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Abstract

A potential based Surface Panel Method (SPM) is applied to the hydrodynamic analysis

of modern marine propuslve device, i.e., podded propulsion system (PI'S) in steady flow.

At first the surface of the body is approximated by a number of small hyperboloidal

quadri lateral panel, with constant sources and doublet distributi(ms. The surface of the

trailing vortex sheet is also represented by hyperboloidal quadrilateral panels with

constant doublet distributions. The strengths of source <lnddoublet are determined by

solving the boundary vallie problem at control point of each panel surface satislYing some

boundaI)' cond itions. Effect of viscosity is incorporated to the potentia! solution using

Prandtl-Schlieting formula. The method Is first applied to analyze pod, strut and propeller

separately, then the combination of pod.strut geometry and finally the complete pod

propllision system, PI'S (Propeller +Pod + Strut).

Appling this method. the pressure distribution on the pod and strut lIsed in podded

propeller system are determined and compared with published re~ults. The method is also

u,ed to evaluate effects of h"b taper angle and pod-strut geometry on the open water

ehara~teriBtics of a fixed pitch SCrewpropeller "sed in podded propulsion system in

pusher configuration. The method i~ validated by comparing the predicted reSlllts with

experimental measurements.

Effects of huh taper angle on hydrodynamic characteristics are studied numerically in

terms of thrust coefficient, torque coefficient, and propulsive efficiency for a wide range

of advance coefficient In case of hub taper angles of 0°, 5",10°,15°,20" and 25° in

pusher configuration. The effect of pod-strut geometry on the hydrodynamic

vi



characteristics of tapered fi"ed pitch SCrewpropellers used in pusher podded propulsion

system; has also been studicd nllmerically. Different pod-_,trut configllrations arc

modeled for tapered hub propellers with hub taper angles 01'0°,5", lIJo, 15°, 20a and 25°

respectively. 1n this case, only the characteristics of the propeller are predicted in

pre,ence of pod"strut geometry (propeller with pod-strut). In other word, blockage effect

due to the presence ofpod-,lrut body is taken into account ignoring the losses due to skin

friction imposed by that body.

Maior findings include well agreement of results predicted by the method with

measurement, ,ignitieant effects of hub taper angle On hydrodynamic characteristics of

propellers, c()llsiderable increase in hydmdynamic characteristics of propeller- when pod-

strut body is aUaehed forward to it in pusher configuration.

'" ", .•
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_CHAPTER!

1. INTRODUCTION

1.1 Background

O,er the last decade, a new type of pm pulsion named "podded propul~i(ln" is becoming

increAsingly popular as an alternative to 'hmvcnlional"' diesel-m""hanical or diesel-

elcctri~al propulsion especially in cruise ships. A synergy of present day concept of

azimuthing tbruslcr propul>iol1 and maneuvL7ing, die,el electric prop"lsion along with

important hydrodynamic aspects, automation systems, etc. finally resulted In a brilliant

idea of including an electric motor inside the thruster hub driving me propeller directly,

which i, now ~Olnmorrly known as "podded propulsion". Thus the "pod" concept

eliminates reduction gears. d,i,ing shafts, support bearings. stern rube; and finally

rudders if azimlllhing pods arc \lsed. The major advantage or thesc units Over

conventional propellcr ba.,ed system is their ability to provide thrust in all directions,

giving: high maneuverahility and good sea-keeping. Due to the aoovc-mel1tioncd key

benefits along with ''''ne other associated advantages. pods are also receiving increased

attcntion for other type, 01' ships like tankers, icc-going vessels, supply vcssels, semi-

submersible, etc, ben tor naval ships whcrc the concept of "all electric ship" i, gaining

popularity. poddcd propulsor., remain as lhc only solution. Podded propulsion i, also

being secn a, an option tor ;ncreA,ing existing power, i.e., spced or a, repl~ccmel1t for

c(}n'enlional azimuthing lhrusters for bCller st.1tion kecpillg dynamic po,itioning

eapabilit}, Despite these adv~ntages, podded propulsion syslems have some

disadvantages. ~uch as high capital cost, bearing: failUre and some other struetore

problems. Basically, two types of pod propulsion systems are used in the marioe Industry,

ll~mcly, plisher pod propulsion "ystem and puller pod propulsion system, In a pusher pod

,
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propulsion system, the propeller is aUached to the after end of the pod, so that the

propclb pushes the unit. On the other hand. in a puller (also termed as tractor) pod

propulsion system, the propeller is attached to the fore end of the pod, so that the

propeller plills the unit.

Since ships with pods register acccptahle performances. an extensive amount of research

work has oeen carried out hoth experimentally and theoretically to evaluate

hydrodynamic characteristics of podded propulsion system. However, more investigation,

are underway and still require to be established for beller computatio~aI techniques

satisfying full-scale p~rformance ill the field \1f resistance, propulsion and especially in

maneuvering. Operating experiences and their contInuous feedback to manufacturers and

research ~st~blishmel1tsarc key element, for further improvcment on pod d~sign and their

construction for future ships of various types and si£es,

Naval architect" marine ~llgineers, hydrodynamici,t, mathematician, ship OWner, and

manufacture"" have to 'Worktogether to accomplish ~n ultimate goal of safe, reliable and

comfortable ship to opcrate. Still a lot of new challenges exist because of future wider

applications of pods as modern marine propulsive devices. However, they need to be

dealt with caretul res~arch, pianning and implementation.

1.2 Ob,jective oftbis Research

The main objective of this research work is to analyze pod propulsion system for

detcnnining pressure distribution anJ the magnitude of hydrodynamic forces On the

propulsor of known gcomdry and known operatiollal paramet~rs. Finally the effects of

,



hub mp~r angle and [X'd-strul geometry on hydrodynamic characterislics of [X'dded

propeller, in pusher configumlion are also studied,

'J he following steps are applied to llChiev~lhe objeclives:

-To review previous re,earch work and collect data for geomelry "fpodded propulsion

s>stem, i,e" size of the pod and slml, propeJler diameter and its pitch distrlbulion,

maximum thickness and camher distribulion. mh distribulion. skew distribution and

seeli"nal data of the propeller bl~dc, i.e,. chord"ise thickness and camber distributions

and wllect also published numerical/experimental results.

-T" model lhe bodies with a number of hyperboloid quadril~teml [mnels.

-To develop and cxtend a computer programs to analyze the bodies using surface [mne!

method considcring steady potemlalll"w around it.

-To compute velocity and pressure distribllti"ns on lhe body.

-To compute hydrodynamic characterislic.'. i.e.. thru,!. torqu~ and performance of the

propell~r.

- T" add viscous effeet to the potential Solulion.

- 1'0 v~lidale predicted result, comparing with published experimental values.

-To invcstigate the eff«t of hub taper angle and pod-strut geomelry on the

hydrodynamic characterislics of the podded propulsion system.

1.2.1 Effects of Hun Taper Angle

To streamline the pnd profile, the hub of the propeller can be tapered at a eertain angle.

rhat is, a more conically Ihaped hub is usually used tor a poddcd propeller, mther than

thc 'lraightcr or cyllndrical hub ",ed in conventional fixed pilch propellers: Ilub taper

angle is usually measured at the blade rool section about the geometric center of the



propeller. Positivc hub tapcr anglc is used for push podded propeller configurations and it

reduces ilie diameter of the straight hub in dowllBtrcam direction. Negative hub taper

angle reduces the huh diameter ill !he upstream direction and is used in puller propeller

configurations_ A numerical study of effeds of hub taper angle on hydrod}'1lamlc

characteristics of the model propeller is done in terms of propeller open water

characlerislics, namely thrust coefficient, KT, torque coeffiCIent, KQ, and propulSIve

efficiency, TJ, versus advance coefficient, .f. The calculations are done for hub taper

angles of 0°, 5', 10', 15°,200 and 25",

1.2.2 Effect of Pod-Strut Geometry

In a push type podded propulsion system, the pod-strut body slay~ forward of propeller

",hile operating in normal opcrating mode. Duc to the presence of the pod-strut hody

forward of the propeller, the flow field (operating environnlent) around thc propeller

changes, which affeds the hydrod}'1lamic perfonnanee of the propeller. The prediction of

the elTed" of the presence of the pod-strut body in push conJiguration on hydrodynamic

characteristics of the propellcr is perfomled in this research work. Another numerical

study has bcen perfonlled Oll the effect of pod-strut gcometry on hydrodynamic

characteristics of mpcred fixed pitch propellers used in pusher modc. This study has also

been done in tenus of thrust coefficient, K r' torque coefficient, KQ, and propulsive

efficiencY,1/ , for a wide rangc 0(' advance coefficient, J, for six pod-strut eonllgllrations,

Ilanlcly PS HO, PS H5, PS HIO, PS HiS, PS H20 and PS H25, Tn th,S case, only the

perfonnance of thc propellers is predicted, not the perfonnanec of the whole lInits

(propeller with pod-strut)



CHAPTER 2

2. REVIEW Of' RELATED WORK

A review of podded propulsion 'YBtems is the primary focus of this chapter. A brief

summary of (h~ major experimental and numerical wmk which have been performed On

podded pmpuloor< ,ince the introduction orthi, pmpulsion arrangement is then presented.

2.1 Podded Propulsion System

The podded propul,ion system is a modem ship pmpulsion concept. A podded propulsor

detincd as a pod hOllsing an electric mOlur, which drives an external propeller. In the

podded propubion ;ystem, the arrangement of the traditional propul>ion system (i.e., a

propeller mounted at the al1er end of a long shan supported by struts and a rudder

mounted aft of the propeller) is essentially modified. Far a podded propuiso', a fixed

pitch ~Crew propeller is fitled at the fore/aft end of an azimuthing pod (generally a body

of revolution big enough to enclose an doctric drive and other relatively smaller

accessorie;) located at the ship's Btern. An electrical mOlor located inside the p(><!drives

the propeller through a short ,haft. The pod is attached to the ship hull by a streamlined

strut and a slewing bearing alTIlngemellt, both of which have azimuthing capability; thus

the whole pod-,trut structure can rotate 360'. The thrust prodlleed by the propeller can be

directed in any horizontal direction, thlls diminating the need for a rudder. The prime

movers/generalors are usually located topside of the slrut or elsewhere in the ship.

reqlllring only electric ~able to the pod. A pair of podded propulsor ~y-,tems is shown in

Figure 2.1 and a ;chematic view of the major components 01'3 typical podded propulsion

5



system is shown in Figure 2.2.

Figure 2.1: A pair of podded propulsor system under a hull.

Hydraulic Steering Unit

Installalion Block

Strut

Pod/Shell

,Stipring Unit (Power/Data
. Transmission)

,

Gearing

Pod
Nose

Dearing

Electric
Motor

Shaft line

Shaft Seal

FP Propeller

l'igure 2.2: A schematic diagram of podded propulsors showing its major components.

Basically, two types of pod propulsion sySlem8 are used in the marine industry, namely.

6
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pusher pod propulslon system and puller pot! propulsion system. In a pusher pod

propulsion system, tile propeller is attachet! to the after end of the pod, thus the propeller

pushes the unit. In a puller (also lemlet! as trdctor) pod propulsion system the propeller is

attached to the fore end of the pod, thus the propeller pulls the unit.

The use of a mechanical allmuthing pod system with the englne conncded to 8 propeller

through shafts and mechanical coupling has been widely used, especially fOT its

outstandlng manoeuvring 'lualities_ However, the usc is limited 10relatively small vessels

due to limitalions in installed power. The idea of placing an electric engine inside the pod

.\hdl solved the problem of deliveret! power, making the new system attractive for big

cruise ships, large tankers, ice breakers and ferries with diesel electric propulslon. The

pod propulsion systems have proven to be a very auradive alternative propulsion system

lor ship Owner:s(especially for large commercial vessels). The reason lor this may be due

to the fad lhat this propulsion system offers enhanced hydrodynamic efficiency and

improved manoeuvering perfonnance.

2.2 Advantages of Podded Propulsion Systems

The advantages ofazimulhing-podded propulsor are numerous both from a structural and

hydrodynamic point (}f view. It oners both shipyard/construction bcnefit~ and

owner/operator benefits, In additiOI1to several advantages offered by electric PTOp"l,iol1

in general, vessels built with propuhioll pods have several advantages over their

mechanical gear, shafted propulsion counterparts. A general discussion on various

advantages i~presented as follows:



2.2.1 Structural benefits

Simple hull form; The entire pod body hangs undcrncath a ship's stern, thus reducing

machlncry space required in hull. The removal of long shafting. bearing and reduction

gcars reduccs the hull volume required for podded propulsion machinery resulting in

simpler hull fonn, which ultimately iucreasc cargo space (reduced vessel size)

lTrouwborst, 1998 ; l,avilli. 1990 and Lepei", 2001].

Fa,y installatioll aod maintenance: Main machincry is acccssible for removal and

repla,ement Instaliution aod replacemeot of pods can be quicker and simpler than that of

,onventional shafting. The pod ,-an be fabricated and tested in a shop and in,tallecl as a

module: whereas conventional shafting requires alignment and components inside the

hull. While shaft seals are required for each of the bulkhe-ad aocl hl,11penetrations in

convcntional shafting, a podded propulsor requires ooly the gland seals in the pod

[Trollwborst,1998].

