk area of propeller, vR
2

CA Correlation allowance

CD Drag coefficient of section

CL Lift coefficient of section at ideal angle of attack,

L/[(112) PVr2C]

CPS Power coefficient based on ship speed

CpS I  Inviscid power coefficient based on ship speed

CPT Thrust power coefficient,

(l-Wx ) (l-tanl) (dCTsi ldx)dx=(l-WT) IT/[( p/2) 7 R2 ]

CpTI Inviscid thrust power coefficient, see equation for CPT with e = 0

Cpmin Minimum pressure coefficient

CTh Thrust loading coefficient, TI[(1/2) PVA2Ao]

CThS Thrust loading coefficient based on ship speed, T/((112) pV2Ao]

CThSI Inviscid thrust loading coefficient based on ship speed

c Section chord length (subscript indicates the nondimensional radius)
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D Propeller diameter

EAR Expanded area ratio, AE/AO

F Factor for estimating local angles of attack,

1I[1 + 2wtan(oIs)ICL]

f Camber of section

f2D Camber required to produce specified lift coefficient at ideal angle
of attack in two-dimensional flow

G Nondimensional circulation, r/wDV

g Acceleration due to gravity

H Hydrostatic head at shaft centerline minus vapor head

J Advance coefficient, VA/nD

KQ Torque coefficient, Q/pn
2D5

KT Thrust coefficient, T/pn 2D4

L Local effective lift per unit area, (1/2)pVr 2CL

n Propeller revolutions per unit time

(P/D) 1  Propeller section hydrodynamic pitch ratio, ixtanp I

P Propeller section pitch

vi



I

PD Delivered power at propeller, 2wnQ
DI

PE Effective power, RTV

PS Power delivered to shaft aft of gearing and thrust block

p Local pressure

PV Vapor pressure

Q Propeller torque

R Propeller radius

Rn  Reynolds number of propeller, at 70 percent radius,

c0 7 [V2 + (0.7nD) 2 11/ 2/V

RT  Total resistance of hull

r Radial distance

rh Radius of hub
th

T Propeller thrust

t Maximum total thickness of blade section

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

U A Axial induced velocity at lifting line

UT Tangential induced velocity at lifting line

V Ship speed
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VA Speed of advance of propeller, V(1-wT)

Vr Resultant circumferential average inflow velocity to blade section

V x  Local longitudinal wake velocity, positive aft

VT Local tangential wake velocity, positive counterclockwise looking

upstream

wT Taylor wake fraction determined from thrust identity

wx  Local wake fraction

x Nondimensional radial distance, r/R; correlation factor for EHP

xyz Coordinate axes along which bearing forces and moments are resolved

Z Number of blades

Q Section equivalent angle of attack in two-dimensional flow

0I Ideal angle of attack required for shock-free entry in

two-dimensional flow

0 Circumferential mean advance angle, tan-1 V(1-w x)/(WxnD)}

01 Hydrodynamic flow angle

r Circulation about blade section

c Burrill thrust coefficient

Estimated propeller efficiency, CpT/CPS

"D Propulsive efficiency, PEIPD

viii



n1I  Estimated inviscid propeller efficiency, CPTI/CPSI

•w  Wake position angle about propeller axis in propeller plane, measuredfrom vertical upward, positive counterclockwise looking upstream

es  Skew angle in the projected plane measured from a radial line through
the midchord of the section at the hub to the radial line through thc
midchord of the section at the local radius, positive in direction
opposite to ahead rotation

0 Mass density of water

Pp Mass density of propeller

V Kinematic viscosity

Cavitation number based on vapor pressure, 2gH/V2

OHVM Hencky-Von Mises Stress, q[(p1ap - P2 + aP1+ p 212

OL Cavitation number based on vapor pressure, local wake and head,

2gHL/[V2 + (2rnr + VT)
2]

ap P Maximum principal stress

Subscripts:

E Value at endurance condition (80 percent of full power)

FP Value at full-power condition

Superscripts:

- Time-average value

Unsteady value

Ix



ENGLISH/SI EQUIVALENTS

ENGLISH SI

1 foot 0.3048 m (meters)

1 knot 0.5144 m/sec (meters per
second)

1 pound (force) 4.4480 N (Newtons)

1 horsepower 0.7457 kW (kilowatts)

1 long ton 1.016 tonnes, 1.016
metric tons, or 1016
kilograms

1 pound (force) per square inch 6.895 kPa (kilopascals)

x



ABSTRACT

The design process is presented for a fixed-pitch
propeller for a Cable-Laying Repair Ship (T-ARC). The design
specifications required that sufficient thrust be provided at
bollard and other low-speed conditions and that the endurance
speed at 80-percent power be 15 knots. The effects on
performance of various design parameters are also
considered.

