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ABSTRACT 

This thesis begins with a study of AUV energy systems and endurance. A comparative study 

of a number of high energy density systems is carried out and based on this study, a few high 

energy density systems are selected for possible use on the AUV "C-SCOUT". The optimum 

operating speed and the endurance limits of "C-SCOUT" are then calculated. Next, two 

powering prediction methods (the "ITTC 1978" method and the "Load-Varying Self

Propulsion Test" method) are compared, in order to estimate the powering performance of "C

SCOUT". Subsequently an account of the resistance, self-propulsion and bollard pull tests 

conducted on "C-SCOUT", is included. Areas discussed include test setup, test procedure, test 

results and problems faced. Finally this thesis takes a look at propeller design. A high 

efficiency propeller is designed for "C-SCOUT" using Eckhardt and Morgan's propeller 

design method. 
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Chapter 1 

Introduction 

1.1 Introduction 

Out of all the planets in the solar system, ours is the only "water" planet. Approximately 70 

percent of our planet's surface is covered with water. Yet the oceans are the most alien part of 

our earth. The innermost depths of the oceans are still shrouded in mystery, a dangerous and 

alien place where humans fear to go. It is a world of silence, darkness and immense pressure. 

It is also a world that contains a rich diversity of ecological systems; castles of coral, forests of 

sponges, fleets of whales, eels, seahorses and other marine life in immeasurable variety. The 

oceans are also a relatively untapped resource base for minerals and energy. As land based 

resources deplete, mankind will undoubtedly turn to the oceans to supply their needs. In fact 

the process has already begun with the setting up of offshore oil and gas platforms. In places 

like the Grand Banks of Newfoundland, overfishing by foreign vessels has dramatically 

depleted fish stocks. 

As ocean exploration heads into deeper waters, Autonomous Underwater Vehicles (AUVs) 

are increasingly emerging as a commercially viable technology. An AUV is a self-propelled 

underwater robot capable of carrying out pre-programmed tasks without human intervention. 

During the course of its mission, an AUV can be hundreds of miles away from any support 

vessel and completely out of contact with any external human input for hours or days on end. 

These missions include oceanographic sampling, environmental monitoring, iceberg profiling, 

pipeline tracking, mine detection, searching for lost wrecks etc [Ref. 1-4]. 
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For decades AUVs were either expensive military systems or very low cost academic research 

tools. They lacked the necessary brain (high power computers) and the brawn (high energy 

density systems). However, with recent advances made in the field of computers, 

communication and energy systems, the necessary brains and brawn have finally begun to 

arrive. The functionality and the endurance of AUVs have greatly increased, thus making 

them commercially attractive tools for deep sea exploration. 

According to an analysis conducted by C&C Technologies Inc. [Ref. 1-1 ], in depths greater 

than about 400 meters, an AUV is more cost effective than a deep towed system. In fact the 

deeper the water and the larger the number of line turns, the greater the AUV cost savings. For 

rectangular survey areas, an AUV is 10 percent less expensive and requires only 50 percent of 

the time needed for a deep tow survey. For linear surveys such as pipelines and cable routes, 

an AUV is 15 percent less expensive and requires only 40 percent of the time needed for a 

deep tow survey. 

1.2 The AUV "C-SCOUT" 

The Autonomous Underwater Vehicle "C-SCOUT" is being jointly developed by the National 

Research Council Canada - Institute for Marine Dynamics (NRC-IMD) and the Ocean 

Engineering Research Center at Memorial University of Newfoundland (MUN-OERC) with 

the support of several Canadian companies and universities. The acronym "C-SCOUT" stands 

for Canadian Self Contained Off-the-shelf Underwater Testbed. "C-SCOUT" is being 

developed as part of a larger NSERC Strategic Project entitled "Offshore Environmental 

Engineering Using Autonomous Underwater Vehicles". The project is concerned with the 

development of AUVs for environmental monitoring missions, in order to assess the impact of 
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discharges from offshore oil and gas operations. In its current configuration , the vehicle is 

torpedo shaped, with an overall length of 2.7 metres and a diameter of 0.40 metres. The 

vehicle is streamlined in shape with an ellipsoidal nose, cylindrical mid-body and a cubic 

spline tail [Figs. 1.1 and 1.2]. 
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The "C-SCOUT" Vehicle (Baseline Version): Fig. 1.1 
(all dimensions in mm, unless specified otherwise) 

The "C-SCOUT" Vehicle (Baseline Version): Fig. 1.2 
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The vehicle has been designed and constructed using modular sections, so that it can be easily 

adapted to a wide variety of configurations, depending on its mission. These modules include 

the nose module, the forward and aft battery modules, the pressure vessel module, the aft fin 

module and the tail module [Figs. 1.3 and 1.4]. 

Module 

Aluminium Midbody 

Glass Fiber Reinforced 
Plastic Nose and Tail 

A Look Inside the Vehicle: Fig 1.3 

• Modules Can Be Resized Easily 

• Modules Can Be Added Easily 

To The Parallel Midbody 

• Fins Can Be Rotated 360 degrees 

Module 

Modules: Fig. 1.4 
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The vehicle is propelled using a 0.75 kW (1 HP) ducted thruster (Tecnadyne Model 1020 

Thruster) [Fig 1.5]. Four fins (NACA-0012 sections) have been provided for maneuvering the 

vehicle in the horizontal and vertical planes [Fig 1.5]. The vehicle electronics are housed in a 

sealed pressure vessel [Fig. 1.6] and the electronics are based on a Distributed Embedded 

Modular Architecture (DEMA) [Ref. 1-3]. 

Main Propulsion Thruster 

• Tecnadyne Thruster 
(Model 1 020) 

Fin and Fin Actuator 

• NACA-0012 Sections 
• Matsushita DC Motor 

(Model GMX-6MP012A) 

Main Propulsion Thruster: Fig. 1.5 

Vehicle Electronics 

• Distributed Embedded 
Modular Architecture 
(DEMA) 

• Consists of a Series of 
Independent Microcontroller 
Modules 

• Modules Communicate With 
Each Other Over an Internal 
Serial Bus 

Vehicle Electronics: Fig. 1.6 
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1.3 Thesis Objectives 

The primary objectives of this thesis work were to: 

• Do a comparative study of available energy systems for AUVs and subsequently 

recommend a few high energy density systems for "C-SCOUT". 

• Determine the optimum vehicle speed for minimum energy consumption and to 

determine the endurance limits of "C-SCOUT" using the current energy system on 

board the vehicle and also using a high energy density system that could possibly be 

used on the vehicle. 

• Evaluate the performance of the existing propulsion system of "C-SCOUT" by 

conducting resistance and propulsion tests in a towing tank. 

• Design a higher efficiency propeller for "C-SCOUT". 

1.4 Thesis Outline 

Chapter 2 (AUV Energy Systems and Endurance): This chapter starts with a survey of a 

number of current AUVs, in order to determine what their endurance limits are, what their 

operating speeds are and what energy systems they have on board. Subsequently this chapter 

includes a comparative study of a number of energy systems currently being used by AUVs. 

Thereafter the optimum operating speed of "C-SCOUT" for minimum energy consumption 

and the endurance limits of "C-SCOUT" are calculated. 

Chapter 3 (Powering Prediction): In this chapter, two powering prediction methods (the 

"ITTC 1978" method and the "Load-Varying Self-Propulsion Test" method) are compared, in 

order to estimate the powering performance of"C-SCOUT". This chapter explains the theory 

behind the analysis methods used in Chapter 4. 
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Chapter 4 (Resistance and Propulsion Tests): This chapter gives an account of the resistance 

and propulsion tests that were carried out on "C-SCOUT". Areas discussed include test setup, 

test procedure, test results and problems faced during the course of the tests. 

Chapter 5 (Design of a High Efficiency Propeller for "C-SCOUT") The chapter starts with 

an explanation as to why "C-SCOUT" needs a high efficiency propeller. Subsequently the 

high efficiency propeller envisioned for "C-SCOUT" is described and the factors that make 

this propeller highly efficient, are explained. Thereafter the propeller design process is 

explained and the calculations are worked out. 

Chapter 6 (Conclusions and Recommendations): This chapter briefly states the conclusions 

drawn by the author at the end of his thesis work and the recommendations he would like to 

make. 
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Chapter 2 

AUV Energy Systems and Endurance 

Introduction 

The endurance of an AUV is principally governed by the amount of energy stored on board 

the vehicle. Endurance refers to the range (distance) or the time that an AUV can travel at sea, 

while working on a mission, given a fixed amount of energy stored on board the vehicle. Over 

the last few decades, one of the biggest barriers to commercial development of AUVs has 

been the lack of high energy density, atmosphere independent energy systems. The Lead Acid 

battery, which was developed at the tum of the last century, has been the dominant subsea 

energy source for decades. Reasons for its continued use include low cost, ruggedness, ease of 

use and the fact that Lead Acid technology is well understood. However, the biggest drawback 

of this battery is its low energy density. Consequently vehicles using Lead Acid batteries have 

relatively low endurance. 

Recent advances in energy systems have led to the development of new, high energy density 

technologies such as fuel cells, Li-ion polymer batteries etc, all of which show considerable 

promise. Over the next decade or so, as these high energy density technologies are developed 

and perfected, the endurance of AUVs is expected to greatly increase, thus making them 

commercially viable tools for offshore exploration. This chapter explores the present day 

AUV energy systems market and then recommends a few high energy density systems that 

could be possibly used on "C-SCOUT". Subsequently the optimum vehicle speed (from 

energy considerations) and the vehicle endurance limits are worked out. 
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2.1 AUV Comparison 

The author conducted a survey of a few present day AUVs, in order to get an idea about the 

most popular energy systems being used currently. The results are tabulated in Table 2.1. 

Table 2.1 

AUV Comparison 

Ni-Cd: Nickel Cadmium 

Al-02 : Aluminium Oxygen PEM: Proton Exchange Membrane 

Ag-Zn : Sliver Zinc CCDE : Closed Cycle Diesel Engine 

Li-ion : Lithium ion N.A :(Data) Not Available 

ARCS 5.5 knots (maximum) 36 km-1 Ni-Cd I or 2 Ni-Cd battery units 
4 knots (cruising) 72 km- 2 Ni-Cd (10 kW-hr each) 

ISE Ltd, Canada 
235 km-Al-02 Al-02 semi-fuel cells 

(100 kW-hr) 

2 AURORA 3.5 knots (maximum) 750km Li-ion battery units 
1.5-2 knots (cruising) 

ISE Ltd, Canada 

3 THESEUS 4 knots (cruising) 780km Ag-Zn battery units 
(360 kW-hr) 

ISE Ltd, Canada 

4 HUGIN3000 4 knots (cruising) 6-8 hrs- Ni-Cd Ni-Cd battery units 
(3 kW-hr) 

Kongsberg 
SimradAS, 36 hrs- Al-02 Al-02 semi-fuel cells 
Norway (18 kW-hr) 
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5 DeepC 

Federal Ministry 6 knots (maximum) 400km PEM fuel cells 
of Education and 0.5-4 knots (cruising) 60 hrs 
Research, 
Germany 

6 HS-AUTOSUB 2-4 knots (cruising) 170km Li-ion battery units 
24 hrs 

Halliburton 
Subsea, UK 

7 AUTOSUB 2-4 knots (cruising) 500km Alkaline primary battery 
144 hrs units 

Southampton 
Oceanography 
Centre, UK 

8 SEA ORACLE 20 hrs Ag-Zn battery units 
4 knots (maximum) 

Bluefin Robotics 3 knots (cruising) 
Corporation, US 

9 OKP06000 3 knots (maximum) 10 hrs Ag-Zn battery units 

Daewoo Heavy 
Industries, Korea 

10 MARIDAN600 4 knots (maximum) 36km Pb-H2S04 battery units 
3 knots (cruising) 10 hrs 

MaridanApS 
Denmark 

11 XP-21 5 knots (maximum) N.A Pb-H2S04 battery units 

Applied Remote Ag-Zn battery units 
Technology Inc, 
(Raytheon), US Al-02 semi-fuel cells 

12 OCEAN 5 knots (maximum) 50-100 km Pb-H2S04 battery units 
VOYAGER II 3 knots (cruising) 

Ag-Zn battery units 
Florida Atlantic 
University, US 
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13 CARIBOU 4 knots (maximum) 20 hrs Li-ion Polymer battery units 
(ODYSSEY III ) 3 knots (cruising) 

MIT, US 

14 XANTHOS 1 - 3 knots (cruising) 22km Ag-Zn battery units 
(ODYSSEY lie) 4 hrs (1.2 kW-hr) 

MIT, US 

15 CETUS 5 knots (maximum) 20-40 km Pb-H2S04 battery units 
1.5- 2.5 knots 

Lockheed Martin (cruising) 
/MIT, US 

16 ABE 2 knots (maximum) SOkm Pb-H2S04 battery units 
1 knot (cruising) (1 kW-hr) 

WHOI, US 
Alkaline primary battery 
units (2.2 kW-hr) 

Li primary battery units 
(10 kW-hr) 

17 REMUS 5 knots (maximum) 46.3 km Pb-H2S04 battery units 
3 knot (cruising) (400 W-hr) 

WHOI, US 

18 URASHIMA 4 knots (maximum) 80km Li-ion battery units 
3 knot (cruising) 

JAMSTEC, 300 km, 54 hrs PEM fuel cells 
Japan 

19 AQUA 2 knots (maximum) 24 hrs Li primary battery units 
EXPLORER2 I knot (cruising) (3870 W-hr) 

KDD Labs, 
Japan 

20 R-OneRobot 3.6 knots (maximum) 120km CCDE (60 kW-hr) 
2 knot (cruising) 25 hrs 

URALabs I 
Mitsui Eng. and 
Shipbuilding Co, 
Japan 
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Based on the above survey, the most popular energy systems currently on board AUVs are: 

6) Silver Zinc batteries 1) Nickel-Cadmium batteries 

7) Lead Acid batteries 2) Lithium Primary batteries 

8) Lithium-ion batteries 3) Alkaline Primary batteries 

9) Aluminium-Oxygen semi-fuel cells 4) Lithium Polymer batteries 

1 0) PEM fuel cells 5) Alkaline Primary batteries 

The percentage breakup is shown in Fig. 2.1. The percentage refers to the percentage of 

vehicles using these systems. The pie chart below is by no means exhaustive - it merely 

reflects the trend being followed by current-day AUVs. 

Ag·Zn 
( 21.4 % ) 

Percentage Distribution of AUV Energy Systems: Fig. 2.1 
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2.2 Comparison of AUV Energy Systems 

A study was conducted to determine the energy densities and the advantages I disadvantages 

of energy systems currently being employed by AUVs. The comparative energy densities are 

tabulated in Table 2.2. In this table, "primary cells" refer to those cells which are not 

rechargeable and "secondary cells" refer to those cells that are rechargeable. 

Table 2.2 

Energy Density Comparison of AUV Energy Systems 

Lead Acid 30 to 45 

2 Nickel-Cadmium 30 to 55 

3 Primary cell Alkaline AAA 100 
AA 120 

c 102 
D 11 

4 cell Silver-Zinc 110 to 150 

5 cell Lithium-ion 130 to 170 

6 cell Lithium-ion 130 to 170 

7 125 

8 175 

9 Semi-fuel cell 260 to 280 

10 Primary cell 450 

11 to 1030 
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2.2.1 Lead Acid Batteries 

Lead Acid batteries are the pnmary source of power in conventional Diesel electric 

submarines and manned submersibles. Over the past few decades, they were the primary 

source of power for AUVs. A Lead Acid battery basically consists of three active components; 

a positive electrode (lead dioxide), a negative electrode (pure lead) and an electrolyte (dilute 

sulphuric acid). The latest class of Lead Acid batteries (maintenance free batteries) use a gel 

instead of liquid sulphuric acid as the electrolyte. 

The advantages of Lead Acid batteries include: 

• Low cost 

• Rugged I Durable 

• Easy to maintain 

• Well understood 

The disadvantages of Lead Acid batteries include: 

• Low energy density 

• Very heavy and require a large volume 

• High discharge rates 

• Moderate charge I discharge cycle life(:: 250 cycles) 

• Loss of capacity at low temperatures 

• Give off hydrogen gas when charging I discharging 

• Lead (a heavy metal) is toxic and poses disposal problems 

• Long charging time(:: 8 hours) 
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2.2.2 Nickel-Cadmium Batteries 

Nickel-Cadmium batteries have marginally higher energy densities than Lead Acid batteries. 

A typical Nickel-Cadmium battery consists of a nickel hydroxide cathode and a cadmium 

anode, both of which are immersed in potassium hydroxide electrolyte. 

The advantages of Nickel-Cadmium batteries include: 

• Greater energy density than Lead Acid batteries 

• Good discharge performance (a more uniform output with respect to Lead Acid 

battery) 

• Cold temperatures do not degrade their performance significantly 

• Evolves no gases during charging I discharging 

• High charge I discharge cycle life(~ 800 cycles) 

• Rugged I Durable 

The disadvantages of Nickel-Cadmium batteries include: 

• More expensive than Lead Acid batteries 

• Displays a "Memory Effect" * 

• Gives little warning before being completely discharged and becoming dead. 

• Cadmium (a heavy metal) is toxic and poses disposal problems 

• Long charging time(~ 8 hours) 

* Memory Effect: When a battery has been recharged to a particular level several times consecutively, then the 

battery remembers this level and whenever it hits this level the next time, then it acts as if it is discharged, despite 

the fact that much of its capacity remains. 
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2.2.3 Silver-Zinc Batteries 

Silver-Zinc batteries have energy densities that are approximately three to four times greater 

than Lead Acid I Nickel-Cadmium batteries. Due to their high energy density and availability, 

these batteries are widely used in current day AUVs. A typical Silver-Zinc battery consists of 

a porous silver oxide cathode and a zinc anode, both of which are immersed in potassium 

hydroxide electrolyte. 

The advantages of Silver-Zinc batteries include: 

• High energy density (110 to 150 W-hr I kg) 

• Good discharge performance (a more uniform output with respect to Lead Acid 

battery) 

• Cold temperatures do not degrade their performance significantly 

The disadvantages of Silver-Zinc batteries include: 

• Expensive batteries 

• Low charge I discharge cycle life(::::: 40 to 50 cycles) 

• Substantial drop in energy density near the end of its cycle life 

• Low wet (in-water) standard life (2 to 18 months) 

• Difficult to determine the state of charge 

• Long recharging process. Need precise charging. Batteries need to be charged 

individually 

• Outgassing prevents charging in an enclosed space 
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2.2.4 Lithium-ion Batteries 

Lithium-ion batteries were introduced into the market in the early 1990's, principally for use 

in the communication and computer markets. However their high energy densities made them 

an ideal choice for use on board AUVs. These batteries essentially consist of a lithium cobalt 

oxide or lithium manganese oxide cathode and an anode constructed by dissolving lithium as 

ions into carbon. Lithium salt is used as the electrolyte. Some of the companies currently 

manufacturing these batteries include Yardney Technical Products Inc. (USA), Ultralife 

(USA), Valence Technology Inc. (USA) and Saft (France). The US Navy (Naval Surface 

Warfare Center, MD) in collaboration with Honeywell Power Sources Center (USA), is 

researching Lithium-ion batteries as a possible replacement for Silver Zinc batteries, for 

powering the next generation of naval underwater vehicles. 

The advantages of Lithium-ion batteries include: 

• High energy density (130 to 170 W-hr I kg) 

• High charge I discharge cycle life(:: 1000 cycles) 

• Require no maintenance 

• Long battery life ( 6 to 8 years) 

• Hermetically sealed - no outgassing 

• Excellent discharge performance 

• Can operate over a range of temperatures. 

• No "Memory Effect" 

The disadvantages of Lithium-ion batteries include: 

• Expensive batteries 
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• May demonstrate a drop in performance if the charging voltages are not controlled 

carefully. Needs charge control circuitry. 

2.2.5 Lithium-ion Polymer Batteries 

Lithium-ion Polymer batteries are an improvement over the conventional Lithium-ion 

batteries. Both batteries have a similar electrochemistry, however in the Lithium-ion Polymer 

batteries, the electrolyte is immobilized (plasticized or solidified), creating a matrix of ion 

conductive polymers. Since the electrolyte is in a solid form, therefore the cell no longer 

requires a metal I plastic casing to hold the liquid electrolyte. The cells are instead packed in 

thin foils and this helps save weight and greatly enhances design flexibility. Individual cells 

can be stacked together to create a battery of optimum dimensions that can make best use of 

the internal volume of an AUV. Some of the companies manufacturing these batteries include 

Yardney Technical Products Inc. (USA), Ultralife (USA), Valence Technology Inc. (USA) 

and Saft (France). These batteries are principally used in the communication and computer 

markets. They are also used in the electric car market. The high energy density of these 

batteries, coupled with their design flexibility, make them an ideal choice for powering AUVs. 

The advantages of Lithium-ion Polymer batteries include: 

• High energy density (130 to 170 W-hr I kg) 

• Packed in foils. No casing required. 

• Design flexibility - individual cells can be stacked together to form battery packs of 

any size or shape. 

• High charge I discharge cycle life(=: 600 cycles) 

• Requires no maintenance 
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• Long battery life (5 years) 

• No outgassing 

• Solid electrolyte used - eliminates the possibility of leakages. Can be used under 

ambient pressure conditions (does not need to be installed in a pressure vessel) 

• Excellent discharge performance 

• Can operate over a range of temperatures. 

• No "Memory Effect" 

The disadvantages of Lithium-ion Polymer batteries include: 

• Expensive batteries 

• May demonstrate a drop in performance if the charging voltages are not controlled 

carefully. Needs charge control circuitry. 
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2.2.6 Fuel Cells 

Fuel cells convert the chemical energy of a fuel and an oxidant into a low voltage direct 

current (DC), via electrochemical reactions similar to those associated with conventional 

secondary batteries. However unlike the latter devices, the fuel cell does not consume 

materials that form an integral part of its structure. Hence they can operate for as long as they 

are fed with a suitable fuel and an oxidant and the reaction products are removed. In theory 

any fuel and oxidant can be used in a fuel cell, but for almost all practical purposes the 

Hydrogen-Oxygen fuel cell is the only viable option for underwater applications. A typical 

Hydrogen-Oxygen fuel cell consists of two porous electrodes separated by an ion-conducting 

electrolyte. The fuel electrode is the anode, the oxidant electrode is the cathode. The two 

electrodes are connected to an external load. Hydrogen and oxygen chemically react with the 

electrodes and a current flow is established [Ref2-1]. 

Fuel cells are generally classified by the electrolyte they use. There are five basic types of fuel 

cells: 

• Alkaline 

• Phosphoric Acid 

• Molten Carbonate 

• Monolithic Solid Oxide 

• Proton Exchange Membrane (PEM) or Solid Polymer Electrolyte (SPE) 

Molten Carbonate (operating temperature = 650 °C), Monolithic Solid Oxide (:: 1000 °C) and 

Phosphoric Acid (:: 180 °C) fuel cells operate at very high temperatures and are hence 

unsuitable for use on underwater vehicles. Alkaline and PEM fuel cells have attracted the 
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most attention for underwater applications. However, Alkaline cells cannot tolerate carbon 

dioxide contamination (a by-product of the reforming process used for extracting hydrogen 

from hydrogen rich compounds) and hence they need pure hydrogen fuel. PEM fuel cells on 

the other hand are more tolerant to carbon dioxide contamination. They can therefore make 

use of hydrogen obtained by reforming hydrogen-rich compounds. Also PEM fuel cells (:.: 80 

0C) operate at a lower temperature than Alkaline fuel cells(:.: 120 °C). These two factors have 

given PEM fuel cells the edge over Alkaline fuel cells. 

Fuel cell development work is in progress in many laboratories in Canada, USA, Japan and 

other countries around the world. Siemens AG (Germany) is currently building four 120 kW 

fuel cell power modules for German I Italian naval submarines. The Advanced Research 

Projects Agency (ARPA) of the Department of Defense (USA) is sponsoring a program to 

expand the capability of a UUV, by replacing the current Silver-Zinc batteries on board the 

vehicle with a 10 kW PEM fuel cell developed by International Fuel Cells Corporation (USA). 

The Japan Marine Science and Technology Center (JAMSTEC) has developed a prototype 

Solid Polymer Electrolyte (SPE) fuel cell for use on an AUV; trial results indicate that the fuel 

cell has an energy density of 1030 W-hr I kg [Ref2-2]. 

Energia Space Corporation, Moscow (Russia) has developed Hydrogen-Oxygen fuel cells for 

its space shuttle program. The company offers a modified version of its fuel cell for undersea 

applications. The specifications of this fuel cell are an energy density of 300 W-hr I kg, 

capacity of 30 kW-hr and a cell life of 10,000 hours. Ballard Power Systems (Canada) is 

currently marketing a portable PEM fuel cell module for surface applications (Nexa Power 

Module). The unit produces 1200 W of power and has a cell life of 1500 hours. The unit could 
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possibly be modified for subsea use. 

The advantages of .fuel cells include: 

• Much higher energy densities than conventional batteries (300 to 1030 W-hr I kg): 

Present battery systems have limited energy densities. To obtain more energy using 

conventional batteries, additional batteries need to be added. Additional batteries mean 

an increase in energy with a corresponding increase in weight of the battery system. 

Consequently the energy density of the battery system remains more or less constant 

irrespective of the number of batteries added. Fuel cells on the other hand need only 

additional hydrogen and oxygen to supply additional energy. The size I weight of the 

fuel cell unit remains constant. Therefore as additional hydrogen I oxygen is added to 

the system, the energy density of the system increases. 

• Silent and vibration-free operation- no mechanical I combustion processes involved 

• Clean exhaust (no NOx and other hydrocarbon emissions). 

• More efficient (50 to 70 %) than Diesel Engines I Turbines- no mechanical losses 

• Can maintain a high efficiency over a range of loads (30 to 100 % loads) 

• Capable of instant start up: As long as hydrogen and oxygen are present, fuel cells can 

produce power whether they are fully "warmed-up" or not. 

• Responds instantly to electrical load changes - the system does not need to wait for 

controllers or pumps to change settings in response to load changes. 

• Rapid recharging possible: The fuel cell can be replenished by simply filling up the 

hydrogen and oxygen tanks and emptying the produced-water tank. 
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The disadvantages of fuel cells include: 

• Costly equipment: A PEM fuel cell stack is extremely expensive (:::: US $ 6000 per 

kW) due to the high cost membranes and gas-diffusion electrodes present in the cells. 

• Hydrogen storage issues: Oxygen is normally stored on board either in gaseous form 

under pressure or in liquid form under cryogenic conditions. Onboard storage of 

hydrogen however poses a problem. While hydrogen (boiling point: 15°C and density: 

0.085 kg I m3) is very light in weight, it is also quite voluminous when stored in 

gaseous form. Therefore storing it in sufficient quantities is difficult in a volume

limited submersible. Another option is cryogenic storage. However this requires a 

complex control system to ensure safety. The best solution to the problem at present 

seems to be onboard extraction of hydrogen by reforming hydrogen-rich compounds 

such as methanol, ammonia, hydrazine etc. The issue still remains unresolved and 

work is in progress at different laboratories around the world to overcome this 

problem. 

2.2. 7 Semi-Fuel Cells 

In a semi-fuel cell, the oxidant (cathode) is pumped into the cell, but the fuel is supplied in 

solid form within the cell as a metal anode. Electrical power is produced by the reaction 

between the metal anode and the oxidant. The anode is usually made from lithium or 

aluminium and is consumed during the energy conversion process [Ref. 2-1]. The energy 

densities ofthe semi-fuel cells presently available in the market, lie in the range of260 to 280 

W-hr I kg. Aluminium-Oxygen semi-fuel cells are currently being used by the HUGIN 3000 

and XP-21 AUVs. International Submarine Engineering Ltd. (Canada) tested a 2.3 kW, 100 

kW-hr Aluminium-Oxygen semi-fuel cell developed by Fuel Cell Technologies (Canada), on 
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their ARCS AUV. This semi-fuel cell had an energy density of260 W-hr I kg. It used 36 kg of 

aluminium anodes, 30 kg of oxygen (stored in gaseous form at 4000 psi) and needed two 

hours to refuel. 

The advantages of a semi-fuel cell over a fuel cell include: 

• The semi-fuel cell needs only approximately half the quantity of oxygen that a fuel cell 

needs in order to produce one unit of electricity. This is because its cell voltage is 

approximately double that of a fuel cell. 

• Since the "fuel" in a semi-fuel cell is the aluminium or lithium anode, therefore 

Hydrogen storage or its on-board generation is not required. The associated safety 

hazards posed by hydrogen are also eliminated. 

• Semi-fuel cells are cheaper than fuel cells. This is because the high cost membranes 

and gas-diffusion electrodes present in fuel cells are not required in semi-fuel cells. 

• Semi-fuel cells operate at much lower temperatures(:: 25 °C) as compared to fuel cells 

(:: 80 °C). 

The disadvantages of a semi-foe! cell include: 

• Waste disposal problem - the expended aluminium I lithium anodes are difficult to 

dispose off. 
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2.2.8 Closed Cycle Diesel Engines (CCDE) 

In a CCDE, a conventional Diesel Engine operates in a closed cycle. The exhaust outlet of the 

engine is connected to the inlet side of the engine through an exhaust gas processing unit. In 

this unit, the exhaust gas is cooled down and the combustion products are removed. The 

combustion products are stored in onboard tanks and are discharged on return to base. The 

cleaned and cooled exhaust gas is re-circulated to the engine as a synthetic atmosphere, after 

mixing it with replenishment oxygen. Since the CCDE operates in a closed cycle, it is 

therefore independent of the external atmosphere and consequently the vehicle can dive to any 

depth without altering engine performance. 

The URA labs at the University of Tokyo and Mitsui Engineering and Shipbuilding 

Corporation Ltd. (Japan) have jointly developed an AUV (R-One Robot) that uses a CCDE. 

This CCDE has an output of 5 kW and a capacity of 60 kW-hr. At a speed of 2 knots, this 

gives the vehicle an endurance limit of 25 hours I 120 kms. The R-One Robot completed sea 

trials between the years 1996-98. In October 2000 the vehicle was sent on a full mission and it 

explored the underwater volcano Teisi Knoll off the coast of Japan. Test results from this 

mission indicated that the CCDE functioned quite reliably. In June 1989, the German 

company Bruker launched an experimental 50 tonne manned submersible (Seahorse KD) that 

was equipped with a CCDE. This engine could operate in dual mode; when the vehicle 

surfaced it would operate in an open cycle mode (breathing air) and when the vehicle dived it 

would operate in a closed cycle mode (breathing a synthetic atmosphere). 

CCDEs are ideally suited for AUVs which embark on long range missions, since the 

additional oxygen and fuel required for these missions give the CCDE a higher energy density 
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than conventional batteries. For short range missions, the energy density of CCDE is 

comparable to conventional batteries (since the engine, the exhaust gas processing unit and 

other associated equipment are quite heavy and voluminous). 

2.2.9 Stirling Engines 

The Stirling Engine is an external combustion engine that operates on a closed regenerative 

thermodynamic cycle. It differs in three fundamental ways from a conventional internal 

combustion engine: 

• The working gas (helium) operates in a closed circuit between two cylinders 

• The pistons are double acting 

• A regenerator is provided for extracting I adding heat to the working gas. 

A simple Stirling Engine consists of two pistons enclosed in two cylinders. The space above 

each piston is termed the "hot" space and the space below each piston is termed the 

"cold" space. The working gas which is enclosed between the two pistons, moves 

continuously back and forth between the hot and cold spaces through a regenerator. The 

regenerator either extracts heat or adds heat to the working gas, depending on whether the gas 

is moving from a hot space to a cold space or from a cold space to a hot space, respectively. 

The two pistons are mechanically linked to each other in order to synchronize volumetric 

variation between the two cylinders. 

The power output of the engine can be controlled by altering the pressure of the working gas. 

The combustion pressure of the Stirling Engine can also be raised above ambient, to that of 

the surrounding water pressure (up to a maximum of 300m), so that the engine can operate 

submerged without the need for an exhaust gas processing unit. 
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The first Stirling Engine installed in a subsea vehicle was that installed in the 1200 tonne 

Swedish naval submarine "Nacken" between the periods 1988-90, by the Swedish companies 

United Stirling AS and Kockums. Two 75 kW Stirling Engines were installed in the "Nacken" 

and these engines improved the subsea endurance of the submarine by a factor of five to 

eight. Stirling Engines were also installed in the French commercial submarine "SAGA-1" in 

1990. Kockums is currently developing a prototype AUV energy hull sub-section (0.99 m 

internal diameter and 3.5 m long) comprising of a four cylinder Stirling Engine, a liquid 

oxygen tank, a hydrocarbon fuel tank and the associated control system. The power output of 

this system is 5 to 15 kW, the capacity of the system is 600 kW-hr and the energy density of 

the system is 17 5 W -hr I kg. 

The advantages of the Stirling Engine over the CCDE include: 

• Low noise and vibration levels 

• Low cyclic torque variations 

• Does not need an exhaust gas processing unit 

The disadvantages of the Stirling Engine include: 

• They are slow starting engines and cannot be started instantly 

Like CCDE, Stirling Engines are ideally suited for AUVs which embark on long range 

missions, since the additional oxygen and fuel required for these missions give the Stirling 

Engines a higher energy density than conventional batteries. For short range missions, the 

energy density of Stirling Engines is comparable to conventional batteries (since the engine 

and other associated equipment are quite heavy and voluminous). 
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2.2.10 Lithium Primary Batteries 

Primary batteries are expendable (one-shot) devices that cannot be reused once they have been 

discharged. The Lithium-Thionyl Chloride primary battery has a very high energy density 

(450 W-hr I kg). However it is not commonly used on AUVs since it suffers from the 

following problems: 

• The batteries are always active. They have the capability to violently release energy 

(explode) under certain circumstances and thus pose a safety hazard. 

• The net energy cost ($ per kW -hr) works out to be very high, since the batteries have 

to be frequently replaced. 

2.2.11 Selection of a High Energy Density System for "C-SCOUT" 

The factors to be kept in mind while selecting a suitable energy system for any underwater 

vehicle are: 

• High energy density (W-hr I kg) 

• Low I moderate cost 

• High reliability 

• Easy to recharge and maintain 

• Low start up time 

• Non hazardous I safe 

• Good wet I dry shelf life 

• Environmentally friendly 

At present no underwater energy system can perfectly satisfy all these requirements 

simultaneously. Therefore it is necessary to find a system that offers the best compromise. 
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After studying the energy systems on board current AUVs (section 2.1) and after evaluating 

different energy systems (section 2.2), the author selected four high energy density systems 

that could possibly be used on "C-SCOUT". These are: 

• Silver-Zinc batteries 

• Lithium-ion Polymer batteries 

• Aluminium-Oxygen semi-fuel cells 

• PEM fuel cells 

Out of these four systems, Silver-Zinc batteries and Lithium-ion Polymer batteries are 

immediate solutions. Aluminium-Oxygen semi-fuel cells and PEM fuel cells are long-term 

solutions (to be employed once outstanding issues such as the onboard storage I generation of 

hydrogen, the waste disposal problem of expended aluminium I lithium anodes, etc., have 

been resolved). 

The currently available Stirling engines, Closed Cycle Diesel engines and their associated 

systems are bulky and occupy a large proportion of the vehicle length. To use such systems on 

board "C-SCOUT" will require the length I diameter of the vehicle to be modified. Also their 

energy densities are not much higher than Silver-Zinc and Lithium-ion Polymer batteries. 

Owing to these two reasons, they have not been considered by the author. 

Lithium-Thionyl Chloride primary batteries are unsafe for use and hence they have not been 

considered as a possible option. Alkaline primary batteries have moderately high energy 

densities, but the cost to produce 1 kW-hr of energy using these cells is extremely high (refer 

to Table 2.3 on the next page) and hence they have not been considered. 
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Table 2.3 

The Cost of Producing 1 kW-hr ofEnergy [Ref. 2-13] 

1 Alkaline primary battery (AAA) 890 

2 Alkaline primary battery (AA) 330 

3 Alkaline primary battery (C) 180 

4 Alkaline primary battery (D) 90 

5 Nickel-Cadmium battery 7.5 

6 Lead Acid battery 8.5 

7 Lithium-ion battery 24 

8 Internal Combustion engine 0.3 

9 Fuel cell 4.1 

10 Electricity from the grid 0.1 
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2.3 Optimum Speed of the "C-SCOUT" AUV 

Next, the author worked out the optimum speed of "C-SCOUT" for the most effective energy 

consumption. For this calculation, the vehicle was assumed to have a range of 50 km. Results 

from the self-propulsion tests (see Chapter 4) were then used to provide a relationship 

between delivered power (Pd) and the vehicle forward speed (V). This delivered power was 

then converted to motor mechanical power (P m) by assuming 2 % losses in the bearings and 

magnetic coupling of the Tecnadyne 1020 thruster. 

The motor mechanical power (P m) was then converted to motor electrical power (P e) by 

assuming a motor efficiency of 90 % (to account for iron and friction losses in the motor) [Ref 

2-14]. At each forward speed, the motor electrical power (Pe) was then added to the hotel load 

(Ph), in order to give the total power requirement of the vehicle at that speed (P1). The total 

time (t) required for a mission (at a particular vehicle speed) was then calculated by dividing 

the range (50 km) by the vehicle speed. The time (t) was then multiplied with the total power 

requirement of the vehicle at that speed (P1), in order to give the total energy requirement (E) 

of the vehicle at that speed (see Appendix A for the calculations). These calculations were 

carried out at hotel loads of 100, 150, 200 and 250 W. 

The total energy requirement (ordinate) was then plotted against the vehicle forward speed 

(abscissa) [Figs. 2.2 to 2.5]. From the plots it can be seen that the optimum speed of "C

SCOUT" at which it consumes the minimum energy and has the maximum range, is around 2 

rnls. Similar results are obtained for vehicle ranges other than 50 km. It should be noted that 

the optimum speed is independent of the vehicle range. (Refer to Eqn. 2.5 ). Table 2.4 shows 

the amount of energy required by "C-SCOUT" when traveling at an optimum speed of 2 rn!s. 
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Table 2.4 

Energy Required by "C-SCOUT" 
( Vehicle Speed = 2 m/s ) 

1 100 1.8 

2 150 2.2 

3 200 2.5 

4 250 2.9 

Analytical Expression for the Optimum Speed of "C-SCOUT" 

The total power (PT) required by an AUV is the sum of the effective power (PE) and the Hotel 

Load (PH)· The effective power (PE) is the power required to propel the vehicle and it is equal 

to the product of the vehicle resistance (R) and the vehicle forward speed (V). The hotel load 

(PH) is defined as the power required by the vehicle for all other purposes apart from 

propulsion. 

w ..... 2.1 

Now the vehicle resistance (R) can be expressed as: 

I R= 112 Co pAV2 N ..... 2.2 

where "Co" is the drag coefficient of the vehicle, "p" is the mass density ofwater, "A" is the 
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cross sectional area of the vehicle hull and "V" is the forward speed of the vehicle. 

Substituting Eqn. 2.2 into Eqn. 2.1: 

PT = R * V + PH = 112 Co pA V 3 + PH 

IfET is the total energy provided by the energy system (W-hr), then the time (t) for which the 

vehicle can travel at sea is: 

hr ..... 2.3 

The range (R) of the vehicle is: 

km ..... 2.4 

where the factor 3.6 is used for converting the vehicle speed in rnls to kmlhr. 

The optimum speed at which the vehicle range is maximized, can be determined by 

differentiating Eqn. 2.4 with respect to speed (V) and then equating it to zero (the coefficient 

of drag is assumed to be a constant). Differentiation leads to the following expression: 

1/2 Co pAV3 + PH= 3/2 Co pAV3 

on simplifying the expression we get: 

PH=Co pAV3 

from which the optimum speed of the vehicle for maximum range can be expressed as: 

..... 2.5 

If Eqn. 2.5 is substituted into Eqn. 2.1, it can be shown that at the optimum vehicle speed for 

maximum range, the hotel load (PH) is 2/3 times the total power (PT) required by the vehicle 

and the effective power (PE) is 113 times the total power (PT) required by the vehicle. 
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The value of the optimum vehicle speed for maximum vehicle range, can then be calculated 

by substituting the values of the hotel load, drag coefficient, mass density of water and the 

cross sectional area of the vehicle, into Eqn. 2.5. Table 2.5 tabulates the optimum speeds at 

different hotel loads. 

Table 2.5 

Optimum Speed of C-SCOUT 

1 100 1.6 

2 150 1.8 

3 200 2.0 

4 250 2.1 
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2.4 Endurance of the "C-SCOUT" AUV 

As the next step, the endurance limits of "C-SCOUT" were calculated. First the endurance 

limits using the present energy system on board the vehicle were calculated (Section 2.4.1 ). 

Subsequently the endurance limits using a few higher energy density systems were calculated 

(Section 2.4.2). These calculations were carried out at hotel loads of 100, 150, 200 and 250 W. 

2.4.1 Endurance Using the Present Energy System 

The present energy system on board "C-SCOUT" consists of six Lead Acid batteries. Two of 

these batteries supply 312 W-hr of energy (each) and weigh 9.25 kg (each). The remaining 

four batteries supply 379.2 W-hr of energy (each) and weigh 11 kg (each). The total energy 

supply available on board the vehicle is therefore 2 x 312 + 4 x 3 79.2 = 2140.8 W -hr. The 

total weight of all the batteries is 2 x 9.25 + 4 x 11 = 62.50 kg. The energy density of the 

battery system is therefore 2140.8 I 62.50 = 34.25 W-hr I kg. 

At each forward speed, the total time required for a mission (t') was then calculated by 

dividing the total energy supply available on board (2140.8 W-hr) by the total power 

requirement of the vehicle at that speed (P1). At each forward speed, the maximum distance 

the vehicle can possibly travel at sea (D) was then calculated by multiplying the time (t') with 

the vehicle forward speed (V) (see Appendix A for the calculations). 

The time (t'), distance (D) (ordinate) was then plotted against the vehicle forward speed 

(abscissa) [Figs. 2.6 to 2.9]. Table 2.6 tabulates the vehicle endurance at different hotel loads. 
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2.4.2 Endurance Using a High Energy Density System 

The current energy system on board "C-SCOUT" has a low energy density (34.25 W -hr I kg). 

If the endurance of the vehicle is to be increased, then it is essential that this system be 

replaced with a system of higher energy density. The vehicle endurance limits using the four 

high energy density systems selected in Section 2.2.11 were calculated (see Appendix A for 

the calculations) and plotted [Figs. 2.10 to 2.17], using a procedure similar to that used in 

section 2.4.1, For these calculations, the energy density of the selected systems were taken as: 

• Silver Zinc batteries: 110 W-hr I kg 

• Lithium-ion Polymer batteries: 130 W-hr I kg 

• Aluminium Oxygen semi-fuel cells: 260 W-hr I kg 

• PEM fuel cells: 300 W-hr I kg 

Also, for these calculations, the total onboard energy of an energy system having equivalent 

weight to that of the current energy system on board DC-SCOUTD (62.5 kg) was obtained by 

multiplying the above energy densities with a weight of 62.5 kg. 

Plots [Figs. 2.10 to 2.17] show that maximum vehicle endurance can be obtained by using 

PEM fuel cells. This is followed by Aluminium Oxygen semi-fuel cells, Lithium-ion Polymer 

batteries and Silver Zinc batteries respectively. The benefit of using a high energy density 

system is an improvement in the endurance of the vehicle. For example if the vehicle travels at 

a speed of2 m/s and has a hotel load of250 Watt [Fig. 2.16], then use ofPEM fuel cells leads 

to an endurance limit that is nine times that obtained using Lead Acid batteries. Similarly use 

of Aluminium Oxygen semi-fuel cells, Lithium-ion Polymer batteries and Silver Zinc batteries 

leads to an endurance limit that is eight, four and three times respectively, that obtained using 

Lead Acid batteries. With a hotel load of 250 Watt, the current endurance limit of "C-
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SCOUT" is a distance of36 km. This goes up to 320 km, 277 km, 139 km and 117 km ifPEM 

fuel cells, Aluminium Oxygen semi-fuel cells, Lithium-ion Polymer Batteries and Silver Zinc 

Batteries respectively, are used instead of the Lead Acid battery. Table 2.6 tabulates the 

vehicle endurance at different hotel loads, at a speed of 2 m/s. 

1 100 57 

2 150 48 

3 200 41 

4 250 36 

Table 2.6 

"C-SCOUT" Endurance 
(Vehicle Speed= 2 m/s) 

182 215 

154 182 

133 157 

117 139 
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363 419 
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C..SCOUT Endurance: High Energy Density Svstem 
(Hotel Load= 150 W, Energy System Weight= 62.5 kg) 
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C·SCOUT Endurance: High Energy Density System 
(Hotel Load= 250 W, Energy System Weight= 62.5 kg) 
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2.5 Conclusions 

With advent of higher energy density battery systems such as Lithium-ion Polymer batteries, 

Aluminium-Oxygen semi-fuel cells, PEM fuel cells etc, the days of the Lead Acid battery as 

the dominant energy source for AUVs are numbered. As technology develops, it is hoped that 

AUVs with the ability to circumnavigate the globe on a single charge of energy, will be a 

possibility in the future. 
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Chapter 3 

Powering Prediction for Ships I Submersibles 

Powering prediction for ships I submersibles based on the ITTC 1978 method makes use of 

experimental data from tests conducted on the hull and propulsion system in isolation of each 

other. This means that the interaction effects between the hull and propulsion system have to 

be accounted for approximately. This can lead to inaccuracies in a powering prediction, 

especially in cases when compound propulsors such as ducted propellers, podded propellers, 

etc., are used. To overcome these deficiencies, Kracht [Ref 3-2] and Schmiechen [Ref 3-1] 

proposed a powering prediction method that is based solely on one set of experiments; load

varying self-propulsion tests. In these tests, the hull and propulsion system are treated as one 

physical unit. Therefore interaction effects between the hull and propulsion system are taken 

into consideration and this leads to more accurate results in cases where there are strong 

interaction effects, although scale effects still lead to small errors. The level of hull-propulsor 

interaction can generally be gauged by looking at values of the thrust deduction fraction. 

Values of thrust deduction fraction less than 0.1 indicate that the hull-propulsor interaction is 

not particularly strong, whereas values around 0.3 indicate strong hull-propulsor interaction. 

Preliminary work on powenng prediction using load-varying self-propulsion tests, was 

carried out at MARIN, Netherlands [Ref 3-3] and the Berlin Model Basin (VWS), Germany 

[Ref 3-2]. This chapter compares powering prediction for ships I submersibles based on the 

ITTC 1978 method with that based on the load-varying self-propulsion test method and states 

the salient points of each method. 
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In the marine industry, whenever powering prediction figures are required for new ships I 

submersibles, it is a standard practice to first construct a scaled-down, geometrically-similar 

model of the ship I submersible, then test it in water and subsequently extrapolate the model 

scale results to full scale results. For in-water tests on ship models, the model floats on the 

surface of water. For in-water tests on submersible models, the model is submerged below the 

surface ofwater. In this chapter, the term "model" (denoted by the subscript "M") refers to a 

scaled-down geometrically-similar model of the actual ship I submersible. The term "ship" 

(denoted by the subscript "S") refers to the actual full scale ship I submersible. 
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3.1 Powering Prediction Using the ITTC 1978 Performance Prediction Method 

The ITTC 1978 Performance Prediction Method is currently the industry standard for 

powering prediction of marine vehicles. This method essentially requires that three 

independent tests be carried out on a scaled-down geometrically-similar model of the marine 

vehicle, in order to predict the performance of the actual vehicle. These three tests are - the 

resistance test, the propeller open water test and the self-propulsion test. 

3.1.1 Resistance Tests 

Resistance tests [Ref 3-10, 3-6] can be further categorized as standard resistance tests and 

low-speed resistance tests. 

a) Standard Resistance Tests 

The basic purpose of the standard resistance tests is to determine the drag force (resistance) of 

a scaled-down, geometrically-similar, bare-hull model of the marine vehicle. The measured 

drag force is then extrapolated to full scale in order to obtain the drag of the actual vehicle. 

During a standard resistance test, the model is towed by a towing carriage over a range of 

speeds (normally 5% of the speed range below the minimum speed at which reliable data is 

required to 5 % above the highest speed required). The following parameters are recorded 

during a test: 

• Model speed (V M) 

• Resistance (RTM) 

• Trim angle 

• Sinkage 

• Water temperature (T0) 
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The raw data are then non-dimensionalized into resistance coefficients which are then 

extrapolated to full scale: 

0075 

Coefficient of total resistance of the model 

Coefficient of frictional resistance of the model 
(based on the 1957 model-ship correlation line) 

Coefficient of residuary resistance of the model 

Coefficient of total resistance of the ship 

Total resistance of the full scale vehicle 

Effective power 
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It should be noted that the value of the coefficient of frictional resistance has traditionally 

been estimated using the ITTC 1957 model-ship correlation line. However it is physically 

more correct to use a true turbulent flat-plate friction line such as that formulated by 

Schlichting [Ref 3-8] or by Grigson [Ref 3-9]. 

b) Low-Speed Resistance Tests 

The basic purpose of the low-speed resistance tests is to determine the form factor (k) of the 

scaled-down geometrically-similar model of the marine vehicle. The form factor accounts for 

the three dimensional form of the marine vehicle. It is used to convert the two dimensional 

value of the coefficient of frictional resistance (CF) into a three dimensional value (1 +k) Cp. 

The form factor is considered to be invariant with Reynolds number (Rn), hence kM = ks = k. 

The low speed resistance tests are carried out between the Froude numbers (Fn) of 0.12 to 

0.20, so as to preclude any wave making resistance effects. The parameters recorded include: 

• Model speed (V M) 

• Resistance (RTM) 

• Water temperature (T0) 

The ITTC 1978 method uses a procedure similar to Prohaska's method [Ref3-7] for analyzing 

the test results. At each towing speed, the CFM and CTM values are calculated. A plot is then 

made with C™ I CFM as the ordinate and Fn° I CFM as the abscissa [Fig 3.1]. A straight line is 

fitted through the data points. The equation of this line is of the form: 

..... 3.9 
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where: "1 + k" is the intercept on the CTM I CFM axis when Fn = 0 , "C" is the slope of the 

straight line, "n" is a power that lies between 4 and 6 , The value of "k" is then determined 

from the value of the intercept. 
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3.1.2 Propeller Open Water Tests 

The basic purpose of the propeller open water test [Refs 3-10, 3-6] is to evaluate the 

performance of a scaled-down, geometrically-similar model of the actual propeller, when 

working under homogeneous inflow conditions. The model propeller is fitted onto an open 

water propeller boat and towed by the towing carriage at different speeds. In a typical open 

water test program, the propeller is rotated at a constant speed and the carriage speed is 

systematically varied so as to cover a range of advance coefficients from J0 = 0 to the J0 

corresponding to KTo = 0. This corresponds to the range of operation in which the propeller 

drivt;s the vehicle in the ahead direction (the first quadrant). The parameters recorded include: 
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• Carriage speed (VA) 

• Propeller thrust (T M) 

• Propeller torque (QM) 

• Propeller rotational speed (nM) 

• Water temperature (T0) 

The raw data are then non-dimensionalized into the advance coefficient (J0), thrust coefficient 

(KToM) and the torque coefficient (KooM) [Fig 3.2]. 

1 
KToM 

lOKQoM 

llo 

Io 

Open Water Test: Fig. 3.2 

.... .3.10 

..... 3.11 

..... 3.12 

The difference in the Reynolds number at which the model propeller is tested and at which the 

actual ship propeller runs, causes a change in the frictional coefficient over the surface of the 

blades. This is corrected using the correction factors oKT and oKQ [Ref 3-6]. The corrected 

values KTs and Kos represent the non-dimensional coefficients for the full scale propeller and 
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these are used for determining the self-propulsion point of the ship propeller. 

.... .3.13 I Kos = KooM - aKo ..... 3.14 

where: 

-aCo 0.3 L q_Z_ 
D D 

.... .3.15 I._ B_K_o_=_a_co_0.-25--gn_z__.l··· .. 3.16 

.... .3.17 

CoM = 
2 ( 1 + ~ m )[ 0.044 

q ( Rnco) 116 
5 ] 

( Rnco) 213 ..... 3.18 

Cos= 2 ( 1 + ~m) [1.89 + 1.62~ r 5 ' 2 
.... .3.19 

q kp 

q =Chord length of the propeller blade 

m = Maximum thickness of the propeller blade 

P I D = Pitch to diameter ratio of the propeller blade 

Rnco is the local Reynolds number at x = 0.75 (should be at least 2 * 105 ) 

kp = Blade roughness 
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3.1.3 Self-Propulsion Tests 

The basic purpose of this test [Ref 3-10, 3-6] is to evaluate the propulsive performance of a 

scaled down geometrically similar model of the vehicle, when it is being self-propelled. This 

test tries to model as accurately as possible the actual vehicle operating conditions. Hence the 

propulsion system and all the appendages are fitted in place and the propeller operates in a 

non-uniform wake field behind the vehicle. The model is free to heave and pitch, but is 

restrained in its longitudinal symmetry plane. Two different types of self-propulsion tests are 

currently in use: 

a) Load-varying self-propulsion tests 

b) Speed-varying self-propulsion tests 

a) Load-Varying Self-Propulsion Tests 

In a load-varying self-propulsion test, the model is towed at a number of different speeds, so 

as to cover the entire speed range of the vehicle. At each vehicle speed, the propeller 

rotational speed is systematically varied so as to cover a wide range of propeller loadings -

from the towed region, through the self-propulsion point, to the overload region. At each 

vehicle speed, 5 to 7 values of propeller rotational speeds are used for covering a wide range 

of propeller loadings. The parameters recorded include: 

• Model speed (V M) 

• Propeller thrust (T M) 

• Propeller torque (QM) 

• Propeller rotational speed (nM) 

• Tow force (F) 

• Water temperature (T0) 
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The raw data are then non-dimensionalized into the advance coefficient (J), thrust coefficient 

(KTsM), torque coefficient (KosM) and the tow force coefficient (KFoM). 

J 

KTBM 

2 D 5 PMnM M 

F 
2 D 4 PMnM M 

.... .3.20 

..... 3.21 

.... .3.22 

.... .3.23 

Now since the load-varying self-propulsion test is not conducted at the exact self-propulsion 

point, but instead at a number of points above and below this point, therefore the exact self-

propulsion point needs to be interpolated. For this purpose the tow force coefficient (KFoM) is 

plotted against the advance coefficient (J) [Fig 3.3]. On this plot, an additional curve which 

represents the tow force coefficient (KFD) as a function of J2 is also plotted. 

. .... 3.24 

This additional curve basically represents that value of towing force which is equal to the 

towing force at ship self-propulsion point (Fo) (see section 3.1.4 for a note on F0 ). The 

intersection of the curves KFoM and KFD represents the ship self-propulsion point. At this point 

the values of KTBM , KosM and J are read off. 
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To determine the thrust deduction fraction ( t ) at the ship self-propulsion point, an additional 

curve of the non-dimensional coefficient KR is inserted into the above plot. KR is defined as: 

2D 4 PMnM M 
.... .3.23 

The value of KR at the ship self-propulsion point is then read off. The thrust deduction 

fraction is then calculated using the expression: 

t = .... .3.24 
which is essentially the non

dimensional form of the equation 

where TM* is the model thrust at ship self-propulsion point and RTM is the total resistance of 

the model. 
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Since the thrust deduction fraction is assumed to be independent of propeller loading and scale 

effects, therefore: 

tModel = tship = t 

Next to determine the effective wake fraction, the KTaM, KosM and the KToM, KooM curves are 

plotted together. The effective wake fraction is then determined by either considering a thrust 

identity (constant thrust) or a torque identity (constant torque). The effective wake fraction 

determined using a thrust identity is denoted by WT and that determined by using a torque 

identity is denoted by w0. For a thrust identity, a straight line representing the value of KTBM 

at the self-propulsion point, is drawn [Fig 3.4]. At the point where this line intersects the KToM 

and KTBM curves, the values of J0 and J are read off. The effective wake fraction is then 

calculated using the expression: 

J -Jo 
J ..... 3.25 

A similar procedure is used to determine the effective wake fraction using a torque identity. 

Generally WT is somewhat larger than WQ. Use of the thrust identity wake fraction is generally 

preferred in the analysis of propulsion factors. 
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Unlike the thrust deduction fraction, the scale effect on wake fraction is large and cannot be 

ignored. Therefore in the ITTC 1978 method, the model scale wake fraction (wrM) is 

extrapolated to the full scale (wrs) using the relation: 

Wrs = ( t + 0.04) + (wrM- t- 0.04) (Cvs I CvM) 

where the viscous resistance coefficients are expressed as: 

Cvs = (1 + k) Cps+ CA 

Next the relative rotative efficiency ( l']R = l']a 1 l']o) is calculated using the relation: 

KooM 
KosM 
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where KQoM and KQBM are determined at the advance ratio (J) corresponding to ship self-

propulsion point. 

Next, in order to determine the self-propulsion point (propeller operating point) of the full 

scale vehicle, a KTs , KQs vs J plot is made [Section 3.1.2]. An additional curve of KTs as a 

function of 102 [Eqn. 3.30] is also plotted [Fig 3.5]. 
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The intersection of the two KTs curves represents the self-propulsion point (propeller 

operating point) of the full scale ship [Fig 3.5]. At this point, the values of J, KTs and Kos for 

the full scale ship are read off and are used to calculate the following power prediction factors: 

2 5 Q = Ps ns Ds Kos 

Po= 2 1t Ps nl Ds5 Kos 

TJo = 
Jo KTs 

21t Kos 

1-t 
1- WTS 

b) Speed-Varying Self-Propulsion Tests 

..... 3.31 

..... 3.32 

..... 3.33 

..... 3.34 

..... 3.35 

..... 3.36 

..... 3.37 

In a speed-varying self-propulsion test, the model is towed at a number of different speeds so 

as to cover the entire speed range of the vehicle. At each vehicle speed, the propeller 

rotational speed is adjusted such that the towing force (F) becomes equal to the towing force 

at ship self-propulsion point (Fo) (see section 3.1.4 for a note on F0 ). The model is then said 

to be operating at the ship self-propulsion point. At this point the following parameters are 

recorded: 
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• Model speed (V M) 

• Propeller thrust (T M) 

• Propeller torque (QM) 

• Propeller rotational speed (nM) 

• Tow force (F) 

• Water temperature (T0) 

The raw data are then converted to non-dimensional coefficients, which are then analyzed in a 

manner similar to that for the load-varying self-propulsion tests. 

Comparison of the Load-Varying and Speed-Varying Self-Propulsion Tests 

Speed-varying tests are less time consuming and cost less than load-varying tests. This is 

because speed-varying tests require a fewer number of runs in the tow tank. However, the 

propulsion factors derived from speed-varying tests are less realistic than those obtained from 

load-varying tests. In a load-varying test, the model propeller is subjected to a range of towing 

forces, at each vehicle speed. Therefore these tests are able to properly investigate the 

influence of propeller loading on the propeller-hull interaction effects. Hence the propulsion 

factors obtained are more realistic. In a speed-varying test, the model propeller is subjected to 

only one specific towing force (F0 ). Therefore load dependent interaction effects between the 

propeller and the hull cannot be investigated by this method. Due to the above mentioned 

reasons, load-varying self-propulsion tests were employed for evaluating the propulsive 

performance of"C-SCOUT" (see chapter 4). 
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3.1.4 Towing Force at Ship Self-Propulsion Point ( Fn) 

From the resistance test results: CTs = (1 +k) CFs + CRs + CA + CAA 

where: 

Substituting and solving: 

..... 3.38 

This basically shows that the coefficient of total resistance of the ship (CTs ) is smaller than 

that of the model (CTM) by the skin friction correction (CFM - CFs) times (1 +k) minus the 

correlation allowance (CA) and the coefficient of air resistance (CAA). Therefore in a self

propulsion test, at the model self-propulsion point, the model propeller is actually working at a 

higher value of the thrust loading coefficient (Cth = TM I ( Y2 p D2 V A2 )) than the full scale 

ship propeller. Due to this extra loading, the model propeller's efficiency is lower than that of 

the ship's propeller. To compensate for this difference, the self-propulsion point for the model 

is instead defined at the ship self-propulsion point. At this point, the towing force is: 

..... 3.39 

where: 

..... 3.40 

This ensures that at the self-propulsion point, the model propeller and the ship propeller are 

both working at the same thrust loading coefficient and that both propellers are working under 

dynamically similar conditions. 
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3.2 Powering Prediction Using Load-Varying Self-Propulsion Tests Alone 

3.2.1 Rationale 

The ITTC 1978 Performance Prediction Method gives fairly accurate powering estimates for 

cases when either there is a weak interaction between the propulsor and the vehicle hull [Ref 

3-5] or when the vehicle is oflow I moderate power [Ref 3-2]. In cases when there is a strong 

interaction between the propulsor and the hull, the powering estimates using the ITTC 1978 

method are questionable. 

Strong propulsor-hull interaction occurs in cases when compound propulsors such as ducted 

propellers, podded propellers, etc., are used. Unlike conventional propellers, compound 

propulsors can strongly modify the flow pattern around the hull. This means that methods 

such as the ITTC 1978 method, which make use of results from tests on the vehicle hull and 

propulsor in isolation, actually ignore the eff~ct of an altered flow pattern around the hull, 

consequently leading to inaccuracies in the powering estimates. 

Kracht [Ref 3-2] and Schmiechen [Ref 3-1 ], in an effort to overcome these shortcomings, 

suggested that powering prediction be based on only one set of experiments; load-varying 

self-propulsion tests. In these tests, the hull and propulsor are treated as one physical unit. 

Preliminary work on this concept was carried out by Kracht [Ref 3-2], Schmiechen [Ref 3-1], 

Holtrop [Ref 3-3], Bose and Molloy [Ref 3-4], etc. The following section discusses the theory 

behind this method and highlights the salient points of this method. 
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3.2.2 Theory 

F T 

-------·····--·---·············· ····--·-······················· ........ 
v 

~ 
-------------------------~ -

a 

Forces Acting on a Submerged Vehicle: Fig. 3.6 

Tow Force- Thrust Equation 

In a load-varying self-propulsion test [Fig 3.6], consider the case when the vehicle is moving 

ahead at constant speed (V), under steady-state conditions. The following forces act on the 

body: 

F : Towing force 

T : Propeller thrust 

FT=0: Total resistance of the vehicle under unloaded I idling propeller conditions 

t * : Thrust deduction fraction (calculated using self-propulsion test results alone) 

a: Augment in resistance (a= t* T ) 

Equilibrium of forces leads to the relationship: 

T+ F=FT=0 +a 

Substituting the value of "a" and rearranging the terms: 

-65-



or 

or 

* F = - ( 1 - t ) T + FT=O Tow force- thrust equation ..... 3.41 

For most marine vehicles, the thrust deduction fraction (t*) is independent of propeller (thrust) 

loading. Assuming FT=O is constant for variable propeller loading, differentiation of the tow 

force- thrust equation [Eqn. 3.41] with respect to thrust, leads to: 

dF = - ( 1 - t*) = Constant (for variable propeller loading) 
dT ..... 3.42 

This basically shows that the tow force - thrust equation [Eqn. 3.41] is linear over a range of 

propeller loadings. It therefore represents a straight line, having an equation of the form y = 

mx + c , where "m" is the slope of the line and "c" is the intercept it makes on the y axis [Fig 

3.7]. 

The linear relationship between tow force (F) and thrust (T) generally holds good for all kinds 

of hull forms and propulsors. Only for the fullest hull forms with relatively small propulsors, 

could there be a tendency for a slight departure from linearity [Ref3-3]. 
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Thrust Deduction Fraction (t*) 

From the tow force -thrust plot [Fig 3. 7], the slope of each straight line can be seen to be: 

where T M ** is the model thrust at model self-propulsion point. 

Also as calculated previously, the slope of the line is also equal to: 

dF * 
dT = - ( 1 - t ) = Slope 

Equating the two: 

= - ( 1 - t*) = 
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or 

* t = = 1 + 1 
d....,...T....;;,/_,.dF---

.... .3.43 

Also from the ITTC 1978 method [Eqn 3.24], the thrust deduction fraction (t) is defined as: 

t 

From the above two equations, it can be observed that in order to calculate the thrust 

deduction fraction (t) as defined by ITTC 1978, the results from two independent tests 

(resistance and self-propulsion tests) are needed. On the other hand, in order to calculate the 

thrust deduction fraction (t*) as defined by the load-varying self-propulsion test method, 

results from only one test are needed. The forces FT=0 and TM•• that are used for calculating t* 

belong to the same running condition. Therefore no falsification of the value oft* is possible, 

on account of usage of test results from tests that are not performed under the exactly same 

conditions. Hence the value of the thrust deduction fraction (t*) as determined by the load-

varying self-propulsion test method, is likely to be more realistic than the value of the thrust 

deduction fraction (t) as determined by the ITTC 1978 method. 
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3.2.3 Method of Analyzing the Test Results 

1) Determining the Model Propulsor Thrust (TM) at Ship Self-Propulsion Point (F = FD) 

After conducting a load varying self-propulsion test, the test results are used to make a plot 

between tow force (ordinate) and thrust (abscissa), at each Froude number at which the tests 

were conducted [Fig 3. 7]. The relationship between tow force and thrust is linear for this 

submersible ("C-SCOUT"). Using regression analysis, straight lines are fitted through the data 

points and the equation of each line is determined. The equation of each line is of the form: 

y=mx+c 

where "m" is the slope and "c" the intercept that the line makes on the y axis. From the 

discussion in the previous section, we know that the equation of each line can also be written 

as: 

By comparing the two equations, the value oft* and FT=O can be determined: 

t* = 1 + m 

FT=O = c 

The values of t* and FT=O are then substituted into the tow force- thrust equation [Eqn 3.41]. 

Now in order to determine the propulsor thrust at the ship self-propulsion point (T M *), we 

need to substitute that value of tow force that exists at the ship self-propulsion point (Fo) [Sec 

3.1.4], into the tow force - thrust equation. The value of the propulsor thrust at ship self-

propulsion point (TM*) is then obtained as: 
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where: 

The values of"CA" and "CAA" are calculated using databases of model test facilities (possibly 

created using regression analysis of results from previously conducted tests). The values of 

the frictional coefficients "CFM" and "Cps" are determined using a turbulent flat plate friction 

line such as that formulated by Schlichting [Ref 3-8] or by Grigson [Ref 3-9], instead of the 

traditional ITTC 1957 model - ship correlation line. The value of the form factor " k " is 

determined using low-speed load-varying self-propulsion tests [Ref 3-3]. 

2) Determining the Ship Propulsor Thrust (Ts) at Ship Self-Propulsion Point (F = Fn) 

The model propulsor thrust (T M *) is then extrapolated to the ship propulsor thrust (T s *), using 

the relationship: 

T s = T M A. PsI PM I . . 3 ..... 3.45 

where A. is the scale ratio (A. = Ds I DM)· 

The above relationship is derived by dividing the expression for ship propulsor thrust by that 

for model propulsor thrust and by assuming that Froude scaling is valid for speed ( V s I V M = 

A, 112 ) and that the advance coefficient (J) and the thrust coefficients (KTBS and KTBM) are the 

same for the model and the ship. 
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3) Determining the Non-Dimensional Coefficients Krsu KQBU JMand Converting them to 
their Full Scale Values Krs, KQs, Js 

The raw data are then non-dimensionalized into the advance coefficient (JM), thrust coefficient 

(KTaM), torque coefficient (l<QsM) and the tow force coefficient (KFoM). 

KTBM 

2 D 4 PMnM M 

2 D 5 PMnM M 

.. ... 3.46 

..... 3.47 

..... 3.48 

These model coefficients then need to be converted to their full scale values KTs, KQs, Js. This 

is achieved by performing the following two corrections: 

a) Correction for Change in the Frictional Coefficient Over the Surface of the Propeller 
Blades 

The difference in the propeller Reynolds numbers (Rn) at which the model is tested and at 

which the actual ship operates, causes a change in the frictional coefficient over the surface of 

the propeller blades. This can be corrected for using the correction factors [Ref 3-6]: 

KTs = KTBM - oKT 

KQs = KQaM - OKQ 
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The values of the correction factors &KT and &K0 are determined using the expressions given 

in section 3.1.2. However it should be noted that these correction factors are now applied to 

the propeller coefficients in the behind condition (unlike the ITTC 1978 method, where they 

are applied to the open water propeller coefficients). These corrections cause a vertical shift 

(downwards) in the KTs andKos curves [Fig 3.8]. 

b) Correction for Wake Scaling 

Since the model is tested at a much lower propeller Reynolds number than the actual ship (due 

to practical constraints at the model testing facilities), therefore the inflow velocity (VA) at the 

model's propeller is lower than that at the ship's propeller. Hence the effective wake fraction 

at the ship's propeller is lower than that at the model's propeller. Therefore at the thrust (TM*) 

corresponding to the ship self-propulsion point, the thrust loading coefficient (CTH) of the 

propeller is higher than that of the ship. This causes the model propeller's efficiency to drop to 

a value lower than that of the ship's propeller. To correct for this effect, the advance 

coefficient of the full scale propeller is corrected using the expression [Ref3-3]: 

I Js = JM (1 - WM) I (1 - Ws) I .... .3.49 

This correction causes the KTs and Kos curves to shift towards the left [Fig 3.8]. The value of 

the scaling factor "(1 - wM)I(1 - ws)" required for this correction, can be estimated using 

databases of model testing facilities (for similar ships I submersibles). 
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Shift in KT, 10 KQ Curves: Fig. 3.8 

4) Determining the Self-Propulsion Point of the Full Scale Vehicle 

A plot is made between Krs, KQs vs Js. On this plot an additional curve of Krs as a 

function of Js2 is plotted [Fig 3.9]: 
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where: 

Ts* Jl 
D 2y2 Ps s s .... .3.50 

The intersection of the two KTs curves gives the ship self-propulsion point (propeller 

operating point of the ship). At this point the values of Kos and Js are read off and are 

used to calculate the power prediction quantities of the full scale vehicle. 

5) Determining the Power Prediction Factors of the Full Scale Vehicle 

These are calculated using the following expressions 

~ 
~ 

Po = 2 1t Ps nl Di Kos 
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3.3 "C-SCOUT" Tests 

The propulsive performance of the autonomous underwater vehicle "C-SCOUT" was 

assessed by using the load-varying self-propulsion test method (see Chapter 4). For these 

tests, a full-scale version of the "C-SCOUT" vehicle was used. This vehicle was outfitted 

with a propulsion system and submerged 0.91 meters below the surface of water. The test 

results were analyzed using the method described in section 3.2.3. A comparative 

analysis of the propulsive performance of "C-SCOUT" using the ITTC 1978 method, 

could not be attempted, since results from one of the three tests required by this method 

(the propeller open water test), were not available. 

3.4 Testing Prototype Vessels and Scale Models 

If a scale model of "C-SCOUT" had been used for these tests, instead of the actual 

vehicle (prototype vessel), then the following would have to be considered: 

1) When testing a scale model, at model self-propulsion point, the model propeller is 

actually working at a higher value of the thrust loading coefficient, than the propeller of 

the prototype vessel. To compensate for this difference, the self-propulsion point of the 

model is instead defined at the self-propulsion point of the prototype vessel. For a 

detailed explanation, please refer to section 3.1.4. 

