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Abstract 

Several Newfoundland boatbuliders are interested m the ability to switch over from 

building fishing vessels to building yachts and other pleasure craft for the North 

American and European market or starting up yacht building operations. 

This project is intended to provide them with an optimized trawler type yacht hull design 

with thoroughly tested and well documented performance characteristics. This 

information can then be used in their marketing efforts to break into this market that is 

new to them. 

To partially complete this objective a series of tests were completed in the MUN OERC 

towing tank as well as in the lOT Ice Tank facility. Testing consisted of both bare hull 

resistance and self-propulsion tests. These tests are able to determine the powering 

performance of the vessel in calm water. 

This report details the set-up, test procedure, and analysis of results of all testing 

completed on the hull with each of the bows designed. Also provided are detailed 

conclusions of the results as well as recommendations for further study of this hull form. 
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Chapter 1 - Introduction 

1.1 Aim 

This report describes the design, construction, and testing of a 6 ft model of a 45 ft 

trawler yacht designed for a group of Newfoundland boatbuilders. The testing was 

completed on a 1:7.654 scale model which has a removable bow section. A conventional 

bow along with eight different bulbous bows was tested in this project. 

Two types of tests were carried out for the yacht hull; these include bare hull resistance 

tests and self-propulsion tests. Each of these tests is discussed in full detail within the 

report and the results of each are contained within their respective sections. Conclusions 

and recommendations are also provided at the end of the report. 

1.2 Background 

In the previous phase of the project the hull form along with three alternative bulbous 

bows had been designed using Rhinoceros3D. The hull form was designed to have a 

good balance between energy efficiency and seakeeping perforn1ance. A 1:7.654 scale 

model was constructed by Memorial University of Newfoundland Teclmical Services 

Department. 

During the current phase of the project an additional 5 bulbous bows were designed, 

milled and finished. The hull form and previously constructed bulbous bows were also 

refinished during this phase of the project. 

The following list summarizes the activities completed during this phase of the project: 

• The design and construction of five alternative bulbous bows for the model 

• Refinishing of hull form and three alternative bulbous bows that have been 

previously finished 

• Resistance tank testing m calm water of all hull configurations m order to 

establish a ranking of their powering performance in calm water 
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• Self-propulsion tank testing in calm water of all hull configurations in order to 

determine the hull and propeller interaction effects 

• Using the results from the resistance and propulsion tests to determine the relative 

energy efficiency of each of the hull configurations 

2 



Chapter 2 - Literature Review of Bulbous Bows 

The effect of a bulbous bow fitted on the stem of a vessel has been known for quite some 

time now. Bulb like protrusions were first recorded on the stem of war ships back in 

Roman times. Their main purpose back then was to use as a device for ramming and 

sinking enemy ships. D.W. Taylor was the first to produce a true bulbous bow and 

designed such a bow in 1907 for the USS Delaware; a vessel which was said to have 

excellent powering performance. Much research was completed in this area since that 

time and many advances have been made in understanding the effects of adding a 

bulbous bow on the powering performance of a vessel. 

Little theoretical work has been completed in attempting to fully understand the 

seakeeping effects of a bulbous bow. Common practice is to design the bulb by 

concentrating on optimizing the calm water powering performance of the vessel. Model 

testing is then typically completed to ensure good seakeeping performance of the bulbous 

bow vessel. 

This section will provide a brief overview of the work that has been completed on the 

resistance and powering performance of bulbous bows throughout the years. Two well 

known design methods ofbulbous bows will be described within this section. Finally, a 

review of the experimental work that has been completed on bulbous bows which is 

relevant to this project will also be given in this section. 

2.1 Timeline of Work Completed 

The earliest studies completed on bulbous bows were done by Taylor (1923) and Bragg 

(1930). These tests were completed on methodical series hull forms with Taylor bulbs. 

Shortly after Weinblum (1935) and Wigley (1936) began to study the linearized theory of 

wave resistance. This theory begins to explain how a bulb works, but it doesn' t allow 

one to actually design a bulb for a given hull form. Wigley (1936) also discussed the 

practical benefits of fitting a bulbous bow to a ship, and how a bulbous bow works by 

minimizing the wave resistance of a hull form. This early work led to further 
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experimental work on methodical series hull forms by Ferguson et al. (1 956), Iuni et al. 

(1960), Ferguson ( 1967), and Muntjewerf (1967). It also led to further investigation of 

the linearized theory of wave resistance by Inui (1962) and Yim (1963). 

Some of the other work completed in this time frame includes work by Inui et al. (1960) 

which resulted in the development of a bulbous bow form known as the ' Inui Bow' and 

also referred to as a 'waveless' hull and bow combination. It is known however that it is 

not a true bow wave canceling bulb. Baba (1969) discussed some of the other possible 

benefits of using a bulbous bow, such as the reduction of wave breaking resistance. 

Dillon and Lewis (1955) were the first to attempt to determine the performance of a 

vessel outfitted with a bulbous bow in waves. Through a series of model tests in calm 

water and head seas they found a large reduction in calm water resistance and a small 

reduction in motions in head seas. They were then the first to hypothesize that a bulbous 

bow can be designed for calm water performance alone. 

There have been several attempts at providing design methods for bulbous bows. 

However, none of these provide a way of designing the size, location, and method of 

fairing into the hull waterlines all at once. Inui (1962) described a way of determining 

the bulb size by matching the amplitude functions of regular waves from both the ship 

bow and bulb. Sharma (1967) described a technique to design the size and location of the 

bulb. Van Larnmeren and Wahab (1965) completed work on designing spherical bulbs 

where they used a simple approximation theory to determine the radius of the sphere 

which would reduce the bow wave system as much as possible. 

In the 1970' s two different design methods were developed by Yim (1974) and Kracht 

(1978) for designing a bulbous bow for a given hull form. These are the two most 

popular design methods used in the initial stages of a hull and bulbous bow design. 

These two design methods will be discussed in further detail in the following section. 
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2.1.1 Design Methods 

Yim (1974) wrote a paper describing a simple theory and method for designing a bulbous 

bow for a given ship. The paper describes a procedure that can be used to determine how 

large a bulb should be for a given ship hull; as well as methods for detennining where the 

bulb should be located and how it should be faired into the hull waterlines. In this 

method the main parameters used to describe the hull and bulb are the half entrance 

angle, bulb volume, and Froude Number in terms of draft, as given in below equation: 

(1) 

This method relies on the linear wave theory to describe the wave patterns as well as 

dividing the given ship form into elementary sine ship (similar to dividing the hull into 

wedges). It is supposed that each elementary sine ship has an optimum bulbous bow at 

its bow; superimposing all of these bulbs will give an optimum bulb for the given ship 

and is automatically faired into the hull waterlines. This method relies solely on 

theoretical research and no published test data could be found to support this design 

method. Therefore, this design procedure should be used with caution; and at most 

should only be used as an initial guideline for designing an appropriate bulbous bow for a 

given hull form. 

Another method for designing bulbous bows for ships was presented by Kracht (1978). 

His method provides more generalized design guidelines for reducing the hull resistance 

and is based on a statistical analysis of previous test results. The vessel length, beam, 

draft, and displacement are the main characteristics describing the given vessel hull. The 

cross-sectional bulb area, maximum breadth of cross-sectional bulb area, protruding 

length of bulb, height of the foremost point of the bulb over the baseline of the vessel, 

area of the bulb in the longitudinal direction, as well as the volume of the bulb are the six 

main characteristics used to describe the bulbous bow. These six main bulb 

characteristics are then non-dimensionalized into three linear and three non-linear bulb 

parameters. 
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The paper then provides a residual power reduction coefficient for a given bulbous bow 

design; or alternatively, a desired reduction coefficient can be chosen and a bulbous bow 

designed based on this reduction coefficient. This method is based on experimental work 

and is therefore useful in providing initial guidelines for designing a bulbous bow for a 

given hull form. 

2.1.2 Relevant Experimental Work 

Many researchers and naval architects have completed experiments to determine the 

effects of a bulbous bow on a certain parent hull. Literature has been found for model 

scale experiments conducted on everything from small workboats to large commercial 

vessels to determine if a bulbous bow would be suitable for that particular hull type. 

However, only the relevant literature found will be presented in this review; that is the 

testing completed on trawler hull forms. Trawlers typically run at high Froude Numbers 

(in the range of 0.30 - 0.37) and typically have high wavemaking resistance. Therefore, 

this vessel type potentially stands to have significant savings in required effective power 

at its design speeds. 

A paper written by Johnson (1958) describes a series of bare hull resistance as well as 

self-propulsion tests which were carried out on a set of hull forms. One of the hull forms 

was used as a basis hull and was fitted with a conventional bow; while three other hull 

forms were designed, each incorporating a slightly different bulbous bow (each bulb has 

a slightly different front cross-sectional area). The bulbous bows designs are implicit 

bulbs, meaning there is no increase in the displacement of the hull. This is done by 

shifting part of the displacement volume of the main hull forwards. By doing so the 

sectional area curve of the original hull is changed. 

The bare hull resistance tests were carried out for three displacements at both level trim 

and 4% trim by the stem. The results from these tests show a decrease in resistance for 

speeds higher than about 8 - 9 knots (F11 = 0.25 - 0.28). For example, for the fully loaded 

condition where the models are trimmed 4% by the stem the 10% bulb reduces the 
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required effective power by approximately 20%. For this same condition the 7% bulb 

reduces the required effective power by about 15% and the 4% bulb by about 10%. From 

these tests it was concluded that a larger bulb generally provides a larger reduction in 

required effective power. These tests also concluded that there is a general increase in 

model sinkage at amidships with increasing speed. Also, the model will trim by the head 

up to a certain speed then begin to significantly trim by the stem. This change in trim 

direction generally occurred around 11 - 11.5 knots (Fn = 0.35 - 0.37) for all bows. 

Also, the magnitude of dynamic trim by the head as well as sinkage at amidships 

generally increases with increasing bulb size. 

The self-propulsion tests were carried out for one displacement for each trim condition. 

During the initial set of tests the conventional bow was tested using a different propeller 

than was used for the three hull outfitted with bulbous bows. Therefore, the author can 

only make comparisons for the three models with bulbous bows. The results from these 

tests show a general trend of slightly decreasing hull efficiency with increasing bulb size. 

This set of tests also clearly shows that an increase in bulb size will signjficantly increase 

the thrust deduction fraction. 

In the second set of tests the model with conventional bow was tested with the same 

propeller as each of the models with bulbous bows. This then allowed for direct 

comparison between any of the four models tested. From this set of tests it was found 

that a bulb with a smaller size (i.e. approximately 5%) generally provides the lowest 

thrust deduction fractions, which lead to higher hull efficiencies. 

Doust (1960) wrote a report which summarized resistance and propulsion experiments 

that were carried out on two models in calm water and rough seas. One model was a 

conventional long distance trawler while the other was a trawler outfitted with a bulbous 

bow having the same overall dimensions and displacement. It was found from the bare 

hull resistance tests it was found that the bulbous bow form provided a reduction in 

required effective power of 5 - 7.5% in the operating speed range of 12 - 14 knots (Fn = 

0.27 - 0.32). 
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Two different propellers were tested in the propulsion test program. One propeller 

provided a 3 - 5% increase in the Quasi Propulsive Efficiency (QPE) in the speed range 

of 13 - 14 knots (Fn = 0.29 - 0.32) using a bulbous bow. The other provided a 7.5 -

8.5% increase in the same speed range. This increase in propulsive efficiency, when 

combined with the reductions in resistance, provided an overall reduction in required 

power on the order of 1 0 - 15%. 

A paper by Heliotis and Gourley (1985) describes the results of experiments conducted 

on models of a 76ft and 119ft New England Trawler hulls. In the study they tested 12 

cylindrical type bulbous bows, with no fairing into the hull, for each hull form all at a 

common draft (i.e. model with bulb attached had a heavier displacement than original 

hull). It was found that up to a 25% reduction in resistance could be achieved with a bulb 

that has a cross-sectional area of approximately 20% of the amidships sectional area. 

Also, a bulb length that corresponded to 1.5 times the diameter of the 20% bulb (i.e. bulb 

diameter of 60 inches and length to front tip of bulb of 90 inches) was found to give the 

largest reduction in resistance at the design speeds (F11 around 0.32- 0.35). 

Gourley and Heliotis (1985) performed a very similar study on a 50 m Freshfish Stern 

Trawler with similar findings. It was found that a bulb with a cross-sectional area of 

approximately 20% of the amidships sectional area provided the greatest reduction in 

resistance at the design speed (corresponding to an F11 of approximately 0.32). A bulb 

length that corresponded to the diameter of the 20% bulb (i.e. bulb diameter of 10.4 ft 

and length to front tip of bulb of 11.1 ft full scale) was found to give the highest potential 

for reduction in resistance at the design speed. This is different than what was found in 

their previous report where a bulb length corresponding to 1.5 times the diameter of the 

20% bulb was found to be the most beneficial from a resistance point of view. No 

possible reason for this was given in either report. 