The propeller is 13 feet (3.963 m) in diameter and is
designed to turn at 145 rpm at full power and 135 rpm at
endurance speed. Calculations indicate that this propeller
will perform satisfactorily at all required conditions.
However, cavitation will be present at both endurance and
full- power conditions and, if more than 6-percent margin in
effective power is required, 15 knots will not be attainable
at 80-percent power. Nearly twice the required thrust will
be available at the low-speed conditions.

Model experiments with the final hull and appendages,
and the design Propellers 4761 and 4762, indicated a
reduction in EHP and wake fraction and an increase in thrust
deduction compared to the data from the original powering
tests with a preliminary hull shape and stock propellers.
Comparison of the predicted performance of the design
propeller with its experimental performance showed agreement
within 2.2 percent for speed at the same rpm.

ADMINISTRATIVE INFORMATION

The work reported herein was funded by the Naval Ship Engineering Center

(NAVSEC 6144 now NAVSEA 521), NAVSEC Work Request N65197-78 WR82286 and

WR92009. The work was performed under David W. Taylor Naval Ship Research and

Development Center (DTNSRDC) Work Unit Numbers 1544-338 and 1544-343.

The English system of units was used in the original calculations

presented in this report. Therefore, all data are presented in English

units. However, the International System (SI) of metric units is shown in the

text in parentheses following the English units.

INTRODUCTION

The Naval Sea Systems Command (NAVSEA) tasked DTNSRDC to design a fixed-

pitch propeller for a Cable-Laying Repair Ship (T-ARC). The preliminary design
1"

for the propeller had been performed by Hydronautics, Inc.l, using the ship

particulars and hull lines presented in Table 1 and Figure 1, respectively.

*References are listed on page 13.
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The wake developed fronm this hull configuration is presented in Figure 2. The

lack of symmetry is the result of the strut and stern thrusters, while the

velocity deficit is the result of the enclosed inclined shaft and the strut

arrangement.

The propeller design at DTNSRDC was to be based upon conclusions

established by Hydronautics, Inc., and was to provide final propeller offsets

for construction. The basic design variables such as number of blades,

diameter, and area ratio were to be evaluated for expected ship design
variation and the related changes in the design specifications.

N4AVSEA set the following specifications for the design of the propeller:

1. The T--ARC will have two propellers with outboard rotation to reduce

the risk of fouling with the cable even though inboard rotation gives

higher efficiency.
2. The propellers will be driven by electric motors with a torque limit

of 260,000 ft-lbs for each propeller.
3. The number of propeller blades shall be four or five.

4. The diameter, D, will be 13 ft (3.963 m) unless it is advantageous to

change it. The maximum submergence of blade tips placed at the

baseline of the ship results in a tip clearance from the hull of

0. 230.

5. The propeller shall turn nominally at 150 rpm at full power.

6. The full power, or maximum available delivered power, will be 5000

horsepower per shaft. The ship must make 15 knots at 80 percent of

full power.
7. Thrust breakdown due to cavitation shall not occur at design draft

and trim conditions at full power, based on resistance predictions

including still air drag and specified margin on effective power. No

margin above this full-power point is specified for thrust breakdown,

and this requirement can be changed, if necessary, to obtain 15 knots

at 80-percent power.
8. The propeller shall provide a minimum of 50,000 pounds of thrust in

the range of 0 to 1 knot.

9. The thickness of the propeller blades shall meet the requirement of

American Bureau of Shipping (ABS) Class C Ice Strengthening. The
blade mean and unsteady stresses shall be below 12,500 psi and 6,250

psi, respectively, based on beam theory.

2



10. The model resistance data, with a correlation allowance, Co

0.0005, shall be used (see Table 2); this includes revisions to the
model effective horsepower to account for still air drag and a

6-percent power margin.

11. The model wake data in Reference 2 are to be used (see Figure 2).

The propeller drag coefficient used shall be based on the blade
section Reynolds number and the ITTC friction line.