2) Due to practical constraints at model testing facilities, the scale model is tested at a 

much lower Reynolds number than the prototype vessel. This causes the prototype vessel 

to have a smaller wake fraction and a higher propeller entrance velocity, which in tum 

results in the model propeller having a lower efficiency than the full scale propeller. To 

compensate for this effect, the advance coefficient of the full scale propeller is corrected. 
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This correction causes the KTs and Kos curves to shift towards the left [Fig. 3.8]. For a 

detailed explanation, please refer to section 3.2.3 3.b. 

3) The difference in the Reynolds number at which the model is tested and at which the 

prototype vessel operates, causes a change in the frictional coefficient over the surface of 

the propeller blades. This is corrected for using correction factors, which then cause a 

vertical shift in the KTs and Kos curves [Fig. 3.8]. For a detailed explanation, please refer 

to section 3.2.3 3.a. 

3.5 Conclusions 

With the increasing use of non-conventional I compound propulsors, there has been an 

increased demand for an accurate power prediction method. The accuracy of the power 

prediction results provided by the ITTC 1978 method has not been very satisfactory 

when compound propulsors have been used [Ref 3-5]. This is because the ITTC 1978 

method makes use of results :from tests in which the hull and propulsor are tested in 

isolation of each other, thus ignoring interaction effects between the hull and propulsor. 

For accurate results, it is therefore preferable to employ the load-varying self-propulsion 

test method for such cases. 
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Chapter 4 

Resistance and Propulsion Tests 

Introduction 

All AUV designers strive to improve the endurance of their AUVs. Endurance refers to 

the range (distance) or time that an AUV can travel at sea, while working on a mission, 

given a fixed amount of energy which is stored on board the vehicle. Endurance is a 

measure of the overall efficiency of an AUV. Two components that contribute to this 

overall efficiency are resistance and propulsion. The lower the vehicle resistance, the 

higher its endurance. Similarly, the higher the efficiency of the propulsion system, the 

higher is the vehicle endurance. In order to improve the efficiency of the propulsion 

system and reduce the resistance of the vehicle, one must first be able to quantify what 

their values are, hence resistance and self-propulsion tests are one step in gaining this 

information. Resistance, self-propulsion and bollard-pull tests were conducted, on a full 

scale version of the "C-SCOUT" vehicle, at the towing tank (54.7 x 4.57 x 2.5 m) of the 

Ocean Engineering Research Centre (OERC) at Memorial University. 

4.1 Test Setup 

A bare-hull version of the "C-SCOUT" vehicle (2.70 m long, 0.40 m diameter) was 

outfitted with a propulsion system for these tests. The vehicle was immersed 0.91 m 

below the water surface [Figs. 4.1 and 4.2]. Two faired vertical struts, one at each end of 

the vehicle, were used to support the vehicle in the water. The top ends of these struts 

were attached to a support frame, which was attached to the towing carriage. The bottom 

ends of the struts were attached to the vehicle forward and aft through flexible supports. 
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Sketch of Test Setup: Fig. 4.1 

Photo of Test Setup: Fig. 4.2 
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Arrangement fnr supnnrting the Vehicle Forward Section 

Fig. 4.3 

Forward Flexible Support: Fig 4.4 

(all dimensions in inches) 
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Aft Flexible Support: Fig. 4. 7 

(all dimensions in inches) 

Fig. 4.6 
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Pres$Ure Vessel 
Motor 

Pressure Vessel: Fig. 4.9 

Kempf & Remmers 
Thrust & Torque 

Dynamometer 

Each of these flexible supports had three leaf springs mounted in a Y -shaped 

configuration [Figs. 4.3 to 4.8]. For the forward flexible support [Figs. 4.3 to 4.5], the 

outer end of each leaf spring was attached to the vehicle hull; the inner end of each leaf 

spring was attached to the load cell housing. For the aft flexible support [Figs. 4.6 to 4.8], 

the outer end of each leaf spring was attached to a ring, which was in turn attached to the 

aft strut; the inner end of each leaf spring was attached to the vehicle hull. These leaf 

springs constrained the vehicle to move only forward and aft, relative to the struts. 

The forward flexible support housed a single-axis load cell (450 N capacity). This load 

cell was attached between the forward strut and the hull, in order to measure the force 

required to tow the vehicle through the water. Inside the vehicle, in the free space 

between the forward and aft flexible supports, a pressure vessel was fitted [Fig. 4.9]. This 

pressure vessel housed the main propulsion motor (Aerotech model 1960 DC motor) and 
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a thrust and torque dynamometer (Kempf and Remmers model 25). The propulsion motor 

had an built-in tachometer for measuring the rotational speed of the propeller shaft. This 

motor was used for the self-propulsion tests and is not the motor used on the regular 

vehicle for propulsion. 

The pressure vessel was charged with nitrogen gas (15 kPa), so as to keep the internal 

pressure of the cylinder slightly higher than the outside water pressure and thereby 

preclude the possibility of water ingress into the pressure vessel, in case of leakage at the 

stem tube seal. Nitrogen gas was supplied to the pressure vessel using a portable nitrogen 

bottle placed on the towing carriage; a flexible hose supplied gas from the bottle to the 

pressure vessel. 

The stem tube housed the propulsion shafting. The hardened steel propeller shaft was 

coupled to the thrust and torque dynamometer at the inboard end and had the propeller 

mounted on its outboard end. The shaft was supported by three linear rotary bearings 

[Fig. 4.10], fitted at equal distances apart, inside the stem tube. The linear rotary bearings 

permitted the shaft to rotate, as well as to slide freely in the axial direction. This ensured 

that all thrust developed by the propeller was transmitted directly to the dynamometer 

and that there was no substantial loss of measured thrust due to over-tight bearings. 

Linear Rotary Bearing: Fig. 4.10 
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At the location where the propeller shaft penetrated the cover plate of the pressure vessel, 

two lip seals (fitted back to back) were used for sealing purposes. The propeller, hub and 

accelerating duct used for these tests were identical to that of the commercially available 

Tecnadyne model1020 thruster, used on the underwater vehicle "C-SCOUT". 

An Omega OM3 series signal conditioner was used for amplifYing and filtering the 

analogue output signals from the different transducers (load cell, dynamometer, 

tachometer). A DaqBoard 2000 data acquisition card, fitted into the PCI slot of a Pentium 

desktop computer, was used as the data acquisition system. This card was controlled and 

operated by the DaqView data acquisition software. The DaqBoard 2000 card had a 

built-in 16 bit, 200 kHz analog-to-digital converter, which converted the continuous 

analogue signals from the signal conditioner into digital signals. The acquired data were 

processed and stored on the hard drive of the computer in ASCII format. 

4.2 Test Procedure 

The test procedure involved the following steps: 

• Calibrating the transducers 

• Preparing the vehicle 

• Attaching the vehicle to the struts 

• Performing the in-situ tests I checks 

• Performing the resistance and propulsion tests 

4.2.1 Calibrating the Transducers 

The load cell and the dynamometer were mechanically calibrated by subjecting them to 

known loads and torques [Figs. 4.11 and 4.14] and then noting the output voltages of 
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these transducers. The output voltages (abscissa) were then plotted against the applied 

loads or torques (ordinate) and straight lines were fitted through the data points using 

regression analysis [Fig. 4.12, 4.13 and 4.15]. The equations of these straight lines were 

then used for directly converting the output voltages of the transducers into engineering 

units ( N, N-m, etc.), during the course of the actual tests. 

Calibration of the Dynamometer 

Thrust Calibration Torque Calibration 

an 
We1ghts 

Fig. 4.11 
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Load Cell Calibration 

Fig. 4.14 

S ·Type Load Cell Calibration 
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The propulsion motor tachometer [Fig 4.16] was calibrated by running the motor at a 

number of speeds and recording the output voltage of the tachometer; the motor speed 

was measured using a portable optical tachometer. The output voltages (abscissa) of the 

motor tachometer were then plotted against the motor speed (ordinate) and a straight line 

was fitted through the data points using regression analysis [Fig. 4.17]. The equation of 

this straight line was then used for directly converting the output voltages of the 

tachometer into engineering units (rpm), during course of the actual tests. All calibrations 

were carried out using the same data acquisition system that was used for the actual tests. 

This prevents possible errors due to different electronic circuits being used. 

4.2.2 Preparing the Vehicle 

Once the transducers were calibrated, they were then fitted into the vehicle. The 

dynamometer was fitted onto a frame using four Allen bolts. This frame was used for 

supporting the dynamometer and the propulsion motor [Fig. 4.9 and 4.16]. The live end 

of the dynamometer was coupled to the propeller shaft and the dead end of the 

dynamometer was coupled to the motor shaft. The frame was then inserted into the 

pressure vessel and the pressure vessel was then sealed. 

The pressure vessel was then lifted and placed inside the vehicle hull and bolted in place. 

The waterproof cables (for supplying power to the motor and for transmitting the 

transducer output voltages to the data acquisition system) were then plugged into the 
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Preparing the Vehicle: Fig. 4.18 

The Prepared Vehicle: Fig. 4.19 
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waterproof connectors on the pressure vessel. The nitrogen hose was then fitted and 

clamped in place using a jubilee clip [Fig. 4.18]. The space between the pressure vessel 

and the vehicle hull was then filled with styrofoam blocks, in order to give the vehicle 

additional buoyancy and hence ensure neutral buoyancy in water. The forward and aft 

flexible supports were then fitted in place. Subsequently the hinged upper half of the 

vehicle hull (skin) was closed and screwed in place [Fig. 4.19]. 
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4.2.3 Attaching the Vehicle to the Struts 

The vehicle was then lifted using an overhead crane and placed in the water. 

Subsequently the vehicle was attached to the struts [Figs. 4.20 to Fig. 4.25]. 

Fig. 4.20 Fig. 4.21 

Fig. 4.22 Fig. 4.23 

Fig. 4.24 Fig. 4.25 
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4.2.4 Performing the In-Situ Tests I Checks 

Subsequently the in-situ tests and checks were performed. These included an alignment 

check of the vehicle and leaf springs, an axial pull check and shaft friction torque tests. 

Alignment Check of the Vehicle I Leaf Springs 

The vehicle trim was adjusted by raising I lowering the forward and aft struts, so as to 

ensure that the vehicle was at level trim [Fig. 4.26]. The leaf springs were aligned by 

rotating the forward I aft struts clockwise I anticlockwise by a small amount, so as to 

ensure that all the springs lay in the same vertical plane. 

Vehicle Alignment Check: Fig. 4.26 

Axial Pull Check 

The (tow force) load cell readings were then checked by applying a series of axial loads 

on the vehicle. The measured and applied loads were found to correspond accurately. 
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Shaft Friction Torque Tests 

For performing the shaft friction torque tests, the propeller and duct were removed and a 

dummy hub was fitted in place. The propeller shaft was rotated at a number of different 

speeds and the friction torque measured by the dynamometer was noted. A plot was then 

made between the shaft friction torque (ordinate) and the shaft speed (abscissa). [Fig. 

4.27]. 

Shaft Friction Torque vs RPM 
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4.2.5 Performing the Resistance and Propulsion Tests 

After completing the in-situ tests I checks, the propeller and duct were fitted in place, and 

the tank water level was raised to 6.3 ft. Subsequently the resistance and propulsion tests 

were performed [Ref. 4-1]. The test plan included the following tests: 

a) Load-varying self-propulsion tests 

b) Bollard-pull tests 

c) Bare-hull resistance tests 

For the resistance tests, the bare-hull of the vehicle was towed at a series of constant 

speeds, in both the forward and reverse directions, and the vehicle resistance was noted. 

For the bollard-pull tests, the towing carriage was kept stationary and the propeller was 

rotated at a number of different speeds. At each rotational speed of the propeller, the tow 

force, the propeller thrust, torque and rotational speed were noted. 

For the self-propulsion tests, the vehicle was towed at a combination of towing speeds 

and propeller shaft speeds, in the forward direction; here the vehicle speed, tow force, 

propeller thrust, torque and the propeller rotational speed were measured, with and 

without the duct. By performing these different types of tests, one can isolate the effects 

of the hull, propeller and duct and thus obtain a measure of the overall system efficiency, 

as well as an insight into where further improvements in efficiency can be obtained. 
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4.3 Test Results 

4.3.1 Load-Varying Self-Propulsion Tests 

One of the primary objectives of these tests was to evaluate the propulsive performance 

of the vehicle, using load-varying self-propulsion tests. The load-varying self-propulsion 

tests included two phases. Phase I tests were performed with only the propeller fitted 

onto the vehicle. Phase II tests were performed with both the propeller and duct fitted 

onto the vehicle. 

Each of the two sets of tests were conducted using the following speeds of the towing 

carriage: 0.8, 1.1, 1.3, 1.6, 1.8, 2.1, 2.3 and 2.5 m/s. At each towing speed, the propeller 

shaft speed was systematically varied so as to cover the entire range of propeller 

loadings. Each test used the following shaft speeds: 500, 550, 600, 650, 750, 900, 1000, 

1050, 1100, 1150, 1200 and 1250 RPM. At shaft speeds below 500 RPM, the thrusts and 

torques generated by the propeller were too small in magnitude to be measured 

accurately, hence no tests were conducted below 500 RPM. 

The results from Phases I and II were then utilized to determine the duct thrust, using the 

procedure described in section 4.3.2. The duct thrust was then added to the propeller 

thrust in order to obtain the total thrust of the propulsor. 

For the Phase I tests, the tow force (ordinate) was plotted against the propeller thrust 

(abscissa) as shown in Figure 4.28. For the Phase II tests, the tow force (ordinate) was 

plotted against the total propulsor thrust (abscissa) as shown in Figure 4.29. 

- 95-



Both plots were found to be linear and hence they satisfied the linearity axiom for load

varying self-propulsion tests [Refs. 4-2 and 4-3]. Using regression analysis, straight lines 

were fitted through the data points. Each straight line represents a particular vehicle 

speed (V) at which the self-propulsion test was conducted. 
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Table 4.1 

Equations of the Straight Lines 

S.No. Vehicle Speed Equation 

1 V= 2.5 mls y = -0.9369x + 80.875 

2 V= 2.3 m/s y = -0.9341x + 66.219 

3 V = 2.1 m/s y = -0.9358x + 52.164 

4 V = 1.8 m/s y = -0.9327x + 37.544 

5 V= 1.6 m/s y = -0.9329x + 31.978 

6 V= 1.3 m/s y = -0.9307x + 22.203 

7 V=l.lm/s y = -0.9319x + 16.302 

8 V= 0.8 m/s y = -0.9392x + 7.9354 

y =Tow Force, x =Thrust 
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Phase II Tests 

Total Thrust vs Tow Force 
(Load-Varying Self-Propulsion Test, Ahead direction, Propeller+ Duct fitted on ) 
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Fig. 4.29 

Table 4.2 

Equations of the Straight Lines 

Vehicle Speed Equation 

V= 2.5 rn/s y = -0.9554x + 81.46 

V = 2.3 rn/s y = -0.9554x + 66.907 

V = 2.1 rn/s y = -0.956lx + 52.395 

V= 1.8 m/s y = -0.9551x + 38.033 

V = 1.6 rn/s y = -0.9532x + 32.217 

V = 1.3 rn/s y = -0.9508x + 22.343 

V = 1.1 rn/s y = -0.9493x + 15.984 

V = 0.8 rn/s y = -0.9545x + 7.722 

y =Tow Force, x =Thrust 
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The equation of each straight line in Fig. 4.28 and Fig. 4.29 is of the form: 

I F = - (1 - t*)·T + FT=O I .... .4.1 

where 'F' is the measured tow force, 'T' is the measured propulsor thrust, and 'FT=0' is the 

value of the tow force when the propulsor thrust is zero, that is, the intercept on the 

ordinate axis of Fig. 4.28 and Fig. 4.29. From these equations, the vehicle resistance 

under idling propeller conditions, FT=o, and the thrust deduction fraction (t*) were 

determined; see Tables 4.3 and 4.4. Since the full scale "C-SCOUT" vehicle was used for 

these tests, therefore the self-propulsion point of the vehicle is that point when the tow 

force (F) becomes equal to zero. Substituting F = 0 in the above equation, the values of 

the propulsor thrust, at each self-propulsion point {Ts), were determined; see Tables 4.3 

and 4.4. 

The measured values of the vehicle speed, propeller rotational speed, propeller torque, 

propeller thrust and tow force were then used to form non-dimensional thrust, torque, tow 

force and advance coefficients [see Appendix B for test results], according to the 

following definitions. For the Phase I tests, these coefficients are the propeller thrust 

coefficient 'Ktp', propeller torque coefficient 'K.q', tow force coefficient 'Ked' and advance 

coefficient 'J'. For the Phase II tests, these coefficients are the propeller thrust coefficient 

'Ktp', duct thrust coefficient 'Ktd', total thrust coefficient 'Ku', propeller torque coefficient 

'Kq', tow force coefficient 'Kfd' and advance coefficient 'J'. Here 'p' is the mass density of 

water, 'n' is the propeller rotational speed, 'D' is the propeller diameter and 'V' is the 

vehicle (towed) speed. 
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I Ktd = T d I {p.n2 .D4} - Thrust coefficient for the duct ..... 4.2 

I Ktp = Tp l{p.n2.D4} - Thrust coefficient for the propeller ..... 4.3 

I Ktt = Ktp + Ktd - Thrust coefficient for the propeller + duct ..... 4.4 

I Kq = Q l{p.n2.Ds} -Torque coefficient for the propeller ..... 4.5 

I Kfd = F l{p.n2.D4} - Tow Force Coefficient .... .4.6 

I J= V l{n.D} - Advance Coefficient for the propeller .... .4.7 

For the Phase I tests, these coefficients were plotted as curves ofKtp vs J, lOKq vs J 

and Kfd vs J, as shown in Fig. 4.30 to Fig 4.37. For the Phase II tests, these 

coefficients were plotted as curves ofKtp vs J, Ktd vs J, Ku vs J, lOKq vs J and Ked vs 

J, as shown in Fig. 4.38 to Fig. 4.45. The self-propulsion point in these plots can also 

be determined by inserting an additional curve of thrust coefficient 'K15 ' as a 

function of i into the plots. The coefficient 'K1s' is defined as: 

I Kts = T8 • J2 I {p.D2.V2} I .... .4.8 

Where 'Ts' is the propulsor thrust at self-propulsion point. For the Phase I tests, the 

intersection of the 'Kts' curve and the 'Ktp' curve represents the self-propulsion point 

of the vehicle [Fig. 4.30 to Fig. 4.37]. For the Phase II tests, the intersection of the 

'Kts' curve and the 'Ktt' curve represents the self-propulsion point of the vehicle 

[Fig. 4.38 to Fig. 4.45]. Note that in each figure, the curve of 'Kfd' crosses the J-axis, 

indicating that the tow force is zero at the self-propulsion point. 
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Load-Varving Self-Propulsion Test 
( V = 2.3 m I s , Ahead Direction , Only Propeller Fitted on ) 
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Load-Varvlng Self-Propulsion Test 
( V = 2.5 m Is , Ahead Direction , Only Propeller Fitted on ) 
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Load-Varying Self-Propulsion Test 
( V = 0.8 m I s , Ahead Direction , Propeller + Duct Fitted on ) 
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Load-Varying Self-Propulsion Test 
( V = 1.1 m I s , Ahead Direction , Propeller + Duct Fitted on ) 

1.40 ,---------------------------~--~---------

1.20 

1.00 

~ 
0 0.80 ..... - - - - - - - - - - - - - - - - - J<u_ 

J 0.60 .e 
~ 

~<ret __________________ K;p ____ _ ...... ...;. 
:e 0.40 
~ 

.J 0.20 

J 
0.00 

0. 0.20 0.60 1. 0 
-0.20 

-0.40 

J 

Fig. 4.39 

- 105-



Load-Varying Self-Propulsion Test 
( V = 1.3 m I s , Ahead Direction , Propeller + Duct Fitted on ) 
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Load-Varying Self-Propulsion Test 
( V = 1.6 m I s , Ahead Direction , Propeller + Duct Fitted on ) 
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Load-Varving Self-Propulsion Test 
( V = 1.8 m I s , Ahead Direction , Propeller+ Duct Fitted on ) 
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Load-Varvlng Self-Propulsion Test 
( V = 2.1 m I s , Ahead Direction , Propeller + Duct Fitted on ) 
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Load-Varvlng Self-Propulsion Test 
( V = 2.3 m I s , Ahead Direction , Propeller + Duct Fitted on ) 

2.50 ~--~--------

2.00 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- -- -

1.50 - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

-1.50 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

-2.00 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

-2.50 --------. 

J 

Fig. 4.44 

Load-Varving Self-Propulsion Test 
( V = 2.5 m I s , Ahead Direction , Propeller + Duct Fitted on ) 
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From the self-propulsion point, the propeller torque coefficient '1 OKq' and the advance 

coefficient 'J' were read off [see Appendix B]. These were then used to determine the 

propeller rotational speed 'n' and the delivered power 'P d' at the self-propulsion point, 

using the following expressions. 

I n=V/{J-D} .... .4.9 

and 

.... .4.10 

The effective power 'Pe' ofthe vehicle was then calculated from 

.... .4.11 

Subsequently the propulsive efficiency ''lld' of the propulsion system was calculated from 

.... .4.12 

The results for the Phase I and Phase II tests are tabulated in Tables 4.3 and 4.4 

respectively. For the Phase I tests, Fig. 4.46 shows a plot of delivered power and 

effective power vs forward speed and Fig. 4.47 shows a plot of propulsive efficiency vs 

forward speed. Similarly for the Phase II tests, Fig. 4.48 shows a plot of delivered power 

and effective power vs forward speed and Fig. 4.49 shows a plot of propulsive efficiency 

vs forward speed. 'FT=o' for the Phase I and Phase II tests, are compared with 'R' from 

the bare hull resistance tests, in Table 4.5. 
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Table 4.3 (Phase I) 

Self-Propelled Condition, Ahead Direction. Only Propeller Fitted on 

S.No. v n FT=O t" Ts pd Pe 1ld 
_(m/s) (rpm) (N) (N) (W) (W) (%) 

1 2.5 1161 80.8 0.0631 86.3 382.0 202.8 53.0 
2 2.3 1074 66.2 0.0659 70.8 291.3 152.8 52.4 
3 2.1 984 52.1 0.0642 55.7 215.2 109.8 51.0 
4 1.8 875 37.5 0.0673 40.2 138.0 67.7 49.1 
5 1.6 824 31.9 0.0671 34.2 117.1 51.2 43.7 
6 1.3 733 22.2 0.0693 23.8 79.0 28.9 36.5 
7 1.1 664 16.3 0.0681 17.4 52.4 17.9 34.3 
8 0.8 557 7.9 0.0608 8.4 20.9 6.3 30.4 

Table 4.4 (Phase II) 

Self-Propelled Condition, Ahead Direction, Propeller+ Duct Fitted on 

S.No. v n FT=O ( Ts pd Pe 1ld 
(m/s) (rpm) (N) (N) (W) (W) (%) 

1 2.5 1089 81.4 0.0446 85.2 300.4 204.4 68.0 
2 2.3 1004 66.9 0.0446 70.0 227.2 154.8 68.1 
3 2.1 921 52.3 0.0439 54.8 172.6 110.4 63.9 
4 1.8 832 38.0 0.0449 39.8 124.3 68.6 55.2 
5 1.6 777 32.2 0.0468 33.7 100.0 51.7 51.6 
6 1.3 694 22.3 0.0492 23.4 66.7 29.1 43.6 
7 1.1 617 15.9 0.0507 16.8 44.0 17.6 39.9 
8 0.8 500 7.7 0.0455 8.0 17.6 6.1 35.1 

Table 4.5 

Comparison of FT-o and R 

Propeller fitted on Propeller+ Duct_/itted on 

S.No v R FT=O FT=O I R FT=O FT=O I R 
(m/s) (N) (N) (N) 

1 0.8 8.0 7.9 1.0 7.7 1.0 
2 1.1 13.9 16.3 1.2 15.9 1.1 
3 1.3 18.7 22.2 1.2 22.3 1.2 
4 1.6 27.2 31.9 1.2 32.2 1.2 
5 1.8 33.8 37.5 1.1 38.0 1.1 
6 2.1 46.4 52.1 1.1 52.3 1.1 
7 2.3 60.9 66.2 1.1 66.9 1.1 
8 2.5 76.9 80.8 1.1 81.4 1.1 
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Delivered and Effective Power vs Forward Speed 
(Load-Varying Self-Propulsion Tests, Ahead Direction, Only Propeller Fitted on) 
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Delivered and Effective Power vs Forward Speed 
(Load-Varying Self-Propulsion Tests, Ahead Direction, Propeller+ Duct Fitted on) 
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4.3.2 Duct Thrust Measurement Method 

The test setup for the self-propulsion tests was used for the duct thrust measurements. In 

this case direct measurement of duct thrust is required, so the duct needs to be supported 

by its own load cell, which is in turn supported by a rigid structure. In a conventional test 

where the vehicle is attached rigidly to the towing struts, this load cell would be attached 

to the aft strut or to the support frame. 

But for these tests, since the vehicle was not attached rigidly to the towing struts, the load 

cell for measuring duct thrust could no longer be attached to the aft strut or to the support 

frame, but instead would have had to be directly attached to the vehicle hull. Such an 

arrangement invariably causes the flow pattern around the aft end of the vehicle to get 

altered, thereby changing the test results. 

FT=O 
~ 

Phase I 

a 

Forces Acting on the Vehicle: Fig. 4.50 
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Further, the entire arrangement for supporting the vehicle using flexible supports was 

already quite complicated and fitting an additional load cell and its support structure was 

not found to be practical. Therefore it was decided not to measure the duct thrust directly, 

but instead to infer the duct thrust from the results from the tests of Phases I and II. 

Fig. 4.50 shows the forces acting on the vehicle during the course of Phases I and II. The 

towing force at zero propulsor thrust ( FT=O) is essentially the same in both the cases (see 

Table 4.3 and 4.4). If the augment in resistance (a thrust-deduction effect ofpropulsor) is 

assumed to be same in both the cases, then the duct thrust can be inferred using the 

following expression: 

Duct Thrust= [Tow Force(II)- Propeller Thrust(II)]- [Tow Force(!)- Propeller Thrust(!)] 

.... .4.13 

Using the above expression, the duct thrust was inferred at each propeller speed for 

which a self-propulsion test was conducted. This duct thrust was then added to the 

propeller thrust, in order to obtain the total thrust generated by the propulsor, at each 

propeller speed for which a self-propulsion test was conducted [see Appendix B]. 
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4.3.3 Bollard-Pull Tests 

The bollard-pull of a vehicle is essentially a measure of the greatest towing force the 

vehicle can exert on a towline, while the vehicle is stationary (zero forward speed). The 

vehicle was fitted with both the propeller and the duct for these tests. Bollard-pull tests 

were conducted by keeping the vehicle stationary and then systematically varying the 

propeller speed. At each propeller speed, the following parameters were recorded: 

propeller speed, propeller thrust, shaft torque, tow force and water temperature. The 

recorded data were then used to make plots of tow force versus propeller speed [Fig. 

4.51], and of delivered power versus propeller speed [Fig. 4.52]. [see Appendix B for test 

results]. 
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Bollard-Pull Tests 
( Delivered Power vs Propeller Speed ) 
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4.3.4 Bare-Hull Resistance Tests 
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Resistance tests were conducted in order to determine the drag (resistance) of the bare-

hull of the vehicle. The propeller and duct were removed for these tests. The vehicle was 

towed over a range of speeds in the ahead as well as astern directions. The parameters 

recorded included the carriage speed, vehicle resistance and the water temperature. Tests 

were not conducted at speeds below 0.6 mls, since the measured resistance at speeds 

below 0.6 mls was too small to be reliably measured by the load cell. For the astern 

direction, the tests were limited to a maximum speed of 2 rnls, since the towing carriage 

could go no faster than 2 m/s when traveling backwards. 
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The measured data (see Appendix B for test results] were then used to create plots of 

vehicle resistance versus vehicle speed, for both the ahead and astern conditions, Fig. 

4.53 and Fig 4.54. 

Since the depth of the towing tank was limited, therefore the vehicle co.uld only be 

submerged to a centreline depth of0.91 m (2.2 body diameters) below the free surface of 

water. As a rule of thumb, the body needs to be submerged at least five body diameters 

below the surface of water, in order to completely preclude free surface (wave making) 

effects (Ref 4-4]. Consequently at towing speeds above 2 m/s, a significant amount of 

wave making resistance showed up in the data. This is indicated by a sharp jump in the 

vehicle resistance above 2 m/s, Fig. 4.53. Below towing speeds of 2 m/s, the vehicle 

resistance is predominantly viscous and there is a uniform parabolic-type increase in 

resistance with increasing forward speeds. 

The vehicle bare-hull resistances in the ahead and astern directions were compared, Fig. 

4.55. The resistance values (towing forces) were close to each other at lower speeds. 

With increasing speeds, the difference in resistance increased and then stabilized to a 

more or less constant difference of about 10.7 percent. 

The vehicle bare-hull resistance in the ahead direction (R) was also compared with the 

magnitude of the towing force at zero propulsor thrust (Fr=o); Fig 4.56 and Table 4.5. The 

values of R and FT-o were close to each other at lower speeds. At higher speeds the 

difference in Rand FT=O stabilized to a more or less constant value of about 9.8 percent. 
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Bare-Hull Resistance vs Forward Speed 
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Bare-Hull Resistance vs Astern Speed 
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Comparison of Ahead and Astern Bare-Hull Resistances 
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Resistance Tests 
( Comparison of R and Fr=o ) 

(Fr=o for "Propeller+ Duct Fitted on" Case) 
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The data were then non-dimensionalized into a drag coefficient 'Cd'; the frontal area 

nD2/4 of the vehicle was used for calculating the drag coefficient. The drag coefficient 

'Cd' was then plotted against the vehicle forward speed and astern speed; see Fig. 4.57 

and Fig 4.58. In Fig 4.57, at speeds above 2 m/s, the rise of'Cd' indicates a higher than V2 

dependence of resistance on speed (V). The data were also non-dimensionalized into a 

drag coefficient 'Cd' using the wetted surface area (3.009 m2) of the vehicle. This drag 

coefficient 'Cd' was then plotted against the vehicle forward speed and astern speed; see 

Fig. 4.59 and Fig 4.60. 
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Resistance Tests 
( Drag Coefficient vs Astem Speed ) 
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Resistance Tests 
( Drag Coefficient vs Ahead Speed ) 
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Resistance Tests 
(Drag Coefficient vs Astern Speed) 
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4.4 Uncertainty Analysis 

An uncertainty analysis was carried out in order to ascertain the overall level of 

uncertainty in the test measurements. The analysis was carried out according to the ITTC 

recommended procedure 7.5-02-03-01.2 Rev.OO (Propulsion, Performance Uncertainty 

Analysis, Example for Propulsion Test) and 7.5-02-02-02 Rev.Ol (Testing and 

Extrapolation Methods, Resistance Uncertainty Analysis, Example for Resistance Test). 

Results of the uncertainty analysis are tabulated in Appendix B. These results are 

summarised in Table 4.6 on the following page. 
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Table 4.6 

Summary of the Uncertainty Analysis 

Load Var ing Self-Propulsion Test (Propeller Fitted on) 
Paf(eNo. Term Uncertainty 
B 14 to n The uncertainty in the value of 'n' (Un) is about 0.039 rpm and 

B 18 is essentially the same for different forward speeds (V). 
B 19 to v For different forward speeds (V), the uncertainty in the value 
B23 of 'V' (Uv) is about 0.003 m/s. 

B 24to Q For different forward speeds (V), the uncertainty in the value 
B28 of 'Q' (U0 ) is about 0.008 N-m. 

B29to Tp For different forward speeds (V), the uncertainty in the value 
B 33 of'Tp' (UT) is about 0.25 N. 

B 34to F For different forward speeds (V), the uncertainty in the value 
B 38 of'F' (Up) is about 0.27 N. 

B 39to J For different forward speeds (V), the uncertainty in the value 
B43 of 'J' _(lb) is less than or equal to 0.002. 

B 44to Kq For different forward speeds (V), the uncertainty in the value 
B47 of 'Ka' (UKa) is less than or equal to 0.002. 

B48 to Ktp For different forward speeds (V), the uncertainty in the value 
B 51 of 'Kto' (UKto) is less than or equal to 0.02. 

Load Varyinll Self-Propulsion Test (Propeller+ Duct Fitted on) 
Paf(eNo. Term Uncertainty 
B 52 to n The uncertainty in the value of 'n' (Un) is about 0.039 rpm and 

B 56 is essentially the same for different forward speeds (V). 
B 57 to v For different forward speeds (V), the uncertainty in the value 

B 61 of 'V' (Uv) is about 0.003 m/s. 
B 62to Q For different forward speeds (V), the uncertainty in the value 

B 66 of 'Q' (Uo) is about 0.008 N-m. 
B 67to Tt For different forward speeds (V), the uncertainty in the value 

B 71 of'Tp' (UT) is about 0.25 N. 
B 72to F For different forward speeds (V), the uncertainty in the value 

B 76 of 'F' (Up) is about 0.27 N. 
B 77to J For different forward speeds (V), the uncertainty in the value 

B 81 of 'J' (U1) is less than or equal to 0.002. 
B 82to Kq For different forward speeds (V), the uncertainty in the value 

B 85 of 'Ka' (UKa) is less than or equal to 0.002. 
B 86to Ktt For different forward speeds (V), the uncertainty in the value 

B 89 of 'Ku' (UKto) is less than or equal to 0.02. 
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Table 4.6 (continued) 

Summary of the Uncertainty Analysis 

Bare-Hull Resistance Test 
Page No. Term Uncertainty 
B 90to v For different forward speeds (V), the uncertainty in the value 

B 92 (_Ahd.) of 'V' (Uv) is less than or equal to 0.004 m/s. 
v For different astern speeds (V), the uncertainty in the value of 

(Ast.) 'V' (Uv) is less than 0.004 m/s. 
B 93 to R For different forward speeds (V), the uncertainty in the value 

B 95 (Ahd.) of 'R' (UR) is about 0.27 N. 
R For different astern speeds (V), the uncertainty in the value of 

(Ast.) 'R' (UR)is about 0.27 N. 
B 96to Cct For different forward speeds (V), the uncertainty in the value 
B98 (Ahd.) of 'Cct' (Ucct) is less than 0.03. 

Cct For different astern speeds (V), the uncertainty in the value of 
(Ast.) 'Cct' (Ucct) is less than 0.03. 

Bollard-Pull Test 
Page No. Term Uncertainty 
B 99to n For different propeller rotational speeds (n), the uncertainty in 
B 100 the value of 'n' (Un) is about 0.039 rpm. 

B 101 to Q For different propeller rotational speeds (n), the uncertainty in 
B 102 the value of 'Q' (U0 ) is about 0.008 N-m. 

B 103 to Tp For different propeller rotational speeds (n), the uncertainty in 
B 104 the value of 'Tp' (UT) is about 0.25 N. 

B 105 to F For different propeller rotational speeds (n), the uncertainty in 
B 106 the value of 'F' (UF) is about 0.27 N. 
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4.5 Problems Faced During the Tests 

i) Leaf Spring Breakage: In a conventional self-propulsion test, a braking arrangement 

is generally provided, in order to prevent forces of large magnitude from acting on the 

(tow force) load cell during the acceleration I deceleration periods. During a test run, 

when the vehicle accelerates I decelerates, the brakes are engaged. This ensures that all 

the towing forces are transmitted directly from the struts to the hull (the load cell is 

bypassed). Once the vehicle reaches a constant speed, the brakes are disengaged and 

subsequently all the towing forces are transmitted from the strut to the hull via the load 

cell. For the self-propulsion tests conducted on "C-SCOUT", no braking arrangement 

was provided. Consequently at high speeds (> 3 m/s), when the vehicle was being 

accelerated I decelerated for a run, forces of large magnitude acted on the forward and aft 

flexible supports, leading to spring breakage. To prevent spring breakage, the maximum 

test speed was therefore limited to 3 m/s. 

ii) Stern Tube Bearing Seizure: The stem tube initially had two bearings (oil-lite 

bushings), one fitted at each end of the stem tube. During the course of the tests, the aft 

bearing seized up. The two oil-lite bearings were subsequently replaced with three linear 

rotary bearings [Fig. 4.1 0] and no further instances of bearing seizure occurred. 

iii) Difficulty in Accessing Components: In a conventional self-propulsion test with a 

ship model, the model floats on the surface of the water and hence all components are 

easily accessible. For the tests conducted on "C-SCOUT", the vehicle was submerged in 

water, making it very difficult to access components in case something malfunctioned. 
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4.6 Conclusions 

These resistance and propulsion experiments with "C-SCOUT", constitute a first step in 

evaluating the vehicle performance. They provide a wealth of information about the 

performance of the propulsion system over a range of vehicle speeds and propeller 

loadings. This data will be used for optimizing the propulsion system and the hull form 

of the vehicle. 
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Chapter 5 

Design of a High Efficiency Propeller for "C-SCO UT" 

5.1 The Need for a High Efficiency Propeller 

The amount of stored energy available on board an AUV is limited. Hence all AUVs operate 

on a tight energy budget. The propulsion system of an AUV is one of the major consumers of 

energy. Therefore a high efficiency propeller implies lower energy consumption, which then 

translates into increased vehicle endurance and a reduction in vehicle operating costs. The 

AUV "C-SCOUT" currently uses a 1 HP Tecnadyne (model 1020) thruster unit as its main 

propulsion system. The unit [Fig 5.1] consists of a brushless DC motor mounted inside a 

waterproof casing, a magnetic coupling, propeller and an accelerating duct. 

13.40in ,._ ____ (34.0cm)--------.t 

Tecnadyne (Modell020) Thruster: Fig 5.1 [RefS-13] 

Table 5.1 compares the performance of the Tecnadyne thruster unit with a proposed high 

efficiency propeller that was designed for "C-SCOUT" by the author (see Section 5.4). The 
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results for the Tecnadyne thruster were obtained from the propulsion tests conducted on "C-

SCOUT" (see Chapter 4). From the table, it can be observed that in order to move "C-

SCOUT" at a speed of 2 m/s, the Tecnadyne thruster unit requires a delivered power of 153 

Watt. In contrast, the proposed high efficiency propeller needs only 115 Watt for the same 

job. Use of the high efficiency propeller therefore leads to a gain of 20 % in terms of 

propulsive efficiency and a savings of 3 8 Watt in terms of energy consumption. 

Table 5.1 

Tecnadyne 1020 Thruster vs High Efficiency Propeller (at a Forward Speed of2 m/s) 

S.No Propulsor Propeller Propeller Delivered Propulsive 
Diameter Speed Power Efficiency 

(D) (n) ( Pd) (1ld) 
em rpm Watt % 

1 Tecnadyne 1020 

l.a Propeller alone 15.2 953 187 50 

l.b Propeller + Duct 15.2 890 153 62 

2 High efficiency propeller 50.0 300 115 82 

The low efficiency of the Tecnadyne thruster unit is the consequence of using a small 

diameter, high rpm, heavily-loaded propeller. Heavily-loaded blades are less efficient and are 

more susceptible to cavitation. The small diameter of the propeller means that it has to rotate 

at a higher rpm to produce the same amount ofthrust, than a propeller of larger diameter. This 

leads to increased rotational energy losses and a corresponding drop in propeller efficiency. 

Due to the above mentioned reasons, it can be clearly seen that use of the Tecnadyne thruster 

unit means low propeller efficiencies and high energy consumption. 
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5.2 High Efficiency Propeller Concept 

The high efficiency propeller envisioned for "C-SCOUT" basically consists of a large 

diameter (0.5 m), slender, fine-bladed, slow-turning (300 rpm), wake-adapted, single-screw 

propeller with two blades [Fig 5.6]. The advantage of such a propeller is a potential propeller 

efficiency of 80 to 90 %. 

5.2.1 Reasons for the High Efficiency of the Propeller 

1) Large Diameter 

a) Low Thrust Loading: From propeller momentum theory it can be shown that the ideal 

efficiency ( 'lli) of a propeller is given by [Ref 5-14]: 

2 
1li = 1 + ( 1 + Cth )112 

where the thrust loading coefficient ( Cth) is defined as: 

T = Propeller thrust (N) 

p = Density of water (kg/m3) 

VA= Speed of advance of the propeller (m/s) 

Ao = Propeller disc area (m2) 

0 0 ••• 5.1 

..... 5.2 

From the above expression and from Fig 5.2, it can be seen that the lower the thrust loading, 

the higher the propeller efficiency. A low thrust loading can be achieved by increasing the 

propeller disc area (by increasing the propeller diameter). 
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r 

Kt, Kq, TJ 0 , Ctb vs J: Fig 5.2 [RefS-14] 

b) High Mass Flow: The thrust generated by a propeller is governed by Newton's second 

law. That is, propeller thrust is equal to the rate of change of momentum (mass times axial 

induced velocity) of the mass of water that the propeller accelerates. Now there are two ways 

that a propeller can produce a particular amount of thrust. Either it can accelerate a large mass 

of water at low induced velocities (using a large diameter, slow rpm propeller) or it can 

accelerate a small mass of water at high induced velocities (using a small diameter, high rpm 

propeller). From propeller momentum theory, it can be proved that the former method of 

thrust generation is much more efficient than the latter method. According to this theory, the 

ideal efficiency ( lli) of a propeller can also be expressed as [Ref 5-14]: 

T]i 
1-a' 
1+a 
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where "a' " is the rotational inflow factor and "a" is the axial inflow factor. The factors "a" 

and "a' "are used for calculating the axial induced velocity (aVA) and the rotational induced 

velocity (a'ro). From the above expression, it can be seen that the propeller efficiency can be 

maximized by minimizing the factors "a" and "a' ", ie., by minimizing the axial and rotational 

induced velocities. Therefore one of the objectives while designing a high efficiency propeller 

is to maximize the mass flow and minimize the induced velocities. A large diameter propeller 

by virtue of its large disc area, can accelerate a large mass of water while imparting low 

induced velocities. Consequently such a propeller is extremely efficient. 

2) High Aspect Ratio Blades: High efficiency propeller blades have a large span and a short 

chord length (high aspect ratio), conceptually similar to the wings of a glider. The efficiency 

of a propeller blade is directly proportional to the blade lift to drag ratio. Therefore the higher 

the lift/drag ratio, the greater is the propeller efficiency [Ref 5-12]. 

llblade OC Lift oc CL 
Drag Co .... .5.4 

At the same angle of attack, high aspect ratio blades have a higher coefficient of lift (CL) and a 

lower coefficient of drag (Co) than low aspect ratio blades and this leads to increased 

propeller efficiency. This can be explained as follows. Any lifting surface such as a propeller 

blade generates lift due to a pressure differential across its two faces. At the blade tip, due to 

this pressure differential, a certain amount of spillage occurs. Fluid from the high pressure 

side rushes into the low pressure side - this sets up blade tip vortices and these vortices lead to 

a downwash of fluid behind the blades [Fig 5.3]. This downwash causes the blades to develop 

a local induced angle of attack - which then leads to a reduction in lift generated by the blades 

and an additional drag force to act on the blades (known as induced drag). 
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AR • Asped Rallo ,.,..21 Al'll) 

Angle of Attack • a 
Lift vs Angle of Attack, Wing Tip Vortices and Downwash: Fig 5.3 [Ref5-12] 

The effect of tip vortices and downwash is quite pronounced on low aspect ratio blades and 

this effect reduces as the aspect ratio of the blades increases. Hence high aspect ratio blades 

have higher lift/drag ratios than blades of lower aspect ratios and consequently high aspect 

ratio blades are more efficient. 

3) Use of a Minimum Number of Blades: In general, for the same advance coefficient (J), as 

the number of blades on the propeller increases, its efficiency drops. This is due to the cascade 

effect [Ref 5-11]. The cascade effect occurs when a series of lifting surfaces (blades) work in 

sufficient proximity to each other, so as to mutually alter the flow regime around each other. 

Downwash from the first blade affects the second blade, causing its lift to drop [Fig 5.4] and 

its drag to increase. Downwash from the second blade then affects the third blade and so on. 

The lift/drag ratio of individual blades drops and consequently the propeller efficiency drops. 

Ideally a propeller with one blade is the most efficient, but getting such a propeller to balance 

is difficult. Hence a propeller with two blades is the next logical choice. Among all the 

practically feasible multi-bladed propellers, a two bladed propeller is least affected by the 

cascade effect. 
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Lift Coeff. 
(CL) 

Single Airfoil 

Airfoil in Cascade 

Angle of Attack ( a ) 

CL vs a. (Cascade Effect): Fig 5.4 [Ref5-11] 

4) Use of a Wake-Adapted Propeller: The high efficiency propeller is designed to be wake-

adapted. In a wake-adapted propeller, the propeller pitch matches the inflow conditions, ie., at 

each section of the blade, the blade geometric pitch angle (<I>) is set such that the angle of 

attack is equal to the ideal angle of attack ( ai ): 

..... 5.5 

where ai is the ideal angle of attack and f3i is the hydrodynamic pitch angle. The ideal angle 

of attack is defined as that angle of attack at which flow enters the leading edge smoothly [Ref 

5-19]. Smooth entry prevents a low pressure peak near the leading edge of the blade, thus 

preventing flow separation (and the accompanying increase in drag) and hence maximizing 

propeller efficiency and avoiding potential cavitation. 

5) Use of Cambered Airfoil Sections: The high efficiency propeller blade sections consist of 

a superposition of a NACA a=0.8 meanline with a NACA 16-015 airfoil thickness distribution 
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[Fig 5-7]. This family of airfoil sections in general has a high lift/drag ratio and hence it 

maximizes propeller efficiency. Airfoil sections can generate lift either by having an angle of 

attack or by having section camber (asymmetry). The high efficiency propeller blade sections 

generate most of their lift due to section camber. Consequently blade sections have a very 

small angle of attack ( = a.i ). At small angles of attack, the lift/drag ratio is maximum and this 

ensures maximum propeller efficiency. Also since the propeller blade is lightly loaded, the lift 

required to be generated by individual blade sections is low. This ensures that the camber 

required by individual blade sections is low- this minimizes drag losses. 

6) Use of Fine (Thin) Blades with Low Expanded Area Ratio: The minimum expanded 

area ratio (AE I Ao) is determined by cavitation considerations and the minimum blade 

thickness (t) is determined by structural strength considerations. The lower the expanded area 

ratio and the lower the blade thickness, lower is the blade drag and hence the propeller 

efficiency is higher. The high efficiency propeller has a very low expanded area ratio of 0.11 

and a thickness ratio (tx I D) of 0.0094 at 0.7R. Hence the blades generate low drag and have 

high efficiency. 

7) Use of Low Propeller Rotational Speeds: The higher the rotational speed of a propeller, 

the higher the rotational energy losses and consequently the lower the propeller efficiency. As 

a general rule, the propeller rotational speed is inversely proportional to the propeller 

diameter. Use of a large diameter propeller therefore permits the use of low propeller speeds 

and hence minimizes the rotational energy losses. Also for a given vehicle speed (V) and 

propeller diameter (D), there exists a particular propeller rotational speed (n) and a 

corresponding value of the advance coefficient (J) at which the propeller efficiency (11) is 
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maximum. Any further increase in the propeller rotational speed, leads to a reduction in the 

advance coefficient and hence efficiency. High propeller rotational speeds therefore implies a 

low value of J and a propeller that operates in a region of low TJ. Hence use of optimum 

propeller rotational speeds ensures maximum efficiency. 

Thus as explained in the above sections, the key features that give the high efficiency 

propeller its high efficiency are: a large diameter, large mass flow, low thrust loading, high 

aspect ratio blades, minimum number of blades, low blade expanded area ratio, low blade 

thickness, a wake-adapted pitch distribution and lift development using section camber alone. 

5.2.2 The Disadvantages of the High Efficiency Propeller 

1) Blade Damage Issues: The high efficiency propeller has a diameter (0.5m) (see section 

5.4.1) that is 25% greater than the hull diameter (0.4 m). This is not expected to pose much of 

a problem in the open seas, where the vehicle is expected to spend much of its mission time. 

However in shallow waters, in the vicinity of other objects, the vehicle needs to be 

maneuvered with care, so as to preclude the possibility ofblade damage. 

2) Structural Strength Issues: Large diameter blades imply increased moment arms and 

hence greater stress levels at the blade root section. This calls for additional blade thickness to 

withstand the stresses. However, since the vehicle operates at low speeds (2 to 4 knots), 

therefore the thrust and torque loads on the blades are quite low. Consequently the blade 

stresses are also quite low. 
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5.3 Design Methodology 

The high efficiency propeller was designed using Eckhardt and Morgan's propeller design 

method [Ref 5-l] for a wake-adapted propeller. This method is based on the lifting line theory 

of Hill [Ref 5-2] along with modifications made by Lerbs [Ref 5-3] to account for the radial 

variation in the wake around the propeller disc. Once the propeller has been designed by 

lifting line theory, Eckhardt and Morgan then used Ludwieg and Ginzel' s correction factors 

[Ref 5-4] to modify the section camber (in order to account for flow curvature effects). Then 

they also modified the section pitch using Lerb's h-factor method [Ref 5-5] (in order to 

account for viscosity, ideal angle of attack and lifting surface effect). Subsequently the blade 

strength is checked using the cantilever beam theory developed by Morgan [Ref 5-6]. 

Eckhardt and Morgan's propeller design method thus complements lifting line theory with 

lifting surface theory and is a fairly accurate method for designing lightly loaded propellers of 

moderate I high aspect ratios. Figure 5.10 shows a flowchart for the steps involved in 

systematically designing a propeller using Eckhardt and Morgan's method. 
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Flowchart for Eckhardt and Morgan's Propeller Design Method 

I 

Select propeller design parameters 
(Diameter, rpm, no. ofblades etc ) 

Non-dimensionalize the parameters 
Convert to ideal values 

Make initial estimate of the 
hydrodynamic pitch angle ~i 

Calculate the ideal thrust loading 
coeff. using initial value of ~i 

No 

Evaluate CL L I D and tx I D 

+ 
Evaluate cavitation no. ( cr x) 

• I Select NACA section and meanline 

• Evaluate mx I L and tx I L 

+ 
Correct section camber for flow 

curvature effects using 
Ludwieg and Ginzel corrections 

• 
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Correct section pitch for viscosity, 
ideal angle of attack and lifting 

surface effects based on 
Lerbs h-factor method 

Re-check blade strength 
Calculate delivered power, thrust and 

propeller efficiency 

No 

Produce section drawings 

Flowchart for Eckhard and Morgan's Method: Fig 5.5 
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5.4 High Efficiency Propeller Design: Steps 

5.4.1 Selection of the Propeller Design Parameters 

a) Vehicle Speed (V): Results from the self-propulsion tests (Chapter 4) indicated that the 

optimum vehicle speed at which the maximum propulsive efficiency was achieved, lay in the 

region of 2 to 2.5 m/s (:: 4 to 5 knots). Also the vehicle speed for optimum energy 

consumption was found to be around 2 m/s (see Chapter 2). Apart from this, a study of the 

maximum I cruising speeds of a number of present day AUVs (see Table 2.1, Chapter 2) 

indicated that the maximum speeds of most AUVs lay in the region of 4 to 5 knots(:: 2 to 2.5 

m/s) and that the cruising speeds of most AUVs lay in the region of 3 to 4 knots (:: 1.5 to 2 

m/s). Based on these facts, a speed of2 m/s (:: 4 knots) was chosen as the design speed for the 

high efficiency propeller. 

b) Propeller Diameter (D): The propeller was envisioned to have a large diameter, but the 

question of "how large was large enough" arose. Since the propeller was not a standard series 

propeller, therefore no charts were available for optimizing the diameter - rpm combination. 

Therefore, to get an idea about what diameter propeller was needed, the thrust loading 

coefficient (Cth) and the ideal efficiencies (rli) for a number of diameters ranging from 0.15 m 

to 0.70 m were calculated [Table 5.2]. Based on these results, a diameter of 0.5 m was 

selected. This diameter while not being too large, provided an ideal efficiency of over 96 %. 
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Table 5.2 

Propeller Diameter vs Ideal Efficiency 

0.70 98.3 
-~~""'"''"'"m--..w.- =-~«=""'"-"'""""'"'~ 

0.65 98.1 
0.60 97.7 
0.55 97.3 
0.50 96.7 ___ ,,,·-~--- -·~ --:-:--
0.45 0.18 95.8 

V.~~="'""'"- -W=W>""""mV. ........ ¥--~"' "N,".V.V,VH."N.WN~NNM',WNN"N"N 

0.40 0.24 94.4 
"""-""""""~~= ... , .... 

0.35 0.35 92.3 
~---

0.30 0.55 89.0 
.~N•~><>~••NN-NNN~~-~~NN NNNomo>.••••-~""NNNNNN~NNNN 

0.25 0.94 83.5 
·~~-

0.20 1.80 74.7 
N=Nh~'"""''"''"""'""' 

0.15 4.16 61.1 

c) Propeller Rotational Speed (n): Based on the results of the self-propulsion tests (Chapter 

4), for the speed range of 2 to 2.5 m/s (speed range for maximum propulsive efficiency), the 

advance coefficient ( J) was found to lie between 0.8 and 0.9. The advance coefficient J = 0.8 

is an efficient operating regime for most propellers [Ref 5-20]. Therefore this was selected as 

the design J for the high efficiency propeller. At this value of J, for a vehicle speed of 2 m/s 

and a propeller diameter of 0.5 m, the propeller speed works out to be 300 rpm. The high 

efficiency propeller is expected to be driven by a small DC motor (0.15 kw capacity or 

smaller). A large variety of DC motors of this capacity I speed range are currently available in 

the market. Therefore propeller I DC motor matching should not be a problem. 
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d) Thrust (T) and Thrust Deduction Fraction (t): The amount of thrust required to propel 

the vehicle at a speed of 2 m/s (T = 52 N) and the value of the thrust deduction fraction (t = 

0.065) were obtained from the self-propulsion test results (Chapter 4). 

e) Radial Distribution of the Wake Fraction (wx ): In the absence of detailed wake survey 

information on "C-SCOUT", this information was extrapolated from wake survey tests carried 

out on a similar body of revolution [Ref 5-15]. 

f) Number of Blades (Z): Since the propeller was being designed for maximum efficiency, 

this required minimization of the cascade effect. Hence a minimum number of blades (Z = 2) 

were selected. 

g) Blade Material: Manganese bronze was selected as the blade material owing to its high 

tensile and compressive strength, good machinability, corrosion resistance and a good ability 

to withstand fatigue failure. Other materials with similar properties, which could be used 

instead, include Naval Brass and Nickel Aluminium Bronze. 

5.4.2 Calculation of the Non-dimensional Parameters ( CT and A.): 

Using the selected propeller design parameters, the values of CT , CTs , A. , A.s were calculated 

using Eqns. 5.6, 5.7, 5.8 and 5.9 [Ref 5-1] (See section 5.5.1 for the calculations): 

T 
CT = 

1 = ~ nnD 

..... 5.6 

..... 5.8 A.s 
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Since Eckhardt and Morgan's method is based on potential flow theory, it is therefore 

necessary to change the real fluid thrusts (CT and CTs) into ideal fluid thrusts (CTi and CTsi). 

This was achieved using Eqns. 5.10 and 5.11 [Ref 5-1] (See section 5.5.1 for the calculations): 

CTi = ..... 5.10 where ..... 5.11 

Since E and Ai are initially unknown, it was assumed that the value of CTi is 3 % greater than 

CT. Similarly the value of CTsi was assumed to be 3 % greater than CTs· This value of CTsi is 

the required (design) value and is denoted as (CTsi ) required. 

5.4.3 Determination of the Hydrodynamic Pitch Angle ( f3i ): 

The next step involves determination of the hydrodynamic pitch angle f3i . An initial estimate 

of f3i was made using Lerbs's expression [Eqn. 5.12] for optimum wake-adapted propellers 

[Ref 5-1] (See the spreadsheet in section 5.5.1 for the calculations. Refer to the first row: 

"hydrodynamic pitch angle calculation- first iteration"): 

As ( 1 -roo )112 ( 1 - rox ) 112 

X lli 
..... 5.12 

The ideal efficiency (lli) required for use in the above expression, was determined using a set 

of curves developed by Kramer [Ref 5-l] for optimum propellers operating in open water. 

Since the propeller that is being designed is a non-optimum wake-adapted propeller, therefore 

the value of tan f3i obtained using Lerbs 's expression for optimum wake-adapted propellers 

[Eqn. 5.12], gives only a first estimate ofthe actual value of tan f3i. Using this value oftan f3i, 
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the elemental ideal thrust loading coefficient for each section was computed using Hill's 

expression [Eqn 5.13]: 

dCTsi I dx = 
8KX !I.t_ ( X - Ut ) 

2V I.. 2V 

where Ut I 2V was obtained using [Eqn 5.14] and ~ was obtained using [Eqn 5 .15]: 

I ~v 
tan~ 

= 
( 1 - ffix ) sin Pi sin ( Pi - P ) 

sin~ 

..... 5.13 

..... 5.14 

.... .5.15 

The elemental thrust loading coefficients [Eqn. 5.21] were then integrated over the length of 

the blade in order to obtain the "calculated" value of the ideal thrust loading coefficient. The 

"required" value of CTsi was then compared with the "calculated" value of CTSi· Since there 

was a small difference between the two, the value of tan ~i obtained using the first estimate 

was corrected using the expression [Ref 5-1]: 

( tan A ) - ( tan A ) [ 1 + ( CTSi )required - ( CTsi )calculated ] 1-'i corrected - 1-'i previous 
5 ( CTsi )required ..... 5.16 

Using this corrected value of tan ~r , the values of the ideal elemental thrust loading 

coefficients were again calculated and integrated over the blade length, so as to obtain 

(CTsi)calculated· (See section 5.5.1 for the calculations. Refer to the second row: "hydrodynamic 

pitch angle calculation- second iteration"). The values of (CTsi)calculated and (CTsi)required were 

again compared and were found to converge (no difference existed between the two). At this 
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point (of convergence) the correct value of tan ~i and hence the hydrodynamic pitch angle ~i 

was obtained. 

5.4.4 Calculation of the Section Chord Lengths (L): 

Cavitation criterion (Keller's formula) was used to determine the minimum expanded area 

ratio (AE I Ao) required, at a depth of submergence of 1 m and a water temperature of 2 °C. 

Keller's formula states that: 

fu 
Ao 

where: 

[ 1.3 + 0.3 Z ] T + Ko 
(Po- Pv) D2 

Po = P A + p g h' = 1.1110 * 105 N I m2 

Pv = 588.399 N I m2 (0 °C) 

Z=2 

T= 52.26 N 

D=0.5m 

Ko= 0.1 

..... 5.17 

Substituting and solving, the minimum AE I Ao needed to prevent cavitation was found to be 

0.1036. Substituting the value of AE I A0 = 0.1036 into Eqn. 5.18, the chord lengths at 

different sections were determined: 

2Z 
1t ..... 5.1 R 
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The calculated chord lengths were then adjusted so as to obtain a final AE I Ao of 0.1114. (See 

Appendix C for the calculations). 

5.4.5 Calculation of the Blade Thickness Ratio ( tx I L): 

A linearly decreasing blade thickness ratio (tx I L), varying from 15 % at the root section 

(x = 0.2) to 4.5 % at the section x = 0.9, was selected. Blade stresses for this thickness 

distribution were checked using cantilever beam theory and were found to be much lower than 

the yield strength of the blade material (See section 5.4.12.e and section 5.5.2 for the strength 

calculations). 

5.4.6 Calculation of the Section Lift-Length-Diameter Coefficient (CL LID): 

The next step involves calculation of the lift-length-diameter coefficient (CL L I D) at each 

section. This was calculated using Hill's expression [Ref 5-l]: 

= 
4n X K Uti 2V 

Z X - Ut 
X 2V 

..... 5.19 

The section lift coefficient (CL) was then obtained by dividing CL LID by LID (obtained 

from section 5.4.4). (See the spreadsheet in section 5.5.1 for the calculations. Refer to the 

fourth row: "coefficient of lift calculation"). 

5.4.7 Selection of the Blade Section Profile (Meanline and Thickness Distribution): 

For most marine vehicles, blade section profiles of airfoil shape are the usual choice, since 

these profiles have a high lift I drag ratio, thus making them extremely efficient. A section 

profile of airfoil shape was therefore selected for the high efficiency propeller. The section 
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profile was built by combining a NACA a=0.8 meanline with a NACA 16-015 thickness 

distribution [Fig 5.7]. The NACA a = 0.8 meanline is a common choice for propeller 

applications. It has uniform chordwise loading for 80 % of its chord length from the leading 

edge, followed by linear attenuation in the loading. This type of loading is quite realistic in 

real fluids, whereas uniform chordwise loading (a= 1.0 meanline) is not. The a= 0.8 meanline 

is able to develop nearly 100 % of its theoretical lift in viscous flow. The a = 1.0 meanline in 

comparison is able to develop only about 74 % of its theoretical lift in viscous flow. The 

NACA 16 series airfoils are particularly well suited for propeller applications. Their thickness 

distribution was developed in order to produce a shape that generated very low induced 

velocities and hence had minimum energy losses. These airfoils have the location of 

maximum thickness at 0.5 chord length. 

Method of Combining the Meanline and Thickness Distribution: 

The ordinates and slopes for the a = 0.8 meanline, for a design lift coefficient (CLi ) of unity, 

were obtained from Ref 5-16. The ordinates and slopes for meanlines having lift coefficients 

other than unity, is obtained by multiplying the values of the ordinates and slopes for the case 

when CLi = 1, with the required lift coefficient. The ordinates for the NACA 16-015 thickness 

distribution were again obtained from Ref 5-16. This thickness distribution was laid out 

perpendicular to the meanline (See Appendix C for the calculations). The abscissas and the 

ordinates of points on the upper (Xu, Yu) and lower (XL, YL) faces of the section, were 

obtained using the following expressions [Ref 5-16]: 

Xu = X' - Yt sin 8 
..... 5.20 

..... 5.21 

XL =X' + Yt sin e 
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where: 

X' : chordwise position 

Y c : meanline ordinate 

tan e : meanline slope 

Yt thickness distribution ordinate 

5.4.8 Calculation of the Section Cavitation Numbers (crx): 

The cavitation number (crx) at each section was then calculated using Eqn. 5.24 [Ref 5-1]. The 

propeller shaft centerline was assumed to be submerged 1 m below the surface of water and 

the water temperature was assumed to be 2 °C. In Eqn. 5.24, the pressure due to the head of 

water (P) was determined using P = p g [ h - x. Dl2 ], where "h" is the shaft submergence and 

"Pa" is the atmospheric pressure. Eqn. 5.24 calculates the cavitation number at each section of 

a propeller blade which is in the top dead center (tdc) position. In the tdc position, the 

propeller blade experiences the least static head, coupled with a mean dynamic head . 

..... 5.24 

The calculated values of the section cavitation numbers were found to be considerably higher 

than the minimum cavitation numbers given in the incipient cavitation charts for the NACA a 

= 0.8 meanline and the NACA 16 thickness distribution [Ref 5-l] (See the spreadsheet in 

section 5.5.1 for the calculations. Refer to the third row: "cavitation number calculation"). 

This basically shows that the expanded area ratio (AE I Ao) can be reduced still further. 

However, AE I Ao was not reduced any further. The reason for this is that reduction in AE I Ao 

leads to a corresponding reduction in the braking effect of the propeller when running at astern 
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rotation to stop the vehicle [Ref 5-17]. Also a reduction in AE I Ao leads to a reduction in 

blade strength. Since the expanded area ratio was already quite small (AE I Ao = 0.11 ), it was 

not considered wise to reduce it any further. 

5.4.9 Calculation of the Section Camber Ratios (mx I L) and the Camber Corrections: 

For the NACA a= 0.8 meanline, at Cu = 1, mx I L = 0.0679. As explained in section 5.4.7, 

since the meanline ordinates vary linearly with the coefficient of lift, therefore the camber 

ratio can be expressed as: 

I fix I L = 0.0679 CL I ..... 5.25 

The section camber ratios were then calculated by substituting the appropriate values of the 

lift coefficient (CL) into the above expression. The calculated values of the camber ratios (mx I 

L) are two-dimensional values operating in rectilinear flow. They then need to be corrected for 

flow curvature effects. Ludwieg and Ginzel's correction factors K1 and K2 [Ref 5-4] were 

used to account for flow curvature effects. The corrected camber ratio is given by the relation: 

( fix )corrected ..... 5.26 
L 

where the correction factor K1 =function ( Ai, AwAo) and K2 =function (x, AEIA0). (See 

the spreadsheet in section 5.5.1 for the calculations. Refer to the fifth row: "camber correction 

calculation"). 

5.4.10 Calculation of the Section Pitch Distributions (PI D) and the Pitch Corrections: 

Once the section cambers have been corrected, the section pitches need to be corrected for 

viscosity, for ideal angle of attack of the meanline and for change in curvature over the chord 
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length. Corrections for viscosity and for ideal angle of attack of the meanline are combined 

into an additional angle of attack a 1, expressed as [Ref 5-1]: 

..... 5.27 

where "K3" is a correction factor that depends on the shape of the meanline. 

Correction for change in curvature over the chord length is made using Lerbs h-factor method. 

This correction is necessary since Ludwieg and Ginzel's camber correction was based on flow 

curvature effects at the mid-point of the section. Experiments with propellers however showed 

that they were underpitched with this correction. Lerbs defined an additional angle of attack 

( a.2) to account for this change in curvature over the chord length. This additional angle of 

attack is defined as [Ref 5-l]: 

..... 5.28 

where a.b is the bound vortex contribution, defined by the expression [Ref 5-l]: 

where: 

sin (3i 
2 I: [ 

J..l =angular position of the blade 

( L sin J..l - 0. 7 cos l3i cos J..l ) 
D 

G = Non-dimensional circulation per blade [Ref 5-1] 

G= 
2XK J:!L _.:;..1 __ 

Z 2V ( 1- ffix) 
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J G dx 
(PI R)3 

..... 5.29 

..... 5.30 

] 



[ X2 + (LID i + 0.49- 2( LID cos~ cos f3i + 0.7 sin~ )X ] 312 

ar is the free vortex contribution, defined by the expression [Ref. 5-l]: 

2 

where [Ref 5-l]: 

I ai'= ~i- ~ 

The parameter h is a function of e , which is defined as [Ref 5-l] : 

8 = arc tan ( _Q,]_ D ) 
sin ~i L 

a 0 is defined by the expression [Ref 5-1]: 

I ao=~CL 

..... 5.31 

..... 5.32 

..... 5.33 

..... 5.34 

..... 5.35 

where "ao" is the angle of zero lift of the meanline and "~" is a factor that depends on the 

shape of the meanline [Ref 5-l]. 

The value of a 1 was determined using Eqn. 5.27 (See the spreadsheet in section 5.5.1 for the 

calculations. Refer to the sixth row: "pitch correction (a1) calculation"). Thereafter the values 

of ab, ar, ai and ao were determined using Eqns. 5.29 to 5.35. Subsequently the value of a2 

was determined using Eqn. 5.28 (See the spreadsheet in section 5.5.1 for the calculations. 

Refer to the seventh row: "pitch correction ( a 2) calculation"). 
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The pitch corrections a.1 and a.2 were then used in the following expression [Ref 5-1], so as to 

obtain the final corrected pitch distribution at each section (See the spreadsheet in section 

5.5.1 for the calculations. Refer to the eighth row: "final P/D ratio calculation"): 

I P /D ~1tXtan ( ~,+al) (I + ": /!; ) I 
where [Ref5-1]: 

1 + ~P/D 
P/D 

tan ( ~i + az )o.7R 
tan ( l3i )o.7R 

..... 5.36 

..... 5.37 

5.4.11 Calculation of the Thrust Loading Coefficient (CTs ), Power Coefficient (Cps), 

Delivered Power ( Pd) and Propeller Efficiency (llb): 

Subsequently the thrust loading coefficient (CTs) & the power coefficient (Cps) of the 

propeller (in a real fluid) were calculated using the expressions [Ref 5-1]: 

1 

CTs = J ( 1 - E tan ~i) d~si . dx 

Xh 

1 

J~(tan ~i +e) d~. dx 
Cps= A-s dx 

where [Ref 5-1]: 

~ 
L:J 
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The delivered power (P d) required by the propeller was then determined using [Ref 5-l]: 

..... 5.41 

The efficiency ( llb ) of the propeller was subsequently determined using [Ref 5-1]: 

I llb = CTs I Cps x 100 % 
..... 5.42 

(See the spreadsheet in section 5.5.1 for the calculations. Refer to the ninth row: "final thrust 

coefficient I power coefficient calculation"). 
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5.4.12 Verification of the Blade Strength Using Cantilever Beam Theory: 

The blade stresses at the root section (x = 0.2) were then calculated using cantilever beam 

theory [Ref 5.6]. The principal stresses acting on the blade section are the bending stresses due 

to propeller thrust and propeller torque and the tensile stress due to centrifugal force. Since the 

high efficiency propeller has no skew or rake, therefore the stress components due to 

centrifugal bending and due to the out of plane stresses, are very small and can therefore be 

neglected. 

a) Calculation of the Bending Moments Mxo and Mv0: 

First of all, the bending moments due to thrust (MT) and torque (M0) were calculated using the 

expressions [Ref 5.6] (See the spreadsheet in section 5.5.2 for the calculations): 

1 

f 

1 

Mo = f 

( x - x0 )( 1 - E tan f3i ) d.Qr.sj . dx 
dx 

( x- x0) (tan f3i +E) dG:rsi._. dx 
dx 

where "x0" is the non-dimensional radius of the section being analyzed. 

..... 5.43 

..... 5.44 

The moments MT and Mo were then resolved into two components [Fig 5.9]: Mxo about an 

axis parallel to the nose-tail line and passing through the centroid of the blade section; Mvo 

about an axis perpendicular to the nose-tail line and passing through the centroid of the blade 

section. 
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The following expressions were used for obtaining Mxo and Mvo [Ref 5.6]: 

I Mvo = MTSin ~- MQCos ~ 

where~ is the geometric pitch angle of the blade section, defined as [Ref 5.6]: 

~ =arc tan [ _1_ P ] 
X7t D 

..... 5.45 

..... 5.46 

..... 5.47 

b) Calculation of the Moment of Inertias (lxo and lvo) and the Position of the Centroid 

(Xca and Y ca) of the Root Section: 

For the root section, the position of the centroid (Xco andY co) and the moments of inertia 

about an axis parallel to the nose-tail line and passing through the centroid of the blade section 

(lxo) and about an axis perpendicular to the nose-tail line and passing through the centroid of 

the blade section (lvo), were calculated using Simpson's rule (See the spreadsheet in Appendix 

C for the calculations) [Fig 5.8]. 

c) Calculation of the Blade Mass (m) and the Blade Longitudinal Center of Gravity (Xc): 

The blade mass was then calculated using the expression [Ref 5.11] (See the spreadsheet in 

Appendix C for the calculations): 

..... 5.48 
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where: 

rh : Hub radius 

R : Tip radius 

Ax : Blade section area 

p0 : Density of manganese bronze (blade material) 

The blade mass calculated using the above expression was increased by a factor of 2.5 % in 

order to account for the additional mass of the blade fillets [Ref 5-11]. Blade section area (Ax) 

was calculated from positions x = 0.2 to x = 1.0 using the following expression[Ref 5.11]: 

L 

Ax = Jt dl 

0 

where: 

t : Blade section thickness 

L : Chord length 

..... 5.49 

The position of the longitudinal center of gravity (Xc) of one blade was then calculated using 

the expression [Ref 5.11]: 

..... 5.50 
1 

JAx dx 
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d) Calculation of the Centrifugal Force (Fe) Acting on One Blade: 

The centrifugal force acting on one blade was then calculated using the expression [Ref 5.11] 

(See the spreadsheet in section 5.5.2 for the calculations): 

where: 

m : Blade mass 

Xc : Blade LCG 

D : Propeller diameter 

n :Propeller speed (rps) 

e) Calculation of the Stresses at the Root Section: 

..... 5.51 

The total stresses acting on the root section were then calculated at three critical points on the 

root section - at the leading edge ( O'L.E), at the trailing edge ( O'T.E) and at the point of 

maximum thickness on the suction back (crs.a), using the following expressions [Fig 5.9] (See 

the spreadsheet in section 5.5.2 for the calculations) [Ref 5.6]: 

O'L.E = Y 1 Mxo - X1 Mvo + 
lxo lvo 

..&_ 
A x=0.2 

..... 5.52 

O'T.E = 
Y2 Mxo + X2 Mvo 

lxo lvo 
+ .1£. 