A paper published by Newfoundland Oceans Research and Development Corporation 

(NORDCO) (1990) details the testing completed on a 65 ft single chine Newfoundland 

type fishing vessel. A conventional bow as well as a cylindrical type bulbous bow with 
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no fairing into the hull was tested. No details were provided for the design parameters 

for the bulbous bow. The test plans consisted of bare hull resistance tests from 2 - 12 

knots full scale, self-propulsion tests from 2 - 1 0 knots, and seakeeping tests at 0, 3 and 9 

knots. 

From the resistance testing it was found that the bulbous bow was disadvantageous up to 

a Froude Number of about 0.27. At the design speed of 9 knots (Fn = 0.34) the bulb 

provided a 14% decrease in resistance. 

It was found from the self-propulsion tests that there were significant differences in the 

propeller performance behind the two models. The thrust deduction fractions for the 

model with bulb generally had a much higher thrust deduction fraction than the model 

with conventional bow. The wake fraction was also generally slightly higher for the 

model with bulbous bow attached. This resulted in lower hull efficiency, and hence 

lower propulsive efficiency, for the model with the bulbous bow attached. The author 

believes this is due to the disturbed flow around the aft end of the model with a bulbous 

bow. 

Friis et al. (1998) completed a study on the resistance and seakeeping characteristics of a 

model of the F/V Newfoundland Tradition. This vessel was a typical Newfoundland type 

fishing vessel with a length of 65 ft overall. The model was tested with a conventional 

bow as well as with two different bulbous bows. Details are not given of the actual 

particulars of the hull or the bulbous bows. However, the report does say that the shorter 

bulb does not extend past the 65 ft length overall, and the longer bulb extends 5 ft past 

the 65 ft length. It is also noted that all testing was performed at a common draft. 

From the resistance tests it was found that the longer bulb provided a 8 - 9% reduction in 

model resistance at speeds above 7 knots full scale (corresponding to Fn = 0.27). The 

smaller bulb would only provide about half of that reduction. 
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Friis et al. (2007) published a paper which detailed model resistance tests carried out on a 

110 ft unrestricted Canadian fishing vessel (not restricted by the 65 ft length rule, 

enforced by the Department of Fisheries and Oceans (DFO) at the time of the study). 

The three main bulb parameters studied in this project were: the top profile slope (either 

10 or 15°), front cross-sectional area (either 17.8 or 19.9% of the amidship sectional 

area), as well as the fairing method into the hull (either no fairing line at all, straight line 

fairing into hull waterlines, or faired into the hull water lines using S-shaped curves). 

Using these parameter there were a total of six bulbous bows tested along with the 

conventional bow. 

For the resistance tests the conventional bow was tested at three different draft conditions 

(design, lightly loaded and heavily loaded) as well as three static trim conditions for each 

draft (level trim, 1.5° by the stern, and 3.0° by the stern). All bulbous bows were tested 

at all three trim conditions for the design draft only. It was found that the conventional 

bow performed the best from an energy efficiency point of view up to a Froude Number 

of approximately 0.27. After a Froude Number of about 0.31 all of the bulbous bows 

begin to outperform the conventional bow. In the design speed range ofF11 = 0.34-0.37 

the bulbs with the S-shaped fairing provide approximately a 30 - 35% reduction in 

resistance. The two bulbs with no fairing at all provide a reduction in the range of 17.5 -

30%, and the two bulbs with straight line fairing provide anywhere between 15 - 25%. It 

is also noted that there is little difference in resistance reduction between similar bulbs 

with different front cross-sectional area. This however may be due to the fact that there 

is only a 2.1% difference in the percentage of the amidships sectional area between the 

small and large front cross-sectional areas of the bulbs. 

Several other interesting results can be concluded from the data presented in the report. 

Firstly, at high Froude Numbers (i.e. above the design speed range) the bulb with no 

fairing and a larger front cross-sectional area consistently provides the highest reduction 

in resistance from the conventional bow. Also, looking at only the two bulbs with 

straight line fairing it can be seen that the bulb with a slope at the top of the bulb of 15° 
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consistently provides a much larger decrease in resistance than the similar bulb with a 

slope at the top of the bulb of 10°. 

Finally, Friis et al. (2008) completed a study on the design of a fishing vessel for 

operation in the Newfoundland and Labrador fishery that is restricted by the DFO vessel 

length restriction of 89 ' -11 ". The study included the following testing on a 6 ft model : 

bare hull resistance tests, self-propulsion tests, as well as soft-moored seakeeping tests 

and seakeeping tests in head seas. The model was tested with a conventional bow as well 

as three different bulbous bows. The bulbs had a common length and front cross

sectional area (corresponding to approximately 24.6% of the submerged amidships 

sectional area). The main difference in the bulbs was the method of fairing into the hull 

waterlines. One had no fairing into the hull, one was faired in with straight lines, and the 

other was faired in with S-shaped curves. Also, the bulb with the straight line fairing had 

a top profile slope of 17°, while the other two had top profile slopes of 10°. 

For the resistance tests the conventional bow was tested at three different draft conditions 

(design, lightly loaded, and heavily loaded) as well as three static trim conditions for each 

draft (level trim, 1.5° by the stem, and 3.0° by the stem). All bulbous bows were tested 

at all three trim conditions for the design draft only (however, there were some 

discrepancies in the draft due to errors in ballast calculations). 

From these tests it was determined that the bulb with an s-shape fairing is likely to be the 

best performer from a calm water resistance point of view, with the straight line fairing a 

close contender over the full range. At the static level trim condition in the speed range 

of 10 - 11 knots (Fn = 0.31 - 0.35) the bulb with an s-shaped fairing provides anywhere 

between a 26.4 - 30.4% reduction in required effective power. The bulb with a straight 

line fairing provides between a 21.3 - 27% reduction in the same speed range; and the 

bulb with no fairing into the hull provides between a 6.6 - 28.9% reduction in this speed 

range. 
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Two further conclusions came from these tests; one is that the amount of bulb 

submergence has an impact on the extent of dynamic trim angle of the vessel. lt was 

found that higher bulb submergence leads to a higher amount of trim by the head. Also, a 

larger top surface area of a bulb provides a bigger trim by the head, up to approximately 

the design speed. 

From the self-propulsion testing it was found that all of the bulbs provided lower wake 

fractions but significantly higher thrust deduction fractions. This in tum provided lower 

hull efficiencies, and in tum lower propulsive efficiencies, for all three bulbous bows. 

The required installed power was calculated for all bows, and it was shown that at the 

vessel design speed of 1 0 knots the bulb with S-shaped fairing provided a decrease of 

about 8% in required power. The bulb with straight line fairing provided a decrease of 

just over 2% while the bulb with no faring had a required installed power approximately 

13% higher than the conventional bow. It should be noted here that there were 

significant problems encountered during the self-propulsion tests, which in tum render 

the collected data less than reliable. 
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Chapter 3- Model and Bulbous Bows 

3.1 Model 

The yacht hull form used in this study was designed in the earlier stages of the project 

using Rhinoceros 30. The following figure shows an isometric view of the rendered hull 

surface of the final design. Also, the following table outlines the principal particulars of 

the vessel. Further details of the hull form can be found in Appendix A. 

Perspective 

Figure 1: Rendering of Finished Hull Surface 
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Table 1: Vessel Particulars 
Vessel (Full Scale) (SI Units) (Jmperial Units) 
Length Overall (LOA) 14m 45.93 ft 

Beam (Bs) 4.21 m 13.81 ft 
Length on Waterline (Ls) 13.26 m 43.51 ft 

Volume Displaced ( V ) 30.45 m3 1075.49 ft3 

Displacement (L\) 30.45 tonnes 33.57 short tons 

Draft from baseline (Ts) (at amidships) 1.44 m 4.72 ft 
Longitudinal Centre of Buoyancy (LCB) (from transom) 6.15 m 20.18 ft 
Wetted Surface Area (Ss) 66.77 m2 718.78 ft2 

Waterplane Area (Aw) 47.29 m2 509.08 w 
Submerged Transom Area (AT) 1.11 m2 11.95 ft2 

Block Coefficient (C6) 0.377 
Waterplane Coefficient (CWP) 0.85 
Prismatic Coefficient (Cp) 0.717 

Midship Section Coefficient (Cm) 0.526 
J/2 Angle of Entrance (a) 30.5° 

The model was designed to have an overall length of 6 ft. This length is considered 

optimal for use in the MUN towing tank as it provides for easy handling around the lab 

area and it helps minimize blockage effects associated with tested in a confined tank. 

Figure 2: Model Assembled with Instrumentation for Self-Propulsion Tests 
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Since a smaller model was designed, the interior volume of the model used for testing 

had to be maximized in order to create as much room as possible for the instrumentation 

required in the self-propulsion tests, such as the K&R dynamometer and electric motor. 

This is shown in the previous figure. 

In order to maximize the interior volume the model was design to have the different bulbs 

fit over an existing interior structure. This design gives sufficient interior space while 

allowing for quick bow changes. This is shown in the following figure. 

Figure 3: Rendering of Model Showing Removable Bow 

3.2 Bulbous Bows 

A total of eight alternative bulbous bows were designed for tank testing. The 

methodology used to design these bulbs was based on previous design and testing 

completed by Friis et al. (2007 and 2008). 
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The main geometric characteristics of each of the eight bulbs are listed below. One of the 

main differences in the bulbs is the type of fairing into the hull waterlines. Three bulbs 

are faired using straight lines, three with no fairing, and two using s-shaped curves. The 

other differences are: the added length on the waterline (due to the presence of the bulb) 

from the front perpendicular, the front cross-sectional area, the fairing radius into the 

stern line and the top profile slope. 

Table 2· Bulbous Bow Characteristics (Model Scale) 

Bow 
Fairing Added Length Front Area 

% of Am(%) RF (ft) ATP (deg) Type (ft) (ft2
) 

Beta Straight Line 0.590 0.103 17.64 0.309 13.0 

Delta None 0.425 0.103 17.64 0.236 16.7 

Gamma None 0.590 0.103 17.64 0.309 13.0 

Epsilon S-Shaped 0.590 0.103 17.64 0.309 13.0 

Eta Straight Line 0.590 0.138 23.48 0.309 13.0 

Iota None 0.425 0. 173 29.47 0.236 16.7 

Theta Straight Line 0.425 0.138 23.48 0.236 16.7 

Zeta S-Shaped 0.425 0. 103 17.64 0.236 16.7 

The following three tables list the top bulb area and bulb submergence of each of the 

bulbs at static level trim, 0.75° by the stem and 1.5° by the stem trim conditions. The top 

bulb area is the waterplane area that has been added due to the presence of the bulb. The 

bulb submergence is the underwater volume added due to the bulb presence. 

T able 3: Comparison of Top Bulb Area and Bulb Submergence (Level Trim 
Level Trim 

Bow Top Bulb Area (ft2) Bulb Submergence (fe) 

Beta 0.4348 0.2390 

Delta 0.1135 0.0843 

Gamma 0.1458 0.1035 
Epsilon 0.2745 0.1832 

Eta 0.52 15 0.2788 

Iota 0.2194 0.1554 

Theta 0.4315 0.2304 

Zeta 0.2360 0.1599 
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Ta ble 4: Comparison of Top Bul b Area a nd Bulb Submeroence (0.75° by Ste rn) 
0. 75° by Stern 

Bow Top Bulb Area (fe) Bulb Submergence (fe) 

Beta 0.55 18 0.2188 
Delta 0. 1679 0.0783 

Gamma 0.2108 0.0969 
Epsilon 0.4022 0. 1627 

Eta 0.6754 0.2546 
Iota 0.3196 0.1 436 

Theta 0.5550 0. 1993 
Zeta 0.3257 0. 1420 

Table 5: Comparison of Top Bulb Area a nd Bulb Submergence (1.5° by Stern) 
1.5° by Stern 

Bow Top Bulb Area (fe) Bulb Submergence (ft3
) 

Beta 0.6261 0. 1946 
Delta 0.2164 0.0717 

Gamma 0.2679 0.09 11 
Epsilon 0.4807 0.1 489 

Eta 0.7643 0.2260 
Iota 0.3906 0. 1279 

Theta 0.62 10 0. 1885 
Zeta 0.4165 0. 1344 

The following series of figures shows each of the eight bulbous bows designed. There 

are four views in each figure in order to provide a good idea of the shape of each bulb. 
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Beta Bow 

Bottom 

front 

Figure 4: Four Views of Beta Bow 

Delta Bow 

Bottom 

front 

Figure 5: Four Views of Delta Bow 
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Gamma Bow 

Bottom Perspective 

front 

Figure 6: Four Views of Gamma Bow 

Epsilon Bow 

Bottom 

f ront 

Figure 7: Four Views of Epsilon Bow 
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Eta Bow 

Figure 8: Four Views of Eta Bow 

Iota Bow 

Perspective 

Right 

Figure 9: Four Views of Iota Bow 
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Theta Bow 

Figure 10: Four Views of Theta Bow 

Zeta Bow 

Figure 1 1: Four Views of Zeta Bow 
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Chapter 4 - Model Construction 

The construction and finishing of the model was done by Memorial University of 

Newfoundland Teclmical Services Department. The following section gives a brief 

overview of the procedure involved in the construction of the model. The figures 

provided show the various stages of the model construction process up to completion. 