This report describes the design process for the propeller, including

consideration of thrust breakdown at full power in the free running and

bollard conditions, time-average and fluctuating stresses, and
propeller-excited vibratory forces. The report also presents the geometry of
the model propeller. Appendix A presents the final geometry as corrected to

meet ABS Class C Ice Strengthening Requirements.

The design detailed herein was evaluated for propulsion performance by
model experiments. The results of these model experiments were reported in
Reference 3. The final geometry reported in Appendix A was not evaluated at

model scale.

DESIGN OF PROPELLER

The propeller preliminary design was completed by Hydronautics,
4 Inc.19 before the detailed design was undertaken at DTNSRDC. This

preliminary design yielded approximate values of diameter, rpm, delivered

power, and margin to thrust breakdown at both free-running and bollard
conditions.

The major characteristics considered in the final design of the propeller

were:

Radial Distribution of Loading2: The radial distribution of loading
corresponds to the Lerb's optimum distribution, which results from
lifting-line theory calculations for minimum shaft horsepower, taking into

account blade section viscous drag. The low inception speeds for tip-vortex
and hub-vortex cavitation that result from the use of Lerb's optimum load
distributions were not considered to be objectionable.

Skew: The magnitude and distribution of skew were selected from

considerations of propeller-induced vibration/excitation. Calculations were
performed, using unsteady lifting-surface theory and the wake measured behind

the model hull, to determine the pertinent components of unsteady bearing
forces and moments.

3



Rake: The magnitude and distribution of rake were selected to provide the

blade adequate clearance relative to the shaft strut and rudder.

Blade Width: The magnitude and distribution of blade area were determined

from the standpoint of blade surface cavitation and consideration of

propeller-induced vibration/excitation. Blade area is sufficient to ensure

that thrust breakdown does not occur at full power. Blade area was also used

to reduce the propeller-induced vibration/excitation in lieu of additional

sk ew.

Thickness,__Camber, and Pitch: The magnitude and distribution of blade

thickness were determined by ABS Class C Ice Strengthening Requirements. The

final camber and pitch distributions were determined using lifting-surface

calculations for NACA 66 thickness form and an NACA a = 0.8 mean line. The

stresses in the final blade configuration were calculated by finite element

methods.

Design calculations were performed to determine the effect on propeller

performance of the major variables listed above. However, most of the areas

are closely interrelated, making iterations between steps necessary. These

are discussed in more detail in the following sections.

PRELIMINARY DESIGN

In the preliminary design, the major propeller parameters, such as

diameter and rotational speed, are determined from considerations of vibration

and efficiency so the propeller will be compatible with the ship's performance

requirements and installed propulsion machinery. The preliminary design was

conducted by Hydronautics, Inc.1 before the start of the current detailed

design. Based on the results of Reference 1 and the design requirements, the

design was considered to be straightforward. DTNSRDC, therefore, chose the

following initial blade geometric characteristics:

1. The chord-diameter ratio distribution of the Troost series propellers

(Figure 3) was used.
2. The initial thickness-chord ratio distribution was that defined in

4
Eckhardt and Morgan (Figure 4, where the dashed line is
dimensional and the solid line, nondimensional). The required ABS

rule for ice strengthening was applied only to the final design.

3. The skew and rake were set at zero. These were to be adjusted later

if necessary.

4



The propeller design was begun using the above blade characteristics.
The design point was chosen to be that determined in the preliminary design
investigation arnd the experimental powering data was used as input to the
lifting-line calculations. 5

However, during the detailed design process, modifications were made to
the ship afterbody and appendages to improve maneuverability, which resulted
in a 7-percent reduction in the EHP. Only the final data are shown in Table
2. This and the need to reduce the predicted unsteady forces to less than 1

percent for both the unsteady thrust and torque for the present design
configuration combined to cause the following changes from the initial simple

geometry:
1. Linear skew was added to reduce the unsteady forces.

2. The blade area ratio was increased to aid in reducing the unsteady
forces.I3. The chord distribution at the root was modified to keep the hub size
to a minimum to prevent shafting problems with regard to propeller

weight.
4. Rake was added to position the blades clear of both rudder and hull.

During the first phase of the design process, the preliminary design point
was re-evaluated to define the sensitivity of the design to the various

parameters and as a check of Hydronautics, Inc., results. The parameters
varied were rpm, area ratio, diameter, and blade number. The results of these
variations are presented in Table 3. The design variations were investigated
for the maximum shaft-horsepower (including the 6-percent margin) condition,
rather than 15 knots, 80-percent power condition. The hydrodynamic pitch
distribution was that corresponding to Lerbs' optimum.