A x=0.2 
..... 5.53 

O'S.B Y3 Mxo + X3 Mvo 
lxo lvo 

+ J:£. 
A x=0.2 

..... 5.54 
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where: 

+ ve sign: Tensile stress 

- ve sign : Compressive stress 

X1 : Distance from the neutral axis to the leading edge (along the x axis) [Fig 5.9] 

X2 : Distance from the neutral axis to the trailing edge (along the x axis) [Fig 5.9] 

X3 : Distance from the neutral axis to the point of max. thickness on the suction back 

(along the x axis) [Fig 5.9] 

Y1 : Distance from the neutral axis to the leading edge (along they axis) [Fig 5.9] 

Y2 :Distance from the neutral axis to the trailing edge (along they axis) [Fig 5.9] 

Y 3 : Distance from the neutral axis to the point of max. thickness on the suction back 

(along they axis) [Fig 5.9] 

A x = 0.2 : Blade section area at section x = 0.2 

The magnitudes of the calculated stresses were as follows: 

crL.E = 6.2 MPa (Tensile) 

O"T.E = 7.3 MPa (Tensile) 

crs.s = 8.3 MPa (Compressive) 

These stresses were much lower than the yield strength (138 MPa), the ultimate tensile (414 

MPa) and compressive strengths (159 MPa) ofmanganese bronze. 
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f) Calculation of the Blade Tip Deflection: 

The blade tip deflections <>x (about the XO axis) and ()Y (about the YO axis) were calculated 

using beam theory (See the spreadsheet in section 5.5.2 for the calculations): 

where: 

Mxo Lo2 

2 E lxo 

Mvo Lo2 

2 Elvo 

E : Modulus of elasticity of blade material (Manganese Bronze) 

Lo: Blade length 

The magnitudes of the deflections were: 

<>x = 0.38 mm 

()Y = 0.004 mm 
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Moment of Inertia Calculation 
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Stress Calculation 
Blade Root Section (X= 0.2) 
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5.5 High Efficiency Propeller Design: Calculations 

5.5.1 Propeller Design Calculations 

Vehicle Speed (V) 2.00 m/s 
Speed of Advance (V.) 1.94 mls 

Thrust Ded. Fraction (t) 0.0653 
Wake Fraction (W.) 0.0297 

Propeller Speed (N) 300 rpm 
Propeller Dia. (D) 0.50 m 
Number of Blades (Z) 2 
Propeller Thrust 52.26 N 
Prop. Shaft Submergence 1.00 m 

Hydrodynamic Pitch Angle! B1 I Calculation- First Iteration (Row 1) 

0.3 0.7005 0.5943 0.5362 0.5109 
0.4 0.7987 0.5083 0.4702 0.4531 
0.5 0.8782 0.4471 0.4204 0.4081 
0.6 0.9390 0.3983 0.3791 0.3701 
0.7 0.9703 0.3528 0.3392 0.3327 
0.8 0.9878 0.3143 0.3045 0.2998 
0.9 1.0000 0.2828 0.2756 0.2722 
1 0 1.0000 0.2545 0.2493 

5.00 rps 

0.7441 0.6397 0.5970 0.1033 4.4794 
0.5960 0.5374 0.5119 0.0672 4.1949 
0.4999 0.4636 0.4472 0.0432 4.0005 
0.4308 0.4068 0.3956 0.0277 3.8689 
0.3754 0.3591 0.3514 0.0199 3.8059 
0.3314 0.3200 0.3146 0.0155 3.7720 
0.2964 0.2881 0.2842 0.0125 3.7489 

0.01 
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Non-Dimensional Parameters !Using Speed of Advance) 

Advance Coefficient ( J ) 
Advance Ratio ( A. ) 
Thrust Coefficient ( C r ) 

Ideal Thrust Coefficient ( C r;) 

Kramer's Ideal Efficiency ( TJ 1 ) 

0.7762 
0.2470 
0.1413 

0.1455 

0.9400 

Non-Dimensional Parameters !Using Vehicle Speed) 

Advance Coefficient ( J8 ) 

Advance Ratio ( 18 ) 

Thrust Coefficient ( C rs ) 

Ideal Thrust Coefficient ( C rs;) 

0.9695 0.0846 
0.9381 0.0606 
0.9011 0.0415 
0.8529 0.0278 
0.7804 0.0204 
0.6712 0.0160 
0.5093 0.0131 

0.2153 
0.2749 
0.2878 
0.2650 
0.2431 
0.2154 
0.1686 

0.8000 
0.2545 

0.1330 

0.1370 

4 
2 
4 
2 
4 
2 

0.8611 
0.5497 
1.1512 
0.5299 
0.9723 
0.4307 
0.6745 



Hydrodynamic Pitch Angle C B, I Calculation - Second Iteration {Row 2) 

Correction Factor for f3 ; 

0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 
1.0 

0.5835 
0.7005 
0.7987 
0.8782 
0.9390 
0.9703 
0.9878 
1.0000 
1.0000 

0. 
0.5943 
0.5083 
0.4471 
0.3983 
0.3528 
0.3143 
0.2828 
0.2545 

Cavitation Number Calculation (Row 3) 

0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 
0.9 

110616.32 
110371.15 
110125.99 
109880.82 
109635.65 
109390.49 
109145.32 
108900.15 

0.7005 
0.7987 
0.8782 
0.9390 
0.9703 
0.9878 
1.0000 

Coefficient of Lift Calculation (Row 4) 

0.3 0.9700 0.0767 
0.4 0.9404 0.0528 
0.5 0.9053 0.0341 
0.6 0.8584 0.0209 
0.7 0.7867 0.0141 
0.8 0.6777 0.0103 
0.9 0.5147 0.0078 

0.6387 
0.5362 
0.4702 
0.4204 
0.3791 
0.3392 
0.3045 
0.2756 
0.2493 

0.2610 
0.2053 
0.1666 
0.1369 
0.1107 
0.0899 
0.0741 

0.8074 
0.8630 
0.8976 
0.9210 
0.9383 
0.9509 
0.9601 

0.98215 

0.9786 
0.9910 
0.9965 
0.9987 
0.9996 
0.9998 
0.9999 
0.9999 

0.1027 
0.0709 
0.0452 
0.0267 
0.0168 
0.0107 
0.0062 

0.4910 
0.4231 
0.3687 
0.3255 
0.2911 

0.1100 
0.1200 
0.1250 
0.1275 
0.1250 
0.1150 
0.0900 

0.7857 0.7073 0.1464 1.0000 0.1013 0.1110 1 0.11 
0.6311 0.5901 0.0948 0.9700 0.0767 0.1967 4 0.7866 
0.5296 0.5052 0.0593 0.9404 0.0528 0.2413 2 0.4826 
0.4564 0.4408 0.0360 0.9053 0.0341 0.2386 4 0.9545 
0.4003 0.3897 0.0212 0.8584 0.0209 0.2016 2 0.4031 
0.3532 0.3459 0.0140 0.7867 0.0141 0.1702 4 0.6808 
0.3147 0.3095 0.0101 0.6777 0.0103 0.1404 2 0.2808 
0.2833 0.2795 0.0076 0.5147 0.0078 0.1025 4 0.4099 

0.2534 0.0070 

1 
0.9340 
0.5912 
0.3614 
0.2096 
0.1341 
0.0930 
0.0690 
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Camber Correction Calculation (Row 5} 

0.3 0.2193 0.86 1.10 0.0600 
0.4 0.2341 0.87 1.30 0.0454 
0.5 0.0245 0.2455 0.88 1.50 0.0324 ( ff1x I l ) Corrected = ( ff1x I l ) Initial * k1 * k2 
0.6 0.2096 0.0142 0.2539 0.90 1.75 0.0224 
0.7 0.1341 0.0091 0.2581 0.90 1.80 0.0148 
0.8 0.0930 0.0063 0.2604 0.91 1.80 0.0103 
0.9 0.0690 0.0047 0.2620 0.91 1.80 0.0077 
1.0 0.0000 0.2620 0.00 0.00 0.0000 

Pitch Correction I a ,) Calculation (Row 6) 

0.4 
0.5 0.4564 0.0073 0.4637 0.5001 0.7855 ( P I 0 )Initial = 1t * X * tan ( f3i + ad 
0.6 0.4003 0.0042 0.4045 0.4281 0.8069 
0.7 0.3532 0.0027 0.3559 0.3717 0.8175 
0.8 0.3147 0.0019 0.3165 0.3275 0.8232 
0.9 0.2833 0.0014 0.2846 0.2926 0.8273 
1.0 0.2562 0.0000 0.2562 0.2620 0.8230 
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Pitch Correction I a ,) Calculation (Row 7) 

Blade 1 Blade2 

J.l 90° 1.5714 rads J.l 270° 4.7143 rads 
COSJ.l 0 COSJ.l 0 
sin J.l 1 sin J.l -1 

COSf3; 0.9383 } cosf3 1 0.9383 } sin f3 1 0.3459 (at X= 0.7) sin f3 1 0.3459 (a! X= 0.7) 
LID 0.1250 LID 0.1250 

A 0.0217 A -0.0218 

.. -Ttc; [.fl,I4twl!:·. ";1(8!!~. - ' \'-~ ,:,.·d'1][" 
.. '\ 

0.2 0.1369 0.2537 1 0.2537 0.2 0.7501 0.0463 1 0.0463 
0.3 0.0736 0.4326 4 1.7303 0.3 1.0233 0.0311 4 0.1245 
0.4 0.0344 0.7237 2 1.4475 0.4 1.3566 0.0183 2 0.0367 
0.5 0.0131 1.3386 4 5.3545 0.5 1.7558 0.0100 4 0.0401 
0.6 0.0041 2.7854 2 5.5708 0.6 2.2270 0.0052 2 0.0103 
0.7 0.0020 4.0626 4 16.2503 0.7 2.7762 0.0029 4 0.0115 
0.8 0.0041 1.3731 2 2.7461 0.8 3.4094 0.0017 2 0.0033 
0.9 0.0132 0.2758 4 1.1031 0.9 4.1326 0.0009 4 0.0035 
1.0 0.0344 0.0000 1 0.0000 1.0 4.9518 0.0000 1 0.0000 

Integral 1.1485 Integral 0.0092 

0.0249 (ab)Biade2 -0.0002 

0.0247 0.0163 

a; 0.0140 0.0083 

0.0186 Pitch Correction = [tan ( f3 1 + a 2)] o.7R I [tan ( f3 ; ) ] o.7R 1.0258 

' 86.4654 

h 1.1 
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Final P/D Ratio Calculation (Row B) 

0.6 0.83 ( P I D ) corrected = ( P I D ) Initial * Pitch Correction 

0.7 0.84 
0.8 0.84 
0.9 0.85 
1.0 0.84 

Final Thrust Coefficient Calculation (Row 9) Final Power Coefficient Calculation (Row 1 0) 

0. 1 
0.9937 0.1967 4 0.7817 1.1786 0.7394 0.1967 4 
0.9921 0.2413 2 0.4787 1.5714 0.5989 0.2413 2 
0.9891 0.2386 4 0.9441 1.9643 0.5132 0.2386 4 
0.9839 0.2016 2 0.3966 2.3571 0.4613 0.2016 2 
0.9780 0.1702 4 0.6658 2.7500 0.4283 0.1702 4 
0.9720 0.1404 2 0.2729 3.1429 0.4115 0.1404 2 
0.9663 0.1025 4 0.3961 3.5357 0.4070 0.1025 4 

3.9286 0.2620 0.0000 1 

Propeller Efficiency 92.32 % % Difference CTs (calc.) & ~s (design l 1.3715 % 

Propeller Thrust T 52.99 N % Difference CTsi & CTs 1.5564 % 

Propeller Torque Q 3.65 N-m 

Delivered Power 114.79 Watt 
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Final Parameters for the Designed Propeller 

Propeller Diameter D 0.50 m Delivered Power pd 114.79 Watt 

Number of Blades z 2 Effective Power Pe 94.17 Watt 

Expanded Area Ratio AE/Ao 0.11 Propeller Efficiency llb 92.32 % 

Speed of Rotation n 300 rpm Propulsive Efficiency lld 82.04 % 

Vehicle Speed v 2.01 m/s 

Propeller Thrust T 52.99 N 

Propeller Torque Q 3.65 N-m 

p Pitch 
D Diameter 

0.2 0.68 0.1000 0.0150 0.1500 0.0769 L Chord Length 
0.3 0.73 0.1100 0.0149 0.1350 0.0600 t. Maximum Section Thickness 
0.4 0.78 0.1200 0.0144 0.1200 0.0454 m. Maximum Section Camber 
0.5 0.81 0.1250 0.0131 0.1050 0.0324 
0.6 0.83 0.1275 0.0115 0.0900 0.0224 
0.7 0.84 0.1250 0.0094 0.0750 0.0148 
0.8 0.84 0.1150 0.0069 0.0600 0.0103 
0.9 0.85 0.0900 0.0041 0.0450 0.0077 
1.0 0.84 0.0030 0.0000 0.0000 
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5.5.2 Blade Root Section Stress Calculation 

Moment due to Thrust ( M 1 ) 

0.9940 0.1128 1 0.0000 
0.3 0.1 0.9937 0.1967 4 0.0782 
0.4 0.2 0.9921 0.2413 2 0.0957 
0.5 0.3 0.9891 0.2386 4 0.2832 
0.6 0.4 0.9839 0.2016 2 0.1586 
0.7 0.5 0.9780 0.1702 4 0.3329 
0.8 0.6 0.9720 0.1404 2 0.1638 
0.9 0.7 0.9663 0.1025 4 0.2773 
1 0.8 0.0000 0.0000 1 0.0000 

lnteeral 0.0463 

Mr 2.1404 N-m 

Moment due to Torgue ( M a ) 

"' Ian J.l:l:f"tr 
0.2 0 1.0065 1 0.0000 
0.3 0.1 0.7394 4 0.0582 
0.4 0.2 0.5989 2 0.0578 
0.5 0.3 0.5132 4 0.1469 
0.6 0.4 0.4613 2 0.0744 
0.7 0.5 0.4283 4 0.1458 
0.8 0.6 0.4115 2 0.0693 
0.9 0.7 0.4070 4 0.1168 
1 0.8 0.2620 1 0.0000 

lnteeral 0.0223 

Ma 1.0307 N-m 
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Geometric Pitch Angle <I> 0.8320 Radians 47.6673 Degrees 

cos <I> 0.6734 

sin <I> 0.7392 

Resultant Moment about the X Axis Mxo 2.2033 N-m ( M x o = MT • cos <I> + M0 • sin <I> ) 

Resultant Moment about theY Axis Mvo 0.8882 N-m ( M v 0 = MT • sin <I> - M0 • cos <I> ) 

Moment of Inertia about the X Axis lxo 1.20E-09 m4 

Moment of Inertia about the Y Axis lvo 3.91E-08 m4 

Blade L.C.G Xc 0.5065 

Blade Mass ( I blade) m 0.3756 Kg 

Blade Profile Area at X = 0.2 Ax=o.2 276.0935 mm2 

Centrifugal Force Fe 46.9732 N ( F c = 2 * 1t2 * m * Xc * D * n2 ) 

Distance from the N.A to the Pressure Face Y1 =Y2 3.5867 mm 
( at the L.E I T.E ) 

Distance from the N.A to the Suction Back y3 4.6268 mm 

Distance from the N.A to the Leading Edge X1 24.4766 mm 

Distance from the N.A to the Trailing Edge x2 25.5234 mm 

Distance from the N.A to the Max. Thickness x3 0.5234 mm 
Section 
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Calculated Stress at the Blade Root Section ( X = 0.2 ) 

Stress at the Leading Edge 

6.21E+06 6.2061 (MPa) (Tensile} 

Stress at the Trailing Edge 

7.34E+06 7.3412 (MPa) (Tensile) 

Stress at point of max thickness 
on the Suction Back 

crs.e = - ( Y 3 * M x 0 ) I I x o + ( X 3 * M y 0 ) I I y 0 + F cIA 

( crs.a) -8.32E+06 -8.3211 

Propeller Blade Tip Deflection 

Blade Tip Deflection about the X axis 

0.3808 mm 

Blade Tip Deflection about the Y axis Oy = ( M YO* L 2 ) I ( 2 * E *I YO) 

0.0047 mm 
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(MPa) (Compressive) 

Manganese Bronze ( Blade Material l 
( Properties ) 

Tensile Strength 
Compr. Strength 

Yield Strength 
Mod. of Elasticity 

414 
159 
138 

96.53 

MPa 
MPa 
MPa 
GPa 



5.6 Conclusions 

A high efficiency propeller was designed (calculations shown in Section 5.5) using the 

procedure described in Section 5.4. Since the high efficiency propeller leads to a gain of20% 

in terms of propulsive efficiency and a savings of 38 Watt in terms of energy consumption, it 

provides an attractive solution to the problem of minimizing energy consumption and 

maximizing propulsive efficiency. Long term benefits of this propeller include increased 

vehicle endurance and reduced operating costs. 
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Chapter 6 

Conclusions and Recommendations 

6.1 Conclusions 

With the introduction of high energy density systems and compact high power computers, 

AUV technology has finally started coming of age. The brains (compact high power 

computers) and the brawn (high energy density systems) that AUVs lacked for a long time are 

finally becoming available commercially, thus making AUV technology commercially viable. 

The next decade or so promises to be an exciting time for AUV technology. 

Selecting the best high energy density system for an AUV is a complex techno-economic 

problem. There are quite a few high energy density systems available in the market today for 

AUVs. After doing a comparative study of a number of high energy density systems available 

in the market today, the author selected four systems that could possibly be used on "C

SCOUT". Two of these systems (Lithium-ion Polymer batteries and Silver Zinc batteries) are 

immediate solutions. The other two systems (Aluminium Oxygen semi-fuel cells and PEM 

fuel cells) are long term solutions. These systems have energy densities that are much higher 

than those offered by Lithium-ion Polymer batteries and Silver Zinc batteries. However, the 

technology still needs some research and development in order to solve critical issues like the 

onboard storage I generation of hydrogen etc. 

The benefit of using a high energy density system is an improvement in the endurance of the 

vehicle. For example if the vehicle travels at a speed of 2 m/s and has a hotel load of 250 

Watt, then the use of PEM fuel cells leads to an endurance limit that is nine times that 

obtained using Lead Acid batteries. Similarly the use of Aluminium Oxygen semi-fuel cells, 
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Lithium-ion Polymer batteries and Silver Zinc batteries leads to an endurance limit that is 

eight, four and three times respectively, that obtained using Lead Acid batteries. With a hotel 

load of 250 Watt, the current endurance limit of "C-SCOUT" is a distance of36.5 km. This 

goes up to 320 km, 277 km, 139 km and 117 km if PEM fuel cells, Aluminium Oxygen semi

fuel cells, Lithium-ion Polymer batteries and Silver Zinc batteries respectively, are used 

instead of the Lead Acid battery. 

Resistance, load-varying self-propulsion and bollard pull tests were conducted on "C

SCOUT" by the author, at the towing tank of the Ocean Engineering Research Center at 

Memorial University of Newfoundland in December 2002. A bare hull version of the "C

SCOUT" vehicle was outfitted with a propulsion system for these tests. The results from these 

tests provided a wealth of information about the performance of the propulsion system over a 

range of vehicle speeds and propeller loadings. 

The maximum propulsive efficiency of the propulsion system (without the duct fitted on) was 

found to be around 53 %. This increased to around 68 % once the duct was fitted on. The tow 

force - thrust plots [Fig 4.28 and Fig 4.29] were found to be linear. Linearity of these plots 

indicates that the thrust deduction fraction (t*) is essentially constant over a range of propeller 

loadings. The average value of the thrust deduction fraction was found to be equal to 0.06 

(without the duct fitted on) and 0.04 (with the duct fitted on). 

The vehicle resistance in the ahead and astern directions were found to be close to each other 

at lower speeds. At higher speeds, the difference in the ahead and astern resistance initially 

increased and then stabilized to a more or less constant difference of around 10.7 %. At 

vehicle speeds below 2 m/s, the vehicle resistance was found to be predominantly viscous. At 
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speeds above 2 rnls, a significant amount of wave-making resistance was noted. Results 

obtained from the resistance and propulsion tests will be used for optimizing the propulsion 

system and the hull form of the "C-SCOUT" vehicle. 

A high efficiency propeller was designed for "C-SCOUT" using Eckhardt and Morgan's 

propeller design method. This propeller is essentially a large diameter (0.5 m), slow-turning 

(300 rpm), slender, fine-bladed (tx/D = 0.0094 at 0.7R), wake-adapted, single-screw propeller 

with two blades. The propeller blades have a low expanded area ratio (AE/Ao = 0.11). The 

blade section profile consists of a superposition of a NACA a=0.8 meanline with a NACA 16-

015 thickness distribution. The propeller has a propulsive efficiency of 82 %. At a forward 

speed of2 rnls, use of this propeller instead of the current Tecnadyne 1020 thruster, will lead 

to a gain of 20 % in terms of propulsive efficiency and a savings of 38 Watt in terms of energy 

consumption. 
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6.2 Recommendations 

At the end of his thesis work, the author would like to make the following recommendations 

for the "C-SCOUT" project: 

• In order to improve vehicle endurance, the low energy density Lead Acid batteries that 

are being currently used to power "C-SCOUT", need to be replaced with a high energy 

density system. 

• The optimum operating speed of the vehicle from energy considerations is 2 m/s (3.8 

knots). It is therefore recommended that the vehicle be run at or near this speed, while 

cruising on a mission at sea. 

• For future in-water captive-model tests on "C-SCOUT" in a towing tank, it is essential 

that a braking mechanism be provided, in order to prevent forces of large magnitude 

from acting on the load cells during the acceleration I deceleration periods of the tests. 

• In order to preclude wave-making effects during future in-water tests, it is 

recommended that the vehicle be submerged at least five body diameters (2 meters) 

below the surface of water. 

• In order to achieve further improvements in vehicle endurance, it is recommended that 

the current Tecnadyne 1020 thruster be replaced with a high efficiency propulsion 

system. 
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Appendix A 
Calculations for Chapter 2 



Vehicle Endurance Calculations 

50 km, 100 W 

0.75 14.47 14.62 16.24 100.00 116.24 18.52 2.15 18.42 49.73 
1.00 34.21 34.55 38.39 100.00 138.39 13.89 1.92 15.47 55.69 
1.25 60.52 61.13 67.92 100.00 167.92 11.11 1.87 12.75 57.37 
1.50 88.11 89.00 98.89 100.00 198.89 9.26 1.84 10.76 58.12 
1.75 117.14 118.32 131.47 100.00 231.47 7.94 1.84 9.25 58.27 
2.00 153.21 154.75 171.95 100.00 271.95 6.94 1.89 7.87 56.68 
2.25 207.38 209.47 232.75 100.00 332.75 6.17 2.05 6.43 52.11 
2.50 296.16 299.16 332.39 100.00 432.39 5.56 2.40 4.95 44.56 
2.75 441.53 445.99 495.54 100.00 595.54 5.05 3.01 3.59 35.59 
2.90 567.08 572.81 636.46 100.00 736.46 4.79 3.53 2.91 30.35 
3.06 746.00 753.54 837.27 100.00 937.27 4.53 4.25 2.28 25.19 

50 km, 150W 

[~ 
'~ ,'£ 

'H~ 
D'',',, 

1 
.'tiS 

Jhr~ km · , .... _, '-"·' ~-

0.75 14.47 14.62 16.24 150.00 166.24 18.52 3.08 12.88 34.77 
1.00 34.21 34.55 38.39 150.00 188.39 13.89 2.62 11.36 40.91 
1.25 60.52 61.13 67.92 150.00 217.92 11.11 2.42 9.82 44.21 
1.50 88.11 89.00 98.89 150.00 248.89 9.26 2.30 8.60 46.45 
1.75 117.14 118.32 131.47 150.00 281.47 7.94 2.23 7.61 47.92 
2.00 153.21 154.75 171.95 150.00 321.95 6.94 2.24 6.65 47.88 
2.25 207.38 209.47 232.75 150.00 382.75 6.17 2.36 5.59 45.31 
2.50 296.16 299.16 332.39 150.00 482.39 5.56 2.68 4.44 39.94 
2.75 441.53 445.99 495.54 150.00 645.54 5.05 3.26 3.32 32.83 
2.90 567.08 572.81 636.46 150.00 786.46 4.79 3.77 2.72 28.42 
3.06 746.00 753.54 837.27 150.00 987.27 4.53 4.48 2.17 23.91 

A1 



50 km, 200 W 

0.75 
1.00 
1.25 
1.50 
1.75 
2.00 
2.25 
2.50 
2.75 
2.90 
3.06 

14.47 
34.21 
60.52 
88.11 
117.14 
153.21 
207.38 
296.16 
441.53 
567.08 
746.00 

50 km, 250 W 

0.75 
1.00 
1.25 
1.50 
1.75 
2.00 
2.25 
2.50 
2.75 
2.90 
3.06 

14.47 
34.21 
60.52 
88.11 
117.14 
153.21 
207.38 
296.16 
441.53 
567.08 
746.00 

14.62 
34.55 
61.13 
89.00 
118.32 
154.75 
209.47 
299.16 
445.99 
572.81 
753.54 

14.62 
34.55 
61.13 
89.00 
118.32 
154.75 
209.47 
299.16 
445.99 
572.81 
753.54 

16.24 
38.39 
67.92 
98.89 
131.47 
171.95 
232.75 
332.39 
495.54 
636.46 
837.27 

16.24 
38.39 
67.92 
98.89 
131.47 
171.95 
232.75 
332.39 
495.54 
636.46 
837.27 

200.00 
200.00 
200.00 
200.00 
200.00 
200.00 
200.00 
200.00 
200.00 
200.00 
200.00 

250.00 
250.00 
250.00 
250.00 
250.00 
250.00 
250.00 
250.00 
250.00 
250.00 
250.00 

216.24 
238.39 
267.92 
298.89 
331.47 
371.95 
432.75 
532.39 
695.54 
836.46 

1037.27 

266.24 
288.39 
317.92 
348.89 
381.47 
421.95 
482.75 
582.39 
745.54 
886.46 
1087.27 

A2 

18.52 
13.89 
11.11 
9.26 
7.94 
6.94 
6.17 
5.56 
5.05 
4.79 
4.53 

18.52 
13.89 
11.11 
9.26 
7.94 
6.94 
6.17 
5.56 
5.05 
4.79 
4.53 

4.00 
3.31 
2.98 
2.77 
2.63 
2.58 
2.67 
2.96 
3.51 
4.01 
4.70 

4.93 
4.01 
3.53 
3.23 
3.03 
2.93 
2.98 
3.24 
3.77 
4.25 
4.93 

9.90 
8.98 
7.99 
7.16 
6.46 
5.76 
4.95 
4.02 
3.08 
2.56 
2.06 

8.04 
7.42 
6.73 
6.14 
5.61 
5.07 
4.43 
3.68 
2.87 
2.42 
1.97 

26.73 
32.33 
35.96 
38.68 
40.69 
41.44 
40.07 
36.19 
30.47 
26.72 
22.76 

21.71 
26.72 
30.30 
33.13 
35.36 
36.53 
35.92 
33.08 
28.43 
25.21 
21.71 



Comparison of Different High Energy Density Systems 

50 km, 100W 

0.75 116.24 59.14 159.69 69.90 188.73 139.80 377.45 161.30 435.52 
1.00 138.39 49.68 178.84 58.71 211.36 117.42 422.72 135.49 487.75 
1.25 167.92 40.94 184.24 48.39 217.74 96.77 435.47 111.66 502.47 
1.50 198.89 34.57 186.66 40.85 220.60 81.70 441.20 94.27 509.08 
1.75 231.47 29.70 187.12 35.10 221.14 70.20 442.29 81.01 510.33 
2.00 271.95 25.28 182.02 29.88 215.11 59.75 430.23 68.95 496.42 
2.25 332.75 20.66 167.36 24.42 197.79 48.84 395.57 56.35 456.43 
2.50 432.39 15.90 143.10 18.79 169.12 37.58 338.23 43.36 390.27 
2.75 595.54 11.54 114.29 13.64 135.07 27.29 270.13 31.48 311.69 
2.90 736.46 9.34 97.46 11.03 115.18 22.07 230.36 25.46 265.80 
3.06 937.27 7.34 80.89 8.67 95.60 17.34 191.19 20.00 220.61 

50 km, 150 W 

'.·: :.v/ 
ft ··••· ¥; 

~•· tf/:,':ri· .t4~21t · ' · ., ·· ·' ··· ~t:~·~I... ;;. .. ; !•;,.,. ~ ..... . · :· , l;.l*!onP .. ,, · , • ... 

''·' .mls w. ~· Jtff JffT,Jj .. , O"(kltt} w· {hf'}. • £,)" <~> \~ : ~~~ ~~ I rt:•: ;• • [)!! {'i<rr\J .. : t'f,(Jl~) ' ~ : i•r £;)" (klj) i , ·--::./,. '.o '.·<:t"· 

0.75 166.24 41.36 111.66 48.87 131.96 97.75 263.92 112.79 304.53 
1.00 188.39 36.49 131.38 43.13 155.26 86.26 310.53 99.53 358.30 
1.25 217.92 31.55 141.97 37.28 167.78 74.57 335.56 86.04 387.18 
1.50 248.89 27.62 149.16 32.65 176.28 65.29 352.57 75.33 406.81 
1.75 281.47 24.43 153.88 28.87 181.86 57.73 363.72 66.62 419.68 
2.00 321.95 21.35 153.75 25.24 181.71 50.47 363.41 58.24 419.32 
2.25 382.75 17.96 145.49 21.23 171.95 42.46 343.90 48.99 396.80 
2.50 482.39 14.25 128.27 16.84 151.59 33.69 303.17 38.87 349.82 
2.75 645.54 10.65 105.43 12.59 124.60 25.17 249.21 29.05 287.55 
2.90 786.46 8.74 91.26 10.33 107.86 20.66 215.71 23.84 248.90 
3.06 987.27 6.96 76.79 8.23 90.76 16.46 181.51 18.99 209.44 
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50 km, 200W 

0.75 216.24 31.79 85.84 37.57 101.45 75.15 202.90 86.71 234.11 
1.00 238.39 28.84 103.82 34.08 122.70 68.17 245.40 78.65 283.15 
1.25 267.92 25.66 115.47 30.33 136.47 60.65 272.93 69.98 314.92 
1.50 298.89 23.00 124.21 27.18 146.79 54.37 293.59 62.73 338.75 
1.75 331.47 20.74 130.67 24.51 154.43 49.02 308.85 56.57 356.37 
2.00 371.95 18.48 133.08 21.84 157.28 43.69 314.56 50.41 362.95 
2.25 432.75 15.89 128.68 18.78 152.08 37.55 304.16 43.33 350.96 
2.50 532.39 12.91 116.22 15.26 137.35 30.52 274.70 35.22 316.96 
2.75 695.54 9.88 97.86 11.68 115.65 23.36 231.29 26.96 266.88 
2.90 836.46 8.22 85.81 9.71 101.41 19.43 202.82 22.42 234.02 
3.06 1037.27 6.63 73.09 7.83 86.38 15.67 172.76 18.08 199.34 

50 km, 250W 

0.75 266.24 25.82 69.72 30.52 82.40 61.04 164.79 70.43 190.15 
1.00 288.39 23.84 85.82 28.17 101.42 56.35 202.85 65.02 234.06 
1.25 317.92 21.62 97.31 25.56 115.00 51.11 230.01 58.98 265.40 
1.50 348.89 19.71 106.41 23.29 125.76 46.58 251.51 53.74 290.21 
1.75 381.47 18.02 113.54 21.30 134.19 42.60 268.37 49.15 309.66 
2.00 421.95 16.29 117.31 19.26 138.64 38.51 277.29 44.44 319.94 
2.25 482.75 14.24 115.36 16.83 136.33 33.66 272.66 38.84 314.61 
2.50 582.39 11.80 106.24 13.95 125.56 27.90 251.12 32.19 289.75 
2.75 745.54 9.22 91.29 10.90 107.89 21.80 215.78 25.15 248.98 
2.90 886.46 7.76 80.97 9.17 95.69 18.33 191.38 21.15 220.82 
3.06 1087.27 6.32 69.73 7.47 82.41 14.95 164.82 17.25 190.17 
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Appendix B 
Resistance and Propulsion Test Results 



Load Va!)ling Self- Proeulsion Test (Propeller fitted on) 

~~$ l•,rt*', <, f~: ~i~ ~r + 

0.8007 503.8949 0.1810 5.3638 3.6262 0.6256 -0.1410 0.0953 0.2221 0.3122 0.5680 
0.8012 552.6343 0.3680 1.4334 8.7409 0.5708 -0.0313 0.1910 0.1846 0.5277 0.8029 m/s 
0.8027 602.3573 0.5143 -3.5438 12.8134 0.5246 0.0652 0.2357 0.1554 0.6207 0.5077 
0.8034 651.5623 0.7198 -10.4367 18.6583 0.4854 0.1641 0.2933 0.1328 0.7425 0.0508 
0.8005 753.4148 1.2080 -24.3516 32.8282 0.4183 0.2863 0.3860 0.0993 0.9319 0.1821 
0.8012 913.8563 2.0427 -48.5726 59.3485 0.3452 0.3881 0.4743 0.0675 1.0711 0.3590 N-m 
0.8037 1002.5757 2.6202 -64.7292 77.0108 0.3156 0.4298 0.5113 0.0561 1.1415 8.4491 N 
0.8045 1051.5807 2.9224 -74.4405 87.1072 0.3012 0.4492 0.5257 0.0510 1.1572 7.9354 N 
0.8098 1102.1417 3.3564 -85.7547 98.8701 0.2893 0.4711 0.5432 0.0464 1.2100 20.9319 w 
0.8032 1154.0417 3.7562 -96.8046 111.2684 0.2740 0.4851 0.5576 0.0423 1.2351 6.3712 w 
0.8015 1207.3702 4.1532 -108.6784 123.8401 0.2614 0.4975 0.5669 0.0387 1.2476 30.4378 % 
0.8022 1246.6728 4.5121 -117.3754 135.8194 0.2533 0.5040 0.5832 0.0363 1.2713 

'"<,f t~i: ;; "' ~: ·~, , ..•.• 'J:p~ 
., )J': ... Lfifci;i 

(m7s' . ¥·.~~m} '{il.}·· Nf. '. •< >,· ' '" '·'.d·· ·: .... "~" ,,. , • ~·" .. ; ' 7! 

1.1030 507.2079 0.1699 14.2900 2.2849 0.8562 -0.3707 0.0593 0.4538 0.2892 <J 0.6538 
1.1027 554.5345 0.3535 10.5355 6.2834 0.7829 -0.2286 0.1364 0.3796 0.5034 '',:'y: A.·(> 1.1033 m/s 
1.1035 603.8746 0.4982 6.8977 10.2080 0.7194 -0.1262 0.1868 0.3201 0.5983 t~Kq·' 0.7470 
1.1032 654.2447 0.7005 0.5784 16.3454 0.6639 -0.0090 0.2548 0.2727 0.7166 ···~· 

. '~-. ; -~~ 0.0747 
1.1044 750.3733 1.1746 -11.0514 29.4461 0.5794 0.1310 0.3490 0.2073 0.9135 K tjl 0.2645 
1.1041 910.3564 1.9868 -34.4575 54.5330 0.4775 0.2775 0.4391 0.1409 1.0498 9 0.7530 N-m 
1.1030 1006.6678 2.5799 -52.5912 73.9689 0.4314 0.3463 0.4871 0.1152 1.1148 1 17.4932 N 
1.1037 1056.9924 2.8694 -63.4548 85.6126 0.4111 0.3790 0.5114 0.1045 1.1247 R 16.3020 N 
1.1031 1108.8989 3.2875 -75.4534 98.4729 0.3916 0.4095 0.5344 0.0949 1.1707 pd 52.4151 w 
1.1031 1156.0328 3.6710 -86.3969 110.2023 0.3757 0.4314 0.5503 0.0874 1.2029 P. 17.9867 w 
1.1029 1206.4133 4.0899 -96.9218 121.4830 0.3599 0.4444 0.5570 0.0802 1.2305 1'ld 34.3158 % 
1.1034 1249.3622 4.4395 -107.1228 132.4165 0.3477 0.4580 0.5661 0.0748 1.2455 
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1.3031 
1.3022 
1.3025 
1.3035 
1.3036 
1.3022 
1.3022 
1.3023 
1.3020 

504.2337 
550.4535 
600.5634 
652.2352 
752.8192 
901.8296 
1000.1110 
1046.2973 
1105.7242 

0.1657 
0.3278 
0.4670 
0.6650 
1.1361 
1.9541 
2.5466 
2.8254 
3.2400 

1.3023 1155.3342 3.6311 
1.3022 1206.0095 4.0298 
1.3024 1248.0299 4.4059 

1.6032 
1.6046 
1.6035 
1.6038 
1.6040 
1.6038 
1.6044 
1.6042 
1.6043 

503.9995 
550.3443 
601.4574 
653.7645 
755.9224 
911.6408 
1003.7944 
1051.3377 
1104.0239 

0.1484 
0.2710 
0.3833 
0.6033 
1.0703 
1.8340 
2.4389 
2.7228 
3.1449 

1.6034 1152.5333 3.5384 
1.6036 1210.1129 3.9176 
1.6030 1250.8055 4.3454 

Load Varying Self- Propulsion Test ( Propeller fitted on ) 

23.7086 
19.5828 
15.5347 
7.4959 
-3.1778 

-23.6329 
-45.8753 
-54.5532 
-67.4871 

-0.5806 
3.8393 
7.2149 
13.4575 
26.1866 
51.7382 
72.3597 
82.1375 
96.1106 

1.0174 
0.9314 
0.8539 
0.7868 
0.6817 
0.5685 
0.5126 
0.4900 
0.4636 

-78.2728 107.4396 0.4438 
-88.6396 119.2426 0.4251 
-98.8778 130.6479 0.4109 

35.6003 
31.5343 
27.4347 
17.3544 
8.5633 

-12.6824 
-32.5581 
-42.0001 
-51.6517 

~~ili 
-1.5261 
1.5354 
5.3738 

11.6456 
25.1105 
48.1265 
67.4672 
77.7648 
91.4829 

1.2523 
1.1479 
1.0496 
0.9658 
0.8354 
0.6926 
0.6293 
0.6007 
0.5721 

-63.4763 104.5737 0.5477 
-76.3438 116.7686 0.5217 
-88.3925 127.3434 0.5046 

-0.6223 
-0.4313 
-0.2874 
-0.1176 
0.0374 
0.1939 
0.3061 
0.3326 
0.3684 
0.3913 
0.4067 
0.4237 

-0.9353 
-0.6948 
-0.5061 
-0.2710 
-0.1000 
0.1018 
0.2156 
0.2536 
0.2828 
0.3189 
0.3479 
0.3770 
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-0.0152 
0.0846 
0.1335 
0.2111 
0.3084 
0.4245 
0.4828 
0.5007 
0.5246 
0.5372 
0.5471 
0.5598 

-0.0401 
0.0338 
0.0991 
0.1818 
0.2933 
0.3865 
0.4469 
0.4695 
0.5009 
0.5254 
0.5322 
0.5432 

0.6262 
0.5254 
0.4414 
0.3742 
0.2809 
0.1958 
0.1592 
0.1454 
0.1302 
0.1193 
0.1095 
0.1022 

0.9006 
0.7553 
0.6324 
0.5352 
0.4003 
0.2753 
0.2270 
0.2070 
0.1877 
0.1722 
0.1562 
0.1462 

0.2854 
0.4738 
0.5670 
0.6845 
0.8778 
1.0521 
1.1149 
1.1302 
1.1604 
1.1912 
1.2133 
1.2387 

0.2559 
0.3918 
0.4639 
0.6181 
0.8202 
0.9663 
1.0599 
1.0787 
1.1299 
1.1665 
1.1715 
1.2163 

)' ,.V·' .-· ,_. 

t' 
R: 

0.6999 
1.3025 m/s 
0.8406 
0.0841 
0.2966 
1.0305 N-m 

23.8562 N 
22.2030 N 
79.0985 w 
28.9203 w 
36.5624 % 

0.7664 
1.6038 m/s 
0.8758 
0.0876 
0.3370 
1.3576 N-m 

N 34.2780 
31.9780 N 

pd:; 117.1749 w 
51.2868 w 
43.7695 % 



Load Varying Self- Propulsion Test ( Propeller fitted on ) 

1.8042 510.9808 0.1265 40.6558 -1.9385 1.3901 -1.0391 -0.0495 1.0288 0.2122 0.8119 
1.8034 552.4233 0.1528 37.6344 1.1898 1.2853 -0.8230 0.0260 0.8803 0.2193 1.8051 m/s 
1.8068 602.7853 0.3126 33.4536 4.2981 1.1801 -0.6144 0.0789 0.7393 0.3767 0.8602 
1.8056 651.5334 0.5023 24.9715 10.5564 1.0911 -0.3926 0.1660 0.6328 0.5181 0.0860 
1.8042 757.8054 0.9753 17.3566 22.9946 0.9373 -0.2017 0.2672 0.4678 0.7437 0.3506 
1.8051 911.1136 1.7271 -4.5070 45.8331 0.7800 0.0362 0.3685 0.3236 0.9111 1.5051 N-m 
1.8048 1002.7594 2.3395 -25.1929 65.0234 0.7086 0.1672 0.4316 0.2672 1.0189 40.2530 N 
1.8061 1056.9214 2.6019 -32.6326 73.8682 0.6728 0.1950 0.4413 0.2405 1.0200 37.5440 N 
1.8051 1118.8065 3.0425 -43.1904 87.2252 0.6352 0.2303 0.4650 0.2146 1.0644 138.0146 w 
1.8043 1161.1239 3.4240 -55.8141 100.0789 0.6118 0.2763 0.4954 0.1993 1.1121 67.7707 w 
1.8059 1215.6599 3.7826 -68.1665 112.6564 0.5849 0.3078 0.5087 0.1818 1.1208 49.1040 % 
1.8057 1246.0544 4.1864 -77.6279 125.3448 0.5705 0.3337 0.5388 0.1730 1.1807 

;'.J; 
;o,u 
~,, 

2.1091 500.1371 0.0592 54.2008 -2.2244 1.6603 -1.4461 -0.0593 1.4872 0.1037 \J 0.8427 
2.1056 551.5545 0.1283 51.6384 0.7034 1.5030 -1.1328 0.0154 1.2228 0.1847 :y 2.1062 m/s 
2.1068 600.3476 0.2676 49.7643 3.3349 1.3816 -0.9215 0.0618 1.0322 0.3251 ;~~ 0.9442 
2.1067 654.3489 0.4750 42.3233 9.0348 1.2675 -0.6597 0.1408 0.8688 0.4858 0.0944 
2.1101 752.6505 0.8776 34.8043 19.5316 1.1038 -0.4100 0.2301 0.6567 0.6784 :t;;~<;< 0.3842 
2.1068 901.9876 1.6341 13.6338 42.0655 0.9196 -0.1118 0.3451 0.4572 0.8795 2.0877 N-m 
2.1070 1002.6789 2.2376 -3.9622 59.4139 0.8273 0.0263 0.3944 0.3700 0.9746 T 55.7426 N 
2.0959 1052.8833 2.5437 -13.7635 68.8805 0.7837 0.0829 0.4147 0.3356 1.0048 ·R 52.1640 N 
2.1064 1103.4297 2.9378 -24.0542 80.5944 0.7516 0.1318 0.4418 0.3055 1.0566 pd . 215.2089 w 
2.1073 1156.4853 3.3080 -33.2420 93.1518 0.7174 0.1659 0.4648 0.2781 1.0831 Pe 109.8674 w 
2.1066 1214.1716 3.6923 -47.5793 106.0173 0.6831 0.2154 0.4799 0.2523 1.0968 1l<t 51.0515 % 
2.1060 1246.6579 4.0446 -57.4544 117.5641 0.6651 0.2467 0.5048 0.2394 1.1396 
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2.3079 
2.3069 
2.3074 
2.3070 
2.3084 
2.3081 
2.3082 
2.3077 
2.3074 

502.2690 
550.3896 
603.5423 
652.5464 
752.0456 
901.6673 
1006.0527 
1052.1662 
1101.3796 

0.0030 
0.1071 
0.2439 
0.4126 
0.7863 
1.5450 
2.1446 
2.4494 
2.7844 

Load Varying Self- Propulsion Test ( Propeller fitted on ) 

70.1815 
65.5744 
62.5675 
56.4648 
52.8606 
31.0591 
14.6680 
5.4600 
-4.9423 

-3.6889 
-0.4585 
2.8578 
7.3859 
17.3533 
39.3701 
56.3185 
65.8199 
75.6556 

1.8090 
1.6502 
1.5052 
1.3919 
1.2085 
1.0078 
0.9033 
0.8635 
0.8248 

-1.8566 
-1.4446 
-1.1463 
-0.8849 
-0.6237 
-0.2550 
-0.0967 
-0.0329 
0.0272 

-0.0976 
-0.0101 
0.0524 
0.1158 
0.2048 
0.3232 
0.3713 
0.3968 
0.4162 

1.8753 
1.5617 
1.2988 
1.1110 
0.8365 
0.5819 
0.4674 
0.4273 
0.3900 

0.0052 
0.1549 
0.2932 
0.4243 
0.6088 
0.8322 
0.9279 
0.9689 
1.0051 

2.3075 1150.4349 3.1913 -16.4586 88.4838 0.7897 0.0830 0.4462 0.3575 1.0559 
2.3077 1213.5677 3.5556 -29.2323 102.4455 0.7487 0.1325 0.4642 0.3212 1.0572 
2.3068 1249.1721 3.9343 -42.1765 114.3675 0.7270 0.1804 0.4891 0.3032 1.1041 

2.5100 
2.5086 
2.5072 
2.5095 
2.5020 
2.5092 
2.5081 
2.5087 
2.5087 

504.0554 
552.5634 
601.0760 
651.4524 
751.7646 
905.0740 
1004.8353 
1052.4015 
1103.3557 

0.0003 
0.0817 
0.2188 
0.3268 
0.7249 
1.4758 
2.0551 
2.3871 
2.6963 

87.5695 
83.4748 
78.4785 
72.4764 
66.8172 
46.3855 
32.5307 
22.3437 
12.3667 

-5.1534 
-2.4533 
1.5344 
5.3858 
15.9565 
37.9313 
52.3894 
62.3939 
72.3930 

1.9605 
1.7874 
1.6422 
1.5166 
1.3103 
1.0915 
0.9827 
0.9385 
0.8952 

-2.3002 
-1.8245 
-1.4496 
-1.1397 
-0.7890 
-0.3779 
-0.2150 
-0.1346 
-0.0678 

-0.1354 
-0.0536 
0.0283 
0.0847 
0.1884 
0.3090 
0.3463 
0.3760 
0.3969 

2.2674 
1.8868 
1.5945 
1.3574 
1.0193 
0.7033 
0.5706 
0.5201 
0.4732 

0.0006 
0.1172 
0.2651 
0.3372 
0.5617 
0.7889 
0.8913 
0.9438 
0.9699 

2.5023 1154.7567 3.0789 3.6930 84.3833 0.8531 -0.0185 0.4223 0.4320 1.0111 
2.5092 1207.1602 3.4660 -11.5045 97.3348 0.8183 0.0527 0.4458 0.3953 1.0415 
2.5091 1252.5791 3.8650 -23.5327 110.9502 0.7886 0.1001 0.4719 0.3672 1.0788 
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T 
: .. ,R ,<:· 

· Pa 
P., 
Tid 

0.8459 
2.3076 m/s 
0.9832 
0.0983 
0.4101 
2.5899 N-m 
70.8906 N 
66.2190 N 

291.3985 w 
. 152.8059 w 

52.4388 % 

0.8502 
2.5077 m/s 
1.0199 
0.1020 
0.4272 
3.1408 N-m 

86.3219 N 
80.8750 N 

382.0881 w 
202.8115 w 
53.0798 % 



0.8002 499.5767 0.3364 
0.8004 551.4566 0.4972 
0.8012 600.4575 0.6260 
0.8018 650.4466 0.8160 
0.8002 753.2179 1.2582 
0.8002 902.9860 1.9967 
0.8003 1008.5085 2.5232 
0.8005 1052.3455 2.8657 
0.8014 1104.1946 3.1813 
0.8002 1150.2549 3.5448 
0.8008 1206.8237 3.9061 
0.8006 1252.7469 4.2519 

'hl~ . ·· n "{?·:~'· ·Qi~· ~~ 
c;i#str•· <rpm)''." "r~rl, :;; 

1.1006 
1.1022 
1.1031 
1.1032 
1.1005 
1.1026 
1.1014 
1.1017 

500.6686 0.3193 
552.7477 0.4722 
603.4646 0.6209 
651.6550 0.8161 
754.9726 
901.8126 
1000.0880 
1056.9566 

1.1013 1104.4112 

1.2195 
1.9412 
2.4885 
2.7980 
3.1236 

1.1020 1156.9473 3.4722 
1.1015 1212.9133 3.8531 
1.1011 1258.8191 4.2369 

1.3073 
-4.6450 
-10.5645 
-17.5455 
-34.8750 
-68.0707 
-94.6789 

-108.5758 
-123.8928 
-139.0968 
-159.0113 
-174.2846 

10.2786 
4.9858 
-0.7660 
-9.4535 
-24.9334 
-58.3065 
-82.6355 
-98.0144 
-114.1839 
-130.2701 

~!~:.'; 
· iJ:IIIi) • 

5.8645 
10.3820 
14.4121 
19.4810 
31.2554 
54.7882 
73.2083 
82.9812 
93.6252 
103.7442 
116.5481 
126.4966 

5.2064 
9.5730 
12.7872 
18.7681 
30.1015 
52.6797 
71.0720 
81.5514 
92.2256 
102.7820 

-147.3841 115.6347 
-163.3845 125.9249 

Load Varying Self- Propulsion Test ( Duct + Propeller fitted on ) 

7.6425 
14.1975 
19.7185 
26.1852 
43.2349 
78.0332 
106.5934 
121.3940 
137.7978 
154.0467 
175.1871 
191.4733 

6.1254 
11.5778 
17.6112 
26.6374 
43.0749 
78.2263 
103.9908 
120.2376 
137.1587 
154.0702 
172.0909 
188.8362 

1.7779 
3.8156 
5.3064 
6.7042 
11.9795 
23.2450 
33.3850 
38.4129 
44.1727 
50.3024 
58.6390 
64.9767 

0.9190 
2.0047 
4.8240 
7.8693 
12.9734 
25.5467 
32.9188 
38.6862 
44.9331 
51.2882 
56.4562 
62.9113 

. ·'J· 

0.6306 
0.5714 
0.5253 
0.4853 
0.4183 
0.3489 
0.3124 
0.2995 
0.2857 
0.2739 
0.2612 
0.2516 

0.8655 
0.7851 
0.7197 
0.6665 
0.5739 
0.4814 
0.4336 
0.4104 
0.3926 
0.3750 
0.3575 
0.3444 
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-0.0350 
0.1019 
0.1955 
0.2768 
0.4102 
0.5571 
0.6212 
0.6543 
0.6781 
0.7016 
0.7286 
0.7411 

-0.2737 
-0.1089 
0.0140 
0.1486 
0.2919 
0.4785 
0.5514 
0.5855 
0.6247 
0.6495 
0.6686 
0.6881 

0.1568 
0.2278 
0.2668 
0.3073 
0.3677 
0.4484 
0.4804 
0.5001 
0.5125 
0.5233 
0.5340 
0.5379 

0.1386 
0.2091 
0.2343 
0.2949 
0.3524 
0.4323 
0.4742 
0.4872 
0.5046 
0.5125 
0.5246 
0.5303 

0.0475 
0.0837 
0.0982 
0.1058 
0.1409 
0.1903 
0.2191 
0.2315 
0.2418 
0.2537 
0.2687 
0.2763 

0.0245 
0.0438 
0.0884 
0.1237 
0.1519 
0.2096 
0.2196 
0.2311 
0.2458 
0.2557 
0.2561 
0.2650 

tt .K~, 
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0.2044 
0.3116 
0.3650 
0.4130 
0.5086 
0.6387 
0.6994 
0.7315 
0.7542 
0.7770 
0.8027 
0.8142 

0.1631 
0.2529 
0.3227 
0.4186 
0.5043 
0.6419 
0.6939 
0.7183 
0.7505 
0.7682 
0.7807 
0.7953 

0.2163 
0.1775 
0.1497 
0.1276 
0.0952 
0.0662 
0.0531 
0.0488 
0.0443 
0.0408 
0.0371 
0.0344 

0.4483 
0.3678 
0.3086 
0.2646 
0.1971 
0.1382 
0.1123 
0.1006 
0.0921 
0.0839 
0.0764 
0.0709 

0.5902 
0.7159 
0.7603 
0.8446 
0.9712 
1.0723 
1.0864 
1.1331 
1.1426 
1.1732 
1.1745 
1.1864 

0.5579 
0.6769 
0.7466 
0.8416 
0.9369 
1.0452 
1.0895 
1.0968 
1.1214 
1.1360 
1.1469 
1.1709 

~\~ 
' ~--.: 

i'l' a 
Fi:d 
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d~~~r~ 
0.6309 
0.8007 m/s 
0.5900 
0.0590 
0.2163 
0.3363 N-m 
8.0900 N 
7.7220 N 
17.6053 w 
6.1826 w 
35.1180 % 

0.7029 
1.1018 m/s 
0.7840 
0.0784 
0.2951 
0.6818 N-m 
16.8376 N 
15.9840 N 
44.0797 w 
17.6106 w 
39.9518 % 



1.3033 501.8541 0.2851 
1.3116 550.7550 0.4280 
1.3018 601.3456 0.5866 
1.3022 654.7460 0.7812 
1.3025 752.1400 1.1578 
1.3028 907.7795 1.9016 
1.3020 1006.9377 2.4451 
1.3014 1051.7237 2.6985 
1.3116 1103.5535 3.0711 
1.3007 1155.5678 3.4310 
1.3006 1208.2135 3.7775 
1.3020 1256.7456 4.1836 

~ 
( mts y: 

1.6030 503.1755 0.2466 
1.6053 554.4423 0.3896 
1.6045 604.3557 0.5547 
1.6063 652.4344 0.7494 
1.6063 752.2439 1.1132 
1.6059 901.5599 1.8053 
1.6056 1006.7175 2.4295 
1.6063 1054.3192 2.6763 
1.6059 1102.5010 3.0303 
1.6050 1154.9706 3.3480 
1.6054 1211.5007 3.7189 
1.6019 1257.0444 4.0895 

25.8684 1.0075 
19.5634 4.8992 
14.6455 9.1934 
3.6444 16.6810 
-9.6546 26.3389 

-44.6663 49.4971 
-71.4491 68.2528 
-85.4106 78.4238 
-101.8478 89.1648 
-120.5716 101.3690 
-136.2495 113.4923 
-152.6671 123.8806 

41.2862 -1.2270 
35.5623 3.2810 
28.4763 7.5364 
19.6455 13.8101 
3.7317 25.8394 

-29.3272 47.4539 
-55.1247 65.2205 
-72.6503 76.7941 
-88.4574 86.8346 
-104.0080 97.6091 
-122.4283 110.6533 
-139.6617 122.2759 

Load Varying Self- Propulsion Test ( Duct + Propeller fitted on ) 

-2.4715 
3.2712 
7.6691 
18.6342 
32.8566 
70.4953 
99.0206 

113.7191 
130.8195 
150.4082 
166.7611 
183.7284 

-7.0565 
-2.6691 
3.2865 
11.6498 
28.1917 
64.0440 
91.9317 
110.3025 
126.9004 
143.2220 
162.3490 
180.1017 

-3.4789 
-1.6280 
-1.5242 
1.9533 
6.5177 

20.9982 
30.7678 
35.2953 
41.6547 
49.0392 
53.2687 
59.8478 

-5.8296 
-5.9501 
-4.2499 
-2.1603 
2.3523 
16.5901 
26.7112 
33.5084 
40.0658 
45.6129 
51.6957 
57.8258 

1.0224 
0.9376 
0.8523 
0.7830 
0.6818 
0.5650 
0.5091 
0.4872 
0.4679 
0.4431 
0.4238 
0.4079 

1.2542 
1.1399 
1.0452 
0.9693 
0.8407 
0.7013 
0.6279 
0.5998 
0.5735 
0.5471 
0.5217 
0.5017 
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-0.6855 
-0.4304 
-0.2703 
-0.0567 
0.1139 
0.3617 
0.4703 
0.5153 
0.5581 
0.6026 
0.6229 
0.6451 

-1.0882 
-0.7720 
-0.5203 
-0.3080 
-0.0440 
0.2408 
0.3630 
0.4362 
0.4857 
0.5203 
0.5567 
0.5898 

0.0267 
0.1078 
0.1697 
0.2597 
0.3107 
0.4008 
0.4492 
0.4732 
0.4886 
0.5066 
0.5188 
0.5234 

-0.0323 
0.0712 
0.1377 
0.2165 
0.3047 
0.3896 
0.4295 
0.4610 
0.4768 
0.4883 
0.5031 
0.5164 

-0.0922 
-0.0358 
-0.0281 
0.0304 
0.0769 
0.1701 
0.2025 
0.2129 
0.2283 
0.2451 
0.2435 
0.2529 

-0.1537 
-0.1292 
-0.0777 
-0.0339 
0.0277 
0.1362 
0.1759 
0.2012 
0.2200 
0.2282 
0.2351 
0.2442 

,,, 
-0.0655 
0.0720 
0.1415 
0.2901 
0.3876 
0.5709 
0.6518 
0.6861 
0.7169 
0.7517 
0.7624 
0.7763 

'\Kltil, ,,, 

-0.1860 
-0.0579 
0.0600 
0.1826 
0.3325 
0.5258 
0.6054 
0.6622 
0.6967 
0.7165 
0.7382 
0.7606 

0.6227 
0.5170 
0.4337 
0.3658 
0.2772 
0.1903 
0.1547 
0.1418 
0.1288 
0.1174 
0.1074 
0.0993 

0.8909 
0.7338 
0.6176 
0.5299 
0.3986 
0.2775 
0.2226 
0.2029 
0.1856 
0.1691 
0.1537 
0.1427 

14:*,1K~~t::' 
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0.4957 
0.6179 
0.7103 
0.7980 
0.8962 
1.0105 
1.0560 
1.0683 
1.1043 
1.1251 
1.1332 
1.1599 

0.4265 
0.5550 
0.6650 
0.7710 
0.8615 
0.9726 
1.0498 
1.0543 
1.0917 
1.0991 
1.1095 
1.1333 

>3¥~lii,. 

'Q 
,Ti 
R 
pd' 

Pe 
1}d 

0.7399 
1.3035 m/s 
0.8367 
0.0837 
0.3260 
0.9193 N-m 
23.4992 N 
22.3430 N 
66.7978 w 
29.1250 w 
43.6018 % 

0.8138 
1.6051 m/s 
0.8936 
0.0894 
0.3741 
1.2304 N-m 

33.7987 N 
32.2170 N 
100.0958 w 
51.7120 w 
51.6626 % 



.. 

Load Varying Self- Propulsion Test ( Duct + Propeller fitted on ) 

1.8051 503.4015 0.2345 
1.8061 550.5344 0.3599 
1.8054 601.7534 0.4952 
1.8043 655.6402 0.7021 
1.8049 756.7032 1.1 097 
1.8053 903.5768 1.7817 
1.8053 1007.3473 2.3494 
1.8062 1051.7675 2.6355 

51.8995 
45.3553 
39.4746 
29.6365 
14.8382 
-16.0784 
-41.3141 
-58.6353 

-1.8453 
2.2818 
5.8363 
12.8210 
23.0704 
44.1607 
62.1857 
74.1854 

-12.0461 
-7.9307 
-2.0996 
8.3160 
24.0023 
56.0137 
82.5484 
100.6055 

1.8057 1105.5646 2.9403 -75.5367 85.3344 118.5649 
1.8064 1151.0459 3.2937 -91.0393 95.7116 135.0686 
1.8051 1199.5015 3.6086 -109.2754 108.5271 154.5146 
1.8046 1261.8668 4.0584 -128.6862 121.0877 175.6173 

' "'~=~;~~ 
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2.1082 500.4856 0.1922 66.8995 -2.1356 -15.0436 
2.1078 552.4532 0.3309 60.4425 1.3531 -8.6422 
2.1093 604.4664 0.4607 54.4746 5.2497 -2.1310 
2.1056 651.4342 0.6493 47.4534 10.3091 5.3703 
2.1084 754.9317 1.0051 32.8382 20.4760 20.7011 
2.1095 901.1852 1.6707 1.0784 42.8728 53.4900 
2.1082 1002.9008 2.2317 -23.4953 59.8464 79.1802 
2.1098 1053.7204 2.5445 -37.6353 69.3011 94.0054 
2.1103 1101.8507 2.8646 -54.5367 80.1924 111.6413 
2.1101 1153.6637 3.1899 -70.0393 90.9845 128.0193 
2.1091 1210.1050 3.5803 -88.2754 103.8501 147.2988 
2.1086 1258.3035 3.9869 -107.6862 117.4283 167.6550 

-10.2007 
-10.2125 
-7.9358 
-4.5049 
0.9320 
11.8530 
20.3627 
26.4201 
33.2305 
39.3570 
45.9875 
54.5296 

-12.9080 
-9.9953 
-7.3807 
-4.9388 
0.2251 
10.6172 
19.3338 
24.7043 
31.4489 
37.0348 
43.4488 
50.2267 

1.4117 
1.2916 
1.1812 
1.0835 
0.9391 
0.7866 
0.7056 
0.6761 

-1.3668 
-0.9987 
-0.7275 
-0.4601 
-0.1729 
0.1314 
0.2717 
0.3537 

-0.0486 
0.0502 
0.1076 
0.1990 
0.2689 
0.3610 
0.4090 
0.4475 

-0.2686 
-0.2249 
-0.1463 
-0.0699 
0.0109 
0.0969 
0.1339 
0.1594 

-0.3172 
-0.1746 
-0.0387 
0.1291 
0.2797 
0.4579 
0.5429 
0.6069 

1.0487 
0.8768 
0.7339 
0.6182 
0.4641 
0.3255 
0.2619 
0.2402 

0.4053 
0.5200 
0.5988 
0.7152 
0.8487 
0.9556 
1.0138 
1.0433 

0.6430 0.4124 0.4659 0.1814 0.6474 0.2174 1.0534 
0.6179 0.4586 0.4821 0.1982 0.6803 0.2006 1.0886 
0.5925 0.5069 0.5034 0.2133 0.7167 0.1847 1.0983 
0.5630 0.5393 0.5075 0.2285 0. 7360 0.1669 1.1161 

·K·t4 .· ~. Kt$: .tio;'!'lfl··· 
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1.6584 -1.7824 -0.0569 -0.3439 -D.4008 1.4600 0.3360 
1.5021 -1.3216 0.0296 -0.2186 -0.1890 1.1983 0.4748 
1.3738 -0.9950 0.0959 -0.1348 -0.0389 1.0009 0.5522 
1.2725 -0.7463 0.1621 -0.0777 0.0845 0.8618 0.6700 
1.0995 -0.3845 0.2398 0.0026 0.2424 0.6417 0.7723 
0.9216 -0.0089 0.3523 0.0872 0.4395 0.4503 0.9008 
0.8276 0.1559 0.3971 0.1283 0.5254 0.3636 0.9716 
0.7883 0.2262 0.4165 0.1485 0.5650 0.3294 1.0035 
0.7540 0.2998 0.4408 0.1729 0.6137 0.3012 1.0332 
0.7201 0.3512 0.4562 0.1857 0.6419 0.2748 1.0495 
0.6862 0.4023 0.4733 0.1980 0.6713 0.2497 1.0707 
0.6597 0.4539 0.4950 0.2117 0.7067 0.2310 1.1027 
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0.8544 
1.8054 m/s 
0.9029 
0.0903 
0.3840 
1.4270 N-m 

39.8209 N 
38.0330 N 
124.3640 w 
68.6635 w 
55.2117 % 

0.9012 
2.1087 m/s 
0.9232 
0.0923 
0.4310 
1.7891 N-m 

54.8007 N 
52.3950 N 
172.6572 w 
110.4875 w 
63.9924 % 



Load Varving Self- Propulsion Test ( Duct + Propeller fitted on ) 

ti?ts ;'_,;/,: •. *. ;~ t '~ Jf,t :'c• '·Y .? 

2.3113 506.5541 0.1820 86.1252 -3.5334 -19.3516 -15.8182 1.7964 -2.2400 -0.0919 -0.4114 -0.5033 1.8214 0.3106 0.9079 
2.3012 554.4124 0.3087 80.4523 -0.1165 -15.8623 -15.7458 1.6341 -1.7468 -0.0025 -0.3419 -0.3444 1.5205 0.4398 2.3142 m/s 
2.3106 602.4889 0.4268 75.8979 4.0222 -10.8438 -14.8660 1.5099 -1.3954 0.0739 -0.2733 -0.1994 1.2875 0.5149 0.9400 
2.3087 653.7372 0.6197 68.2312 9.2811 -1.9037 -11.1847 1.3904 -1.0655 0.1449 -0.1747 -0.0297 1.0936 0.6349 0.0940 
2.3127 751.5777 0.9597 55.4110 18.7622 13.1329 -5.6292 1.2115 -0.6547 0.2217 -0.0665 0.1552 0.8274 0.7440 0.4641 
2.3075 907.7627 1.6567 24.5844 38.9545 45.9201 6.9655 1.0008 -0.1991 0.3155 0.0564 0.3719 0.5672 0.8804 2.1617 N-m 
2.3104 1009.7375 2.2082 0.7728 57.7942 70.3932 12.5991 0.9008 -0.0051 0.3783 0.0825 0.4608 0.4584 0.9484 70.0300 N 
2.3089 1055.8389 2.5040 -13.1249 66.6765 84.5472 17.8707 0.8609 0.0786 0.3992 0.1070 0.5061 0.4192 0.9836 66.9070 N 
2.3716 1105.4558 2.7615 -27.7563 76.7109 99.2872 22.5764 0.8446 0.1516 0.4189 0.1233 0.5422 0.3824 0.9896 227.2621 w 
2.3101 1156.8492 3.1357 -45.5095 88.9061 117.4706 28.5645 0.7862 0.2269 0.4433 0.1424 0.5858 0.3492 1.0260 154.8345 w 
2.3079 1207.4927 3.4799 -62.1596 100.1417 134.4150 34.2733 0.7525 0.2845 0.4584 0.1569 0.6152 0.3205 1.0452 68.1304 % 
2.3092 1255.9025 3.8185 -78.5473 112.6834 151.0913 38.4079 0.7239 0.3323 0.4768 0.1625 0.6393 0.2963 1.0601 

i'ZJ~ f~~ ~tf ~~(~~L. '> F .. lit .;t'~; J rc:fd 14'tp •• i«t*'il<q. ,~em.prcilpul~lori;Pcttl;t \•c ; 't$( 
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2.5094 504.8586 0.1628 105.9464 -5.1789 -23.5927 -18.4138 1.9569 -2.7740 -0.1356 -0.4821 -0.6177 2.2324 0.2797 J• 0.9078 
2.5104 552.4243 0.2813 101.2323 -1.3845 -21.2282 -19.8438 1.7891 -2.2138 -0.0303 -0.4340 -0.4642 1.8645 0.4036 ~·~r 2.5100 m/s 
2.5067 604.5795 0.4035 96.3633 1.8110 -16.9244 -18.7354 1.6324 -1.7594 0.0331 -0.3421 -0.3090 1.5567 0.4834 0.9736 
2.5107 653.2312 0.5696 90.3483 6.9611 -10.5697 -17.5308 1.5132 -1.4130 0.1089 -0.2742 -0.1653 1.3334 0.5845 .. .!(8· 0.0974 

' 
2.5093 753.2477 0.9274 78.3736 15.4460 2.9669 -12.4791 1.3115 -0.9218 0.1817 -0.1468 0.0349 1.0028 0.7157 Kef: 0.4802 
2.5099 906.0469 1.6051 49.0260 35.9381 34.7210 -1.2172 1.0906 -0.3986 0.2922 -0.0099 0.2823 0.6931 0.8562 ;G\ 2.6345 N-m 
2.5126 1002.7932 2.1197 21.5911 55.1685 63.3290 8.1605 0.9865 -0.1433 0.3661 0.0542 0.4203 0.5658 0.9231 T' 85.2600 N 
2.5100 1052.4234 2.4384 9.2021 64.9951 76.2347 11.2396 0.9390 -0.0554 0.3916 0.0677 0.4593 0.5137 0.9641 R 81.4600 N 
2.5104 1106.7229 2.7268 -5.5593 74.6193 91.4780 16.8588 0.8930 0.0303 0.4066 0.0919 0.4984 0.4645 0.9749 Pci 300.4342 w 
2.5101 1152.3582 3.0710 -19.5704 83.9508 105.8466 21.8958 0.8576 0.0984 0.4219 0.1100 0.5319 0.4285 1.0127 Pe 204.4646 w 
2.5109 1204.5756 3.4002 -38.1235 95.8461 124.7560 28.9099 0.8207 0.1753 0.4408 0.1330 0.5738 0.3921 1.0261 '1\d 68.0564 % 
2.5096 1256.7444 3.7705 -53.2054 108.0306 140.1545 32.1239 0.7862 0.2248 0.4565 0.1357 0.5922 0.3603 1.0454 
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Duct Thrust Extrapolation 

Prop+ 2!!.!x 
onll! Prop. O!J Prol!. + Duct on onll! Prop on Duct on Prop on 

J "·· :f;tsf ;. n ;.:.· Jt .F ::~!:J,J; l~~~j· f·F±ifJ, .'Ta :. • 
(.liJ'} ,;iipmJ' t4f> ;3.,Y,-' t~) '(.N}( •. l 

0.8007 503.8949 0.6256 5.3638 3.6262 0.8002 502.5735 0.6269 1.3073 5.8645 0.6269 5.3288 3.6210 -7.1718 -8.9498 1.7779 
0.8012 552.6343 0.5708 1.4334 8.7409 0.8004 551.4566 0.5714 -4.6450 10.3820 0.5714 1.6898 7.8627 -5.7370 -9.5525 3.8156 
0.8027 602.3573 0.5246 -3.5438 12.8134 0.8012 600.4575 0.5253 -10.5645 14.4121 0.5253 -4.0378 13.1919 -3.8476 -9.1541 5.3064 
0.8034 651.5623 0.4854 -10.4367 18.6583 0.8018 650.4466 0.4853 -17.5455 19.4810 0.4653 -10.2344 18.8742 -1.9355 -8.6397 6.7042-
0.8005 753.4148 0.4183 -24.3516 32.8282 0.8002 753.2179 0.4183 -34.8750 312554 0.4183 -23.9146 32.2745 3.6196 -8.3599 11.9795 
0.8012 913.8563 0.3452 -48.5726 59.3485 0.8002 902.9860 0.3489 -68.0707 54.7882 0.3489 -47.5126 57.4752 13.2825 -9.9625 23.2450 
0.8037 1002.5757 0.3156 -64.7292 77.0108 0.8003 1008.5085 0.3124 -94.6789 732083 0.3124 -67.3279 792424 21.4706 -11.9145 33.3850 
0.8045 1051.5807 0.3012 -74.4405 87.1072 0.8005 1052.3455 0.2995 -108.5758 82.9812 0.2995 -76.1428 88.9610 25.5946 -12.8182 38.4129 
0.8098 1102.1417 02893 -85.7547 98.8701 0.8014 1104.1946 0.2857 -123.8928 93.6252 0.2857 -86.7294 100.6345 30.2676 -13.9050 44.1727 
0.8032 1154.0417 0.2740 -96.8046 111.2684 0.8002 1150.2549 0.2739 -139.0968 103.7442 0.2739 -96.9863 111.9361 35.3526 -14.9499 50.3024 
0.8015 1207.3702 02614 -108.6784 123.8401 0.8008 1206.8237 0.2612 -159.0113 116.5481 0.2612 -109.1949 125.3707 42.4632 -16.1758 58.6390 
0.8022 1246.6728 0.2533 -117.3754 135.8194 0.8006 1252.7469 0.2516 -174.2846 126.4966 0.2516 -119.4611 136.6498 47.7880 -17.1887 64.9767 

~< :j;;;. ;i(!:{·· FiifJ> 
(~,) {~} rAil 

1.1030 507.2079 0.8562 14.2900 2.2649 1.1006 500.6686 0.8655 10.2786 5.2064 0.8655 14.1086 2.2954 -15.4850 -16.4040 0.9190 
1.1027 554.5345 0.7829 10.5355 6.2834 1.1022 552.7477 0.7851 4.9858 9.5730 0.7851 11.1953 5.3682 -14.5588 -16.5635 2.0047 
1.1035 603.8746 0.7194 6.8977 10.2080 1.1031 603.4646 0.7197 -0.7660 12.7872 0.7197 6.0708 10.7744 -12.0212 -16.8452 4.8240 
1.1032 654.2447 0.6639 0.5784 16.3454 1.1032 651.6550 0.6665 -9.4535 18.7681 0.6665 0.8604 16.3236 -9.3146 -17.1839 7.8693 
1.1044 750.3733 0.5794 -11.0514 29.4461 1.1005 754.9726 0.5739 -24.9334 30.1015 0.5739 -11.4573 29.5988 -5.1681 -18.1415 12.9734 
1.1041 910.3564 0.4775 -34.4575 54.5330 1.1026 901.8126 0.4814 -58.3065 52.6797 0.4814 -33.4364 53.3562 5.6268 -19.9198 25.5467 
1.1030 1006.6678 0.4314 -52.5912 73.9689 1.1014 1000.0880 0.4336 -82.6355 71.0720 0.4336 -52.1842 73.5396 11.5635 -21.3553 32.9168 
1.1037 1056.9924 0.4111 -63.4548 85.6126 1.1017 1056.9566 0.4104 -98.0144 81.5514 0.4104 -63.9686 86.1918 16.4630 -22.2232 38.6862 
1.1031 1108.8989 0.3916 -75.4534 98.4729 1.1013 1104.4112 0.3926 -114.1839 92.2256 0.3926 -74.4169 97.3917 21.9583 -22.9748 44.9331 
1.1031 1156.0328 0.3757 -86.3969 110.2023 1.1020 1156.9473 0.3750 -130.2701 102.7820 0.3750 -86.1232 109.9234 27.4881 -23.8001 51.2882 
1.1029 1206.4133 0.3599 -96.9218 121.4830 1.1015 1212.9133 0.3575 -147.3841 115.6347 0.3575 -99.2352 123.9419 31.7494 -24.7068 56.4562 
1.1034 1249.3622 0.3477 -107.1228 132.4165 1.1011 1258.8191 0.3444 -163.3845 125.9249 0.3444 -110.1865 135.6382 37.4596 -25.4517 62.9113 

'.v·, .J. 't; 
tkl,;,:C\ '1~) . 