Note here that the model construction was completed using the JOT Standard Test 

Method for Model Construction (2007). 

To begin, sheets of high density foam are glued together to create a foam layup from 

which the model will be milled. A material called Renshape® is placed in the layup in 

the appropriate positions. The keel is also milled out ofRenshape . After the glue is set 

the layup is placed in the CNC milling machine where it is milled to yield the model 

surface; an undercut of 80 thousandths of an inch is used to account for fiberglass. After 

Fiberglassing the surface is primed with Duratec® Primer Surface and sanded smooth 

after which it is painted with a high gloss Imron® Polyurethane paint. 

The stem section of the model as well as three of the bulbous bows was finished in an 

earlier phase of the project, while the five remaining bulbous bows were finished during 

the present phase. Due to a low quality finishing job done during the previous phase of 

the project the stem section and three bulbous bows previously constructed had to be 

refinished during this phase. A 3D laser scanner, used for reverse engineering, was used 

to scan all exterior surfaces of the model stem section as well as all bows to ensure that 

the model was within acceptable tolerances. This was done by comparing the scanned 

surface to the original 3D surfaces. These were all found to be well within acceptable 

tolerances. 
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Figure 12: Beginning to Mill Stern Section in CNC Machine 

Figure 13: Milling Almost Complete on Stern Section 
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Figure 14: Milled Conventional Bow 

Figure 15: Fibreglassed Epsilon Bulb 

24 



r----------------------------------------------------------------------------------------------------- -

Figure 16: Fibreglassed Stern Section with Glued in Stern Tube 

Figure 17: Stern Section during Refin ishing 
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Figure 18: Two Bulbs during Refinishing 

Figure 19: Fairing Bulb with Stern Section 
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Figure 20: Finished Model with Conventional Bow 
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Chapter 5- lOT Bare Hull Resistance Tests 

Resistance tests were conducted to determine total hull resistance and effective power of 

the full scale vessel. The study is based on an experiment performed on the model in the 

lOT ice tank in the period of December 17, 2008 - December 23, 2008. This objective 

was completed by testing the model over speeds corresponding to 0 - 12 knots full scale. 

This analysis was done using the International Towing Tank Conference- 1957 (ITTC-

57) procedures. 

Note that the ice tank was used for this study as the lOT clear water towing tank was 

already booked during the available test time. Also, the MUN towing tank was out of 

operation for repairs and general maintenance. However, the lOT ice tank is routinely 

used for bare hull resistance tests when the lOT towing tank is not available. 

5.1 lOT Test Facility 

The lOT ice tank (http://iot-ito.nrc-cnrc.gc.ca/facilities/it_ e.html) has a length of 90 m, is 

12 m wide, and has a water depth of 3 m. The tank is used to carry out experiments in 

both open and ice covered waters. The 80 tonne tow carriage, capable of speeds from 

0.0002 m/s to 4 m/s, can accommodate ship models up to 12 m in length and other test 

apparatuses for a wide range of test types. An ammonia based refrigeration system is 

used to reduce the ambient air temperature down as low as - 30 oc and freeze a chemical 

solution composed of Ethylene Glycol/Aliphatic Detergent/Sugar (EG/AD/S) to produce 

a uniform ice sheet with scaled properties of crystal size and flexural strength from 10 to 

150 mm thick. 

For open water resistance testing, the thermal barrier was open for complete access to the 

entire tank. The fluid temperature varied from 1 to 3°C. The service caniage was not 

required and was docked over the melt pit while the underwater carriage was 

disconnected from the tow carriage. The side beaches were deployed for bow wave 

absorption. Test runs were carried out with the carriage running towards the melt pit. 
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Figure 23: lOT Ice Tank Schematic 2 
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5.2 Test Instrumentation 

There are several pieces of instrwnentation that are involved in model resistance testing. 

The list includes: towing gimbal for measuring resistance, inclinometer for measuring 

pitch, as well as a Linear Variable Differential Transformer (L VDT) for measuring 

heave. 

Towing Gimbal 

The gimbal used for measuring resistance during testing is an in house design which was 

used for a previous project at JOT. The load cell mounted in the gimbal has a rating of 

±50 lbs (approximately ±220 N). The load cell is protected from overloading by use of a 

set-screw which only allows the cell to deflect a safe amount. This gimbal allows the 

model to pitch, roll and heave. The model is confmed from yawing, surging and 

sway mg. 

Figure 24: Gimbal used for Resistance Tests 
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Inclinometer 

To measure pitch angles a Servo Inclinometer from Jewell Instruments LLC was used. 

The inclinometer is fully self-contained and designed to operate in hostile environments. 

Tt is designed to operate from a standard DC power source. The output is an analog DC 

signal which is directly proportional to the sine of the angle of tilt; in level (horizontal) 

position, the DC output is zero. In one direction the output is 0 to +5 V and in the other it 

is 0 to -5 V. 

Figure 25: Inclinometer Installed in Model 

LVDT 

The L VDT measures the vertical movements of the model at the tow point. It was 

attached directly to the tow post via clamps and to the towing gimbal via a nut. The 

L VDT was positioned such that the model would be free to heave up to approximately 6 

- 8 in. 
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Figure 26: LVDT used for Resistance Tests 

5.2.1 Instrumentation Calibrations 

Before testing can commence all the instrumentation used has to be calibrated using 

proper procedures. This includes the calibration of the load cell contained in the towing 

gimbal for resistance, the inclinometer used for measuring dynamic trim, as well as the 

L VDT used for measuring model sinkage. 

The calibration of the load cell is completed by placing a series of known masses (and 

hence forces) on the sensor up to a maximum of approximately 45 lbs. The voltage 

output from the load cell is then recorded on a computer. The voltage output is then 

plotted against the known forces applied and a linear relationship should be found. If a 

linear relationship is not found then it is known that the calibration was completed 

incorrectly or there is a physical problem with the instrument. A regression line is then 

fit through the plot and an equation of the line relating voltage to force is determined. 
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This equation is then used during testing to convert the voltage measured during each run 

into a force applied on the hull (which is the model ' s resistance at any given speed). 

The calibration of the inclinometer is completed by placing the instrument on a series of 

known angles (usually -45°, -30°, -15°, 0°, 15°, 30°, and 45°). The measured voltage 

from each reading is then plotted against the known angle. A similar procedure a 

explained is then used to determine the equation used during testing. 

The L VDT is calibrated by extending the tip out by known distances (i.e. 10 increments 

of 1 inch). These distances are then plotted against the measured voltage and an equation 

of the line is determined. 

5.3 Model Set-up 

Appropriate turbulence stimulation is used to ensure that the model is operating m 

turbulent flow. The turbulence stimulation used for this model is compliant with the JOT 

Standard Test Method for Model Construction (2007). For the original hull this consists 

of a single row of cylindrical brass studs that are 3 mm long and 3 mm in diameter. 

These studs are placed parallel to the stem line at a distance of approximately 35 mm, and 

are spaced 25 mm apart. There are two lines of studs for each of the bulbous bows. The 

first line follows the stem of the bow similarly to the conventional bow until it intersects 

with the top of the bulb, at which point the row extends vertically down the side of the 

bulb until it reaches the keel. The second is a vertical row placed 25% the length of the 

bulbous bow from the forward end of the bulb. 

Before the model can be attached to the carriage it must be balla ted properly to the 

correct waterline. This is done using trim hooks attached to milled pads on the model. 

The distance from the top of the milled pad to the waterline is known, so the trim hooks 

can be set at this length. It is then known that the trim hooks should be just touching the 

surface of the water. 

For the purpose of testing the displacement of the model with each bow was determined 

using the 3D Rhino drawings. When the model was placed in the tank the required 
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weight was distributed within the model until each of the trim hooks were just touching 

the water. At this point it is known that the model is sitting at the correct waterline. 

Figure 27: Model with Trim Hooks Attached (Ballast Weights in Model) 

5.4 Test Plan 

The original test plan included testing each of the bows at the design draft of 0.188 m 

model scale and three different trim angles (level trim, 1.5° by stem, and 3.0° by stem). 

The vessel speed was originally set to range from 1 - 12 knots full scale. The following 

table shows the original test plan for the following bows; Alpha, Beta, Gamma, and 

Epsilon. 

34 



Table 6· Test Plan for Resistance Tests at lOT 
For Each Trim Condition 

Run# Vs (knots) VM (rnls) 

Roughup 6 1.116 

Rough up 6 1.11 6 

I I 0.186 

2 2 0.372 

3 3 0.558 

4 4 0.744 

5 6 1.11 6 

6 8 1.487 

7 9.5 1.766 

8 10.5 1.952 

9 11.5 2. 138 

10 12 2.23 1 

1 1 II 2.045 

12 10 1.859 

13 9 1.673 

14 7 1.301 

15 5 0.930 

16 3.5 0.651 

17 2.5 0.465 

18 1.5 0.279 

Unfortunately, as with most testing, there were several unexpected results found during 

the testing procedure. It was found that when the first bulb (Beta Bulb) was tested the 

model tended to yaw to starboard and roll to port. It was determined the model was not 

correctly aligned with the centreline of the tank. Many hours were spent trying to 

mitigate this effect; but it could not be completely solved. It was therefore decided to test 

the remainder of the bows up to a full scale speed of only 10 knots. 

Since it was determined that the model had not been centred with the test frame during 

the first model configuration (i.e. fitted with Alpha bow), it was decided to retest this 

configuration. For the retests the model was tested up to 10 knots for each of the 

following three trim conditions: level trim, 0. 75° by stem, and 1.5° by stern. 

It was also found that the model fitted with the different bulbous bows was not trimming 

by the head as was recorded with previous fishing boat models tested by Dag Friis. It 
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was therefore decided to test Epsilon bow at a total of fom trim conditions, with 0.75° 

trim by stem being added in. For Gamma bow the trim condition of 3.0° by stem was 

replaced by 0. 75° by stern. As stated above when Alpha bow was retested the condition 

of3.0° by stem was replaced by 0.75° by stem. 

5.5 Description of Experiment (ITTC-57 Method) 

To determine the full scale ship resistance and effective power the ITTC-57 method is 

used. During testing the model is towed at a range of speeds from low to speeds 

corresponding to the maximum expected for full scale. The total model resistance is 

measured along with the water temperature at the beginning, middle, and end of each day 

of testing. 

Another possible method that could be used is the ITTC-78 method, which uses a 'form 

factor' is to account for the ships shape. The advantage of using this method is that it 

provides a more accurate ship-model correlation than the ITTC-57 method. However, a 

disadvantage of the ITTC-78 method is that it in order to determine the form factor 

further experimentation would be required. The form factor is usually determined by 

means ofProhaska' s method; which requires that 8 to 10 runs be completed in the Froude 

Number range of 0.12 - 0.20 (i.e. the wave making resistance is negligible in this range). 

This would therefore add a further 5 to 8 extra runs for each bow tested. 

It was decided that the ITTC-57 method would be better suited. This method still gives 

acceptable ship-model correlation results and can be done in fewer test runs. Also, one of 

the main aims of this project is to study the difference in effects of different bows on 

resistance and motions. The ITTC-57 method provides adequate results for this kind of 

study. 

The ITTC-57 method is then completed using the following se1ies of steps: 

1) From the test results calculate CTM at each speed using: 
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Where:RTM = total model resistance measured 

PM = fresh water density (which is a function of water temperature) 

V M = model speed (i.e. carriage speed) 

SM = model wetted surface area 

(2) 

2) Calculate the model frictional resistance coefficient using the ITTC-57 Model-ship 

Correlation Line at each speed: 

c = 0.075 
FM I )2 ( og1o R"M - 2 

(3) 

Where RnM is given as: 

(4) 

3) Calculate the residuary resistance coefficient, CR, at each speed: 

CR = CTM - C FM (5) 

Note: The residuary resistance coefficient is the same at model and full cale . 

4) Calculate the ship frictional resistance coefficient CFs (for smooth hull) using ITTC-57 

Model-Ship Correlation Line at each speed: 

C 
- 0.075 

~ - 2 
(log1o Rns - 2) 

(6) 
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Where Rns is given as: 

R = VsLs 
uS (7) 

Us 

5) Calculate the total resistance coefficient for a smooth ship: 

(8) 

Where:CA = correlation allowance (taken as 0.0004) 

6) Calculate the total ship resistance for each speed: 

R - c I T/2 S rs - rs 2 Ps'' s s (9) 

Note: This total resistance is for the naked hull only. 