The rpm was varied to establish the maximum with the chosen geometric
and preliminary design characteristics. The variation of propulsive

coefficient is presented in Figure 5 as a function of rpm. The optimum rpm is
150, which is in agreement with preliminary design results; therefore, 150 rpm
was used when investigating other design variations. Figure 5 shows that the
design is relatively insensitive to variation of rpm.

The results of the blade area ratio variation study for the 150-rpm
propeller design are presented in Figure 6, where the dashed line represents
speed and the solid line, propulsive coefficient. As expected, both speed and

5



the propulsive coefficient decrease linearly with increasing blade area ratio,

for a fixed rpm. Increasing the blade area ratio improves the cavitation

performance.

Design No. I of Table 3 was then run at 80-percent power to ensure that

the 15-knot requirement could be met. The result, presented in Figure 7, was

obtained by fixing the hydrodynamic pitch, then calculating the required

thrust and propeller available thrust over a range of rpm. The 80-percent

power design point is where the thrust based on available power equals the

calculated thrust available from the propeller.
The propeller diamet- was then varied between 12 and 14 ft. The area

ratio was held constant and the thickness-chord ratio was corrected to keep
the stress constant for the new chord lengths. The resulting 12-ft optimum

propeller was 0.15 knot slower at a higher rpm than the 13-ft propeller. The
cavitation performance was worse, and if it had been improved by adding area,

the speed would have been further reduced. The 14-ft propeller design results

were nearly opposite to those of the 12-ft design; however, the predicted

improvements in speed (0.18 knot) and cavitation performance were not

considered sufficiently better than those of the 13-ft propeller to justify

allowing the propeller to protrude below the baseline of the ship.

The last parameter varied was the number of blades. The baseline

propeller was again used, but with five blades rather than four, with the same

blade area ratio and t/c and c/D distribution as with four blades. The

results showed a 0.1-knot increase in speed, a higher propulsive coefficient

(Figure 8), and a possible weight reduction at 145 rpm compared to 150 rpm of

the baseline.

The basic characteristics of the designs have been presented in Table 3,

along with various cavitation parameters. The diameter variation was

eliminated from consideration because there was insufficient performance

increase to warrant changing the diameter from 13 ft. Figure 9 shows where

the propeller designs of Table 3 fall on the Burrill Diagram6 . Designs 1

and 6, with an area ratio of 0.55, will have approximately 8-percent back

cavitation at full power. The other designs show that the amount of

cavitation can be reduced by increasing the blade area ratio and/or the rpm.
According to Burrill's 6 work, loss of thrust begins to occur when the back

cavitation exceeds 15 percent. Thus, designs 7 and 8 are eliminated from

consideration because they are predicted to have back cavitation over at least
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15 percent of their surface; designs 2, 3, 4, and 5 are satisfactory, but are
eliminated due to a) increased cavitation at a reduced speed, and b) at

reduced speed no substantial improvement to cavitation performance. These

designs might be acceptable if a reduced rpm or increased speed were

required. The designs for primary consideration are designs 1 and 6.
The bollard condition, for which each propeller must supply 50,000 lb of

thrust, was then considered. The non-cavitating bollard thrust was
approximated using the appropriate Troost open water curve to estimate, by

extrapolation, the KT and K Qof the propeller design at J = 0. These

parameters for all designs have been presented in Table 3. The calculated

thrust and torque available, assuming no effects of cavitation, are also
presented. Designs 1, 2, 4, 5, and 6 can provide the required thrust without

exceeding the torque limit of 260,000 ft-lbs. The torque limit is slightly

exceeded by design 3 at full power.
The thrust and torque values presented in Table 3 do not account for

the effects of cavitation. Therefore, a check must be made for cavitation, as
was done for the free-running condition, to ensure that thrust breakdown will

not occur at the bollard conditions of 50,000-lb thrust and full power.
Enkvist and Johanson7 have compiled data on numerous propellers

operating in the bollard condition and have developed a boundary for

occurrence of thrust breakdown. The results of this prediction were reduced

for comparison with the propeller of this design and are presented in Figure
10. The three designs (1, 6, and the final) presented here are for the