~ ;~Tit( ···,···:;r,t::'· , .. _ . F·T•. ·~(~~ ta 
.f. rills} ;~! ffi'l~/ {Nf. (i\i') .. :no 
1.3031 504.2337 1.0174 23.7086 -0.5806 1.3033 501.8541 1.0224 25.8684 1.0075 1.0224 23.9228 -0.5259 -26.8759 -23.3969 -3.4789 
1.3022 550.4535 0.9314 19.5828 3.8393 1.3116 550.7550 0.9376 19.5634 4.8992 0.9376 19.9850 2.8496 -24.4626 -22.8346 -1.6280 
1.3025 600.5634 0.8539 15.5347 7.2149 1.3018 601.3456 0.8523 14.6455 9.1934 0.8523 14.2409 8.0737 -23.8389 -22.3146 -1.5242 
1.3035 652.2352 0.7868 7.4959 13.4575 1.3022 654.7460 0.7830 3.6444 16.6810 0.7830 8.5663 13.7124 -20.3254 -22.2786 1.9533 
1.3036 752.8192 0.6817 -3.1778 26.1866 1.3025 752.1400 0.6818 -9.6546 26.3389 0.6818 -2.8693 26.0713 -16.6843 -23.2020 6.5177 
1.3022 901.8296 0.5685 -23.6329 51.7382 1.3028 907.7795 0.5650 -44.6663 49.4971 0.5650 -26.9059 52.7349 -4.8308 -25.8290 20.9982 
1.3022 1000.1110 0.5126 -45.8753 72.3597 1.3020 1006.9377 0.5091 -71.4491 68.2528 0.5091 -46.0278 73.5993 3.1963 -27.5715 30.7678 
1.3023 1046.2973 0.4900 -54.5532 82.1375 1.3014 1051.7237 0.4872 -85.4106 78.4238 0.4872 -55.4250 83.7335 6.9868 -28.3085 35.2953 
1.3020 1105.7242 0.4636 -67.4871 96.1106 1.3116 1103.5535 0.4679 -101.8478 89.1648 0.4679 -64.7226 93.6943 12.6830 -28.9717 41.6547 
1.3023 1155.3342 0.4438 -78.2728 107.4396 1.3007 1155.5678 0.4431 -120.5716 101.3690 0.4431 -78.2864 108.1230 192026 -29.8366 49.0392 
1.3022 1206.0095 0.4251 -88.6396 119.2426 1.3006 1208.2135 0.4238 -136.2495 113.4923 0.4238 -90.2450 120.7565 22.7572 -30.5116 53.2687 
1.3024 1248.0299 0.4109 -98.8778 130.6479 1.3020 1256.7456 0.4079 -152.6671 123.8806 0.4079 -101.0751 132.1363 28.7865 -31.0613 59.8478 
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Duct Thrust Extrapolation 

oniJ! Proe. on Proe. + Duct on oniJ! Proe on QJ!.rum Proeon 

"''·:>.\ 

(~~fi J • .. \ia '"' t'N:l tiJ !N} 

1.6032 503.9995 1.2523 35.6003 -1.5261 1.6030 503.1755 1.2542 41.2862 -1.2270 1.2542 35.6755 -1.4458 -40.0592 -34.2297 -5.8296 
1.6046 550.3443 1.1479 31.5343 1.5354 1.6053 554.4423 1.1399 35.5623 3.2810 1.1399 31.6231 1.2701 -38.8433 -32.8932 -5.9501 
1.6035 601.4574 1.0496 27.4347 5.3738 1.6045 604.3557 1.0452 28.4763 7.5364 1.0452 25.3902 6.3726 -36.0127 -31.7628 -4.2499 
1.6038 653.7645 0.9658 17.3544 11.6456 1.6063 652.4344 0.9693 19.6455 13.8101 0.9693 19.7697 11.5256 -33.4556 -31.2953 -2.1603 
1.6040 755.9224 0.8354 8.5633 25.1105 1.6063 752.2439 0.8407 3.7317 25.8394 0.8407 8.5430 23.3804 -29.5711 -31.9234 2.3523 
1.6038 911.6408 0.6926 -12.6824 48.1265 1.6059 901.5599 0.7013 -29.3272 47.4539 0.7013 -12.2246 46.9413 -18.1267 -34.7168 16.5901 
1.6044 1003.7944 0.6293 -32.5581 67.4672 1.6056 1006.7175 0.6279 -55.1247 65.2205 0.6279 -31.4537 68.2607 -10.0958 -36.8070 26.7112 
1.6042 1051.3377 0.6007 -42.0001 77.7648 1.6063 1054.3192 0.5998 -72.6503 76.7941 0.5998 -41.1811 78.8333 -4.1438 -37.6522 33.5084 
1.6043 1104.0239 0.5721 -51.6517 91.4829 1.6059 1102.5010 0.5735 -88.4574 86.8346 0.5735 -51.7748 90.2178 1.6228 -38.4430 40.0658 
1.6034 1152.5333 0.5477 -63.4763 104.5737 1.6050 1154.9706 0.5471 -104.0080 97.6091 0.5471 -63.9740 103.1880 6.3989 -39.2140 45.6129 
1.6036 1210.1129 0.5217 -76.3438 116.7686 1.6054 1211.5007 0.5217 -122.4283 110.6533 0.5217 -77.4263 117.3470 11.7750 -39.9207 51.6957 
1.6030 1250.8055 0.5046 -88.3925 127.3434 1.6019 1257.0444 0.5017 -139.6617 122.2759 0.5017 -89.3107 129.7507 17.3858 -40.4400 57.8258 

iO::;j~< .· l;r .. 
( :; 

>&3: 
&iff:> ~"~!>·~~- ,i~J~ 

1.8042 510.9808 1.3901 40.6558 -1.9385 1.8051 503.4015 1.4117 51.8995 -1.8453 1.4117 40.6569 -0.8034 -50.0542 -39.8534 -10.2007 
1.8034 552.4233 1.2853 37.6344 1.1898 1.8061 550.5344 1.2916 45.3553 2.2818 1.2916 37.9281 -0.5035 -47.6371 -37.4246 -10.2125 
1.8068 602.7853 1.1801 33.4536 4.2981 1.8054 601.7534 1.1812 39.4746 5.8363 1.1812 32.3158 5.0592 -45.3109 -37.3750 -7.9358 
1.8056 651.5334 1.0911 24.9715 10.5564 1.8043 655.6402 1.0835 29.6365 12.8210 1.0835 26.4884 11.4642 -42.4575 -37.9525 -4.5049 
1.8042 757.8054 0.9373 17.3566 22.9946 1.8049 756.7032 0.9391 14.8382 23.0704 0.9391 15.9131 22.9275 -37.9086 -38.8405 0.9320 
1.8051 911.1136 0.7800 -4.5070 45.8331 1.8053 903.5768 0.7866 -16.0784 44.1607 0.7866 -3.9124 43.6477 -28.0823 -39.9353 11.8530 
1.8048 1002.7594 0.7086 -25.1929 65.0234 1.8053 1007.3473 0.7056 -41.3141 62.1857 0.7056 -22.5514 63.7857 -20.8716 -41.2343 20.3627 
1.8061 1056.9214 0.6728 -32.6326 73.8682 1.8062 1051.7675 0.6761 -58.6353 74.1854 0.6761 -31.4680 73.4382 -15.5501 -41.9702 26.4201 
1.8051 1118.8085 0.6352 -43.1904 87.2252 1.8057 1105.5646 0.6430 -75.5367 85.3344 0.6430 -43.1497 86.1779 -9.7977 -43.0282 33.2305 
1.8043 1161.1239 0.6118 -55.8141 100.0789 1.8064 1151.0459 0.6179 -91.0393 95.7116 0.6179 -53.3702 97.3995 -4.6723 -44.0293 39.3570 
1.8059 1215.6599 0.5849 -68.1665 112.6564 1.8051 1199.5015 0.5925 -109.2754 108.5271 0.5925 -64.9756 110.2148 0.7483 -45.2392 45.9875 
1.8057 1246.0544 0.5705 -77.6279 125.3448 1.8046 1261.8668 0.5630 -128.6862 121.0877 0.5630 -80.2297 127.1608 7.5985 -46.9311 54.5296 

v,,._: .<t'~;- ·.~ .. ~~f~i)~~<~ F ···'f· ·. :v ' '; •• <~ F Tl> J 
., ... .., 

·.: ··~~~-·-·~~ #-.t·:·· F·!v . T~ >,-., 
'{nvs.}··· cflt.·· <Nlf fNJ; · (m!$) t,rpmr;· · · ;(ll{;) (N) ''< .\ JNi ·• -&~) JN~ 

2.1091 500.1371 1.6603 54.2008 -2.2244 2.1082 500.4856 1.6584 66.8995 -2.1356 1.6584 54.0240 -2.1681 -84.7639 -51.8559 -12.9080 
2.1056 551.5545 1.5030 51.6384 0.7034 2.1078 552.4532 1.5021 60.4425 1.3531 1.5021 52.4925 -0.6922 -81.7956 -51.8003 -9.9953 
2.1068 600.3476 1.3816 49.7643 3.3349 2.1093 604.4664 1.3738 54.4746 5.2497 1.3738 48.0280 4.3156 -59.7243 -52.3436 -7.3807 
2.1067 654.3489 1.2675 42.3233 9.0348 2.1056 651.4342 1.2725 47.4534 10.3091 1.2725 43.6156 9.2080 -57.7625 -52.8237 -4.9388 
2.1101 752.6505 1.1038 34.8043 19.5316 2.1084 754.9317 1.0995 32.8382 20.4760 1.0995 33.6565 19.8827 -53.3142 -53.5393 0.2251 
2.1068 901.9876 0.9196 13.6338 42.0655 2.1095 901.1852 0.9216 1.0784 42.8728 0.9216 14.5964 39.9720 -43.9512 -54.5684 10.6172 
2.1070 1002.6789 0.8273 -3.9622 59.4139 2.1082 1002.9008 0.8276 -23.4953 59.8464 0.8276 -3.1288 58.8136 -36.3511 -55.6849 19.3338 
2.0959 1052.8833 0.7837 -13.7635 68.8805 2.1098 1053.7204 0.7883 -37.6353 69.3011 0.7883 -12.9237 69.2938 -31.6658 -56.3701 24.7043 
2.1064 1103.4297 0.7516 -24.0542 80.5944 2.1103 1101.8507 0.7540 -54.5367 80.1924 0.7540 -22.8534 79.9580 -25.6557 -57.1046 31.4489 
2.1073 1156.4853 0.7174 -33.2420 93.1518 2.1101 1153.6637 0.7201 -70.0393 90.9845 0.7201 -34.1337 92.1136 -20.9452 -57.9800 37.0348 
2.1066 1214.1716 0.6831 -47.5793 106.0173 2.1091 1210.1050 0.6862 -88.2754 103.8501 0.6862 -47.0057 106.0292 -15.5747 -59.0234 43.4488 
2.1060 1246.6579 0.6651 -57.4544 117.5641 2.1086 1258.3035 0.6597 -107.6862 117.4283 0.6597 -58.2606 118.2295 -9.7421 -59.9688 50.2267 
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Duct Thrust Extrapolation 

oniJ! Proe. on Pro11. + Duct on only Prop on Duct on PrO!! on 

, --~ifTPi~ t•ti ~~t ~ .. 
'*N}J A:; Jtlilti' {Nj 

2.3079 502.2690 1.8090 70.1815 -3.6889 2.3113 506.5541 1.7964 86.1252 -3.5334 1.7964 70.1007 -3.3271 -82.5918 -66.7736 -15.8182 
2.3069 550.3896 1.6502 65.5744 -0.4585 2.3012 554.4124 1.6341 80.4523 -0.1165 1.6341 65.5989 -1.0089 -80.3358 -64.5900 -15.7458 
2.3074 603.5423 1.5052 62.5675 2.8578 2.3106 602.4889 1.5099 75.8979 4.0222 1.5099 61.8298 3.2243 -79.9201 -65.0541 -14.8660 
2.3070 652.5464 1.3919 56.4648 7.3859 2.3087 653.7372 1.3904 68.2312 9.2811 1.3904 58.2501 8.0775 -77.5123 -66.3276 -11.1847 
2.3084 752.0456 1.2085 52.8606 17.3533 2.3127 751.5777 1.2115 55.4110 18.7622 1.2115 51.1627 17.3812 -74.1732 -68.5439 -5.6292 
2.3081 901.6673 1.0078 31.0591 39.3701 2.3075 907.7627 1.0008 24.5844 38.9545 1.0008 31.9903 38.5141 -63.5389 -70.5045 6.9655 
2.3082 1006.0527 0.9033 14.6680 56.3185 2.3104 1009.7375 0.9008 0.7728 57.7942 0.9008 14.1489 57.0171 -58.5670 -71.1660 12.5991 
2.3077 1052.1662 0.8635 5.4600 65.8199 2.3089 1055.8389 0.8609 -13.1249 66.6765 0.8609 4.6684 66.7538 -53.5516 -71.4223 17.8707 
2.3074 1101.3796 0.8248 -4.9423 75.6556 2.3716 1105.4558 0.8446 -27.7563 76.7109 0.8446 0.3371 71.1938 -48.9546 -71.5309 22.5764 
2.3075 1150.4349 0.7897 -16.4586 88.4838 2.3101 1156.8492 0.7862 -45.5095 88.9061 0.7862 -17.6066 89.5678 -43.3966 -71.9611 28.5645 
2.3077 1213.5677 0.7487 -29.2323 102.4455 2.3079 1207.4927 0.7525 -62.1596 100.1417 0.7525 -29.8499 102.1053 -37.9821 -72.2554 34.2733 
2.3068 1249.1721 0.7270 -42.1765 114.3675 2.3092 1255.9025 0.7239 -78.5473 112.6834 0.7239 -41.4538 113.9978 -34.1361 -72.5440 38.4079 

~t(~i ·i'!~J ~!; )~~)-: ;.: :t~ -:_~~-.::1 ~;z r:j:l~) (.JII}l~~ 

2.5100 504.0554 1.9605 87.5695 -5.1534 2.5094 504.8586 1.9569 105.9464 -5.1789 1.9569 87.4743 -5.1206 -100.7675 -62.3537 -18.4138 
2.5086 552.5634 1.7874 83.4748 -2.4533 2.5104 552.4243 1.7891 101.2323 -1.3845 1.7891 83.6727 -3.6687 -99.8478 -80.0041 -19.8438 
2.5072 601.0760 1.6422 78.4765 1.5344 2.5067 604.5795 1.6324 96.3633 1.8110 1.6324 77.7464 1.6925 -98.1743 -79.4389 -18.7354 
2.5095 651.4524 1.5166 72.4764 5.3858 2.5107 653.2312 1.5132 90.3483 6.9611 1.5132 73.2244 6.5542 -97.3094 -79.7786 -17.5308 
2.5020 751.7646 1.3103 66.8172 15.9565 2.5093 753.2477 1.3115 78.3736 15.4460 1.3115 65.0928 16.2477 -93.8196 -81.3405 -12.4791 
2.5092 905.0740 1.0915 46.3855 37.9313 2.5099 906.0469 1.0906 49.0260 35.9381 1.0906 48.2725 35.4745 -84.9641 -83.7470 -1.2172 
2.5081 1004.8353 0.9827 32.5307 52.3894 2.5126 1002.7932 0.9865 21.5911 55.1685 0.9865 32.8107 52.1094 -76.7596 -64.9201 8.1605 
2.5087 1052.4015 0.9385 22.3437 62.3939 2.5100 1052.4234 0.9390 9.2021 64.9951 0.9390 23.1745 62.2624 -74.1972 -65.4368 11.2396 
2.5087 1103.3557 0.8952 12.3667 72.3930 2.5104 1106.7229 0.8930 -5.5593 74.6193 0.8930 11.9390 73.9797 -69.0600 -65.9187 16.8588 
2.5023 1154.7567 0.8531 3.6930 84.3833 2.5101 1152.3582 0.8576 -19.5704 83.9508 0.8576 1.7912 84.4850 -64.3804 -66.2762 21.8958 
2.5092 1207.1602 0.8183 -11.5045 97.3348 2.5109 1204.5756 0.8207 -38.1235 95.8461 0.8207 -10.2948 96.9273 -57.7226 -66.6325 28.9099 
2.5091 1252.5791 0.7886 -23.5327 110.9502 2.5096 1256.7444 0.7862 -53.2054 108.0306 0.7862 -23.1296 110.0787 -54.8252 -86.9491 32.1239 
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Bare Hull Resistance Tests 

Ahead Astern 

0.6010 1.36E+06 0.1168 4.8372 0.2131 0.6088 1.38E+06 0.1183 5.3066 0.2279 0.0095 
0.6987 1.59E+06 0.1358 6.2947 0.2052 0.7089 1.61E+06 0.1377 6.9982 0.2216 0.0093 
0.8003 1.82E+06 0.1555 7.9859 0.1985 0.8097 1.84E+06 0.1573 8.9347 0.2169 0.0091 
0.8990 2.04E+06 0.1747 9.8816 0.1946 0.9113 2.07E+06 0.1771 11.1765 0.2142 0.0089 
1.0015 2.27E+06 0.1946 11.7594 0.1866 1.0126 2.30E+06 0.1968 13.4500 0.2088 0.0087 
1.1016 2.50E+06 0.2140 13.8754 0.1820 1.1124 2.52E+06 0.2161 15.8659 0.2041 0.0085 
1.2007 2.72E+06 0.2333 16.2767 0.1797 1.2146 2.76E+06 0.2360 18.5111 0.1997 0.0083 
1.3048 2.96E+06 0.2535 18.6795 0.1746 1.3139 2.98E+06 0.2553 21.1376 0.1949 0.0081 
1.4054 3.19E+06 0.2731 21.2504 0.1712 1.4123 3.20E+06 0.2744 24.1367 0.1926 0.0080 
1.5037 3.41E+06 0.2922 23.8043 0.1676 1.5161 3.44E+06 0.2946 27.3797 0.1896 0.0079 
1.6040 3.64E+06 0.3117 27.2382 0.1685 1.6148 3.66E+06 0.3138 30.4808 0.1860 0.0078 
1.7060 3.87E+06 0.3315 30.5770 0.1672 1.7155 3.89E+06 0.3333 34.0387 0.1841 0.0077 
1.8091 4.10E+06 0.3515 33.8079 0.1644 1.8173 4.12E+06 0.3531 37.5215 0.1808 0.0076 
1.9061 4.32E+06 0.3704 37.4270 0.1640 1.9185 4.35E+06 0.3728 40.8561 0.1767 0.0074 
2.0064 4.55E+06 0.3899 41.1379 0.1626 2.0195 4.58E+06 0.3924 44.6591 

CSA Cross Sectional Area 
WSA Wetted Surface Area 
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503.9033 
550.4767 
605.9664 
650.5832 
750.1102 
907.7347 
1001.8816 
1052.1447 
1102.7669 
1151.0962 
1201.9108 
1250.9090 

Bollard Pull Tests 
( Propeller + Duct fitted on ) 

0.5283 -11.3075 8.9647 
0.6797 -17.3445 12.5679 
0.8448 -24.1935 17.6148 
1.0205 -30.4523 22.3550 
1.3944 -48.3194 35.0872 
2.1970 -84.1484 59.2718 
2.6913 -113.0899 76.4800 
3.0135 -129.0183 87.9141 
3.3844 -145.7299 98.9344 
3.6596 -162.4119 109.1874 
4.0432 -183.5970 121.8579 
4.3910 -200.7750 132.5731 
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27.8915 
39.1967 
53.6326 
69.5562 
109.5780 
208.9271 
282.4713 
332.1587 
390.9927 
441.3201 
509.0934 
575.4300 



V Vehicle Velocity (mls} 
n Propeller Rotational Speed (rpm) 

Load Varying Self-Propulsion Test (Propeller fitted on) 
Uncertainty Analysis (Propeller Rotational Speed) 

C Number of Counted Pulses in Time dt 
dt Time (s) 

S.D Standard Deviation 
Precision Error for n 

Bias Error for C 

Bdt Bias Error for dt 

Bn Bias Error for n 

Un Total Error for n 

% Unc. Percentage Uncertainty for n 

Pn=2xS.D 

Bn = ( ( on I oC Be )2 + ( on I odt Bdt )2 ) 112 

u = ( B 2 + p 2 )1/2 n n n 
% Unc. = ( Un I n ) x 100 
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Uncertainty Analysis (Rotational Speed) 
Load Varying Self-Propulsion Test (Propeller fitted on) 

"· ~~ f': 

0.8007 503.8949 0.0004 0.0391 -0.0009 0.0391 0.0391 0.0078 
0.8012 552.6343 0.0005 0.0391 -0.0010 0.0391 0.0391 0.0071 
0.8027 602.3573 0.0005 0.0391 -0.0011 0.0391 0.0391 0.0065 
0.8034 651.5623 0.0005 0.0391 -0.0013 0.0391 0.0391 0.0060 
0.8005 753.4148 0.0004 0.0391 -0.0016 0.0391 0.0391 0.0052 
0.8012 913.8563 0.0005 0.0391 -0.0020 0.0391 0.0391 0.0043 
0.8037 1002.5757 0.0005 0.0391 -0.0023 0.0391 0.0392 0.0039 
0.8045 1051.5807 0.0005 0.0391 -0.0024 0.0392 0.0392 0.0037 
0.8098 1102.1417 0.0004 0.0391 -0.0025 0.0392 0.0392 0.0036 
0.8032 1154.0417 0.0005 0.0391 -0.0027 0.0392 0.0392 0.0034 
0.8015 1207.3702 0.0005 0.0391 -0.0028 0.0392 0.0392 0.0032 
0.8022 1246.6728 0.0005 0.0391 -0.0029 0.0392 0.0392 0.0031 

)L:,y 

·.~f{i'r~L .. ~ 'd<!~t··~:~:· .. ,~~·: ~(~~~~. ;;~~:~·~: 
:(iflls) ,,' :f1t:f/> \<' 

. 
.. 

1.1030 507.2079 0.0006 0.0391 -0.0009 0.0391 0.0391 0.0077 
1.1027 554.5345 0.0006 0.0391 -0.0010 0.0391 0.0391 0.0071 
1.1035 603.8746 0.0006 0.0391 -0.0011 0.0391 0.0391 0.0065 
1.1032 654.2447 0.0006 0.0391 -0.0013 0.0391 0.0391 0.0060 
1.1044 750.3733 0.0006 0.0391 -0.0016 0.0391 0.0391 0.0052 
1.1041 910.3564 0.0006 0.0391 -0.0020 0.0391 0.0391 0.0043 
1.1030 1006.6678 0.0007 0.0391 -0.0023 0.0391 0.0392 0.0039 
1.1037 1056.9924 0.0006 0.0391 -0.0024 0.0392 0.0392 0.0037 
1.1031 1108.8989 0.0006 0.0391 -0.0026 0.0392 0.0392 0.0035 
1.1031 1156.0328 0.0006 0.0391 -0.0027 0.0392 0.0392 0.0034 
1.1029 1206.4133 0.0006 0.0391 -0.0028 0.0392 0.0392 0.0032 
1.1034 1249.3622 0.0006 0.0391 -0.0029 0.0392 0.0392 0.0031 
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Uncertainty Analysis (Rotational Speed) 
Load Varying Self-Propulsion Test (Propeller fitted on) 

limit' 
,'}~:'~c•;, 

1.3031 504.2337 0.0006 0.0391 -0.0009 0.0391 0.0391 0.0078 
1.3022 550.4535 0.0006 0.0391 -0.0010 0.0391 0.0391 0.0071 
1.3025 600.5634 0.0007 0.0391 -0.0011 0.0391 0.0391 0.0065 
1.3035 652.2352 0.0007 0.0391 -0.0013 0.0391 0.0391 0.0060 
1.3036 752.8192 0.0007 0.0391 -0.0016 0.0391 0.0391 0.0052 
1.3022 901.8296 0.0007 0.0391 -0.0020 0.0391 0.0391 0.0043 
1.3022 1000.1110 0.0007 0.0391 -0.0023 0.0391 0.0392 0.0039 
1.3023 1046.2973 0.0007 0.0391 -0.0024 0.0392 0.0392 0.0037 
1.3020 1105.7242 0.0007 0.0391 -0.0025 0.0392 0.0392 0.0035 
1.3023 1155.3342 0.0007 0.0391 -0.0027 0.0392 0.0392 0.0034 
1.3022 1206.0095 0.0007 0.0391 -0.0028 0.0392 0.0392 0.0032 
1.3024 1248.0299 0.0007 0.0391 -0.0029 0.0392 0.0392 0.0031 

~~~=:) 
,~:ja't'YS II ~:J;J'' ' 

.t.) ''fie ' -:x., 

1.6032 503.9995 0.0008 0.0391 -0.0009 0.0391 0.0391 0.0078 
1.6046 550.3443 0.0008 0.0391 -0.0010 0.0391 0.0391 0.0071 
1.6035 601.4574 0.0008 0.0391 -0.0011 0.0391 0.0391 0.0065 
1.6038 653.7645 0.0009 0.0391 -0.0013 0.0391 0.0391 0.0060 
1.6040 755.9224 0.0008 0.0391 -0.0016 0.0391 0.0391 0.0052 
1.6038 911.6408 0.0008 0.0391 -0.0020 0.0391 0.0391 0.0043 
1.6044 1003.7944 0.0008 0.0391 -0.0023 0.0391 0.0392 0.0039 
1.6042 1051.3377 0.0008 0.0391 -0.0024 0.0392 0.0392 0.0037 
1.6043 1104.0239 0.0008 0.0391 -0.0025 0.0392 0.0392 0.0035 
1.6034 1152.5333 0.0008 0.0391 -0.0027 0.0392 0.0392 0.0034 
1.6036 1210.1129 0.0008 0.0391 -0.0028 0.0392 0.0392 0.0032 
1.6030 1250.8055 0.0009 0.0391 -0.0030 0.0392 0.0392 0.0031 
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1.8042 
1.8034 
1.8068 
1.8056 
1.8042 
1.8051 
1.8048 
1.8061 
1.8051 
1.8043 
1.8059 
1.8057 

t''~ 
{mls) 

2.1091 
2.1056 
2.1068 
2.1067 
2.1101 
2.1068 
2.1070 
2.0959 
2.1064 
2.1073 
2.1066 
2.1060 

Uncertainty Analysis (Rotational Speed) 
Load Varying Self-Propulsion Test (Propeller fitted on) 

510.9808 
552.4233 
602.7853 
651.5334 
757.8054 
911.1136 

1002.7594 
1056.9214 
1118.8065 
1161.1239 
1215.6599 
1246.0544 

500.1371 
551.5545 
600.3476 
654.3489 
752.6505 
901.9876 
1002.6789 
1052.8833 
1103.4297 
1156.4853 
1214.1716 
1246.6579 

0.0010 
0.0010 
0.0009 
0.0009 
0.0010 
0.0010 
0.0010 
0.0010 
0.0010 
0.0010 
0.0010 
0.0010 

0.0011 
0.0012 
0.0011 
0.0011 
0.0011 
0.0012 
0.0012 
0.0011 
0.0011 
0.0011 
0.0011 
0.0011 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 

-0.0009 
-0.0010 
-0.0011 
-0.0013 
-0.0016 
-0.0020 
-0.0023 
-0.0024 
-0.0026 
-0.0027 
-0.0029 
-0.0029 

-0.0009 
-0.0010 
-0.0011 
-0.0013 
-0.0016 
-0.0020 
-0.0023 
-0.0024 
-0.0025 
-0.0027 
-0.0028 
-0.0029 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 

~~)Jl;~~~.~~,i~~~; 
if\ ,S ~,we~ ~- - ·,, t\, :s 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 
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0.0077 
0.0071 
0.0065 
0.0060 
0.0052 
0.0043 
0.0039 
0.0037 
0.0035 
0.0034 
0.0032 
0.0031 

0.0078 
0.0071 
0.0065 
0.0060 
0.0052 
0.0043 
0.0039 
0.0037 
0.0036 
0.0034 
0.0032 
0.0031 



.... ¥ 
~··mf$ 

2.3079 
2.3069 
2.3074 
2.3070 
2.3084 
2.3081 
2.3082 
2.3077 
2.3074 
2.3075 
2.3077 
2.3068 

2.5100 
2.5086 
2.5072 
2.5095 
2.5020 
2.5092 
2.5081 
2.5087 
2.5087 
2.5023 
2.5092 
2.5091 

Uncertainty Analysis (Rotational Speed) 
Load Varying Self-Propulsion Test (Propeller fitted on) 

502.2690 
550.3896 
603.5423 
652.5464 
752.0456 
901.6673 
1006.0527 
1052.1662 
1101.3796 
1150.4349 
1213.5677 
1249.1721 

(~.·~. 
504.0554 
552.5634 
601.0760 
651.4524 
751.7646 
905.0740 
1004.8353 
1052.4015 
1103.3557 
1154.7567 
1207.1602 
1252.5791 

0.0013 
0.0012 
0.0013 
0.0013 
0.0013 
0.0013 
0.0013 
0.0013 
0.0013 
0.0013 
0.0013 
0.0013 

0.0015 
0.0014 
0.0015 
0.0015 
0.0015 
0.0014 
0.0015 
0.0015 
0.0014 
0.0015 
0.0015 
0.0015 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 

.. ,,_, •. ,· .. •· .,~> 
-·A+ 

-0.0009 
-0.0010 
-0.0011 
-0.0013 
-0.0016 
-0.0020 
-0.0023 
-0.0024 
-0.0025 
-0.0027 
-0.0028 
-0.0029 

-0.0009 
-0.0010 
-0.0011 
-0.0013 
-0.0016 
-0.0020 
-0.0023 
-0.0024 
-0.0025 
-0.0027 
-0.0028 
-0.0030 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0.392 
0.0392 
0.0392 
0.0392 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 
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0.0078 
0.0071 
0.0065 
0.0060 
0.0052 
0.0043 
0.0039 
0.0037 
0.0036 
0.0034 
0.0032 
0.0031 

0.0078 
0.0071 
0.0065 
0.0060 
0.0052 
0.0043 
0.0039 
0.0037 
0.0036 
0.0034 
0.0032 
0.0031 



V Vehicle Velocity (mls) 
D Diameter of Carriage Wheel (m) 

Load Varying Self-Propulsion Test (Propeller fitted on) 
Uncertainty Analysis (Velocity) 

C Number of Counted Pulses in Time dt 
dt Time (s) 

S.D Standard Deviation 
Pv Precision Error for V 

Be Bias Error for C 

Bo Bias Error for D 

Bdt Bias Error for dt 

Bv Bias Error for V 

Uv Total Error for V 

% Unc. Percentage Uncertainty for V 

Pv= 2x S.D 

Bv = ( ( oV I oC Be )2 + ( oV I oD B0 )2 + ( oV I odt Bdt )2 ) 112 

Uv = ( B/ + P/ ) 112 

% Unc. = ( Uv IV) x 100 
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Uncertainty Analysis ( Velocity ) 
Load Varying Self- Propulsion Test (Propeller fitted on) 

0.8007 
0.8012 
0.8027 
0.8034 
0.8005 
0.8012 
0.8037 
0.8045 
0.8098 
0.8032 
0.8015 
0.8022 

0.0003 
0.0004 
0.0003 
0.0003 
0.0004 
0.0004 
0.0003 
0.0004 
0.0002 
0.0003 
0.0003 
0.0004 

frl /:Pvr 
{m/s!J: • .. 

1.1030 
1.1027 
1.1035 
1.1032 
1.1044 
1.1041 
1.1030 
1.1037 
1.1031 
1.1031 
1.1029 
1.1034 

0.0004 
0.0005 
0.0005 
0.0005 
0.0005 
0.0004 
0.0005 
0.0005 
0.0005 
0.0005 
0.0005 
0.0005 

0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 

0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 

0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0002 
0.0002 
0.0001 
0.0001 
0.0001 

0.0003 
0.0003 
0.0003 
0.0003 
0.0003 
0.0003 
0.0003 
0.0003 
0.0003 
0.0003 
0.0003 
0.0003 

-0.00005 
-0.00005 
-0.00005 
-0.00005 
-0.00005 
-0.00005 
-0.00005 
-0.00005 
-0.00005 
-0.00005 
-0.00005 
-0.00005 

-0.00009 
-0.00009 
-0.00009 
-0.00009 
-0.00009 
-0.00009 
-0.00009 
-0.00009 
-0.00009 
-0.00009 
-0.00009 
-0.00009 

0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 

0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
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0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 
0.0035 

0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 

0.4413 
0.4418 
0.4400 
0.4394 
0.4419 
0.4418 
0.4397 
0.4397 
0.4356 
0.4402 
0.4405 
0.4412 

0.3223 
0.3231 
0.3231 
0.3229 
0.3221 
0.3219 
0.3227 
0.3228 
0.3235 
0.3227 
0.3230 
0.3231 



Uncertainty Analysis (Velocity) 
Load Varying Self- Propulsion Test ( Propeller fitted on ) 

c:~d- tlfc;:\ 
~)1.!~~ 

1.3031 0.0005 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2744 
1.3022 0.0006 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2751 
1.3025 0.0006 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2748 
1.3035 0.0006 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2751 
1.3036 0.0005 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2743 
1.3022 0.0005 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2744 
1.3022 0.0006 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2751 
1.3023 0.0006 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2748 
1.3020 0.0005 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2747 
1.3023 0.0005 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2744 
1.3022 0.0005 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2746 
1.3024 0.0005 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2746 

. <~s,~:~r?,~,1~;,~;'··· B~~-iC· 19 &Mll'jll·~iviBdt' ~"' ·· ··· o/o".nii' '··'\i.,,-:~-, 0 l.,-, A!J ~-<'"="dt-'o,/ .. ~.-_;. :1:, 
.. ~;n:~·: .,i~ "=·· ~ ., ,<A -~~~~, ;,: {· ~,, 

~-~r ~ ~ •'<: 

1.6032 0.0006 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2251 
1.6046 0.0007 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2256 
1.6035 0.0007 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2260 
1.6038 0.0007 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2254 
1.6040 0.0007 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2252 
1.6038 0.0006 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2250 
1.6044 0.0007 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2261 
1.6042 0.0007 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2254 
1.6043 0.0006 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2249 
1.6034 0.0007 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2260 
1.6036 0.0007 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2257 
1.6030 0.0007 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2255 
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Uncertainty Analysis ( Velocity ) 
Load Varying Self- Propulsion Test ( Propeller fitted on ) 

'~ .. :~q~<~'t .. .,., 

. -v··· ·?~~-,ur··· !-' ,'.~ 

1.8042 0.0008 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2030 
1.8034 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2041 
1.8068 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2032 
1.8056 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2031 
1.8042 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2037 
1.8051 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2039 
1.8048 0.0008 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2029 
1.8061 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2030 
1.8051 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2034 
1.8043 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2040 
1.8059 0.0008 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2028 
1.8057 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2031 

,:J~k*'·<. .·. ····lf:;ii ·\~~:·&~~f:··2~~··:·~. 
.., .·. . . 
·~vn,.;. 

•· 8•( tfils+) 
~.' »~;:~. <"•;' 

2.1091 0.0010 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1766 
2.1056 0.0010 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1764 
2.1068 0.0010 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1773 
2.1067 0.0010 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1771 
2.1101 0.0010 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1765 
2.1068 0.0011 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1776 
2.1070 0.0010 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1765 
2.0959 0.0010 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1777 
2.1064 0.0010 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1773 
2.1073 0.0010 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1767 
2.1066 0.0010 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1771 
2.1060 0.0011 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1776 
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Uncertain~ Anal)lsis (Velocity} 
Load Varying Self- Propulsion Test ( Propeller fitted on } 

··. ·'· .. ~~~ ~~~lc»~J 
.. 

~~ ·~ 
i~+ 

2.3079 0.0011 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1636 
2.3069 0.0012 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1642 
2.3074 0.0012 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1641 
2.3070 0.0012 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1646 
2.3084 0.0011 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1637 
2.3081 0.0011 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1632 
2.3082 0.0011 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1635 
2.3077 0.0012 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1643 
2.3074 0.0011 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1630 
2.3075 0.0011 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1635 
2.3077 0.0011 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1638 
2.3068 0.0012 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1644 

~U:f'IW pJ~: 8 ~" . ::1~~-~~~ ,,,,,.~ ~~?~ . ~~~ufl, 
'"····· 

c.,.'· 
~ '( ikk . ) 

;:; ~\ -i'. ·, ;if\, 
·<'t ' ~ ,' 

2.5100 0.0013 0.0035 0.0008 -0.00029 0.0036 0.0038 0.1532 
2.5086 0.0012 0.0035 0.0008 -0.00029 0.0036 0.0038 0.1529 
2.5072 0.0013 0.0035 0.0008 -0.00029 0.0036 0.0039 0.1543 
2.5095 0.0013 0.0035 0.0008 -0.00029 0.0036 0.0038 0.1533 
2.5020 0.0013 0.0035 0.0008 -0.00028 0.0036 0.0039 0.1543 
2.5092 0.0013 0.0035 0.0008 -0.00029 0.0036 0.0038 0.1531 
2.5081 0.0013 0.0035 0.0008 -0.00029 0.0036 0.0038 0.1533 
2.5087 0.0013 0.0035 0.0008 -0.00029 0.0036 0.0039 0.1537 
2.5087 0.0013 0.0035 0.0008 -0.00029 0.0036 0.0038 0.1531 
2.5023 0.0013 0.0035 0.0008 -0.00028 0.0036 0.0039 0.1546 
2.5092 0.0013 0.0035 0.0008 -0.00029 0.0036 0.0039 0.1542 
2.5091 0.0013 0.0035 0.0008 -0.00029 0.0036 0.0039 0.1536 
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v 
Q 
F 
R 

Pa 
S.D 

S.E.E 
AD 

BF 

BR 

B1 

B2 

B3 

Ba 

Ua 

% Unc. 

Vehicle Velocity (mls) 
Propeller Torque (N-m) 
Calibrating Weight (N) 
Lever Arm (m) 

Precision Error for Q 

Standard Deviation 
Standard Error Estimate 
Analog to Digital Converter 

Bias Error for F 

Bias Error for R 

Bias Error due to Calibration 

Bias Error due to Data Acquisition 

Bias Error due to Data Reduction 

Bias Error for Q 

Total Error for Q 

Percentage Uncertainty for Q 

Load Varying Self-Propulsion Test (Propeller fitted on) 
Uncertainty Analysis (Torque) 

Pa =2x S.D 

B1 = ( ( oa 1 oF BF) 2 +( oa 1 oR BR) 2 )1'2 

B2 = 2 X S.E.E 

B3 = ( AD error X AD range ) I ( AD accuracy ) 

Ba = ( B/ + B/ + B3 2 ) 112 

Ua = ( Ba2 + Pa2 )1/2 

% Unc. = ( U0 I Q) x 100 
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Uncertainty Analysis (Torque) 
Load Varying Self-Propulsion Test (Propeller fitted on) 

}'~~;,~: 'jl '':PQ\<' 8!101: l!f: itiWc. c, 
:c 

N!;,,r ;.;'.f!c ; 
'/,em'' ' '~ 

0.8007 0.1810 0.0007 0.00001 0.00014 0.0001 0.0076 0.0007 0.0076 0.0077 4.2361 
0.8012 0.3680 0.0007 0.00002 0.00029 0.0003 0.0076 0.0007 0.0076 0.0077 2.0855 
0.8027 0.5143 0.0007 0.00003 0.00041 0.0004 0.0076 0.0007 0.0076 0.0077 1.4930 
0.8034 0.7198 0.0007 0.00004 0.00058 0.0006 0.0076 0.0007 0.0077 0.0077 1.0687 
0.8005 1.2080 0.0008 0.00006 0.00097 0.0010 0.0076 0.0007 0.0077 0.0077 0.6403 
0.8012 2.0427 0.0008 0.00010 0.00163 0.0016 0.0076 0.0007 0.0078 0.0078 0.3841 
0.8037 2.6202 0.0008 0.00013 0.00210 0.0021 0.0076 0.0007 0.0079 0.0080 0.3037 
0.8045 2.9224 0.0008 0.00015 0.00234 0.0023 0.0076 0.0007 0.0080 0.0080 0.2746 
0.8098 3.3564 0.0008 0.00017 0.00269 0.0027 0.0076 0.0007 0.0081 0.0081 0.2424 
0.8032 3.7562 0.0008 0.00019 0.00300 0.0030 0.0076 0.0007 0.0082 0.0082 0.2196 
0.8015 4.1532 0.0008 0.00021 0.00332 0.0033 0.0076 0.0007 0.0083 0.0084 0.2015 
0.8022 4.5121 0.0008 0.00023 0.00361 0.0036 0.0076 0.0007 0.0084 0.0085 0.1882 

q 
" 

I':& ',, ., ;~~~,~~~~' B:i ,~'' !~~' .Q "''~~~:· 
(N·rn) 

1.1030 0.1699 0.0008 0.00001 0.00014 0.0001 0.0076 0.0007 0.0076 0.0077 4.5211 
1.1027 0.3535 0.0008 0.00002 0.00028 0.0003 0.0076 0.0007 0.0076 0.0077 2.1736 
1.1035 0.4982 0.0008 0.00002 0.00040 0.0004 0.0076 0.0007 0.0076 0.0077 1.5437 
1.1032 0.7005 0.0009 0.00004 0.00056 0.0006 0.0076 0.0007 0.0077 0.0077 1.0996 
1.1044 1.1746 0.0009 0.00006 0.00094 0.0009 0.0076 0.0007 0.0077 0.0077 0.6589 
1.1041 1.9868 0.0009 0.00010 0.00159 0.0016 0.0076 0.0007 0.0078 0.0078 0.3950 
1.1030 2.5799 0.0009 0.00013 0.00206 0.0021 0.0076 0.0007 0.0079 0.0080 0.3085 
1.1037 2.8694 0.0009 0.00014 0.00230 0.0023 0.0076 0.0007 0.0080 0.0080 0.2796 
1.1031 3.2875 0.0009 0.00016 0.00263 0.0026 0.0076 0.0007 0.0081 0.0081 0.2472 
1.1031 3.6710 0.0009 0.00018 0.00294 0.0029 0.0076 0.0007 0.0082 0.0082 0.2243 
1.1029 4.0899 0.0009 0.00020 0.00327 0.0033 0.0076 0.0007 0.0083 0.0084 0.2044 
1.1034 4.4395 0.0009 0.00022 0.00355 0.0036 0.0076 0.0007 0.0084 0.0085 0.1909 
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Uncertainty Analysis (Torque) 
Load Varying Self-Propulsion Test (Propeller fitted on) 

1fr~f, .. 1:. . Bt 

1.3031 0.1657 0.0009 0.00001 0.00013 0.0001 0.0076 0.0007 0.0076 0.0077 4.6400 
1.3022 0.3278 0.0009 0.00002 0.00026 0.0003 0.0076 0.0007 0.0076 0.0077 2.3471 
1.3025 0.4670 0.0009 0.00002 0.00037 0.0004 0.0076 0.0007 0.0076 0.0077 1.6484 
1.3035 0.6650 0.0009 0.00003 0.00053 0.0005 0.0076 0.0007 0.0077 0.0077 1.1596 
1.3036 1.1361 0.0010 0.00006 0.00091 0.0009 0.0076 0.0007 0.0077 0.0077 0.6820 
1.3022 1.9541 0.0010 0.00010 0.00156 0.0016 0.0076 0.0007 0.0078 0.0079 0.4019 
1.3022 2.5466 0.0010 0.00013 0.00204 0.0020 0.0076 0.0007 0.0079 0.0080 0.3126 
1.3023 2.8254 0.0010 0.00014 0.00226 0.0023 0.0076 0.0007 0.0080 0.0080 0.2840 
1.3020 3.2400 0.0010 0.00016 0.00259 0.0026 0.0076 0.0007 0.0081 0.0081 0.2508 
1.3023 3.6311 0.0010 0.00018 0.00290 0.0029 0.0076 0.0007 0.0082 0.0082 0.2266 
1.3022 4.0298 0.0011 0.00020 0.00322 0.0032 0.0076 0.0007 0.0083 0.0084 0.2075 
1.3024 4.4059 0.0011 0.00022. 0.00352 0.0035 0.0076 0.0007 0.0084 0.0085 0.1926 

~~~~):~;~~~:(.~~::• 
.. 

'i1pQ ' B ;; 6~li~~ · ;"·~~· ~(i,·· '•ft~~ . Ft .... , ... ' .. ·\·'· .Ia 

1.6032 0.1484 0.0011 0.00001 0.00012 0.0001 0.0076 0.0007 0.0076 0.0077 5.1970 
1.6046 0.2710 0.0011 0.00001 0.00022 0.0002 0.0076 0.0007 0.0076 0.0077 2.8459 
1.6035 0.3833 0.0011 0.00002 0.00031 0.0003 0.0076 0.0007 0.0076 0.0077 2.0151 
1.6038 0.6033 0.0011 0.00003 0.00048 0.0005 0.0076 0.0007 0.0077 0.0077 1.2822 
1.6040 1.0703 0.0012 0.00005 0.00086 0.0009 0.0076 0.0007 0.0077 0.0078 0.7260 
1.6038 1.8340 0.0012 0.00009 0.00147 0.0015 0.0076 0.0007 0.0078 0.0079 0.4286 
1.6044 2.4389 0.0012 0.00012 0.00195 0.0020 0.0076 0.0007 0.0079 0.0080 0.3268 
1.6042 2.7228 0.0012 0.00014 0.00218 0.0022 0.0076 0.0007 0.0079 0.0080 0.2948 
1.6043 3.1449 0.0012 0.00016 0.00252 0.0025 0.0076 0.0007 0.0080 0.0081 0.2584 
1.6034 3.5384 0.0012 0.00018 0.00283 0.0028 0.0076 0.0007 0.0081 0.0082 0.2326 
1.6036 3.9176 0.0012 0.00020 0.00313 0.0031 0.0076 0.0007 0.0083 0.0083 0.2129 
1.6030 4.3454 0.0012 0.00022 0.00348 0.0035 0.0076 0.0007 0.0084 0.0085 0.1951 
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Uncertainty Analysis (Torque) 
Load Varying Self-Propulsion Test (Propeller fitted on) 

1.8042 0.1265 0.0012 0.00001 0.00010 0.0001 0.0076 0.0007 0.0076 0.0077 6.1087 
1.8034 0.1528 0.0012 0.00001 0.00012 0.0001 0.0076 0.0007 0.0076 0.0077 5.0619 
1.8068 0.3126 0.0012 0.00002 0.00025 0.0003 0.0076 0.0007 0.0076 0.0077 2.4751 
1.8056 0.5023 0.0012 0.00003 0.00040 0.0004 0.0076 0.0007 0.0076 0.0077 1.5421 
1.8042 0.9753 0.0012 0.00005 0.00078 0.0008 0.0076 0.0007 0.0077 0.0078 0.7970 
1.8051 1.7271 0.0013 0.00009 0.00138 0.0014 0.0076 0.0007 0.0078 0.0079 0.4551 
1.8048 2.3395 0.0013 0.00012 0.00187 0.0019 0.0076 0.0007 0.0079 0.0080 0.3404 
1.8061 2.6019 0.0013 0.00013 0.00208 0.0021 0.0076 0.0007 0.0079 0.0080 0.3080 
1.8051 3.0425 0.0013 0.00015 0.00243 0.0024 0.0076 0.0007 0.0080 0.0081 0.2667 
1.8043 3.4240 0.0013 0.00017 0.00274 0.0027 0.0076 0.0007 0.0081 0.0082 0.2399 
1.8059 3.7826 0.0013 0.00019 0.00303 0.0030 0.0076 0.0007 0.0082 0.0083 0.2199 
1.8057 4.1864 0.0013 0.00021 0.00335 0.0034 0.0076 0.0007 0.0083 0.0084 0.2017 

~vt· ~. ~~.f~.~,:· •.. .'Q ~.~BR ··~f~~~ J~,;· ' 1fuc .·. 
,q 

£,~ ·finis) ···e·t.JLmJ ~ "\"-' . ~~ ' ' ''i 

2.1091 0.0592 0.0006 0.00000 0.00005 0.0000 0.0076 0.0007 0.0076 0.0077 12.9350 
2.1056 0.1283 0.0013 0.00001 0.00010 0.0001 0.0076 0.0007 0.0076 0.0077 6.0373 
2.1068 0.2676 0.0013 0.00001 0.00021 0.0002 0.0076 0.0007 0.0076 0.0078 2.8976 
2.1067 0.4750 0.0013 0.00002 0.00038 0.0004 0.0076 0.0007 0.0076 0.0078 1.6340 
2.1101 0.8776 0.0014 0.00004 0.00070 0.0007 0.0076 0.0007 0.0077 0.0078 0.8874 
2.1068 1.6341 0.0014 0.00008 0.00131 0.0013 0.0076 0.0007 0.0077 0.0079 0.4814 
2.1070 2.2376 0.0014 0.00011 0.00179 0.0018 0.0076 0.0007 0.0078 0.0080 0.3559 
2.0959 2.5437 0.0014 0.00013 0.00203 0.0020 0.0076 0.0007 0.0079 0.0080 0.3154 
2.1064 2.9378 0.0014 0.00015 0.00235 0.0024 0.0076 0.0007 0.0080 0.0081 0.2762 
2.1073 3.3080 0.0014 0.00017 0.00265 0.0027 0.0076 0.0007 0.0081 0.0082 0.2481 
2.1066 3.6923 0.0015 0.00018 0.00295 0.0030 0.0076 0.0007 0.0082 0.0083 0.2252 
2.1060 4.0446 0.0015 0.00020 0.00324 0.0032 0.0076 0.0007 0.0083 0.0084 0.2083 
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Uncertainty Analysis (Torque) 
Load Varying Self-Propulsion Test (Propeller fitted on) 

.. ·}i:Q; · .. , ... :ft~;:·. fl~2> . ·~ 
;J r> ·~{ 

ft'l-m•) ,..,\' -;' 
1:.>' 

2.3079 0.0030 0.0002 0.00000 0.00000 0.0000 0.0076 0.0007 0.0076 0.0076 253.9565 
2.3069 0.1071 0.0015 0.00001 0.00009 0.0001 0.0076 0.0007 0.0076 0.0078 7.2595 
2.3074 0.2439 0.0015 0.00001 0.00020 0.0002 0.0076 0.0007 0.0076 0.0078 3.1928 
2.3070 0.4126 0.0015 0.00002 0.00033 0.0003 0.0076 0.0007 0.0076 0.0078 1.8880 
2.3084 0.7863 0.0015 0.00004 0.00063 0.0006 0.0076 0.0007 0.0077 0.0078 0.9938 
2.3081 1.5450 0.0016 0.00008 0.00124 0.0012 0.0076 0.0007 0.0077 0.0079 0.5106 
2.3082 2.1446 0.0016 0.00011 0.00172 0.0017 0.0076 0.0007 0.0078 0.0080 0.3722 
2.3077 2.4494 0.0016 0.00012 0.00196 0.0020 0.0076 0.0007 0.0079 0.0080 0.3283 
2.3074 2.7844 0.0016 0.00014 0.00223 0.0022 0.0076 0.0007 0.0080 0.0081 0.2916 
2.3075 3.1913 0.0017 0.00016 0.00255 0.0026 0.0076 0.0007 0.0081 0.0082 0.2576 
2.3077 3.5556 0.0017 0.00018 0.00284 0.0029 0.0076 0.0007 0.0081 0.0083 0.2339 
2.3068 3.9343 0.0017 0.00020 0.00315 0.0032 0.0076 0.0007 0.0083 0.0084 0.2142 

~s~~~8J·.;~~\. o/•~ine.R 
',~<:'>'r, ' 

2.5100 0.0003 0.0001 0.00000 0.00000 0.0000 0.0076 0.0007 0.0076 0.0076 2231.3629 
2.5086 0.0817 0.0014 0.00000 0.00007 0.0001 0.0076 0.0007 0.0076 0.0078 9.5018 
2.5072 0.2188 0.0017 0.00001 0.00018 0.0002 0.0076 0.0007 0.0076 0.0078 3.5786 
2.5095 0.3268 0.0017 0.00002 0.00026 0.0003 0.0076 0.0007 0.0076 0.0078 2.3976 
2.5020 0.7249 0.0018 0.00004 0.00058 0.0006 0.0076 0.0007 0.0077 0.0079 1.0839 
2.5092 1.4758 0.0018 0.00007 0.00118 0.0012 0.0076 0.0007 0.0077 0.0079 0.5372 
2.5081 2.0551 0.0018 0.00010 0.00164 0.0016 0.0076 0.0007 0.0078 0.0080 0.3897 
2.5087 2.3871 0.0018 0.00012 0.00191 0.0019 0.0076 0.0007 0.0079 0.0081 0.3379 
2.5087 2.6963 0.0018 0.00013 0.00216 0.0022 0.0076 0.0007 0.0079 0.0081 0.3017 
2.5023 3.0789 0.0018 0.00015 0.00246 0.0025 0.0076 0.0007 0.0080 0.0082 0.2672 
2.5092 3.4660 0.0018 0.00017 0.00277 0.0028 0.0076 0.0007 0.0081 0.0083 0.2404 
2.5091 3.8650 0.0019 0.00019 0.00309 0.0031 0.0076 0.0007 0.0082 0.0084 0.2185 
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v 
Tp 

PT 
S.D 

S.E.E 
AD 

B1 

B2 

B3 

BT 

UT 

% Unc. 

Vehicle Velocity (mls) 

Propeller Thrust (N) 

Precision Error for T P 

Standard Deviation 
Standard Error Estimate 
Analog to Digital Converter 
Bias Error due to Calibration 

Bias Error due to Data Acquisition 

Bias Error due to Data Reduction 

Bias Error for T P 

Total Error forT P 

Percentage Uncertainty forT P 

Load Varying Self-Propulsion Test (Propeller fitted on) 
Uncertainty Analysis (Thrust) 

PT= 2xS.D 

B1 = 0.00005 X T p 

B2 = 2 X S.E.E 

B3 = ( ADerror X ADrange ) I ( ADaccuracy ) 

BT=(B/+B/+ B32 )112 

UT = ( B/ + P/ ) 112 

% Unc. = ( UTI T P ) x 100 
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Uncertaintv Anall£sis (Thrust) 
Load Varying Self-Propulsion Test (Propeller fitted on) 

*;::ii . " ,~;,», 

0.8007 3.6262 0.0085 0.0002 0.2487 0.0182 0.2494 0.2495 6.8803 
0.8012 8.7409 0.0087 0.0004 0.2487 0.0182 0.2494 0.2495 2.8544 
0.8027 12.8134 0.0088 0.0006 0.2487 0.0182 0.2494 0.2495 1.9472 
0.8034 18.6583 0.0086 0.0009 0.2487 0.0182 0.2494 0.2495 1.3372 
0.8005 32.8282 0.0089 0.0016 0.2487 0.0182 0.2494 0.2495 0.7601 
0.8012 59.3485 0.0089 0.0030 0.2487 0.0182 0.2494 0.2495 0.4204 
0.8037 77.0108 0.0092 0.0039 0.2487 0.0182 0.2494 0.2495 0.3240 
0.8045 87.1072 0.0095 0.0044 0.2487 0.0182 0.2494 0.2496 0.2865 
0.8098 98.8701 0.0094 0.0049 0.2487 0.0182 0.2494 0.2496 0.2524 
0.8032 111.2684 0.0096 0.0056 0.2487 0.0182 0.2494 0.2496 0.2243 
0.8015 123.8401 0.0094 0.0062 0.2487 0.0182 0.2494 0.2496 0.2016 
0.8022 135.8194 0.0097 0.0068 0.2487 0.0182 0.2494 0.2496 0.1838 

..;· '·'f, ':n;·~ .. : .,;;· ·~·· UT 
'('mtS.)· ·.r, Nia 

,:-.. ~ 
,_:,}{'·, 

' ,~, 

1.1030 2.2849 0.0095 0.0001 0.2487 0.0182 0.2494 0.2495 10.9209 
1.1027 6.2834 0.0098 0.0003 0.2487 0.0182 0.2494 0.2495 3.9714 
1.1035 10.2080 0.0100 0.0005 0.2487 0.0182 0.2494 0.2496 2.4447 
1.1032 16.3454 0.0102 0.0008 0.2487 0.0182 0.2494 0.2496 1.5268 
1.1044 29.4461 0.0103 0.0015 0.2487 0.0182 0.2494 0.2496 0.8475 
1.1041 54.5330 0.0106 0.0027 0.2487 0.0182 0.2494 0.2496 0.4577 
1.1030 73.9689 0.0108 0.0037 0.2487 0.0182 0.2494 0.2496 0.3375 
1.1037 85.6126 0.0109 0.0043 0.2487 0.0182 0.2494 0.2496 0.2916 
1.1031 98.4729 0.0111 0.0049 0.2487 0.0182 0.2494 0.2496 0.2535 
1.1031 110.2023 0.0109 0.0055 0.2487 0.0182 0.2494 0.2496 0.2265 
1.1029 121.4830 0.0111 0.0061 0.2487 0.0182 0.2494 0.2497 0.2055 
1.1034 132.4165 0.0113 0.0066 0.2487 0.0182 0.2494 0.2497 0.1886 
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Uncertain~ Anall£sis (Thrust} 
Load Varying Self-Propulsion Test (Propeller fitted on} 

·~··slti !Jia 
jt;~•l <·',/,>~, 

,f«..o.:-· .. ·: 
... 

1.3031 -0.5806 0.0090 0.0000 0.2487 0.0182 0.2494 0.2495 -42.9741 
1.3022 3.8393 0.0117 0.0002 0.2487 0.0182 0.2494 0.2496 6.5018 
1.3025 7.2149 0.0118 0.0004 0.2487 0.0182 0.2494 0.2496 3.4599 
1.3035 13.4575 0.0117 0.0007 0.2487 0.0182 0.2494 0.2496 1.8549 
1.3036 26.1866 0.0119 0.0013 0.2487 0.0182 0.2494 0.2496 0.9533 
1.3022 51.7382 0.0123 0.0026 0.2487 0.0182 0.2494 0.2497 0.4826 
1.3022 72.3597 0.0121 0.0036 0.2487 0.0182 0.2494 0.2497 0.3450 
1.3023 82.1375 0.0125 0.0041 0.2487 0.0182 0.2494 0.2497 0.3040 
1.3020 96.1106 0.0128 0.0048 0.2487 0.0182 0.2494 0.2497 0.2598 
1.3023 107.4396 0.0127 0.0054 0.2487 0.0182 0.2494 0.2497 0.2324 
1.3022 119.2426 0.0129 0.0060 0.2487 0.0182 0.2494 0.2498 0.2095 
1.3024 130.6479 0.0131 0.0065 0.2487 0.0182 0.2494 0.2498 0.1912 

'~t:<"<;'i :1fr .... ~ ...... ·<·. % ~utp;. : .. ;',~ 
( mlSJ .. ::: 

1.6032 -1.5261 0.0130 -0.0001 0.2487 0.0182 0.2494 0.2497 -16.3610 
1.6046 1.5354 0.0137 0.0001 0.2487 0.0182 0.2494 0.2497 16.2641 
1.6035 5.3738 0.0143 0.0003 0.2487 0.0182 0.2494 0.2498 4.6478 
1.6038 11.6456 0.0145 0.0006 0.2487 0.0182 0.2494 0.2498 2.1448 
1.6040 25.1105 0.0143 0.0013 0.2487 0.0182 0.2494 0.2498 0.9947 
1.6038 48.1265 0.0147 0.0024 0.2487 0.0182 0.2494 0.2498 0.5190 
1.6044 67.4672 0.0148 0.0034 0.2487 0.0182 0.2494 0.2498 0.3703 
1.6042 77.7648 0.0150 0.0039 0.2487 0.0182 0.2494 0.2498 0.3213 
1.6043 91.4829 0.0152 0.0046 0.2487 0.0182 0.2494 0.2499 0.2731 
1.6034 104.5737 0.0155 0.0052 0.2487 0.0182 0.2494 0.2499 0.2390 
1.6036 116.7686 0.0154 0.0058 0.2487 0.0182 0.2494 0.2499 0.2140 
1.6030 127.3434 0.0157 0.0064 0.2487 0.0182 0.2494 0.2499 0.1963 

B 31 



Uncertain~ Anall£Sis (Thrust) 
Load Varying Self-Propulsion Test (Propeller fitted on) 

'~!-~ •:•c 
{;·,'.';/~'{.-'' 
"·X~;::: 

1.8042 -1.9385 0.0161 -0.0001 0.2487 0.0182 0.2494 0.2499 -12.8898 
1.8034 1.1898 0.0158 0.0001 0.2487 0.0182 0.2494 0.2499 21.0001 
1.8068 4.2981 0.0163 0.0002 0.2487 0.0182 0.2494 0.2499 5.8138 
1.8056 10.5564 0.0164 0.0005 0.2487 0.0182 0.2494 0.2499 2.3672 
1.8042 22.9946 0.0165 0.0011 0.2487 0.0182 0.2494 0.2499 1.0868 
1.8051 45.8331 0.0167 0.0023 0.2487 0.0182 0.2494 0.2499 0.5453 
1.8048 65.0234 0.0167 0.0033 0.2487 0.0182 0.2494 0.2499 0.3844 
1.8061 73.8682 0.0169 0.0037 0.2487 0.0182 0.2494 0.2499 0.3384 
1.8051 87.2252 0.0172 0.0044 0.2487 0.0182 0.2494 0.2500 0.2866 
1.8043 100.0789 0.0173 0.0050 0.2487 0.0182 0.2494 0.2500 0.2498 
1.8059 112.6564 0.0175 0.0056 0.2487 0.0182 0.2494 0.2500 0.2219 
1.8057 125.3448 0.0176 0.0063 0.2487 0.0182 0.2494 0.2500 0.1995 

'~i~~£f~~ 
:,~: ::,;It YB ''tj, ~flp ,'. s•. 1 

(~~··' 
," ~·> 

2.1091 -2.2244 0.0173 -0.0001 0.2487 0.0182 0.2494 0.2499 -11.2370 
2.1056 0.7034 0.0110 0.0000 0.2487 0.0182 0.2494 0.2496 35.4817 
2.1068 3.3349 0.0183 0.0002 0.2487 0.0182 0.2494 0.2500 7.4971 
2.1067 9.0348 0.0182 0.0005 0.2487 0.0182 0.2494 0.2500 2.7672 
2.1101 19.5316 0.0185 0.0010 0.2487 0.0182 0.2494 0.2500 1.2802 
2.1068 42.0655 0.0186 0.0021 0.2487 0.0182 0.2494 0.2501 0.5944 
2.1070 59.4139 0.0187 0.0030 0.2487 0.0182 0.2494 0.2501 0.4209 
2.0959 68.8805 0.0190 0.0034 0.2487 0.0182 0.2494 0.2501 0.3631 
2.1064 80.5944 0.0192 0.0040 0.2487 0.0182 0.2494 0.2501 0.3103 
2.1073 93.1518 0.0193 0.0047 0.2487 0.0182 0.2494 0.2501 0.2685 
2.1066 106.0173 0.0196 0.0053 0.2487 0.0182 0.2494 0.2502 0.2360 
2.1060 117.5641 0.0196 0.0059 0.2487 0.0182 0.2494 0.2502 0.2128 
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Uncertainty Anal3£sis (Thrust) 
Load Varying Self-Propulsion Test (Propeller fitted on) 

,.,;£(. 
A,,-~~ 

~2'5-' . ·,, 

2.3079 -3.6889 0.0205 -0.0002 0.2487 0.0182 0.2494 0.2502 -6.7823 
2.3069 -0.4585 0.0119 0.0000 0.2487 0.0182 0.2494 0.2496 -54.4470 
2.3074 2.8578 0.0200 0.0001 0.2487 0.0182 0.2494 0.2502 8.7531 
2.3070 7.3859 0.0207 0.0004 0.2487 0.0182 0.2494 0.2502 3.3876 
2.3084 17.3533 0.0208 0.0009 0.2487 0.0182 0.2494 0.2502 1.4419 
2.3081 39.3701 0.0209 0.0020 0.2487 0.0182 0.2494 0.2502 0.6356 
2.3082 56.3185 0.0210 0.0028 0.2487 0.0182 0.2494 0.2502 0.4443 
2.3077 65.8199 0.0210 0.0033 0.2487 0.0182 0.2494 0.2503 0.3802 
2.3074 75.6556 0.0212 0.0038 0.2487 0.0182 0.2494 0.2503 0.3308 
2.3075 88.4838 0.0215 0.0044 0.2487 0.0182 0.2494 0.2503 0.2829 
2.3077 102.4455 0.0219 0.0051 0.2487 0.0182 0.2494 0.2504 0.2444 
2.3068 114.3675 0.0220 0.0057 0.2487 0.0182 0.2494 0.2504 0.2189 

(~'}{tF:, ;,· lh i.»')h '·~~c:: 
'VI",._.,,,, 

~~ ;~ 'c 

2.5100 -5.1534 0.0231 -0.0003 0.2487 0.0182 0.2494 0.2504 -4.8592 
2.5086 -2.4533 0.0215 -0.0001 0.2487 0.0182 0.2494 0.2503 -10.2016 
2.5072 1.5344 0.0209 0.0001 0.2487 0.0182 0.2494 0.2502 16.3072 
2.5095 5.3858 0.0232 0.0003 0.2487 0.0182 0.2494 0.2504 4.6497 
2.5020 15.9565 0.0234 0.0008 0.2487 0.0182 0.2494 0.2504 1.5696 
2.5092 37.9313 0.0237 0.0019 0.2487 0.0182 0.2494 0.2505 0.6604 
2.5081 52.3894 0.0236 0.0026 0.2487 0.0182 0.2494 0.2505 0.4781 
2.5087 62.3939 0.0238 0.0031 0.2487 0.0182 0.2494 0.2505 0.4015 
2.5087 72.3930 0.0238 0.0036 0.2487 0.0182 0.2494 0.2505 0.3460 
2.5023 84.3833 0.0239 0.0042 0.2487 0.0182 0.2494 0.2505 0.2969 
2.5092 97.3348 0.0241 0.0049 0.2487 0.0182 0.2494 0.2506 0.2574 
2.5091 110.9502 0.0243 0.0055 0.2487 0.0182 0.2494 0.2506 0.2259 
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v 
F 

PF 

S.D 
S.E.E 
AD 

B1 

B2 

B3 

B4 

BF 

UF 

% Unc. 