Increased survivability in case of structural damage. [Trouwborst, 1998J

Rednced construction cost: The elimination of the mechanical components reduces

shipyard/supplier coordination work. Simplifiecl Stem shape ",duces building costs

r'l'rollwborst, 1998 anclNocod and Simon, 1998].

2.2.2 Hydrodynamic benefits

Impro\'ed power/speed curve: The powcr/specd curvc is improved, duc to thc absence

of appendage;: rudders. ,hafts, hrackets, and aft lateral thru,ters. The additional power

required to overcome pocl resi"tance is onl} a portion oflhat saved clueto the removal of

convcntional appcndagcs. Thc tinal improvement is not yet easy to predict, but is

8



sufficient for considering pod~ as an aUmetive .,olution especially for larger vessels

[Laukia. 1~%and Trouwbor>t, 19~XJ.

Improved cavitation performance: III a tractor/puller pod propeller the flow is more

unifonn than it is with a pu,her pod or conventional shaft propeller resulting In

maximized cavitation free forward speed (lower wake variatIons in inflow to propeller).

The propeller In puller mode can be axially aligned with the inflow to minImize inflow

angle variation to the propeller blade. 'j he resulting advantages arc decreased unsteady

forces, decreased vibrations, decreased elrcumferen!ial variations in blade loading and

inflow velocity, resulting in imprmed cavItation performance with regard to Inception

speed. e~[en! of cavitation. and cavitatIon related erosion [Rains and Vanlandingham,

I~81 ; Raynor, 1998; Pustoshnyand Kapmntsn . 2001J.

Potential of quietness: Another advantage is its potential for quielness. The gear noise is

avoided by U';ing an elec!rie motor, Reversal of propeller rotation is achieved either by

using switchgear or by rotating [he entire pod unit through 180', enabling a fixed-pitch

propeller to be used and t1ms eliminating the hydraulic noise and large hub associated

"jth controllable pitch propeller:.. The reduClion of cavitation also reduees cavitation

related noise [Trianta!y!lou et aI., 2003]

Lower appendage drag: Appendage drag is reduced by replacing opcn shafts and

multiple struts wilh pods and a ,ingle strut. Thrust developed by the propcller; can be

directed any"here within a 360' compass because ot'the azimuthing capabilities of the

whole unit Rudder and skegs may bc removed, which re,ults in lower appendage drag

[Trian!afyllou et 'II., 2003].

[Jctter hydrodYllamic performance: Provided thai the same hull fonn is used, the

propulsive perfornmnec of a podded propulsion systcm diminishes a lillie wilen used in

place of a convcntional propellcr rudder arrangcment (because of the additional resislance

9



of the pod-stnn bodies). But whe~ a podded pwpulsor is used as the main propulsion unit

of a vessel, an impruved buttock /low ,lem shape with lower hull resistance can be filled,

which leads to excellenl inflow characteristics and small cavitation exlents on the

propeller blades. Thesc lead 10better overall performance of thc propulsiun unit. Design

ncxibility about the locatiun of the engine room and exelusion of long shaft line and

brackets also lead to impraved arrangement and hull efficiency [Mewis, 2001 and

TrianM'ylloll el al., 2003]'

Hctter manlleuvring performallcc; Substantial impravement of manoeuvrability is

achieved when a podded prop"lsion sy,tem is used. The crash stop distance is almost half

lhe distancc of " open shaft propeller of similar arrangement and the vessel remains

manellverable during crash stop [Toxupeus and LocfC 2002]. The steering capabilities is

,ignificantly greater than with conventional rudder 'ystem and th", any stern thrllster

needed with a conventional propulsian can be eliminated.

P~opulsion ~edundaney; In contra-rotating podded propulsion systems, propulsion

redundancy i, achieved with twa independcnlly operating propdier.s [Triantafyllou el aI.,

2003]

2.2.3 Benefits related to electric p~opulsion

Rednced total installed power generation [Triantafyllou et aI., 2003]

Reduced total fuel consumption and exhaust emissions: High ruel efficiency because

the prime move", most often medium speed engines, can run at optimum power

[Triantafylloll et ai., 2003]

More enyironment frielldly; This propulsion sy~tem is more environment friendly there

is practically no risk of oil leakage [Triantafylluu et al.. 2003].

10
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The flexihility and eeunomy of mullipower level operation [Triantaf)dlou et aI., 2003].

Simple and reliable revc •.•ihle eapahility rrriantafyllou et al.. 2003J.

}<'Iexihlcoperation Over a whole rpm runge, thanks 10 roller hearing [Trlantafyllou et

al.. 2003 J

High power density lind .mall size or components LTriantafyllouet al., 2003]

Simple I1xed pitch propeller is used: Instead of controllable pitch propellers, more

reliable I1xcdpitch propellers can be u;ed. An electric motor can operate at zero number

of revolution hence fixed pilch propeller can be used at low sail speeds [friantafYHou et

~l.. 20031.

Le;s noise and ,'ibrat;on: Generators can be placed at remote position, where they

produce least noise and vibrations. This is very easy because no mechanical links exists

between prime move,." and propulsion LRains and Vanlandingham, 1981 and Terwisga et

al.,200IJ,

Podded propulsion looks more aUractive especially for diesel electric twin screw vessels

fitted with pulling propellers. H has been shown that for this case a better hydrodynamic

perronnance. beu~r maneuverability and higher comfort standard on board can bc

achieved [La"ini, 1990]. It certain Iy opens a po~>ibility of an innovative ship stern design

with respcc! to ship resistance,

2.3 Disadvantages of Podded Propulsion Systems

The poddcd propulsion systcm has brought with it some structural and hydrodynamic

drawhacks. A recent study [Carlton. 2002] found that the sources of failure on podded

propuhors are mainly due to failure of hearings, seals, e1~ctric,cavitation, grounding and

"
•
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shafting. The main disadv'lI1tages of a podded propulsion 'y,lem are summarized a<

follows:

2.3.1 Structural disadvantages

Morc exposure to damage: The drive motor is mOre e~posed to damage from

grounding Orcolli,ion (Triatlwlyllou et al., 2003]

Difficulty ill mnintenancc: The drive motors are less accessible from inside the hull, so

maintenancc is more difficult [Triantafyllou et aI., 2003].

Insufficient lu brication to the bcarillgs [Triantafyllou et al.. 2003].

Structural risks offaligue fnilurc aud vibration of a heav)' unit suspcllded on a strut

[Carlton. 2002].

High iD~estmClltcost [Triantafyllou ct aI., 2003]

2.3.2 Hydrodynamic disadvantages

hlcreused drag: Incrcascd drag heeausc of pod [TriantatyUou et aI., 2003].

Reduced course keeping ubility: A design conscquence of thc application of pods is lhal

freedom is obwincd to design a very flat all ship, which is often favorable lrom a

resi.,tance poinl of view, and crcates a very homogeneous flow towards the pods. The

open aft ship posse<ses lillie laleral resistance; hence the COurSckeeping abilily will be

small, especially for ,ing!e unit installalions. In geneml, the podded ships are more course

unstable than conventional ships [Terwisga el al.. 2001].

Lurge heel allgle: Large heel angle occurs in ships Wilhpodded drive while turning. The
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pod, are very powerful steering tools. The side force that can be generated is so large that

the steered vessel Can ;uffer from very large heel angles [Terwlsga et aI., 2001],

Excessive rull: E~ce5sive roll occurs due to smaller lateral force a_ailable in the hull

[Toxopeu, and I.oeff. 2002].

NeCl'ssil)' of operating a hea,y unit: Necessity of operating a heavy unit even for a

minor course change and course keeping [TOXOpcU5and LDeff,2002J.

Detailed design work: The design details may need refinement and pod <lnd<1fthull

configurations must be fully integrated and optimized [Terwisga et aI., 2001].

2.3.3 Bearing problems

Among man}' problems that faced in operations with podded propulsors, the bearing

problem is the one, "hieh ha, given most trollble.

• rhrust bearings operate in a conf1ned space inside the pod body and the dissipating heat

has led to some dirficuities [Carlton. 2002].

_Radial bearing' (siewing and shan. bearings) have to sustain perpetual movements as

the vessel maintains a course, while dealing with the lateral thrllst from the whole unit

hanging beneath the hull. These require the bearing to be manufactured with high order

engineering precision [Carllnn, 2002J.

The main problems for a podded propulsor are the dimensions and weight of the e1edric

motor. the Ipeed control of it and the bearing and sealing problems. Until recently the

power density of the electric motors is insufficient resulting in large and heavy electric

motnrs for relatively small powers.
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2.4 On Podded Propulsion Systems

The podded propeller arrangement is inlti~l1y used in icebreaking cargo ship~. Ils

application has e"tended te>large cruise ships, lanken;, cruisers and high speed research

vessels. The technological knowledge lcvd on this arrangement lags behind its practical

application,. 41tbough a good numher of model and fuil-seale tests, and some numerical

work have been done to enhance the knowledge, lhere are still knowledge gaps,

especially ill the understanding of their hydrodynamics. While azimuthing propul,ion in

the form ()f low-power electric, hydraulic, or right angle gear-driven steerable thru~ers

has been around in the practical field for nearly half a century, it has been only in lhe ia,t

decade lhat electric motor technology has advanced to the point where implementation of

high-p()wer azimuthing electric.drive propuisors has become practical for primary

pr()pulsion [[Trianlafyllou et al.. 2003]. In the 1960's, the pod propulsion systems (that

housed a right angle mechanical drive system to power the propeller) arc lIsed f()r the first

time. The main application of those early strut-pod systems is to provide pmp"l,ion to

hydrofoil ,hips where the entire strut, pod and hydrofoil could be retracted out of water

[Karafiath and Lyons. 1998].

2.4.1 Experimental Work on Podded Propulsion Systems

Hydrodynamic model teSI\ are conducted On SOme fixed (non.azimuthing) pods, in

which a large pod "ith propeller is fi"ed to the hull and a rudder at the trailing edge ofthe

hull pmvided f()r steering in the 1950's [Karafiath and Lyons, 1998]. These'studies are

done on several design concepts with the goal of Improving propeller cavitation and

powering ii" an escort type ship. An early but detailed investigation into some
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hydrodynamic is.•ues such as pod-slrut total drag and full-scale power prediction of

vessel; fitted with podded propulsors (not azirnuthing) is done by Rains and

Vanlandingham (1981).

Halsten,en and I eivdal (1990) discu,;sed various hydrodynamic and mechanical aspects

of a lraelOr lype podded prop"lsion ~ystem SPEEOZ. Several model tests and fuil-;cale

measurements of this high-sp~~d craft propulsion sy,l~m are discussed and lhe system is

reeomm~l1ded as a promising alternative for speeds up to 50 knots. Chen and Tseng

(1995) presented a de~jgn procedure ofa contra-rotating propeli~r with a tractor pod for a

high-speed patrol boat and measurements of power and cavitation behavior. Laukia

(1996) discussed various hydrodynamic issues related to the design and lI~e of a

commercial azimuthing podded drive Azipod. Niini (19(7) pertormed a similar study

and discllslecl various hydrodynamic aspect, of Azlpod, especiaiiy from efficiency and

manoeuvrability points orvj~w as applied to large cruise ships.

Kurim(}(I y'm) prescnled "'" trial results On general hydrodynamic issues such as ~peed

trials, cavitation observation, pressure pulse measurement and manoeuvring tests.

Facinelli and Muggerldge (1998) presented an integralcd syStem analysis eonsisling of a

mathematical model for cost., and perfonnanee of the main components of podded

propulsion for surface combatant., for the US Navy. Karafiath and Lyons (1998)

presented a ,ummary of analY7edresults ofmoclel experiments on powering perfonnance

and other hydrodynamic characterlslics "fpod propulsion done by lhe US Navy over a

p~riod of 20 years. The authors also discussed several hydrodynamic issues. Raynor

(1998) diseLL~.,edthe prospecl" design issues and some manoeuvring characterislic, of

podded proput,ioll in the ofIshore market e,peeiaiiy for monohuil and semi-submersibles.
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Noeod and Simon (1998) discus>ed the configuration and special benefits of using the

commercial e1eetric propulsion system Menllaid"'. Kron and Holmslrom (1999)

pre,ented extensive model test results rcgarding propulsive perfonnance, cavitation and

pressurc p"lse performance on Mennaidn, propulsion syslem. The paper also gives a

comparis[)n hetween model t",ls and CFD ca!culali"n, and also between a conventional

propeller arrangement "",ithrudder and the Mermaid lM propulsion system.

Bose et al. (1999) briefly discllsscd general power extrapolalion methods and test

procedures for podded propuisors. Karafiath and Lyons (1999) presented detailed

measurements and anaiyses of tests Conducled with a view to have better understanding

on the hydrodynamic characteristics of podded propeller concepts as applied to fast naval

Backlund and Kll11skoski(2000) discusscd variou, design featurcs and henefits of using a

conlra-rotating propeller with a podded drive, demonstrated "",itha case stlldy. Lavini

(1990) provided some guidclines f"r hull design for twin screw ships "",ith podded

propulsors. The author also pre~ented some sea lrial results of exisling ships \\lith new

podded propulsor> and a propeller design procedure for podded propulsors. Pustoshny

and Kaprantsev (2001) presented result, of observations "f full-scale propeller blade

cavit31ion patterns carried out on the pHsscnger ,hip E:iation, equipped with AZIPODS.