7) Calculate the effective power for each speed: 

(1 0) 

5.6 Blockage Corrections 

A blockage correction is used in model resistance tests when the boundaries of the tank 

may influence the resistance of the model. There are two relations between the model 

and tank that can be used as preliminary checks to see if there is likely any blockage 

effects: 

(11) 

(12) 
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Where: 

BM = model beam on waterline 

Br = width of the tank at the water surface 

T M = model draft 

hr = water depth in the towing tank 

The following relationships exist for the yacht model in the lOT Ice Tan1c 

(13) 

(14) 

Therefore, this shows that there probably isn't much in the way of blockage in this tank; 

and hence a blockage correction may not be required for these tests. 

However, the following relationships exist for this model in the MUN Towing Tank: 

(15) 

(16) 

This shows that there may be significant blockage effects in this tank and a blockage 

correction should be performed on any resistance data collected in this tank. 

One method of calculating the blockage corrections is given by Scott (1976) and is given 

as: 

(17) 
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In this equation .0.CT is the reduction of total resistance coefficient, CT, at a given speed. 

This then has to be calculated for each model speed tested, and the value of .0.CT is 

subtracted from the corresponding value of CT at that model speed. 

In the above equation nr is defined as the power to which the speed has to be raised to 

produce a quantity proportional to actual resistance in the vicinity of the speed concerned. 

It is given by the following equation: 

(18) 

Where: F11 = Froude Number for a given speed. 

CT is the total resistance coefficient for a given speed. 

b is a function of Reynolds Number, R11, and the form factor L 'lr"' 8-1
, where 8 is the 

block coefficient of the model. The following figure is then used to determine the value 

ofb for each Reynolds Number corresponding to each speed tested. 
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Figure 28: Variation of b with Reynolds Number and form factor 

\7 is the volume of displacement of the model. 
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A is the cross-sectional area of the towing tank. 

k is a parameter used in the wavemaking correction and is only a function of Froude 

Number. The following figure shows the variation of k with Froude Number. 

k 

Figure 29: Variation of k with Froude Number 

f is a model-tank function given by the following equation: 

Where: LM = model length on the waterline 

B = model beam on the waterline 

T = model draft 

h = water depth in the towing tank 

(19) 

Cw is a wavemaking resistance coefficient that is determined by the following equation: 

(20) 

Where Cv is a viscous resistance coefficient given by the following equation: 

(logRn(F =0 ll - 2)2 
C = C " . 

v T(F,.=O. ! ) (logR, _ 2)2 (21) 
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---------------------------------

In the above equation the subscript of F11 = 0.1 means the value of CT and R11 at this 

Froude Number only. 

c is used in the Bernoulli term and is a function of Froude Number only. The following 

figure shows the variation of c with Froude Number. 
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Figure 30: Variation of c with Froude Number 

Fh is the Froude Depth Number defined as: 

Where: V = model speed 

g = acceleration due to gravity 

5.7 Description of Data Analysis 

5.7.1 Online Data Analysis 

(22) 

The data were acquired in GDAC format (*.DAC files) as outlined by Miles (1996 and 

1996) and converted to GEDAP format, again as outlined by Miles (1990), prior to 

carrying out an online data analysis on the ice tank carriage workstation during the test to 

verify the integrity of the acquired data. 
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The resistance online data analysis is described as follows: 

• The basic resistance channels (forward speed, tow force, sinkage, and trim) are 

plotted on the screen in the time domain. Start and end times (T1, T2) are 

interactively selected for the initial tare segment as well as for each steady state 

segment. There was more than one steady state segment if more than one forward 

speed was acquired during a single run up the tank - a common situation for low 

forward speeds. 

• The following four plots are displayed on the same screen: 

1) Resistance (N) vs. Froude Number 

2) Trim (degrees) vs. Froude Number 

3) Sinkage (em) vs. Froude Number 

4) 1 03CTM vs. Froude Number 

• Run designation, acqmre time, and mean values of carnage speed (tnls), 

resistance, 1 03CTM, sinkage, and trim computed over each steady state time 

segment were output in tabular fonn for all runs completed up to the given mn. 

5.7.2 Offline Data Analysis 

The following data analysis was carried out to assess the hull resistance using the lOT 

Standard Resistance Procedure (2006). Within this standard the effective power is 

estimated using the ITTC-57 Method (1957). 

• Run designation, acquire time, carriage speed (m/s), resistance (N), sinkage (em) 

and trim (degrees) values were output in tabular form for all runs carried out for 

the model. 

• The model resistance coefficients were then plotted vs. Froude Number and 

log1oRcM· Coefficients plotted include CTM, blockage corrected C™ (ice tank 

blockage corrected using Scott's Method (1976)), and CFM· 
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• A table of model resistance coefficients corrected to standard conditions (15 °C) 

was generated including Fn, 10-6RnM, 1 03CrM 15, and 1 03CFM 15· 

• A plot of effective power vs. ship speed (knots) using the ITTC-57 methodology 

was generated. 

• A table of ship resistance and effective power using the ITTC-57 prediction 

method was provided for the ship in salt water and including the tank blockage 

correction using Scott's Method. The table includes: V s (knots), PE (kW), Rrs 

(kN), Flh 1 0-8Rns, 1 03Crs, 1 03CFs, and 1 03CR. 

• The user then executed an option to interactively fit a spline tlu·ough the sinkage 

and trim data. Once the splines were fit, a plot of sinkage in the form of 

102Zv/LM and dynamic trim (8v) were plotted vs. Froude Number (both the test 

data and smoothed lines fitted through the data). 

• A table of sinkage and trim information was also generated and included: V s 

(knots), Flh 1 02Zv/LM, and 8v. 

Additional data analysis including comparison of the effective power, sinkage and trim 

for the various model configurations (bow, static trim) could be carried out after 

exporting the data to EXCEL fom1at files. 

5.8 Results and Discussions 

This section is intended to give an overview of the results obtained from the analysis of 

the testing. The effective power results shown in this report are scaled to a full scale boat 

of 45.93 ft in length. The detailed results are contained in Appendix B. 
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5.8.1 Conventional Bow 

As stated above, this bow was tested twice as alignment issues were raised during testing. 

In this section the results will be provided for both set of tests and comparisons will be 

given. The first set of tests is given the name of ' Alpha· and the retests are named 

'Alpha2'. The results shown are in tenns of full scale effective power, which is defined 

as the power required to overcome the hull resistance at a given speed. 

Table 7: Effective Power with Alpha Bow (lOT Test~ 
Effective Power for Alpha Bow (W) 

Ship Speed (knots) Level Trim 1.5° by Stern Trim 3.0° by Stern Trim 
I 40 49 105 
2 179 148 302 
3 499 521 884 
4 1252 1342 2022 
5 2831 3362 4824 
6 5807 6526 8352 
7 13031 15041 18696 
8 26274 28039 30165 
9 47018 48261 52058 
10 83649 82622 88649 

Table 8: Effective Power with Alpha2 Bow (Retests at lOT) 
Effective Power for Alpha2 Bow (W) 

Ship Speed (knots) Level Trim 0.75° by Stern Trim 1.5° by Stern Trim 
2 57 100 110 
3 401 329 385 
4 985 I 0 I I 1177 
5 2058 2127 2599 
6 4164 4885 5385 
7 10201 11653 12242 
8 22314 24487 2490 1 
9 41631 41732 42639 
10 76280 74843 75181 
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Figure 31: Effective Power with Alpha Bow (lOT Tests) 
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Figure 32: Effective Power with Alpha2 Bow (Retests at lOT) 
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Figure 33: Comparison of both Alpha Bow Tests at JOT 

From these three plots it can be seen that the effective power increases as the trim angle 

increases. This is to be expected as there is a larger area of transom submerged. This 

leads to a larger wake which in turn requires extra energy to pull along. 

It can also be noted that the resistance, and hence effective power, starts to significantly 

increase at speeds of about 7 - 8 knots full scale. Therefore, significant amounts of extra 

power would be required to enable the boat to go an extra knot in calm water conditions. 

The following figures are screen captures of video footage taken during the retests of 

Alpha bow. The pictures show the model for each of the trim conditions tested at a speed 

of 1 0 knots full scale. From these photos it can be seen that there is a large bow wave 

created regardless of the initial trim angle. It can also be seen that there is quite a bit of 

spray at the stem, which increases the overall resistance of the hull. 
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Figure 35: Alpha2 Bow Test at 0.75° by Stern Trim - Speed of 10 knots 
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Tabular comparisons can also be made between the two sets of tests conducted on the 

conventional bow. The aim of the retests was to check if the resistance curve follows the 

same basic trend as the original tests when the model was misaligned. When the retests 

were completed it was shown that the resistance curve is slightly below that of the 

original tests, while following the same trend. 

The following figure is a plot of the 'difference' between the 'Alpha' and 'Alpha2' 

effective power data at two different static trim conditions. From the plot it is observed 

that there is a general trend of increasing difference in required effective power between 

'Alpha' and 'Alpha2' with speed. This is to be expected as when the model is misaligned 

the resistance is expected to increase more rapidly then if it is properly aligned as speed is 

increased. Also, the trend for both the level trim as well as the 1.5° by stem trim 

conditions are very similar; with the exception of a couple of points in the 1.5° by stem 

trim case. 
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Figure 37: Comparison of Alpha and Alpha2 Tests at Level Trim and 1.5° by Stern 

The following two tables show the comparisons between 'Alpha' and 'Alpha2 ' for level 

trim and 1.5° by stem respectively. This numerically shows the trend of increasing 

difference of resistance between the two tests with increasing speed. 

T bl 9 C a e : omparason o f AI h B T lpl a OW ests at L IT" eve ram 
Speed (knots) Effective Power (W) 

Alpha Alpha2 Difference 
3 499 401 98 
4 1252 985 267 
5 283 1 2058 773 
6 5807 4 164 1642 
7 13031 1020 1 2830 
8 26274 223 14 3960 
9 470 18 4 163 1 5387 
10 83649 76280 7370 
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T bl 10 C a e : ompanson o f AI h B T 1p1 a ow 15° b St T . ests at . >Y ern nm 
Speed (knots) Effective Power (W) 

AlphalPS Alpha2 IPS Difference 
3 521 385 135 
4 1342 1177 165 
5 3362 2599 762 
6 6526 5385 1141 
7 15041 12242 2799 
8 28039 24901 3138 
9 48261 42639 5623 
10 82622 75181 7441 

The dynamic trim effects as well as the sinkage, or 'squat', of the hull into the water can 

also be compared for each of these tests. The following two figures show the dynamic 

trim and model sinkage comparisons of 'Alpha' and 'Alpha2' tests at both static level 

trim and 1.5° by the stem. 

From the first plot it can be seen that the 'Alpha' tests tend to provide slightly less trim 

by the head than the 'Alpha2' tests throughout the speed range tested. The second plot 

shows that the 'Alpha' tests tend to provide slightly more sinkage than the 'Alpha2' tests 

throughout the speed range tested. 
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Figure 39: Sinkage Comparison of Alpha and Alpha2 Tests at Level Trim and 1.5° by Stern 

It is useful to plot the dynamic trim and sinkage comparisons in terms of the difference 

between the 'Alpha' and 'Alpha2' tests. The following two figures show the difference 

between the dynamic trim and model sinkage data of 'Alpha' and 'Alpha2' tests at both 

static level trim and 1.5° by the stem. 

The two plots show that there is an increasing difference in the dynamic trim as weU as 

the model sinkage between 'Alpha' and 'Alpha2' with speed. This supports the 

conclusion drawn above, that is the model misalignment during the initial tests is likely 

responsible for the increasing differences in the measured data with increasing speed. 

However, it would be very difficult to actually pinpoint the actual mechanism causing the 

increasing differences between dynamic trim and sinkage with increasing speed. 
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5.8.2 Bulbous Bows 

There are two purposes of a bulbous bow; one is to minimize the pitching motions of a 

vessel in seas and the second is to reduce the overall resistance of the vessel. Pitching 

minimization is analyzed by way of seakeeping tests in waves, using a soft-moored 

model for benchmarking a seakeeping simulation model, or the model remotely 

controlled in an offshore basin. For the purpose of this report only the resistance 

reduction are considered in detail. The results shown are in terms of full cale effective 

power for the bulbous bows as well. 

TI1e bulbous bow works by creating an additional wave just ahead of the bow wave 

created by the vessel. If this wave operates out of phase or partially out of phase from the 

bow wave then the two waves interfere such that the wave generated over the hull of the 

vessel is reduced. A bulbous bow increases the frictional resistance of a vessel ; this 

generally leads to an overall increase of resistance at the lower speeds where wave 

making resistance is not as significant as frictional resistance. However, at higher speeds 

(i.e. Fn = 0.24 and higher), when the wave making resistance begins to have a significant 

impact on overall resistance the effects of the bulbous bow should begin to take effect. 