Vehicle Velocity (mls) 
Tow Force (N) 
Precision Error for F 

Standard Deviation 
Standard Error Estimate 
Analog to Digital Converter 

Bias Error due to Calibration 

Bias Error due to Data Acquisition 

Load Varying Self-Propulsion Test (Propeller fitted on) 
Uncertainty Analysis (Tow Force) 

PF= 2x S.D 

B1 = 0.00005 X F 

B2 = 2 X S.E.E 

Bias Error due to Load Cell Misalignment B3 = F - (Cos 0.25° x F) 

Bias Error due to Data Reduction B4 = ( ADerror X ADrange ) I ( ADaccuracy ) 

Bias Error for F BF = ( B/ + B/ + B/ + B/ ) 112 

Total Error for F UF = ( B/ + P/ ) 112 

Percentage Uncertainty for F % Unc. = ( UF IF) x 100 
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Uncertainty Analysis (Tow Force) 
Load Varying Self-Propulsion Test (Propeller fitted on) 

0.8007 5.3638 0.0092 0.0003 0.2693 0.0001 0.0054 0.2694 0.2695 5.0249 
0.8012 1.4334 0.0085 0.0001 0.2693 0.0000 0.0054 0.2694 0.2695 18.8015 
0.8027 -3.5438 0.0091 -0.0002 0.2693 0.0000 0.0054 0.2694 0.2695 -7.6054 
0.8034 -10.4367 0.0092 -0.0005 0.2693 -0.0001 0.0054 0.2694 0.2695 -2.5825 
0.8005 -24.3516 0.0094 -0.0012 0.2693 -0.0002 0.0054 0.2694 0.2695 -1.1068 
0.8012 -48.5726 0.0096 -0.0024 0.2693 -0.0005 0.0054 0.2694 0.2695 -0.5549 
0.8037 -64.7292 0.0095 -0.0032 0.2693 -0.0006 0.0054 0.2694 0.2696 -0.4164 
0.8045 -74.4405 0.0097 -0.0037 0.2693 -0.0007 0.0054 0.2694 0.2696 -0.3621 
0.8098 -85.7547 0.0099 -0.0043 0.2693 -0.0008 0.0054 0.2694 0.2696 -0.3144 
0.8032 -96.8046 0.0101 -0.0048 0.2693 -0.0009 0.0054 0.2694 0.2696 -0.2785 
0.8015 -108.6784 0.0102 -0.0054 0.2693 -0.0010 0.0054 0.2694 0.2696 -0.2481 
0.8022 -117.3754 0.0102 -0.0059 0.2693 -0.0011 0.0054 0.2694 0.2696 -0.2297 

-(;!s;f~. ~~~~~~ ~~~;:" .• ·~Ett .•.. tte •· ~~· .. ·.·, ~~if~ UF %unc. · 
li' 

,,, .o 

. 

1.1030 14.2900 0.0116 0.0007 0.2693 0.0001 0.0054 0.2694 0.2696 1.8868 
1.1027 10.5355 0.0111 0.0005 0.2693 0.0001 0.0054 0.2694 0.2696 2.5589 
1.1035 6.8977 0.0099 0.0003 0.2693 0.0001 0.0054 0.2694 0.2695 3.9078 
1.1032 0.5784 0.0080 0.0000 0.2693 0.0000 0.0054 0.2694 0.2695 46.5925 
1.1044 -11.0514 0.0115 -0.0006 0.2693 -0.0001 0.0054 0.2694 0.2696 -2.4396 
1.1041 -34.4575 0.0116 -0.0017 0.2693 -0.0003 0.0054 0.2694 0.2696 -0.7825 
1.1030 -52.5912 0.0117 -0.0026 0.2693 -0.0005 0.0054 0.2694 0.2696 -0.5127 
1.1037 -63.4548 0.0118 -0.0032 0.2693 -0.0006 0.0054 0.2694 0.2696 -0.4249 
1.1031 -75.4534 0.0118 -0.0038 0.2693 -0.0007 0.0054 0.2694 0.2697 -0.3574 
1.1031 -86.3969 0.0119 -0.0043 0.2693 -0.0008 0.0054 0.2694 0.2697 -0.3121 
1.1029 -96.9218 0.0120 -0.0048 0.2693 -0.0009 0.0054 0.2694 0.2697 -0.2782 
1.1034 -107.1228 0.0121 -0.0054 0.2693 -0.0010 0.0054 0.2694 0.2697 -0.2518 
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Uncertain~ Anall£sis (Tow Force) 
Load Varying Self-Propulsion Test (Propeller fitted on) 

,,;;•i• t,s:!;f !' c'.c 
~,,.>,·';-c•, 

,~, }<' 

,''·Lcj) 
,-;:.::<,; 

-~'.:".'<~-~;. .. /5S ';,- ') 

1.3031 23.7086 0.0131 0.0012 0.2693 0.0002 0.0054 0.2694 0.2697 1.1375 
1.3022 19.5828 0.0130 0.0010 0.2693 0.0002 0.0054 0.2694 0.2697 1.3771 
1.3025 15.5347 0.0130 0.0008 0.2693 0.0001 0.0054 0.2694 0.2697 1.7360 
1.3035 7.4959 0.0129 0.0004 0.2693 0.0001 0.0054 0.2694 0.2697 3.5976 
1.3036 -3.1778 0.0128 -0.0002 0.2693 0.0000 0.0054 0.2694 0.2697 -8.4862 
1.3022 -23.6329 0.0130 -0.0012 0.2693 -0.0002 0.0054 0.2694 0.2697 -1.1411 
1.3022 -45.8753 0.0132 -0.0023 0.2693 -0.0004 0.0054 0.2694 0.2697 -0.5879 
1.3023 -54.5532 0.0131 -0.0027 0.2693 -0.0005 0.0054 0.2694 0.2697 -0.4944 
1.3020 -67.4871 0.0134 -0.0034 0.2693 -0.0006 0.0054 0.2694 0.2697 -0.3997 
1.3023 -78.2728 0.0135 -0.0039 0.2693 -0.0007 0.0054 0.2694 0.2697 -0.3446 
1.3022 -88.6396 0.0134 -0.0044 0.2693 -0.0008 0.0054 0.2694 0.2697 -0.3043 
1.3024 -98.8778 0.0138 -0.0049 0.2693 -0.0009 0.0054 0.2694 0.2698 -0.2728 

··v~~ f~,·· 

1.6032 35.6003 0.0155 0.0018 0.2693 0.0003 0.0054 0.2694 0.2698 0.7579 
1.6046 31.5343 0.0152 0.0016 0.2693 0.0003 0.0054 0.2694 0.2698 0.8556 
1.6035 27.4347 0.0151 0.0014 0.2693 0.0003 0.0054 0.2694 0.2698 0.9834 
1.6038 17.3544 0.0150 0.0009 0.2693 0.0002 0.0054 0.2694 0.2698 1.5546 
1.6040 8.5633 0.0144 0.0004 0.2693 0.0001 0.0054 0.2694 0.2698 3.1501 
1.6038 -12.6824 0.0151 -0.0006 0.2693 -0.0001 0.0054 0.2694 0.2698 -2.1273 
1.6044 -32.5581 0.0152 -0.0016 0.2693 -0.0003 0.0054 0.2694 0.2698 -0.8287 
1.6042 -42.0001 0.0154 -0.0021 0.2693 -0.0004 0.0054 0.2694 0.2698 -0.6424 
1.6043 -51.6517 0.0155 -0.0026 0.2693 -0.0005 0.0054 0.2694 0.2698 -0.5224 
1.6034 -63.4763 0.0156 -0.0032 0.2693 -0.0006 0.0054 0.2694 0.2698 -0.4251 
1.6036 -76.3438 0.0157 -0.0038 0.2693 -0.0007 0.0054 0.2694 0.2699 -0.3535 
1.6030 -88.3925 0.0157 -0.0044 0.2693 -0.0008 0.0054 0.2694 0.2699 -0.3053 
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1.8042 
1.8034 
1.8068 
1.8056 
1.8042 
1.8051 
1.8048 
1.8061 
1.8051 
1.8043 
1.8059 
1.8057 

2.1091 
2.1056 
2.1068 
2.1067 
2.1101 
2.1068 
2.1070 
2.0959 
2.1064 
2.1073 
2.1066 
2.1060 

40.6558 
37.6344 
33.4536 
24.9715 
17.3566 
-4.5070 

-25.1929 
-32.6326 
-43.1904 
-55.8141 
-68.1665 
-77.6279 

54.2008 
51.6384 
49.7643 
42.3233 
34.8043 
13.6338 
-3.9622 

-13.7635 
-24.0542 
-33.2420 
-47.5793 
-57.4544 

Uncertainty Analysis (Tow Force) 
Load Varying Self-Propulsion Test (Propeller fitted on) 

0.0174 
0.0171 
0.0171 
0.0168 
0.0169 
0.0171 
0.0171 
0.0172 
0.0174 
0.0175 
0.0177 
0.0178 

0.0203 
0.0202 
0.0202 
0.0199 
0.0198 
0.0196 
0.0193 
0.0195 
0.0196 
0.0199 
0.0201 
0.0204 

0.0020 
0.0019 
0.0017 
0.0012 
0.0009 . 
-0.0002 
-0.0013 
-0.0016 
-0.0022 
-0.0028 
-0.0034 
-0.0039 

0.0027 
0.0026 
0.0025 
0.0021 
0.0017 
0.0007 
-0.0002 
-0.0007 
-0.0012 
-0.0017 
-0.0024 
-0.0029 

0.2693 
0.2693 
0.2693 
0.2693 
0.2693 
0.2693 
0.2693 
0.2693 
0.2693 
0.2693 
0.2693 
0.2693 

0.2693 
0.2693 
0.2693 
0.2693 
0.2693 
0.2693 
0.2693 
0.2693 
0.2693 
0.2693 
0.2693 
0.2693 

0.0004 
0.0004 
0.0003 
0.0002 
0.0002 
0.0000 
-0.0002 
-0.0003 
-0.0004 
-0.0005 
-0.0006 
-0.0007 

0.0005 
0.0005 
0.0005 
0.0004 
0.0003 
0.0001 
0.0000 
-0.0001 
-0.0002 
-0.0003 
-0.0005 
-0.0005 
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0.0054 
0.0054 
0.0054 
0.0054 
0.0054 
0.0054 
0.0054 
0.0054 
0.0054 
0.0054 
0.0054 
0.0054 

0.0054 
0.0054 
0.0054 
0.0054 
0.0054 
0.0054 
0.0054 
0.0054 
0.0054 
0.0054 
0.0054 
0.0054 

0.2694 
0.2694 
0.2694 
0.2694 
0.2694 
0.2694 
0.2694 
0.2694 
0.2694 
0.2694 
0.2694 
0.2694 

B 'F 

0.2694 
0.2694 
0.2694 
0.2694 
0.2694 
0.2694 
0.2694 
0.2694 
0.2694 
0.2694 
0.2694 
0.2694 

0.2699 
0.2699 
0.2699 
0.2699 
0.2699 
0.2699 
0.2699 
0.2699 
0.2699 
0.2699 
0.2700 
0.2700 

0.2701 
0.2701 
0.2701 
0.2701 
0.2701 
0.2701 
0.2701 
0.2701 
0.2701 
0.2701 
0.2701 
0.2702 

0.6640 
0.7172 
0.8068 
1.0808 
1.5550 
-5.9887 
-1.0714 
-0.8272 
-0.6250 
-0.4837 
-0.3960 
-0.3478 

0.4984 
0.5231 
0.5428 
0.6382 
0.7761 
1.9810 
-6.8159 
-1.9622 
-1.1228 
-0.8125 
-0.5677 
-0.4702 



Uncertaintv Anal)lsis (Tow Force) 
Load Varying Self-Propulsion Test (Propeller fitted on) 

Pf;'*:e< 

2.3079 70.1815 0.0242 0.0035 0.2693 0.0007 0.0054 0.2694 0.2705 0.3854 
2.3069 65.5744 0.0239 0.0033 0.2693 0.0006 0.0054 0.2694 0.2704 0.4124 
2.3074 62.5675 0.0235 0.0031 0.2693 0.0006 0.0054 0.2694 0.2704 0.4322 
2.3070 56.4648 0.0234 0.0028 0.2693 0.0005 0.0054 0.2694 0.2704 0.4789 
2.3084 52.8606 0.0234 0.0026 0.2693 0.0005 0.0054 0.2694 0.2704 0.5115 
2.3081 31.0591 0.0229 0.0016 0.2693 0.0003 0.0054 0.2694 0.2703 0.8704 
2.3082 14.6680 0.0260 0.0007 0.2693 0.0001 0.0054 0.2694 0.2706 1.8450 
2.3077 5.4600 0.0225 0.0003 0.2693 0.0001 0.0054 0.2694 0.2703 4.9506 
2.3074 -4.9423 0.0224 -0.0002 0.2693 0.0000 0.0054 0.2694 0.2703 -5.4691 
2.3075 -16.4586 0.0227 -0.0008 0.2693 -0.0002 0.0054 0.2694 0.2703 -1.6424 
2.3077 -29.2323 0.0229 -0.0015 0.2693 -0.0003 0.0054 0.2694 0.2703 -0.9248 
2.3068 -42.1765 0.0232 -0.0021 0.2693 -0.0004 0.0054 0.2694 0.2704 -0.6411 

<:i,, ,,~1~~~f:•'•• 
:~t •. ···;t;&.. ·~@F ·"~l¥tiu1ft$. 

,,.·{'< ''"''''-. 

2.5100 87.5695 0.0276 0.0044 0.2693 0.0008 0.0054 0.2694 0.2708 0.3093 
2.5086 83.4748 0.0275 0.0042 0.2693 0.0008 0.0054 0.2694 0.2708 0.3244 
2.5072 78.4785 0.0274 0.0039 0.2693 0.0007 0.0054 0.2694 0.2708 0.3450 
2.5095 72.4764 0.0271 0.0036 0.2693 0.0007 0.0054 0.2694 0.2708 0.3736 
2.5020 66.8172 0.0268 0.0033 0.2693 0.0006 0.0054 0.2694 0.2707 0.4052 
2.5092 46.3855 0.0266 0.0023 0.2693 0.0004 0.0054 0.2694 0.2707 0.5836 
2.5081 32.5307 0.0263 0.0016 0.2693 0.0003 0.0054 0.2694 0.2707 0.8320 
2.5087 22.3437 0.0261 0.0011 0.2693 0.0002 0.0054 0.2694 0.2706 1.2112 
2.5087 12.3667 0.0258 0.0006 0.2693 0.0001 0.0054 0.2694 0.2706 2.1881 
2.5023 3.6930 0.0245 0.0002 0.2693 0.0000 0.0054 0.2694 0.2705 7.3241 
2.5092 -11.5045 0.0257 -0.0006 0.2693 -0.0001 0.0054 0.2694 0.2706 -2.3520 
2.5091 -23.5327 0.0260 -0.0012 0.2693 -0.0002 0.0054 0.2694 0.2706 -1.1500 

B 38 



v 
n 
D 
J 
Pv 

Bv 

PJ 

Pn 

Bn 

Bo 

BJ 

UJ 

%U 

Vehicle Velocity (m/s) 
Propeller Rotational Speed (rpm) 
Propeller Diameter (m) 
Advance Coefficient 
Precision Error for V 

Bias Error for V 

Precision Error for J 

Precision Error for n 

Bias Error for n 

Bias Error for D 

Bias Error for J 

Total Error for J 

Percentage Uncertainty for J 

Load Varying Self-Propulsion Test (Propeller fitted on) 
Uncertainty Analysis (Advance Coefficient) 

BJ = ( 8J I &V Bv )2 + ( 'OJ /on Bn )2 + ( 'OJ I &D B0 )2 ) 112 

UJ=(B}+P})112 

% U = ( UJ I J ) x 100 
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Uncertainty Analysis (Advance Coefficient) 
Load Varying Self-Propulsion Test (Propeller fitted on) 

,:'~ 

" ~· 

0.8007 0.0003 0.0035 503.8949 0.0004 0.0391 0.0001 4.58E-05 -8.09E-07 -6.84E-06 4.63E-05 0.0005 0.0005 0.6256 0.0863 
0.8012 0.0004 0.0035 552.6343 0.0005 0.0391 0.0001 4.18E-05 -6.73E-07 -6.24E-06 4.23E-05 0.0006 0.0006 0.5708 0.1053 
0.8027 0.0003 0.0035 602.3573 0.0005 0.0391 0.0001 3.83E-05 -5.68E-07 -5.74E-06 3.88E-05 0.0006 0.0006 0.5246 0.1098 

0.8034 0.0003 0.0035 651.5623 0.0005 0.0391 0.0001 3.54E-05 -4.86E-07 -5.31E-06 3.58E-05 0.0006 0.0006 0.4854 0.1147 
0.8005 0.0004 0.0035 753.4148 0.0004 0.0391 0.0001 3.06E-05 -3.62E-07 -4.57E-06 3.10E-05 0.0006 0.0006 0.4183 0.1361 
0.8012 0.0004 0.0035 913.8563 0.0005 0.0391 0.0001 2.53E-05 -2.46E-07 -3.77E-06 2.55E-05 0.0006 0.0006 0.3452 0.1821 

0.8037 0.0003 0.0035 1002.5757 0.0005 0.0391 0.0001 2.30E-05 -2.05E-07 -3.45E-06 2.33E-05 0.0006 0.0006 0.3156 0.1777 

0.8045 0.0004 0.0035 1051.5807 0.0005 0.0392 0.0001 2.20E-05 -1.87E-07 -3.29E-06 2.22E-05 0.0006 0.0006 0.3012 0.1941 
0.8098 0.0002 0.0035 1102.1417 0.0004 0.0392 0.0001 2.10E-05 -1.71 E-07 -3.16E-06 2.12E-05 0.0005 0.0005 0.2893 0.1734 

0.8032 0.0003 0.0035 1154.0417 0.0005 0.0392 0.0001 2.00E-05 -1.55E-07 -3.00E-06 2.02E-05 0.0006 0.0006 0.2740 0.2208 
0.8015 0.0003 0.0035 1207.3702 0.0005 0.0392 0.0001 1.91E-05 -1.41 E-07 -2.86E-06 1.93E-05 0.0006 0.0006 0.2614 0.2128 
0.8022 0.0004 0.0035 1246.6728 0.0005 0.0392 0.0001 1.85E-05 -1.33E-07 -2.77E-06 1.87E-05 0.0006 0.0006 0.2533 0.2480 

iJ/5n ~,~~r~~,T~\'·;' 
;;: ::.'::'~~~:;{::, :: :BI\if.· · 

1.1030 0.0004 0.0035 507.2079 0.0006 0.0391 0.0001 4.56E-05 -1.10E-06 -9.36E-06 4.66E-05 0.0007 0.0007 0.8562 0.0834 
1.1027 0.0005 0.0035 554.5345 0.0006 0.0391 0.0001 4.17E-05 -9.20E-07 -8.56E-06 4.26E-05 0.0008 0.0008 0.7829 0.0980 
1.1035 0.0005 0.0035 603.8746 0.0006 0.0391 0.0001 3.83E-05 -7.76E-07 -7.87E-06 3.91E-05 0.0008 0.0008 0.7194 0.1105 

1.1032 0.0005 0.0035 654.2447 0.0006 0.0391 0.0001 3.54E-05 -6.61E-07 -7.26E-06 3.61E-05 0.0008 0.0008 0.6639 0.1225 
1.1044 0.0005 0.0035 750.3733 0.0006 0.0391 0.0001 3.08E-05 -5.03E-07 -6.34E-06 3.15E-05 0.0008 0.0008 0.5794 0.1333 
1.1041 0.0004 0.0035 910.3564 0.0006 0.0391 0.0001 2.54E-05 -3.42E-07 -5.22E-06 2.60E-05 0.0008 0.0008 0.4775 0.1627 

1.1030 0.0005 0.0035 1006.6678 0.0007 0.0391 0.0001 2.30E-05 -2.80E-07 -4.72E-06 2.35E-05 0.0008 0.0008 0.4314 0.1893 

1.1037 0.0005 0.0035 1056.9924 0.0006 0.0392 0.0001 2.19E-05 -2.54E-07 -4.50E-06 2.24E-05 0.0008 0.0008 0.4111 0.1938 

1.1031 0.0005 0.0035 1108.8989 0.0006 0.0392 0.0001 2.09E-05 -2.31 E-07 -4.28E-06 2.13E-05 0.0008 0.0008 0.3916 0.2024 

1.1031 0.0005 0.0035 1156.0328 0.0006 0.0392 0.0001 2.00E-05 -2.12E-07 -4.11E-06 2.04E-05 0.0008 0.0008 0.3757 0.2088 

1.1029 0.0005 0.0035 1206.4133 0.0006 0.0392 0.0001 1.92E-05 -1.95E-07 -3.94E-06 1.96E-05 0.0008 0.0008 0.3599 0.2087 

1.1034 0.0005 0.0035 1249.3622 0.0006 0.0392 0.0001 1.85E-05 -1.82E-07 -3.80E-06 1.89E-05 0.0008 0.0008 0.3477 0.2241 
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Uncertainty Analysis (Advance Coefficient) 
Load Varying Self-Propulsion Test (Propeller fitted on) 

BY lfm , Bng,an ~· <k!J.~. 
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1.3031 0.0005 0.0035 504.2337 0.0006 0.0391 0.0001 4.60E-05 -1.31E-06 -1.11E-05 4.73E-05 0.0008 0.0008 1.0174 0.0824 
1.3022 0.0006 0.0035 550.4535 0.0006 0.0391 0.0001 4.21E-05 -1.10E-06 -1.02E-05 4.34E-05 0.0008 0.0008 0.9314 0.0882 
1.3025 0.0006 0.0035 600.5634 0.0007 0.0391 0.0001 3.86E-05 -9.27E-07 -9.34E-06 3.97E-05 0.0009 0.0009 0.8539 0.1033 
1.3035 0.0006 0.0035 652.2352 0.0007 0.0391 0.0001 3.56E-05 -7.86E-07 -8.60E-06 3.66E-05 0.0009 0.0009 0.7868 0.1173 
1.3036 0.0005 0.0035 752.8192 0.0007 0.0391 0.0001 3.08E-05 -5.90E-07 -7.46E-06 3.17E-05 0.0009 0.0009 0.6817 0.1252 
1.3022 0.0005 0.0035 901.8296 0.0007 0.0391 0.0001 2.57E-05 -4.11E-07 -6.22E-06 2.65E-05 0.0009 0.0009 0.5685 0.1535 
1.3022 0.0006 0.0035 1000.1110 0.0007 0.0391 0.0001 2.32E-05 -3.34E-07 -5.61E-06 2.39E-05 0.0009 0.0009 0.5126 0.1804 
1.3023 0.0006 0.0035 1046.2973 0.0007 0.0392 0.0001 2.22E-05 -3.06E-07 -5.36E-06 2.28E-05 0.0009 0.0009 0.4900 0.1830 
1.3020 0.0005 0.0035 1105.7242 0.0007 0.0392 0.0001 2.10E-05 -2.74E-07 -5.07E-06 2.16E-05 0.0009 0.0009 0.4636 0.1942 
1.3023 0.0005 0.0035 1155.3342 0.0007 0.0392 0.0001 2.01E-05 -2.51E-07 -4.85E-06 2.07E-05 0.0009 0.0009 0.4438 0.1945 
1.3022 0.0005 0.0035 1206.0095 0.0007 0.0392 0.0001 1.92E-05 -2.30E-07 -4.65E-06 1.98E-05 0.0009 0.0009 0.4251 0.2080 
1.3024 0.0005 0.0035 1248.0299 0.0007 0.0392 0.0001 1.86E-05 -2.15E-07 -4.49E-06 1.91E-05 0.0009 0.0009 0.4109 0.2191 

f\;.:;h, ;~~ 
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1.6032 0.0006 0.0036 503.9995 0.0008 0.0391 0.0001 4.62E-05 -1.62E-06 -1.37E-05 4.82E-05 0.0010 0.0010 1.2523 0.0794 
1.6046 0.0007 0.0036 550.3443 0.0008 0.0391 0.0001 4.23E-05 -1.36E-06 -1.26E-05 4.42E-05 0.0011 0.0011 1.1479 0.0927 
1.6035 0.0007 0.0036 601.4574 0.0008 0.0391 0.0001 3.87E-05 -1.14E-06 -1.15E-05 4.04E-05 0.0011 0.0011 1.0496 0.1012 
1.6038 0.0007 0.0036 653.7645 0.0009 0.0391 0.0001 3.56E-05 -9.63E-07 -1.06E-05 3.72E-05 0.0011 0.0011 0.9658 0.1136 
1.6040 0.0007 0.0036 755.9224 0.0008 0.0391 0.0001 3.08E-05 -7.20E-07 -9.14E-06 3.22E-05 0.0011 0.0011 0.8354 0.1261 
1.6038 0.0006 0.0036 911.6408 0.0008 0.0391 0.0001 2.56E-05 -4.96E-07 -7.57E-06 2.67E-05 0.0010 0.0010 0.6926 0.1435 
1.6044 0.0007 0.0036 1003.7944 0.0008 0.0391 0.0001 2.32E-05 -4.09E-07 -6.88E-06 2.42E-05 0.0011 0.0011 0.6293 0.1709 
1.6042 0.0007 0.0036 1051.3377 0.0008 0.0392 0.0001 2.22E-05 -3.73E-07 -6.57E-06 2.31E-05 0.0010 0.0011 0.6007 0.1748 
1.6043 0.0006 0.0036 1104.0239 0.0008 0.0392 0.0001 2.11E-05 -3.38E-07 -6.26E-06 2.20E-05 0.0010 0.0010 0.5721 0.1737 
1.6034 0.0007 0.0036 1152.5333 0.0008 0.0392 0.0001 2.02E-05 -3.10E-07 -5.99E-06 2.11E-05 0.0011 0.0011 0.5477 0.1938 
1.6036 0.0007 0.0036 1210.1129 0.0008 0.0392 0.0001 1.93E-05 -2.82E-07 -5.71 E-06 2.01E-05 0.0011 0.0011 0.5217 0.2067 
1.6030 0.0007 0.0036 1250.8055 0.0009 0.0392 0.0001 1.86E-05 -2.64E-07 -5.52E-06 1.94E-05 0.0011 0.0011 0.5046 0.2173 

B 41 



1.8042 
1.8034 
1.8068 
1.8056 
1.8042 
1.8051 
1.8048 
1.8061 
1.8051 
1.8043 
1.8059 
1.8057 

2.1091 
2.1056 
2.1068 
2.1067 
2.1101 
2.1068 
2.1070 
2.0959 
2.1064 
2.1073 
2.1066 
2.1060 

0.0008 
0.0009 
0.0009 
0.0009 
0.0009 
0.0009 
0.0008 
0.0009 
0.0009 
0.0009 
0.0008 
0.0009 

0.0010 
0.0010 
0.0010 
0.0010 
0.0010 
0.0011 
0.0010 
0.0010 
0.0010 
0.0010 
0.0010 
0.0011 

0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 

0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 
0.0036 

510.9808 
552.4233 
602.7853 
651.5334 
757.8054 
911.1136 
1002.7594 
1056.9214 
1118.8065 
1161.1239 
1215.6599 
1246.0544 

500.1371 
551.5545 
600.3476 
654.3489 
752.6505 
901.9876 

1002.6789 
1052.8833 
1103.4297 
1156.4853 
1214.1716 
1246.6579 

0.0010 
0.0010 
0.0009 
0.0009 
0.0010 
0.0010 
0.0010 
0.0010 
0.0010 
0.0010 
0.0010 
0.0010 

0.0011 
0.0012 
0.0011 
0.0011 
0.0011 
0.0012 
0.0012 
0.0011 
0.0011 
0.0011 
0.0011 
0.0011 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 

Uncertainty Analysis (Advance Coefficient) 
Load Varying Self-Propulsion Test (Propeller fitted on) 

0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 

0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 

4.58E-05 
4.23E-05 
3.88E-05 
3.59E-05 
3.09E-05 
2.57E-05 
2.33E-05 
2.21E-05 
2.09E-05 
2.01E-05 
1.92E-05 
1.88E-05 

4.71E-05 
4.27E-05 
3.92E-05 
3.60E-05 
3.13E-05 
2.61E-05 
2.35E-05 
2.24E-05 
2.13E-05 
2.04E-05 
1.94E-05 
1.89E-05 
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-1.77E-06 -1.52E-05 
-1.52E-06 -1.41 E-05 
-1.28E-06 -1.29E-05 
-1.09E-06 -1.19E-05 
-8.06E-07 -1.03E-05 
-5.58E-07 -8.53E-06 
-4.61E-07 -7.75E-06 
-4.15E-07 -7.36E-06 
-3.71E-07 -6.95E-06 
-3.44E-07 -6.69E-06 
-3.14E-07 -6.40E-06 
-2.99E-07 -6.24E-06 

-2.16E-06 -1.82E-05 
-1.78E-06 -1.64E-05 
-1.50E-06 -1.51 E-05 
-1.26E-06 -1.39E-05 
-9.56E-07 -1.21E-05 
-6.65E-07 -1.01 E-05 
-5.38E-07 -9.05E-06 
-4.86E-07 -8.57E-06 
-4.45E-07 -8.22E-06 
-4.05E-07 -7.85E-06 
-3.67E-07 -7.47E-06 
-3.48E-07 -7.27E-06 

4.83E-05 
4.46E-05 
4.09E-05 
3.78E-05 
3.25E-05 
2.71E-05 
2.46E-05 
2.33E-05 
2.20E-05 
2.12E-05 
2.03E-05 
1.98E-05 

5.05E-05 
4.58E-05 
4.21E-05 
3.86E-05 
3.35E-05 
2.80E-05 
2.52E-05 
2.39E-05 
2.29E-05 
2.18E-05 
2.08E-05 
2.02E-05 

0.0013 
0.0014 
0.0013 
0.0013 
0.0014 
0.0014 
0.0013 
0.0013 
0.0013 
0.0014 
0.0013 
0.0013 

0.0015 
0.0015 
0.0015 
0.0015 
0.0015 
0.0016 
0.0015 
0.0015 
0.0015 
0.0015 
0.0015 
0.0015 

0.0013 
0.0014 
0.0013 
0.0013 
0.0014 
0.0014 
0.0013 
0.0013 
0.0013 
0.0014 
0.0013 
0.0013 

0.0015 
0.0015 
0.0015 
0.0015 
0.0015 
0.0016 
0.0015 
0.0015 
0.0015 
0.0015 
0.0015 
0.0015 

1.3901 
1.2853 
1.1801 
1.0911 
0.9373 
0.7800 
0.7086 
0.6728 
0.6352 
0.6118 
0.5849 
0.5705 

1.6603 
1.5030 
1.3816 
1.2675 
1.1038 
0.9196 
0.8273 
0.7837 
0.7516 
0.7174 
0.6831 
0.6651 

0.0918 
0.1058 
0.1092 
0.1155 
0.1452 
0.1780 
0.1843 
0.1938 
0.2051 
0.2246 
0.2207 
0.2312 

0.0896 
0.1002 
0.1117 
0.1184 
0.1361 
0.1709 
0.1854 
0.1935 
0.2034 
0.2052 
0.2242 
0.2325 



Uncertainty Analysis (Advance Coefficient) 
Load Varying Self-Propulsion Test (Propeller fitted on) 
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2.3079 0.0011 0.0036 502.2690 0.0013 0.0391 0.0001 4.71E-05 -2.35E-06 -1.98E-05 5.11E-05 0.0017 0.0017 1.8090 0.0941 
2.3069 0.0012 0.0036 550.3896 0.0012 0.0391 0.0001 4.30E-05 -1.95E-06 -1.80E-05 4.67E-05 0.0017 0.0017 1.6502 0.1029 
2.3074 0.0012 0.0036 603.5423 0.0013 0.0391 0.0001 3.92E-05 -1.63E-06 -1.65E-05 4.25E-05 0.0017 0.0017 1.5052 0.1144 
2.3070 0.0012 0.0036 652.5464 0.0013 0.0391 0.0001 3.63E-05 -1.39E-06 -1.52E-05 3.93E-05 0.0018 0.0018 1.3919 0.1264 
2.3084 0.0011 0.0036 752.0456 0.0013 0.0391 0.0001 3.15E-05 -1.05E-06 -1.32E-05 3.41E-05 0.0018 0.0018 1.2085 0.1452 
2.3081 0.0011 0.0036 901.6673 0.0013 0.0391 0.0001 2.62E-05 -7.29E-07 -1.10E-05 2.85E-05 0.0017 0.0017 1.0078 0.1685 
2.3082 0.0011 0.0036 1006.0527 0.0013 0.0391 0.0001 2.35E-05 -5.86E-07 -9.88E-06 2.55E-05 0.0017 0.0017 0.9033 0.1911 
2.3077 0.0012 0.0036 1052.1662 0.0013 0.0392 0.0001 2.25E-05 -5.36E-07 -9.44E-06 2.44E-05 0.0017 0.0017 0.8635 0.1993 
2.3074 0.0011 0.0036 1101.3796 0.0013 0.0392 0.0001 2.15E-05 -4.89E-07 -9.02E-06 2.33E-05 0.0017 0.0017 0.8248 0.2024 
2.3075 0.0011 0.0036 1150.4349 0.0013 0.0392 0.0001 2.06E-05 -4.48E-07 -8.64E-06 2.23E-05 0.0017 0.0017 0.7897 0.2167 
2.3077 0.0011 0.0036 1213.5677 0.0013 0.0392 0.0001 1.95E-05 -4.03E-07 -8.19E-06 2.11E-05 0.0017 0.0017 0.7487 0.2323 
2.3068 0.0012 0.0036 1249.1721 0.0013 0.0392 0.0001 1.89E-05 -3.80E-07 -7.95E-06 2.05E-05 0.0018 0.0018 0.7270 0.2449 

~;-
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2.5100 0.0013 0.0036 504.0554 0.0015 0.0391 0.0001 4.72E-05 -2.53E-06 -2.14E-05 5.19E-05 0.0019 0.0019 1.9605 0.0991 
2.5086 0.0012 0.0036 552.5634 0.0014 0.0391 0.0001 4.31E-05 -2.11E-06 -1.95E-05 4.73E-05 0.0019 0.0019 1.7874 0.1066 
2.5072 0.0013 0.0036 601.0760 0.0015 0.0391 0.0001 3.96E-05 -1.78E-06 -1.80E-05 4.35E-05 0.0020 0.0020 1.6422 0.1219 
2.5095 0.0013 0.0036 651.4524 0.0015 0.0391 0.0001 3.65E-05 -1.52E-06 -1.66E-05 4.01E-05 0.0019 0.0019 1.5166 0.1284 
2.5020 0.0013 0.0036 751.7646 0.0015 0.0391 0.0001 3.16E-05 -1.14E-06 -1.43E-05 3.48E-05 0.0020 0.0020 1.3103 0.1529 
2.5092 0.0013 0.0036 905.0740 0.0014 0.0391 0.0001 2.63E-05 -7.87E-07 -1.19E-05 2.89E-05 0.0019 0.0019 1.0915 0.1758 
2.5081 0.0013 0.0036 1004.8353 0.0015 0.0391 0.0001 2.37E-05 -6.38E-07 -1.07E-05 2.60E-05 0.0020 0.0020 0.9827 0.1991 
2.5087 0.0013 0.0036 1052.4015 0.0015 0.0392 0.0001 2.26E-05 -5.82E-07 -1.03E-05 2.48E-05 0.0020 0.0020 0.9385 0.2089 
2.5087 0.0013 0.0036 1103.3557 0.0014 0.0392 0.0001 2.16E-05 -5.30E-07 -9.79E-06 2.37E-05 0.0019 0.0019 0.8952 0.2144 
2.5023 0.0013 0.0036 1154.7567 0.0015 0.0392 0.0001 2.06E-05 -4.82E-07 -9.33E-06 2.26E-05 0.0020 0.0020 0.8531 0.2347 
2.5092 0.0013 0.0036 1207.1602 0.0015 0.0392 0.0001 1.97E-05 -4.43E-07 -8.95E-06 2.17E-05 0.0020 0.0020 0.8183 0.2483 
2.5091 0.0013 0.0036 1252.5791 0.0015 0.0392 0.0001 1.90E-05 -4.11E-07 -8.62E-06 2.09E-05 0.0020 0.0020 0.7886 0.2524 
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v 
n 
D 
Q 

p 
Kq 

Pq 

Bq 

PKq 

Pn 

Bn 

BP 
Bo 

BKq 

UKq 

%U 

Vehicle Velocity (m/s) 
Propeller Rotational Speed (rpm) 
Propeller Diameter (m) 
Propeller Torque (N-m) 

Density of Water (kg/m 3) 

Torque Coefficient 

Precision Error for Q 

Bias Error for Q 

Precision Error for K q 

Precision Error for n 

Bias Error for n 

Bias Error for p 

Bias Error for D 

Bias Error for K q 

Total Error forK q 

Percentage Uncertainty for Kq 

Load Varying Self-Propulsion Test (Propeller fitted on) 
Uncertainty Analysis (Torque Coefficient) 
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Uncertainty Analysis (Torque Coefficient) 
Load Varying Self-Propulsion Test (Propeller fitted on) 

:Yjlq ~;'~ ';II# >t~ lf6'l~~p 
;,,.., ,., .. %· :."> ,' ;··\::: );:' 

0.8007 503.8949 0.1810 0.0007 0.0076 0.0004 0.0391 0.0578 0.0001 3.66E-07 -5.01E-10 -1.35E-09 -2.85E-08 3.67E-07 0.0008 0.0008 0.0312 2.6347 

0.8012 552.6343 0.3680 0.0007 0.0076 0.0005 0.0391 0.0578 0.0001 3.04E-07 -8.47E-10 -2.07E-09 -4.81E-08 3.08E-07 0.0009 0.0009 0.0528 1.6231 

0.8027 602.3573 0.5143 0.0007 0.0076 0.0005 0.0391 0.0578 0.0001 2.56E-07 -9.97E-10 -2.24E-09 -5.66E-08 2.63E-07 0.0009 0.0009 0.0621 1.3897 

0.8034 651.5623 0.7198 0.0007 0.0077 0.0005 0.0391 0.0578 0.0001 2.19E-07 -1.19E-09 -2.48E-09 -6.77E-08 2.30E-07 0.0009 0.0009 0.0742 1.1880 

0.8005 753.4148 1.2080 0.0008 0.0077 0.0004 0.0391 0.0578 0.0001 1.65E-07 -1.50E-09 -2.69E-09 -8.49E-08 1.86E-07 0.0009 0.0009 0.0932 0.9516 

0.8012 913.8563 2.0427 0.0008 0.0078 0.0005 0.0391 0.0578 0.0001 1.14E-07 -1.72E-09 -2.55E-09 -9.76E-08 1.50E-07 0.0009 0.0009 0.1071 0.8493 

0.8037 1002.5757 2.6202 0.0008 0.0079 0.0005 0.0391 0.0578 0.0001 9.58E-08 -1.83E-09 -2.48E-09 -1.04E-07 1.41E-07 0.0009 0.0009 0.1142 0.7933 

0.8045 1051.5807 2.9224 0.0008 0.0080 0.0005 0.0392 0.0578 0.0001 8.78E-08 -1.86E-09 -2.39E-09 -1.05E-07 1.37E-07 0.0009 0.0009 0.1157 0.7899 

0.8098 1102.1417 3.3564 0.0008 0.0081 0.0004 0.0392 0.0578 0.0001 8.11E-08 -1.94E-09 -2.39E-09 -1.10E-07 1.37E-07 0.0009 0.0009 0.1210 0.7618 

0.8032 1154.0417 3.7562 0.0008 0.0082 0.0005 0.0392 0.0578 0.0001 7.50E-08 -1.98E-09 -2.33E-09 -1.13E-07 1.35E-07 0.0010 0.0010 0.1235 0.7846 

0.8015 1207.3702 4.1532 0.0008 0.0083 0.0005 0.0392 0.0578 0.0001 6.95E-08 -2.00E-09 -2.25E-09 -1.14E-07 1.33E-07 0.0010 0.0010 0.1248 0.7616 

0.8022 1246.6728 4.5121 0.0008 0.0084 0.0005 0.0392 0.0578 0.0001 6.61E-08 -2.04E-09 -2.22E-09 -1.16E-07 1.33E-07 0.0010 0.0010 0.1271 0.7689 

1.1030 507.2079 0.1699 0.0008 0.0076 0.0006 0.0391 0.0578 0.0001 3.61E-07 -4.64E-10 -1.24E-09 -2.64E-08 3.62E-07 0.0010 0.0010 0.0289 3.4340 

1.1027 554.5345 0.3535 0.0008 0.0076 0.0006 0.0391 0.0578 0.0001 3.02E-07 -8.08E-10 -1.97E-09 -4.59E-08 3.06E-07 0.0010 0.0010 0.0503 1.9791 

1.1035 603.8746 0.4982 0.0008 0.0076 0.0006 0.0391 0.0578 0.0001 2.55E-07 -9.61E-10 -2.15E-09 -5.45E-08 2.61E-07 0.0010 0.0010 0.0598 1.7119 

1.1032 654.2447 0.7005 0.0009 0.0077 0.0006 0.0391 0.0578 0.0001 2.18E-07 -1.15E-09 -2.38E-09 -6.53E-08 2.27E-07 0.0011 0.0011 0.0717 1.4847 

1.1044 750.3733 1.1746 0.0009 0.0077 0.0006 0.0391 0.0578 0.0001 1.66E-07 -1.47E-09 -2.65E-09 -8.33E-08 1.86E-07 0.0011 0.0011 0.0914 1.1517 

1.1041 910.3564 1.9868 0.0009 0.0078 0.0006 0.0391 0.0578 0.0001 1.14E-07 -1.69E-09 -2.51E-09 -9.57E-08 1.49E-07 0.0011 0.0011 0.1050 1.0288 

1.1030 1006.6678 2.5799 0.0009 0.0079 0.0007 0.0391 0.0578 0.0001 9.49E-08 -1.79E-09 -2.41E-09 -1.02E-07 1.39E-07 0.0011 0.0011 0.1115 0.9867 

1.1037 1056.9924 2.8694 0.0009 0.0080 0.0006 0.0392 0.0578 0.0001 8.68E-08 -1.81E-09 -2.31E-09 -1.02E-07 1.34E-07 0.0011 0.0011 0.1125 0.9499 

1.1031 1108.8989 3.2875 0.0009 0.0081 0.0006 0.0392 0.0578 0.0001 7.99E-08 -1.88E-09 -2.30E-09 -1.07E-07 1.33E-07 0.0011 0.0011 0.1171 0.9074 

1.1031 1156.0328 3.6710 0.0009 0.0082 0.0006 0.0392 0.0578 0.0001 7.45E-08 -1.93E-09 -2.26E-09 -1.10E-07 1.33E-07 0.0011 0.0011 0.1203 0.9154 

1.1029 1206.4133 4.0899 0.0009 0.0083 0.0006 0.0392 0.0578 0.0001 6.94E-08 -1.98E-09 -2.22E-09 -1.12E-07 1.32E-07 0.0011 0.0011 0.1231 0.8753 

1.1034 1249.3622 4.4395 0.0009 0.0084 0.0006 0.0392 0.0578 0.0001 6.56E-08 -2.00E-09 -2.17E-09 -1.14E-07 1.31E-07 0.0011 0.0011 0.1245 0.8868 
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1.3031 504.2337 0.1657 0.0009 0.0076 0.0006 0.0391 0.0578 0.0001 3.65E-07 -4.58E-10 -1.23E-09 -2.60E-08 3.66E-07 0.0011 0.0011 0.0285 3.8693 

1.3022 550.4535 0.3278 0.0009 0.0076 0.0006 0.0391 0.0578 0.0001 3.07E-07 -7.61E-10 -1.87E-09 -4.32E-08 3.10E-07 0.0011 0.0011 0.0474 2.2954 

1.3025 600.5634 0.4670 0.0009 0.0076 0.0007 0.0391 0.0578 0.0001 2.58E-07 -9.10E-10 -2.05E-09 -5.17E-08 2.63E-07 0.0011 0.0011 0.0567 2.0035 

1.3035 652.2352 0.6650 0.0009 0.0077 0.0007 0.0391 0.0578 0.0001 2.19E-07 -1.10E-09 -2.28E-09 -6.24E-08 2.28E-07 0.0012 0.0012 0.0684 1.7122 

1.3036 752.8192 1.1361 0.0010 0.0077 0.0007 0.0391 0.0578 0.0001 1.65E-07 -1.41E-09 -2.53E-09 -S.OOE-08 1.83E-07 0.0012 0.0012 0.0878 1.3178 

1.3022 901.8296 1.9541 0.0010 0.0078 0.0007 0.0391 0.0578 0.0001 1.17E-07 -1.69E-09 -2.54E-09 -9.59E-08 1.51E-07 0.0012 0.0012 0.1052 1.1292 

1.3022 1000.1110 2.5466 0.0010 0.0079 0.0007 0.0391 0.0578 0.0001 9.61E-08 -1.79E-09 -2.42E-09 -1.02E-07 1.40E-07 0.0012 0.0012 0.1115 1.0692 

1.3023 1046.2973 2.8254 0.0010 0.0080 0.0007 0.0392 0.0578 0.0001 8.85E-08 -1.81E-09 -2.35E-09 -1.03E-07 1.36E-07 0.0012 0.0012 0.1130 1.0584 

1.3020 1105.7242 3.2400 0.0010 0.0081 0.0007 0.0392 0.0578 0.0001 8.02E-08 -1.86E-09 -2.28E-09 -1.06E-07 1.33E-07 0.0012 0.0012 0.1160 1.0549 

1.3023 1155.3342 3.6311 0.0010 0.0082 0.0007 0.0392 0.0578 0.0001 7.45E-08 -1.91E-09 -2.24E-09 -1.09E-07 1.32E-07 0.0012 0.0012 0.1191 1.0055 

1.3022 1206.0095 4.0298 0.0011 0.0083 0.0007 0.0392 0.0578 0.0001 6.93E-08 -1.95E-09 -2.19E-09 -1.11E-07 1.31E-07 0.0013 0.0013 0.1213 1.0746 

1.3024 1248.0299 4.4059 0.0011 0.0084 0.0007 0.0392 0.0578 0.0001 6.57E-08 -1.99E-09 -2.16E-09 -1.13E-07 1.31E-07 0.0013 0.0013 0.1239 1.0681 
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Uncertainty Analysis (Torque Coefficient) 
Load Varying Self-Propulsion Test (Propeller fitted on) 
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1.6032 503.9995 0.1484 0.0011 0.0076 0.0008 0.0391 0.0578 0.0001 3.66E-07 -4.11E-10 -1.10E-09 -2.33E-08 3.66E-07 0.0013 0.0013 0.0256 5.2245 
1.6046 550.3443 0.2710 0.0011 0.0076 0.0008 0.0391 0.0578 0.0001 3.07E-07 -6.29E-10 -1.55E-09 -3.57E-08 3.09E-07 0.0013 0.0013 0.0392 3.4096 
1.6035 601.4574 0.3833 0.0011 0.0076 0.0008 0.0391 0.0578 0.0001 2.57E-07 -7.45E-10 -1.68E-09 -4.23E-08 2.60E-07 0.0014 0.0014 0.0464 2.9419 
1.6038 653.7645 0.6033 0.0011 0.0077 0.0009 0.0391 0.0578 0.0001 2.18E-07 -9.92E-10 -2.05E-09 -5.63E-08 2.25E-07 0.0014 0.0014 0.0618 2.3104 
1.6040 755.9224 1.0703 0.0012 0.0077 0.0008 0.0391 0.0578 0.0001 1.64E-07 -1.32E-09 -2.36E-09 -7.48E-08 1.80E-07 0.0014 0.0014 0.0820 1.7319 
1.6038 911.6408 1.8340 0.0012 0.0078 0.0008 0.0391 0.0578 0.0001 1.14E-07 -1.55E-09 -2.30E-09 -8.81E-08 1.44E-07 0.0014 0.0014 0.0966 1.4351 
1.6044 1003.7944 2.4389 0.0012 0.0079 0.0008 0.0391 0.0578 0.0001 9.51E-08 -1.70E-09 -2.30E-09 -9.66E-08 1.36E-07 0.0014 0.0014 0.1060 1.3345 
1.6042 1051.3377 2.7228 0.0012 0.0079 0.0008 0.0392 0.0578 0.0001 8.74E-08 -1.73E-09 -2.23E-09 -9.83E-08 1.32E-07 0.0014 0.0014 0.1079 1.3139 
1.6043 1104.0239 3.1449 0.0012 0.0080 0.0008 0.0392 0.0578 0.0001 8.02E-08 -1.81E-09 -2.23E-09 -1.03E-07 1.31E-07 0.0014 0.0014 0.1130 1.2422 
1.6034 1152.5333 3.5384 0.0012 0.0081 0.0008 0.0392 0.0578 0.0001 7.46E-08 -1.87E-09 -2.20E-09 -1.06E-07 1.30E-07 0.0014 0.0014 0.1166 1.2198 
1.6036 1210.1129 3.9176 0.0012 0.0083 0.0008 0.0392 0.0578 0.0001 6.86E-08 -1.88E-09 -2.11E-09 -1.07E-07 1.27E-07 0.0014 0.0014 0.1172 1.2336 
1.6030 1250.8055 4.3454 0.0012 0.0084 0.0009 0.0392 0.0578 0.0001 6.52E-08 -1.95E-09 -2.12E-09 -1.11E-07 1.29E-07 0.0015 0.0015 0.1216 1.2205 

P(t 

1.8042 510.9808 0.1265 0.0012 0.0076 0.0010 0.0391 0.0578 0.0001 3.56E-07 -3.41E-10 -9.02E-10 -1.93E-08 3.56E-07 0.0015 0.0015 0.0212 7.2415 
1.8034 552.4233 0.1528 0.0012 0.0076 0.0010 0.0391 0.0578 0.0001 3.04E-07 -3.52E-10 -8.62E-10 -2.00E-08 3.05E-07 0.0016 0.0016 0.0219 7.2300 
1.8068 602.7853 0.3126 0.0012 0.0076 0.0009 0.0391 0.0578 0.0001 2.56E-07 -6.05E-10 -1.36E-09 -3.43E-08 2.58E-07 0.0015 0.0015 0.0377 4.0886 
1.8056 651.5334 0.5023 0.0012 0.0076 0.0009 0.0391 0.0578 0.0001 2.19E-07 -8.32E-10 -1.73E-09 -4.72E-08 2.24E-07 0.0015 0.0015 0.0518 2.9799 
1.8042 757.8054 0.9753 0.0012 0.0077 0.0010 0.0391 0.0578 0.0001 1.63E-07 -1.19E-09 -2.13E-09 -6.78E-08 1.76E-07 0.0016 0.0016 0.0744 2.1486 
1.8051 911.1136 1.7271 0.0013 0.0078 0.0010 0.0391 0.0578 0.0001 1.14E-07 -1.46E-09 -2.17E-09 -8.30E-08 1.41E-07 0.0016 0.0016 0.0911 1.7848 
1.8048 1002.7594 2.3395 0.0013 0.0079 0.0010 0.0391 0.0578 0.0001 9.51E-08 -1.64E-09 -2.21E-09 -9.29E-08 1.33E-07 0.0016 0.0016 0.1019 1.5865 
1.8061 1056.9214 2.6019 0.0013 0.0079 0.0010 0.0392 0.0578 0.0001 8.62E-08 -1.64E-09 -2.10E-09 -9.30E-08 1.27E-07 0.0016 0.0016 0.1020 1.5650 
1.8051 1118.8065 3.0425 0.0013 0.0080 0.0010 0.0392 0.0578 0.0001 7.79E-08 -1.71E-09 -2.07E-09 -9.70E-08 1.24E-07 0.0016 0.0016 0.1064 1.4957 
1.8043 1161.1239 3.4240 0.0013 0.0081 0.0010 0.0392 0.0578 0.0001 7.32E-08 -1.79E-09 -2.08E-09 -1.01E-07 1.25E-07 0.0016 0.0016 0.1112 1.4717 
1.8059 1215.6599 3.7826 0.0013 0.0082 0.0010 0.0392 0.0578 0.0001 6.76E-08 -1.80E-09 -2.01E-09 -1.02E-07 1.23E-07 0.0016 0.0016 0.1121 1.4596 
1.8057 1246.0544 4.1864 0.0013 0.0083 0.0010 0.0392 0.0578 0.0001 6.53E-08 -1.90E-09 -2.06E-09 -1.08E-07 1.26E-07 0.0017 0.0017 0.1181 1.4026 

···'If,, :n .. PQ .Bat. $#·' S.,G BqB~.,:- 'Bp~·_iiliFlJ;l~ .•.· ;s.,~Bti P~.i!i *K9. o/Jtn.• 
: 'f ?' ' ·'"<:C:: 

(mts·r · {rpm} (N-m) 0;:,:;:; 

2.1091 500.1371 0.0592 0.0006 0.0076 0.0011 0.0391 0.0578 0.0001 3.71E-07 -1.66E-10 -4.50E-10 -9.45E-09 3.71E-07 0.0013 0.0013 0.0104 12.0880 
2.1056 551.5545 0.1283 0.0013 0.0076 0.0012 0.0391 0.0578 0.0001 3.05E-07 -2.97E-10 -7.27E-10 -1.68E-08 3.06E-07 0.0017 0.0017 0.0185 9.4342 
2.1068 600.3476 0.2676 0.0013 0.0076 0.0011 0.0391 0.0578 0.0001 2.58E-07 -5.22E-10 -1.18E-09 -2.96E-08 2.59E-07 0.0018 0.0018 0.0325 5.3884 
2.1067 654.3489 0.4750 0.0013 0.0076 0.0011 0.0391 0.0578 0.0001 2.17E-07 -7.80E-10 -1.61E-09 -4.43E-08 2.22E-07 0.0017 0.0017 0.0486 3.5688 
2.1101 752.6505 0.8776 0.0014 0.0077 0.0011 0.0391 0.0578 0.0001 1.65E-07 -1.09E-09 -1.96E-09 -6.18E-08 1.76E-07 0.0018 0.0018 0.0678 2.5971 
2.1068 901.9876 1.6341 0.0014 0.0077 0.0012 0.0391 0.0578 0.0001 1.16E-07 -1.41E-09 -2.12E-09 -8.02E-08 1.41E-07 0.0018 0.0018 0.0880 2.0410 
2.1070 1002.6789 2.2376 0.0014 0.0078 0.0012 0.0391 0.0578 0.0001 9.49E-08 -1.56E-09 -2.11E-09 -8.88E-08 1.30E-07 0.0018 0.0018 0.0975 1.8630 
2.0959 1052.8833 2.5437 0.0014 0.0079 0.0011 0.0392 0.0578 0.0001 8.67E-08 -1.61E-09 -2.08E-09 -9.16E-08 1.26E-07 0.0018 0.0018 0.1005 1.7891 
2.1064 1103.4297 2.9378 0.0014 0.0080 0.0011 0.0392 0.0578 0.0001 7.98E-08 -1.70E-09 -2.08E-09 -9.63E-08 1.25E-07 0.0018 0.0018 0.1057 1.7117 
2.1073 1156.4853 3.3080 0.0014 0.0081 0.0011 0.0392 0.0578 0.0001 7.35E-08 -1.74E-09 -2.04E-09 -9.87E-08 1.23E-07 0.0018 0.0018 0.1083 1.6546 
2.1066 1214.1716 3.6923 0.0015 0.0082 0.0011 0.0392 0.0578 0.0001 6.76E-08 -1.76E-09 -1.97E-09 -1.00E-07 1.21E-07 0.0018 0.0018 0.1097 1.6829 
2.1060 1246.6579 4.0446 0.0015 0.0083 0.0011 0.0392 0.0578 0.0001 6.49E-08 -1.83E-09 -1.99E-09 -1.04E-07 1.23E-07 0.0019 0.0019 0.1140 1.6248 
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Uncertainty Analysis (Torque Coefficient) 
Load Varying Self-Propulsion Test (Propeller fitted on) 
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2.3079 502.2690 0.0030 0.0002 0.0076 0.0013 0.0391 0.0578 0.0001 3.68E-07 -8.38E-12 -2.26E-11 -4.76E-10 3.68E-07 0.0013 0.0013 0.0005 248.1630 
2.3069 550.3896 0.1071 0.0015 0.0076 0.0012 0.0391 0.0578 0.0001 3.07E-07 -2.49E-10 -6.11E-10 -1.41E-08 3.07E-07 0.0019 0.0019 O.o155 12.4668 
2.3074 603.5423 0.2439 0.0015 0.0076 0.0013 0.0391 0.0578 0.0001 2.55E-07 -4.71E-10 -1.06E-09 -2.67E-08 2.56E-07 0.0020 0.0020 0.0293 6.7772 
2.3070 652.5464 0.4126 0.0015 0.0076 0.0013 0.0391 0.0578 0.0001 2.18E-07 -8.81E-10 -1.41E-09 -3.87E-08 2.22E-07 0.0020 0.0020 0.0424 4.6865 
2.3084 752.0456 0.7863 0.0015 0.0077 0.0013 0.0391 0.0578 0.0001 1.65E-07 -9.77E-10 -1.76E-09 -5.55E-08 1.74E-07 0.0020 0.0020 0.0609 3.3531 
2.3081 901.6673 1.5450 0.0016 0.0077 0.0013 0.0391 0.0578 0.0001 1.16E-07 -1.34E-09 -2.01E-09 -7.58E-08 1.38E-07 0.0020 0.0020 0.0832 2.4310 
2.3082 1006.0527 2.1446 0.0016 0.0078 0.0013 0.0391 0.0578 0.0001 9.41E-08 -1.49E-09 -2.01E-09 -8.46E-08 1.27E-07 0.0021 0.0021 0.0928 2.2106 
2.3077 1052.1662 2.4494 0.0016 0.0079 0.0013 0.0392 0.0578 0.0001 8.66E-08 -1.56E-09 -2.00E-09 -8.83E-08 1.24E-07 0.0020 0.0020 0.0969 2.0939 
2.3074 1101.3796 2.7844 0.0016 0.0080 0.0013 0.0392 0.0578 0.0001 7.98E-08 -1.61E-09 -1.99E-09 -9.16E-08 1.21E-07 0.0021 0.0021 0.1005 2.0541 
2.3075 1150.4349 3.1913 0.0017 0.0081 0.0013 0.0392 0.0578 0.0001 7.40E-08 -1.70E-09 -2.00E-09 -9.62E-08 1.21E-07 0.0021 0.0021 0.1056 1.9894 
2.3077 1213.5677 3.5556 0.0017 0.0081 0.0013 0.0392 0.0578 0.0001 6.73E-08 -1.70E-09 -1.90E-09 -9.63E-08 1.18E-07 0.0021 0.0021 0.1057 2.0061 
2.3068 1249.1721 3.9343 0.0017 0.0083 0.0013 0.0392 0.0578 0.0001 6.44E-08 -1.77E-09 -1.92E-09 -1.01E-07 1.19E-07 0.0021 0.0021 0.1104 1.9393 

.. {;~ 
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2.5100 504.0554 0.0003 0.0001 0.0076 0.0015 0.0391 0.0578 0.0001 3.66E-07 -9.47E-13 -2.54E-12 -5.37E-11 3.66E-07 0.0015 0.0015 0.0001 2478.4485 
2.5086 552.5634 0.0817 0.0014 0.0076 0.0014 0.0391 0.0578 0.0001 3.04E-07 -1.88E-10 -4.61E-10 -1.07E-08 3.04E-07 0.0020 0.0020 0.0117 17.2520 
2.5072 601.0760 0.2188 0.0017 0.0076 0.0015 0.0391 0.0578 0.0001 2.57E-07 -4.26E-10 -9.58E-10 -2.42E-08 2.58E-07 0.0023 0.0023 0.0265 8.5581 
2.5095 651.4524 0.3268 0.0017 0.0076 0.0015 0.0391 0.0578 0.0001 2.19E-07 -5.41E-10 -1.12E-09 -3.07E-08 2.21E-07 0.0023 0.0023 0.0337 6.7359 
2.5020 751.7646 0.7249 0.0018 0.0077 0.0015 0.0391 0.0578 0.0001 1.65E-07 -9.02E-10 -1.62E-09 -5.12E-08 1.73E-07 0.0023 0.0023 0.0562 4.1171 
2.5092 905.0740 1.4758 0.0018 0.0077 0.0014 0.0391 0.0578 0.0001 1.15E-07 -1.27E-09 -1.90E-09 -7.19E-08 1.35E-07 0.0023 0.0023 0.0789 2.9021 
2.5081 1004.8353 2.0551 0.0018 0.0078 0.0015 0.0391 0.0578 0.0001 9.41E-08 -1.43E-09 -1.93E-09 -8.12E-08 1.24E-07 0.0023 0.0023 0.0891 2.5887 
2.5087 1052.4015 2.3871 0.0018 0.0079 0.0015 0.0392 0.0578 0.0001 8.64E-08 -1.52E-09 -1.95E-09 -8.60E-08 1.22E-07 0.0023 0.0023 0.0944 2.4229 
2.5087 1103.3557 2.6963 0.0018 0.0079 0.0014 0.0392 0.0578 0.0001 7.93E-08 -1.56E-09 -1.91E-09 -8.84E-08 1.19E-07 0.0023 0.0023 0.0970 2.3687 
2.5023 1154.7567 3.0789 0.0018 0.0080 0.0015 0.0392 0.0578 0.0001 7.32E-08 -1.62E-09 -1.91E-09 -9.21E-08 1.18E-07 0.0023 0.0023 0.1011 2.3201 
2.5092 1207.1602 3.4660 0.0018 0.0081 0.0015 0.0392 0.0578 0.0001 6.78E-08 -1.67E-09 -1.88E-09 -9.49E-08 1.17E-07 0.0024 0.0024 0.1042 2.2914 
2.5091 1252.5791 3.8650 0.0019 0.0082 0.0015 0.0392 0.0578 0.0001 6.39E-08 -1.73E-09 -1.88E-09 -9.83E-08 1.17E-07 0.0024 0.0024 0.1079 2.2150 
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v 
n 

Tp 

D 

p 
Ktp 

Pr 

Br 

PKip 

Pn 

Bn 

BP 
Bo 

BKip 

UKip 

%U 

Vehicle Velocity (mls) 
Propeller Rotational Speed (rpm) 

Propeller Thrust (N) 

Propeller Diameter (m) 

Density of Water (kglm3) 

Thrust Coefficient for Propeller 

Precision Error for T p 

Bias Error for T P 

Precision Error for K lp 

Precision Error for n 

Bias Error for n 
Bias Error for p 

Bias Error for D 

Bias Error for K 1p 

Total Error forK 1p 

Percentage Uncertainty for K lp 

Load Varying Self-Propulsion Test (Propeller fitted on) 
Uncertainty Analysis (Thrust Coefficient) 

BKip = ( 8Ktp I OT p Br )2 + ( 8K1p I 8p BP )2 + ( 8K1p I on Bn )2 + ( 8K1p I oD B0 )2 ) 112 

U _ ( B 2 + p 2 )112 Kip- Kip Kip 

% u = ( UKip I Kip) X 100 
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Uncertainty Analysis (Thrust Coefficient) 
Load Varying Self-Propulsion Test (Propeller fitted on) 
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0.8007 503.8949 3.6262 0.0085 0.2494 0.0004 0.0391 0.0578 0.0001 1.82E-06 -1.53E-09 -4.11E-09 -6.95E-08 1.82E-06 0.0085 0.0085 0.0953 8.9298 
0.8012 552.6343 8.7409 0.0087 0.2494 0.0005 0.0391 0.0578 0.0001 1.51E-06 -3.07E-09 -7.51E-09 -1.39E-07 1.52E-06 0.0087 0.0087 0.1910 4.5613 
0.8027 602.3573 12.8134 0.0088 0.2494 0.0005 0.0391 0.0578 0.0001 1.27E-06 -3.78E-09 -8.50E-09 -1.72E-07 1.29E-06 0.0088 0.0088 0.2357 3.7397 
0.8034 651.5623 18.6583 0.0086 0.2494 0.0005 0.0391 0.0578 0.0001 1.09E-06 -4.71E-09 -9.78E-09 -2.14E-07 1.11E-06 0.0086 0.0086 0.2933 2.9366 
0.8005 753.4148 32.8282 0.0089 0.2494 0.0004 0.0391 0.0578 0.0001 8.14E-07 -6.20E-09 -1.11E-08 -2.81E-07 8.62E-07 0.0089 0.0089 0.3860 2.3088 
0.8012 913.8563 59.3485 0.0089 0.2494 0.0005 0.0391 0.0578 0.0001 5.54E-07 -7.61E-09 -1.13E-08 -3.46E-07 6.53E-07 0.0089 0.0089 0.4743 1.8796 
0.8037 1002.5757 77.0108 0.0092 0.2494 0.0005 0.0391 0.0578 0.0001 4.60E-07 -8.21E-09 -1.11E-08 -3.73E-07 5.92E-07 0.0092 0.0092 0.5113 1.8016 
0.8045 1051.5807 87.1072 0.0095 0.2494 0.0005 0.0392 0.0578 0.0001 4.18E-07 -8.44E-09 -1.09E-08 -3.83E-07 5.67E-07 0.0095 0.0095 0.5257 1.8093 
0.8098 1102.1417 98.8701 0.0094 0.2494 0.0004 0.0392 0.0578 0.0001 3.81E-07 -8.72E-09 -1.07E-08 -3.96E-07 5.49E-07 0.0094 0.0094 0.5432 1.7324 
0.8032 1154.0417 111.2684 0.0096 0.2494 0.0005 0.0392 0.0578 0.0001 3.47E-07 -8.95E-09 -1.05E-08 -4.07E-07 5.35E-07 0.0096 0.0096 0.5576 1.7241 
0.8015 1207.3702 123.8401 0.0094 0.2494 0.0005 0.0392 0.0578 0.0001 3.17E-07 -9.10E-09 -1.02E-08 -4.13E-07 5.21E-07 0.0094 0.0094 0.5669 1.6602 
0.8022 1246.6728 135.8194 0.0097 0.2494 0.0005 0.0392 0.0578 0.0001 2.98E-07 -9.36E-09 -1.02E-08 -4.25E-07 5.19E-07 0.0097 0.0097 0.5832 1.6654 

1.1030 507.2079 2.2849 0.0095 0.2494 0.0006 0.0391 0.0578 0.0001 1.80E-06 -9.52E-10 -2.54E-09 -4.32E-08 1.80E-06 0.0095 0.0095 0.0593 16.0554 
1.1027 554.5345 6.2834 0.0098 0.2494 0.0006 0.0391 0.0578 0.0001 1.50E-06 -2.19E-09 -5.34E-09 -9.94E-08 1.51E-06 0.0098 0.0098 0.1384 7.1992 
1.1035 603.8746 10.2080 0.0100 0.2494 0.0006 0.0391 0.0578 0.0001 1.27E-06 -3.00E-09 -6.72E-09 -1.36E-07 1.27E-06 0.0100 0.0100 0.1868 5.3625 
1.1032 654.2447 16.3454 0.0102 0.2494 0.0006 0.0391 0.0578 0.0001 1.08E-06 -4.09E-09 -8.46E-09 -1.86E-07 1.10E-06 0.0102 0.0102 0.2548 4.0103 
1.1044 750.3733 29.4461 0.0103 0.2494 0.0006 0.0391 0.0578 0.0001 8.21E-07 -5.60E-09 -1.01E-08 -2.54E-07 8.60E-07 0.0103 0.0103 0.3490 2.9566 
1.1041 910.3584 54.5330 0.0106 0.2494 0.0006 0.0391 0.0578 0.0001 5.58E-07 -7.05E-09 -1.05E-08 -3.20E-07 6.43E-07 0.0106 0.0106 0.4391 2.4182 
1.1030 1006.6678 73.9689 0.0108 0.2494 0.0007 0.0391 0.0578 0.0001 4.56E-07 -7.82E-09 -1.05E-08 -3.55E-07 5.78E-07 0.0108 0.0108 0.4871 2.2212 
1.1037 1056.9924 85.6126 0.0109 0.2494 0.0006 0.0392 0.0578 0.0001 4.14E-07 -8.21E-09 -1.05E-08 -3.73E-07 5.57E-07 0.0109 0.0109 0.5114 2.1349 
1.1031 1108.8989 98.4729 0.0111 0.2494 0.0006 0.0392 0.0578 0.0001 3.76E-07 -8.58E-09 -1.05E-08 -3.90E-07 5.42E-07 0.0111 0.0111 0.5344 2.0798 
1.1031 1156.0328 110.2023 0.0109 0.2494 0.0006 0.0392 0.0578 0.0001 3.46E-07 -8.84E-09 -1.04E-08 -4.01E-07 5.30E-07 0.0109 0.0109 0.5503 1.9839 
1.1029 1206.4133 121.4830 0.0111 0.2494 0.0006 0.0392 0.0578 0.0001 3.18E-07 -8.94E-09 -1.01E-08 -4.06E-07 5.16E-07 0.0111 0.0111 0.5570 1.9952 
1.1034 1249.3622 132.4165 0.0113 0.2494 0.0006 0.0392 0.0578 0.0001 2.96E-07 -9.09E-09 -9.87E-09 -4.13E-07 5.08E-07 0.0113 0.0113 0.5661 1.9986 
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1.3031 504.2337 -0.5806 0.0090 0.2494 0.0006 0.0391 0.0578 0.0001 1.82E-06 2.45E-10 6.56E-10 1.11E-08 1.82E-06 0.0090 0.0090 -0.0152 -59.2044 
1.3022 550.4535 3.8393 0.0117 0.2494 0.0006 0.0391 0.0578 0.0001 1.53E-06 -1.36E-09 -3.34E-09 -6.17E-08 1.53E-06 0.0117 0.0117 0.0846 13.8531 
1.3025 600.5634 7.2149 0.0118 0.2494 0.0007 0.0391 0.0578 0.0001 1.28E-06 -2.14E-09 -4.83E-09 -9.73E-08 1.29E-06 0.0118 0.0118 0.1335 8.8538 
1.3035 652.2352 13.4575 0.0117 0.2494 0.0007 0.0391 0.0578 0.0001 1.09E-06 -3.39E-09 -7.03E-09 -1.54E-07 1.10E-06 0.0117 0.0117 0.2111 5.5519 
1.3036 752.8192 26.1866 0.0119 0.2494 0.0007 0.0391 0.0578 0.0001 8.16E-07 -4.95E-09 -8.90E-09 -2.25E-07 8.46E-07 0.0119 0.0119 0.3084 3.8650 
1.3022 901.8296 51.7382 0.0123 0.2494 0.0007 0.0391 0.0578 0.0001 5.68E-07 -6.82E-09 -1.02E-08 -3.10E-07 6.47E-07 0.0123 0.0123 0.4245 2.9019 
1.3022 1000.1110 72.3597 0.0121 0.2494 0.0007 0.0391 0.0578 0.0001 4.62E-07 -7.75E-09 -1.05E-08 -3.52E-07 5.81E-07 0.0121 0.0121 0.4828 2.5107 
1.3023 1046.2973 82.1375 0.0125 0.2494 0.0007 0.0392 0.0578 0.0001 4.22E-07 -8.04E-09 -1.04E-08 -3.65E-07 5.58E-07 0.0125 0.0125 0.5007 2.5003 
1.3020 1105.7242 96.1106 0.0128 0.2494 0.0007 0.0392 0.0578 0.0001 3.78E-07 -8.42E-09 -1.03E-08 -3.82E-07 5.38E-07 0.0128 0.0128 0.5246 2.4437 
1.3023 1155.3342 107.4396 0.0127 0.2494 0.0007 0.0392 0.0578 0.0001 3.46E-07 -8.62E-09 -1.01E-08 -3.92E-07 5.23E-07 0.0127 0.0127 0.5372 2.3677 
1.3022 1206.0095 119.2426 0.0129 0.2494 0.0007 0.0392 0.0578 0.0001 3.18E-07 -8.78E-09 -9.88E-09 -3.99E-07 5.10E-07 0.0129 0.0129 0.5471 2.3612 
1.3024 1248.0299 130.6479 0.0131 0.2494 0.0007 0.0392 0.0578 0.0001 2.97E-07 -8.99E-09 -9.77E-09 -4.08E-07 5.05E-07 0.0131 0.0131 0.5598 2.3437 
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Uncertainty Analvsis (Thrust Coefficient) 
Load Varying Self-Propulsion Test (Propeller fitted on) 
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1.6032 503.9995 -1.5261 0.0130 0.2494 0.0008 0.0391 0.0578 0.0001 1.82E-06 6.44E-10 1.73E-09 2.92E-08 1.82E-06 0.0130 0.0130 -0.0401 -32.4782 
1.6046 550.3443 1.5354 0.0137 0.2494 0.0008 0.0391 0.0578 0.0001 1.53E-06 -5.43E-10 -1.34E-09 -2.47E-08 1.53E-06 0.0137 0.0137 0.0338 40.5633 
1.6035 601.4574 5.3738 0.0143 0.2494 0.0008 0.0391 0.0578 0.0001 1.28E-06 -1.59E-09 -3.58E-09 -7.23E-08 1.28E-06 0.0143 0.0143 0.0991 14.4461 
1.6038 653.7645 11.6456 0.0145 0.2494 0.0009 0.0391 0.0578 0.0001 1.08E-06 -2.92E-09 -6.04E-09 -1.33E-07 1.09E-06 0.0145 0.0145 0.1818 7.9882 
1.6040 755.9224 25.1105 0.0143 0.2494 0.0008 0.0391 0.0578 0.0001 8.09E-07 -4.71E-09 -8.43E-09 -2.14E-07 8.37E-07 0.0143 0.0143 0.2933 4.8841 
1.6038 911.6408 48.1265 0.0147 0.2494 0.0008 0.0391 0.0578 0.0001 5.56E-07 -6.20E-09 -9.22E-09 -2.82E-07 6.24E-07 0.0147 0.0147 0.3865 3.8089 
1.6044 1003.7944 67.4672 0.0148 0.2494 0.0008 0.0391 0.0578 0.0001 4.59E-07 -7.17E-09 -9.68E-09 -3.26E-07 5.63E-07 0.0148 0.0148 0.4469 3.3166 
1.6042 1051.3377 77.7648 0.0150 0.2494 0.0008 0.0392 0.0578 0.0001 4.18E-07 -7.54E-09 -9.72E-09 -3.42E-07 5.41E-07 0.0150 0.0150 0.4695 3.1992 
1.6043 1104.0239 91.4829 0.0152 0.2494 0.0008 0.0392 0.0578 0.0001 3.79E-07 -8.04E-09 -9.87E-09 -3.65E-07 5.27E-07 0.0152 0.0152 0.5009 3.0384 
1.6034 1152.5333 104.5737 0.0155 0.2494 0.0008 0.0392 0.0578 0.0001 3.48E-07 -8.44E-09 -9.92E-09 -3.83E-07 5.18E-07 0.0155 0.0155 0.5254 2.9539 
1.6036 1210.1129 116.7686 0.0154 0.2494 0.0008 0.0392 0.0578 0.0001 3.16E-07 -8.54E-09 -9.57E-09 -3.88E-07 5.00E-07 0.0154 0.0154 0.5322 2.8980 
1.6030 1250.8055 127.3434 0.0157 0.2494 0.0009 0.0392 0.0578 0.0001 2.96E-07 -8.72E-09 -9.46E-09 -3.96E-07 4.94E-07 0.0157 0.0157 0.5432 2.8946 