full-power condition. It can be seen that no thrust breakdown (loss of

thrust) should occur. The actual values of the plotted points are provided in
Table 3. Though not presented here, Prishcheniikhin8' also gives data on

thrust breakdown in the bollard condition. His results were extrapolated and
showed that there was little chance of thrust breakdown occurring. Therefore,

the previously chosen designs, designs 1 and 6 of Table 3, will meet the

specified propulsion requirements.
Designs 1 and 6 were then modified to include 30 degrees of linear

skew and an increased area ratio to reduce the high level of unsteady force
which, as determined by reference 10, resulted from the high shaft angle, the

shaft housing, and centerline skeg. The results of an overall vibration
analysis conducted by DTNSRDC Code 1962 favored the four-bladed skewed design
over the five-bladed skewed design because of the rpm for longitudinal

7



resonance relative to the design propeller rpm. The longitudinal resonanL~e

occurred at 192 rpm for the four-bladed design and at 156 rpm for the
five-bladed design which also required additional machinery stiffening.*

The final design was therefore the four-bladed propeller with a blade area

ratio of 0.78 operating at 145 rpm.

RESULTING GEOMETRY

The final lifting-line calculations were performed for the full-power

condition using the final value of all the pertinent design parameters. This

computation shows that the total absorbed power, P0 ,' at V = 15.95 knots isI
10,000 hp (7,457 kW) for the two propellers. The endurance power, P0 DE was

specified to be 0.80 times full power, P D; thus, P0E = 8,000 hp (5,966 kW.

Lifting-line computations were also performed for the endurance

condition assuming that the distribution, but not the total magnitude, of the

loading at endurance power is the same as it is at the full-power condition

(see Tables 4 and 5). This is a reasonable assumption because the advance

coefficient changes minutely between the full-power and endurance conditions,

assuming that the interaction coefficients are the same as obtained in the

model experiments of Reference 2 with stock propellers. Computations based on
the above assumptions indicate that V = 14.9 knots will be obtained at

endurance power.
The model pitch and camber distributions were determined using the

lifting-surface procedure of Kerwin1 (see Table 6) and are compared in

Figures 11 and 12 to the lifting-line values of pitch and two-dimensional

camber. These computations were made for the full-power condition. The model

propeller characteristics are presented in Table 4; a schematic drawing of the

propeller is presented in Figure 13.

STRENGTH CALCULATIONS
The final stress analysis of the propeller blades was made using

finite element procedures. Stresses calculated by finite element methods are

considered more accurate than stresses calculated by modified beam theory as in

*Defined informally by memorandum from Code 6144R, Ser 134, Res 1970.
Subject "IT-ARC, Propeller Design Status Report Based on Propulsion System
Vibration Analysis."
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Reference 4. The finite element calculations were conducted for the

time-average loading on the blade at the full-power condition. The radial

distribution of hydrodynamic loading was calculated by lifting-line theory

(see Table 5), and the centrifugal loading was calculated during the finite

element computations, using uniform chordwise load distribution.
Figure 14 presents the distribution of time-averaged stresses calculated

by the finite element procedure. The maximum value of the Hencky-Von Mises

Stress,aHV, for this propeller is 2,720 psi (18.76 MPa)

and occurs, at mid-chord, on the face of the blade at r/R = 0.30. This is

substantially less than the maximum stress calculated by the modified beam

theory (op = 6,692 psi) (42.12 MPa). The low values of stress are probably

due to the abnormally large thickness introduced for ice strengthening, and

are far below the maxivim 7llowable principal stress of 12,500 psi for the
steady condition and 18,750 psi based on the unsteady condition. Thus, the

blade stresses are cceptable.

COMPARIS(9; W- DESIGN AND EXPERIMENTAL PERFORMANCE PREDICTIONS
Hydronautics, Inc. Model 7809-9, modified to conform with References

12 and 13, was fitted with DTNSRDC model Propellers 4761 and 4762. The hull

modifications and the experimental results are reported in Reference 3. A

summary of the experimental data is given in Table 7. Those modifications,

which would influence the propeller design and which change the model from

that used for the original propulsion tests of Reference 2, are:

1. Increasing the diameter of the exposed shaft to equal the

diameter of the strut barrel and hull bossing.

2. Thinning and lengthening the skeg.

3. Fairing the stern transom/underbody intersection.

4. Decreasing the inside diameter of the thruster openings.
5. Increasing the rudder area by increasing the chord length at the

top.