Beta Bow 

Table 11: Effective Power for Vessel with Beta Bow 
Effective Power for Beta Bow (W) 

Speed (knots) Level Trim 1.5° by Stern Trim 3.0° by Stern Trim 
1 16 33 42 
2 131 178 171 
3 486 663 843 
4 1322 1783 2035 
5 2581 3632 4320 
6 5098 6762 8695 
7 9905 11553 15425 
8 21694 21211 24548 
9 41812 34735 39835 
10 77034 61412 67510 
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It is shown that the model at level trim performs better than trimmed by the stern up to 

about 8 knots when compared to 1.5° by stern, and up to about 9 knots when compared to 

3.0° by stern. After this however, trimming the model by 1.5° reduces the required 

effective power significantly. For example, at 10 knots the required effective power is 

reduced by more than 12% by statically trimming the model 1.5° by the stern. 

From the dynamic trim data it is known that the model is trimmed approximately 1.0° by 

the head at 10 knots for the static level trim condition. For the 1.5° by stern condition it 

is known that the model dynamically trims by the stern approximately 0.7°, for a total 

trim angle of about 2.2° by the stern. For the 3.0° by stern condition it is known that the 

model dynamically trims by the stern approximately 1.85°, for a total trim angle of about 

4.85° by the stern. Based on this data it is known that the model will be at dynamic level 

trim at 10 knots full scale when the model is statically trimmed approximately 0.43° by 

the stern. It may therefore be interesting to go back and complete testing at this static 

trim condition for comparisons. 
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Gamma Bow 

The model outfitted with Gamma bow was tested at 0°, 0.75° by stem, and 1.5° by stem 

trim levels. The trim condition of 3.0° by stem was taken out as results from testing on 

the other bows showed that the required effective power at this trim level is significantly 

larger than at level trim or at 1.5° by stem. 
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Figure 43: Effective Power with Gamma Bow 

56 

-.- Gamma 

• Gamma _OP75 

• Gamma_1P5 



It can be seen that the effect of trimming the model is much less significant than was the 

case for Beta and Epsilon bows. Above 9 knots there is no significant difference in 

required effective power with changing static trim angle. Below this point the required 

effective power is significantly higher for the model trimmed 1.5° by the stern. 

Video footage was taken for the Gamma bulbous bow also. The following series of 

pictures show the model with Gamma bow attached at 0°, 0.75°, and 1.5° by stern trim 

angles while traveling at the full scale speed of 10 knots. 

From this footage it can be seen that as the trim angle increases there is less water spray 

off to the sides at the bow. However, there still is some water spray at 0.75° trim, and at 

1.5° there looks as if there is a secondary wave spray created in the area where the bulb 

intersects with the bow. This may provide one explanation as to why the increasing trim 

angle by the stern is not reducing the effective power to the extent that was seen with 

Beta and Epsilon bows. 

From the dynamic trim data it is known that the model is trimmed approximately 0.48° 

by the stern at 10 knots for the static level trim condition. For the 0. 75° by stem 

condition it is known that the model dynamically trims by the stern approximately 0.92°, 

for a total trim angle of about 1.67° by the stern. For the 3.0° by stern condition it is 

known that the model dynamically trims by the stern approximately 1.33°, for a total trim 

angle of about 2.83° by the stern. Based on this data it is known that the model will be at 

dynamic level trim at I 0 knots full scale when the model is statically trimmed 

approximately 0.3° by the head. It may therefore be interesting to go back and complete 

testing at this static trim condition for comparisons. 
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Figure 44: Gamma Bow Test at Level Trim- Speed of 10 knots 

Figure 45: Gamma Bow Test at 0.75° by Stern- Speed of JO knots 
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Figure 46: Gamma Bow Test at 1.5° by Stern- Speed of 10 knots 

Epsilon Bow 

For this bow a fourth trim condition (0.75° by stern) was added. This was done because 

results from testing on the first two bows showed that the required effective power at 3.0° 

by stern is significantly larger than at level trim or at 1.5° by stern. Also, it was found 

that the model was not trimming by the head as much as originally estimated. 

a e ec 1ve ower or esse w1 ~pSI on T bl 13 Effi f P ti V I •th E ·1 B OW 

Effective Power for Epsilon Bow (W) 

Speed (knots) Level Trim 0.75° by Stern Trim 1.5° by Stern Trim 3.0° by Stern Trim 
l 49 25 20 23 
2 209 152 122 194 
3 586 606 506 713 
4 1480 1682 1666 1998 
5 2915 3687 3907 4328 
6 4357 5945 6861 8485 
7 8560 9635 10879 14645 
8 19181 19056 19425 24378 
9 37225 34426 33018 38255 
10 68828 64235 63293 69675 
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Figure 47: Effective Power with Epsilon Bow 

The first observation to be clearly made is that the model trimmed 3.0° gives a higher 

required effective power than level trim right up to 10 knots. Also, at almost exactly 8 

knots both 0.75° and 1.5° start to become more efficient than level trim. The other 

obvious observation to make is that there is very little difference in required effective 

power between 0. 75° and 1.5° trim levels. 

The following series of pictures show the model with Epsilon bow attached at 0°, 0.75°, 

1.5°, and 3.0° by stem trim angles while traveling at the full scale speed of 10 knots. 

From the following figures it can be seen that there is a significant reduction in water 

spray off the bow with increasing trim by the stem. It can also be seen that the flow of 

water across the hull is much smoother with increasing trim angle. 

At the trim condition of 3.0° it is shown that the front of the bulb is sticking out of the 

water. This is one possible explanation for the fact that the effective power at the 

condition is higher than at the level trim condition. 

60 



From the dynamic trim data it is known that the model is trimmed approximately 0.2° by 

the head at 10 knots for the static level trim condition. For the 0.75° by stem condition it 

is known that the model dynamically trims by the stem approximately 0.53°, for a total 

trim angle of about 1.28° by the stem. For the 1.5° by stem condition it is known that the 

model dynamically trims by the stern approximately 1.14°, for a total trim angle of about 

2.64° by the stern. For the 3.0° by stern condition it is known that the model dynamically 

trims by the stem approximately 2.02°, for a total trim angle of about 5.02° by the stern. 

Based on this data it is known that the model will be at dynamic level trim at 1 0 knots 

full scale when the model is statically trimmed approximately 0.1° by the stern. Again, it 

may be interesting to go back and complete testing at this static trim condition for 

compansons. 

Figure 48: Epsilon Bow Test at Level Trim - Speed of I 0 knots 
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Figure 49: Epsilon Bow Test at 0.75° by Stern - Speed of 10 knots 
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Figure 51: Epsilon Bow Test at 3.0° by Stern - Speed of 10 knots 

5.8.3 Bow Comparisons 

The following sections show plots of the effective power for all of the bows tested at each 

of the four trim angles. A few things to note here; firstly not all bows were tested at both 

0.75° and 3.0° by stem trim conditions. The results for 'Alpha' are not reliable as they 

are the results from the tests when the model was misaligned. Hence, they are not 

included in these comparisons. Lastly, all comparisons are made with the conventional 

bow at the static Jevel trim condition since this is the best operating condition for it over 

the full speed range. 
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Figure 52: Effective Power Comparison at Level Trim 

Effective Power Comparison as a Difference of the Conventional Bow at Level Trim 
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Figure 53: Effective Power Comparison as the Difference from the Conventional Bow at Level Trim 
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Figure 54: Effective Power Comparison as a Percentage of the Conventional Bow at Level Trim 

T bl 14 En a e : ect1ve p ower c ompanson as a p f h c ercentage o t e onventlona I B ow at L evel Tn m 
Percentage of Conventional Bow at Level Trim(%) 

Speed (knots) Alpha2 Beta Gamma Epsilon 

3 100.00 121.37 165.93 146.34 

4 100.00 134.29 163.04 150.29 

5 100.00 125.39 150.85 141.65 

6 100.00 122.42 125.69 104.63 

7 100.00 97.10 91.05 83 .91 

8 100.00 97.22 81.72 85.96 

9 100.00 100.43 84.53 89.42 

10 100.00 100.99 85. 19 90.23 

The above three plots show that the bulbous bows begin to outperform the conventional 

bow between approximately 6 - 7 knots (Fn = 0.27 - 0.32). This is consistent with what 

was found in basically all of the experimental papers discussed in the literature review. It 

is also consistent with what is provided in Principles of Naval Architecture (1988). 

It can be seen that Epsilon bow begins to outperform the conventional bow at slightly 

above 6 knots. Gamma bow begins to outperform Alpha bow just shy of 7 knots, and 

begins to outperform Epsilon bow at approximately 7.5 knots. Beta bow performs 

slightly better than the conventional bow in the region between about 7- 9 knots. 
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--- ------------------------

So in the design operating range of 8 - I 0 knots (Fn = 0.36 - 0.45), it is shown that 

Epsilon bow provides a decrease in required effective power of roughly 10%. Gamma 

bow performs a little better than this, reducing the required effective power 15 - 20% in 

the same speed range. Beta bow does not perform as we11; reducing the required 

effective power by approximately 3.8% at 8 knots but increasing it by 0.5% and 1% at 9 

and 10 knots respectively. 

The papers outlined in the experimental section of the literature review list decreases in 

required effective power anywhere between 5 - 35%. The numbers listed for the studies 

included in the literature review are for different hull forms and different bulbous bow 

designs. However, it is reasonable to conclude that the numbers found for reductions in 

required effective power for this hull form with bulbous bows are in the same range as 

those found for most of the hulls of studies included in the literature review. 
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Figure 55: Effective Power Comparison at 0.75° by Stern Trim 
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Figure 57: Effective Power Comparison as a Percentage of the Conventional Bow at Level Trim (All 
Other Bows at 0.75° by Stern) 
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Table 15: .Effective Power Comparison as a Percentage of the Conventional Bow at Level Trim (All 
Other Bows at 0.75° by Stern) 

Percentage of Conventional Bow at Level Trim(%) 

Speed (knots) Alpha2 Alpba2 OP75 Gamma OP75 Epsilon OP75 

3 100.00 82.07 182.94 J 51.39 

4 100.00 102.64 206. 12 170.88 

5 100.00 103.35 194.19 179. 17 

6 100.00 117.31 158.14 142.75 

7 100.00 114.24 105.53 94.45 

8 100.00 109.74 84.99 85.40 

9 100.00 100.24 82.22 82.69 

10 100.00 98.12 82.54 84.21 

For this trim condition it can be seen that both Gamma and Epsilon bows begin to 

outperform the conventional bow at roughly 7 knots. It can be seen that for both bulbous 

bows a reduction in required effective power of almost 20% throughout the design speed 

range. At 10 knots there is a decrease of effective power of 12 kW for Epsilon bow and 

roughly 13.5 kW for Gamma bow. 
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Figure 58: Effective Power Comparison at 1.5° by Stern Tnm 
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Figure 59: Effective Power Comparison as the Difference from the Conventional Bow at Level Trim 
(All Other Bows at 1.5° by Stern) 
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Figure 60: Effective Power Comparison as a Percentage of the Conventional Bow at Level Tnm (All 
Other Bows at 1.5° by Stern) 
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Table 16: Effective Power Comparison as a Percentage of the Conventional Bow at Level Trim (All 
Other Bows at 1.5° by Stern) 

Percentage of Conventional Bow at Level Trim(%) 

Speed (knots) Alpha2 Alpha2 IPS Beta IPS Gamma IPS Epsilon IPS 

3 100.00 96.14 165.49 180.53 126.39 

4 100.00 11 9.58 181.10 2 10.55 169.23 

5 100.00 126.29 176.45 230.67 189.82 

6 100.00 134.0 1 162.38 202.70 164.76 

7 100.00 120.Dl 113.26 125.57 106.65 

8 100.00 111.59 95.05 90.31 87.05 

9 100.00 102.42 83.44 82.50 79.31 

10 100.00 98.56 80.51 83.92 82.97 

It can be seen that Epsilon bow performs the best at this trim condition. It begins to 

outperform the conventional bow just after 7 knots. Beta and Gamma bow perform 

roughly the same in this condition, both giving similar reductions of required effective 

power in the 8 - 10 knot range. At 10 knots Beta provides a reduction of effective power 

of roughly 15 kW, Epsilon almost 13 kW, and Gamma more than 12 kW. 
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Figure 61: Effective Power Comparison at 3.0° by Stern Trim 
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Table 17: Effective Power Comparison as a Percentage of the Conventional Bow at Level Trim (All 
Other Bows at 3 0° by Stern) 

Percentage of Conventional Bow at Level Trim (%) 

Speed (knots) Alpha2 Beta 3PO Epsilon 3PO 

3 100.00 2 10.40 177.90 

4 100.00 206.74 202.97 

5 100.00 209.88 210.27 

6 100.00 208.80 203 .75 

7 100.00 151.21 143.57 

8 100.00 11 0.0 1 109.25 

9 100.00 95.68 91 .89 

10 100.00 88.50 91.34 

It can be seen that at this trim condition the bulbous bows do not perform as well as at the 

lower trim conditions tested. It can be seen that both Beta and Epsilon bows do not begin 

to outperform the conventional bow until roughly 8.5 knots. Between 9 - 10 knots Beta 

provides a reduction of required effective power of roughly 5 - 10%. Epsilon provides a 

reduction of about 10% through this range. 