1.8042 510.9808 -1.9385 0.0161 0.2494 0.0010 0.0391 0.0578 0.0001 1.77E-06 7.96E-10 2.11E-09 3.61E-08 1.77E-06 0.0161 0.0161 -0.0495 -32.5520 
1.8034 552.4233 1.1898 0.0158 02494 0.0010 0.0391 0.0578 0.0001 1.51E-06 -4.18E-10 -1.02E-09 -1.90E-08 1.51E-06 0.0158 0.0158 0.0260 60.8484 
1.8068 602.7853 4.2981 0.0163 0.2494 0.0009 0.0391 0.0578 0.0001 1.27E-06 -1.27E-09 -2.84E-09 -5.76E-08 1.27E-06 0.0163 0.0163 0.0789 20.6820 
1.8056 651.5334 10.5564 0.0164 0.2494 0.0009 0.0391 0.0578 0.0001 1.09E-06 -2.66E-09 -5.53E-09 -1.21E-07 1.10E-06 0.0164 0.0164 0.1660 9.8974 
1.8042 757.8054 22.9946 O.Q165 0.2494 0.0010 0.0391 0.0578 0.0001 8.05E-07 -4.29E-09 -7.66E-09 -1.95E-07 8.28E-07 0.0165 0.0165 0.2672 6.1864 
1.8051 911.1136 45.8331 0.0167 0.2494 0.0010 0.0391 0.0578 0.0001 5.57E-07 -5.92E-09 -8.79E-09 -2.69E-07 6.18E-07 0.0167 0.0167 0.3685 4.5411 
1.8048 1002.7594 65.0234 0.0167 0.2494 0.0010 0.0391 0.0578 0.0001 4.60E-07 -6.93E-09 -9.36E-09 -3.15E-07 5.57E-07 0.0167 0.0167 0.4316 3.8766 
1.8061 1056.9214 73.8682 0.0169 0.2494 0.0010 0.0392 0.0578 0.0001 4.14E-07 -7.09E-09 -9.08E-09 -3.22E-07 5.24E-07 0.0169 0.0169 0.4413 3.8360 
1.8051 1118.8065 87.2252 0.0172 0.2494 0.0010 0.0392 0.0578 0.0001 3.69E-07 -7.47E-09 -9.04E-09 -3.39E-07 5.02E-07 0.0172 0.0172 0.4650 3.7043 
1.8043 1161.1239 100.0789 0.0173 0.2494 0.0010 0.0392 0.0578 0.0001 3.43E-07 -7.95E-09 -9.29E-09 -3.61E-07 4.98E-07 0.0173 0.0173 0.4954 3.4983 
1.8059 1215.6599 112.6564 0.0175 0.2494 0.0010 0.0392 0.0578 0.0001 3.13E-07 -8.17E-09 -9.11E-09 -3.71E-07 4.85E-07 0.0175 0.0175 0.5087 3.4453 
1.8057 1246.0544 125.3448 0.0176 0.2494 0.0010 0.0392 0.0578 0.0001 2.98E-07 -8.65E-09 -9.41E-09 -3.93E-07 4.93E-07 0.0176 0.0176 0.5388 3.2720 
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2.1091 500.1371 -2.2244 0.0173 0.2494 0.0011 0.0391 0.0578 0.0001 1.85E-06 9.53E-10 2.58E-09 4.33E-08 1.85E-06 0.0173 0.0173 -0.0593 -29.2102 
2.1056 551.5545 0.7034 0.0110 0.2494 0.0012 0.0391 0.0578 0.0001 1.52E-06 -2.48E-10 -6.08E-10 -1.13E-08 1.52E-06 0.0111 0.0111 0.0154 71.6773 
2.1068 600.3476 3.3349 0.0183 0.2494 0.0011 0.0391 0.0578 0.0001 1.28E-06 -9.91E-10 -2.23E-09 -4.50E-08 1.28E-06 0.0183 0.0183 0.0618 29.6928 
2.1067 654.3489 9.0348 0.0182 0.2494 0.0011 0.0391 0.0578 0.0001 1.08E-06 -2.26E-09 -4.68E-09 -1.03E-07 1.08E-06 0.0182 0.0182 0.1408 12.9479 
2.1101 752.6505 19.5316 0.0185 0.2494 0.0011 0.0391 0.0578 0.0001 8.16E-07 -3.69E-09 -6.64E-09 -1.68E-07 8.33E-07 0.0185 0.0185 0.2301 8.0547 
2.1068 901.9876 42.0655 0.0186 0.2494 0.0012 0.0391 0.0578 0.0001 5.68E-07 -5.54E-09 -8.32E-09 -2.52E-07 6.21E-07 0.0186 0.0186 0.3451 5.4009 
2.1070 1002.6789 59.4139 0.0187 0.2494 0.0012 0.0391 0.0578 0.0001 4.60E-07 -6.33E-09 -8.55E-09 -2.88E-07 5.42E-07 0.0187 0.0187 0.3944 4.7509 
2.0959 1052.8833 68.8805 0.0190 0.2494 0.0011 0.0392 0.0578 0.0001 4.17E-07 -6.66E-09 -8.57E-09 -3.02E-07 5.15E-07 0.0190 0.0190 0.4147 4.5902 
2.1064 1103.4297 80.5944 0.0192 0.2494 0.0011 0.0392 0.0578 0.0001 3.80E-07 -7.09E-09 -8.71E-09 -3.22E-07 4.98E-07 0.0192 0.0192 0.4418 4.3537 
2.1073 1156.4853 93.1518 0.0193 0.2494 0.0011 0.0392 0.0578 0.0001 3.46E-07 -7.46E-09 -8.75E-09 -3.39E-07 4.84E-07 0.0193 0.0193 0.4648 4.1587 
2.1066 1214.1716 106.0173 0.0196 0.2494 0.0011 0.0392 0.0578 0.0001 3.14E-07 -7.71E-09 -8.61E-09 -3.50E-07 4.70E-07 0.0196 0.0196 0.4799 4.0908 
2.1060 1246.6579 117.5641 O.Q196 0.2494 0.0011 0.0392 0.0578 0.0001 2.98E-07 -8.11E-09 -8.82E-09 -3.68E-07 4.73E-07 0.0196 0.0196 0.5048 3.8889 
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Uncertainty Ana!vsls (Thrust Coefficient) 
Load Varying Self-Propulsion Test (Propeller fitted on) 
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2"3079 502"2690 -3"6889 Oo0205 0"2494 0"0013 Oo0391 0"0578 0"0001 1.83E-06 1.57E-09 4.22E-09 7.11E-08 1.83E-06 0.0205 0.0205 -0.0976 -21"0482 
2.3069 550.3896 -0.4585 0.0119 0.2494 0.0012 0.0391 0.0578 Oo0001 1.53E-06 1.62E-10 3.99E-10 7.36E-09 1.53E-06 0.0120 0.0120 -0.0101 -118.4513 
2.3074 603.5423 2.8578 0.0200 0.2494 0.0013 0.0391 0.0578 0.0001 1.27E-06 -8.41E-10 -1.88E-09 -3.82E-08 1.27E-06 0.0200 0.0200 0.0524 38.2765 
2.3070 652.5464 7.3859 Oo0207 0.2494 0.0013 0.0391 0.0578 Oo0001 1.09E-06 -1.86E-09 -3.85E-09 -8.44E-08 1o09E-06 0.0207 0.0207 0.1158 17.9174 
2.3084 752.0458 17.3533 0.0208 0.2494 0.0013 0.0391 0.0578 0.0001 8.17E-07 -3.29E-09 -5.92E-09 -1.49E-07 8.31E-07 0.0208 0.0208 0.2048 10.1790 
2.3081 901.6673 39.3701 0.0209 0.2494 0.0013 0.0391 0.0578 0.0001 5.69E-07 -5.19E-09 -7.79E-09 -2.36E-07 6.16E-07 0.0209 0.0209 0.3232 6.4796 
2.3082 1006.0527 56.3185 0.0210 0.2494 0.0013 0.0391 0.0578 0.0001 4.57E-07 -5.96E-09 -8.03E-09 -2.71E-07 5.31E-07 0.0210 0.0210 Oo3713 5.6663 
2.3077 1052.1662 65.8199 0.0210 0.2494 0.0013 0.0392 0.0578 0.0001 4.18E-07 -6.37E-09 -8.20E-09 -2.89E-07 5.08E-07 0.0210 0.0210 0.3968 5.3021 
2.3074 1101.3796 75.6556 0.0212 0.2494 0.0013 0.0392 0.0578 Oo0001 3.81E-07 -6.68E-09 -8.22E-09 -3.03E-07 4.87E-07 0.0212 0.0212 0.4162 5.1027 
2.3075 1150.4349 88.4838 0.0215 0.2494 0.0013 0.0392 0.0578 0.0001 3.49E-07 -7.16E-09 -8.44E-09 -3.25E-07 4o77E-07 0.0215 0.0215 0.4462 4.8276 
2.3077 1213.5677 102.4455 0.0219 0.2494 0.0013 0.0392 0.0578 0.0001 3.14E-07 -7.45E-09 -8.33E-09 -3.38E-07 4.62E-07 0.0219 0.0219 0.4642 4.7261 
2.3068 1249.1721 114.3675 0.0220 0.2494 0.0013 0.0392 0.0578 0.0001 2.96E-07 -7.85E-09 -8.53E-09 -3.57E-07 4.64E-07 0.0220 0.0220 0.4891 4.5062 

,~· 

2.5100 504.0554 -5.1534 0.0231 0.2494 0.0015 0"0391 0.0578 0.0001 1.82E-06 2.17E-09 5.83E-09 9.87E-08 1.82E-06 0.0231 0.0231 -0.1354 -17.0992 
2.5086 552.5634 -2.4533 0.0215 0.2494 0.0014 0.0391 0.0578 0.0001 1.51E-06 8.61E-10 2.11E-09 3.91E-08 1.51E-06 0.0215 0.0215 -0.0536 -40.1848 
2.5072 601.0760 1.5344 0.0209 0.2494 0.0015 0.0391 0.0578 0.0001 1.28E-06 -4.55E-10 -1.02E-09 -2.07E-08 1.28E-06 0.0210 0.0210 0.0283 73.9228 
2.5095 651.4524 5.3858 0.0232 0.2494 0.0015 0.0391 0.0578 Oo0001 1.09E-06 -1.36E-09 -2.82E-09 -6.17E-08 1.09E-06 0.0232 0.0232 0.0847 27.4470 
2.5020 751.7646 15.9565 0.0234 0"2494 0.0015 Oo0391 0.0578 0.0001 8.18E-07 -3.03E-09 -5.45E-09 -1.37E-07 8.29E-07 0.0234 0.0234 0.1884 12.4443 
2.5092 905.0740 37.9313 0.0237 0.2494 0.0014 Oo0391 0.0578 0.0001 5.64E-07 -4.96E-09 -7.42E-09 -2.25E-07 6.08E-07 0.0237 0.0237 0.3090 7.6835 
2.5081 1004.8353 52.3894 0.0236 0.2494 0.0015 0"0391 0.0578 0.0001 4.58E-07 -5.56E-09 -7.49E-09 -2.52E-07 5.23E-07 Oo0236 0.0236 0.3463 6.8289 
2.5087 1052.4015 62.3939 0.0238 0.2494 0.0015 0.0392 0.0578 0.0001 4.17E-07 -6.04E-09 -7.77E-09 -2.74E-07 4.99E-07 0.0238 0.0238 Oo3760 6.3424 
2.5087 1103.3557 72.3930 0.0238 0.2494 0.0014 0.0392 0.0578 Oo0001 3o80E-07 -6.37E-09 -7.83E-09 -2.89E-07 4.78E-07 0.0238 0.0238 0.3969 6o0082 
2.5023 1154.7567 84.3833 0.0239 0.2494 0.0015 0.0392 0.0578 0.0001 3.47E-07 -6.78E-09 -7.96E-09 -3.08E-07 4.64E-07 0.0239 0.0239 Oo4223 5.6701 
2.5092 1207.1602 97.3348 0.0241 0.2494 0.0015 0.0392 0.0578 0.0001 3.17E-07 -7.16E-09 -8.04E-09 -3.25E-07 4o54E-07 0.0241 0.0241 0.4458 5.4172 
2.5091 1252.5791 110.9502 Oo0243 0.2494 0.0015 0.0392 0.0578 0.0001 2.95E-07 -7.58E-09 -8.20E-09 -3.44E-07 4o53E-07 0.0243 0.0243 0.4719 5.1588 
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V Vehicle Velocity (mls) 
n Propeller Rotational Speed (rpm) 

Load Varying Self-Propulsion Test (Prop. + Duct fitted on) 
Uncertainty Analysis (Propeller Rotational Speed) 

C Number of Counted Pulses in Time dt 
dt Time (s) 

S.D Standard Deviation 
P n Precision Error for n 

Be Bias Error for C 

Bdt Bias Error for dt 

Bn Bias Error for n 

Un Total Error for n 

% Unc. Percentage Uncertainty for n 

Pn=2xS.D 

Bn = ( ( on I oC Be )2 + ( on I Odt Bdt )2 ) 112 

Un = ( Bn2 + Pn2 )1/2 

% Unc. = ( Un I n ) x 100 
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Uncertainty Analysis (Rotational Speed) 
Load Varying Self-Propulsion Test (Prop.+ Duct fitted on) 

~A " R) >,);», u,d ',t;;Ut~~ v .. i'i,n n'<mif7 
:b 

<i ,·"~ 

F 
t '\,<-lt 

0.8002 499.5767 0.0005 0.0391 -0.0009 0.0391 0.0391 0.0078 
0.8004 551.4566 0.0005 0.0391 -0.0010 0.0391 0.0391 0.0071 
0.8012 600.4575 0.0005 0.0391 -0.0011 0.0391 0.0391 0.0065 
0.8018 650.4466 0.0005 0.0391 -0.0013 0.0391 0.0391 0.0060 
0.8002 753.2179 0.0005 0.0391 -0.0016 0.0391 0.0391 0.0052 
0.8002 902.9860 0.0005 0.0391 -0.0020 0.0391 0.0391 0.0043 
0.8003 1008.5085 0.0005 0.0391 -0.0023 0.0391 0.0392 0.0039 
0.8005 1052.3455 0.0005 0.0391 -0.0024 0.0392 0.0392 0.0037 
0.8014 1104.1946 0.0005 0.0391 -0.0025 0.0392 0.0392 0.0035 
0.8002 1150.2549 0.0005 0.0391 -0.0027 0.0392 0.0392 0.0034 
0.8008 1206.8237 0.0005 0.0391 -0.0028 0.0392 0.0392 0.0032 
0.8006 1252.7469 0.0005 0.0391 -0.0030 0.0392 0.0392 0.0031 

~:~,' c v·· ·;g~; · ... :fJ~~-· <:;:: . 

\fiws) ( '~ ~ :~; ::~('~:~ 

1.1006 500.6686 0.0006 0.0391 -0.0009 0.0391 0.0391 0.0078 
1.1022 552.7477 0.0006 0.0391 -0.0010 0.0391 0.0391 0.0071 
1.1031 603.4646 0.0007 0.0391 -0.0011 0.0391 0.0391 0.0065 
1.1032 651.6550 0.0007 0.0391 -0.0013 0.0391 0.0391 0.0060 
1.1005 754.9726 0.0007 0.0391 -0.0016 0.0391 0.0391 0.0052 
1.1026 901.8126 0.0007 0.0391 -0.0020 0.0391 0.0391 0.0043 
1.1014 1000.0880 0.0007 0.0391 -0.0023 0.0391 0.0392 0.0039 
1.1017 1056.9566 0.0007 0.0391 -0.0024 0.0392 0.0392 0.0037 
1.1013 1104.4112 0.0007 0.0391 -0.0025 0.0392 0.0392 0.0035 
1.1020 1156.9473 0.0007 0.0391 -0.0027 0.0392 0.0392 0.0034 
1.1015 1212.9133 0.0007 0.0391 -0.0028 0.0392 0.0392 0.0032 
1.1011 1258.8191 0.0007 0.0391 -0.0030 0.0392 0.0392 0.0031 
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1.3033 
1.3116 
1.3018 
1.3022 
1.3025 
1.3028 
1.3020 
1.3014 
1.3116 
1.3007 
1.3006 
1.3020 

1.6030 
1.6053 
1.6045 
1.6063 
1.6063 
1.6059 
1.6056 
1.6063 
1.6059 
1.6050 
1.6054 
1.6019 

Uncertainty Analysis (Rotational Speed) 
Load Varying Self-Propulsion Test (Prop.+ Duct fitted on) 

501.8541 
550.7550 
601.3456 
654.7460 
752.1400 
907.7795 
1006.9377 
1051.7237 
1103.5535 
1155.5678 
1208.2135 
1256.7456 

503.1755 
554.4423 
604.3557 
652.4344 
752.2439 
901.5599 
1006.7175 
1054.3192 
1102.5010 
1154.9706 
1211.5007 
1257.0444 

0.0008 
0.0007 
0.0007 
0.0008 
0.0008 
0.0008 
0.0008 
0.0007 
0.0008 
0.0008 
0.0008 
0.0008 

0.0009 
0.0009 
0.0009 
0.0009 
0.0009 
0.0009 
0.0009 
0.0009 
0.0009 
0.0009 
0.0009 
0.0009 

"~*L -,:t';t 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 

-0.0009 
-0.0010 
-0.0011 
-0.0013 
-0.0016 
-0.0020 
-0.0023 
-0.0024 
-0.0025 
-0.0027 
-0.0028 
-0.0030 

-0.0009 
-0.0010 
-0.0011 
-0.0013 
-0.0016 
-0.0020 
-0.0023 
-0.0024 
-0.0025 
-0.0027 
-0.0028 
-0.0030 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 
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0.0078 
0.0071 
0.0065 
0.0060 
0.0052 
0.0043 
0.0039 
0.0037 
0.0035 
0.0034 
0.0032 
0.0031 

0.0078 
0.0071 
0.0065 
0.0060 
0.0052 
0.0043 
0.0039 
0.0037 
0.0036 
0.0034 
0.0032 
0.0031 



1.8051 
1.8061 
1.8054 
1.8043 
1.8049 
1.8053 
1.8053 
1.8062 
1.8057 
1.8064 
1.8051 
1.8046 

v 
(mts:; 

2.1082 
2.1078 
2.1093 
2.1056 
2.1084 
2.1095 
2.1082 
2.1098 
2.1103 
2.1101 
2.1091 
2.1086 

Uncertainty Analysis (Rotational Speed) 
Load Varying Self-Propulsion Test (Prop.+ Duct fitted on) 

503.4015 
550.5344 
601.7534 
655.6402 
756.7032 
903.5768 

1007.3473 
1051.7675 
1105.5646 
1151.0459 
1199.5015 
1261.8668 

500.4856 
552.4532 
604.4664 
651.4342 
754.9317 
901.1852 
1002.9008 
1053.7204 
1101.8507 
1153.6637 
1210.1050 
1258.3035 

0.0010 
0.0011 
0.0011 
0.0011 
0.0011 
0.0011 
0.0010 
0.0011 
0.0011 
0.0011 
0.0011 
0.0011 

0.0012 
0.0012 
0.0013 
0.0013 
0.0012 
0.0012 
0.0012 
0.0012 
0.0013 
0.0013 
0.0013 
0.0013 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 

;~IJ,ant;: , ' 
>-)·;;, . ·.·;;; / ,, . :; : -~~ 0 

-0.0009 
-0.0010 
-0.0011 
-0.0013 
-0.0016 
-0.0020 
-0.0023 
-0.0024 
-0.0025 
-0.0027 
-0.0028 
-0.0030 

-0.0009 
-0.0010 
-0.0011 
-0.0013 
-0.0016 
-0.0020 
-0.0023 
-0.0024 
-0.0025 
-0.0027 
-0.0028 
-0.0030 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 
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0.0078 
0.0071 
0.0065 
0.0060 
0.0052 
0.0043 
0.0039 
0.0037 
0.0035 
0.0034 
0.0033 
0.0031 

0.0078 
0.0071 
0.0065 
0.0060 
0.0052 
0.0043 
0.0039 
0.0037 
0.0036 
0.0034 
0.0032 
0.0031 



Uncertainty Analysis (Rotational Speed) 
Load Varying Self-Propulsion Test (Prop.+ Duct fitted on) 

2.3113 
2.3012 
2.3106 
2.3087 
2.3127 
2.3075 
2.3104 
2.3089 
2.3716 
2.3101 
2.3079 
2.3092 

506.5541 
554.4124 
602.4889 
653.7372 
751.5777 
907.7627 
1009.7375 
1055.8389 
1105.4558 
1156.8492 
1207.4927 
1255.9025 

¥/ ';,,/:~,,· n 
{ mit } . f )Jftpm }·~ 

2.5094 
2.5104 
2.5067 
2.5107 
2.5093 
2.5099 
2.5126 
2.5100 
2.5104 
2.5101 
2.5109 
2.5096 

504.8586 
552.4243 
604.5795 
653.2312 
753.2477 
906.0469 
1002.7932 
1052.4234 
1106.7229 
1152.3582 
1204.5756 
1256.7444 

0.0013 
0.0014 
0.0013 
0.0014 
0.0013 
0.0014 
0.0014 
0.0014 
0.0014 
0.0014 
0.0014 
0.0014 

0.0015 
0.0015 
0.0015 
0.0015 
0.0015 
0.0015 
0.0015 
0.0015 
0.0015 
0.0016 
0.0015 
0.0016 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 

-0.0009 
-0.0010 
-0.0011 
-0.0013 
-0.0016 
-0.0020 
-0.0023 
-0.0024 
-0.0025 
-0.0027 
-0.0028 
-0.0030 

-0.0009 
-0.0010 
-0.0011 
-0.0013 
-0.0016 
-0.0020 
-0.0023 
-0.0024 
-0.0025 
-0.0027 
-0.0028 
-0.0030 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 

856 

0.0077 
0.0071 
0.0065 
0.0060 
0.0052 
0.0043 
0.0039 
0.0037 
0.0035 
0.0034 
0.0032 
0.0031 

0.0077 
0.0071 
0.0065 
0.0060 
0.0052 
0.0043 
0.0039 
0.0037 
0.0035 
0.0034 
0.0033 
0.0031 



V Vehicle Velocity (m/s) 
D Diameter of Carriage Wheel (m) 

Load Varying Self-Propulsion Test (Prop. + Duct fitted on) 
Uncertainty Analysis (Velocity) 

C Number of Counted Pulses in Time dt 
dt Time (s) 

S.D Standard Deviation 
Pv Precision Error for V 

Be Bias Error for C 

Bo Bias Error for D 

Bdt Bias Error for dt 

Bv Bias Error for V 

Uv Total Error for V 

% Unc. Percentage Uncertainty for V 

Pv=2xS.D 

Bv = ( ( fN I oC Be )2 + ( OV I oD 80 )2 + ( oV I odt Bdt )2 ) 112 

Uv = ( B/ + P/ ) 112 

% Unc. = ( Uv IV ) x 100 
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Uncertain~ Anal:l£sis (Velocity) 
Load Varying Self- Propulsion Test (Prop. +Duct fitted on) 

,••'c Jft fv 
"-~~~ 

'- ·.:, ~'-

0.8002 0.0004 0.0035 0.0001 -0.00005 0.0035 0.0035 0.4421 
0.8004 0.0003 0.0035 0.0001 -0.00005 0.0035 0.0035 0.4417 
0.8012 0.0004 0.0035 0.0001 -0.00005 0.0035 0.0035 0.4426 
0.8018 0.0004 0.0035 0.0001 -0.00005 0.0035 0.0035 0.4415 
0.8002 0.0004 0.0035 0.0001 -0.00005 0.0035 0.0035 0.4429 
0.8002 0.0004 0.0035 0.0001 -0.00005 0.0035 0.0035 0.4421 
0.8003 0.0004 0.0035 0.0001 -0.00005 0.0035 0.0035 0.4420 
0.8005 0.0004 0.0035 0.0001 -0.00005 0.0035 0.0035 0.4422 
0.8014 0.0004 0.0035 0.0001 -0.00005 0.0035 0.0035 0.4419 
0.8002 0.0004 0.0035 0.0001 -0.00005 0.0035 0.0035 0.4432 
0.8008 0.0004 0.0035 0.0001 -0.00005 0.0035 0.0035 0.4426 
0.8006 0.0004 0.0035 0.0001 -0.00005 0.0035 0.0035 0.4424 

·v Pj ~· 
,,,v 

~:;Ifo '~~~~:{; . >.•,.··tiv·· %l~Qi· . 0: .·.: : ·~ 
".!,a, .• : .• , ·ji·;· ... 
"~ ;; ~>· ' > :~: '::,!· '< 

"'~ '·". 

1.1006 0.0005 0.0035 0.0003 -0.00009 0.0035 0.0036 0.3237 
1.1022 0.0005 0.0035 0.0003 -0.00009 0.0035 0.0036 0.3230 
1.1031 0.0006 0.0035 0.0003 -0.00009 0.0035 0.0036 0.3238 
1.1032 0.0005 0.0035 0.0003 -0.00009 0.0035 0.0036 0.3232 
1.1005 0.0005 0.0035 0.0003 -0.00009 0.0035 0.0036 0.3242 
1.1026 0.0005 0.0035 0.0003 -0.00009 0.0035 0.0036 0.3231 
1.1014 0.0005 0.0035 0.0003 -0.00009 0.0035 0.0036 0.3240 
1.1017 0.0005 0.0035 0.0003 -0.00009 0.0035 0.0036 0.3231 
1.1013 0.0005 0.0035 0.0003 -0.00009 0.0035 0.0036 0.3240 
1.1020 0.0005 0.0035 0.0003 -0.00009 0.0035 0.0036 0.3235 
1.1015 0.0005 0.0035 0.0003 -0.00009 0.0035 0.0036 0.3239 
1.1011 0.0006 0.0035 0.0003 -0.00009 0.0035 0.0036 0.3243 
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Uncertainty Analysis (Velocity) 
Load Varying Self- Propulsion Test (Prop. +Duct fitted on) 

1.3033 0.0006 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2751 
1.3116 0.0006 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2739 
1.3018 0.0007 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2765 
1.3022 0.0006 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2756 
1.3025 0.0007 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2761 
1.3028 0.0006 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2758 
1.3020 0.0007 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2765 
1.3014 0.0007 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2766 
1.3116 0.0006 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2734 
1.3007 0.0007 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2765 
1.3006 0.0006 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2760 
1.3020 0.0007 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2768 

}!¥~~:~.,? ;- ~· .. \~ J~~~ . PciiJ5fJ I:So ~-0~~:1 • .. , .. lyl&tt} . 
.~(:jyj~) ,~!· 

,. {; ,;· .,, 
'. ', ~ ~, {:··; 

1.6030 0.0007 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2255 
1.6053 0.0008 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2262 
1.6045 0.0007 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2261 
1.6063 0.0008 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2261 
1.6063 0.0008 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2264 
1.6059 0.0007 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2254 
1.6056 0.0007 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2259 
1.6063 0.0007 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2256 
1.6059 0.0007 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2256 
1.6050 0.0007 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2260 
1.6054 0.0008 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2262 
1.6019 0.0008 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2272 
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Uncertainty Analysis (Velocity) 
Load Varying Self- Propulsion Test (Prop.+ Duct fitted on) 

:,~ I! • _~if<''';~~ 
,, ~'~',v '~~~~,,' 't'<:- o>kl':', 

1.8051 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2039 
1.8061 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2041 
1.8054 0.0008 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2028 
1.8043 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2037 
1.8049 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2034 
1.8053 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2042 
1.8053 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2031 
1.8062 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2035 
1.8057 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2039 
1.8064 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2041 
1.8051 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2039 
1.8046 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2037 

v 
,,,,. 

file, tilfe. i'·'*~nl' ' ,,y .. 
(lll/s')~ 

, t'L ~ /·"· ~;;_, : ;~, 

&:" '1.'c' 

2.1082 0.0010 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1772 
2.1078 0.0010 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1767 
2.1093 0.0011 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1776 
2.1056 0.0011 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1777 
2.1084 0.0010 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1772 
2.1095 0.0011 0.0035 0.0007 -0.00023 0.0036 0.0038 0.1779 
2.1082 0.0011 0.0035 0.0007 -0.00023 0.0036 0.0038 0.1783 
2.1098 0.0010 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1771 
2.1103 0.0011 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1773 
2.1101 0.0011 0.0035 0.0007 -0.00023 0.0036 0.0038 0.1779 
2.1091 0.0011 0.0035 0.0007 -0.00023 0.0036 0.0038 0.1782 

-2.1086 0.0011 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1774 
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Uncertainty Analysis (Velocity) 
Load Varying Self- Propulsion Test ( Prop. + Duct fitted on ) 

·.:rtrrl~t 
2.3113 0.0011 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1629 
2.3012 0.0012 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1657 
2.3106 0.0012 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1648 
2.3087 0.0012 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1643 
2.3127 0.0011 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1635 
2.3075 0.0013 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1655 
2.3104 0.0012 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1640 
2.3089 0.0013 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1657 
2.3716 0.0013 0.0035 0.0008 -0.00027 0.0036 0.0038 0.1613 
2.3101 0.0012 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1648 
2.3079 0.0013 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1661 
2.3092 0.0013 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1654 

:t~,l~ Pi ·Bl~~ .0 f/11/fJfl JiF:ffflldt''" . ?c .~'J "ilo/J.Uli~ 
/ ' ',, ~ ,:. ~.-;· 

<:< :v, 

2.5094 0.0013 0.0035 0.0008 -0.00029 0.0036 0.0039 0.1541 
2.5104 0.0013 0.0035 0.0008 -0.00029 0.0036 0.0038 0.1529 
2.5067 0.0014 0.0035 0.0008 -0.00029 0.0036 0.0039 0.1545 
2.5107 0.0013 0.0035 0.0008 -0.00029 0.0036 0.0039 0.1534 
2.5093 0.0014 0.0035 0.0008 -0.00029 0.0036 0.0039 0.1546 
2.5099 0.0013 0.0035 0.0008 -0.00029 0.0036 0.0039 0.1535 
2.5126 0.0013 0.0035 0.0008 -0.00029 0.0036 0.0039 0.1536 
2.5100 0.0013 0.0035 0.0008 -0.00029 0.0036 0.0039 0.1540 
2.5104 0.0013 0.0035 0.0008 -0.00029 0.0036 0.0039 0.1537 
2.5101 0.0014 0.0035 0.0008 -0.00029 0.0036 0.0039 0.1543 
2.5109 0.0014 0.0035 0.0008 -0.00029 0.0036 0.0039 0.1545 
2.5096 0.0013 0.0035 0.0008 -0.00029 0.0036 0.0039 0.1540 
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v 
Q 
F 
R 

Pa 
S.D 

S.E.E 
AD 

BF 

BR 

B1 

B2 

B3 

Ba 

Ua 

% Unc. 

Vehicle Velocity (mls) 
Propeller Torque (N-m) 
Calibrating Weight (N) 
Lever Arm (m) 
Precision Error for Q 

Standard Deviation 
Standard Error Estimate 
Analog to Digital Converter 
Bias Error for F 

Bias Error for R 

Bias Error due to Calibration 

Bias Error due to Data Acquisition 

Bias Error due to Data Reduction 

Bias Error for Q 

Total Error for Q 

Percentage Uncertainty for Q 

Load Varying Self-Propulsion Test (Prop. + Duct fitted on) 
Uncertainty Analysis (Torque) 

P0 = 2x S.D 

B1 = ( ( oa 1 oF BF) 2 +( oa 1 oR BR) 2 )112 

B2 = 2 X S.E.E 

B3 = (AD error X AD range ) I (AD accuracy) 

Ba=(B/+B22+ B32)1t2 

Ua = ( Ba2 + Pa2 )1/2 

% U nc. = ( U0 I Q ) x 1 00 
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Uncertain~ Anall£sis (Torque) 
Load Varying Self-Propulsion Test (Prop. + Duct fitted on) 

.·· ·~· .. . · . .,i.IUJDCi· 
' '~ • : • ~·~~?,~,v < 

0.8002 0.3364 0.0008 0.0000 0.0003 0.0003 0.0076 0.0007 0.0076 0.0077 2.2836 
0.8004 0.4972 0.0008 0.0000 0.0004 0.0004 0.0076 0.0007 0.0076 0.0077 1.5463 
0.8012 0.6260 0.0008 0.0000 0.0005 0.0005 0.0076 0.0007 0.0077 0.0077 1.2293 
0.8018 0.8160 0.0008 0.0000 0.0007 0.0007 0.0076 0.0007 0.0077 0.0077 0.9447 
0.8002 1.2582 0.0008 0.0001 0.0010 0.0010 0.0076 0.0007 0.0077 0.0077 0.6156 
0.8002 1.9967 0.0009 0.0001 0.0016 0.0016 0.0076 0.0007 0.0078 0.0078 0.3930 
0.8003 2.5232 0.0009 0.0001 0.0020 0.0020 0.0076 0.0007 0.0079 0.0079 0.3149 
0.8005 2.8657 0.0009 0.0001 0.0023 0.0023 0.0076 0.0007 0.0080 0.0080 0.2800 
0.8014 3.1813 0.0009 0.0002 0.0025 0.0026 0.0076 0.0007 0.0080 0.0081 0.2546 
0.8002 3.5448 0.0009 0.0002 0.0028 0.0028 0.0076 0.0007 0.0081 0.0082 0.2313 
0.8008 3.9061 0.0009 0.0002 0.0031 0.0031 0.0076 0.0007 0.0083 0.0083 0.2126 
0.8006 4.2519 0.0009 0.0002 0.0034 0.0034 0.0076 0.0007 0.0084 0.0084 0.1979 

j~ .. , . PQ B,:BQ/Ofi B'"<BQIM~· .• J ·~· ·a •r>: ]·I~ • 1% ••. . ' .. a ...... : .. .. ~ 
{·~l'l~) 

i .. 

1.1006 0.3193 0.0009 0.0000 0.0003 0.0003 0.0076 0.0007 0.0076 0.0077 2.4103 
1.1022 0.4722 0.0010 0.0000 0.0004 0.0004 0.0076 0.0007 0.0076 0.0077 1.6312 
1.1031 0.6209 0.0010 0.0000 0.0005 0.0005 0.0076 0.0007 0.0077 0.0077 1.2420 
1.1032 0.8161 0.0010 0.0000 0.0007 0.0007 0.0076 0.0007 0.0077 0.0077 0.9466 
1.1005 1.2195 0.0010 0.0001 0.0010 0.0010 0.0076 0.0007 0.0077 0.0078 0.6364 
1.1026 1.9412 0.0010 0.0001 0.0016 0.0016 0.0076 0.0007 0.0078 0.0079 0.4047 
1.1014 2.4885 0.0010 0.0001 0.0020 0.0020 0.0076 0.0007 0.0079 0.0080 0.3198 
1.1017 2.7980 0.0010 0.0001 0.0022 0.0022 0.0076 0.0007 0.0080 0.0080 0.2868 
1.1013 3.1236 0.0010 0.0002 0.0025 0.0025 0.0076 0.0007 0.0080 0.0081 0.2594 
1.1020 3.4722 0.0011 0.0002 0.0028 0.0028 0.0076 0.0007 0.0081 0.0082 0.2360 
1.1015 3.8531 0.0011 0.0002 0.0031 0.0031 0.0076 0.0007 0.0082 0.0083 0.2155 
1.1011 4.2369 0.0011 0.0002 0.0034 0.0034 0.0076 0.0007 0.0084 0.0084 0.1988 
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1.3033 
1.3116 
1.3018 
1.3022 
1.3025 
1.3028 
1.3020 
1.3014 
1.3116 
1.3007 
1.3006 
1.3020 

1.6030 
1.6053 
1.6045 
1.6063 
1.6063 
1.6059 
1.6056 
1.6063 
1.6059 
1.6050 
1.6054 
1.6019 

0.2851 
0.4280 
0.5866 
0.7812 
1.1578 
1.9016 
2.4451 
2.6985 
3.0711 
3.4310 
3.7775 
4.1836 

Qf~: 

t'N.,m> 
0.2466 
0.3896 
0.5547 
0.7494 
1.1132 
1.8053 
2.4295 
2.6763 
3.0303 
3.3480 
3.7189 
4.0895 

0.0010 
0.0011 
0.0011 
0.0012 
0.0012 
0.0012 
0.0012 
0.0012 
0.0013 
0.0013 
0.0013 
0.0013 

.PcJl/:. 

0.0011 
0.0013 
0.0013 
0.0013 
0.0013 
0.0013 
0.0014 
0.0014 
0.0014 
0.0014 
0.0014 
0.0014 

Uncertainty Analysis (Torque) 
Load Varying Self-Propulsion Test (Prop.+ Duct fitted on) 

0.0000 
0.0000 
0.0000 
0.0000 
0.0001 
0.0001 
0.0001 
0.0001 
0.0002 
0.0002 
0.0002 
0.0002 

0.0000 
0.0000 
0.0000 
0.0000 
0.0001 
0.0001 
0.0001 
0.0001 
0.0002 
0.0002 
0.0002 
0.0002 

0.0002 
0.0003 
0.0005 
0.0006 
0.0009 
0.0015 
0.0020 
0.0022 
0.0025 
0.0027 
0.0030 
0.0033 

0.0002 
0.0003 
0.0004 
0.0006 
0.0009 
0.0014 
0.0019 
0.0021 
0.0024 
0.0027 
0.0030 
0.0033 

0.0002 
0.0003 
0.0005 
0.0006 
0.0009 
0.0015 
0.0020 
0.0022 
0.0025 
0.0028 
0.0030 
0.0034 

0.0002 
0.0003 
0.0004 
0.0006 
0.0009 
0.0014 
0.0019 
0.0021 
0.0024 
0.0027 
0.0030 
0.0033 

864 

0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 

0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 

0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 

0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 

0.0076 
0.0076 
0.0076 
0.0077 
0.0077 
0.0078 
0.0079 
0.0079 
0.0080 
0.0081 
0.0082 
0.0083 

0.0076 
0.0076 
0.0076 
0.0077 
0.0077 
0.0078 
0.0079 
0.0079 
0.0080 
0.0081 
0.0082 
0.0083 

0.0077 
0.0077 
0.0077 
0.0078 
0.0078 
0.0079 
0.0080 
0.0080 
0.0081 
0.0082 
0.0083 
0.0084 

0.0077 
0.0078 
0.0078 
0.0078 
0.0078 
0.0079 
0.0080 
0.0080 
0.0081 
0.0082 
0.0083 
0.0084 

·~~~: u~.:~.~.;·:·····. 
''~,y::c ' ~': 

2.7024 
1.8030 
1.3173 
0.9926 
0.6725 
0.4145 
0.3262 
0.2976 
0.2644 
0.2394 
0.2201 
0.2017 

3.1292 
1.9894 
1.3990 
1.0372 
0.7008 
0.4368 
0.3290 
0.3006 
0.2682 
0.2452 
0.2235 
0.2060 



1.8051 
1.8061 
1.8054 
1.8043 
1.8049 
1.8053 
1.8053 
1.8062 
1.8057 
1.8064 
1.8051 
1.8046 

2.1082 
2.1078 
2.1093 
2.1056 
2.1084 
2.1095 
2.1082 
2.1098 
2.1103 
2.1101 
2.1091 
2.1086 

0.2345 
0.3599 
0.4952 
0.7021 
1.1097 
1.7817 
2.3494 
2.6355 
2.9403 
3.2937 
3.6086 
4.0584 

0.1922 
0.3309 
0.4607 
0.6493 
1.0051 
1.6707 
2.2317 
2.5445 
2.8646 
3.1899 
3.5803 
3.9869 

0.0012 
0.0014 
0.0014 
0.0015 
0.0015 
0.0015 
0.0015 
0.0015 
0.0015 
0.0015 
0.0015 
0.0015 

0.0011 
0.0016 
0.0016 
0.0016 
0.0016 
0.0016 
0.0016 
0.0016 
0.0017 
0.0017 
0.0017 
0.0017 

Uncertainty Analysis (Torque) 
Load Varying Self-Propulsion Test (Prop. +Duct fitted on) 

0.0000 
0.0000 
0.0000 
0.0000 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0002 
0.0002 
0.0002 

0.0000 
0.0000 
0.0000 
0.0000 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0002 
0.0002 
0.0002 

0.0002 
0.0003 
0.0004 
0.0006 
0.0009 
0.0014 
0.0019 
0.0021 
0.0024 
0.0026 
0.0029 
0.0032 

, .. Wl 

0.0002 
0.0003 
0.0004 
0.0005 
0.0008 
0.0013 
0.0018 
0.0020 
0.0023 
0.0026 
0.0029 
0.0032 

0.0002 
0.0003 
0.0004 
0.0006 
0.0009 
0.0014 
0.0019 
0.0021 
0.0024 
0.0026 
0.0029 
0.0033 

0.0002 
0.0003 
0.0004 
0.0005 
0.0008 
0.0013 
0.0018 
0.0020 
0.0023 
0.0026 
0.0029 
0.0032 
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0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 

0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 
0.0076 

0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 

0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 

0.0076 
0.0076 
0.0076 
0.0077 
0.0077 
0.0078 
0.0079 
0.0079 
0.0080 
0.0081 
0.0082 
0.0083 

0.0076 
0.0076 
0.0076 
0.0077 
0.0077 
0.0078 
0.0078 
0.0079 
0.0080 
0.0081 
0.0082 
0.0083 

0.0077 
0.0078 
0.0078 
0.0078 
0.0078 
0.0079 
0.0080 
0.0081 
0.0081 
0.0082 
0.0083 
0.0084 

0.0077 
0.0078 
0.0078 
0.0078 
0.0078 
0.0079 
0.0080 
0.0081 
0.0081 
0.0082 
0.0083 
0.0084 

3.2962 
2.1588 
1.5708 
1.1098 
0.7050 
0.4438 
0.3405 
0.3058 
0.2764 
0.2494 
0.2301 
0.2079 

4.0146 
2.3571 
1.6933 
1.2038 
0.7803 
0.4738 
0.3588 
0.3171 
0.2842 
0.2578 
0.2326 
0.2119 



Uncertain~ Anal)lsis (Torque) 
Load Varying Self-Propulsion Test (Prop.+ Duct fitted on) 

·~:'t:~l'~· tlj' ... G 
(. 

/\CCC> .. 
:i'c 

2.3113 0.1820 0.0010 0.0000 0.0001 0.0001 0.0076 0.0007 0.0076 0.0077 4.2314 
2.3012 0.3087 0.0017 0.0000 0.0002 0.0002 0.0076 0.0007 0.0076 0.0078 2.5367 
2.3106 0.4268 0.0017 0.0000 0.0003 0.0003 0.0076 0.0007 0.0076 0.0078 1.8360 
2.3087 0.6197 0.0017 0.0000 0.0005 0.0005 0.0076 0.0007 0.0077 0.0078 1.2655 
2.3127 0.9597 0.0018 0.0000 0.0008 0.0008 0.0076 0.0007 0.0077 0.0079 0.8201 
2.3075 1.6567 0.0018 0.0001 0.0013 0.0013 0.0076 0.0007 0.0077 0.0079 0.4797 
2.3104 2.2082 0.0018 0.0001 0.0018 0.0018 0.0076 0.0007 0.0078 0.0080 0.3639 
2.3089 2.5040 0.0018 0.0001 0.0020 0.0020 0.0076 0.0007 0.0079 0.0081 0.3232 
2.3716 2.7615 0.0018 0.0001 0.0022 0.0022 0.0076 0.0007 0.0079 0.0081 0.2951 
2.3101 3.1357 0.0018 0.0002 0.0025 0.0025 0.0076 0.0007 0.0080 0.0082 0.2628 
2.3079 3.4799 0.0018 0.0002 0.0028 0.0028 0.0076 0.0007 0.0081 0.0083 0.2395 
2.3092 3.8185 0.0019 0.0002 0.0031 0.0031 0.0076 0.0007 0.0082 0.0084 0.2208 

,·) ,;~·~;,y:., ' . ' ,f;;tr; B~QIBF ••••• . . f3$: a 
• 

~\ < • ,v•'; ' : " 
.. ,f. "~ .Q 

.• •''(lfllSi) <··ft!G·) ;;;.'i ~'> ' ,, 
c ~,, ' 

'>J<, 

2.5094 0.1628 0.0011 0.0000 0.0001 0.0001 0.0076 0.0007 0.0076 0.0077 4.7396 
2.5104 0.2813 0.0018 0.0000 0.0002 0.0002 0.0076 0.0007 0.0076 0.0078 2.7899 
2.5067 0.4035 0.0019 0.0000 0.0003 0.0003 0.0076 0.0007 0.0076 0.0079 1.9517 
2.5107 0.5696 0.0019 0.0000 0.0005 0.0005 0.0076 0.0007 0.0076 0.0079 1.3846 
2.5093 0.9274 0.0019 0.0000 0.0007 0.0007 0.0076 0.0007 0.0077 0.0079 0.8530 
2.5099 1.6051 0.0019 0.0001 0.0013 0.0013 0.0076 0.0007 0.0077 0.0080 0.4973 
2.5126 2.1197 0.0020 0.0001 0.0017 0.0017 0.0076 0.0007 0.0078 0.0081 0.3803 
2.5100 2.4384 0.0020 0.0001 0.0020 0.0020 0.0076 0.0007 0.0079 0.0081 0.3331 
2.5104 2.7268 0.0020 0.0001 0.0022 0.0022 0.0076 0.0007 0.0079 0.0082 0.3002 
2.5101 3.0710 0.0020 0.0002 0.0025 0.0025 0.0076 0.0007 0.0080 0.0083 0.2690 
2.5109 3.4002 0.0020 0.0002 0.0027 0.0027 0.0076 0.0007 0.0081 0.0083 0.2455 
2.5096 3.7705 0.0020 0.0002 0.0030 0.0030 0.0076 0.0007 0.0082 0.0085 0.2243 
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v 
Tt 

PT 
S.D 

S.E.E 
AD 

B1 

B2 

B3 

BT 

UT 

%Unc. 

Vehicle Velocity (mls) 
Total Thrust (N) 

Precision Error for T1 

Standard Deviation 
Standard Error Estimate 
Analog to Digital Converter 
Bias Error due to Calibration 

Bias Error due to Data Acquisition 

Bias Error due to Data Reduction 

Bias Error for T1 

Total Error for T1 

Percentage Uncertainty for T1 

Load Varying Self-Propulsion Test (Prop. + Duct fitted on) 
Uncertainty Analysis (Total Thrust) 

B1 = 0.00005 X Tt 

B2 = 2 x S.E.E 

B3 = ( ADerror X ADrange ) I ( ADaccuracy ) 

BT=(B12+B/+ B32 )112 

UT = ( B/ + P/ ) 112 

% Unc. = ( UTI T1 ) x 100 
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Uncertaintv Anal~sis (Total Thrust) 
Load Varying Self-Propulsion Test (Prop.+ Duct fitted on) 

:,'si?: 

~"·· 
'/)/', 
f%'' 
<~4"'" 

0.8002 7.6425 0.0090 0.0004 0.2487 0.0182 0.2494 0.2495 3.2648 
0.8004 14.1975 0.0092 0.0007 0.2487 0.0182 0.2494 0.2495 1.7575 
0.8012 19.7185 0.0091 0.0010 0.2487 0.0182 0.2494 0.2495 1.2654 
0.8018 26.1852 0.0094 0.0013 0.2487 0.0182 0.2494 0.2495 0.9529 
0.8002 43.2349 0.0095 0.0022 0.2487 0.0182 0.2494 0.2495 0.5772 
0.8002 78.0332 0.0097 0.0039 0.2487 0.0182 0.2494 0.2496 0.3198 
0.8003 106.5934 0.0098 0.0053 0.2487 0.0182 0.2494 0.2496 0.2342 
0.8005 121.3940 0.0098 0.0061 0.2487 0.0182 0.2494 0.2496 0.2056 
0.8014 137.7978 0.0099 0.0069 0.2487 0.0182 0.2494 0.2496 0.1812 
0.8002 154.0467 0.0100 0.0077 0.2487 0.0182 0.2495 0.2497 0.1621 
0.8008 175.1871 0.0102 0.0088 0.2487 0.0182 0.2495 0.2497 0.1425 
0.8006 191.4733 0.0104 0.0096 0.2487 0.0182 0.2495 0.2498 0.1304 

¥ ~~~~. . p,_:. ;l{ril,~~~/ I'* <~t .·.u,;· .i2cc~· 

''·>~'·- ·:-=ttc~ 
(-.. 

1.1006 6.1254 0.0100 0.0003 0.2487 0.0182 0.2494 0.2496 4.0741 
1.1022 11.5778 0.0108 0.0006 0.2487 0.0182 0.2494 0.2496 2.1557 
1.1031 17.6112 0.0110 0.0009 0.2487 0.0182 0.2494 0.2496 1.4172 
1.1032 26.6374 0.0112 0.0013 0.2487 0.0182 0.2494 0.2496 0.9370 
1.1005 43.0749 0.0115 0.0022 0.2487 0.0182 0.2494 0.2496 0.5795 
1.1026 78.2263 0.0117 0.0039 0.2487 0.0182 0.2494 0.2497 0.3191 
1.1014 103.9908 0.0116 0.0052 0.2487 0.0182 0.2494 0.2497 0.2401 
1.1017 120.2376 0.0119 0.0060 0.2487 0.0182 0.2494 0.2497 0.2077 
1.1013 137.1587 0.0121 0.0069 0.2487 0.0182 0.2494 0.2497 0.1821 
1.1020 154.0702 0.0124 0.0077 0.2487 0.0182 0.2495 0.2498 0.1621 
1.1015 172.0909 0.0124 0.0086 0.2487 0.0182 0.2495 0.2498 0.1452 
1.1011 188.8362 0.0125 0.0094 0.2487 0.0182 0.2495 0.2498 0.1323 
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Uncertainty Analysis (Total Thrust) 
Load Varying Self-Propulsion Test (Prop. + Duct fitted on) 