Lcpeix (2001) discussed different hydrodynamic issues sueh as power/speed curve, ship

wake and pressure []u~luation and manoeuvring pertormance of large cruise ships with

podded propllbop.; and discussed the new trends in hllil lines of large podded driven

cruisc ship'_ Terwlsga et at. (2001) discu,sed some critical h}dmdynamic issucs and

design consequences of several steerable th""ters and podded pmpulsors and put them in
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an historic perspective.

Mewis (2001) described model lest, procedures and presented the result, obtained on

podded propulsors giving the elTecls of the presence of pods and propeller gap pre%ure

on tile propulsive efficiency of the pod unit. Carlton (2002) presented >orne design and

,>erviceexperience of podded propulsors while discussing some critical ;;5ues related to

failure of the propul,ors. The author also provided a case study to demonstrate various

causes of failure of pods and th~ir po"ible solutions. Kim and eh"i (2002) investigated

powering performance of lhre~ different propulsion sy,tem, for ultra-large container

vessels through variO\lSmodel tests and concluded that the contra-rotating azimuthing

podded propulsor is a scriou, altenmlive. 'Ioxope\ls and wefT (2002) presented vario\ls

aspects of application of pods from a manoeuvring viewpoint, comparing the

manoeuvrability between a ,hip designed with conventional propulsion and pod

prop\llsion and highlighl~d lhe benefits and poinls of altention of using pod propulsion .

.[I'agardh et al. (2004) pr~~ented the results of model le~ts and sen trials done OnDouble

Acting Tankers (DA"I) showing good propulsive, manoeuvring and' cavitation

perfOmlanCC. TriantaJ)'llou et al. (2003) presented some preliminery results of

expcrim~ntal investigation of propuisor induced manoeuvring forces and moments of

podded prop"lsor,with emphasis on lhe application to nonlinear vehiele maneuvering

dynamics.

2.4.2 Numerical Work on Poddcd Propulsion Systems

While considerable experimental "'ork has been pcrfoml~d on podded propulsion over

l'
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the last two decades, th~re i, relatively little work on the hydrodynamic pertormance

using numerical methods, such as panel method, and viscous flow method. The numerical

methods used to model and predict the perfonnanc~ is primarily the panel method. An

early application of the potential flow method to predict the hydrodynamic performance

of hull fi)rm~ with podded propulsors is presented by Cheng et aL (1989). The authors

\lsed a free surtace potcntialllow mdhod to generate a complex model for tractor-type

podded propul>ors appended to a l54-toot transom stem research vessel, RlV Athena and

computed the flow field around the hull and thc appendages. The ~teady flow induced by

the propulsor is simulated by an idealized propcller model (actuator disk) based on

Rankine's momenlum theo])' of propeller action, lntem~tjve graphics are used in

con.iun~ti,m with preprocessors and postprocessors to veritY the geometric data and to

vi~ualize the computed flow field around the hull. Thc flow visualizati'lTI i~ used to

examinc the proper alignment of the pod/strut system "ith the aim of obtaining thc

optimal flo" into the propeller. Computational re,ull' are given at design speed for two

arrangements of pod-strut system;: "ith and without thc actuator disk (to approximately

represent a propcller) to examine the upstream effects of the actuator disk. The

predictions of the three components of local velocity as presented In vector and contour

plots in tlle propcllcr plane agree well with the measurements_ Harmonic analyses of the

propeller intlow in lhe presence of tile pod-strul are perfonned and the absencc of any

higher ordcr hamlOnie, in the velocity components confirmed the tact that the podded

propulsion produecs a more uniform propeller inflow and improvcs propeller

performance.

Kawakita et al. (1994) presented a _,,,rface panel method to analy~e the hydrodynamic

perfonnance of a hydrofoil system consisting of hydrofoil. strut and pod configuration.
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The~ u,ed a low order potential-based surface panel method in which the hydrofoil, strut

and pod are represented by hyperboloidal quadrilateral panels with a constant source and

dQublet distrib\ltiQn and the trailing VQrtexwake Is also represented by h}perbololdal

panels with a constant doublet distribution. Free sutfaee effect is taken inw consideration

by Introducing the negative image Qfthc bodies. A Ne'>Vton-RaphsonIterative method is

adopted to solve the nQnlinear functions re,ulting from the Kutta condition Qf equal

pressure 011 the upper and lower ,urfaces at the trailing edge. The velQcity distribution,

pressure distribution, lifl coeffcient and e~vitation number are calculated using st~ndard

formulations. Validation of the code is done ~gainst measurements done in the tQwing

tank and cavitation tunnel at Nagasaki Experimental Tank.

Szantyr ( 200 I) presented a surface panel method calculation of hydrodynamic analysis of

podded propulsor perfonnance with validations. A low Qrderquadrilatcral nat panels with

constant distriblllioll of dipole strength over the propulsor system CQnsisting of two

propellcrs, pod, strut. two sidc winglets and duct around the back propeller is used.

Simi1~r distribution is used OVCrthe wake too. Interaction effects between dilTerent

rotating and non-rotating elements of the system arc taken ill to II.CCQuntin simplified

fi,rm. The resulting solution of potential !low around the propulsor is supplemented with

the calculation of parameters of viscou~ wake behind stationary elements of the

propulsors based Qn simple scmi--ernpirical fmmulations. The velocity and pressure

distribution and the resulting hydrodynamic forces Qn the pod propulSQr of lamwn

geometry at given operating condition are predicted. Good agreements of the predicted

h}drodynamie forces with measurcment~ are found especially fm the axial force

component. No prediction is made 011 the propulsive chameteri ~ticsQfthe pod propulsors.
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Han et al. (2000) used a potential-b~sed pnncl mclhod to solve the flow around the pod

configuration including strut and lin, and a vortex lattice method to solve the flow around

the propd leL The circulation and thickness distriblltion, of the propeller are discredited

using a lattice of chordwise and spanwise line vortex and source elements espeetively.

rhe pod, stmt and their wake ,urface are discretized with hyperboloidal panel" and

norm~l dipoles and Wmce, ha,ing constant strength arc distribllted on the panels. The

KUlla condition is applied to elimlnatc the pre"ure jump at the trailing edge of the pod

through an iterative proccss. The mutual interaction bctwecn propeller and pod ;s

assumed to be indcpcndent of time. which is justillcd only for mean performance of thc

propellcr and the pod. The predicted perrormanc~ of the podded propeller ovcrestimated

the measurement, for moderately loaded condition. Paik et al. (2002) used a similar

model to ,tlldy a contra-rotating podded propeller and got better agreement with

measurement, for moderately loaded conditions. Kim and Kim (2001) also made similar

study for tractor and pusller type podded propellers, but they lIscd only panel method for

the computation.

fun~no (2003) described hydrodynamic development of the KH1's podded propulsion

~ystem whcre th~ g~ometl)' of the pod and the ,tmt had been optimized by means of

numerical simulation techniqlle based on the commercial Computational FIlIi~ Dynamics

(CFD) software STAR-CD. Th~ Reynolds Averaged Navier-Strokes' Equation8

(RANSE) fi,r incompressible nllid i8 applied to analyze the viscous flow around the

podded propulsor. A steady analysis based On sink-disc method as effects of propeller

race is applied to optimi7e the pod and strut shape in straight course. A quasi-steady

analysis method and an unsteady analysis method arc appl;ed to analyze the flows around

thc final pod shape with filII g~Ol1l~tryof the propeller in 8traight and oblique flow. The
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grid generation is based on the unstructured grid technlque. Results Qfan investigation of

unsteady hydrodynamic f(}rces acting on (he whole equipment in neutral and Qblique

rudder angles are given. Based on open water tests and cavitation lest5 conducted with the

tinal pod shape, ,omputed result, are verified.

Gupta (2004) describe 10 de~elQp and validate a robust method to delennine the f1QW

around a pmlded system, tQtal forces and pod-propeller lnteraetion in various propeller

configurations and yaw angles. A Finile YQlume Methml (FYM) based Euler solver is

used to predict the f1QWaround the p(}dand strut. The flow field around the propellers and

forces on the propeller blade; are determined using a VQrtexLattice Methml (VLM).

lslam (2004) describes the effects of propeller hub taper angle and pod strut geometry

configuration QJlpropulsive performance by using surface panel methQd. The effect of

laper angle is determined in terms of thruSl cQefficient, torque 'oefficient for dilTerent

taper angle for both push and pull type podded propellers. Bul he 'omputes the efTeels of

hub taper angle for ISOand 200 only. In the present research, the effects of hub taper

angle for 5°, 10°, 15°.20" and 25° are computed both for conventional propeller and

podded propeller. i.e., propeller attached to pod-strut geometry. A computer code for

analyzing marine propeller in steady flo" using potential based surface panel method has

been ~"tended to analyze the complete podded propulsion system.
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CHAPTER 3

3.METHODOLOGY

This chapter consisl, of a brief discussion of the problems that are addressed in the

current research work and discuss the melh()d~ used to handle these problems.

3.1 Identification of Problems

In practical fields propdlen; hubs have various kind, of shapes. In fixed pitch

conventional scrcw propdler8 \lSe of straighlcrlcylindri~al hubs ure most evident. As the

concept of podded prop\llslon is Introduced, it i.' very important to maintain a continuity

of profil~ for the whole unit (pod-stmt ami the prClpeller), which is very irnp(H1ant from a

hydrodynamic point of view. In olher words, the hub profile shape should be designed In

,uch a way that it matches (maintains continuity) with the main pod body profile. Hence,

on a regular basis a tapered hub profile (conical hub) is used in podded propulsors. Due to

this introduction of lhe lapered hub, the flow fielt! around the propeller changes, which

results in changing lhe hydrodynamic characteristics of the propeller as compared to

performance of" straight hub propeller.

Some research Vvorkha~e been done on propeller bass cap tins [Ouehi, 1988 and Black et

aI., 2001] which are fitted ta tapered hub cone behind propeller bo~~_ Tliese papers

ba<,ically addressed the effects of boss cap fin, on propeller perfonnance but did not

address lhe effect of taper hub on propeller performance. NUmerical prediction of effeels

of hub taper angle on the hydrodynamic characteristics of a propeller is one of the main

tasks of thi, re,earch work. The hub laper angle for a pusher podded propulsor and a

puller podded propulsor are completely opposite. This taper angle changes the lntlow
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angle of attack and the shape ofthc propellcr blade seetlons, espeeialiy around the biade

roots (beeause of the inlersedion of three surfaces: pressure side and suction side of

propclier blade and the roOlhub). Thi~ chaJlge ill blade s«tional geometry and root hub

lead 10a variation of sectional pressure distribution, hence, propulsive pcr!onnanee, How

lhe laper angle effects lhe perfonnance is studied numerically in lhis research work.

In a push type podded propulsion 'y_,tem, the pod-strut body stays forward of thc

propeller while opcraling in normal operatiOll (ahead) mode. Due to the prcsencc of the

pod-strut body forward of the propeller, the flow fields around the propeller change,

which affects the hydrodynamic performance oflhe propelier. Prediction of the eftects of

presence of the pod-strut body in push configuration on hydrodynamic characteristics of

the propcller is also performed in thi, l'esearch work. In calcula!ing !hc effed of pod-strut

gcrlmc!ry on propeller perf')rlllance, only the blockage eflec! (due to the proximity of tile

pod-stn)! body), by placing the POd-';I",t body in fmnt of the propeller. Is considered but

losses (dlle to skin fridion) associated with the pod-strut body are ignored. Interaction

effects between the propelier and pod-strut body are taken into consideration but

inleractlon between the wake and vciocity induced by the pod-strut body and the

propeller is not taken into consideration.

3.2 Computational Methods

Though many mdhod, are available to solvc steadylun,;leady lifting problems, probably

hyperbolojdallf1at-panel source-doublet lowlhigh order panel methods arc the most

dependahle in solving the problems mOre or less precisely. A \lieli-structured numerical

code can increase the versatility of the computations [Liu, 1996]. Predictions of the
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hydrodynamic characteri,tic,> of a ,crew propeller ean be done through a number of

~ ~--
numerical methods. These methods can be categorized into the following four families:

• Numeric~l method based on boundary element theory (P~nel methods);

• Numerical method based on unsteady thin wing theory (Lifting line and lifting

surface theory);

• Numerical method based on momentum and blade-clement theory; and

• Navier-Strokes solvers (Viscous flow theory).

In unsteady lifting line theory, vortiee, m the flow represent the foil of a wmg or

propeller blade and it is appropriate only for foils with large aspect ratio. The accuracy of

the predictions from this theory tor low aspect ratio foils (such as marine propeller

blades) is q\lestionable. The litling surface theory. such as the unsteady QVLM (Quasi

Vortex Lattice Method), is a bcller choice for predicting propeller open water

charactcristics. Howcver. as for any numerical method, the unsteady QVLM has some

dis~dvantages, "ueh a, inability of solving problem for thick leading cdgc foil section,

wing-body combinatIons and lcadlng edge suclion [Liu, 1996].

Thc panel method is free from the di5advanmges slated above. Whcn the leading edge

p~nel deseretization is carefully arranged, a panel method is able to take both lhickness

and ".iug-body combination~ inlo account, as well as the leading edge suction. The

leading edge suction is included inherently in ~ panel method, though some researchers

make comments that the vortices and hence suelion are over predicted at the leading edge

lLill,1996].
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In this study, a low order pOlential ba",d surface panel method is used for the

hydrodynamic analy,is of pod propulsion system because of its robustness with respect to

compli~aled geometry and requires relalively smaller eompllla!ional effort.