At 10 knots Beta provides a reduction of nearly 9 kW effective power and Epsilon 

provides only about 6.5 kW. 

Optimal Trim Conditions 

It is also useful to determine the optimal initial trim condition for each bow at each speed 

tested. The following table outlines the best trim condition for each of the bows tested. 

Again note here that for Alpha bow the retest data are provided. 

a e : 1pllma nm on 1 wns or ac T bl 18 0 f IT . C d"f f E h B OW 

Optimal Trim Condition 
Speed (knots) Alpha2 Beta Gamma Epsilon 

2 level trim level trim 0.75° by stern 1.5° by stern 

3 0.75° by stern level trim level trim 1.5° by stern 

4 level trim level trim level trim level trim 

5 level trim level trim level trim level trim 

6 level trim level trim level trim level trim 

7 level trim level trim level trim level trim 

8 level trim 1.5° by stern level trim 0.75° by stern 

9 level trim 1.5° by stern 0.75° by stem 1.5° by stern 

10 0.75° by stem 1.5° by stern 0.75° by stem 1.5° by stern 
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So, in general it is shown that at lower speeds it is better to operate the vessel at static 

level trim. However, when we get into the design speed range of 8 - 10 knots it is 

generally better to have the vessel trimmed by the stern from a resistance point of view. 

The following figure and table provide a percentage comparison of the optimal effective 

power for each bow to the conventional bow at level trim. 
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Figure 64: Effective Power Comparison at Optimal Trim Conditions as a Percentage of the 
Conventional Bow at Level Trim 

Table 19: Effective Power Comparison at Optimal Trim Conditions as a Percentage of the 
Conventional Bow at Level Trim 

Percentage of Conventional Bow at Level Trim(%) 
Alpha2 Alpha2 Beta Gamma Epsilon 

Speed (knots) Level Optimal Optimal Optimal Optimal 
Trim Trim Trim Trim Trim 

3 100.00 82.07 121.37 165.93 126.39 

4 100.00 100.00 134.29 163.04 150.29 

5 100.00 100.00 125.39 150.85 141 .65 

6 100.00 100.00 122.42 125.69 104.63 

7 100.00 100.00 97.10 91.05 83.91 

8 100.00 100.00 95.05 81.72 85.40 

9 lOO.OO 100.00 83.44 82.22 79.31 
10 100.00 98.12 80.51 82.54 82.97 
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It can be seen from this that all three bulbous bows begin to outperform the conventional 

bow around the 7 knot mark. Also, in the design speed range of 8 - 10 knots Gamma and 

Epsilon bows tend to perform the best; providing a 15 - 20% reduction in required 

effective power. 

5.8.4 Dynamic Trim Results 

The following four figures show comparisons of the model dynamic trim for each bow at 

each static trim condition tested. Two things should be noted here; firstly note that the 

static trim condition is not actually shown in each plot, that is each plot starts at zero 

degrees. Secondly, note that negative values signify the model trimming by the head and 

positive trimming by the stern. 
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Figure 65: Dynamic Trim Comparison at Static Level Trim 
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From the above figure it can be seen that all bows have a tendency to trim by the head up 

to about 8.5 - 9 knots CFn = 0.38- 0.41) and then drastically begin to trim more and more 

by the stern with increasing speed. This is consistent with the studies conducted by 

Johnson (1958) and Friis et al. (2008). In the study by Johnson it was found that the 
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model would trim by the head up to F11 = 0.35 - 0.37 while Friis et al. found that the 

model would trim by the head up to Fn = 0.36 - 0.43. 

Beta and Epsilon have a maximum around 9 knots. Alpha2 and Gamma have a 

maximum at a slightly lower point, between 8 - 9 knots. It can al o be noted that Beta 

and Epsilon have a much larger magnitude of dynan1ic trim than Gamma bow. 

Note here that Beta has the largest top bulb area as well as largest amount of bulb 

submergence, Epsilon the next largest, and Gamma the smallest. 'Top bulb area' is the 

extra waterplane area added due to the presence of each bulb respectively. 'Bulb 

submergence' is taken as the added underwater volume due to the presence of each bulb 

respectively. This is calculated by determining the underwater volume with each bulb 

attached and subtracting the underwater volume with the conventional bow attached. 

This will then yield only the underwater volume of each bulb respectively. 

These results along with previous testing by Johnson (1958) and Frii et al. (2008) 

indicate that dynamic trim by the head is likely a function of bulb submergence, top bulb 

area, and pressure distribution around the stern section. The possible explanations are 

given below: 

• The presence of a bulb at the stem causes an increase in water velocity around the 

fore body of the model (i.e. the water has to speed up to get around the added 

volume of the bulb). The increase in water velocity results in a reduction of 

pressure in the area around the bow of the model. This reduction of pressure then 

translates into a reduction in ' lift' at the bow section, which means that the bo 

section tends to trim further into the water. 

• The presence of a bulb at the stem causes a beaching effect with increasing speed, 

where water flows up onto the top of the bulb. The flowing water over the top of 

the bulb then provides a downward force on the bulb, thereby forcing the bulb 

further down into the water. 
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• The flow past the hull causes an area of high velocity at the stem due to the 

streamlines closing in; which in tum reduces the pressure at the stem. As hull 

speed is increased the magnitude of this low pressure is increased, thereby 

causing even lower pressure at the stem section. This results in 'suction ' at the 

stem section which tends to pull the stem section of the hull further into the water. 

Therefore, the dynamic trim is determined by the balance of the pressure drops at the bow 

and the stem. When the pressure drop at the bow plus the build up of water on the bulb 

exceeds the suction force at the stem the hull tends to trim dynamically by the head. 

When the speed gets high enough the suction at the stem will tend to dominate and the 

hull will trim dynamically by the stem. 

In order to determine the extent of each of the above phenomena on the dynamic trim 

characteristics of this model it would be possible to perform further resistance tests with 

pressure sensors placed around the bow and stem sections. This would then provide 

details of how the pressure distributions over the bow and stem are changing with 

increasing speed as well as different initial trim conditions; and how these pressures 

affect the dynamic trim of the model. 
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Figure 66: Dynamic Trim Comparison at 0.75° by Stern Trim 
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Here a similar trend for 0.75° by the stem as was seen in the level trim condition can be 

seen. Epsilon bow provides a much larger trim by the head than does Gamma bow, 

although it is a much smaller magnitude than was seen in the static level trim condition. 

The lower magnitude of dynamic trimming by the head is likely attributed to less bulb 

submergence. In fact, the following two figures agree with this trend of less and less trim 

by the head around the 8 - 9 knot speed range. At 3.0° by stem static trim condition it 

can be seen that there is no dynamic trim by the head for any of the bows tested. For the 

1.5° by stem case only Beta provides any trim by the head. 
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Figure 68: Dynamic Trim Comparison at 3.0° by Stern Trim 
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5.8.5 Sinkage Results 

The 'squat' effect is a hydrodynamic phenomenon which occurs when a hull is moving 

through a fluid. An area of low pressure is created under the hull which then causes the 

hull to sink, or ' squat', down into the water. This is known to be due to a reduction in 

buoyancy caused by a downward hydrodynamic force created by flow-induced pressures. 

The following four figures show comparisons of the model sinkage for each bow at each 

static trim condition tested. Note that negative values signify the model squatting down 

at speed. Also note there that model sinkage is measured at the tow point. 
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From the above figure it can be seen that all bows tend to sink, or 'squat', down at an 

increasing rate with increasing speed. It can also be shown that the top bulb area seems 

to have an influence on the magnitude of sinkage. Beta bow tends to sink more than 

either other bow from 7 knots and above. Epsilon generally has the second largest model 

sinkage while Gamma has the smallest model sinkage out of the bulbs tested. Again, 

note here that Beta has the largest amount of bulb submergence as well as top bulb area, 

Epsilon the next largest, and Gamma the smallest. 
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Similarly to the conclusions from the dynamic trim results, these results along with 

previous testing by Johnson (1958) and Friis et al. (2008) indicate that model sinkage is 

likely a function of bulb submergence, top bulb area, and the pressure distribution around 

the stem section. 

In order to determine the extent of each of the above phenomena on the sinkage 

characteristics of this model it would be necessary to perform further resistance tests with 

pressure sensors placed around the bow and stem sections. This would provide details of 

how the pressure distributions over the bow and stem change with increasing speed as 

well as different initial trim conditions; and how these pressures affect the model sinkage. 
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F1gure 70: Smkage Companson at 0.75° by Stern Tnm 

Here it is shown again that both bulbous bows result in a larger model sinkage than the 

conventional bow. Also, in the design speed range it is found that Epsilon bow sinks 

slightly more than Gamma bow, which has a smaller bulb submergence and top bulb 

area. 
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For the two trim conditions shown below, 1.5° by stem and 3.0° by stem, it can be seen 

that the same general trend continues as for the previous two cases. 
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Figure 71: Sinkage Comparison at 1.5° by Stern Trim 

Sinkage Comparison at 3.0 deg by Stern 
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Figure 72: Sinkage Comparison at 3.0° by Stern Trim 
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Chapter 6 - MUN Bare Hull Resistance Tests 

The resistance tests carried out in the MUN towing tank was conducted to determine the 

full scale effective power of the vessel with each of the nine bows attached. They were 

also conducted in order to validate the results obtained from the resistance tests carried 

out in the JOT ice tank. These tests were carried out in two different periods: from 

February 24, 2009 - February 27, 2009 and from September 14, 2009 - September 18, 

2009. The objective was completed by testing the model over speeds corresponding to 0 

- 12 knots full scale. This analysis was done using the International Towing Tank 

Conference- 1957 (ITTC-57) procedures. 

6.1 MUN Test Facility 

The towing tank facility at MUN (http://www.engr.mun.ca/oerc/towtank.php) has a 

length of 54.7 m, is 4.5 m wide, and has a water depth of 2.2 m. The tank is equipped 

with a 3.9 tonne towing carriage which has a maximum towing speed of 5.0 m/s. The 

tank is equipped with a hydraulically operated wave maker which is capable of 

generating regular of irregular waves up to 0.3 m significant wave height. The tank is 

fitted with passive wave absorbers on three sides of the tank, which consist of: pool 

dividers along the length of the tank, and a passive wire mesh beach at the north end of 

the tank. Located in the facility is a precision dynamometer, a 16 channel data 

acquisition system, along with other instrumentation; all of which allows for various 

types of testing to be competed at the facility. 
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Figure 73: MUN Tank Schematic 

The towing dynamometer used was a Kempf & Remmers R 47 resistance dynamometer. 

The balance contains a load cell which has a rating of ±50lbs (approximately ±220 N). It 

also contains a L VDT which has the ability to measure heave motion up to 400 mrn. This 

dynamometer was used to measure both model resistance and heave motion of the model. 

This dynamometer allows the model to pitch and heave; it restricts it from yawing, 

surging, swaying, as well as rolling. 
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Figure 74: Towing Dynamometer 

Inclinometer 

To measure pitch angles a Servo Inclinometer form Jewell Instruments LLC was used. 

The inclinometer is fully self-contained and designed to operate in hostile environments. 

It is designed to operate from a standard DC power source. The output is an analog DC 

signal which is directly proportional to the sine of the angle of tilt; in level (horizontal) 

position, the DC output is zero. In one direction the output is 0 to +5 V and in the other it 

is0to-5V. 

Data Acquisition System 

The data for each of the test conditions was collected through four channels (one each for 

resistance, heave, pitch, as well as carriage speed). The voltage data outputs for the tests 

were collected using an IOTech Daqbook data acquisition system (Daqbook 

2000) connected to a computer running DaqView software. For these tests, the data were 

collected with a sampling rate of 50 Hz. The raw data was collected in ASCII format and 

post processed using Microsoft EXCEL. 
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6.2.1 Instrumentation Calibrations 

The same calibration procedures were used as is outlined for the lOT bare hull resistance 

tests, given in Section 5.2.1. 

6.3 Model Set-up 

The same model set-up was used as is outlined for the lOT bare hull resistance tests, 

given in Section 5.3. 

6.4 Test Plan 

The test plan included testing each of the five remaining bulbous bows at the design draft 

of 0.188 m model scale and three different trim angles (level trim, 0.75° by stem, and 

1.5° by stem). The vessel speed was originally set to range from 2 - 12 knots full scale. 

The following table shows the original test plan for the following bows: Delta, Eta, Iota, 

Theta, and Zeta. 

Table 20: Test Plan for Resistance Tests at MUN 
For Each Trim Condition 

Run# Vs (knots) vl\1 (rnls) 
Roughup 6 1.115 

Roughup 6 1.115 

I 2 0.372 

2 4 0.743 

3 6 1.115 

4 8 1.487 

5 10 1.859 

6 12 2.230 

7 II 2.044 

8 9 1.673 

9 7 1.301 

10 5 0.929 

Along with these tests the four bows tested previously in the lOT ice tank were retested 

in the MUN towing tank at level trim condition only. The vessel speed was set to range 

from 2 - 12 knots full scale. The thought here is that if good comparisons are found 

between the MUN and lOT tests at level trim, then the trimmed tests carried out at lOT 
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could be taken as correct. The following table shows the original test plan for the 

following bows: Alpha, Beta, Gamma, and Epsilon. 