1.3033 -2.4715 0.0128 -0.0001 0.2487 0.0182 0.2494 0.2497 -10.1023 
1.3116 3.2712 0.0130 0.0002 0.2487 0.0182 0.2494 0.2497 7.6328 
1.3018 7.6691 0.0133 0.0004 0.2487 0.0182 0.2494 0.2497 3.2560 
1.3022 18.6342 0.0134 0.0009 0.2487 0.0182 0.2494 0.2497 1.3401 
1.3025 32.8566 0.0134 0.0016 0.2487 0.0182 0.2494 0.2497 0.7600 
1.3028 70.4953 0.0135 0.0035 0.2487 0.0182 0.2494 0.2497 0.3543 
1.3020 99.0206 0.0138 0.0050 0.2487 0.0182 0.2494 0.2498 0.2523 
1.3014 113.7191 0.0137 0.0057 0.2487 0.0182 0.2494 0.2498 0.2197 
1.3116 130.8195 0.0138 0.0065 0.2487 0.0182 0.2494 0.2498 0.1910 
1.3007 150.4082 0.0139 0.0075 0.2487 0.0182 0.2495 0.2499 0.1661 
1.3006 166.7611 0.0142 0.0083 0.2487 0.0182 0.2495 0.2499 0.1499 
1.3020 183.7284 0.0143 0.0092 0.2487 0.0182 0.2495 0.2499 0.1360 

~~~;'"= . 'ft(··' Py'. '"j' rB4 .. Eif'rifi:· ·· "ii''':J;~un~1·, 
(N.:y '~' ,·";' ~ -,, 

,, > ·~~ ·.- ~'f 

1.6030 -7.0565 0.0140 -0.0004 0.2487 0.0182 0.2494 0.2497 -3.5392 
1.6053 -2.6691 0.0135 -0.0001 0.2487 0.0182 0.2494 0.2497 -9.3558 
1.6045 3.2865 0.0138 0.0002 0.2487 0.0182 0.2494 0.2497 7.5988 
1.6063 11.6498 0.0145 0.0006 0.2487 0.0182 0.2494 0.2498 2.1440 
1.6063 28.1917 0.0147 0.0014 0.2487 0.0182 0.2494 0.2498 0.8860 
1.6059 64.0440 0.0148 0.0032 0.2487 0.0182 0.2494 0.2498 0.3901 
1.6056 91.9317 0.0149 0.0046 0.2487 0.0182 0.2494 0.2498 0.2718 
1.6063 110.3025 0.0152 0.0055 0.2487 0.0182 0.2494 0.2499 0.2265 
1.6059 126.9004 0.0153 0.0063 0.2487 0.0182 0.2494 0.2499 0.1969 
1.6050 143.2220 0.0155 0.0072 0.2487 0.0182 0.2495 0.2499 0.1745 
1.6054 162.3490 0.0158 0.0081 0.2487 0.0182 0.2495 0.2500 0.1540 
1.6019 180.1017 0.0160 0.0090 0.2487 0.0182 0.2495 0.2500 0.1388 
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1.8051 
1.8061 
1.8054 
1.8043 
1.8049 
1.8053 
1.8053 
1.8062 
1.8057 
1.8064 
1.8051 
1.8046 

2.1082 
2.1078 
2.1093 
2.1056 
2.1084 
2.1095 
2.1082 
2.1098 
2.1103 
2.1101 
2.1091 
2.1086 

-12.0461 
-7.9307 
-2.0996 
8.3160 
24.0023 
56.0137 
82.5484 
100.6055 
118.5649 
135.0686 
154.5146 
175.6173 

.... ;. ·. 
(!If) 

-15.0436 
-8.6422 
-2.1310 
5.3703 

20.7011 
53.4900 
79.1802 
94.0054 
111.6413 
128.0193 
147.2988 
167.6550 

Uncertainty Analysis (Total Thrust) 
Load Varying Self-Propulsion Test (Prop.+ Duct fitted on) 

-;~· <' 

WAd'"'r::;,;L• ~ j\~ 

0.0170 
0.0168 
0.0163 
0.0170 
0.0172 
0.0173 
0.0172 
0.0174 
0.0175 
0.0175 
0.0177 
0.0178 

0.0192 
0.0190 
0.0184 
0.0189 
0.0191 
0.0192 
0.0192 
0.0193 
0.0194 
0.0196 
0.0199 
0.0203 

-0.0006 
-0.0004 
-0.0001 
0.0004 
0.0012 
0.0028 
0.0041 
0.0050 
0.0059 
0.0068 
0.0077 
0.0088 

-0.0008 
-0.0004 
-0.0001 
0.0003 
0.0010 
0.0027 
0.0040 
0.0047 
0.0056 
0.0064 
0.0074 
0.0084 

0.2487 
0.2487 
0.2487 
0.2487 
0.2487 
0.2487 
0.2487 
0.2487 
0.2487 
0.2487 
0.2487 
0.2487 

0.2487 
0.2487 
0.2487 
0.2487 
0.2487 
0.2487 
0.2487 
0.2487 
0.2487 
0.2487 
0.2487 
0.2487 

0.0182 
0.0182 
0.0182 
0.0182 
0.0182 
0.0182 
0.0182 
0.0182 
0.0182 
0.0182 
0.0182 
0.0182 

0.0182 
0.0182 
0.0182 
0.0182 
0.0182 
0.0182 
0.0182 
0.0182 
0.0182 
0.0182 
0.0182 
0.0182 
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0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2495 
0.2495 

0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2495 
0.2495 

0.2499 
0.2499 
0.2499 
0.2499 
0.2499 
0.2500 
0.2500 
0.2500 
0.2500 
0.2501 
0.2501 
0.2501 

0.2501 
0.2501 
0.2500 
0.2501 
0.2501 
0.2501 
0.2501 
0.2501 
0.2502 
0.2502 
0.2503 
0.2503 

J:'%J1fl 
9 .v, ) 

-2.0748 
-3.1512 

-11.9017 
3.0054 
1.0413 
0.4463 
0.3028 
0.2485 
0.2109 
0.1851 
0.1619 
0.1424 

-1.6624 
-2.8936 

-11.7327 
4.6565 
1.2081 
0.4676 
0.3159 
0.2661 
0.2241 
0.1954 
0.1699 
0.1493 



Uncertainty Anal~sis (Total Thrust) 
Load Varying Self-Propulsion Test (Prop.+ Duct fitted on) 

of.· Uj~j~ s;,t. 

fJi) ~;{. 'J< 
~j' 

2.3113 -19.3516 0.0218 -0.0010 0.2487 0.0182 0.2494 0.2503 -1.2934 
2.3012 -15.8623 0.0217 -0.0008 0.2487 0.0182 0.2494 0.2503 -1.5779 
2.3106 -10.8438 0.0213 -0.0005 0.2487 0.0182 0.2494 0.2503 -2.3079 
2.3087 -1.9037 0.0180 -0.0001 0.2487 0.0182 0.2494 0.2500 -13.1324 
2.3127 13.1329 0.0215 0.0007 0.2487 0.0182 0.2494 0.2503 1.9057 
2.3075 45.9201 0.0218 0.0023 0.2487 0.0182 0.2494 0.2503 0.5451 
2.3104 70.3932 0.0219 0.0035 0.2487 0.0182 0.2494 0.2503 0.3556 
2.3089 84.5472 0.0221 0.0042 0.2487 0.0182 0.2494 0.2504 0.2961 
2.3716 99.2872 0.0223 0.0050 0.2487 0.0182 0.2494 0.2504 0.2522 
2.3101 117.4706 0.0225 0.0059 0.2487 0.0182 0.2494 0.2504 0.2132 
2.3079 134.4150 0.0226 0.0067 0.2487 0.0182 0.2494 0.2505 0.1863 
2.3092 151.0913 0.0228 0.0076 0.2487 0.0182 0.2495 0.2505 0.1658 

,, 
.;~J/0·: ze~ 

' ,'/ ,f~ ... , .. ~~,~>; . ... ·· ;~ ftr~~t~~~~ SrB1i; 
(·m/s > ,{Ntl ... '''"" •' ;jAj 

,.,',' 

2.5094 -23.5927 0.0232 -0.0012 0.2487 0.0182 0.2494 0.2504 -1.0615 
2.5104 -21.2282 0.0229 -0.0011 0.2487 0.0182 0.2494 0.2504 -1.1796 
2.5067 -16.9244 0.0228 -0.0008 0.2487 0.0182 0.2494 0.2504 -1.4795 
2.5107 -10.5697 0.0225 -0.0005 0.2487 0.0182 0.2494 0.2504 -2.3687 
2.5093 2.9669 0.0206 0.0001 0.2487 0.0182 0.2494 0.2502 8.4330 
2.5099 34.7210 0.0238 0.0017 0.2487 0.0182 0.2494 0.2505 0.7214 
2.5126 63.3290 0.0239 0.0032 0.2487 0.0182 0.2494 0.2505 0.3956 
2.5100 76.2347 0.0240 0.0038 0.2487 0.0182 0.2494 0.2505 0.3286 
2.5104 91.4780 0.0242 0.0046 0.2487 0.0182 0.2494 0.2506 0.2739 
2.5101 105.8466 0.0244 0.0053 0.2487 0.0182 0.2494 0.2506 0.2368 
2.5109 124.7560 0.0245 0.0062 0.2487 0.0182 0.2494 0.2506 0.2009 
2.5096 140.1545 0.0248 0.0070 0.2487 0.0182 0.2494 0.2507 0.1789 
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v 
F 

PF 

S.D 
S.E.E 

AD 

B1 

B2 

B3 

B4 

BF 

UF 

%Unc. 

Vehicle Velocity (mls) 
Tow Force (N) 
Precision Error for F 

Standard Deviation 
Standard Error Estimate 
Analog to Digital Converter 

Bias Error due to Calibration 

Bias Error due to Data Acquisition 

Load Varying Self-Propulsion Test (Prop. + Duct fitted on) 
Uncertainty Analysis {Tow Force) 

PF = 2x S.D 

B1 = 0.00005 X F 

B2 = 2 X S.E.E 

Bias Error due to Load Cell Misalignment B3 = F - {Cos 0.25° x F) 

Bias Error due to Data Reduction B4 = { ADerror X ADrange ) I { ADaccuracy ) 

Bias Error for F BF = { B/ + B/ + B/ + B/ ) 112 

Total Error for F UF = ( BF2 + pF2 )112 

Percentage Uncertainty for F % Unc. = ( UF I F ) x 100 
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Uncertaintl£ Anall£sis (Tow Force) 
Load Varying Self-Propulsion Test (Duct+ Prop. fitted on) 

"j~· '@1· • t'~i'; 
. . .':Ba. 

>Jf,:v 
,,.c.c 

...:v~\1t, g:~:, 

0.8002 1.3073 0.0095 0.0001 0.2693 0.0000 0.0054 0.2694 0.2695 20.6176 
0.8004 -4.6450 0.0107 -0.0002 0.2693 0.0000 0.0054 0.2694 0.2696 -5.8037 
0.8012 -10.5645 0.0107 -0.0005 0.2693 -0.0001 0.0054 0.2694 0.2696 -2.5518 
0.8018 -17.5455 0.0109 -0.0009 0.2693 -0.0002 0.0054 0.2694 0.2696 -1.5365 
0.8002 -34.8750 0.0110 -0.0017 0.2693 -0.0003 0.0054 0.2694 0.2696 -0.7730 
0.8002 -68.0707 0.0112 -0.0034 0.2693 -0.0006 0.0054 0.2694 0.2696 -0.3961 
0.8003 -94.6789 0.0113 -0.0047 0.2693 -0.0009 0.0054 0.2694 0.2696 -0.2848 
0.8005 -108.5758 0.0113 -0.0054 0.2693 -0.0010 0.0054 0.2694 0.2697 -0.2484 
0.8014 -123.8928 0.0115 -0.0062 0.2693 -0.0012 0.0054 0.2694 0.2697 -0.2177 
0.8002 -139.0968 0.0114 -0.0070 0.2693 -0.0013 0.0054 0.2695 0.2697 -0.1939 
0.8008 -159.0113 0.0116 -0.0080 0.2693 -0.0015 0.0054 0.2695 0.2697 -0.1696 
0.8006 -174.2846 0.0117 -0.0087 0.2693 -0.0017 0.0054 0.2695 0.2698 -0.1548 

i~~~"~ {{·~:\~'. :.:··:S(JJ· ... ·<'ills al. 3~1' !tAL 
'·Y; 

~, ~- ,, 

~~ 
; 

~ "~ . ' 

1.1006 10.2786 0.0124 0.0005 0.2693 0.0001 0.0054 0.2694 0.2697 2.6234 
1.1022 4.9858 0.0107 0.0002 0.2693 0.0000 0.0054 0.2694 0.2696 5.4070 
1.1031 -0.7660 0.0090 0.0000 0.2693 0.0000 0.0054 0.2694 0.2695 -35.1850 
1.1032 -9.4535 0.0124 -0.0005 0.2693 -0.0001 0.0054 0.2694 0.2697 -2.8524 
1.1005 -24.9334 0.0125 -0.0012 0.2693 -0.0002 0.0054 0.2694 0.2697 -1.0815 
1.1026 -58.3065 0.0125 -0.0029 0.2693 -0.0006 0.0054 0.2694 0.2697 -0.4625 
1.1014 -82.6355 0.0126 -0.0041 0.2693 -0.0008 0.0054 0.2694 0.2697 -0.3264 
1.1017 -98.0144 0.0128 -0.0049 0.2693 -0.0009 0.0054 0.2694 0.2697 -0.2752 
1.1013 -114.1839 0.0128 -0.0057 0.2693 -0.0011 0.0054 0.2694 0.2697 -0.2362 
1.1020 -130.2701 0.0129 -0.0065 0.2693 -0.0012 0.0054 0.2694 0.2698 -0.2071 
1.1015 -147.3841 0.0132 -0.0074 0.2693 -0.0014 0.0054 0.2695 0.2698 -0.1831 
1.1011 -163.3845 0.0135 -0.0082 0.2693 -0.0016 0.0054 0.2695 0.2698 -0.1652 
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Uncertain~ Anall(sis (Tow Force) 
Load Varying Self-Propulsion Test (Duct+ Prop. fitted on) 

~t! ,rttJ .,~ra 

1.3033 25.8684 0.0149 0.0013 0.2693 0.0002 0.0054 0.2694 0.2698 1.0429 
1.3116 19.5634 0.0149 0.0010 0.2693 0.0002 0.0054 0.2694 0.2698 1.3790 
1.3018 14.6455 0.0148 0.0007 0.2693 0.0001 0.0054 0.2694 0.2698 1.8420 
1.3022 3.6444 0.0132 0.0002 0.2693 0.0000 0.0054 0.2694 0.2697 7.4001 
1.3025 -9.6546 0.0146 -0.0005 0.2693 -0.0001 0.0054 0.2694 0.2698 -2.7941 
1.3028 -44.6663 0.0148 -0.0022 0.2693 -0.0004 0.0054 0.2694 0.2698 -0.6040 
1.3020 -71.4491 0.0149 -0.0036 0.2693 -0.0007 0.0054 0.2694 0.2698 -0.3776 
1.3014 -85.4106 0.0150 -0.0043 0.2693 -0.0008 0.0054 0.2694 0.2698 -0.3159 
1.3116 -101.8478 0.0153 -0.0051 0.2693 -0.0010 0.0054 0.2694 0.2699 -0.2650 
1.3007 -120.5716 0.0152 -0.0060 0.2693 -0.0011 0.0054 0.2694 0.2699 -0.2238 
1.3006 -136.2495 0.0156 -0.0068 0.2693 -0.0013 0.0054 0.2695 0.2699 -0.1981 
1.3020 -152.6671 0.0159 -0.0076 0.2693 -0.0015 0.0054 0.2695 0.2699 -0.1768 

",¥ :pF:. rt:. '~S~ II t.ff «~/ 

'J' /, 

%~.,~))·· ... '~;'['" 

:0: < ~'·,} < ,'A' ' ' 

1.6030 41.2862 0.0173 0.0021 0.2693 0.0004 0.0054 0.2694 0.2699 0.6538 
1.6053 35.5623 0.0171 0.0018 0.2693 0.0003 0.0054 0.2694 0.2699 0.7590 
1.6045 28.4763 0.0171 0.0014 0.2693 0.0003 0.0054 0.2694 0.2699 0.9479 
1.6063 19.6455 0.0168 0.0010 0.2693 0.0002 0.0054 0.2694 0.2699 1.3738 
1.6063 3.7317 0.0135 0.0002 0.2693 0.0000 0.0054 0.2694 0.2697 7.2274 
1.6059 -29.3272 0.0172 -0.0015 0.2693 -0.0003 0.0054 0.2694 0.2699 -0.9204 
1.6056 -55.1247 0.0173 -0.0028 0.2693 -0.0005 0.0054 0.2694 0.2699 -0.4897 
1.6063 -72.6503 0.0174 -0.0036 0.2693 -0.0007 0.0054 0.2694 0.2700 -0.3716 
1.6059 -88.4574 0.0174 -0.0044 0.2693 -0.0008 0.0054 0.2694 0.2700 -0.3052 
1.6050 -104.0080 0.0176 -0.0052 0.2693 -0.0010 0.0054 0.2694 0.2700 -0.2596 
1.6054 -122.4283 0.0178 -0.0061 0.2693 -0.0012 0.0054 0.2694 0.2700 -0.2206 
1.6019 -139.6617 0.0179 -0.0070 0.2693 -0.0013 0.0054 0.2695 0.2701 -0.1934 
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Uncertain~ Anall£sis (Tow Force) 
Load Varying Self-Propulsion Test (Duct+ Prop. fitted on) 

'}f: ·.'iJlfF 
,, ' 

·'""~ ~-) 
'v.:~~' ; ' ~ ... - ', 

'"vv'' 'C .. -~'<·· 4 

1.8051 51.8995 0.0194 0.0026 0.2693 0.0005 0.0054 0.2694 0.2701 0.5204 
1.8061 45.3553 0.0193 0.0023 0.2693 0.0004 0.0054 0.2694 0.2701 0.5954 
1.8054 39.4746 0.0193 0.0020 0.2693 0.0004 0.0054 0.2694 0.2701 0.6841 
1.8043 29.6365 0.0191 0.0015 0.2693 0.0003 0.0054 0.2694 0.2700 0.9112 
1.8049 14.8382 0.0190 0.0007 0.2693 0.0001 0.0054 0.2694 0.2700 1.8199 
1.8053 -16.0784 0.0192 -0.0008 0.2693 -0.0002 0.0054 0.2694 0.2701 -1.6796 
1.8053 -41.3141 0.0193 -0.0021 0.2693 -0.0004 0.0054 0.2694 0.2701 -0.6537 
1.8062 -58.6353 0.0195 -0.0029 0.2693 -0.0006 0.0054 0.2694 0.2701 -0.4606 
1.8057 -75.5367 0.0197 -0.0038 0.2693 -0.0007 0.0054 0.2694 0.2701 -0.3576 
1.8064 -91.0393 0.0197 -0.0046 0.2693 -0.0009 0.0054 0.2694 0.2701 -0.2967 
1.8051 -109.2754 0.0198 -0.0055 0.2693 -0.0010 0.0054 0.2694 0.2702 -0.2472 
1.8046 -128.6862 0.0202 -0.0064 0.2693 -0.0012 0.0054 0.2694 0.2702 -0.2100 

'!tl! , "~a~: ~. li# ·:~,U~: 
',·'U{v ;;<''";> 

<~:<~ 
--··.<, 

imls) <~>' <j' .<)~ .;;/_:. \ ~,, y 

2.1082 66.8995 0.0217 0.0033 0.2693 0.0006 0.0054 0.2694 0.2703 0.4040 
2.1078 60.4425 0.0216 0.0030 0.2693 0.0006 0.0054 0.2694 0.2702 0.4471 
2.1093 54.4746 0.0215 0.0027 0.2693 0.0005 0.0054 0.2694 0.2702 0.4961 
2.1056 47.4534 0.0215 0.0024 0.2693 0.0005 0.0054 0.2694 0.2702 0.5695 
2.1084 32.8382 0.0213 0.0016 0.2693 0.0003 0.0054 0.2694 0.2702 0.8229 
2.1095 1.0784 0.0181 0.0001 0.2693 0.0000 0.0054 0.2694 0.2700 25.0347 
2.1082 -23.4953 0.0212 -0.0012 0.2693 -0.0002 0.0054 0.2694 0.2702 -1.1500 
2.1098 -37.6353 0.0214 -0.0019 0.2693 -0.0004 0.0054 0.2694 0.2702 -0.7180 
2.1103 -54.5367 0.0215 -0.0027 0.2693 -0.0005 0.0054 0.2694 0.2702 -0.4955 
2.1101 -70.0393 0.0217 -0.0035 0.2693 -0.0007 0.0054 0.2694 0.2703 -0.3859 
2.1091 -88.2754 0.0219 -0.0044 0.2693 -0.0008 0.0054 0.2694 0.2703 -0.3062 
2.1086 -107.6862 0.0221 -0.0054 0.2693 -0.0010 0.0054 0.2694 0.2703 -0.2510 
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Uncertaintv Anall£sis (Tow Force) 
Load Varying Self-Propulsion Test (Duct+ Prop. fitted on) 

,,~~~ '2 !~ 
f ~-

~'J' 
y. _.·,m._' 

cc 
A;o/~ 

2.3113 86.1252 0.0249 0.0043 0.2693 0.0008 0.0054 0.2694 0.2706 0.3141 
2.3012 80.4523 0.0246 0.0040 0.2693 0.0008 0.0054 0.2694 0.2705 0.3362 
2.3106 75.8979 0.0244 0.0038 0.2693 0.0007 0.0054 0.2694 0.2705 0.3564 
2.3087 68.2312 0.0242 0.0034 0.2693 0.0007 0.0054 0.2694 0.2705 0.3964 
2.3127 55.4110 0.0241 0.0028 0.2693 0.0005 0.0054 0.2694 0.2705 0.4881 
2.3075 24.5844 0.0238 0.0012 0.2693 0.0002 0.0054 0.2694 0.2704 1.1000 
2.3104 0.7728 0.0185 0.0000 0.2693 0.0000 0.0054 0.2694 0.2700 34.9381 
2.3089 -13.1249 0.0238 -0.0007 0.2693 -0.0001 0.0054 0.2694 0.2704 -2.0603 
2.3716 -27.7563 0.0239 -0.0014 0.2693 -0.0003 0.0054 0.2694 0.2704 -0.9743 
2.3101 -45.5095 0.0240 -0.0023 0.2693 -0.0004 0.0054 0.2694 0.2704 -0.5943 
2.3079 -62.1596 0.0243 -0.0031 0.2693 -0.0006 0.0054 0.2694 0.2705 -0.4351 
2.3092 -78.5473 0.0245 -0.0039 0.2693 -0.0007 0.0054 0.2694 0.2705 -0.3444 

p~ t, "" ' /i'·; 

2.5094 105.9464 0.0279 0.0053 0.2693 0.0010 0.0054 0.2694 0.2709 0.2557 
2.5104 101.2323 0.0278 0.0051 0.2693 0.0010 0.0054 0.2694 0.2708 0.2675 
2.5067 96.3633 0.0278 0.0048 0.2693 0.0009 0.0054 0.2694 0.2708 0.2811 
2.5107 90.3483 0.0276 0.0045 0.2693 0.0009 0.0054 0.2694 0.2708 0.2997 
2.5093 78.3736 0.0274 0.0039 0.2693 0.0007 0.0054 0.2694 0.2708 0.3455 
2.5099 49.0260 0.0270 0.0025 0.2693 0.0005 0.0054 0.2694 0.2707 0.5522 
2.5126 21.5911 0.0269 0.0011 0.2693 0.0002 0.0054 0.2694 0.2707 1.2538 
2.5100 9.2021 0.0269 0.0005 0.2693 0.0001 0.0054 0.2694 0.2707 2.9418 
2.5104 -5.5593 0.0267 -0.0003 0.2693 -0.0001 0.0054 0.2694 0.2707 -4.8691 
2.5101 -19.5704 0.0269 -0.0010 0.2693 -0.0002 0.0054 0.2694 0.2707 -1.3833 
2.5109 -38.1235 0.0271 -0.0019 0.2693 -0.0004 0.0054 0.2694 0.2707 -0.7101 
2.5096 -53.2054 0.0273 -0.0027 0.2693 -0.0005 0.0054 0.2694 0.2708 -0.5089 
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v 
n 
D 
J 

Pv 

Bv 

PJ 

Pn 

Bn 

Bo 

BJ 

UJ 

%U 

Vehicle Velocity (mls) 
Propeller Rotational Speed (rpm) 
Propeller Diameter (m) 
Advance Coefficient 
Precision Error for V 

Bias Error for V 

Precision Error for J 

Precision Error for n 

Bias Error for n 

Bias Error for D 

Bias Error for J 

Total Error for J 

Percentage Uncertainty for J 

Load Varying Self-Propulsion Test (Prop. + Duct fitted on) 
Uncertainty Analysis (Advance Coefficient) 

BJ = ( oJ I oV Bv )2 + ( oJ I on Bn )2 + ( oJ I oD B0 )2 ) 112 

UJ=(B}+P})112 

% U = ( UJ I J ) x 100 
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Uncertainty Analysis (Advance Coefficient) 
Load Varying Self-Propulsion Test (Prop.+ Duct fitted on) 

·P . n J:1~ 
0.8002 0.0004 0.0035 499.5767 0.0005 0.0391 0.0001 4.62E-05 -8.22E-07 -6.90E-06 4.67E-05 0.0006 0.0006 0.6306 0.0954 
0.8004 0.0003 0.0035 551.4566 0.0005 0.0391 0.0001 4.19E-05 -6.75E-07 -6.25E-06 4.23E-05 0.0006 0.0006 0.5714 0.1090 
0.8012 0.0004 0.0035 600.4575 0.0005 0.0391 0.0001 3.85E-05 -5.70E-07 -5.74E-06 3.89E-05 0.0007 0.0007 0.5253 0.1328 
0.8018 0.0004 0.0035 650.4466 0.0005 0.0391 0.0001 3.55E-05 -4.86E-07 -5.31E-06 3.59E-05 0.0006 0.0006 0.4853 0.1296 
0.8002 0.0004 0.0035 753.2179 0.0005 0.0391 0.0001 3.07E-05 -3.62E-07 -4.57E-06 3.10E-05 0.0006 0.0006 0.4183 0.1491 
0.8002 0.0004 0.0035 902.9860 0.0005 0.0391 0.0001 2.56E-05 -2.52E-07 -3.82E-06 2.59E-05 0.0006 0.0006 0.3489 0.1814 
0.8003 0.0004 0.0035 1008.5085 0.0005 0.0391 0.0001 2.29E-05 -2.02E-07 -3.42E-06 2.32E-05 0.0006 0.0006 0.3124 0.1922 
0.8005 0.0004 0.0035 1052.3455 0.0005 0.0392 0.0001 2.19E-05 -1.86E-07 -3.28E-06 2.22E-05 0.0006 0.0006 0.2995 0.2046 
0.8014 0.0004 0.0035 1104.1946 0.0005 0.0392 0.0001 2.09E-05 -1.69E-07 -3.12E-06 2.11E-05 0.0006 0.0006 0.2857 0.2242 
0.8002 0.0004 0.0035 1150.2549 0.0005 0.0392 0.0001 2.01E-05 -1.55E-07 -3.00E-06 2.03E-05 0.0007 0.0007 0.2739 0.2488 
0.8008 0.0004 0.0035 1206.8237 0.0005 0.0392 0.0001 1.91E-05 -1.41E-07 -2.86E-06 1.93E-05 0.0007 0.0007 0.2612 0.2560 
0.8006 0.0004 0.0035 1252.7469 0.0005 0.0392 0.0001 1.84E-05 -1.31E-07 -2.75E-06 1.86E-05 0.0006 0.0006 0.2516 0.2484 

/!fj~l 
1.1006 0.0005 0.0035 500.6686 0.0006 0.0391 0.0001 4.62E-05 -1.13E-06 -9.46E-06 4.72E-05 0.0008 0.0008 0.8655 0.0922 
1.1022 0.0005 0.0035 552.7477 0.0006 0.0391 0.0001 4.19E-05 -9.25E-07 -8.59E-06 4.28E-05 0.0008 0.0008 0.7851 0.1020 
1.1031 0.0006 0.0035 603.4646 0.0007 0.0391 0.0001 3.84E-05 -7.77E-07 -7.87E-06 3.92E-05 0.0009 0.0009 0.7197 0.1225 
1.1032 0.0005 0.0035 651.6550 0.0007 0.0391 0.0001 3.55E-05 -6.67E-07 -7.29E-06 3.63E-05 0.0009 0.0009 0.6665 0.1309 
1.1005 0.0005 0.0035 754.9726 0.0007 0.0391 0.0001 3.07E-05 -4.96E-07 -6.28E-06 3.13E-05 0.0009 0.0009 0.5739 0.1487 
1.1026 0.0005 0.0035 901.8126 0.0007 0.0391 0.0001 2.57E-05 -3.48E-07 -5.26E-06 2.62E-05 0.0008 0.0008 0.4814 0.1754 
1.1014 0.0005 0.0035 1000.0880 0.0007 0.0391 0.0001 2.31E-05 -2.83E-07 -4.74E-06 2.36E-05 0.0009 0.0009 0.4336 0.2040 
1.1017 0.0005 0.0035 1056.9566 0.0007 0.0392 0.0001 2.19E-05 -2.53E-07 -4.49E-06 2.24E-05 0.0009 0.0009 0.4104 0.2109 
1.1013 0.0005 0.0035 1104.4112 0.0007 0.0392 0.0001 2.10E-05 -2.32E-07 -4.29E-06 2.14E-05 0.0009 0.0009 0.3926 0.2253 
1.1020 0.0005 0.0035 1156.9473 0.0007 0.0392 0.0001 2.00E-05 -2.12E-07 -4.10E-06 2.04E-05 0.0009 0.0009 0.3750 0.2369 
1.1015 0.0005 0.0035 1212.9133 0.0007 0.0392 0.0001 1.91E-05 -1.93E-07 -3.91E-06 1.95E-05 0.0009 0.0009 0.3575 0.2473 
1.1011 0.0006 0.0035 1258.8191 0.0007 0.0392 0.0001 1.84E-05 -1.79E-07 -3.77E-06 1.88E-05 0.0009 0.0009 0.3444 0.2514 
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Uncertainty Analysis (Advance Coefficient) 
Load Varying Self-Propulsion Test (Prop. + Duct fitted on) 

1.3033 0.0006 0.0035 501.8541 0.0008 0.0391 0.0001 4.62E-05 -1.33E-06 -1.12E-05 4.76E-05 0.0010 0.0010 1.0224 0.0948 
1.3116 0.0006 0.0035 550.7550 0.0007 0.0391 0.0001 4.21E-05 -1.11E-06 -1.03E-05 4.34E-05 0.0010 0.0010 0.9376 0.1029 
1.3018 0.0007 0.0035 601.3456 0.0007 0.0391 0.0001 3.86E-05 -9.24E-07 -9.32E-06 3.97E-05 0.0010 0.0010 0.8523 0.1146 
1.3022 0.0006 0.0035 654.7460 0.0008 0.0391 0.0001 3.54E-05 -7.79E-07 -8.56E-06 3.65E-05 0.0010 0.0010 0.7830 0.1273 
1.3025 0.0007 0.0035 752.1400 0.0008 0.0391 0.0001 3.08E-05 -5.91E-07 -7.46E-06 3.17E-05 0.0010 0.0010 0.6818 0.1477 
1.3028 0.0006 0.0035 907.7795 0.0008 0.0391 0.0001 2.56E-05 -4.06E-07 -6.18E-06 2.63E-05 0.0010 0.0010 0.5650 0.1814 
1.3020 0.0007 0.0035 1006.9377 0.0008 0.0391 0.0001 2.30E-05 -3.30E-07 -5.57E-06 2.37E-05 0.0010 0.0010 0.5091 0.2004 
1.3014 0.0007 0.0035 1051.7237 0.0007 0.0392 0.0001 2.21E-05 -3.02E-07 -5.33E-06 2.27E-05 0.0010 0.0010 0.4872 0.2063 
1.3116 0.0006 0.0035 1103.5535 0.0008 0.0392 0.0001 2.10E-05 -2.77E-07 -5.12E-06 2.16E-05 0.0010 0.0010 0.4679 0.2104 
1.3007 0.0007 0.0035 1155.5678 0.0008 0.0392 0.0001 2.01E-05 -2.50E-07 -4.85E-06 2.07E-05 0.0011 0.0011 0.4431 0.2376 
1.3006 0.0006 0.0035 1208.2135 0.0008 0.0392 0.0001 1.92E-05 -2.29E-07 -4.63E-06 1.98E-05 0.0010 0.0010 0.4238 0.2389 
1.3020 0.0007 0.0035 1256.7456 0.0008 0.0392 0.0001 1.85E-05 -2.12E-07 -4.46E-06 1.90E-05 0.0010 0.0010 0.4079 0.2570 

BiJ(,,·· · .. ~~1!~¥·~·8 ';~ 
$., c .. • "*">{:.' ') c~; 

1.6030 0.0007 0.0036 503.1755 0.0009 0.0391 0.0001 4.63E-05 -1.62E-06 -1.37E-05 4.83E-05 0.0011 0.0011 1.2542 0.0900 
1.6053 0.0008 0.0036 554.4423 0.0009 0.0391 0.0001 4.20E-05 -1.34E-06 -1.25E-05 4.39E-05 0.0012 0.0012 1.1399 0.1061 
1.6045 0.0007 0.0036 604.3557 0.0009 0.0391 0.0001 3.86E-05 -1.13E-06 -1.14E-05 4.02E-05 0.0011 0.0011 1.0452 0.1086 
1.6063 0.0008 0.0036 652.4344 0.0009 0.0391 0.0001 3.57E-05 -9.68E-07 -1.06E-05 3.73E-05 0.0012 0.0012 0.9693 0.1216 
1.6063 0.0008 0.0036 752.2439 0.0009 0.0391 0.0001 3.10E-05 -7.29E-07 -9.19E-06 3.23E-05 0.0012 0.0012 0.8407 0.1435 
1.6059 0.0007 0.0036 901.5599 0.0009 0.0391 0.0001 2.58E-05 -5.07E-07 -7.67E-06 2.70E-05 0.0011 0.0011 0.7013 0.1626 
1.6056 0.0007 0.0036 1006.7175 0.0009 0.0391 0.0001 2.31E-05 -4.07E-07 -6.87E-06 2.41E-05 0.0011 0.0012 0.6279 0.1832 
1.6063 0.0007 0.0036 1054.3192 0.0009 0.0392 0.0001 2.21E-05 -3.71E-07 -6.56E-06 2.31E-05 0.0011 0.0011 0.5998 0.1870 
1.6059 0.0007 0.0036 1102.5010 0.0009 0.0392 0.0001 2.11E-05 -3.40E-07 -6.27E-06 2.20E-05 0.0012 0.0012 0.5735 0.2065 
1.6050 0.0007 0.0036 1154.9706 0.0009 0.0392 0.0001 2.02E-05 -3.09E-07 -5.98E-06 2.10E-05 0.0012 0.0012 0.5471 0.2158 
1.6054 0.0008 0.0036 1211.5007 0.0009 0.0392 0.0001 1.92E-05 -2.81E-07 -5.71E-06 2.01E-05 0.0012 0.0012 0.5217 0.2258 
1.6019 0.0008 0.0036 1257.0444 0.0009 0.0392 0.0001 1.85E-05 -2.61E-07 -5.49E-06 1.93E-05 0.0012 0.0012 0.5017 0.2430 
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Uncertainty Analysis (Advance Coefficient) 
Load Varying Self-Propulsion Test (Prop. + Duct fitted on) 

rpm:):'f 

1.8051 0.0009 0.0036 503.4015 0.0010 0.0391 0.0001 4.65E-05 -1.83E-06 -1.54E-05 4.90E-05 0.0014 0.0014 1.4117 0.0984 
1.8061 0.0009 0.0036 550.5344 0.0011 0.0391 0.0001 4.25E-05 -1.53E-06 -1.41E-05 4.48E-05 0.0014 0.0014 1.2916 0.1097 
1.8054 0.0008 0.0036 601.7534 0.0011 0.0391 0.0001 3.89E-05 -1.28E-06 -1.29E-05 4.10E-05 0.0014 0.0014 1.1812 0.1172 
1.8043 0.0009 0.0036 655.6402 0.0011 0.0391 0.0001 3.57E-05 -1.08E-06 -1.18E-05 3.76E-05 0.0014 0.0014 1.0835 0.1284 
1.8049 0.0009 0.0036 756.7032 0.0011 0.0391 0.0001 3.09E-05 -8.09E-07 -1.03E-05 3.26E-05 0.0014 0.0014 0.9391 0.1484 
1.8053 0.0009 0.0036 903.5768 0.0011 0.0391 0.0001 2.59E-05 -5.68E-07 -8.60E-06 2.73E-05 0.0014 0.0014 0.7866 0.1840 
1.8053 0.0009 0.0036 1007.3473 0.0010 0.0391 0.0001 2.32E-05 -4.57E-07 -7.72E-06 2.45E-05 0.0013 0.0013 0.7056 0.1891 
1.8062 0.0009 0.0036 1051.7675 0.0011 0.0392 0.0001 2.22E-05 -4.20E-07 -7.39E-06 2.34E-05 0.0014 0.0014 0.6761 0.2080 
1.8057 0.0009 0.0036 1105.5646 0.0011 0.0392 0.0001 2.12E-05 -3.80E-07 -7.03E-06 2.23E-05 0.0014 0.0014 0.6430 0.2230 
1.8064 0.0009 0.0036 1151.0459 0.0011 0.0392 0.0001 2.03E-05 -3.50E-07 -6.76E-06 2.14E-05 0.0015 0.0015 0.6179 0.2367 
1.8051 0.0009 0.0036 1199.5015 0.0011 0.0392 0.0001 1.95E-05 -3.23E-07 -6.48E-06 2.05E-05 0.0014 0.0014 0.5925 0.2395 
1.8046 0.0009 0.0036 1261.8668 0.0011 0.0392 0.0001 1.85E-05 -2.91E-07 -6.16E-06 1.95E-05 0.0014 0.0014 0.5630 0.2525 

2.1082 0.0010 0.0036 500.4856 0.0012 0.0391 0.0001 4.70E-05 -2.16E-06 -1.81E-05 5.05E-05 0.0016 0.0016 1.6584 0.0949 
2.1078 0.0010 0.0036 552.4532 0.0012 0.0391 0.0001 4.26E-05 -1.77E-06 -1.64E-05 4.57E-05 0.0016 0.0016 1.5021 0.1051 
2.1093 0.0011 0.0036 604.4664 0.0013 0.0391 0.0001 3.89E-05 -1.48E-06 -1.50E-05 4.18E-05 0.0017 0.0017 1.3738 0.1219 
2.1056 0.0011 0.0036 651.4342 0.0013 0.0391 0.0001 3.61E-05 -1.27E-06 -1.39E-05 3.87E-05 0.0017 0.0017 1.2725 0.1318 
2.1084 0.0010 0.0036 754.9317 0.0012 0.0391 0.0001 3.12E-05 -9.49E-07 -1.20E-05 3.34E-05 0.0016 0.0016 1.0995 0.1431 
2.1095 0.0011 0.0036 901.1852 0.0012 0.0391 0.0001 2.61E-05 -6.67E-07 -1.01E-05 2.80E-05 0.0016 0.0016 0.9216 0.1767 
2.1082 0.0011 0.0036 1002.9008 0.0012 0.0391 0.0001 2.35E-05 -5.38E-07 -9.05E-06 2.52E-05 0.0017 0.0017 0.8276 0.2001 
2.1098 0.0010 0.0036 1053.7204 0.0012 0.0392 0.0001 2.23E-05 -4.88E-07 -8.62E-06 2.40E-05 0.0016 0.0016 0.7883 0.2053 
2.1103 0.0011 0.0036 1101.8507 0.0013 0.0392 0.0001 2.14E-05 -4.47E-07 -8.25E-06 2.29E-05 0.0016 0.0016 0.7540 0.2184 
2.1101 0.0011 0.0036 1153.6637 0.0013 0.0392 0.0001 2.04E-05 -4.08E-07 -7.88E-06 2.19E-05 0.0017 0.0017 0.7201 0.2344 
2.1091 0.0011 0.0036 1210.1050 0.0013 0.0392 0.0001 1.95E-05 -3.70E-07 -7.50E-06 2.09E-05 0.0017 0.0017 0.6862 0.2501 
2.1086 0.0011 0.0036 1258.3035 0.0013 0.0392 0.0001 1.87E-05 -3.43E-07 -7.22E-06 2.01E-05 0.0016 0.0016 0.6597 0.2496 
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Uncertainty Analysis {Advance Coefficient) 
load Varying Self-Propulsion Test {Prop. + Duct fitted on) 

~~-Yf:,~· 
>~k.:, 

2.3113 0.0011 0.0036 506.5541 0.0013 0.0391 0.0001 4.67E-05 -2.31E-06 -1.96E-05 5.07E-05 0.0017 0.0017 1.7964 0.0958 
2.3012 0.0012 0.0036 554.4124 0.0014 0.0391 0.0001 4.27E-05 -1.92E-06 -1.79E-05 4.63E-05 0.0019 0.0019 1.6341 0.1136 
2.3106 0.0012 0.0036 602.4889 0.0013 0.0391 0.0001 3.93E-05 -1.63E-06 -1.65E-05 4.26E-05 0.0018 0.0018 1.5099 0.1201 
2.3087 0.0012 0.0036 653.7372 0.0014 0.0391 0.0001 3.62E-05 -1.39E-06 -1.52E-05 3.93E-05 0.0018 0.0018 1.3904 0.1295 
2.3127 0.0011 0.0036 751.5777 0.0013 0.0391 0.0001 3.15E-05 -1.05E-06 -1.32E-05 3.42E-05 0.0017 0.0017 1.2115 0.1440 
2.3075 0.0013 0.0036 907.7627 0.0014 0.0391 0.0001 2.61E-05 -7.19E-07 -1.09E-05 2.83E-05 0.0019 0.0019 1.0008 0.1882 
2.3104 0.0012 0.0036 1009.7375 0.0014 0.0391 0.0001 2.34E-05 -5.82E-07 -9.85E-06 2.54E-05 0.0018 0.0018 0.9008 0.2001 
2.3089 0.0013 0.0036 1055.8389 0.0014 0.0392 0.0001 2.24E-05 -5.32E-07 -9.42E-06 2.43E-05 0.0019 0.0019 0.8609 0.2169 
2.3716 0.0013 0.0036 1105.4558 0.0014 0.0392 0.0001 2.14E-05 -4.99E-07 -9.24E-06 2.34E-05 0.0019 0.0019 0.8446 0.2213 
2.3101 0.0012 0.0036 1156.8492 0.0014 0.0392 0.0001 2.05E-05 -4.44E-07 -8.60E-06 2.22E-05 0.0019 0.0019 0.7862 0.2381 
2.3079 0.0013 0.0036 1207.4927 0.0014 0.0392 0.0001 1.96E-05 -4.07E-07 -8.23E-06 2.13E-05 0.0019 0.0019 0.7525 0.2520 
2.3092 0.0013 0.0036 1255.9025 0.0014 0.0392 0.0001 1.88E-05 -3.77E-07 -7.92E-06 2.04E-05 0.0019 0.0019 0.7239 0.2602 

~·~ .. 

2.5094 0.0013 0.0036 504.8586 0.0015 0.0391 0.0001 4.71E-05 -2.53E-06 -2.14E-05 5.18E-05 0.0020 0.0020 1.9569 0.1028 
2.5104 0.0013 0.0036 552.4243 0.0015 0.0391 0.0001 4.31E-05 -2.11E-06 -1.96E-05 4.74E-05 0.0020 0.0020 1.7891 0.1104 
2.5067 0.0014 0.0036 604.5795 0.0015 0.0391 0.0001 3.94E-05 -1.76E-06 -1.79E-05 4.32E-05 0.0021 0.0021 1.6324 0.1259 
2.5107 0.0013 0.0036 653.2312 0.0015 0.0391 0.0001 3.64E-05 -1.51E-06 -1.65E-05 4.00E-05 0.0020 0.0020 1.5132 0.1302 
2.5093 0.0014 0.0036 753.2477 0.0015 0.0391 0.0001 3.16E-05 -1.14E-06 -1.43E-05 3.47E-05 0.0021 0.0021 1.3115 0.1566 
2.5099 0.0013 0.0036 906.0469 0.0015 0.0391 0.0001 2.63E-05 -7.85E-07 -1.19E-05 2.89E-05 0.0020 0.0020 1.0906 0.1820 
2.5126 0.0013 0.0036 1002.7932 0.0015 0.0391 0.0001 2.37E-05 -6.42E-07 -1.08E-05 2.61E-05 0.0020 0.0020 0.9865 0.2041 
2.5100 0.0013 0.0036 1052.4234 0.0015 0.0392 0.0001 2.26E-05 -5.82E-07 -1.03E-05 2.48E-05 0.0020 0.0020 0.9390 0.2142 
2.5104 0.0013 0.0036 1106.7229 0.0015 0.0392 0.0001 2.15E-05 -5.27E-07 -9.77E-06 2.36E-05 0.0020 0.0020 0.8930 0.2271 
2.5101 0.0014 0.0036 1152.3582 0.0016 0.0392 0.0001 2.06E-05 -4.86E-07 -9.38E-06 2.27E-05 0.0021 0.0021 0.8576 0.2413 
2.5109 0.0014 0.0036 1204.5756 0.0015 0.0392 0.0001 1.98E-05 -4.45E-07 -8.97E-06 2.17E-05 0.0021 0.0021 0.8207 0.2520 
2.5096 0.0013 0.0036 1256.7444 0.0016 0.0392 0.0001 1.89E-05 -4.09E-07 -8.60E-06 2.08E-05 0.0021 0.0021 0.7862 0.2616 
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v 
n 
D 
Q 

p 
Kq 

Pq 

Bq 

PKq 

Pn 

Bn 

BP 
Bo 

BKq 

UKq 

%U 

Vehicle Velocity (m/s) 
Propeller Rotational Speed (rpm) 
Propeller Diameter (m) 
Propeller Torque (N-m) 

Density of Water (kg/m 3) 

Torque Coefficient 

Precision Error for Q 

Bias Error for Q 

Precision Error for K q 

Precision Error for n 

Bias Error for n 

Bias Error for p 

Bias Error for D 

Bias Error for K q 

Total Error forK q 

Percentage Uncertainty for Kq 

Load Varying Self-Propulsion Test (Prop. + Duct fitted on) 
Uncertainty Analysis (Torque Coefficient) 
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Uncertainty Analysis (Torque Coefficient) 
Load Varying Self-Propulsion Test (Prop. +Duct fitted on) 

Bp: .. ~),;;?te'~~~ 
~c • :, _' :u 

0.8002 499.5767 0.3364 0.0008 0.0076 0.0005 0.0391 0.0578 0.0001 3.72E-07 -9.48E-10 -2.57E-09 -5.38E-08 3.76E-07 0.0009 0.0009 0.0590 1.5807 
0.8004 551.4566 0.4972 0.0008 0.0076 0.0005 0.0391 0.0578 0.0001 3.06E-07 -1.15E-09 -2.82E-09 -6.52E-08 3.13E-07 0.0010 0.0010 0.0716 1.3444 
0.8012 600.4575 0.6260 0.0008 0.0077 0.0005 0.0391 0.0578 0.0001 2.58E-07 -1.22E-09 -2.75E-09 -6.93E-08 2.67E-07 0.0010 0.0010 0.0760 1.2914 
0.8018 650.4466 0.8160 0.0008 0.0077 0.0005 0.0391 0.0578 0.0001 2.20E-07 -1.36E-09 -2.82E-09 -7.70E-08 2.33E-07 0.0010 0.0010 0.0845 1.1574 
0.8002 753.2179 1.2582 0.0008 0.0077 0.0005 0.0391 0.0578 0.0001 1.65E-07 -1.56E-09 -2.80E-09 -8.85E-08 1.87E-07 0.0009 0.0009 0.0971 0.9771 
0.8002 902.9860 1.9967 0.0009 0.0078 0.0005 0.0391 0.0578 0.0001 1.16E-07 -1.72E-09 -2.58E-09 -9.77E-08 1.52E-07 0.0010 0.0010 0.1072 0.9292 
0.8003 1008.5085 2.5232 0.0009 0.0079 0.0005 0.0391 0.0578 0.0001 9.45E-08 -1.74E-09 -2.34E-09 -9.90E-08 1.37E-07 0.0010 0.0010 0.1086 0.9146 
0.8005 1052.3455 2.8657 0.0009 0.0080 0.0005 0.0392 0.0578 0.0001 8.76E-08 -1.82E-09 -2.34E-09 -1.03E-07 1.35E-07 0.0010 0.0010 0.1133 0.8924 
0.8014 1104.1946 3.1813 0.0009 0.0080 0.0005 0.0392 0.0578 0.0001 8.03E-08 -1.83E-09 -2.25E-09 -1.04E-07 1.32E-07 0.0010 0.0010 0.1143 0.9011 
0.8002 1150.2549 3.5448 0.0009 0.0081 0.0005 0.0392 0.0578 0.0001 7.49E-08 -1.88E-09 -2.22E-09 -1.07E-07 1.31E-07 0.0011 0.0011 0.1173 0.9008 
0.8008 1206.8237 3.9061 0.0009 0.0083 0.0005 0.0392 0.0578 0.0001 6.89E-08 -1.89E-09 -2.12E-09 -1.07E-07 1.27E-07 0.0011 0.0011 0.1174 0.9072 
0.8006 1252.7469 4.2519 0.0009 0.0084 0.0005 0.0392 0.0578 0.0001 6.48E-08 -1.90E-09 -2.06E-09 -1.08E-07 1.26E-07 0.0011 0.0011 0.1186 0.8896 
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1.1006 500.6686 0.3193 0.0009 0.0076 0.0006 0.0391 0.0578 0.0001 3.71E-07 -8.96E-10 -2.42E-09 -5.08E-08 3.74E-07 0.0011 0.0011 0.0558 2.0185 
1.1022 552.7477 0.4722 0.0010 0.0076 0.0006 0.0391 0.0578 0.0001 3.04E-07 -1.09E-09 -2.66E-09 -6.17E-08 3.11E-07 0.0011 0.0011 0.0677 1.6923 
1.1031 603.4646 0.6209 0.0010 0.0077 0.0007 0.0391 0.0578 0.0001 2.56E-07 -1.20E-09 -2.69E-09 -6.80E-08 2.64E-07 0.0012 0.0012 0.0747 1.5757 
1.1032 651.6550 0.8161 0.0010 0.0077 0.0007 0.0391 0.0578 0.0001 2.20E-07 -1.35E-09 -2.81E-09 -7.67E-08 2.33E-07 0.0012 0.0012 0.0842 1.4310 
1.1005 754.9726 1.2195 0.0010 0.0077 0.0007 0.0391 0.0578 0.0001 1.64E-07 -1.50E-09 -2.70E-09 -8.54E-08 1.85E-07 0.0012 0.0012 0.0937 1.2700 
1.1026 901.8126 1.9412 0.0010 0.0078 0.0007 0.0391 0.0578 0.0001 1.17E-07 -1.68E-09 -2.52E-09 -9.53E-08 1.51E-07 0.0012 0.0012 0.1045 1.1570 
1.1014 1000.0880 2.4885 0.0010 0.0079 0.0007 0.0391 0.0578 0.0001 9.60E-08 -1.75E-09 -2.37E-09 -9.93E-08 1.38E-07 0.0012 0.0012 0.1090 1.1354 
1.1017 1056.9566 2.7980 0.0010 0.0080 0.0007 0.0392 0.0578 0.0001 8.66E-08 -1.76E-09 -2.26E-09 -1.00E-07 1.32E-07 0.0013 0.0013 0.1097 1.1458 
1.1013 1104.4112 3.1236 0.0010 0.0080 0.0007 0.0392 0.0578 0.0001 8.01E-08 -1.80E-09 -2.21E-09 -1.02E-07 1.30E-07 0.0013 0.0013 0.1121 1.1179 
1.1020 1156.9473 3.4722 0.0011 0.0081 0.0007 0.0392 0.0578 0.0001 7.39E-08 -1.82E-09 -2.14E-09 -1.04E-07 1.27E-07 0.0013 0.0013 0.1136 1.1208 
1.1015 1212.9133 3.8531 0.0011 0.0082 0.0007 0.0392 0.0578 0.0001 6.81E-08 -1.84E-09 -2.06E-09 -1.05E-07 1.25E-07 0.0013 0.0013 0.1147 1.1076 
1.1011 1258.8191 4.2369 0.0011 0.0084 0.0007 0.0392 0.0578 0.0001 6.41E-08 -1.88E-09 -2.03E-09 -1.07E-07 1.25E-07 0.0013 0.0013 0.1171 1.0737 
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1.3033 501.8541 0.2851 0.0010 0.0076 0.0008 0.0391 0.0578 0.0001 3.69E-07 -7.96E-10 -2.14E-09 -4.52E-08 3.72E-07 0.0013 0.0013 0.0496 2.5341 
1.3116 550.7550 0.4280 0.0011 0.0076 0.0007 0.0391 0.0578 0.0001 3.06E-07 -9.92E-10 -2.44E-09 -5.63E-08 3.12E-07 0.0013 0.0013 0.0618 2.0871 
1.3018 601.3456 0.5866 0.0011 0.0076 0.0007 0.0391 0.0578 0.0001 2.57E-07 -1.14E-09 -2.57E-09 -6.47E-08 2.65E-07 0.0013 0.0013 0.0710 1.8237 
1.3022 654.7460 0.7812 0.0012 0.0077 0.0008 0.0391 0.0578 0.0001 2.17E-07 -1.28E-09 -2.65E-09 -7.27E-08 2.29E-07 0.0014 0.0014 0.0798 1.7935 
1.3025 752.1400 1.1578 0.0012 0.0077 0.0008 0.0391 0.0578 0.0001 1.65E-07 -1.44E-09 -2.59E-09 -8.17E-08 1.84E-07 0.0014 0.0014 0.0896 1.5943 
1.3028 907.7795 1.9016 0.0012 0.0078 0.0008 0.0391 0.0578 0.0001 1.15E-07 -1.62E-09 -2.42E-09 -9.21E-08 1.47E-07 0.0015 0.0015 0.1010 1.4521 
1.3020 1006.9377 2.4451 0.0012 0.0079 0.0008 0.0391 0.0578 0.0001 9.46E-08 -1.70E-09 -2.28E-09 -9.62E-08 1.35E-07 0.0014 0.0014 0.1056 1.3611 
1.3014 1051.7237 2.6985 0.0012 0.0079 0.0007 0.0392 0.0578 0.0001 8.73E-08 -1.72E-09 -2.21E-09 -9.74E-08 1.31E-07 0.0014 0.0014 0.1068 1.3517 
1.3116 1103.5535 3.0711 0.0013 0.0080 0.0008 0.0392 0.0578 0.0001 8.01E-08 -1.77E-09 -2.18E-09 -1.01E-07 1.29E-07 0.0015 0.0015 0.1104 1.3343 
1.3007 1155.5678 3.4310 0.0013 0.0081 0.0008 0.0392 0.0578 0.0001 7.39E-08 -1.81E-09 -2.12E-09 -1.03E-07 1.26E-07 0.0015 0.0015 0.1125 1.3361 
1.3006 1208.2135 3.7775 0.0013 0.0082 0.0008 0.0392 0.0578 0.0001 6.84E-08 -1.82E-09 -2.04E-09 -1.03E-07 1.24E-07 0.0015 0.0015 0.1133 1.3321 
1.3020 1256.7456 4.1836 0.0013 0.0083 0.0008 0.0392 0.0578 0.0001 6.42E-08 -1.86E-09 -2.01E-09 -1.06E-07 1.24E-07 0.0015 0.0015 0.1160 1.2996 
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1.6030 503.1755 0.2466 0.0011 0.0076 0.0009 0.0391 
1.6053 554.4423 0.3896 0.0013 0.0076 0.0009 0.0391 
1.6045 604.3557 0.5547 0.0013 0.0076 0.0009 0.0391 
1.6063 652.4344 0.7494 0.0013 0.0077 0.0009 0.0391 
1.6063 752.2439 1.1132 0.0013 0.0077 0.0009 0.0391 
1.6059 901.5599 1.8053 0.0013 0.0078 0.0009 0.0391 
1.6056 1006.7175 2.4295 0.0014 0.0079 0.0009 0.0391 
1.6063 1054.3192 2.6763 0.0014 0.0079 0.0009 0.0392 
1.6059 1102.5010 3.0303 0.0014 0.0080 0.0009 0.0392 
1.6050 1154.9706 3.3480 0.0014 0.0081 0.0009 0.0392 
1.6054 1211.5007 3.7189 0.0014 0.0082 0.0009 0.0392 
1.6019 1257.0444 4.0895 0.0014 0.0083 0.0009 0.0392 
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1.8051 503.4015 0.2345 0.0012 0.0076 0.0010 0.0391 
1.8061 550.5344 0.3599 0.0014 0.0076 0.0011 0.0391 
1.8054 601.7534 0.4952 0.0014 0.0076 0.0011 0.0391 
1.8043 655.6402 0.7021 0.0015 0.0077 0.0011 0.0391 
1.8049 756.7032 1.1097 0.0015 0.0077 0.0011 0.0391 
1.8053 903.5768 1.7817 0.0015 0.0078 0.0011 0.0391 
1.8053 1007.3473 2.3494 0.0015 0.0079 0.0010 0.0391 
1.8062 1051.7675 2.6355 0.0015 0.0079 0.0011 0.0392 
1.8057 1105.5646 2.9403 0.0015 0.0080 0.0011 0.0392 
1.8064 1151.0459 3.2937 0.0015 0.0081 0.0011 0.0392 
1.8051 1199.5015 3.6086 0.0015 0.0082 0.0011 0.0392 
1.8046 1261.8668 4.0584 0.0015 0.0083 0.0011 0.0392 
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2.1082 500.4856 0.1922 0.0011 0.0076 0.0012 0.0391 
2.1078 552.4532 0.3309 0.0016 0.0076 0.0012 0.0391 
2.1093 604.4664 0.4607 0.0016 0.0076 0.0013 0.0391 
2.1056 651.4342 0.6493 0.0016 0.0077 0.0013 0.0391 
2.1084 754.9317 1.0051 0.0016 0.0077 0.0012 0.0391 
2.1095 901.1852 1.6707 0.0016 0.0078 0.0012 0.0391 
2.1082 1002.9008 2.2317 0.0016 0.0078 0.0012 0.0391 
2.1098 1053.7204 2.5445 0.0016 0.0079 0.0012 0.0392 
2.1103 1101.8507 2.8646 0.0017 0.0080 0.0013 0.0392 
2.1101 1153.6637 3.1899 0.0017 0.0081 0.0013 0.0392 
2.1091 1210.1050 3.5803 0.0017 0.0082 0.0013 0.0392 
2.1086 1258.3035 3.9869 0.0017 0.0083 0.0013 0.0392 

Uncertainty Analysis (Torque Coefficient) 
Load Varying Self-Propulsion Test (Prop. + Duct fitted on) 

0.0578 0.0001 3.67E-07 -6.85E-10 -1.84E-09 
0.0578 0.0001 3.02E-07 -8.91E-10 -2.17E-09 
0.0578 0.0001 2.55E-07 -1.07E-09 -2.39E-09 
0.0578 0.0001 2.19E-07 -1.24E-09 -2.57E-09 
0.0578 0.0001 1.65E-07 -1.38E-09 -2.49E-09 
0.0578 0.0001 1.16E-07 -1.56E-09 -2.35E-09 
0.0578 0.0001 9.46E-08 -1.69E-09 -2.27E-09 
0.0578 0.0001 8.68E-08 -1.69E-09 -2.18E-09 
0.0578 0.0001 8.02E-08 -1.75E-09 -2.15E-09 
0.0578 0.0001 7.38E-08 -1.76E-09 -2.07E-09 
0.0578 0.0001 6.79E-08 -1.78E-09 -1.99E-09 
0.0578 0.0001 6.40E-08 -1.82E-09 -1.96E-09 
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0.0578 0.0001 3.67E-07 -8.51E-10 -1.75E-09 
0.0578 0.0001 3.07E-07 -8.35E-10 -2.05E-09 
0.0578 0.0001 2.57E-07 -9.61E-10 -2.16E-09 
0.0578 0.0001 2.17E-07 -1.15E-09 -2.37E-09 
0.0578 0.0001 1.63E-07 -1.36E-09 -2.44E-09 
0.0578 0.0001 1.16E-07 -1.53E-09 -2.30E-09 
0.0578 0.0001 9.43E-08 -1.63E-09 -2.19E-09 
0.0578 0.0001 8.71E-08 -1.68E-09 -2.16E-09 
0.0578 0.0001 7.95E-08 -1.69E-09 -2.07E-09 
0.0578 0.0001 7.42E-08 -1.75E-09 -2.06E-09 
0.0578 0.0001 6.90E-08 -1.76E-09 -1.99E-09 
0.0578 0.0001 6.34E-08 -1.79E-09 -1.93E-09 
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0.0578 0.0001 3.71E-07 -5.39E-10 -1.46E-09 
0.0578 0.0001 3.04E-07 -7.62E-10 -1.87E-09 
0.0578 0.0001 2.54E-07 -8.87E-10 -1.98E-09 
0.0578 0.0001 2.19E-07 -1.08E-09 -2.23E-09 
0.0578 0.0001 1.64E-07 -1.24E-09 -2.22E-09 
0.0578 0.0001 1.16E-07 -1.45E-09 -2.17E-09 
0.0578 0.0001 9.48E-08 -1.56E-09 -2.11E-09 
0.0578 0.0001 8.66E-08 -1.61E-09 -2.07E-09 
0.0578 0.0001 7.99E-08 -1.66E-09 -2.04E-09 
0.0578 0.0001 7.36E-08 -1.69E-09 -1.98E-09 
0.0578 0.0001 6.78E-08 -1.72E-09 -1.93E-09 
0.0578 0.0001 6.36E-08 -1.77E-09 -1.91E-09 
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-3.89E-08 3.69E-07 0.0014 0.0014 0.0427 3.3324 
-5.06E-08 3.07E-07 0.0016 0.0016 0.0555 2.8904 
-6.06E-08 2.62E-07 0.0016 0.0016 0.0665 2.3565 
-7.03E-08 2.30E-07 0.0016 0.0016 0.0771 2.0830 
-7.85E-08 1.83E-07 0.0016 0.0016 0.0861 1.8772 
-8.86E-08 1.46E-07 0.0016 0.0016 0.0973 1.6597 
-9.57E-08 1.35E-07 0.0016 0.0016 0.1050 1.5351 
-9.61E-08 1.30E-07 0.0016 0.0016 0.1054 1.5182 
-9.95E-08 1.28E-07 0.0017 0.0017 0.1092 1.5219 
-1.00E-07 1.24E-07 0.0017 0.0017 0.1099 1.5091 
-1.01E-07 1.22E-07 0.0016 0.0016 0.1110 1.4849 
-1.03E-07 1.22E-07 0.0017 0.0017 0.1133 1.4782 

-3.69E-08 3.68E-07 0.0016 0.0016 0.0405 3.9179 
-4.74E-08 3.10E-07 0.0018 0.0018 0.0520 3.3923 
-5.46E-08 2.63E-07 0.0018 0.0018 0.0599 3.0128 
-6.52E-08 2.26E-07 0.0018 0.0018 0.0715 2.5113 
-7.73E-08 1.81E-07 0.0018 0.0018 0.0849 2.1398 
-8.71E-08 1.45E-07 0.0018 0.0018 0.0956 1.9296 
-9.24E-08 1.32E-07 0.0018 0.0018 0.1014 1.7848 
-9.51E-08 1.29E-07 0.0018 0.0018 0.1043 1.7562 
-9.60E-08 1.25E-07 0.0018 0.0018 0.1053 1.7505 
-9.92E-08 1.24E-07 0.0019 0.0019 0.1089 1.7123 
-1.00E-07 1.22E-07 0.0019 0.0019 0.1098 1.6904 
-1.02E-07 1.20E-07 0.0019 0.0019 0.1116 1.6811 
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-3.06E-08 3.72E-07 0.0016 0.0016 0.0336 4.8014 
-4.33E-08 3.08E-07 0.0020 0.0020 0.0475 4.1880 
-5.03E-08 2.59E-07 0.0020 0.0020 0.0552 3.6544 
-8.11E-08 2.28E-07 0.0021 0.0021 0.0670 3.0653 
-7.04E-08 1.78E-07 0.0020 0.0020 0.0772 2.5743 
-8.21E-08 1.42E-07 0.0020 0.0020 0.0901 2.2202 
-8.85E-08 1.30E-07 0.0020 0.0020 0.0972 2.0872 
-9.15E-08 1.26E-07 0.0020 0.0020 0.1004 2.0409 
-9.42E-08 1.24E-07 0.0021 0.0021 0.1033 2.0093 
-9.56E-08 1.21E-07 0.0021 0.0021 0.1050 2.0048 
-9.76E-08 1.19E-07 0.0021 0.0021 0.1071 1.9840 
-1.00E-07 1.19E-07 0.0021 0.0021 0.1103 1.9117 



Uncertainb,! AnaiJt:&is (Torque Coefficient) 
Load Varying Self-Propulsion Test (Prop.+ Duct fitted on) 
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2.3113 506.5541 0.1820 0.0010 0.0076 0.0013 0.0391 0.0578 0.0001 3.62E-07 -4.99E-10 -1.33E-09 -2.83E-08 3.63E-07 0.0017 0.0017 0.0311 5.3828 
2.3012 554.4124 0.3087 0.0017 0.0076 0.0014 0.0391 0.0578 0.0001 3.02E-07 -7.06E-10 -1.72E-09 -4.01E-08 3.05E-07 0.0022 0.0022 0.0440 5.0144 
2.3106 602.4889 0.4268 0.0017 0.0076 0.0013 0.0391 0.0578 0.0001 2.56E-07 -8.27E-10 -1.86E-09 -4.69E-08 2.60E-07 0.0022 0.0022 0.0515 4.2501 
2.3087 653.7372 0.6197 0.0017 0.0077 0.0014 0.0391 0.0578 0.0001 2.18E-07 -1.02E-09 -2.11E-09 -5.79E-08 2.25E-07 0.0022 0.0022 0.0635 3.4534 
2.3127 751.5777 0.9597 0.0018 0.0077 0.0013 0.0391 0.0578 0.0001 1.65E-07 -1.19E-09 -2.15E-09 -6.78E-08 1.79E-07 0.0022 0.0022 0.0744 2.9463 
2.3075 907.7627 1.6567 0.0018 0.0077 0.0014 0.0391 0.0578 0.0001 1.14E-07 -1.41E-09 -2.11E-09 -8.02E-08 1.40E-07 0.0022 0.0022 0.0880 2.5544 
2.3104 1009.7375 2.2082 0.0018 0.0078 0.0014 0.0391 0.0578 0.0001 9.35E-08 -1.52E-09 -2.04E-09 -8.64E-08 1.27E-07 0.0022 0.0022 0.0948 2.3665 
2.3089 1055.8389 2.5040 0.0018 0.0079 0.0014 0.0392 0.0578 0.0001 8.61E-08 -1.58E-09 -2.03E-09 -8.96E-08 1.24E-07 0.0022 0.0022 0.0984 2.2774 
2.3716 1105.4558 2.7615 0.0018 0.0079 0.0014 0.0392 0.0578 0.0001 7.91E-08 -1.59E-09 -1.95E-09 -9.02E-08 1.20E-07 0.0023 0.0023 0.0990 2.2840 
2.3101 1156.8492 3.1357 0.0018 0.0080 0.0014 0.0392 0.0578 0.0001 7.31E-08 -1.65E-09 -1.93E-09 -9.35E-08 1.19E-07 0.0023 0.0023 0.1026 2.2499 
2.3079 1207.4927 3.4799 0.0018 0.0081 0.0014 0.0392 0.0578 0.0001 6.78E-08 -1.68E-09 -1.88E-09 -9.52E-08 1.17E-07 0.0023 0.0023 0.1045 2.2006 
2.3092 1255.9025 3.8185 0.0019 0.0082 0.0014 0.0392 0.0578 0.0001 6.34E-08 -1.70E-09 -1.84E-09 -9.66E-08 1.16E-07 0.0023 0.0023 0.1060 2.1885 
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2.5094 504.8586 0.1628 0.0011 0.0076 0.0015 0.0391 0.0578 0.0001 3.64E-07 -4.49E-10 -1.20E-09 -2.55E-08 3.65E-07 0.0019 0.0019 0.0280 6.6512 
2.5104 552.4243 0.2813 0.0018 0.0076 0.0015 0.0391 0.0578 0.0001 3.04E-07 -6.48E-10 -1.59E-09 -3.68E-08 3.07E-07 0.0024 0.0024 0.0404 5.8369 
2.5067 604.5795 0.4035 0.0019 0.0076 0.0015 0.0391 0.0578 0.0001 2.54E-07 -7.76E-10 -1.74E-09 -4.41E-08 2.58E-07 0.0024 0.0024 0.0483 5.0596 
2.5107 653.2312 0.5696 0.0019 0.0076 0.0015 0.0391 0.0578 0.0001 2.18E-07 -9.38E-10 -1.94E-09 -5.33E-08 2.24E-07 0.0024 0.0024 0.0585 4.1475 
2.5093 753.2477 0.9274 0.0019 0.0077 0.0015 0.0391 0.0578 0.0001 1.64E-07 -1.15E-09 -2.06E-09 -6.52E-08 1.77E-07 0.0025 0.0025 0.0716 3.4324 
2.5099 906.0469 1.6051 0.0019 0.0077 0.0015 0.0391 0.0578 0.0001 1.15E-07 -1.37E-09 -2.05E-09 -7.80E-08 1.39E-07 0.0025 0.0025 0.0856 2.8641 
2.5126 1002.7932 2.1197 0.0020 0.0078 0.0015 0.0391 0.0578 0.0001 9.46E-08 -1.48E-09 -2.00E-09 -8.41E-08 1.27E-07 0.0025 0.0025 0.0923 2.6785 
2.5100 1052.4234 2.4384 0.0020 0.0079 0.0015 0.0392 0.0578 0.0001 8.66E-08 -1.55E-09 -1.99E-09 -8.79E-08 1.23E-07 0.0025 0.0025 0.0964 2.5601 
2.5104 1106.7229 2.7268 0.0020 0.0079 0.0015 0.0392 0.0578 0.0001 7.89E-08 -1.57E-09 -1.92E-09 -8.88E-08 1.19E-07 0.0025 0.0025 0.0975 2.5730 
2.5101 1152.3582 3.0710 0.0020 0.0080 0.0016 0.0392 0.0578 0.0001 7.35E-08 -1.63E-09 -1.91E-09 -9.23E-08 1.18E-07 0.0025 0.0025 0.1013 2.4813 
2.5109 1204.5756 3.4002 0.0020 0.0081 0.0015 0.0392 0.0578 0.0001 6.80E-08 -1.65E-09 -1.85E-09 -9.35E-08 1.16E-07 0.0025 0.0025 0.1026 2.4522 
2.5096 1256.7444 3.7705 0.0020 0.0082 0.0016 0.0392 0.0578 0.0001 6.32E-08 -1.68E-09 -1.81E-09 -9.53E-08 1.14E-07 0.0026 0.0026 0.1045 2.4414 
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v 
n 

Tt 
D 
p 

Ktt 

PT 

BT 

PKtt 

Pn 

Bn 

BP 
Bo 

BKtt 

Uktt 

%U 

Vehicle Velocity (mls) 
Propeller Rotational Speed (rpm) 

Total Thrust (N) 

Propeller Diameter (m) 
Density of Water (kglm3) 

Total Thrust Coefficient 

Precision Error for T1 

Bias Error for T1 

Precision Error for K 11 

Precision Error for n 

Bias Error for n 
Bias Error for p 

Bias Error for D 

Bias Error for K 11 

Total Error forK 11 

Percentage Uncertainty for K 11 

Load Varying Self-Propulsion Test (Prop. + Duct fitted on) 
Uncertainty Analysis (Thrust Coefficient) 

_ 2 2 )2 ( I )2 )1t2 BKtt - ( oK11 I oT1 BT) + ( oK11 I op BP) + ( oK11 I on Bn + 8K11 oD Bo 
U _ ( B 2 p 2 )112 Kit- Ktt+ Kit 

% u = ( UKttl Ktt) X 100 
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0.8002 
0.8004 
0.8012 
0.8018 
0.8002 
0.8002 
0.8003 
0.8005 
0.8014 
0.8002 
0.8008 
0.8006 

1.1006 
1.1022 
1.1031 
1.1032 
1.1005 
1.1026 
1.1014 
1.1017 
1.1013 
1.1020 
1.1015 
1.1011 

1.3033 
1.3116 
1.3018 
1.3022 
1.3025 
1.3028 
1.3020 
1.3014 
1.3116 
1.3007 
1.3006 
1.3020 

499.5767 
551.4566 
600.4575 
650.4466 
753.2179 
902.9860 
1008.5085 
1052.3455 
1104.1946 
1150.2549 
1206.8237 
1252.7469 

500.6686 
552.7477 
603.4646 
651.6550 
754.9726 
901.8126 
1000.0880 
1056.9566 
1104.4112 
1156.9473 
1212.9133 
1258.8191 

501.8541 
550.7550 
601.3456 
654.7460 
752.1400 
907.7795 
1006.9377 
1051.7237 
1103.5535 
1155.5678 
1208.2135 
1256.7456 

7.6425 
14.1975 
19.7185 
26.1852 
43.2349 
78.0332 
106.5934 
121.3940 
137.7978 
154.0467 
175.1871 
191.4733 

6.1254 
11.5778 
17.6112 
26.6374 
43.0749 
78.2263 
103.9908 
120.2376 
137.1587 
154.0702 
172.0909 
188.8362 

-2.4715 
3.2712 
7.6691 
18.6342 
32.8566 
70.4953 
99.0206 
113.7191 
130.8195 
150.4082 
166.7611 
183.7284 

0.0090 
0.0092 
0.0091 
0.0094 
0.0095 
0.0097 
0.0098 
0.0098 
0.0099 
0.0100 
0.0102 
0.0104 

0.0100 
0.0108 
0.0110 
0.0112 
0.0115 
0.0117 
0.0116 
0.0119 
0.0121 
0.0124 
0.0124 
0.0125 

0.0128 
0.0130 
0.0133 
0.0134 
0.0134 
0.0135 
0.0138 
0.0137 
0.0138 
0.0139 
0.0142 
0.0143 

0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2495 
0.2495 
0.2495 

0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2495 
0.2495 
0.2495 

0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2494 
0.2495 
0.2495 
0.2495 

0.0005 
0.0005 
0.0005 
0.0005 
0.0005 
0.0005 
0.0005 
0.0005 
0.0005 
0.0005 
0.0005 
0.0005 

0.0006 
0.0006 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 
0.0007 

0.0008 
0.0007 
0.0007 
0.0008 
0.0008 
0.0008 
0.0008 
0.0007 
0.0008 
0.0008 
0.0008 
0.0008 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 

0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 

·~··· 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0391 
0.0392 
0.0392 
0.0392 
0.0392 
0.0392 

Uncertainty Analysis (Thrust Coefficient) 
Load Varying Self-Propulsion Test (Prop. +Duct fitted on) 

0.0578 
0.0578 
0.0578 
0.0578 
0.0578 
0.0578 
0.0578 
0.0578 
0.0578 
0.0578 
0.0578 
0.0578 

0.0578 
0.0578 
0.0578 
0.0578 
0.0578 
0.0578 
0.0578 
0.0578 
0.0578 
0.0578 
0.0578 
0.0578 

0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 

0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 

1.85E-06 
1.52E-06 
1.28E-06 
1.09E-06 
8.15E-07 
5.67E-07 
4.55E-07 
4.18E-07 
3.79E-07 
3.50E-07 
3.18E-07 
2.95E-07 

1.84E-06 
1.51E-06 
1.27E-06 
1.09E-06 
8.11E-07 
5.68E-07 
4.62E-07 
4.14E-07 
3.79E-07 
3.46E-07 
3.14E-07 
2.92E-07 

-3.28E-09 
-5.00E-09 
-5.86E-09 
-6.63E-09 
-8.17E-09 
-1.03E-08 
-1.12E-08 
-1.17E-08 
-1.21E-08 
-1.25E-08 
-1.29E-08 
-1.31E-08 

-2.62E-09 
-4.06E-09 
-5.18E-09 
-6.72E-09 
-8.10E-09 
-1.03E-08 
-1.11E-08 
-1.15E-08 
-1.20E-08 
-1.23E-08 
-1.25E-08 
-1.28E-08 

-8.88E-09 
-1.23E-08 
-1.32E-08 
-1.38E-08 
-1.47E-08 
-1.54E-08 
-1.51E-08 
-1.51E-08 
-1.49E-08 
-1.47E-08 
-1.45E-08 
-1.42E-08 

-7.07E-09 
-9.94E-09 
-1.16E-08 
-1.40E-08 
-1.45E-08 
-1.55E-08 
-1.51E-08 
-1.48E-08 
-1.48E-08 
-1.45E-08 
-1.40E-08 
-1.38E-08 

-1.49E-07 
-2.27E-07 
-2.66E-07 
-3.01E-07 
-3.71E-07 
-4.66E-07 
-5.10E-07 
-5.33E-07 
-5.50E-07 
-5.66E-07 
-5.85E-07 
-5.94E-07 

-1.19E-07 
-1.84E-07 
-2.35E-07 
-3.05E-07 
-3.68E-07 
-4.68E-07 
-5.06E-07 
-5.24E-07 
-5.47E-07 
-5.60E-07 
-5.69E-07 
-5.80E-07 

1.86E-06 
1.54E-06 
1.31E-06 
1.13E-06 
8.95E-07 
7.34E-07 
6.83E-07 
6.78E-07 
6.68E-07 
6.66E-07 
6.66E-07 
6.63E-07 

1.85E-06 
1.52E-06 
1.29E-06 
1.13E-06 
8.91E-07 
7.37E-07 
6.86E-07 
6.68E-07 
6.66E-07 
6.58E-07 
6.50E-07 
6.49E-07 

So .. Bf;~&ti e; 3K,J~ Bn ~6n &i 3~b 's"i!iit.t:u 
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0.0578 
0.0578 
0.0578 
0.0578 
0.0578 
0.0578 
0.0578 
0.05("8 
0.0578 
0.0578 
0.0578 
0.0578 

0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 
0.0001 

1.84E-06 
1.52E-06 
1.28E-06 
1.08E-06 
8.17E-07 
5.61E-07 
4.56E-07 
4.18E-07 
3.80E-07 
3.46E-07 
3.17E-07 
2.93E-07 
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1.05E-09 
-1.16E-09 
-2.27E-09 
-4.66E-09 
-6.22E-09 
-9.17E-09 
-1.05E-08 
-1.10E-08 
-1.15E-08 
-1.21E-08 
-1.22E-08 
-1.25E-08 

2.83E-09 
-2.84E-09 
-5.11E-09 
-9.63E-09 
-1.12E-08 
-1.37E-08 
-1.41E-08 
-1.42E-08 
-1.41E-08 
-1.42E-08 
-1.37E-08 
-1.35E-08 

4.77E-08 
-5.25E-08 
-1.03E-07 
-2.11E-07 
-2.83E-07 
-4.16E-07 
-4.75E-07 
-5.00E-07 
-5.23E-07 
-5.48E-07 
-5.56E-07 
-5.66E-07 

1.84E-06 
1.52E-06 
1.28E-06 
1.10E-06 
8.65E-07 
6.99E-07 
6.59E-07 
6.52E-07 
6.46E-07 
6.49E-07 
6.40E-07 
6.38E-07 

0.0090 
0.0092 
0.0091 
0.0094 
0.0095 
0.0097 
0.0098 
0.0098 
0.0099 
0.0100 
0.0102 
0.0104 

0.0100 
0.0108 
0.0110 
0.0112 
0.0115 
0.0117 
0.0116 
0.0119 
0.0121 
0.0124 
0.0124 
0.0125 

0.0128 
0.0130 
0.0133 
0.0134 
0.0134 
0.0135 
0.0138 
0.0137 
0.0138 
0.0139 
0.0142 
0.0143 

0.0090 
0.0092 
0.0091 
0.0094 
0.0095 
0.0097 
0.0098 
0.0098 
0.0099 
0.0100 
0.0102 
0.0104 

0.0100 
O.D108 
0.0110 
0.0112 
0.0115 
0.0117 
0.0116 
0.0119 
0.0121 
0.0124 
0.0124 
0.0125 

0.0128 
0.0130 
0.0133 
0.0134 
0.0134 
0.0135 
0.0138 
0.0137 
0.0138 
0.0139 
0.0142 
0.0143 

0.2044 
0.3116 
0.3650 
0.4130 
0.5086 
0.6387 
0.6994 
0.7315 
0.7542 
0.7770 
0.8027 
0.8142 

0.1631 
0.2529 
0.3227 
0.4186 
0.5043 
0.6419 
0.6939 
0.7183 
0.7505 
0.7682 
0.7807 
0.7953 

-0.0655 
0.0720 
0.1415 
0.2901 
0.3876 
0.5709 
0.6518 
0.6861 
0.7169 
0.7517 
0.7624 
0.7763 

4.4103 
2.9575 
2.4977 
2.2790 
1.8702 
1.5209 
1.4029 
1.3412 
1.3142 
1.2887 
1.2723 
1.2786 

6.1438 
4.2781 
3.4149 
2.6807 
2.2840 
1.8257 
1.6748 