3.3 Surface j'anel Method (SPM) or Boundary Element Method (BEM)

There arc some mathematical models represenling booy geometry used for the inviscid

analysis of lifting bodies, i.e., wing, hydn;,foit, rudder, propeller etc. Thesc models fall

into three main categories, lifting-line theory, lifting-surface theory and lifting body

theory also known as surfa~e panel method or boundary c1ement method. H",vever,

surface panel melhod [Hess, 1966 and Hess. 1990] uses the exaCl ,urface geometry to

obtain pressures and velocities and bas been remarkably advanced in the fields of

aerodynamics and GOn,equently hydrodynamics for the design and analysis of three-

dimensional lifting bodies. The method is suitable for analysis of potential flow around

threc-dimensional body of wmplica!ed geomelry. The principle lies in representation of

the ,olid body boundaries by a number "f small surface clements (panels) with

distribution of singularities at the centroid of each paneL In practice, there are many

variants of lhcs~ methods. The most general division distinguishes two groups:

- melhods based on velocity pOlential, i.e., a scalar quantity

- method, based directly on vc1ocily, i. e., a vector quantity

In each ofthe,e groups the following furlher division may appiy into:

- 10" order methods, using ~()nstal1tintensity of hydro-me~hal1ic singularities loealed on

flat panels

- High order methods, using nOn- iinear distributions of hydro- mechanic singularities

located on curvilinear panel>.
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Finally, in each method it is possible to employ different types of singularities; vortices,

dipoles. sources or combinations of them. 11is assumed that the flow is incompressible,

irrotntional and inviscid. Then an induced velocity potential fulfilllng the Laplace

equation cxis(s, which may be determined on the basis of the following boundary

condilionl:

- Kinematics bOllndary condilion on lhe body surface, poslulating zero normal resultant

velocity .

• wake surface is infinitely thin, with zero jump of velocity and pressure across iI, but with

non-zero jump in potential.

In order to ensure numerical simplicity, a low order variant is selectcd for deriving

equation represcnting thc flow around the body by a di,tribution of sources and dipoles

on the body surface and On the wake .'LLrface.Discretisation of this equation leads to thc

system ()f linear equation" wilh unknown intensities of dipoles. The number of unknowns

correspond, to the llumber of elementary panels represcnting the body surface, wilh

control points and singularity points iocatcd in the centre of each panel. Solution of this

system icads to determination of the scalar potential field on the boundary. Then the totai

flow velocity at any point of interest may be detennined by numerical differentiatlon of

the potential in any required direction.

Now determination of lhe resultant hydrodynamic forees on the liflingfnoniifting body is

the maner of simple integration. However, it must be kept in mind lhm the eompuled

pre"ure field does not inciudc the effects of water viscosity and it should be corrected

accordingly using empiricai correction coefficients. Similarly, the viscous drag forces on

each panel sho\lld be computed using appropriate empiricai ",lalions and should be
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ineluded in the integration of the hydrodynamic forces.

The abov~ oullined principle of lhc surface panel method must be now applied to an

objecl ba,ing a vcry complicated geometry, with a number of imeracting rotaling and

non-rotating elements. Each of lhe,e elemenls i, represenled by a number of tlat

quadrilatcral panels.

The ge()m~try of lh~ pod propul>or is assumed 10 be given as input data. o,n the other

hand, th~ georn~lry of lhe wak~ slLrfac~shad to be decided when building lhe panel

mod~1. Strictly 'p~aking, lh~ wak~ surfa~~s have 10 coincide wilh stream surfaces of the

resultant tlow composed of the intlow and of the induced velocity fields. This would

require a very time consuming iteration process to find the ultimate wake geometry. o,n

the ba,is of experimental evidence and previous experience with propeller analy,is

rnelh"ds it i,decid~d 10pr~ddine th~ wak~ g~()m~tryby means of simple semi-empirical

relations. This leads to the following principal teatures of the wake model employed in

this method:

- there is no conlraction of the wake surfaces. i.e., their span (radius) equals that of the

generator lifting foil

- lhe pil~h Hngle of [he wHke ",rfaces located bet"een inflow field angle and the

geometric pitch angle of the gcncralor lilling foil and il is ddennined on the basis of the

latter two angles by means of an cmpltical relation:

- in order to avoid numerical singularilies in inlegralion of potential the wake panels

crossing the boundary of the propulsor elements are eliminated from eomputalions.

- according to Kutla condition the dipole intensity on the first wake panel near lhe foil

lrailing edge is the difference of dipole Intensity on both sides of the foil elose to the

trailing edge.
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3.3.1 Mathematical Formulation of Surface Panel Method (SPM)

Consider a lifting body (,ee Fig. 3.1) in inviscid, incompressible, and irrotational flow of

an ideal fluid witb a uniform velocity V, ,tbe basic equation for the perturbation velocity

potential at all arbitrary fIeld pointp(x,y,z), can be obtained from Green's second

identity (Bre,lin and Andessen. 1994) as expre,sed

f[ DG ,a,]47rEr/J(p)= r/J--G~ d,'
s an on

(3.1)

Where,

1

0 forthe poml P "'\ide S

E= ~ jorthepoint p OnS

I fortlwpomt p oumde S

r/J(p) is the potential at tbe field poinl,p, G is the Green's function and S is the boundary

surface of the t1uid volume. i.e.• S = SE + SIV + +S,. -

Body SB

Wake Sw'

Figure 3.1: Lifting body with its wake
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The wake surfacc can be consider~d as an infinitely thill domain where the both sides of

[h~ .,urface coillcide. So the integral over thc wakc surface, S~+(upper side) and

Sw - (lower side) can be collapsed into On~,;ng:le surface Sw and the contribution from

th~ wake can be written as:

, [CC C'] , [.DG eo fW &,-)]jl(p)=- J '--G- ds=- J , -',---G -,- dS
2" en "" 2" \" un en e" all"w--I'w- w

(3.2)

Sincc thc di,lance belw~~n two points On Sw' and Sw - is infinitely small, the velocity

~(p+ i)'P-normal to tb~ lrailing-vortex sheer is continuous. Then w~ have -'-. --- and thc
e" an

lasl in!cgral is zero. 1 be first integrand contains the jump in potential across the wake cut

.1r=r/J+ -r- , which is non-zero. Ther~f()re, Equation (3.1) for vc10eily pOlential

becomes

[
& ,

lmp(p)= f 1'('1),
s~ onqR( 1';'1)

, & ] J ,6 I, 1'('1)dS,. i1~(q)-_----dS(3.3)
R(p:q)onq Sw arlq R(p:q)

when: Green', function, G exprc,>ed a, G = I ,R(p;,,) being: the distance
R(p:q)

bet",een the field point p(x,y,z) "nd the boundary point q(~,'1.;),

So lh~ velocity potential, r is the sup~rposition of potentials of distributions of strength,

8r and nonnal dipoles of strengtb, l' on the surface of the body plus a distribution of

"
dipc>iesc>nthe wake sll[fac~, Sw c>fstrength.Llr. Equation (3.3) is a Fredholm integral

~gualiol1c>fsecond kind for the velc>citypotential, r and can be sc>lveduniquely. The

resulting surface POl~lltial distribution ean be differentiated to oblain velocities and

pre<;wre,which are integrated to yield the tmal forces and momentum.
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3.3.2 Discretization of tile Singularity Distribution

The Equation (3.3) will lead a linear algebraic equation system for the unknown i/!, by

discretization as:

(3.4)

whcrc is lhe COnslant dipole distribution, 5'1 is thc constanl source distribution and

D'I is the influcncc eoem~iem, on panel j acting On the conlrol point of panel i,

ddlncd a,

[a[l)]J--dS."Jon R~k J'

J1', and (a1') arc lhe slrength of dipole and source on panelj, among which

'" '
(af/;) is predetermined from the boundary condition. IV is the lolal number of panels on'" '
the hody surface, lV, is the number of the radial panels On the body surface and N", is

the number of wake panels for eaeb mdial panels. These influence coefficient Dlj' W,p

and 5'1 will be evaluated by Morino's analylical equation (Sec Appendix 1) with these

rcsulls the .'y,tem of equation can be written in matrix fotm

where.

[D1 = the influence coefficient malrix of dipole induced pOlential

[S] = the influence coefficient matrix ofthe source induced potential

[w J ~ the influence eoetTicienlmatrix of the dipole induced potential

{w} = the unknown perturbation potential
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[J<1>]= the unknown potential jump at the traIling edge of the blade

The Gauss-Seidel method will be used here for the solution of linear of equations to yield

the ,alue of unknown potential.

3.3.3 Kinematic Boundary Condition

The kinematic boundary condition Is that tbe velocity normal to the boundary surface

sbould be 7ero. Using the inn"", velocit) ~, the boundary condition can be written as

" --=-V,.ijun •
where, no is the unit normal vector at a point q on the boundary.

3.3.4 Pressure Kutta Condition

(3.5)

The Kutta condition requires that the ~elocity at the trailing edge of the lining body be

finite. In the numerical fonllulation of the prohlem, the Klilla condition ean be

implemented by rcquiring that the pres;ure., at the upper and lower control points at the

trailing edge bc cqual.This ean be expre,,"d b)

L\n!=P~-P';=O for j=l,NR (3.6)

A direct solution of the resulting system of Equations (3.4) and (3.6) is diffkult due to the

non-linear characteristic of the Equation (3.6). Therefore an iterative snlution algorithm

as Kerwin et al. (1987) is employed. At the k-th iteration, the linear system of equation is

solved with the values !Jf>j (k) determined from the (k -1) -th iteration. The values of

4Dj(k) are given by Equation (3.6), with the values of the pressures p~ and r5.
determined as described later. If Jp j(k) is not equal to zero within the desired tolerance
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(,; = IE - 5). we proceed to iteration with .1ib)(k + I) detennined as follows:

(3.7)

where [dp] = [LIp" dp), 'Llp',"',J' : [Aib]= [.1~,,1"2' ,.1,p,"'1/ J
and [J[' i" the inverse of the Jacobian matrix, the elements of which are defIned as:

8(Api) D( LIp]) o( Llp,) o( Api)
o( .1M fJ( .11'2) D( .1iJ)

..,,'
o( /I,p,,_ R )

o( .1P2) iJ( LIp)) D( tJp,) o( Ap2)

J =o(Llp,)
D( .1M o( .1~,) iJ( Ll~J) D( .1~'VR)
0(.11', ) o( dp,) D( LlpJ) 0(,11']) (3.8)

lj O(tJ~J)
D( .1M 0(1",) 8( J"J) 3( .1,p"R)

8(fJP"'R) D( LlpNn} O(dp"R) D(LJpNR)

iJ( .1"1) 0(.1",) o(diJ)
"".

D(.1,p",u)

with the values or the partial derivatives approximated numerically as:

(3.9)

where L\P,'") corresponds tu the initial guess .1"iO)and "lp;fJicorrespond to .1,,)IJI, a

perturbation to the initial guess defined a"

and (3.10)

where j3 is very small number which can be om. The initial guess J,,~O)is obtained by

Morino-Kulla condition, i,e.. the diITerence of t11epotentials at the upper and lower

control points at the trailing edge.

,1",1"1 = ~fj _ ~['I'm 'i'm v'",

]2

(3.11 )
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3.3.5 Computation of Pressure Distribulion

Afler the computation of the velocity potcntial On the surface. the velocity and pressure

On the ,urface can he ohtained hy ditferentiating the velocity potential over the body

surface according to the method proposed by Yanginwa (1984). The distribution of

velocity potential is approximated by a quadratic equation passing through the potentials

at the centroids of three adjacent panels as (Hoshino, 1989):

f/;=aS'+bS+c

Whert S is the ,urface distance and a. band c are the coefftcients of the quadratic

equation. Then the derivative, of the potentials along the tangent direction, S, and S2 to

panel surface ean be e"pres>ed as:

P,

"

P, P,
d, "

31,S,

"

P,
Fi~ure 3.2: I.ocal coordinate system on a panel

Next, we lake the a, axIS in the direction of S, and the a2 axis in the direction

pcrpendiculm' to S, in the plane wmposed of SI and S2 as sho"'IJ in Figure 3.2.
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Denoting the unit vectors in the directions of <11,a2 and S2 axes by e"e2 and d2

respeclivdy, th~ d~rivali,~, of th~ potential along <IIand a, axes can be expressed as

'I<f" 1=;;- =",',1"",
" = of/! = "",,2 -(d, '''')''05,'
".J aa, (d2,ill)

Then the perturbation velocily tangenllo lhe body surfaces can be obtained by:

Adding lhe langenlial comp<:lIlentsof the relative inflow veloeily, VI' we oblain the total

tangenlial v~locity m the hody surface as

"here, ii = e, xii,
The pressure Onthe body :,urface can be obtained by using Bemoulli's equation

where p", = Static prcs;urc at infinity

p =Densityof"ater

finally the pressure on propeller blade is expressed in lenns ofnon-dirnensional pressure

coefficient C
p
defined as:

c = p- p",
P J 17'2P J

where. V, = )17; + (2ilrlr)2 and VA = Velocity of advance.
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and the pressure on the pod body is expressed in terms of non-dimensional pressure

eoefficienl Cp defined"sc

where, V, = V~.

v~= trcc stream velocity

3.4 Discretization of tile Propeller

(3.i3)

The propelicr biade. hub and wake surtaces arc divided into a number of smail

quadrilateral hyperboloidai panels, The cosine spacing which concentrates (he panel ,trips

at the hub. tip, ieading and (railing edges can be used for bOlh the radial and ehord wise

distribution of pa.nel.