Table 21· Test Plan for MUN Resistance Retests 
Run# Ys (knots) vl\1 (rnls) 

Roughup 6 1.115 
Roughup 6 1.115 

I 2 0.372 

2 6 1.115 

3 9 1.673 

4 12 2.230 

5 10 1.859 

6 8 1.487 

7 4 0.743 

6.5 Description of Experiment (ITTC-57 Method) 

The same method was used as in the lOT bare hull resistance tests, as outlined in Section 

5.5. 

6.6 Blockage Corrections 

The same blockage correction was u ed as m the lOT bare hull resistance tests, as 

outlined in Section 5.6. 

6.7 Description of Data Analysis 

6.7.1 Online Data Analysis 

The data were acquired in ASCII (*.txt files) format and transferred to Microsoft EXCEL 

on the tow tank carriage workstation during testing to verify the integrity of the acquired 

data. 

The resistance online data analysis is described as follows: 
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• The basic resistance channels (carriage speed, tow force, sinkage, and trim) are 

plotted on the screen in the time domain. The following plot shows a typical plot 

of a run down the tank, shown here is the speed data: 

Time History for"' Typic.ll Run speed m/s 

---. 0.8 
<n -.. 
E 0.6 ......... 
"0 
(1.) 0.4 (1.) 
n. 
U) 0.2 

0 

-0 .2 
0 500 1000 1500 2000 2500 3000 3500 

Scan Number (50 per Second) 
Figure 75: Typical Plot of Carriage Speed for One Run during Resistance Tests 

• The above plot shows three distinct stages: 

1) The carriage is stopped; the resistance, pitch, and heave recorded at this 

stage will be used as tare values 

2) The carriage is up to steady state forward speed; resistance, pitch, and 

heave are all recorded 

3) The carriage is at the next forward speed; this can be done if the speeds 

are low enough that 10 seconds of data can be gathered for each speed. 

• Start and end times are chosen for the initial tare segment as well as for each 

steady state segment. The averages are then computed and the tare values are 

subtracted from the steady state forward speed data. 

• The following four plots are displayed on the same screen: 

1) Resistance (N) vs. Froude Number 

87 



2) Trim (degrees) vs. Froude Number 

3) Sinkage (em) vs. Froude Number 

4) 1 03CTM vs. Froude Number 

• Mean value of carriage speed (m/s), resistance (N), sinkage (em), and trim 

(degrees) computed over each steady state time segment were output in tabular 

form for all runs completed up to the given run. 

6. 7.2 Offline Data Analysis 

The following data analysis was carried out to assess the hull resistance using the JOT 

Standard Resistance Procedure (2006). Within this standard the effective power is 

estimated using the ITTC-57 Method (1957). 

• Carriage speed (m/s), resistance (N), sinkage (em) and trim (degrees) values were 

output in tabular form for all runs carried out for the model. 

• The model resistance coefficients were then plotted against Froude Number and 

log10ReM· Coefficients plotted include CTM, blockage corrected CTM (corrected 

using Scott' s Method (1976)), and CFM· 

• A plot of effective power vs. ship speed (knots) using the ITTC-57 methodology 

was generated. 

• A table of ship resistance and effective power using the ITTC-57 prediction 

method was provided for the ship in salt water and including the tank blockage 

correction using Scott' s Method. The table includes: Ys (knots), PE (kW), RTs 

(kN), Fn, Rns, CTs, CFs, and CR. 

• A table of sinkage and trim information was also generated and included: V s 

(knots), Zv, and 8v. 
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6.8 Results and Discussions 

This section is intended to give an overview of the results obtained from the analysis of 

the testing. The effective power results shown in this report are scaled to a full scale 

vessel of 45.93 ft in length. The detailed results are contained in Appendix C. 

6.8.1 Conventional Bow 

The following table and figure gives the required effective power for the vessel with 

Alpha bow. Effective power is defined as the power required to overcome the hull 

resistance at a given speed. 

Tab f le 22: E fective Power for Vessel with Alpha Bow 
Effective Power for Alpha Bow (W) 

Ship Speed (knots) Level Trim 
1.6 226 
3.7 1075 
4.7 2341 
5.8 6096 
6.8 12274 
7.9 24899 
8.9 42788 
10.0 74284 
11.0 125493 
12.1 194584 
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Figure 76: Effective Power with Alpha Bow 

It can be seen that the effective power starts to significantly increase at speeds above 

approximately 8 knots full scale. Therefore, significant amounts of extra power would be 

required to enable the vessel to go every extra knot in calm water conditions. 

The following figure is a picture taken during testing. The picture shows the model with 

Alpha bow for the level trim condition at a speed of 10 knots full scale. From the photo it 

can be seen that there is a large bow wave created. There is quite a bit of spray at the 

stem, which increases the overall resistance of the hull. 
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Figure 77: Alpha Bow Test at Level Trim- Speed of 10 knots 

6.8.2 Bulbous Bows 

This section provides the determined powering requirements of the vessel with each of 

the bulbous bows as tested in the MUN towing tank. 

Beta Bow 

The following table and figure gives the required effective power for the vessel with Beta 

bow. 
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Table 23: Effective Power for Vessel with Beta Bow 
Effective Power for Beta Bow (W) 

Ship Speed (knots) Level Trim 
1.6 112 
3.7 1469 
4.7 2822 
5.8 4893 
6.8 9491 
7.9 18709 
8.9 35185 
10.0 64742 
11.0 113848 
12.1 168010 
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Figure 78: Effective Power with Beta Bow 

I --+- Bets I 

There is a similar trend for this bow as for the conventional bow; that is there begins to be 

a significant increase in required power above speeds of around 8 knots full scale. 

The following figure is a picture taken during testing. The picture shows the model with 

Beta bow for the level trim condition at a speed of 10 knots full scale. From the photo it 

can be seen that there is a fairly large bow wave created and there is quite a bit of spray at 

the stem. 
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Figure 79: Beta Bow Test at Level Trim- Speed of 10 knots 

Delta Bow 

The following table and figure gives the required effective power for the vessel with 

Delta bow. 

Table 24· Effective Power for Vessel with Delta Bow 
Effective Power for Delta Bow (W) 

Ship Speed (knots) Level Trim 0. 75° by Stern Trim 1.5° by Stern Trim 
l.6 65 66 101 
3.7 1174 1442 1386 
4.7 2611 3053 3433 
5.8 4765 5520 7110 
6.8 7420 8947 10481 
7.9 17164 18091 19312 
8.9 30728 33181 31565 
10 61227 57907 56995 
ll 106452 101578 102346 

12.1 175036 175654 177188 
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Figure 80: Effective Power with Delta Bow 

It can be shown that there is not a large effect due to the static trim of the model with 

regards to the powering performance of the model with Delta bow. Below 9 knots the 

model at level trim outperforms the trimmed by the stem conditions slightly. From 9 -

11 knots both of the trimmed conditions slightly outperform the level trim condition. 

There is no real significant difference in required effective power at 12 knots. At 1 0 

knots the required effective power is reduced by approximately 7.3% by statically 

trimming the model 1.5° by the stem. Similarly, it's reduced by about 5.6% by trimming 

it 0. 75° by the stem. 

The following series of pictures show the model with Delta bow attached at 0°, 0.75°, 

and 1.5° by stem trim angles while traveling at the full scale speed of 10 knots. From the 

following figures it can be seen that there is a significant reduction in water spray off the 

bow with increasing static trim by the stem. 
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Figure 81: Delta Bow Test at Level Trim - Speed of 10 knots 

Figure 82: Delta Bow Test at 0. 75° by Stern Trim - Speed of I 0 knots 
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Figure 83: Delta Bow Test at 1.5° by Stern Trim- Speed of 10 knots 

It is difficult to see exactly from the figures, but it is known from the dynamic trim data 

that the model is at approximately level trim at 10 knots for the static level trim 

condition. For the 0.75° by stem condition it is known that the model dynamically trims 

by the stem an additional 0.5°, for a total trim angle of about 1.25° by the stem. 

Likewise, for the 1.5° by stem condition it is known that the model dynamically trims by 

the stem an additional 1.0°, for a total trim angle of about 2.5° by the stern. 

This may explain why there is not a large reduction in effective power from the static 

level trim condition to the trim by the stern conditions. One possible explanation is that 

if the model is further trimmed by the stern then the submerged transom area is increased, 

thereby increasing the wake and hence required effective power. This increase in 

submerged transom then partially cancels out the positive effect of reduction in water 

spray off the bow with increasing static trim by the stern. 
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Gamma Bow 

The following table and figure gives the required effective power for the vessel with 

Gamma bow. 

Table 25: Effective Power for Vessel with Gamma Bow 
Effective Power for Gamma Bow (W) 

Ship Speed (knots) Level Trim 
1.6 170 
3.7 979 
4.7 2269 
5.8 5224 
6.8 8697 
7.9 16873 
8.9 32952 
IO 58I27 
II I0205I 

I2.1 174502 
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Figure 84: Effective Power with Gamma Bow 

So again it can be seen there a significant increase in required power above speeds of 

around 7 - 8 knots full scale. 
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The following figure is a picture taken during testing. The picture shows the model with 

Gamma bow for the level trim condition at a speed of 10 knots full scale. From the photo 

it can be seen that there is a much smaller bow wave created than was seen for Alpha, 

Beta, or Delta bow at this trim condition. 

Figure 85: Gamma Bow Test at Level Trim- Speed of 10 knots 

Epsilon Bow 

The following table and figure gives the required effective power for the vessel with 

Epsilon bow. 
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Tabl 26 Ef e : fective Power or Vessel with Epsilon Bow 
Effective Power for Epsilon Bow (W) 

Ship Speed (knots) Level Trim 
1.6 -31 
3.7 833 
4.7 1739 
5.8 3667 
6.8 7647 
7.9 16233 
8.9 29552 
10 58561 
I I 99339 

12.1 165525 
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Figure 86: Effective Power with Epsilon Bow 

Once more, it can be seen that there a significant increase in required power above speeds 

of around 7 - 8 knots full scale. 

The following figure is a picture taken during testing. The picture shows the model with 

Epsilon bow for the level trim condition at a speed of 10 knots full scale. From the photo 

it can be seen that there is a fairly large bow wave created and there is quite a bit of spray 

at the stem. 
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Figure 87: Epsilon Bow Test at Level Trim - Speed of 10 knots 

Eta Bow 

The following table and figure gives the required effective power for the vessel with Eta 
bow. 

Table 27· Effective Power for Vessel with Eta Bow . 
Effective Power for Eta Bow (W) 

Ship Speed (knots) Level Trim 0.75° by Stern Trim 1.5° by Stern Trim 
1.6 59 100 106 
3.7 990 1338 1282 
4.7 2238 2661 3288 
5.8 5329 5937 6766 
6.8 10004 10822 12383 
7.9 19617 19751 20882 
8.9 35082 34706 33282 
10 67483 59473 54173 
II 111792 98468 91699 

12.1 171454 159493 154709 
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Figure 88: Effective Power with Eta Bow 
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It can be seen that below 8 or 9 knots there is no significant effect due to the static trim of 

the model with regards to the powering performance. Above 9 knots both the trim 

conditions of 0.75° and 1.5° by stem significantly outperform the static level trim 

condition. At 10 knots the required effective power is reduced by approximately 19.5% 

by statically trimming the model 1.5° by the stem. Similarly, it's reduced by almost 

11.8% by trimming it 0. 75° by the stern. 

The following series of pictures show the model with Delta bow attached at 0°, 0.75°, 

and 1.5° by stem trim angles while traveling at the full scale speed of 10 knots. From the 

following figures it can be seen that there is a significant reduction in water spray off the 

bow with increasing static trim by the stem. It can also be seen that the flow of water 

across the hull is much smoother with increasing static trim angle. 
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Figure 89: Eta Bow Test at Level Trim - Speed of 10 knots 

Figure 90: Eta Bow Test at 0.75° by Stern Trim - Speed of 10 knot 
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Figure 91: Eta Bow Test at 1.5° by Stern Trim- Speed of 10 knots 

From the dynamic trim data it is known that the model is trimmed approximately 1.7° by 

the head at 10 knots for the static level trim condition. For the 0.75° by stem condition it 

is known that the model dynamically trims by the head approximately 0.8°, which brings 

the model to level trim at speed. For the 1.5° by stem condition it is known that the 

model dynamically trims by the stem an approximately 0.1 °, for a total dynamic trim 

angle of about 1.6° by the stem. 