These modifications reasonably account for the 6.4 and 5.1 percent reduction

in PE and (1-wT), respectively and the 4.1 percent increase in (1-t), shown

in Table 7, columns 1 and 2.
The lifting-line code was used with the final estimation of EHP,

(1-wT), and (-t) from Reference 3 to revise the full-scale performance

predictions of the designed propeller, and for comparison to the model test

9



results. These calculations were done by fixing the shape and magnitude of

the hydrodynamiic pitch, then calculating the required thrust and propeller

available thrust (for fixed power) over a range of rpm's for fixed (1-t) and

Pvariable with speed. The rpm at which the two thrust values are equal is
approximately the operating point. (These calculations are similar to the

design computations previously shown in Figure 7.) The results of these

calculations, presented in Table 7 (columns 3 and 4), predict an increase in

speed of 0.68 knots, an increase in propulsive efficiency of 0.05, and a

reduction of 1 rpm for the existing design, operating at full-scale conditions

relative to the design predictions.

Correlation of predictions and the model test results requires that

the performance prediction calculations be made using blade drag coefficients,

which account for the large difference in Reynolds Number between model tests

and full scale. This effect is not accounted for in full-scale predictions

using experimental data. In this case, the model blade drag coefficient at

0.7R is 0.011 compared to 0.005 for full-scale operation. Calculations made,

as above, using the model blade drag coefficient show reductions in speed of

0.3 knots, a reduction in rpm of 3, and a reduction in propulsive efficiency

of 0.05 relative to design predictions (comparing columns 4 and 5 in Table

7). Comparing these results (column 5) with the final model test results

(column 2) shows the predicted speed 2.2 percent less at practically the same

rpm, and the propulsive efficiency reduced by 7 percent.
Considering the large change in PEP (1-wT), and (1-t), and

assuming the scale effect on the propeller wake is negligible, the predicted

performance is in acceptable agreement with the experimental results.

SUMM'ARY

The design process was presented for a fixed-pitch propeller of a

Cable-Laying Repair Ship (T-ARC). The primary requirement was to provide a

minimum of 50,000 pounds thrust per propeller at bollard (and low speed) to

overcome the cable drag. A simple sensitivity study was done on the various

design parameters.

The resulting propeller design is 13.00 feet (3.963 m) in diameter

and turns at 145 rpm at full power and 135 rpm at endurance power.

Calculations indicated that this propeller will perform satisfactorily, but

that there will be about 2-percent cavitation at full power, and if the

10



included 6-percent margin is required, endurance speed for 15 knots may not be

attainable at 80- percent power. However, the required thrust at low speed

will be attainable.

Comparison of lifting-line predictions, revised by the results of

Reference 3 and the experimental results show the lifting-line predictions to

be reduced in speed by 0.3 knots and increased by 1 rpm, and the propulsive

efficiency to be reduced by 0.05. These results are considered acceptable,

taking into account the large changes in PE' (1-wT), and (1-t) due to hull

modifications and the use of the design propellers rather than stock

propellers.

Prior to full-scale construction, it was found that the shaft

diameter and propeller blade thickness did not meet the design specifications.

The new shaft diameter and proper ABS thickness rules were then used to

recalculate the blade thickness. Details of the change are given in Appendix

A. An example of this change is that the thickness was increased by 0.5 inch

at the mid-chord of the 0.7 radius. The thickness increase results in an

insignificant reduction in ship speed and no at the endurance condition of

0.003 knot and 0.005, respectively. There will be no effect on the

cable-laying operations.

I1



RE COMMENDAT IONS

It is recomnended that trials be conducted to evaluate performance,
considering propulsion, cavitation, strength and propeller-Induced vibration
as compared to the lifting-line and experimentally predictedd performance. Due
to the large changes in hull performance, it is recommendled that a wake survey
be conducted on the final hull configuration and that the propeller design be

evaluated with respect to these new data.
Recoimmendations with respect to the design procedures include the

fol lowing:
1. Better methods are needed for predicting changes in PE' (1-t),

and (l-~WT) due to hull and appendage changes, or additional
tests should be conducted. Using two stock propellers during

propulsion tests would be advantageous with regard to potential
changes in (1-t) and (l-wT) due to propeller-induced

velocities.

2. Improvement is needed in the prediction of the required power

and the prediction of propeller blade drag coefficient for both
model arnd full-scale.