111the radial distribution

In the chord wise di.,tribution

, "cr,!( ("")C8 =S(r)+-' - i-co,f - '
2 ,Ne

n = O. i, 2, .."Nc

(3.14)

(3.15)

'0
where, "'m = {

{nr m=l
(2m - I)" for
2(NR +1)

m = 2, 3, ..... ,.1.,'R + 1

Nc =Number of chard wise paneis

l'-iF =Number of radial panels

R = Propeller Radius

r
"
~ Rub Radius
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e(r) ~Chord length "fthe blade

S(r) ~distance from the generator line to leading edge

TIle propeller hub is divided il1to three portion,: ,uch as. down,lream porti"n, blade

ponion and up,tream portion, The downstream and up,tream portions are ea,y to

paneling. In dle,e sections, the hub is Ireated a~a cylinder or ellipsoid. Thc blade portion

is divided into SOme,Irip' equally spaced in circumferential angle between the roots of

blades. These generate the panels with helical pattern on Ihe hub. In the intersection

portion the grid eon~ists of only one ,trip of panels, which match the corresponding

panels on the blade. The actual wake behind the propeller is very complicated to analyze.

So wc look for a mathematical model 10simulate the wake behind the propeller, Here, a

linear wake model is employed wilhout considering the contraction of slipstream.

3.5 Forces acting on the propeller

The total force, and torque acting on the propeller can be obtained by two components of

pressure and friction over the blade. Then the total forees and torque are expressed as:

,
T=KL p(P,)n,,',JS,-TF,.'

,
Q = KL p( P,Hn", . Z, - 'I" 'y, )dS, +QF

,=1

where,

&, :area of panel

(X"y"Z,) :coordinateofp;

(nxi' 'I.", n,i) : components of outward nonnal vector, n,

K : number of propeller blade.
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The skin friction coefficient, Cf JlI~ to viscosity can be obtained by Prandtl-Schlicting

formula as:

J

where, 1& is the Reynolds nllmber and expre"",d a,:

VJj).C)
Re=---,

(3.18)

Im,Jj)
C(j)

: maximum thickness ratio a! each blade ~eetion,

C(j) : expanded chord length,

v, (j) : local velocity

Then the viscous component of thrust, Tp and torque. Qr of (he propeller can be

expressed as:

Finally, (be non-dimensional characteristics of propeller performance is

I

r

•

Advance coeffieiellt.

Thrust eocflicient,

I"orque coefficient,

Propeller efficiency,

T
K, =

pn'D4

.J K,
'1=-.-

2" KQ
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(3.20)

(3.21)

(3.22)

(3.23)

(3.24)
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Where,

D =Overall diameter of the propeller

n = Rot.ational speed orthe propeller in rev/,ee

p = fluid density

T ~ propeller axial thrust force

Q = propdler shal1lorque

V, ~mean inflow velocity

IK T I'I'S (Hub raper angle) - K T Prop. (Hub taper angle JI%ofKr -'~--~--~-~~-~-~~--~-~~xlOOKr Prop, (Hub taper angle)

IKQ PPS (Hub laper angle) - K Q Prop. (Hub rapa angle)1
%of K ='- ------- ----~,,<lOO

Q K Q Prop. (Hub raper angle)

II)PI'S (Huh taper angle) -I) Prop, (Ilub taper anxle)1
%of'l- -- 'xIOO

II Prop, (Huh taper angle)

3.6 Hub Taper Angle

(3.25)

(3.26)

(3.27)

•

To maintain continuity of the profile and smooth flow OVer the body of a podded

pn)peller. the hub of the propeller is usually tapered. In other words, a conical hub is use

for a podded propeller instead of a stmightleylimlrical hub. Figure 3.3 shows how a

tapered hub ensure~ the continuity of the pod body profile.

The hub taper angle i~ u~ually measured at the blade root section about the geometric

center of the propeller. The sign convention that i~ used in the modeling of the tapered

hub is shown in Figure 3.3. A po~itive hub taper angle i.1used for push podded propeller

configuration and it reduces the diameter of the ~traight hub in the downstream direction.

In other words, ror pusher propeller configuration, the leading edge area is smaller and
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the trailing edge area is larger compared to that of a ~lraight hub propeller. In conlrast

negati~e huh taper angle reduces the hub diameter in the upstream direction and is used in

puller propeller configuration. In other words, for puller propeller configuration, the

leading edge area is smaller and the trailing edge area is larger compared to that of a

straight hub propelier.

Negative Hub Taper Angle (Puller Configuration)

Prupdkr
'[lCed of

.- ad\'ance.

'"

Uniform Flow

-------------------------
-

Propeller
'peed uJ
"d".ncr.
VA

Uniform Fio,", Positive Hub Taper Angie (Pusher eonfigurdtio~)

Figure 3.3: Huh taper angle.
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CHAPTER 4

4. RESULTS AND DISCUSSION

In this chapter firstly. the potential ba""d Surface Panel Method (SPM) is used to

compute the prc,surc distribution in term, of pressure coefficient, Cp on the isolated axi-

symmetric pod and undcr\vatcr bodies. strut, and then pod with strut. The predicted

results arc compared with published experimental/numerIcal results. Secondly, the

goomctry oflhe marine propeller i,described and the hydrodynamic characteristic of the

conventional propeller (CP) and LYj RC4119 propellers are computed witll surface panel

method. The computed r"wlts are also compared wIth experimental measurement,;.

TIlirdly. a comparative study is done tor open \vater hydrodynamic characteristic of the

propellers with hub taper angle of 0°,5°, 10", 15",20° and 25" in tcrms of thrust

coefficient, Kr, and torque coeffieienl, K0 prop\llsive efficiency, lJ for a wide mnge of

advance e<:>effieient.J. Finaily, effects "f pod-strul geometry on propeller performance are

'lUdied by analyzing the hydrodynami~ characteristics of the complele pod propulsion

system, PPS (Propelier + Pod + Strut) "hen two pod-strut geometries are attached to the

propellers in pusher configuration,.

4.1.(a) Axisymmetric Pod

The [low around the pod is assumed t" he incompressible, inviscid and irrQtationaL The

geometry of the aXj-symmetri~pod (Pod A) is given in Appendix 2. The panel size ofthe

Pod A is 29~30. The }-D grid of the axi-symmetric Pod A is made and the influence

eoetficientl are ~alc\llated based on aU the panel ~"ntrol points. However. only Onestrip

alc>ngthe iongirudinai direelion i, shown, and it is assumed that the results on the other
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strips would be the same due 10axi-'ymmetry of the pod geometry. The inflow velocity

of the pod used herc isu = I, v = 0, w = 0 . The computed pressure coefficient, C p on the

Pod A are determined and compared wilh results predicled by Gupta (2004) as shown in

Figure 4.2

Figure 4.1: Isometric view of Pod A.
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Fil(ure 4.2: Comparison of prediclcd pressure di'lribution around axi.symmctric Pod

(Pod A) with that computed by Gupta (2004).
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Figure 4.2 8ho"8 that the predicted results are in a good agreement with results computed

by Gupta (2004).

4.1. (b) Axi-symmetric under-water body

The standard hull models of submarine DARPA2 (Defense Advanced Research Projects

Agency) geometry is used I1crc, The bod~ i, lhree dimensional wl1ich is axisymmetric and

its geometry is gi,en in Appendix 2. The panel si7e of the submerged body is 44x44.

Figure 4.3: lsometric view of submerged under "ater body.
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Jligurc 4.4: Comp~ri>on of pre dieted preS~LLredistribution around DARPA2 submarine

hull with e~perimental measuremenls [Sohaib el aI., 2006].
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'I1le inflow velocity used here is u = I, v =O.w = 0 .The pre,>surecoefficient, Cf on the

hodyare determined and compared with experimental re,uit, [Sohaib et aI., 2006] as

shown in Figure 4.4.

From Figure 4.4, it is seen that the predicted results are in a good agreement with

e"perimenlai results.

4.2. Strut

rhe strut as shown in Figure 4.5 is formed with NACA0012 wing section and its section

data is gi,en in Appendix 2. The panel size of the strut is 34x34. The inflow velocity used

here is u = I, ,,= 0, W = O. The pressure coefileient, Cp on the strut are determined and

compared with experimental results, which i, shown in Figure 4.6.

Figure 4.5: isometric view of strut.
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Figure 4.6: Comparison ofpre8wre coefficient around strut (NACA 0012 section) al mid

8pan with 20 section results [Abbott and ThlenholT,1959]

From Figure 4.6, il is Seen lhat the predicted results are in a good agreement with 2D

section results,

4.3. Pod with strut

The flow around the pod with strut is assumed to be incompressible, inviscid and

irrQlational. Here the body is a three dimensional pod with strut. The geometry of the pod

(Pod H) is given in Appendix 2. The strut is a NACA066 section, with leading edge at the

location X = -0.6 on Pod B, and trailing:edge atX = +0.6, who8e ge<Jmetryare given in

Appendi" 2. The panel size of the Pod B is 29x28 and the strut is II x II. TIle whole 3-D

grid of the Pud Band "Iru! is made as shown in Figure 4.7 and the influence coefficients

arc calculated based On all the panel control points. The inllow velocity of the pod



iSIl = L v = 0, W = O. 'ihe pressure codt1cicnt. C" on the Pod 11 in presence of strut is

computed and compar<:d \'vith results predicted by Gupta (2004) a, ,hown in figure 4.8.

Figure 4.7: Isometric view of Pod n with strut.
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Figure 4.8: Comparison of predicted pressurc distribution around Pod (Pod B) with strut

with that computed by Gupta (2004).

From Figure 4.8, it is seen that the predicted pressure distribution by tile present method

is very much close to Gupta (2004).



4.4. Marine Propeller

A propeller is the most COmmonpropulsor on ships. imparting momentum 10 a fluid

which caliSCSa force to act on Ihe ship.The ideal efticiency of any size propeller is Ihal of

an actuator elisc in an ideal fluid. An aclual marinc propeller is made up of sections of

helicoidal surfaces which act together '~.crewing'through the water (hcncc the common

reference 10murine propellers as "scrcws"). Three. four, or five blades are most common

in marine propellers. although designs which are intended to opcratc at reduced noise will

have mOreblade.'_The blades are attachcd to a boss (hub), which should be as small as

thc nced, of strength allow with fixcd. pitch propellers the blades and boss are usually a

single casting.

A propeller that turns clock"i,., to produce forward thrust, when viewed from aft, is

called right-handed. One that turns antielockwise is said to be left-handed. Thc blade

oulline is defilled either by a projection on a plane nonnal to thc propeller shaft (projected

outline) or by settillg thc cir<:umferentialchord across the blade at a given radius against

radius (developed l>utlille).'Ihe outline i, usually symmetrical about a given radial line

tenned the median. If the median is curved back relalive to the direction of rotalion the

propeller is said to have skew back, The skcw is expressed in terms of circumferenlial

displacement at the blade tips. If the bl1dc face in profile is not normal to lhe axis it is

krmed raked, expressed as a percentage of rowI diameter.

Each bladc's pitch and thicklless varies with mdius, early blades had a nat face and all

arccd back (sometimes callcd a circular hack as the arc wa, pari of a circle), modern

propeller blades have aerofoil sections, The eamber line is lhe line through the mld-

thickness of a ,ingle blade, 'I he camhcr is the maximum difference between the camber
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line and the chord joining the trailing and leading edges. The camber is expressed as a

percentage of the chord,TIle radius of maximum lhiekness i< u<ualiy forward of the mid-

chord point with the blades thinning to a minimum at the tips. The thickness is set by the

demands of strength and the rati() of thickness to total diameter is called blade lhiekness

fraction.The ratio of pitch to diameter is called pitch ralio. Blade area is given as a ratio of

the total area of the propeller disc. either as developed blade area ratio or projC\:tedblade

area ratio.

4.4.1 Geometry of the Propeller

Propeller blade geometry can be roughly divided into (WO parts; the blade outiine, which

is governed by chord, skew and rake. and lhe sections. which are governed by pilch,

camber and thickness. The coordinate systems and the propeller gcometrical notation are

shown in Figure 4.9. A propel ier-fixed Cartesian coordinate system O-~yz is first defined

with origin fixed at the ccntcr of the pr()peller, the x- axis has bccn takcn to coincide with

the propellcr axis and its direction is positive downstream. The y _ a~is is at any angular

orientation relative to the key blade. The z - a~is completes the right-handed systcm. A

cylindrical coord inatc 'y,tem is defined as follows:

x=x

r=~y'+z2 (4.1 )

The radial di,lrihutions ()f skew, O.,(r) , and the rake,x,.(r), define the mid-chord line of

the blade as illustrated in Figure 4.10.The leading and trailing edges of the blade are
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constructed passing a helix of pitch angle,?(r) through the mid-chord line can be

expressed as:

err)O,,,(r) = (1,,(r) 't-
2
-cos,p(r)

y,,(r) = rCOSI1,,(r)

zu(r) = rsinO,.<(r)

(4.2)

Where e(r) is thc chord length a radiusr, and the subscripts / and I denotc the leading

and trailing edges, respectively.

e(r)!2

Figure 4.9: Coordinate systcm and ,chernatic diagram of propelicr
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Figure 4.10: Radial distribution of skew and rake

'.



l(r,s)/2

Figure 4.11: Construclion ,,[blade section from mean camber line and thicknes8 form.