1.6598 
1.6151 
1.6170 
1.5909 
1.5740 

-19.5798 
18.0904 
9.4101 
4.6271 
3.4627 
2.3688 
2.1206 
1.9997 
1.9281 
1.8524 
1.8655 
1.8447 



Uncertainty Analysis (Thrust Coefficient) 
load Varying Self-Propulsion Test (Prop. + Duct fitted on) 

¥ .. · .. ~t. ···f#~li: .. · . ;tsKti~ 
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1.6030 503.1755 -7.0565 0.0140 0.2494 0.0009 0.0391 0.0578 0.0001 1.83E-06 2.99E-09 8.03E-09 1.36E-07 1.83E-06 0.0140 0.0140 -0.1860 -7.5424 
1.6053 554.4423 -2.6691 0.0135 0.2494 0.0009 0.0391 0.0578 0.0001 1.50E-06 9.30E-10 2.27E-09 4.22E-08 1.50E-06 0.0135 0.0135 -0.0579 -23.3545 
1.6045 604.3557 3.2865 0.0138 0.2494 0.0009 0.0391 0.0578 0.0001 1.27E-06 -9.64E-10 -2.16E-09 -4.38E-08 1.27E-06 0.0138 0.0138 0.0600 23.0258 
1.6063 652.4344 11.6498 0.0145 0.2494 0.0009 0.0391 0.0578 0.0001 1.09E-06 -2.93E-09 -6.08E-09 -1.33E-07 1.09E-06 0.0145 0.0145 0.1826 7.9542 
1.6063 752.2439 28.1917 0.0147 0.2494 0.0009 0.0391 0.0578 0.0001 8.17E-07 -5.34E-09 -9.60E-09 -2.42E-07 8.52E-07 0.0147 0.0147 0.3325 4.4300 
1.6059 901.5599 64.0440 0.0148 0.2494 0.0009 0.0391 0.0578 0.0001 5.69E-07 -8.44E-09 -1.27E-08 -3.83E-07 6.86E-07 0.0148 0.0148 0.5258 2.8198 
1.6056 1006.7175 91.9317 0.0149 0.2494 0.0009 0.0391 0.0578 0.0001 4.56E-07 -9.72E-09 -1.31E-08 -4.41E-07 6.35E-07 0.0149 0.0149 0.6054 2.4656 
1.6063 1054.3192 110.3025 0.0152 0.2494 0.0009 0.0392 0.0578 0.0001 4.16E-07 -1.06E-08 -1.37E-08 -4.83E-07 6.38E-07 0.0152 0.0152 0.6622 22990 
1.6059 1102.5010 126.9004 0.0153 0.2494 0.0009 0.0392 0.0578 0.0001 3.80E-07 -1.12E-08 -1.38E-08 -5.08E-07 6.35E-07 0.0153 0.0153 0.6967 2.2001 
1.6050 1154.9706 143.2220 0.0155 0.2495 0.0009 0.0392 0.0578 0.0001 3.47E-07 -1.15E-08 -1.35E-08 -5.22E-07 627E-07 0.0155 0.0155 0.7165 2.1670 
1.6054 1211.5007 162.3490 0.0158 0.2495 0.0009 0.0392 0.0578 0.0001 3.15E-07 -1.19E-08 -1.33E-08 -5.38E-07 6.24E-07 0.0158 0.0158 0.7382 2.1439 
1.6019 1257.0444 180.1017 0.0160 0.2495 0.0009 0.0392 0.0578 0.0001 2.93E-07 -1.22E-08 -1.32E-08 -5.55E-07 627E-07 0.0160 0.0160 0.7606 2.1070 

1.8051 503.4015 -12.0461 0.0170 0.2494 0.0010 0.0391 0.0578 0.0001 1.82E-06 5.09E-09 1.37E-08 2.31E-07 1.84E-06 0.0170 0.0170 -0.3172 -5.3689 
1.8061 550.5344 -7.9307 0.0168 0.2494 0.0011 0.0391 0.0578 0.0001 1.53E-06 2.80E-09 6.89E-09 1.27E-07 1.53E-06 0.0168 0.0168 -0.1746 -9.6398 
1.8054 601.7534 -2.0996 0.0163 0.2494 0.0011 0.0391 0.0578 0.0001 1.28E-06 6.21E-10 1.40E-09 2.82E-08 1.28E-06 0.0163 0.0163 -0.0387 -42.2202 
1.8043 655.6402 8.3160 0.0170 0.2494 0.0011 0.0391 0.0578 0.0001 1.08E-06 -2.07E-09 -4.28E-09 -9.41E-08 1.08E-06 0.0170 0.0170 0.1291 13.1930 
1.8049 756.7032 24.0023 0.0172 0.2494 0.0011 0.0391 0.0578 0.0001 8.07E-07 -4.49E-09 -8.03E-09 -2.04E-07 8.33E-07 0.0172 0.0172 0.2797 6.1605 
1.8053 903.5768 56.0137 0.0173 0.2494 0.0011 0.0391 0.0578 0.0001 5.66E-07 -7.35E-09 -1.10E-08 -3.34E-07 6.57E-07 0.0173 0.0173 0.4579 3.7861 
1.8053 1007.3473 82.5484 0.0172 0.2494 0.0010 0.0391 0.0578 0.0001 4.56E-07 -8.72E-09 -1.17E-08 -3.96E-07 6.04E-07 0.0172 0.0172 0.5429 3.1738 
1.8062 1051.7675 100.6055 0.0174 0.2494 0.0011 0.0392 0.0578 0.0001 4.18E-07 -9.74E-09 -1.26E-08 -4.43E-07 6.09E-07 0.0174 0.0174 0.6069 2.8724 
1.8057 1105.5646 118.5649 0.0175 0.2494 0.0011 0.0392 0.0578 0.0001 3.78E-07 -1.04E-08 -1.27E-08 -4.72E-07 6.05E-07 0.0175 0.0175 0.6474 2.7086 
1.8064 1151.0459 135.0686 0.0175 0.2494 0.0011 0.0392 0.0578 0.0001 3.49E-07 -1.09E-08 -1.29E-08 -4.96E-07 6.07E-07 0.0175 0.0175 0.6803 2.5775 
1.8051 1199.5015 154.5146 0.0177 0.2495 0.0011 0.0392 0.0578 0.0001 3.21E-07 -1.15E-08 -1.30E-08 -5.23E-07 6.14E-07 0.0177 0.0177 0.7167 2.4743 
1.8046 1261.8668 175.6173 0.0178 0.2495 0.0011 0.0392 0.0578 0.0001 2.90E-07 -1.18E-08 -1.27E-08 -5.37E-07 6.10E-07 0.0178 0.0178 0.7360 2.4230 
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2.1082 500.4856 -15.0436 0.0192 0.2494 0.0012 0.0391 0.0578 0.0001 1.85E-06 6.44E-09 1.74E-08 2.92E-07 1.87E-06 0.0192 0.0192 -0.4008 -4.7994 
2.1078 552.4532 -8.6422 0.0190 0.2494 0.0012 0.0391 0.0578 0.0001 1.51E-06 3.03E-09 7.43E-09 1.38E-07 1.52E-06 0.0190 0.0190 -0.1890 -10.0751 
2.1093 604.4664 -2.1310 0.0184 0.2494 0.0013 0.0391 0.0578 0.0001 1.27E-06 6.25E-10 1.40E-09 2.84E-08 1.27E-06 0.0164 0.0184 -0.0389 -47.3867 
2.1056 651.4342 5.3703 0.0189 0.2494 0.0013 0.0391 0.0578 0.0001 1.09E-06 -1.36E-09 -2.82E-09 -6.16E-08 1.09E-06 0.0189 0.0189 0.0845 22.4321 
2.1084 754.9317 20.7011 0.0191 0.2494 0.0012 0.0391 0.0578 0.0001 8.11E-07 -3.89E-09 -6.98E-09 -1.77E-07 8.30E-07 0.0191 0.0191 0.2424 7.8944 
2.1095 901.1852 53.4900 0.0192 0.2494 0.0012 0.0391 0.0578 0.0001 5.69E-07 -7.06E-09 -1.06E-08 -3.20E-07 6.53E-07 0.0192 0.0192 0.4395 4.3766 
2.1082 1002.9008 79.1802 0.0192 0.2494 0.0012 0.0391 0.0578 0.0001 4.60E-07 -8.44E-09 -1.14E-08 -3.83E-07 5.98E-07 0.0192 0.0192 0.5254 3.6620 
2.1098 1053.7204 94.0054 0.0193 0.2494 0.0012 0.0392 0.0578 0.0001 4.16E-07 -9.07E-09 -1.17E-08 -4.12E-07 5.86E-07 0.0193 0.0193 0.5650 3.4228 
2.1103 1101.8507 111.6413 0.0194 0.2494 0.0013 0.0392 0.0578 0.0001 3.81E-07 -9.85E-09 -1.21E-08 -4.47E-07 5.88E-07 0.0194 0.0194 0.6137 3.1679 
2.1101 1153.6637 128.0193 0.0196 0.2494 0.0013 0.0392 0.0578 0.0001 3.47E-07 -1.03E-08 -1.21E-08 -4.68E-07 5.83E-07 0.0196 0.0196 0.6419 3.0599 
2.1091 1210.1050 147.2988 0.0199 0.2495 0.0013 0.0392 0.0578 0.0001 3.16E-07 -1.08E-08 -1.21E-08 -4.89E-07 5.83E-07 0.0199 0.0199 0.6713 2.9707 
2.1086 1258.3035 167.6550 0.0203 0.2495 0.0013 0.0392 0.0578 0.0001 2.92E-07 -1.13E-08 -1.22E-08 -5.15E-07 5.92E-07 0.0203 0.0203 0.7067 2.8782 
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Uncertainty Analvsis (Thrust Coefficient) 
Load Varying Self-Propulsion Test (Prop. +Duct fitted on) 

:ll,,/. '~~~~'· 
<tf!./· ... 

2.3113 506.5541 -19.3516 0.0218 0.2494 0.0013 0.0391 0.0578 0.0001 1.BOE-06 8.08E-09 2.16E-08 3.67E-07 1.84E-06 0.0218 0.0218 -0.5033 -4.3396 
2.3012 554.4124 -15.8623 0.0217 0.2494 0.0014 0.0391 0.0578 0.0001 1.50E-06 5.53E-09 1.35E-08 2.51E-07 1.52E-06 0.0217 0.0217 -0.3444 -6.3135 
2.3106 602.4889 -10.8438 0.0213 0.2494 0.0013 0.0391 0.0578 0.0001 1.27E-06 3.20E-09 7.19E-09 1.45E-07 1.28E-06 0.0213 0.0213 -0.1994 -10.7051 
2.3087 653.7372 -1.9037 0.0180 0.2494 0.0014 0.0391 0.0578 0.0001 1.08E-06 4.77E-10 9.88E-10 2.17E-08 1.08E-06 0.0181 0.0181 -0.0297 -60.7239 
2.3127 751.5777 13.1329 0.0215 0.2494 0.0013 0.0391 0.0578 0.0001 8.18E-07 -2.49E-09 -4.49E-09 -1.13E-07 8.26E-07 0.0215 0.0215 0.1552 13.8828 
2.3075 907.7627 45.9201 0.0218 0.2494 0.0014 0.0391 0.0578 0.0001 5.61E-07 -5.97E-09 -8.91E-09 -2.71E-07 6.23E-07 0.0218 0.0218 0.3719 5.8739 
2.3104 1009.7375 70.3932 0.0219 0.2494 0.0014 0.0391 0.0578 0.0001 4.53E-07 -7.40E-09 -9.92E-09 -3.36E-07 5.64E-07 0.0219 0.0219 0.4608 4.7624 
2.3089 1055.8389 84.5472 0.0221 0.2494 0.0014 0.0392 0.0578 0.0001 4.15E-07 -8.13E-09 -1.04E-08 -3.69E-07 5.55E-07 0.0221 0.0221 0.5061 4.3747 
2.3716 1105.4558 99.2872 0.0223 0.2494 0.0014 0.0392 0.0578 0.0001 3.78E-07 -8.71E-09 -1.07E-08 -3.95E-07 5.47E-07 0.0223 0.0223 0.5422 4.1206 
2.3101 1156.8492 117.4706 0.0225 0.2494 0.0014 0.0392 0.0578 0.0001 3.45E-07 -9.41E-09 -1.10E-08 -4.27E-07 5.50E-07 0.0225 0.0225 0.5858 3.8486 
2.3079 1207.4927 134.4150 0.0226 0.2494 0.0014 0.0392 0.0578 0.0001 3.17E-07 -9.88E-09 -1.11E-08 -4.49E-07 5.50E-07 0.0226 0.0226 0.6152 3.6802 
2.3092 1255.9025 151.0913 0.0228 0.2495 0.0014 0.0392 0.0578 0.0001 2.93E-07 -1.03E-08 -1.11E-08 -4.66E-07 5.51E-07 0.0228 0.0228 0.6393 3.5732 

2.5094 504.8586 -23.5927 0.0232 0.2494 0.0015 0.0391 0.0578 0.0001 1.81E-06 9.92E-09 2.66E-08 4.50E-07 1.87E-06 0.0232 0.0232 -0.6177 -3.7635 
2.5104 552.4243 -21.2282 0.0229 0.2494 0.0015 0.0391 0.0578 0.0001 1.51E-06 7.45E-09 1.83E-08 3.3BE-07 1.55E-06 0.0230 0.0230 -0.4642 -4.9438 
2.5067 604.5795 -16.9244 0.0228 0.2494 0.0015 0.0391 0.0578 0.0001 1.26E-06 4.96E-09 1.11E-08 2.25E-07 1.28E-06 0.0229 0.0229 -0.3090 -7.3953 
2.5107 653.2312 -10.5697 0.0225 0.2494 0.0015 0.0391 0.0578 0.0001 1.08E-06 2.65E-09 5.50E-09 1.21E-07 1.09E-06 0.0225 0.0225 -0.1653 -13.6404 
2.5093 753.2477 2.9669 0.0206 0.2494 0.0015 0.0391 0.0578 0.0001 8.15E-07 -5.60E-10 -1.01E-09 -2.54E-08 8.15E-07 0.0207 0.0207 0.0349 59.1906 
2.5099 906.0469 34.7210 0.0238 0.2494 0.0015 0.0391 0.0578 0.0001 5.63E-07 -4.53E-09 -6.77E-09 -2.06E-07 6.00E-07 0.0238 0.0238 0.2823 8.4486 
2.5126 1002.7932 63.3290 0.0239 0.2494 0.0015 0.0391 0.0578 0.0001 4.60E-07 -6.75E-09 -9.12E-09 -3.06E-07 5.53E-07 0.0239 0.0239 0.4203 5.6981 
2.5100 1052.4234 76.2347 0.0240 0.2494 0.0015 0.0392 0.0578 0.0001 4.17E-07 -7.37E-09 -9.49E-09 -3.35E-07 5.35E-07 0.0240 0.0240 0.4593 5.2351 
2.5104 1106.7229 91.4780 0.0242 0.2494 0.0015 0.0392 0.0578 0.0001 3.77E-07 -8.00E-09 -9.80E-09 -3.63E-07 5.24E-07 0.0242 0.0242 0.4984 4.8651 
2.5101 1152.3582 105.8466 0.0244 0.2494 0.0016 0.0392 0.0578 0.0001 3.48E-07 -8.54E-09 -1.00E-08 -3.88E-07 5.21E-07 0.0244 0.0244 0.5319 4.5963 
2.5109 1204.5756 124.7560 0.0245 0.2494 0.0015 0.0392 0.0578 0.0001 3.19E-07 -9.21E-09 -1.04E-08 -4.18E-07 5.26E-07 0.0245 0.0245 0.5738 4.2783 
2.5096 1256.7444 140.1545 0.0248 0.2494 0.0016 0.0392 0.0578 0.0001 2.93E-07 -9.51E-09 -1.03E-08 -4.32E-07 5.22E-07 0.0248 0.0248 0.5922 4.1960 
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V Vehicle Velocity (mls) 
D Diameter of Carriage Wheel (m) 
C Number of Counted Pulses in Time dt 
dt Time (s) 

S.D Standard Deviation 
Pv 

Be 

Precision Error for V 

Bias Error for C 

B0 Bias Error for D 

Bdt Bias Error for dt 

Bv Bias Error for V 

Uv Total Error for V 

% Unc. Percentage Uncertainty for V 

Bare Hull Resistance Test 
Uncertainty Analysis (Velocity- Ahead I Astern Directions) 

Pv=2x S.D 

Bv = ( ( oV I oC Be )2 + ( oV I oD B0 )2 + ( oV I Odt Bdt )2 ) 112 

Uv = ( B/ + P/ ) 112 

% Unc. = ( Uv IV ) x 100 
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Uncertainll£ Anall£sis ( Velocity ) 
Bare Hull Resistance Test (Ahead Direction ) 

~ 
( 

' 

',~7~\<v, 

0.6010 0.0002 0.0035 0.0001 -0.00002 0.0035 0.0035 0.5860 
0.6987 0.0002 0.0035 0.0001 -0.00004 0.0035 0.0035 0.5045 
0.8003 0.0003 0.0035 0.0001 -0.00005 0.0035 0.0035 0.4415 
0.8990 0.0003 0.0035 0.0002 -0.00006 0.0035 0.0035 0.3935 
1.0015 0.0004 0.0035 0.0002 -0.00008 0.0035 0.0035 0.3539 
1.1016 0.0004 0.0035 0.0003 -0.00009 0.0035 0.0036 0.3227 
1.2007 0.0005 0.0035 0.0003 -0.00011 0.0035 0.0036 0.2968 
1.3048 0.0005 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2741 
1.4054 0.0006 0.0035 0.0004 -0.00013 0.0035 0.0036 0.2550 
1.5037 0.0006 0.0035 0.0004 -0.00015 0.0035 0.0036 0.2389 
1.6040 0.0006 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2250 
1.7060 0.0007 0.0035 0.0005 -0.00018 0.0036 0.0036 0.2128 
1.8091 0.0008 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2024 
1.9061 0.0009 0.0035 0.0006 -0.00020 0.0036 0.0037 0.1930 
2.0064 0.0009 0.0035 0.0006 -0.00022 0.0036 0.0037 0.1844 
2.1073 0.0010 0.0035 0.0007 -0.00023 0.0036 0.0037 0.1767 
2.3105 0.0012 0.0035 0.0008 -0.00026 0.0036 0.0038 0.1638 
2.5122 0.0013 0.0035 0.0008 -0.00029 0.0036 0.0039 0.1535 
2.7087 0.0014 0.0035 0.0009 -0.00031 0.0036 0.0039 0.1447 
2.9112 0.0015 0.0035 0.0010 -0.00034 0.0037 0.0040 0.1360 
3.1129 0.0016 0.0035 0.0011 -0.00037 0.0037 0.0040 0.1297 
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Uncertaintl( Anall(sis ( Velocity } 
Bare Hull Resistance Test (Astern Direction } 

'··It ~,.,_; > ,· ' 

j,\., .. 
:A~·UA-O:Si 
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0.6088 0.0002 0.0035 0.0001 -0.00002 0.0035 0.0035 0.5787 
0.7089 0.0002 0.0035 0.0001 -0.00004 0.0035 0.0035 0.4974 
0.8097 0.0003 0.0035 0.0002 -0.00005 0.0035 0.0035 0.4363 
0.9113 0.0004 0.0035 0.0002 -0.00007 0.0035 0.0035 0.3883 
1.0126 0.0004 0.0035 0.0002 -0.00008 0.0035 0.0035 0.3499 
1.1124 0.0005 0.0035 0.0003 -0.00009 0.0035 0.0036 0.3197 
1.2146 0.0005 0.0035 0.0003 -0.00011 0.0035 0.0036 0.2935 
1.3139 0.0006 0.0035 0.0004 -0.00012 0.0035 0.0036 0.2723 
1.4123 0.0006 0.0035 0.0004 -0.00013 0.0035 0.0036 0.2539 
1.5161 0.0006 0.0035 0.0004 -0.00015 0.0035 0.0036 0.2368 
1.6148 0.0007 0.0035 0.0005 -0.00016 0.0036 0.0036 0.2238 
1.7155 0.0008 0.0035 0.0005 -0.00018 0.0036 0.0036 0.2120 
1.8173 0.0009 0.0035 0.0006 -0.00019 0.0036 0.0037 0.2019 
1.9185 0.0009 0.0035 0.0006 -0.00020 0.0036 0.0037 0.1922 
2.0195 0.0010 0.0035 0.0006 -0.00022 0.0036 0.0037 0.1836 
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Bare Hull Resistance Test 
Uncertainty Analysis (Resistance- Ahead I Astern Directions) 

v Vehicle Velocity (mls) 
R Bare Hull Resistance (N) 

PR Precision Error for R PR =2xS.D 

S.D Standard Deviation 
S.E.E Standard Error Estimate 

AD Analog to Digital Converter 

B1 Bias Error due to Calibration B1 = 0.00005 X R 

B2 Bias Error due to Data Acquisition B2 = 2 X S.E.E 

B3 Bias Error due to Load Cell Misalignment B3 = R- (Cos 0.25° x R) 

B4 Bias Error due to Data Reduction B4 = ( AD error X ADrange ) I ( AD accuracy ) 

BR Bias Error for R BR = ( B/ + B22 + B32+ B/ )112 

UR Total Error for R UR = ( BR2 + pR2 )1/2 

% Unc. Percentage Uncertainty for R % Unc. = ( URI R ) x 1 00 
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Uncertainty Analysis (Bare Hull Resistance- Ahead) 

\1 B~ 
{ '!'[$) 

0.6010 4.8372 0.0088 0.0002 0.2693 0.0000 0.0054 0.2694 0.2695 5.5717 
0.6987 6.2947 0.0092 0.0003 0.2693 0.0001 0.0054 0.2694 0.2695 4.2818 
0.8003 7.9859 0.0099 0.0004 0.2693 0.0001 0.0054 0.2694 0.2695 3.3753 
0.8990 9.8816 0.0109 0.0005 0.2693 0.0001 0.0054 0.2694 0.2696 2.7282 
1.0015 11.7594 0.0114 0.0006 0.2693 0.0001 0.0054 0.2694 0.2696 2.2927 
1.1016 13.8754 0.0119 0.0007 0.2693 0.0001 0.0054 0.2694 0.2696 1.9432 
1.2007 16.2767 0.0125 0.0008 0.2693 0.0002 0.0054 0.2694 0.2697 1.6567 
1.3048 18.6795 0.0138 0.0009 0.2693 0.0002 0.0054 0.2694 0.2697 1.4440 
1.4054 21.2504 0.0145 0.0011 0.2693 0.0002 0.0054 0.2694 0.2698 1.2694 
1.5037 23.8043 0.0154 0.0012 0.2693 0.0002 0.0054 0.2694 0.2698 1.1334 
1.6040 27.2382 0.0164 0.0014 0.2693 0.0003 0.0054 0.2694 0.2699 0.9908 
1.7060 30.5770 0.0181 0.0015 0.2693 0.0003 0.0054 0.2694 0.2700 0.8829 
1.8091 33.8079 0.0193 0.0017 0.2693 0.0003 0.0054 0.2694 0.2701 0.7988 
1.9061 37.4270 0.0198 0.0019 0.2693 0.0004 0.0054 0.2694 0.2701 0.7217 
2.0064 41.1379 0.0210 0.0021 0.2693 0.0004 0.0054 0.2694 0.2702 0.6568 
2.1073 46.4036 0.0221 0.0023 0.2693 0.0004 0.0054 0.2694 0.2703 0.5825 
2.3105 60.8839 0.0247 0.0030 0.2693 0.0006 0.0054 0.2694 0.2705 0.4443 
2.5122 76.8940 0.0264 0.0038 0.2693 0.0007 0.0054 0.2694 0.2707 0.3520 
2.7087 98.8119 0.0274 0.0049 0.2693 0.0009 0.0054 0.2694 0.2708 0.2741 
2.9112 127.6270 0.0280 0.0064 0.2693 0.0012 0.0054 0.2694 0.2709 0.2123 
3.1129 160.1392 0.0291 0.0080 0.2693 0.0015 0.0054 0.2695 0.2711 0.1693 
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Uncertainty Analysis (Bare Hull Resistance- Astern) 

t>{l'r 
0.6088 5.3066 0.0094 0.0003 0.2693 0.0001 0.0054 0.2694 0.2695 5.0792 
0.7089 6.9982 0.0098 0.0003 0.2693 0.0001 0.0054 0.2694 0.2695 3.8516 
0.8097 8.9347 0.0104 0.0004 0.2693 0.0001 0.0054 0.2694 0.2696 3.0171 
0.9113 11.1765 0.0114 0.0006 0.2693 0.0001 0.0054 0.2694 0.2696 2.4123 
1.0126 13.4500 0.0122 0.0007 0.2693 0.0001 0.0054 0.2694 0.2696 2.0048 
1.1124 15.8659 0.0130 0.0008 0.2693 0.0002 0.0054 0.2694 0.2697 1.6997 
1.2146 18.5111 0.0132 0.0009 0.2693 0.0002 0.0054 0.2694 0.2697 1.4569 
1.3139 21.1376 0.0141 0.0011 0.2693 0.0002 0.0054 0.2694 0.2697 1.2761 
1.4123 24.1367 0.0148 0.0012 0.2693 0.0002 0.0054 0.2694 0.2698 1.1177 
1.5161 27.3797 0.0163 0.0014 0.2693 0.0003 0.0054 0.2694 0.2699 0.9856 
1.6148 30.4808 0.0172 0.0015 0.2693 0.0003 0.0054 0.2694 0.2699 0.8856 
1.7155 34.0387 0.0194 0.0017 0.2693 0.0003 0.0054 0.2694 0.2701 0.7934 
1.8173 37.5215 0.0198 0.0019 0.2693 0.0004 0.0054 0.2694 0.2701 0.7199 
1.9185 40.8561 0.0211 0.0020 0.2693 0.0004 0.0054 0.2694 0.2702 0.6613 
2.0195 44.6591 0.0224 0.0022 0.2693 0.0004 0.0054 0.2694 0.2703 0.6053 
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Bare Hull Resistance Test 
Uncertainty Analysis (Drag Coefficient- Ahead I Astern Directions) 

V Vehicle Velocity (m/s) 
R Bare Hull Resistance (N) 
D Propeller Diameter (m) 
A Cross Sectional Area of the Vehicle Hull (m2) 

p Density of Water (kg/m 3) 

Cct Drag Coefficient (Cross Sectional Area) 

Pcct Precision Error for Cct 

PR Precision Error for R 

BR Bias Error for R 

PR Precision Error for R 

Bv Bias Error for V 
Pv Precision Error for V 

BA Bias Error for A 
BP Bias Error for p 

Bcct Bias Error for Cct 

Ucct Total Error for Cct 

% Unc. Percentage Uncertainty for Cct 
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Uncertainty Analysis (Drag Coefficient) 
Bare Hull Resistance Test (Ahead Direction) 

>\~ 

0.6010 4.8372 0.0088 0.2694 0.0002 0.0035 0.0578 0.0028 0.0119 -1.23E-05 -0.0048 -0.0025 0.0130 0.0088 0.0157 0.2131 7.3783 
0.6987 6.2947 0.0092 0.2694 0.0002 0.0035 0.0578 0.0028 0.0088 -1.19E-05 -0.0046 -0.0021 0.0101 0.0092 0.0137 0.2052 6.6654 
0.8003 7.9859 0.0099 0.2694 0.0003 0.0035 0.0578 0.0028 0.0067 -1.15E-05 -0.0044 -0.0017 0.0082 0.0099 0.0129 0.1985 6.4846 
0.8990 9.8816 0.0109 0.2694 0.0003 0.0035 0.0578 0.0028 0.0053 -1.13E-05 -0.0043 -0.0015 0.0070 0.0109 0.0130 0.1946 6.6818 
1.0015 11.7594 0.0114 0.2694 0.0004 0.0035 0.0578 0.0028 0.0043 -1.08E-05 -0.0042 -0.0013 0.0061 0.0114 0.0129 0.1866 6.9345 
1.1016 13.8754 0.0119 0.2694 0.0004 0.0035 0.0578 0.0028 0.0035 -1.05E-05 -0.0041 -0.0012 0.0055 0.0119 0.0132 0.1820 7.2283 
1.2007 16.2767 0.0125 0.2694 0.0005 0.0035 0.0578 0.0028 0.0030 -1.04E-05 -0.0040 -0.0011 0.0051 0.0125 0.0135 0.1797 7.5182 
1.3048 18.6795 0.0138 0.2694 0.0005 0.0035 0.0578 0.0028 0.0025 -1.01 E-05 -0.0039 -0.0009 0.0047 0.0138 0.0146 0.1746 8.3731 
1.4054 21.2504 0.0145 0.2694 0.0006 0.0035 0.0578 0.0028 0.0022 -9.90E-06 -0.0038 -0.0009 0.0045 0.0145 0.0152 0.1712 8.8873 
1.5037 23.8043 0.0154 0.2694 0.0006 0.0035 0.0578 0.0028 0.0019 -9.69E-06 -0.0037 -0.0008 0.0043 0.0154 0.0160 0.1676 9.5270 
1.6040 27.2382 0.0164 0.2694 0.0006 0.0036 0.0578 0.0028 0.0017 -9.74E-06 -0.0038 -0.0007 0.0042 0.0164 0.0169 0.1685 10.0353 
1.7060 30.5770 0.0181 0.2694 0.0007 0.0036 0.0578 0.0028 0.0015 -9.67E-06 -0.0037 -0.0007 0.0041 0.0181 0.0186 0.1672 11.1032 
1.8091 33.8079 0.0193 0.2694 0.0008 0.0036 0.0578 0.0028 0.0013 -9.51E-06 -0.0037 -0.0006 0.0039 0.0193 0.0197 0.1644 11.9714 
1.9061 37.4270 0.0198 0.2694 0.0009 0.0036 0.0578 0.0028 0.0012 -9.48E-06 -0.0037 -0.0006 0.0039 0.0198 0.0202 0.1640 12.3332 
2.0064 41.1379 0.0210 0.2694 0.0009 0.0036 0.0578 0.0028 0.0011 -9.41E-06 -0.0036 -0.0006 0.0038 0.0211 0.0214 0.1626 13.1578 
2.1073 46.4036 0.0221 0.2694 0.0010 0.0036 0.0578 0.0028 0.0010 -9.62E-06 -0.0037 -0.0006 0.0039 0.0221 0.0225 0.1663 13.5177 
2.3105 60.8839 0.0247 0.2694 0.0012 0.0036 0.0578 0.0028 0.0008 -1.05E-05 -0.0040 -0.0006 0.0042 0.0248 0.0251 0.1815 13.8385 
2.5122 76.8940 0.0264 0.2694 0.0013 0.0036 0.0578 0.0028 0.0007 -1.12E-05 -0.0043 -0.0006 0.0044 0.0265 0.0268 0.1939 13.8426 
2.7087 98.8119 0.0274 0.2694 0.0014 0.0036 0.0578 0.0028 0.0006 -1.24E-05 -0.0048 -0.0006 0.0049 0.0274 0.0278 0.2143 12.9822 
2.9112 127.6270 0.0280 0.2694 0.0015 0.0037 0.0578 0.0028 0.0005 -1.39E-05 -0.0053 -0.0006 0.0054 0.0280 0.0285 0.2397 11.9035 
3.1129 160.1392 0.0291 0.2695 0.0016 0.0037 0.0578 0.0028 0.0004 -1.52E-05 -0.0059 -0.0006 0.0059 0.0291 0.0297 0.2630 11.3066 
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Uncertainty Analysis (Drag Coefficient) 
Bare Hull Resistance Test (Astern Direction) ,. .~:J~.< 

~-<·Y , 
'~ ",'' c -, l i:~~' 

0.6088 5.3066 0.0094 0.2694 0.0002 0.0035 0.0578 0.0028 0.0116 -1.32E-05 -0.0051 -0.0026 0.0129 0.0094 0.0160 0.2279 7.0090 
0.7089 6.9982 0.0098 0.2694 0.0002 0.0035 0.0578 0.0028 0.0085 -1.28E-05 -0.0049 -0.0022 0.0101 0.0098 0.0141 0.2216 6.3523 
0.8097 8.9347 0.0104 0.2694 0.0003 0.0035 0.0578 0.0028 0.0065 -1.25E-05 -0.0048 -0.0019 0.0084 0.0104 0.0133 0.2169 6.1475 
0.9113 11.1765 0.0114 0.2694 0.0004 0.0035 0.0578 0.0028 0.0052 -1.24E-05 -0.0048 -0.0017 0.0072 0.0114 0.0135 0.2142 6.3135 
1.0126 13.4500 0.0122 0.2694 0.0004 0.0035 0.0578 0.0028 0.0042 -1.21E-05 -0.0047 -0.0015 0.0064 0.0122 0.0138 0.2088 6.5869 
1.1124 15.8659 0.0130 0.2694 0.0005 0.0035 0.0578 0.0028 0.0035 -1.18E-05 -0.0046 -0.0013 0.0059 0.0130 0.0142 0.2041 6.9761 
1.2146 18.5111 0.0132 0.2694 0.0005 0.0035 0.0578 0.0028 0.0029 -1.15E-05 -0.0045 -0.0012 0.0054 0.0133 0.0143 0.1997 7.1741 
1.3139 21.1376 0.0141 0.2694 0.0006 0.0035 0.0578 0.0028 0.0025 -1.13E-05 -0.0043 -0.0010 0.0051 0.0141 0.0150 0.1949 7.7198 
1.4123 24.1367 0.0148 0.2694 0.0006 0.0035 0.0578 0.0028 0.0022 -1.11E-05 -0.0043 -0.0010 0.0049 0.0148 0.0156 0.1926 8.1118 
1.5161 27.3797 0.0163 0.2694 0.0006 0.0035 0.0578 0.0028 0.0019 -1.10E-05 -0.0042 -0.0009 0.0047 0.0163 0.0170 0.1896 8.9671 
1.6148 30.4808 0.0172 0.2694 0.0007 0.0036 0.0578 0.0028 0.0016 -1.08E-05 -0.0041 -0.0008 0.0045 0.0173 0.0178 0.1860 9.5900 
1.7155 34.0387 0.0194 0.2694 0.0008 0.0036 0.0578 0.0028 0.0015 -1.06E-05 -0.0041 -0.0008 0.0044 0.0194 0.0199 0.1841 10.8294 
1.8173 37.5215 0.0198 0.2694 0.0009 0.0036 0.0578 0.0028 0.0013 -1.05E-05 -0.0040 -0.0007 0.0043 0.0198 0.0203 0.1808 11.2285 
1.9185 40.8561 0.0211 0.2694 0.0009 0.0036 0.0578 0.0028 0.0012 -1.02E-05 -0.0039 -0.0007 0.0042 0.0211 0.0215 0.1767 12.1563 
2.0195 44.6591 0.0224 0.2694 0.0010 0.0036 0.0578 0.0028 0.0011 -1.01 E-05 -0.0039 -0.0006 0.0041 0.0224 0.0228 0.1743 13.0691 
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n Propeller Rotational Speed (rpm) 

Bollard Pull Test (Prop. + Duct fitted on) 
Uncertainty Analysis (Propeller Rotational Speed) 

C Number of Counted Pulses in Time dt 
dt Time (s) 

S.D Standard Deviation 
P n Precision Error for n 

Be Bias Error for C 

Bdt Bias Error for dt 

Bn Bias Error for n 

Un Total Error for n 

% Unc. Percentage Uncertainty for n 

Pn=2xS.D 

Bn = ( ( on I oC Be )2 + ( on I odt Bdt )2 ) 112 

U = ( B 2 + p 2 )112 n n n 
% Unc. = ( Un In) x 100 
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503.9033 
550.4767 
605.9664 
650.5832 
750.1102 
907.7347 
1001.8816 
1052.1447 
1102.7669 
1151.0962 
1201.9108 
1250.9090 

Uncertainty Analysis (Rotational Speed) 
Bollard Pull Test (Prop.+ Duct fitted on) 

0.0004 0.0391 -0.0009 0.0391 
0.0005 0.0391 -0.0010 0.0391 
0.0005 0.0391 -0.0011 0.0391 
0.0005 0.0391 -0.0013 0.0391 
0.0005 0.0391 -0.0016 0.0391 
0.0005 0.0391 -0.0020 0.0391 
0.0005 0.0391 -0.0023 0.0391 
0.0004 0.0391 -0.0024 0.0392 
0.0005 0.0391 -0.0025 0.0392 
0.0005 0.0391 -0.0027 0.0392 
0.0005 0.0391 -0.0028 0.0392 
0.0005 0.0391 -0.0030 0.0392 
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0.0391 0.0078 
0.0391 0.0071 
0.0391 0.0065 
0.0391 0.0060 
0.0391 0.0052 
0.0391 0.0043 
0.0392 0.0039 
0.0392 0.0037 
0.0392 0.0036 
0.0392 0.0034 
0.0392 0.0033 
0.0392 0.0031 



n 
Q 
F 
R 

Po 
S.D 

S.E.E 
AD 

BF 

BR 

B1 

B2 

B3 

Bo 

Uo 

% Unc. 

Propeller Rotational Speed (rpm) 
Propeller Torque (N-m) 
Calibrating Weight (N) 
Lever Arm (m) 

Precision Error for Q 

Standard Deviation 
Standard Error Estimate 
Analog to Digital Converter 

Bias Error for F 

Bias Error for R 

Bias Error due to Calibration 

Bias Error due to Data Acquisition 

Bias Error due to Data Reduction 

Bias Error for Q 

Total Error for Q 

Percentage Uncertainty for Q 

Bollard Pull Test (Prop. + Duct fitted on) 
Uncertainty Analysis (Propeller Torque) 

P0 = 2xS.D 

B1 = ( ( oo 1 oF BF) 2 +( oo 1 oR BR) 2 ) 1'2 

B2 = 2 X S.E.E 

B3 = ( ADerror X ADrange ) I (AD accuracy ) 

Bo = ( B/ + B/ + B3 2 ) 1t2 

Uo = ( Bo2 + Po2 )112 

% Unc. = ( U0 I Q ) x 100 
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Uncertainty Analysis (Propeller Torque) 
Bollard Pull Test (Prop.+ Duct fitted on) 

n ~~t 'i~AIPne •. 
',· ~" 

ioA,ifP~}. ~·j},~%'1( 

503.9033 0.5283 0.0006 0.00003 0.00042 0.0004 0.0076 0.0007 0.0076 0.0077 1.4519 
550.4767 0.6797 0.0006 0.00003 0.00054 0.0005 0.0076 0.0007 0.0077 0.0077 1.1300 
605.9664 0.8448 0.0007 0.00004 0.00068 0.0007 0.0076 0.0007 0.0077 0.0077 0.9105 
650.5832 1.0205 0.0007 0.00005 0.00082 0.0008 0.0076 0.0007 0.0077 0.0077 0.7552 
750.1102 1.3944 0.0007 0.00007 0.00112 0.0011 0.0076 0.0007 0.0077 0.0077 0.5557 
907.7347 2.1970 0.0007 0.00011 0.00176 0.0018 0.0076 0.0007 0.0078 0.0079 0.3581 
1001.8816 2.6913 0.0007 0.00013 0.00215 0.0022 0.0076 0.0007 0.0079 0.0080 0.2960 
1052.1447 3.0135 0.0007 0.00015 0.00241 0.0024 0.0076 0.0007 0.0080 0.0080 0.2668 
1102.7669 3.3844 0.0008 0.00017 0.00271 0.0027 0.0076 0.0007 0.0081 0.0081 0.2404 
1151.0962 3.6596 0.0008 0.00018 0.00293 0.0029 0.0076 0.0007 0.0082 0.0082 0.2245 
1201.9108 4.0432 0.0008 0.00020 0.00323 0.0032 0.0076 0.0007 0.0083 0.0083 0.2061 
1250.9090 4.3910 0.0008 0.00022 0.00351 0.0035 0.0076 0.0007 0.0084 0.0084 0.1924 
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n 
Tp 

PT 

S.D 
S.E.E 

AD 

B1 

B2 

B3 

BT 

UT 

%Unc. 

Propeller Rotational Speed (rpm) 

Propeller Thrust (N) 

Precision Error for T P 

Standard Deviation 
Standard Error Estimate 
Analog to Digital Converter 

Bias Error due to Calibration 

Bias Error due to Data Acquisition 

Bias Error due to Data Reduction 

Bias Error for T P 

Total Error forT p 

Percentage Uncertainty forT P 

Bollard Pull Test (Prop. + Duct fitted on) 
Uncertainty Analysis (Propeller Thrust) 

PT= 2xS.D 

B1 = 0.00005 X T p 

B2 = 2 X S.E.E 

B3 = ( ADarror X ADrange) f ( ADaccuracy ) 

BT = ( B12 + B22 + B32 )1/2 

UT = ( BT2 + P/ )112 

% Unc. = ( UT/Tp) x 100 
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Uncertainty Analysis (Propeller Thrust) 
Bollard Pull Test (Prop.+ Duct fitted on) 

'~ 
y. '\;'c' 

503.9033 8.9647 0.0080 0.0004 0.2487 0.0182 0.2494 0.2495 2.7829 
550.4767 12.5679 0.0082 0.0006 0.2487 0.0182 0.2494 0.2495 1.9851 
605.9664 17.6148 0.0085 0.0009 0.2487 0.0182 0.2494 0.2495 1.4164 
650.5832 22.3550 0.0083 0.0011 0.2487 0.0182 0.2494 0.2495 1.1160 
750.1102 35.0872 0.0086 0.0018 0.2487 0.0182 0.2494 0.2495 0.7111 
907.7347 59.2718 0.0087 0.0030 0.2487 0.0182 0.2494 0.2495 0.4210 
1001.8816 76.4800 0.0088 0.0038 0.2487 0.0182 0.2494 0.2495 0.3263 
1052.1447 87.9141 0.0092 0.0044 0.2487 0.0182 0.2494 0.2496 0.2839 
1102.7669 98.9344 0.0091 0.0049 0.2487 0.0182 0.2494 0.2496 0.2523 
1151.0962 109.1874 0.0093 0.0055 0.2487 0.0182 0.2494 0.2496 0.2286 
1201.9108 121.8579 0.0096 0.0061 0.2487 0.0182 0.2494 0.2496 0.2048 
1250.9090 132.5731 0.0095 0.0066 0.2487 0.0182 0.2494 0.2496 0.1883 
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n 
F 

PF 

S.D 
S.E.E 

AD 

B1 

B2 

B3 

B4 

BF 

UF 

o/oUnc. 

Propeller Rotational Speed (rpm) 
Tow Force (N) 
Precision Error for F 

Standard Deviation 
Standard Error Estimate 
Analog to Digital Converter 

Bias Error due to Calibration 

Bias Error due to Data Acquisition 

Bollard Pull Test (Prop. + Duct fitted on) 
Uncertainty Analysis (Tow Force) 

PF = 2x S.D 

B1 = 0.00005 X F 

B2 = 2 x S.E.E 

Bias Error due to Load Cell Misalignment B3 = F - (Cos 0.25° x F) 

Bias Error due to Data Reduction B4 = ( AD error X ADrange ) I ( AD accuracy ) 

Bias Error for F BF = ( B/ + B2 2 + B/ + B/ ) 112 

Total Error for F UF = ( BF 2 + PF 2 ) 1/2 

Percentage Uncertainty for F % Unc. = ( UF I F ) x 100 
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Uncertaintv Anall£sis (Tow Force) 
Bollard Pull Test (Prop.+ Duct fitted on) 

F ····~~~~~~ 
{!41 /. ~,-, h ,,;·-: ~2/; .>~~};for ::~i'; 

503.9033 -11.3075 0.0087 -0.0006 0.2693 -0.0001 0.0054 0.2694 0.2695 -2.3834 
550.4767 -17.3445 0.0089 -0.0009 0.2693 -0.0002 0.0054 0.2694 0.2695 -1.5539 
605.9664 -24.1935 0.0089 -0.0012 0.2693 -0.0002 0.0054 0.2694 0.2695 -1.1140 
650.5832 -30.4523 0.0095 -0.0015 0.2693 -0.0003 0.0054 0.2694 0.2695 -0.8851 
750.1102 -48.3194 0.0092 -0.0024 0.2693 -0.0005 0.0054 0.2694 0.2695 -0.5578 
907.7347 -84.1484 0.0098 -0.0042 0.2693 -0.0008 0.0054 0.2694 0.2696 -0.3204 
1001.8816 -113.0899 0.0102 -0.0057 0.2693 -0.0011 0.0054 0.2694 0.2696 -0.2384 
1052.1447 -129.0183 0.0100 -0.0065 0.2693 -0.0012 0.0054 0.2694 0.2696 -0.2090 
1102.7669 -145.7299 0.0103 -0.0073 0.2693 -0.0014 0.0054 0.2695 0.2697 -0.1850 
1151.0962 -162.4119 0.0105 -0.0081 0.2693 -0.0015 0.0054 0.2695 0.2697 -0.1661 
1201.9108 -183.5970 0.0111 -0.0092 0.2693 -0.0017 0.0054 0.2695 0.2698 -0.1469 
1250.9090 -200.7750 0.0110 -0.0100 0.2693 -0.0019 0.0054 0.2696 0.2698 -0.1344 
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Appendix C 
Calculations for Chapter 5 



C.1 Expanded Area Ratio & Chord Length Calculation 

0.20 0.1500 0.0150 0.1000 1 0.1000 
0.30 0.1350 0.0149 0.1100 4 0.4400 
0.40 0.1200 0.0144 0.1200 2 0.2400 
0.50 0.1050 0.0131 0.1250 4 0.5000 
0.60 0.0900 0.0115 0.1275 2 0.2550 
0.70 0.0750 0.0094 0.1250 4 0.5000 
0.80 0.0600 0.0069 0.1150 2 0.2300 
0.90 0.0450 0.0041 0.0900 4 0.3600 
1.00 0.0000 0.0030 0.0000 1 0.0000 

Integral 0.0875 

AE/ A0 0.1114 

C1 



C.2 Blade Root Section ( X = 0.2 ) Profile Calculation 

NACA Mean Line 
(a= 0.8) 

0.0000 0.0000 0.0000 
0.5000 0.2870 0.4854 
0.7500 0.4040 0.4493 
1.2500 0.6160 0.4036 
2.5000 1.0770 0.3410 
5.0000 1.8410 0.2772 
7.5000 2.4830 0.2387 
10.0000 3.0430 0.2105 
15.0000 3.9850 0.1689 
20.0000 4.7480 0.1373 
25.0000 5.3670 0.1110 
30.0000 5.8630 0.0878 
35.0000 6.2480 0.0663 
40.0000 6.5280 0.0460 
45.0000 6.7090 0.0261 
50.0000 6.7900 0.0062 
55.0000 6.7700 -0.0143 
60.0000 6.6440 -0.0361 
65.0000 6.4050 -0.0601 
70.0000 6.0370 -0.0879 
75.0000 5.5140 -0.1231 
80.0000 4.7710 -0.1841 
85.0000 3.6830 -0.2392 
90.0000 2.4350 -0.2558 
95.0000 1.1630 -0.2490 
100.0000 0.0000 -0.2039 

X Chord Line Abscissa 

Lor c Chord Length 

Yt Thickness Distribution Ordinate 

Yo Mean Line Ordinate 
dy 0 /dx Mean Line Slope 

NACA Mean Line 
(a= 0.8) 

0.0000 0.0000 
0.0050 0.0038 
0.0075 0.0053 
0.0125 0.0081 
0.0250 0.0142 
0.0500 0.0242 
0.0750 0.0326 
0.1000 0.0400 
0.1500 0.0524 
0.2000 0.0624 
0.2500 0.0706 
0.3000 0.0771 
0.3500 0.0821 
0.4000 0.0858 
0.4500 0.0882 
0.5000 0.0893 
0.5500 0.0890 
0.6000 0.0873 
0.6500 0.0842 
0.7000 0.0794 
0.7500 0.0725 
0.8000 0.0627 
0.8500 0.0484 
0.9000 0.0320 
0.9500 0.0153 
1.0000 0.0000 

0.0000 
0.0064 
0.0059 
0.0053 
0.0045 
0.0036 
0.0031 
0.0028 
0.0022 
0.0018 
0.0015 
0.0012 
0.0009 
0.0006 
0.0003 
0.0001 
-0.0002 
-0.0005 
-0.0008 
-0.0012 
-0.0016 
-0.0024 
-0.0031 
-0.0034 
-0.0033 
-0.0027 

Xu 

Yu 

XL 

YL 

NACA 16-015 Airfoil 

0.0000 0.0000 
0.5000 1.0321 
0.7500 1.2591 
1.2500 1.6155 
2.5000 2.2584 
5.0000 3.1400 
7.5000 3.7927 
10.0000 4.3250 
15.0000 5.1736 
20.0000 5.8339 
25.0000 6.3597 
30.0000 6.7754 
35.0000 7.0932 
40.0000 7.3189 
45.0000 7.4545 
50.0000 7.5000 
55.0000 7.4514 
60.0000 7.2946 
65.0000 7.0129 
70.0000 6.5898 
75.0000 6.0086 
80.0000 5.2527 
85.0000 4.3055 
90.0000 3.1504 
95.0000 1.7708 
100.0000 0.1500 

Upper Surface Abscissa 

Upper Surface Ordinate 

Lower Surface Abscissa 

Lower Surface Ordinate 

C2 

NACA 16-015 Airfoil + NACA Mean Line 
(a= 0.8) 

·~··iii 0.15 MJ:il 1.3147 

0.0000 0.0000 0.0000 0.0000 
0.0050 0.0103 0.0038 0.0064 
0.0075 0.0126 0.0053 0.0059 
0.0125 0.0162 0.0081 0.0053 
0.0250 0.0226 0.0142 0.0045 
0.0500 0.0314 0.0242 0.0036 
0.0750 0.0379 0.0326 0.0031 
0.1000 0.0433 0.0400 0.0028 
0.1500 0.0517 0.0524 0.0022 
0.2000 0.0583 0.0624 0.0018 
0.2500 0.0636 0.0706 0.0015 
0.3000 0.0678 0.0771 0.0012 
0.3500 0.0709 0.0821 0.0009 
0.4000 0.0732 0.0858 0.0006 
0.4500 0.0745 0.0882 0.0003 
0.5000 0.0750 0.0893 0.0001 
0.5500 0.0745 0.0890 -0.0002 
0.6000 0.0729 0.0873 -0.0005 
0.6500 0.0701 0.0842 -0.0008 
0.7000 0.0659 0.0794 -0.0012 
0.7500 0.0601 0.0725 -0.0016 
0.8000 0.0525 0.0627 -0.0024 
0.8500 0.0431 0.0484 -0.0031 
0.9000 0.0315 0.0320 -0.0034 
0.9500 0.0177 0.0153 -0.0033 
1.0000 0.0015 0.0000 -0.0027 

xu=x-y 1 sin+ 

Yu =yc+y,cos+ 

xL=x+y 1 sin+ 

YL =yc-y,cos+ 



Calculating the Upper & Lower Surface Abscissa & Ordinates 

fii~1#•·l!ll'll,;;••••~.i'IMF_..\..._,~_.t,IIIJ .. ,Zf1Ji~'.:i•l!i'~:;J 
0.0000 0.0000 0.0000 0.0000 0.00000 1.00000 0.0000 0.0000 0.0000 0.0000 
0.0050 0.0103 0.0038 0.0064 0.00638 0.99998 0.0049 0.0141 0.0051 -0.0065 
0.0075 0.0126 0.0053 0.0059 0.00591 0.99998 0.0074 0.0179 0.0076 -0.0073 
0.0125 0.0162 0.0081 0.0053 0.00531 0.99999 0.0124 0.0243 0.0126 -0.0081 
0.0250 0.0226 0.0142 0.0045 0.00448 0.99999 0.0249 0.0367 0.0251 -0.0084 
0.0500 0.0314 0.0242 0.0036 0.00364 0.99999 0.0499 0.0556 0.0501 -0.0072 
0.0750 0.0379 0.0326 0.0031 0.00314 1.00000 0.0749 0.0706 0.0751 -0.0053 
0.1000 0.0433 0.0400 0.0028 0.00277 1.00000 0.0999 0.0833 0.1001 -0.0032 
0.1500 0.0517 0.0524 0.0022 0.00222 1.00000 0.1499 0.1041 0.1501 0.0007 
0.2000 0.0583 0.0624 0.0018 0.00181 1.00000 0.1999 0.1208 0.2001 0.0041 
0.2500 0.0636 0.0706 0.0015 0.00146 1.00000 0.2499 0.1342 0.2501 0.0070 
0.3000 0.0678 0.0771 0.0012 0.00115 1.00000 0.2999 0.1448 0.3001 0.0093 
0.3500 0.0709 0.0821 0.0009 0.00087 1.00000 0.3499 0.1531 0.3501 0.0112 
D.4000 0.0732 0.0858 0.0006 0.00060 1.00000 0.4000 0.1590 0.4000 0.0126 
0.4500 0.0745 0.0882 0.0003 0.00034 1.00000 0.4500 0.1627 0.4500 0.0137 
0.5000 0.0750 0.0893 0.0001 0.00008 1.00000 0.5000 0.1643 0.5000 0.0143 
0.5500 0.0745 0.0890 -0.0002 -0.00019 1.00000 0.5500 0.1635 0.5500 0.0145 
0.6000 0.0729 0.0873 -0.0005 -0.00047 1.00000 0.6000 0.1603 0.6000 0.0144 
0.6500 0.0701 0.0842 -0.0008 -0.00079 1.00000 0.6501 0.1543 0.6499 0.0141 
0.7000 0.0659 0.0794 -0.0012 -0.00116 1.00000 0.7001 0.1453 0.6999 0.0135 
0.7500 0.0601 0.0725 -0.0016 -0.00162 1.00000 0.7501 0.1326 0.7499 0.0124 
0.8000 0.0525 0.0627 -0.0024 -0.00242 1.00000 0.8001 0.1153 0.7999 0.0102 
0.8500 0.0431 0.0484 -0.0031 -0.00314 1.00000 0.8501 0.0915 0.8499 0.0054 
0.9000 0.0315 0.0320 -0.0034 -0.00336 0.99999 0.9001 0.0635 0.8999 0.0005 
0.9500 0.0177 0.0153 -0.0033 -0.00327 0.99999 0.9501 0.0330 0.9499 -0.0024 
1.0000 0.0015 0.0000 -0.0027 -0.00268 1.00000 1.0000 0.0015 1.0000 -0.0015 
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Converting to mm Selecting 21 Stations 

~.?tSi~!f[\}i••t~• . ;'y .t:l:\;2''.; li:ltf~;~J!: {·i:LPi'\'1]' .. a,;;: ~fi:R::i .··· m:t'n~c·~tt1 f ..... ~:fMJ!JSfjJt~··:y;'i;J IU.~(~I':(I~l\K~i.J~;'·I 
(mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) (mm) {mm) (mm) 

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 
0.2500 0.1887 0.2467 0.7047 0.2533 -0.3274 2.5000 1.2102 2.4943 2.7802 2.5057 -0.3598 
0.3750 0.2656 0.3713 0.8951 0.3787 -0.3640 5.0000 2.0003 4.9940 4.1628 5.0060 -0.1622 
0.6250 0.4049 0.6207 1.2127 0.6293 -0.4028 7.5000 2.6196 7.4943 5.2064 7.5057 0.0328 
1.2500 0.7080 1.2449 1.8372 1.2551 -0.4212 10.0000 3.1211 9.9947 6.0381 10.0053 0.2042 
2.5000 1.2102 2.4943 2.7802 2.5057 -0.3598 12.5000 3.5280 12.4954 6.7079 12.5046 0.3482 
3.7500 1.6322 3.7440 3.5286 3.7560 -0.2641 15.0000 3.8541 14.9961 7.2418 15.0039 0.4664 
5.0000 2.0003 4.9940 4.1628 5.0060 -0.1622 17.5000 4.1072 17.4969 7.6538 17.5031 0.5606 
7.5000 2.6196 7.4943 5.2064 7.5057 0.0328 20.0000 4.2912 19.9978 7.9507 20.0022 0.6318 
10.0000 3.1211 9.9947 6.0381 10.0053 0.2042 22.5000 4.4102 22.4987 8.1375 22.5013 0.6830 
12.5000 3.5280 12.4954 6.7079 12.5046 0.3482 25.0000 4.4635 24.9997 8.2135 25.0003 0.7135 
15.0000 3.8541 14.9961 7.2418 15.0039 0.4664 27.5000 4.4503 27.5007 8.1760 27.4993 0.7246 
17.5000 4.1072 17.4969 7.6538 17.5031 0.5606 30.0000 4.3675 30.0017 8.0148 29.9983 0.7202 
20.0000 4.2912 19.9978 7.9507 20.0022 0.6318 32.5000 4.2104 32.5028 7.7168 32.4972 0.7039 
22.5000 4.4102 22.4987 8.1375 22.5013 0.6830 35.0000 3.9685 35.0038 7.2634 34.9962 0.6736 
25.0000 4.4635 24.9997 8.2135 25.0003 0.7135 37.5000 3.6247 37.5049 6.6290 37.4951 0.6204 
27.5000 4.4503 27.5007 8.1760 27.4993 0.7246 40.0000 3.1363 40.0064 5.7626 39.9936 0.5099 
30.0000 4.3675 30.0017 8.0148 29.9983 0.7202 42.5000 2.4211 42.5068 4.5738 42.4932 0.2683 
32.5000 4.2104 32.5028 7.7168 32.4972 0.7039 45.0000 1.6007 45.0053 3.1759 44.9947 0.0255 
35.0000 3.9685 35.0038 7.2634 34.9962 0.6736 47.5000 0.7645 47.5029 1.6499 47.4971 -0.1209 
37.5000 3.6247 37.5049 6.6290 37.4951 0.6204 50.0000 0.0000 50.0002 0.0750 49.9998 -0.0750 
40.0000 3.1363 40.0064 5.7626 39.9936 0.5099 
42.5000 2.4211 42.5068 4.5738 42.4932 0.2683 
45.0000 1.6007 45.0053 3.1759 44.9947 0.0255 
47.5000 0.7645 47.5029 1.6499 47.4971 -0.1209 
50.0000 0.0000 50.0002 0.0750 49.9998 -0.0750 
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C.3 Moment of Inertia & Centroid Position Calculation (Blade Root Section ) 

1) Calculating the M.l & Centroid Position about the Y-Y axis 

a) SectionS,- about the Y-Y Axis 

1 0.00 0.0000 1 25 0.0000 0.0000 0.0000 
2 2.50 2.7802 4 22.5 11.1207 250.2168 5629.8774 
3 5.00 4.1628 2 20 8.3257 166.5133 3330.2667 
4 7.50 5.2064 4 17.5 20.8255 364.4457 6377.7994 
5 10.00 6.0381 2 15 12.0762 181.1425 2717.1373 
6 12.50 6.7079 4 12.5 26.8316 335.3945 4192.4307 
7 15.00 7.2418 2 10 14.4836 144.8358 1448.3580 
8 17.50 7.6538 4 7.5 30.615.1 229.6132 1722.0991 X Chord Line Abscissa 
9 20.00 7.9507 2 5 15.9014 79.5068 397.5342 Yu Upper Surface Ordinate 

10 22.50 8.1375 4 2.5 32.5499 81.3747 203.4367 L Lever Arm 
11 25.00 8.2135 2 0 16.4269 0.0000 0.0000 S.M Simpson's Multplier 
12 27.50 8.1760 4 -2.5 32.7041 -81.7602 204.4004 
13 30.00 8.0148 2 -5 16.0296 -80.1479 400.7394 
14 32.50 7.7168 4 -7.5 30.8673 -231.5049 1736.2866 
15 35.00 7.2634 2 -10 14.5267 -145.2674 1452.6741 
16 37.50 6.6290 4 -12.5 26.5159 -331.4485 4143.1064 
17 40.00 5.7626 2 -15 11.5252 -172.8780 2593.1697 
18 42.50 4.5738 4 -17.5 18.2952 -320.1653 5602.8932 
19 45.00 3.1759 2 -20 6.3517 -127.0344 2540.6870 
20 47.50 1.6499 4 -22.5 6.5996 -148.4913 3341.0537 
21 50.00 0.0750 1 -25 0.0750 -1.8750 46.8748 

293.8723 160.3921 40067.3542 

A1 293.8723 mmL 

Position of Centroid from the Y-Y Axis d1 0.5458 mm 

M.l of sectionS 1 about the Y-Y Axis M.lv.vs1 40067.3542 mm4 

C5 



1 10.00 0.2042 
2 12.50 0.3482 
3 15.00 0.4664 
4 17.50 0.5606 
5 20.00 0.6318 
6 22.50 0.6830 
7 25.00 0.7135 
8 27.50 0.7246 
9 30.00 0.7202 

10 32.50 0.7039 
11 35.00 0.6736 
12 37.50 0.6204 
13 40.00 0.5099 
14 42.50 0.2683 
15 45.00 0.0255 

Position of Centroid from the Y-Y Axis 

M.l of section S 2 about the Y-Y Axis 

c) SectionS.- about the Y-Y Axis 

2 
3 

0.00 
2.50 
5.00 

0.0000 
0.3598 
0.1622 

Position of Centroid from the Y-Y Axis 

M.l of sectionS 3 about the Y-Y Axis 

1 
4 
2 
4 
2 
4 
2 
4 
2 
4 
2 
4 
2 
4 
1 

4 
1 

15 
12.5 
10 
7.5 
5 

2.5 
0 

-2.5 
-5 

-7.5 
-10 

-12.5 
-15 

-17.5 
-20 

A2 

d2 

M.l Y-YS2 

25 
22.5 
20 

0.2042 
1.3928 
0.9328 
2.2423 
1.2636 
2.7319 
1.4269 
2.8985 
1.4404 
2.8157 
1.3471 
2.4815 
1.0198 
1.0732 
0.0255 

19.4135 

19.4135 

-2.3557 

1529.1106 

0.0000 
1.4392 
0.1622 

1.3344 

1.3344 

22.2468 

661.2003 
C6 

3.0629 
17.4098 
9.3279 
16.8173 
6.3179 
6.8297 
0.0000 
-7.2462 
-7.2019 

-21.1179 
-13.4715 
-31.0189 
-15.2974 
-18.7818 

-45.7332 

mmL 

mm 
mm4 

0.0000 
32.3813 
3.2430 

29.6870 

mmL 

mm 
mm4 

45.9433 
217.6225 
93.2789 
126.1297 
31.5893 
17.0742 
0.0000 
18.1154 
36.0095 
158.3846 
134.7150 
387.7364 
229.4616 
328.6818 
10.1906 

1529.1106 

0.0000 
728.5803 
64.8600 

661.2003 

X Chord Line Abscissa 

YL Lower Surface Ordinate 
L Lever Arm 

S.M Simpson's Multplier 

x Chord Line Abscissa 
y L Lower Surface Ordinate 
L LeverArm 

S.M Simpson's Multplier 



Sections S • I S z IS. combined -about theY -Y Axis 

Position of Centroid from the Y-Y Axis ( dx) 

dx = ( A1 * d1 - A2 * d2 + A3 * d3) I ( A1 - A2 + A3 ) 

Position of Centroid from the origin ( x = 0 ) 

M.l of the complete section about the Y-Y axis 
M.ly.v= M.l 51 - M.ls 2 + M.l 53 

0.5234 

24.4766 

39199.4439 

mm 

mm 

M.l of the complete section about an axis parallel to the Y-Y Axis & passing through the Centroid 

I vo = M.l v-v - A· d/ 39123.8955 mm4 
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2) Calculating the M.l & Centroid Position about the X-X axis 

1 0.00 0.0000 1 0.0000 0.0000 0.0000 
2 2.50 2.7802 4 11.1207 30.9177 85.9571 
3 5.00 4.1628 2 8.3257 34.6584 144.2770 
4 7.50 5.2064 4 20.8255 108.4250 564.5004 
5 10.00 6.0381 2 12.0762 72.9169 440.2782 
6 12.50 6.7079 4 26.8316 179.9831 1207.3067 
7 15.00 7.2418 2 14.4836 104.8870 759.5700 
8 17.50 7.6538 4 30.6151 234.3210 1793.4401 X Chord Line Abscissa 

9 20.00 7.9507 2 15.9014 126.4268 1005.1795 Yu Upper Surface Ordinate 
10 22.50 8.1375 4 32.5499 264.8735 2155.3994 S.M Simpson's Multplier 
11 25.00 8.2135 2 16.4269 134.9220 1108.1767 
12 27.50 8.1760 4 32.7041 267.3890 2186.1766 
13 30.00 8.0148 2 16.0296 128.4737 1029.6894 
14 32.50 7.7168 4 30.8673 238.1978 1838.1320 
15 35.00 7.2634 2 14.5267 105.5131 766.3807 
16 37.50 6.6290 4 26.5159 175.7730 1165.1939 
17 40.00 5.7626 2 11.5252 66.4151 382.7236 
18 42.50 4.5738 4 18.2952 83.6782 382.7267 
19 45.00 3.1759 2 6.3517 20.1722 64.0639 
20 47.50 1.6499 4 6.5996 10.8887 17.9653 
21 50.00 0.0750 1 0.0750 0.0056 0.0004 

293.8723 995.3491 4749.2050 

A1' 293.8723 mm~ 

Position of Centroid from the X-X Axis d1' 3.3870 mm 

M.l of sectionS 1 about the X-X Axis M.l X-XS1 4749.2050 mm4 
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1 10.00 0.2042 1 0.2042 0.0417 0.0085 
2 12.50 0.3482 4 1.3928 0.4850 0.1689 
3 15.00 0.4664 2 0.9328 0.4350 0.2029 
4 17.50 0.5606 4 2.2423 1.2570 0.7046 
5 20.00 0.6318 2 1.2636 0.7983 0.5044 X Chord Line Abscissa 

6 22.50 0.6830 4 2.7319 1.8658 1.2743 YL Lower Surface Ordinate 

7 25.00 0.7135 2 1.4269 1.0181 0.7263 S.M Simpson's Multplier 
8 27.50 0.7246 4 2.8985 2.1003 1.5219 
9 30.00 0.7202 2 1.4404 1.0373 0.7471 
10 32.50 0.7039 4 2.8157 1.9821 1.3952 
11 35.00 0.6736 2 1.3471 0.9074 0.6112 
12 37.50 0.6204 4 2.4815 1.5395 0.9551 
13 40.00 0.5099 2 1.0198 0.5200 0.2652 
14 42.50 0.2683 4 1.0732 0.2880 0.0773 
15 45.00 0.0255 1 0.0255 0.0006 0.0000 

19.4135 5.9484 2.5452 

A2' 19.4135 mm" 

Position of Centroid from the X-X Axis d2' 0.3064 mm 

M.l of section S 2 about the X-X Axis M.l X-XS2 2.5452 mm4 

c) Section S 3 -about the X-X Axis 

.. ~-~;; ; ;;~.l ., ''"""''"«;······:.-.·.· . ,. $1JfP'~F ,; tt·Jt~,,j,;li :···:t~· ~-· . f1' r]J'~ L~ "''!~~·.?11 y·•' • ' .t; 

. :>':t•J 'iltWo) Lmm~ . "!' < • .:r• •• 'j ... .. ·:····" ....• .: 

0.00 0.0000 0.0000 0.0000 0.0000 X Chord Line Abscissa 

2 2.50 0.3598 4 1.4392 0.5178 0.1863 YL Lower Surface Ordinate 

3 5.00 0.1622 0.1622 0.0263 0.0043 S.M Simpson's Multplier 

1.3344 0.2267 0.0529 

A3' 1.3344 mm" 

Position of Centroid from the X-X Axis d3' -0.1699 mm 

M.l of section S 3 about the X-X Axis M.l X-XS3 0.0529 mm4 
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Sections 5 , I 5 , I 5 3 combined - about the X-X Axis 

Position of Centroid from the X-X Axis ( dy ) 

dy = ( A1 I * d1 I - A21 
• d21 + A31 * d31

) I ( A1 I - A21 + A31
) 

M.l of the complete section about the X-X axis 

M.l X-X= M.l X-XS1 - M.l X-XS2 + M.l X-XS3 

3.5867 

4746.7127 

mm 

M.l of the complete section about an axis parallel to the X-X Axis & passing through the Centroid 
2 4 

I xo = M.l x-x - A. dy 1198.8900 mm 

M.l & Centroid Position - Final Values 

X Centroid 24.4766 mm 

Y Centroid 3.5867 mm 

Iva 39123.8955 

lxo 1198.8900 

c 10 



C.4 Blade Mass & Longitudinal Position of Centroid ( X c ) Calculation 

Blade Mass 

Blade Vol. 4.40E-05 m3 ( 1 blade) 

Density 8320 Kg /m3 (Manganese Bronze) 
0.2000 0.0500 276.0935 1 2.76E-04 1 0.0003 
0.3000 0.0750 300.6658 2 3.01E-04 4 0.0012 Mass 0.3664 Kg ( 1 blade) 
0.4000 0.1000 318.0597 3 3.18E-04 2 0.0006 
0.5000 0.1250 301.9773 4 3.02E-04 4 0.0012 Total Mass 0.375562 Kg (accounting for Fillet Mass) 
0.6000 0.1500 269.2947 5 2.69E-04 2 0.0005 
0.7000 0.1750 215.6980 6 2.16E-04 4 0.0009 Ax Blade Sectional Area 
0.8000 0.2000 146.0535 7 1.46E-04 2 0.0003 ro Blade Section Radial Position 
0.9000 0.2250 67.0907 8 6.71E-05 4 0.0003 S.M Simpson's Multiplier 
1.0000 0.2500 0.0000 9 O.OOE+OO 1 0.0000 

4.40E-05 

Longitudinal Position of the Blade Centroid ( X. ) 

1 0.2 276.0935 1 276.0935 55.2187 55.2187 
2 0.3 300.6658 4 1202.6633 90.1997 360.7990 
3 0.4 318.0597 2 636.1194 127.2239 254.4478 
4 0.5 301.9773 4 1207.9091 150.9886 603.9545 Xc = 0.5065 
5 0.6 269.2947 2 538.5894 161.5768 323.1536 
6 0.7 215.6980 4 862.7922 150.9886 603.9545 
7 0.8 146.0535 2 292.1069 116.8428 233.6855 
8 0.9 67.0907 4 268.3629 60.3816 241.5266 
9 1.0 0.0000 1 0.0000 0.0000 0.0000 

176.1546 89.2247 

c 11 



Sectional Area fAx) Calculation 

1 0.00 0.0000 1 0.0000 1 0.00 0.0000 1 0.0000 
2 2.50 3.1400 4 12.5600 2 2.75 3.1086 4 12.4344 
3 5.00 4.3250 2 8.6500 3 5.50 4.2818 2 8.5635 
4 7.50 5.1736 4 20.6944 4 8.25 5.1219 4 20.4875 
5 10.00 5.8339 2 11.6678 5 11.00 5.7756 2 11.5511 
6 12.50 6.3597 4 25.4388 6 13.75 6.2961 4 25.1844 
7 15.00 6.7754 2 13.5508 7 16.50 6.7076 2 13.4153 
8 17.50 7.0932 4 28.3728 8 19.25 7.0223 4 28.0891 
9 20.00 7.3189 2 14.6378 9 22.00 7.2457 2 14.4914 
10 22.50 7.4545 4 29.8180 10 24.75 7.3800 4 29.5198 
11 25.00 7.5000 2 15.0000 11 27.50 7.4250 2 14.8500 
12 27.50 7.4514 4 29.8056 12 30.25 7.3769 4 29.5075 
13 30.00 7.2946 2 14.5892 13 33.00 7.2217 2 14.4433 
14 32.50 7.0129 4 28.0516 14 35.75 6.9428 4 27.7711 
15 35.00 6.5898 2 13.1796 15 38.50 6.5239 2 13.0478 
16 37.50 6.0086 4 24.0344 16 41.25 5.9485 4 23.7941 
17 40.00 5.2527 2 10.5054 17 44.00 5.2002 2 10.4003 
18 42.50 4.3055 4 17.2220 18 46.75 4.2624 4 17.0498 
19 45.00 3.1504 2 6.3008 19 49.50 3.1189 2 6.2378 
20 47.50 1.7708 4 7.0832 20 52.25 1.7531 4 7.0124 
21 50.00 0.1500 1 0.1500 21 55.00 0.1485 1 0.1485 

Ax 276.0935 Ax 300.6658 

mm2 mm2 
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Sectional Area fAxl Calculation 

1 0.00 0.0000 1 0.0000 1 0.0000 0.0000 1 0.0000 
2 3.00 3.0144 4 12.0576 2 3.1250 2.7475 4 10.9900 
3 6.00 4.1520 2 8.3040 3 6.2500 3.7844 2 7.5688 
4 9.00 4.9667 4 19.8666 4 9.3750 4.5269 4 18.1076 
5 12.00 5.6005 2 11.2011 5 12.5000 5.1047 2 10.2093 
6 15.00 6.1053 4 24.4212 6 15.6250 5.5647 4 22.2590 
7 18.00 6.5044 2 13.0088 7 18.7500 5.9285 2 11.8570 
8 21.00 6.8095 4 27.2379 8 21.8750 6.2066 4 24.8262 
9 24.00 7.0261 2 14.0523 9 25.0000 6.4040 2 12.8081 
10 27.00 7.1563 4 28.6253 10 28.1250 6.5227 4 26.0908 
11 30.00 7.2000 2 14.4000 11 31.2500 6.5625 2 13.1250 
12 33.00 7.1533 4 28.6134 12 34.3750 6.5200 4 26.0799 
13 36.00 7.0028 2 14.0056 13 37.5000 6.3828 2 12.7656 
14 39.00 6.7324 4 26.9295 14 40.6250 6.1363 4 24.5452 
15 42.00 6.3262 2 12.6524 15 43.7500 5.7661 2 11.5322 
16 45.00 5.7683 4 23.0730 16 46.8750 5.2575 4 21.0301 
17 48.00 5.0426 2 10.0852 17 50.0000 4.5961 2 9.1922 
18 51.00 4.1333 4 16.5331 18 53.1250 3.7673 4 15.0693 
19 54.00 3.0244 2 6.0488 19 56.2500 2.7566 2 5.5132 
20 57.00 1.7000 4 6.7999 20 59.3750 1.5495 4 6.1978 
21 60.00 0.1440 1 0.1440 21 62.5000 0.1313 1 0.1313 

Ax 318.0597 Ax 301.9773 

mm2 mm2 
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Sectional Area CAxl Calculation 

1 0.0000 0.0000 1 0.0000 1 0.0000 0.0000 1 0.0000 
2 3.1875 2.4021 4 9.6084 2 3.1250 1.9625 4 7.8500 
3 6.3750 3.3086 2 6.6173 3 6.2500 2.7031 2 5.4063 
4 9.5625 3.9578 4 15.8312 4 9.3750 3.2335 4 12.9340 
5 12.7500 4.4629 2 8.9259 5 12.5000 3.6462 2 7.2924 
6 15.9375 4.8652 4 19.4607 6 15.6250 3.9748 4 15.8993 
7 19.1250 5.1832 2 10.3664 7 18.7500 4.2346 2 8.4693 
8 22.3125 5.4263 4 21.7052 8 21.8750 4.4333 4 17.7330 
9 25.5000 5.5990 2 11.1979 9 25.0000 4.5743 2 9.1486 
10 28.6875 5.7027 4 22.8108 10 28.1250 4.6591 4 18.6363 
11 31.8750 5.7375 2 11.4750 11 31.2500 4.6875 2 9.3750 
12 35.0625 5.7003 4 22.8013 12 34.3750 4.6571 4 18.6285 
13 38.2500 5.5804 2 11.1607 13 37.5000 4.5591 2 9.1183 
14 41.4375 5.3649 4 21.4595 14 40.6250 4.3831 4 17.5323 
15 44.6250 5.0412 2 10.0824 15 43.7500 4.1186 2 8.2373 
16 47.8125 4.5966 4 18.3863 16 46.8750 3.7554 4 15.0215 
17 51.0000 4.0183 2 8.0366 17 50.0000 3.2829 2 6.5659 
18 54.1875 3.2937 4 13.1748 18 53.1250 2.6909 4 10.7638 
19 57.3750 2.4101 2 4.8201 19 56.2500 1.9690 2 3.9380 
20 60.5625 1.3547 4 5.4186 20 59.3750 1.1068 4 4.4270 
21 63.7500 0.1148 1 0.1148 21 62.5000 0.0938 1 0.0938 

Ax 269.2947 Ax 215.6980 

mm2 mm2 
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Sectional Area (Axl Calculation 

1 0.0000 0.0000 1 0.0000 1 0.00 0.0000 1 0.0000 
2 2.8750 1.4444 4 5.7776 2 2.25 0.8478 4 3.3912 
3 5.7500 1.9895 2 3.9790 3 4.50 1.1678 2 2.3355 
4 8.6250 2.3799 4 9.5194 4 6.75 1.3969 4 5.5875 
5 11.5000 2.6836 2 5.3672 5 9.00 1.5752 2 3.1503 
6 14.3750 2.9255 4 11.7018 6 11.25 1.7171 4 6.8685 
7 17.2500 3.1167 2 6.2334 7 13.50 1.8294 2 3.6587 
8 20.1250 3.2629 4 13.0515 8 15.75 1.9152 4 7.6607 
9 23.0000 3.3667 2 6.7334 9 18.00 1.9761 2 3.9522 
10 25.8750 3.4291 4 13.7163 10 20.25 2.0127 4 8.0509 
11 28.7500 3.4500 2 6.9000 11 22.50 2.0250 2 4.0500 
12 31.6250 3.4276 4 13.7106 12 24.75 2.0119 4 8.0475 
13 34.5000 3.3555 2 6.7110 13 27.00 1.9695 2 3.9391 
14 37.3750 3.2259 4 12.9037 14 29.25 1.8935 4 7.5739 
15 40.2500 3.0313 2 6.0626 15 31.50 1.7792 2 3.5585 
16 43.1250 2.7640 4 11.0558 16 33.75 1.6223 4 6.4893 
17 46.0000 2.4162 2 4.8325 17 36.00 1.4182 2 2.8365 
18 48.8750 1.9805 4 7.9221 18 38.25 1.1625 4 4.6499 
19 51.7500 1.4492 2 2.8984 19 40.50 0.8506 2 1.7012 
20 54.6250 0.8146 4 3.2583 20 42.75 0.4781 4 1.9125 
21 57.5000 0.0690 1 0.0690 21 45.00 0.0405 1 0.0405 

Ax 146.0535 Ax 67.0907 

mm2 mm2 

c 15 