3. Cavitation tests in the bollard condition should be conducted to

expand the limited data base in this area for future designs.

12
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APPENDIX A
MODEL AND FULL-SCALE GEOMETRY DIFFERENCES

The specifications of the T-ARC model and the full-scale propeller

geometry are slightly different. The difference between the propellers is the
maximum section thickness. Prior to full-scale construction, it was
determined by ABS inspection that the propeller did not meet the thickness
requirement of Class C ice strengthening and that the propeller shaft did not

meet the required ABS diameter.
The propeller thickness was not acceptable because the most recent of the

ice strengthening rules had not been incorporated. Instead, the rules for a
previous year had been applied. In addition, the shaft was undersized because

the ABS rules for standard shaft arrangements were followed rather than those
for enclosed shafting and oil lubricated strut bearings. Each item

independently would have required recalculation of the propeller thickness.
These deficiencies were not appreciated during the initial design process

because the propeller thickness distribution and shaft diameter were already
quite sizeable by conventional standards.

The use of the proper thickness equations as well as the new shaft
diameter produced an increase in the maximum blade-section thickness values

(e.g., 0.5 inch at the 0.7 radius). The resulting change in predicted
performance is insignificant, as can be seen by comparison of the revised

lifting-line calculations for both the full-power and endurance conditions,
Tables 8 and 9, respectively, with Tables 4 and 5 in the text. The revised

lifting surface computation is presented in Table 10 for comparison with Table
6 in the text.
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TABLE 2 - FINAL RESISTANCE DATA FOR T-ARC DERIVED FROM HSMB
MODEL TESTS AND NAVSEA CALCULATION (10/16/78)

Ship Speed, V Effective Power, PE with

Air Drag and 6% Margin

knots m/s hp kW

6 3.09 284 212

7 3.60 448 334

8 4.12 668 498

9 4.63 942 702

10 5.14 1303 972

11 5.66 1794 1338

12 6.17 2404 1793

13 6.69 3133 2336

14 7.20 3994 2978

15 7.72 4931 3677

16 8.23 6075 4530

17 8.75 7582 5654

Note 1: These effective power values are 7.14% lower than the

initial values provided.

Note 2: New estimates for the following were also provided.

1 - t = 0.830

1- T = 0.970
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TABLE 3 (Continued)

Equations and Calculations used for Table 3

(1) RPM Required to Provide 50,000 pound Thrust at Bollard
Condition (J = 0)

n = (T/pD 4KT)1/2 .(60)

(2) Torque at 50,000 pound Thrust at J = 0

Q = KQ P Dn 2

(3) Shaft Horsepower at 50,000 pound Thrust at J = 0

SHP 2MOQn/550

(4) RPM at Bollard for Full Power

n = (550.SHP/2wpD KQ)1/3. (60)

(5) Thrust at Bollard for Full Power

T = KTPn 2D4

(6) Torque at Bollard for Full Power

Q = 550.SHP/2wn
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DTNSRDC ISSUES THREE TYPES OF REPORTS

1. DTNSRDC REPORTS, A FORMAL SERIES, CONTAIN INFORMATION OF PERMANENT TECH

NICAL VALUE. THEY CARRY A CONSECUTIVE NUMERICAL IDENTIFICATION REGARDLESS OF
THEIR CLASSIFICATION OR THE ORIGINATING DEPARTMENT.

2. DEPARTMENTAL REPORTS, A SEMIFORMAL SERIES, CONTAIN INFORMATION OF A PRELIM

INARY, TEMPORARY, OR PROPRIETARY NATURE OR OF LIMITED INTEREST OR SIGNIFICANCE.
THEY CARRY A DEPARTMENTAL ALPHANUMER;CAL IDENTIFICATION.

3. TECHNILAL MEMUHANDA, AN INFORMAL SERIES, CONTAIN TECHNICAL DOCUMENTATION
OF LIMITED USE AND INTEREST. THEY ARE PRIMARILY WORKING PAPERS INTENDED FOR IN-
TERNAL USE. THEY CARRY AN IDENTIFYING NUMBER WHICH INDICATES THEIR TYPE AND THE
NUMERICAL CODE OF THE ORIGINATING DEPARTMENT. ANY DISTRIBUTION OUTSIDE DTNSRDC
MUST BE APPROVED BY THE HEAD OF THE ORIGINATING DEPARTMENT ON A CASE BY-CASE
BASIS.
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