The camber f(r.s) i, measured on the cylindrical surface ,,[radius r nonnal to the

nose-tail heli~, where s is a non-dimensional chord.wise coordinate, which is 0 at the

leading edge and I at the trailing edge.

Finally, the thickness t(r,s) is added symmetrically 10 the camber line on the cylinder in

the normal direction to the mean carnh<:r surface as shown in Figure 4.11

",(r,") = x" (r) +c(r{ s-~ )sin.r(r) - f(r,s)cos,p(r)

(
1 )cos,o(r) sin,p(r)e,(r,.I') = O",(r) + c(r) s -- + fer,s)2, ,

z,{r,sj = "in 0,(r.s)

(4.3)

The maximum value, of fer,s) and 1(,.,.1') at radiu,> r denoted liS the maximum camber,

1m" (r) and the maximum thickness, 'm." (r) respectively
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4.4.2(a) V,liidation of Predicted Results for SRI Conventional Propeller (CP)

In order to evaluate the accuracy and applicability of the present method, at first

comparative study is made for Ship Research Ins/lime (SRI) propeller modei, which is a

conventionai propelier de,igned for a training ship "Seilll1-111aru", 'Ihe principal

particulars of this propeller are shown in Table 4.1. The panel arrangement of this

propeller with iinear wake model is shown in Figure 4.12. The chord-wise pressure

distributions of conventional propeller are shown in Figures 4.13-4.15 and the results for

design advance eoefileient, .I ~ 0.66 at r/R ~ 0,83 are compared with the experImemal

value, [Karim et aI., 20061at rJI/ - 0.8 as shown in I'igure 4.16. The pressures of the back

side nCar the trailing edge are iess than the experimental values; however, those on the

face .,ide are very much closer to the experimental values. The open water hydrodynamic

characteristics of the conventionai propeller arc compared with e"perimelltal values In

Figure 4.16. From this figure, it is clear that the predicted vaiues of thrust and torque

coefficient, are higher than the experImental values but very much closer.

Table 4.1: Pricl1cipal Particulars of Conventional Propeller (CP)

Type ofPrupelier CP
Diameter ofpropeiier (mm) 300

Number of hlade 5

Skew angle (<leg.) 10.5

Rake angie 6.0
Blade thickne~s ratio I 0.0442
Boss ratio 10.i972

Pitch ratio 1°.95 (constant)

Expanded biade area ratio 10.65

Blade section I MAlJ
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Figure 4.12; Panel arrangement ofeonvenlional pmpeller (9c x 8s) and its wake .

02 .,.--/
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0,0 02 0,4 06 06 1,0

Fraction of chord. xlc

Figure 4.13: Chord-wise pressure di<;tributions of eonventiona I propeller for J= 0.66

at r/R = 0.343
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Figure 4.14: Chord-wise pressure distriblltions of conventional propeller f"r J ~

0.66 at r/R = 0.64
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Figure 4.15: Chord.wise pressure distribulions of conventional propeller for

J~0.66at r/R = 0.83
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Figure 4.16: Comparison of open water hydrodynamic characteristics of

c()nventional propeller ""jth experImental values.

4.4.2(b) Validatioll of Pre die fed R~"ult:sfor OTRC4119 Propeller

Por ne"l comparative study, David Taylor Re,;earch Center (llTRC) propeller model

DTRC4119 is chosen. In this propeller. NACA66 (DTMS modified) thickness form is

us~tI~ombining ••••.ilb a ~ 0.8 mean line. The principal particulars ofllle propeller is given

in Table 4.2 and it, panel arrdngements are shown In Figure 4.17 with 9 chorowide and 8

spanwi8e.'J'he chord-wise pressure distribution; of the propeller are shown in Figures

4.18-4.20 at designed advance coefficient and compared with the experimental values

[Karim et aI., 2006]. In eaeh case, the computed results show good agreement with the

experimental ",~uhsexcept a little discrepancy at r/R ~ 0.34, i.e., near the boss. Thc open

water hydrodynamic characteri,lies of DTRC4119 propeller are compared with

experimental values in figure 4.21
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Table 4.2: Principal Particu iars of DTRC4119 Propeil~r

Diameter ofpropcilcr (mm) 305

Rotation Right hand

Numberofhlade 3

Skew angle (deg.) 0

Rake angle 0

Boss ratio 0.2

De,ign Advance Coefficient, J D.S33

Section thickness fom, NACA66 (DTMrl Modified)

Section Meanline NACA, a - 0.8

Figure 4.17: Panel arrangern~nt of DTRC4i 19 propclicr (9c x 8s) with its ""ake.

1n this figure, some vaiucs of thrust coefficients coincide with the expcrimcntai vaiues

within th~ range of advance coefficients, J ~ 0,7.i, but those become larger at higher
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values of J and less atlowcr valucs of J. The value; "ftorque coefficients become less at

lower vailles ofJ. make a pivotal point near the desIgn advancc coefficient, i.e., J ~ 0.833

and then became higher than the experimental values.

• c.~ __ o __ • __ ~
-,,~ D D ----v_

o

•
• •

--&-a"k I,,.,,,,,-"-p,,, (,,.,,,,,
• a"k (",I
o p". (,,"

•

, ,0

" 0,' "
Fraction of Ohord, xle

Figure 4.18: Chord-wi8e pressure distributIons of DTRC4119 pmpeller for J= 0.833 at

rIR=0.34
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Figure 4.19: Chord-wisc pre"ure di»triblltions ofDTRC41 19 propeller for J~0,833 at

r1R~O,73
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Figure 4.20: Choru-"i ~e pressure distribution, of DTRC4119 propeller for J= 0.833 at

r!R~O.92
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Figure 4.21: Comparison of open ""ter hydrodynamic chamclerislics ofDTRC4119

propeller with experimental values.

57



4.4.3. Comparison of l'rcdiction Rcsults with Expcrimcntal

Measurements in case of Propeller with different hub taper

angles.

The mea,urements consist of open water tests of five propellcrs with the same geometry

(except hub taper angle). The model propeller> have hub taper angles of5", 10", 15",20"

and 25' for pusher configurations. The sectional geometry of these propellers is given in

Table A2.6-A2.7 and other geometric parameters are given in Table 4.3, A brief

discusskm ofthe measurements is given in [Isiam et a1., 2004]. The comparison i, done

for open water hydrodynamic ch~ractcristies ofthcsc (WOpropellers (!'rop. H15 and Prop.

H20) in terms 0 I"thru,l coefficient, K T, and torque coefficient KQ. propulsive efficiency,

'I tor a wide range 01" advilnce coefficient, ,I, For the purpose of calculations the

simulation parameters used are labulated in Table 4.4.

Tilhle 4.3; Geometric particuiars of model propeller

Diameter (m) 0,27

Number ofbiade ,
Rotation (vie\ving at downslream) Right hand

Design advance coefficient, J 0.'
Hub-Diameter (I fiD) ratio 0.26 (ba>ed on regula,. straight hub)

Anguiar speed (rp,) "
Section thickness form NACA 66 (DTMB Modified)

Section meanl;ne NACA 0.'
Blade planfonn shape was based On

Blade planfoml shape David Taylor Model Basin model P4119

[Trouwborst,1998]

Expanded area ratio, EAR 0.60

Piteb di,lribution Constant, PiD - 1.0

Skew distribution Zero

Rake di,tribulion Zero
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Table 4.4: Parameters used for prediction of hydrodynamic characleristics.

Simulmlon Parameter
Prop. H5, Prop. HIO. Prop. HIS,

Prop. H20 & Prop. H25

Chordwise Grid Type Unifonn

Spanwisc Grid Type UnifOnTI

No. ofPancls Chordwise (blades) 9

No. of Panels Spanwise (blades) 8
Front Hub Cone Length 0.20x))

Rear Hub Cone Length 0.21xl)

No. of Panels Axial (Front Hub) 7

No. of Panels Axial (Rear Hub) 9

No. of Panels Circlilar (Front Hub) 16

No. of Panels Circular (Rear Hub) 16

No. of Panels Between Blades 4

Huh I'aper Angle 5Q
, 10', 15",20"&25"

,
(7)

d (e)
Fi~ure 4.22: Mesh view of geometry of six model propellers. The propellers are termed

as: (a) Straight hub propeller; (b) Prop. H5; (c) Prop. HI 0; (d) Prop. H15; (e)

Prop. H20 and (I) f>rop.I:l25.
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Figure 4.22 show, the geometry of six propellers used for the study of hydrodynamic

characteri,ti"s in open water conditions. A base model propeller with straight hub

geometry is also shown in the Figure to depict the changes in hub geometry due to the

taper angie, Figure 4.22{a) shows the propeller geometry in straight hub condition.

Figures 4.22{b) , 4.22{c), 4_22(d), 4.22(e) and 4,22(1) show the geometries of propellers

with positive hub taper angies (used in pusher configuration) 5" ,10" ,i5' ,20" and 25',

respectively (termed a, Prop. 115, Prop. HiO, Prop, Hi5, Prop. H20 and Prop. H25

respectively).
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• Figur~ 4.23: Comparison of predicted values of open water hydrodynamic characteristics

with experimental measurements in case of propeller with hub taper angle

of is",

Thc experimental results for the two propeller.~(Prop. 1-1i5 and Prop. H20) were collected

and anaiyzed in tenm of propeller thrust coefficient, K", propeller torque
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coefficient, IOKQ, propulsivc cfficiency, '1and propeller advance coefficient, J. Figures

4.23 and 4.24 shows comparison \,f predicted values of open water hydrodynamic

charactcristics Wilhexperimental measurements tor model propeller Prop. HIS and Prop.

H20 re>peclively. A discussion on the lmcertainty ofthc cxpcrimenlal results is given in

[Islam c( al.. 2004], For predictions. uniform panel distrlblltions are lIsed in spanwi,e and

chord"i;e directions.

It is sccn (hat prediClions of open water hydrodynamIc characteristics are close to

measurements for a wide range of advancc eocllicienL For thrust and torque coefficients,

it is observed that thc corresponding predicted values approach the mcasuremenlS closely

tor a wide range of ad'ance coefficient trom bollard pull c(rndi(ion (J = 0) to advance

coclJicicnt. .I ~ 1.0 (covers most of (he opcrating range of any practical propeller). The

predicted lhrust is lower than that of lhe corresponding measured values for advance

coefficients (.I = 0,O-0,2) and higher for advance coefficients (O.2<J< 1.0) corresponding

to thc mea,ured values .The predicted torquc is lower for advance coefficients (.1= 0.0-

0.2) and very much c1o,>efor advance coefficients (0.2<.1<1,0) corresponding to the

measured valllcs, This is true for hoth Prop. HIS and Prop. H20 (see Figure 4.23 and

Figure 4.24).

Figure 4.24 shows comparisons of propeller open Waler hydrodynamic characteristles

between c)..perimental measurements and prediction for model propeller Prop. H20. The

prediction i, as good as tor the easc or Prop. HIS. The only thing that should be

mcntioned here is that for lightly loaded conditions the over-estim81ion is or greater

magnitude than that of Prop. HIS. Because Prop, H20 has a larger hub taper angle, for
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lightly loaded conditions the separation of flow occurs due to viscous effects ovcr a larger

hub area. resulting in a greater loss oftorquc
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Figure 4.24: Comparison of predicted value. of open water hydrodynamic characteristics

with experimental measurements in case of propeller with h"b taper angle of

20',

4.4.4 Effects ofJIub Taper Angle ODHydrodynamic Characteristics

The elfects of hub taper angle 011 hydrodynamic characteristics of the model propel lers

I are calc"lated in terms of thrust coefficient K rand wrque cQCftlcient, 10KQ for a wide

range of advance coetticicnt, J. The calculations are done for difl"crcnthub taper angle 0",

5Q
, J00• ]5°,20° al1d 25'_
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Table 4.5: Numerical fe.•ults shows the effects of hub taper angle on the thrust eoetftcient

of propellers with hub taper angle of 00. 5",10",15°,20" and 25°,

Advance Thrust Coefficient, Kr

coefficient, Hub taper angles

J 110" H5° H10" 1.1150 H20° H25°

0.0 0.4n08 0.4590 0.4557 0.4461 0.4427 0.4311

0.2 0,3947 OJ945 0.393 0,3905 0.3862 0.3788

0.4 0.3196 0.3211 0.3214 0.3207 0.3186 0.3151

0.6 0.2356 02387 0.241 0.2421 0.2422 0.2410

0.8 0.1427 0.1476 0.1517 O.I 547 0.1571 0.1585

\0 0.0409 0.0475 0.0536 0.0585 0.0632 0.0675

Table 4.6: Numerical result, shows the elTects of hub taper angle on the torque

coefficient ofpropellcrs with hub taper angle 01"0°, 5° ,10°,15", 20" and 25°.

Advance Torque Coefficient, IOKQ

coefficient. Hub taper angles

J 110" H5° HIO" H15" H2O" H25°

0.0 0.M34 0.6404 0.6355 0.6299 0.6185 0.6030

0.2 0.5668 0,5662 0,5638 0.5602 0.5543 0.5436

0.< 0.4750 0.4767 0.4769 0.4758 0.4726 0.4675

0.6 0.3860 0.3720 0.3748 0.3762 0.3760 0.3741

0.8 0.2457 0.2522 0.2577 0.2616 0.2645 0.2663

1.0 0.1083 0.1 I71 0.1255 0.1320 0.1382 0.1440
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ln Table 4.5 and Table 4,6 show the predicted thTlls~coefficient and torque coefficient of

open water hydrodynamic characteristics for hub laper angles 01'0°, 5°, ]00, 15°,200 and

25' push configurations respectively. Hydrodynamic characteristics for a straight hub

propeller are included in those ligures to appreciate how lhe hub taper angles influence

propulsive performance,

From Table 4,5 and Table 4,6, il is ob",rved that the hub laper angle has more influence

on KT and K~ at highly loaded condilions (low J values, .J <= 0.2) and lightly loaded

conditions (high J value, J >~0.8) than for modcralely loaded conditions (0.2 <.J < 0.8).

Al J ~ 0, around 0.39% Ie" thrust and 0.47% less torque; around 1.11% less thrust and

1.23% less torquc ; around 3.19% less thruSI and 2.1% less torque; around 3.93% less

thrust and 3.87% le~s torque and around 6.45% less lorque and around 6.28% le~~thrust

prodLL~efor the propeller with 5" hub tapcr angle (i.e., Prop. H5); lhe propeller with 10°

hub taper angle (i.e.. Prop. HI 0); the propeller with 15° hub tnper angle (i,e.• Prop. HIS);

the propeller with 20° hub laper angle (i.e., Prop. H20) and the propeller with 25" hub

taper angle (i.e., PlOp. H25) respectively lhan that of straighl hub propeller.

Al design advancc coefficient, J = 0.8, around 3.43% higher thrust and 2.65% higher

torque; around 6.31% higher thrusl and 4.88% higher torque; around 8.41% higher thrust

and 6.47% higher torque; atound 10.09% higher thruSI and 7.65% higher lorque and

atound I I .07% higher thrust and 8.38% hIgher torque ptoduce for lhe propeller with 5°

hub taper angle (i.e" Prop. H5); the ptopeller with 10" hub taper angle (i.e., Prop. HIO);

the propeller with 15' hub taper angle (i.c" Prop. IllS); the ptopeller with 20" hub laper

angle (i.e.. Prop. H20) and the propeller with 25" hub laper angle (i.e., Prop. H25)

tcspectively than that of slraight hub propeller. All numbers are in percentage based on

straight hub propeller. From Table 4,5 and Tablc 4.6, il is also observed lhat if taper angle
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increas~", then thrust and torque co~fficients decrease at lower advance coefficient and

increase at higher advance coefficient.

'I he fact is that the majority of total throst prooueed by the propeller blades is produced in

the leading cdgc area. }'or propellers with posilive taper hub angle SOme blade pmtion

around thc leading edge are choppcd ofTand some blade portion around the trailing cdge

are added, resulting In lower total thrust and total torque produced by the propeller as

compared to that of a straight hub propeller,

4.4.5 Effects of Pod-Strut Geometry on Hydrodynamic Characteristics

To ,tudy the eftect of pod-strut geometry. the complete pod propulsion system, PPS

(Propeller + Pod + Slrut) has been analyz~d by surface panel method. The eftccts orpoo-

strut gcomelry on propeller performance are analyzed by calculating lhe hydrodynamic

characleristics of propeller "hen six pod-strul geometries arc aUathed to it in pusher

configurations. Here the si:< pod-slrut bodies in push configurations are used wilh the

parametric values tabulated in Table 4.7 .Here ru-o of these pod-strut geometries (PS HIS

and PS H20) arc shown in figures as used by Islam (2004) for ease of comparison. The

number of ""ial and circumferential panels for each pod is 14 and 16, re~pectively. The

number of chord wi~e and span wi'e panels for the Slrut is 7 and 6, respectively. This

results in (he total numocr ofpallels on both pod-slrut geometries cquallo 308. The effect

of pod-<;trut geomclry on propeller perfimnance is studi~d by calculating the

hydrodynamic ehamcteristics (in lenns of thrust and (orque coeft"icicnts and propulsivc

etticiency for a wide range of advance coefficiclll). Figure 4.27 and Figure 4.28 show (he

prediction, of hydrodynamic characteristics of lhe mooel propellers when the pod-s!ru(
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geometrics (PS H15 and P$ H20) are attached 10 Ihose in pusher configurations

Table 4.7: Geometric particulars ofthe pod-slrut (PS) bodies

PS HO, PS H5, PS Hl0, PS
Parameters

1115,PSH20&PSH25

Pod Diameter 139mm

Pod Length 410mm

Strut Height 300 mm

Slrut Chord Length 225 mm

<;trut Distance 44mm

Strut Widlh 60mm

Fore Taper l.ength 85 mm

Fore Taper Angle 0" S" 10° 15" 20'&25", , , ,

Aft Taper Length 125 mm

Aft Taper Angle 25"

Fillets 50mm

---I
I

STRUT HEIGHT

STRUT CCOQRD
LENGTK

STRUTDISTA~CE

POD DIAMET~R

FILLET

FORE TAPER
LENGTK

PIlOPELLER
DIAMETER

POD L~NGTH

Figure 4.25: Geometric parameters used to det1ne model pod geometry.
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'ol (b)

Fi~ure 4.2(" Mesh view of pod propulsion system (PPS) with (a) PS In 5 and (b) PS H20

It can be seen from [he figures that the thrust and torque of the propeller:; with pod-strut

geometries in pusher cClnfiguration incr.".,,, noticeably compared to the open propeller

hydrodynamic characteristics. It is to be noted lhal only the hydrodynamic characteristics

oflilc propeller is predicted in this research, in presence of pod- strut bodies.

Table 4.8: Quanlilative study of effeelS of pod-strut geometry on hydrodynamic

characleri,tics of the model propellers at bollard pull condition, J = 0 and

design advance coefficient J= 0,8),

PS with rh,",t cocm~ient,Kr Torque coefficient, 1()KQ Efllciency, h

hob
Adv.coeff. Adv.coeff. Adv.cocff. Adv.coeff. Adv.coeff. Adv.coeff.taper

angles
.1=0 j~ 0.8 .1=0 .J ~ 0.8 .1=0 .J ~ 0.8

PS HO 40.43% 76.45% 35.67% 64.22% 0% 7.44%

PS H5 38.34% 69.65% 33.87% 59.12% 0% 6.62%

PSHIO 36.21% 63.68% 31.97% 54.44% 0% 6.00%

PSH15 35.78% 58.95% 30.15% 50.73% 0% 5.44%

PS H2O 32.96% 54.42% 29.12% 47,18% 0% 4.97%

P::"1125 32.29% 50.41% 28,79% 43.79% 0% 4.58%



Quantit~tivcly. in \h~ hollarci pull condition (~dvance coerlici~nt. J ~ 0) when PS HO;PS

H5; PS HID; PS H15; PS H20 and PS H25 arc auached to the Prop. HO; Prop. H5; Prop.

HIO; Prop. HIS; Prop. 1i20 and Prop. H25 respectively in push configuration, increases

of around 40.43% in thrust coerlicient, 35.67% in torqne coeflicicnt and 0% in efficiency

; increases of around 38.34% in thrU';tcoefticient, 33.87% in torque coefficient and 0% in

efticiency; incrcascs of around 36.21% in thrust cocfficient, 31.97"10 in torque coefficient

and 0% in d'ficiency; increases of around 35.78% in thrust coefficient, 30.15% in torque

coerlicient and 0% in ct!1cicncy; increases of around 32.96% in thrust coefficient,

29.12% in torque cocHici~nt and 0% in efficiency and increases of around 32.29% in

thrust coefficient, 28.79% in torque coefficient and 0% in efticicney respectively (as

compared to tho", of the propellers in open water condition) arc predicted. Again for PS

HO;PS 1i5; PS HIO; PS H15; PS 1-120and PS H25 arc attached to the Prop. HO;Prop. H5;

Prop. HID; Prop. H15; Prop. H2O and Prop. H25 respectively in push configuration,

increases of around 76.45% in thrust cocfficient, 64.22% in torquc coefficient and 7.44%

in efticiency ; increases of around 69.65% in thrust cocfficient, 59.12% in torque

coeHicient and 6.62% in efficiency; increases of around 63.68% in thrust coefficient,

54.44% in torque coefticient and 6% i~ efficiency; increases of around 58.95% i~thrust

coefl:icienl, 50.73% in torque coefficient and 5.44% in cflici~ncy; increases of around

54.42% in thrust coefficient, 47.18% in torque coefficicnt and 4.97% in efficiency and

increases of around 50.41% in thrust coefticient, 43.79% in torque coefficient and 4.58%

in efficiency (as compared to those of the propellers in open water condition) in the

design adva~ce coeftlcicnt, J ~ 0.8 are predicted respectively. A11numbers in percentage

are calculated by Equation, (3.25), (3.26) and (3.27) ,It is seen that, if the change in

coeftlcicnts expressed in tenus of pe~~ntage are decrease in both iow and high advance

coeITicient".ith increase of hub taper angle.
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Figure 4.27: Numerical results showing the eITect of pod-strut geometry on the

hydrodynamic characteristics of propeller used in PPS HIS.

The presence of the pod-strut geometry forward of the propeller acts a~a blockage. In an

earlier study of ice blockage effects [Veitch el aI., 1997) and [Robbins ct al.,J998j, it is

measured as well a, predicted that the thrust and torq\le coeHicicnlS arc apparently

dOlibled due to the presence oran ice hlock (at a proximity of 1% radills oflhe propeller)

forward of [he propeller operating at an advance coetl1cient of J ~ 0.4. However, it must

be remembered that in e,[imatillg the toml thrust of the PPS (propeller with pod-strut),

this increase in thrust of the propeller wilillot lead to an equivalent Increase in PPS due to

the thrust deduction effect between the propeller and the pod-strut and the drag of the

pod-strut itself. No account Is takcn of the frictional wake (resulting in suction directed

opposite to propeller thrust) from the pod-strut. A part of the estimated increase in thrust

and torque ofthe propeller is due [0 this potential wake leadIng to an effective reduction

in advance velocity of thc propeller.
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CHAPTERS

5. CONCLUSIONS ANDRECOMMENDATIONS

5.1 Conclusion

A potential based surface panel melhocl for wmputing hydrodynamic characteristics of

modem marin~ propubive device, i.e., podded propulsion system; PPS (propeller + pod +

Slm!) operating in 8teady flow has been presented in this thesis. At first the method ha,

been tested by applying it to isolated axi-'ymrnetric underwater bodies (pod, submarine

hull etcl- strut and propeller and then combination of pod and strut and comparing

predicted results \\,lth other published numerical/experimental results. From this study,

following interesting conclusions can be drawn;

1. Results predicted by this method agree well with other published

numerical/experimental results in ca<,e of isolated bodies, i.e., pod, strut, propeller

etc. and combination of pod-strut geometry.

2. Reasonably g(}{)d agreements between predictions and measurements for both

propellers in pusher configurations are observed for a wide range of advance

eoettlcient. The predicted values of thrust coelficient are lower than the

corresponding measured values for lower advance coefficients (.I ~ 0.0-0.2) and

higher for higher advance coefficients (0.2 < .I < 1.0). The predicted values of

torque coefficients arc iower for advance coefficients (.I =0.0 - 0.2) and very

much close for advance coefficients (0.2<.J<1.0).
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3. Significant effccts of hub taper angle on hydrodynamic characteristics of tapered

hub propeller; are obsen/ed. 11is seen that hub taper angle has more innuence On

hydrodynamic characteristics at hlghiy ioadcd conditions (low .J value) than those

at lightly loaded conditions (high .J vaiue). II i~ al-'O seen that if taper angle

increases. then thrust and torque coefficients decrease at low advance coefficienl

and increase at high advance coetflcient.

4. Remarkable eftects of pod-strut geometry on hydrodynamic characteristics of

propeller are found in this research. It i~ohserved that the thrust and torque of the

propeller ln prescncc of pod-strut ge[)metrie~ in pusher configuration have been

increased up to about 32.29%-7(,.45% and 28.79%-64.22% respectively. The rate

at which thc thrusl increa~es is greater than the rate at which the torque increases.

A, a result the efficlency of the propeller increases which is ranges Ii-om4.58%-

7.44% in this study. However. if the changes in coeffjcients for propeller with

pod-~trut geometry are expressed in tenm Qfpercentage \vith respect to propeller

oniy, then they arc decreased in hQth low and high advance coeffjeient with

increase in hub taper angle~.

5.2 Recommendations

In e~timating h>drodynamie characteristics of the propeller used in PPS, losses due to

frictional drag of the pOd"strul geometry are not taken into account and effects of

wake behind the pod-str\lt gCQmetry are ignored. MQre study can be done to

incorporate wake behind the pod and strut with this method.

<



,

Th~ m~thod is re,tricted only to analyze pooded propulsion system without cavitation

in thi8 8tudy. However. It can bc extended to analyze podded propulsion system

con,idering partial or super-cavitation on the propeller blades.

The method is restricted only to stcady flow analy,i8. It can be extended to analyze

un8teady t10w around podded propulsion sy,tem.

The optimization problem can be solved incorporating optimization algorithm to the

analysis method for de,ign optimization of podded propulsion system.
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Appendix 1

A.I: Inflllcnce Cneffieicnts

1Jsing the local coordinate system (q,/f )and the position vector Q
i
(,=I~4) of .four corner

points of a quadrilateral hyperboloidal panel, any position vector Q(;,1/Jon the panel can

be e~pressed a"

,
Q(q,,,)= 2: a,Q,

i=L

Where, a, is the interpolation functions defined by

\\ihere. -1 "';SI,-1 S'IS1

(A. l.l)

(A. 1.2)

Therefore the arbitrary quadrilaleral hyperboloidal panel in a global coordinate system

~oITespond, to a square in the local coordinate system as shown in Figure. A.I.I

z

x

(.1,

(-1,-

,
1) (I, I)

"
,

1) (1,-1)

(b)

Figure A.I.I: Definition of hyper bolo dial panel in global (a) and local (b) coordinale

system.

Tftwo vectors a[, a2 tangent to the surface is defined by the following relationship:

'Q,-(, ")-
1 - ~"f - 0;' (A. 1.3)

the unit normal ~ector can be given by:
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I ) ",XU,11/;'11=1 1
"1 XU,

and the surface clement can be expressed as:

(A. 1.4)

(A. 1.5)

Then, all the integrals, which appeared in the influence coefficients, can be written as [he

formaf:

, ,
J') )fl",)d'd,

"0-1 <~I

if the inlegmlld f(;;,T/) is expressed as:

then the following relation can be obtained,

1= F(l, I)- F{I,-l}- F(-1.ll+ F(-i,-I)

(A. 1.6)

(A. 1.7)

CA. 1.8)

Thus (he influenced coeffjcient~ e'i and Eg are evaluated analytically [Suclu and

Morino, 19761 a>:

Tl" = Is (1.1) - f, (1, - I) - Is (-1,1) + l,(-I,-I)

where .

! I, )._' ,,(HXa,).{RXa,)),
f) ~.f/ tan I 1 '2" RR.(a, xa,)

-R.nIn(!;,,,)

and R=Q(;;.'1)-ll

83

(A. 1.9)
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(A,l.ll)

(A. 1.12)



Table A2.1: Geometry of Pod A

Appendix 2

X R

-0.4 0.016

-0,2888889 0.10178928

-0.17777778 0.1859307

-0.06666666 0.25559401

0.04444444 0.30926707

0.15555558 0.35071787

0.26666668 0.3811607

0.37777778 0.40088868

0.4888889 0.41221717

0.6 0.41596502

0.6222789 0.416

0.6873106 0.416

0.789882663 0.416

0.92152184 0.416

1.0717269 0.416

U282733 0.416

1.3784784 0.416

1.5101736 0.416

1.6126895 0.416

1.6777213 0.416

L7 0.4159999

1.7996619 0.41271626

1.8993238 0.40193957

1.9989856 0,3824254

2.0986475 0.35273554

2.1983094 l1.31150802

2.2979712 0.25735408

2.397633 0.1888398

2.4972951 0.104824535

84

f



12.5%957 [ 3.384173E-3

TobIe A2.2: Geometry of the DARPA2 submarine hull

X R

0 0.005

03 0.445992237

0.6 0.56368458

0.9 0.631015523

1.2 0.678895481

15 0.718572558

18 0.753605921

2.1 0.783877981

2.4 0.807812234

2.7 0.82386672

3.0 0.831701435

3.3 0.833331415

3.535 0,833333

3.8225 0,833333

4.31 0,833333

4.7975 0.833333

5.285 0.833333

5.7725 0.833333

6.26 0.833333

6.7475 0.833333

7.235 0.833333

7.7225 (j.833]33

8,21 0.833333

8,6975 0.833333

9 ,185 0.833333

9.6725 0.833333

10,16 0.833333

10.6475 0.833333
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10.648 0.833333425

10.98116667 0.828267281

IJ.31433334 0.800694854

11.64750001 0.743917178

11.98066668 0.660366099

12.31383335 0.556846005

12.6470001l2 0.442250852

12,98016669 0.326435892

13.31333336 0.219824397

13.(,4650003 0.135118772

13.9797 0.097916667

13.97%667 0.097916524

14.0420934 0.095910951

14.1044868 0.089698248

14.1668802 0.078283084

14.2292736 0.058705255

14.291667 0.001

Table A2.3: Geometry "f,trut with NACA0012 section

X R

0 0
0.0023342 0.0084289

0.0093149 0.0164706

0.0208771 0.0240706

0,0369127 0.0311559

0.0465628 0,0344792

0.057272 0,0376414

0.0817649 0,0434371

0.1101628 0.0484567

0.1422005 0.0526251

0.1775789 0.0558856
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0.2159676 0.0582048

0.2570083 0.0595755

0.3003177 0,0600172

0.3454915 0.0595747

0.3921079 0,0583145

04397317 0.05632

0.4879181 0.0536866

0.5362174 0.0505161

0.5841786 0.0469124

0.6313537 0.0429778

0,6773025 0,0388109

0,7215958 0,0345058

0,7638202 0,0301515

0.8035813 0.0258337

0.8405079 0.0216347

0,8742554 0.0176353

0.9045085 0.0139143

0.9309849 0.0105485

0.9534372 0.0076108

0.9716559 0.0051685

0.9854709 0.0032804

0.9947532 0.0019938

0.9994161 0,0013419

LO 0

Table A2.4: GC{)metry ofP"d R as used by Szantry (200!)

X R

-2.265 0.02

-2.0800001 0.16028973

-1.8950001 0.22174709

-1.71 0.26552885

87



-1.5250001 0.29938104

-1.34 0.32648843

1.155 0.34837907

-0.97 0.36596354

.0.78499996 0.37985682

-0.6 0.3904801

.0.57569575 0.39166897

-0,50475215 039478877

-0.39291644 0.39880946

-0.24924898 0.40249016

-0.0853889 0.40468

0.08538896 0.40468

0.2492491 0.4024901

0.39291653 0.39880943

0,50475215 0.3947888

0,5756959 0.391669

0.6 0.3904801

0.785 0.37985682

0.97 0.36596357

1.1550001 0.34837904

1.3400002 0.3264884

1.525000 I 0.29938104

1.7100002 0.26552876

1.8950001 0.22174709

2.0800001 0.16029005

2.265 0,02

Table A2.5: Geometry or the strut having NACA066section with leading edge at the

localion X~-O.6on Pod Band lrailing edge at X=+0,6

x y Z

-0.6 1.54 O.OE+O

-0.5756959 1.54 -0.068673864
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0.50475215 1.54 -0,13486163

0.39291653 1.54 -0.19476245

-0.2492491 1.54 -0.23895688

-0.08538896 1.54 -0.2590484

0.0853889 1.54 -0.2476123

0.24924898 1.54 -0.20349935

0.39291644 1.54 -0.13812754

0.50475215 1.54 0.070037215

0.57569575 1.54 -0.018887708

0.6 11.54 O,OE+O

Table A2.6: Sectional geometry omet, for the model propeller in tbe radial direction

rHere r is local radius. R i, tbe propeller radius, D is the propeller diameter C is local

ci]()rd length, P locai pilCh, a is local skew angle, fJ is local rake angle, '••"" locai

maximum thickness andj"", is local maximum camber as used by Islam (2004)]

dR C'D PiD a p /""" IC j"",xiC

0,30 0.285550 1.00 0,00 0.00 0.15530 0.02318

0.40 0.318870 1.00 0.00 0.00 0.11800 ,0.03303

0.50 0.345968 1.00 0.00 0.00 0.09160 0.Q2182

0,60 0.363140 1.00 0.00 0.00 0.06960 0.02072

0.70 0.342423 1.00 0.00 0.00 0,04206 0.02003

0.80 0,284605 1.00 0,00 0.00 0,03321 0.01967

0.90 0.218593 1.00 0.00 0.00 0.03228 0.01817

0, iOO 0.126036 1.00 0.00 0.00 0.03160 O.oJ 631
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Table A2.7: Model propeller sectional maximum thickness and camber distribution.

[x!e is the normaliled distance fmm leading edge; dC is sectional thickness and flC is

,ectional camber. All ,alue, are normalized by local chord length, C as used by Islam

(2004)]

x/C ec fiC

0.0000 0,0000 0.0000

0.0125 0.2088 0.0907

0.0250 0.2932 0.1586

0.0500 0.4132 0.2712

0.0750 0.5050 0.3657

0.1000 0.5814 0.4482

0,1500 0.7042 0.5869

0,2000 0.8000 0.6993

0.3000 0.9274 0,8635

0.4000 0.9904 0.9615

0.4500 1,0000 0.9881

0.5000 0.9924 1.0000

0.6000 0.9306 0.9786

0.7000 0.8070 0.8892

0.8000 0.6220 0.7027

0.9000 0.3754 0.3586

0.9500 0.2286 0.1713

1.0000 0,0666 0.0000
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Appendix 3

DEFINITION OF SOME RELATED TERMS

Propeller: Propdler is a type of fan which transmits power by converting rotational

motion into thrw;!. It can be used to drive an aircraft, ship etc.. It consisls of one or more

bladcs about a cemral shall and operales Iikc a rOlating screw or wing. A pressure

diflcrence belween!hc forward and rear surfaces "fthe airfoil-shaped blade is produced

and air or water accelerated behind thc blade(See figure 4.9).

Hub: The hub (}f a propeller is thc .Iolid center disk that malches with the propeller shaft

and (0 which the blades are attaehed. Ideally the hub should be as small in diameler as

possible to obtain maximum Ihrus\. h\1wever!here is a tradeoff behveen size and strength.

Too small a hub ullImately "iii not be strong en\1ugh(See Figure 4.9).

P"rl: A pod Is a cylindrical shape used in podded propulsion syslem. In push type podded

propeller it i~ in from oflhe propeller and in pull type podded propeller il is behInd the

propeller (See Figure 2.2).

Strut: A strul is a struclural COmlXlnent10 hold the pod propeller wilh ship hull (See

Figure 2.2).

Blades: Twisted fin~or foils Ihat protrude from !he propeller hub. The shape ofthe blades

and the 'peed at whIch they are driven dictates the thrusl a given propeller can deliver

(Sce Figure 4.9).
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lIIade Root and Blade Tip: The root of a propeller blade is where the blade is attached

to the hub. The lip i, the outermo,t edge of the blade at a poinl furthest from the propeller

,haft (See f'igure 4.9).

Blade "'ace aud Back: Th~ face of a blade is considered to be the high-pressure side, or

pressure face oflhe blade. 'J his is the side that faces aft (backwards) and pushes lhe water

",hen the vessel i, in forward molion. The back of/he blade is the low pressure side or the

suetion fa~e of the blade. This i~ the side that faces upstream or towards the front oftb~

vesscl (Se~ Figure 4.9).

Leading and Tr:ailing Edges: Th~ leading edge ofa propeller blade Orany foil is the side

that cuts through the fluid. The trailing edge is lhe downstream edge of the foil (See

l'igure4.9).

Right Handed \'S. Left Handed: A propeller's "handedness" alfects its shape. A right-

handed propeller rotates clockwise when propelling a vessel forward, as viewed from the

stern of the ,hip. A left-handed propeller rotates counter-clockwise, as viewed ITom the

stern. when ill a forward propulsion mode. When viewIng a propeller from astern, the

leading ~dg~s of the blade, will alway" b~ farther away from you than the trailing edges.

The prop~ller rotates eiockwise, and is right-handed, if the leading edges are on the right.

A propeller's handedness is fixed. A right-handed propeller can never be exchanged with

a left banded propeller, and vice versa.

Pitch: The pit~h of a propeller is defined similarly to that of a wood or machine screw. It

indicates the distance the propeller would "drive forward" for each full rotation.
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Propeller section: A circular arc section C\ltthrough thc blade at some radius. When this

, >«tion is "nattened 011t'.it 1001<>like a foil >«tion (See Figure 4.11).

MeanHne: Iialf distance along a section between the upper and lower surfaces of the

blade(See Figure 4.i i).

Nose-Tail line: Straight line connecting the leading edge meanline point to the trailing

edge meanline point (See Figure 4.11).

Chordlength: Length ofNose-tai I line (Sec Figure 4.11).

Camber height: Distance betl'veen nose-tail line and mean line nonnal to the nose-tail

line (varies with chordwise position) (See FIgure 4.11).

Thickness: Section thickness along a line nonnal to the meanline. Varies with chordwise

position (See Figure 4.11).

Midehord line: Line produced from the midchords (i.e. Midpoint of section nose tail

IiDe)of ea~h section along a propeller blade (See Figure 4.11),

Rake: Axial distance from the mldchord point at the hub section and the section of

interest (See rigure 4.10).

Skew or Skew Angle: Tangential component of thc angle formed on the propeller

hetl'veena mdialline going through the hub section midchord point and a radial lIne going

through the midehord of the section of interest and projected (See FIgure 4,10),
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