This may help explain why there is a 12% reduction from the level trim to 0.75° by stem 

conditions. For the static level trim condition the model is trimmed significantly by the 

head at 10 knots which creates a large bow wave. Whereas, for the 0. 75° by stem 

condition the model is leveled out at 1 0 knots, thereby reducing the bow wave and hence 

the total resistance on the model. At the 1.5° by stem condition the model is actually 

trimmed by the stem by about 1.6°, however the bow wave is significantly reduced and 

the flow around the hull is much smoother. This then explains why the effective power is 

reduced even further even though the submerged transom area is increased. 
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Iota Bow 

The following table and figure gives the required effective power for the vessel with Iota 
bow. 
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Table 28· Effective Power for Vessel with Iota Bow 

Ship Speed (knots) 
1.6 
3.7 
4.7 
5.8 
6.8 
7.9 
8.9 
10 
II 

12.1 
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Level Trim 0. 75° by Stern Trim 

142 50 
1191 1658 
2997 3628 
6040 7010 
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Figure 92: Effective Power with Iota Bow 

Here it can be seen that below 9 knots full scale the best performance occurs when the 

model is at static level trim. From 9 - 11 knots both of the trimmed conditions slightly 

outperform the level trim condition. There is no real significant difference in required 

effective power at 12 knots. At 1 0 knots the required effective power is reduced by 
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approximately 9.1% by statically trimming the model 1.5° by the stem. Similarly, it's 

reduced approximately 4.4% by trimming it 0.75° by the stem. 

The following series of pictures show the model with Iota bow attached at 0°, 0.75°, and 

1.5° by stem trim angles while traveling at the full scale speed of 10 knots. From the 

following figures it can be seen that there is a significant reduction in water spray off the 

bow with increasing static trim by the stem. It can also be seen that the flow of water 

across the hull is much smoother with increasing static trim angle. 

Figure 93: Iota Bow Test at Level Trim - Speed of 10 knots 
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Figure 94: Iota Bow Test at 0.75° by Stern Trim- Speed of 10 knots 

Figure 95: Jota Bow Test at 1.5° by Stern Trim - Speed of 10 knots 
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It is known from the dynamic trim data that the model is trimmed approximately 0.5° by 

the head at 10 knots for the static level trim condition. For the 0. 75° by stem condition it 

is known that the model dynamically trims by the stem an additional 0.1 °, for a total trim 

angle of about 0.85° by the stem. Likewise, for the 1.5° by stem condition it is known 

that the model dynamically trims by the stem an additional 0.7°, for a total trim angle of 

about 2.2° by the stem. Based on this data it is known that the model will be at dynamic 

level trim at 10 knots full scale when the model is statically trimmed approximately 0.28° 

by the stem. It may therefore be interesting to go back and complete testing at tllis static 

trim condition for comparisons. 

This is a similar scenario as in the Delta bow case, where the model is further trimmed by 

the stem in both the 0. 75° and 1.5° static trim conditions. This then leads to a greater 

submerged transom area for these two cases; and therefore not as much of a reduction in 

required effective power even though the flow around the hull is much smoother with 

increasing static trim angle. 

Theta Bow 

The following table and figure gives the required effective power for the vessel with 

Theta bow. 

Table 29· Effective Power for Vessel with Theta Bow 
Effective Power for Theta Bow (W) 

Ship Speed (knots) Level Trim 0. 75° by Stern Trim 1.5° by Stern Trim 
1.6 80 99 61 
3.7 1481 1328 1278 
4.7 2527 3055 3119 
5.8 5710 6052 6467 
6.8 10377 11119 12206 
7.9 20965 20912 21942 
8.9 37675 37814 37097 
10 71560 64015 59690 
11 119041 106658 9981 9 

12.1 178372 170145 166673 
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Figure 96: Effective Power with Theta Bow 

It can be seen that below 9 knots the effect due to the static trim of the model with 

regards to the powering performance is insignjficant. Above 9 knots both the trim 

conditions of 0.75° and 1.5° by stem significantly outperform the static level trim 

condition. At 10 knots the required effective power is reduced by approximately 16.7% 

by statically trimming the model 1.5° by the stem. Similarly, it's reduced by about 

10.5% by trimming it 0.75° by the stem. 

The following series of pictures show the model with Theta bow attached at 0°, 0.75°, 

and 1.5° by stem trim angles while traveling at the full scale speed of 10 knots. From the 

following figures it can be seen that there is a significant reduction in water spray off the 

bow with increasing static trim by the stem. It can also be seen that the flow of water 

across the hull is much smoother with increasing static trim angle. 

108 



Figure 97: Theta Bow Test at Level Trim - Speed of J 0 knots 

Figure 98: Theta Bow Test at 0.75° by Stern Trim - Speed of 10 knots 
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Figure 99: Theta Bow Test at 1.5° by Stern Trim - Speed of 10 knots 

From the dynamic trim data it is known that the model is trimmed approximately 1. 7° by 

the head at 10 knots for the static level trim condition. For the 0. 75° by stem condition it 

is known that the model dynamically trims by the head approximately 0.9°, for a total 

trim angle of about 0.15° by the head. For the 1.5° by stem condition it is known that the 

model does not dynamically trim at 10 knots, so the total trim angle is 1.5° by the stem. 

Based on this data it is known that the model will be at dynamic level trim at 10 knots 

full scale when the model is statically trimmed approximately 0.82° by the stem. It may 

therefore be interesting to go back and complete testing at this static trim condition for 

comparisons. 

This is a similar scenario as in the Eta bow case; where the model is trimmed by the head 

for the static level trim condition thereby creating a large bow wave for this condition. 

The model is nearly at level trim for the 0.75° condition thereby reducing the bow wave 

and hence the total resistance on the model. At the 1.5° by stem condition the model is 

still trimmed by the stern at 10 knots but the bow wave is significantly reduced and the 
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flow around the hull is much smoother. This may explain why the effective power is 

reduced even further even though the submerged transom is actually increased. 

Zeta Bow 

The following table and figure gives the required effective power for the vessel with Zeta 
bow. 
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Table 30: Effective Power for Vessel with Zeta Bow 
Effective Power for Zeta Bow (W) 

Ship Speed (knots) Level Trim 0. 75° by Stern Trim 1.5° by Stern Trim 
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Figure 100: Effective Power with Zeta Bow 
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Again, it can be seen that below 8 - 9 knots the effect due to the static trim of the model 

with regards to the powering performance is basically insignificant. Above 9 knots both 

the trim conditions of 0. 75° and 1.5° by stern significantly outperform the static level 

trim condition. At 10 knots the required effective power is reduced by approximately 

13.8% by statically trimming the model 1.5° by the stern. Similarly, it's reduced by 

about 11.4% by trimming it 0.75° by the stern. 

The following series of pictures show the model with Zeta bow attached at 0°, 0.75°, and 

1.5° by stern trim angles while traveling at the full scale speed of 10 knots. From the 

following figures it can be seen that there is a significant reduction in water spray off the 

bow with increasing static trim by the stern. It can also be seen that the flow of water 

across the hull is much smoother with increasing static trim angle. 

Figure 101: Zeta Bow Test at Level Trim- Speed of 10 knots 
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Figure 102: Zeta Bow Test at 0.75° by Stern Trim- Speed of 10 knots 

Figure 103: Zeta Bow Test at 1.5° by Stern Trim - Speed of 10 knot 
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From the dynamic trim data it is known that the model is trimmed approximately 0.9° by 

the head at 10 knots for the static level trim condition. For the 0.75° by stern condition it 

is known that the model dynamically trims by the head approximately 0.3°, for a total 

trim angle of about 0.45° by the stern. For the 1.5° by stern condition it is known that the 

model dynamically trims by the stern an approximately 0.4°, for a total trim angle of 

about 1.9° by the stern. Based on this data it is known that the model will be at dynamic 

level trim at 10 knots full scale when the model is statically trimmed approximate] 0.5° 

by the stern. It may therefore be interesting to go back and complete te ting at this static 

trim condition for comparisons. 

This case is basically in between the Delta and Eta cases shown above. At tatic level 

trim the model is trimmed 0.9° by the head, which is approximately in the middle of what 

was found for Delta and Eta. Looking at the three figures of each of the e bows at the 

level trim condition it is clear that Eta has the largest bow wave, then Zeta, and finally 

Delta. 

For the 0.75° trim condition the model is trimmed 0.45° by the stern at 10 knots, which 

again is approximately in the middle of what was found for Delta and Eta. Similar wave 

patterns are found for this trim condition as wa found for the static level trim condition, 

which is that Eta has the largest bow wave, followed by Zeta, and finally Delta. It is also 

found here that there is around an 11.5% reduction in required power from the static level 

trim condition for both Zeta and Eta bows, but only a 5.6% reduction for Delta bow. 

For the 1.5° trim condition the model is trimmed 1.9° by the stern at 10 knots, which 

again is approximately in the middle of what was found for Delta and Eta. Once more, 

similar wave patterns are found for this trim condition as was found for the static level 

trim condition as well as the 0. 75° by stern trim condition, which is that Eta has the 

largest bow wave, followed by Zeta, and finally Delta. It was also found here that there 

i a 19.5% reduction in required power from the tatic level trim condition for Eta bow, 

13.8% reduction for Zeta bow, and a 7.3% reduction for Delta bow. 
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6.8.3 Bow Comparisons 

The following sections show plots of the effective power for all of the bows tested at each 

of the three trim angles (i.e. level trim, 0.75° by stern, and 1.5° by stem). In each section 

three figures are given to show comparisons of the required effective power for the vessel 

with each of the bows tested. Each individual plot shows a different way of comparing 

the data. 

Trim Condition - Level Trim 

Effective Power vs. Speed at Level Trim 
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Figure 104: Effective Power Comparison at Level Trim 
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T bl 31 Eff f P a e : ec IVe ower c ompanson as a p ercentage o f tl c 1e onvent10na IB ow 
Percentage of Conventional Bow at Level Trim (% ) 

Speed 
Alpha Beta Delta Gamma Epsilon Eta lota Theta Zeta (knots) 

3.7 100.00 136.62 109.26 91.1 1 77.5 1 92.11 110.82 137.78 80.76 
4.7 100.00 120.53 I 11.52 96.9 1 74.29 95.59 128.03 107.95 103. 11 

5.8 IOO .OO 80.27 78.15 85.69 60. 14 87.41 99.07 93.67 77.4 1 

6.8 100.00 77.33 60.45 70.86 62.30 81.5 I 68.45 84.55 70.67 

7.9 IOO.OO 75.14 68.93 67.76 65. 19 78.79 65.62 84.20 75.IO 

8.9 100.00 82.23 71.8 I 77.01 69.07 8 1.99 69.00 88.05 83.67 

10.0 100.00 87 .1 5 82.42 78.25 78.83 90.84 78.27 96.33 90.7 1 

11.0 100.00 90.72 84.83 81.32 79. I6 89.08 82.9I 94.86 89.03 

12. 1 100.00 86.34 89.95 89.68 85.07 88. 1 I 86.78 91.67 9 1.32 

From above it can be seen that each bulb begins to outperform the conventional bow 

between 5 - 6 knots (i.e. Fn = 0.23 - 0.27), with the exception of Gamma, Epsilon, and 

Eta (which are actually always below the conventional bow). Above approximately 6 

knots all of the bulbous bows outperform the conventional bow from a calm water 

resistance point of view. This is consistent with what was found in basically all of the 

experimental papers discussed in the literature review. It is also consistent with what is 

provided in Principles of Naval Architecture (1988). 

In the design speed range of 8 - 10 knots (Fn = 0.36 - 0.45) reductions in required 

effective power on the order of 3.7 - 34.2% are found. These are similar numbers to 

those found in the papers outlined in the experimental section of the literature review. 

The numbers listed in the various papers in the literature review are for different hull 

forms and different bulbous bow designs. However, it is reasonable to conclude that the 

numbers found for reductions in required effective power for this hull form with bulbous 

bows are in the same range as those found for most of the hulls of studies included in the 

literature review. 

Both Iota and Epsilon bows perform the best from a resistance point of view; with each 

providing nearly a 35% reduction in required effective power at 8 knots and 21 - 31% 

reduction at 9 and 10 knots respectively. 
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The following table provides a ranking of the best bulbous bow based on the average 

reduction of required effective power in the design speed range for all bows tested at 

static level trim condition. Also shown are the main parameters of each of the bulbous 

bows tested. 

a e : an ng o u ous T b1 32 R ki f B 1b B ows a eve nm tL IT. 

Rank Fairing Type Added Length (ft) %Am(%) R F (ft) ATI' (deg) 

Iota None 0.425 29.47 0.236 16.7 

Epsilon S-Shaped 0.59 17.64 0.309 13 

Gamma None 0.59 17.64 0.309 13 

Delta None 0.425 17.64 0.236 16.7 

Beta Straight Line 0.59 17.64 0.309 13 

Zeta S-Shaped 0.425 17.64 0.236 16.7 

Eta Straight Line 0.59 23.48 0.309 13 

Theta Straight Line 0.425 23.48 0.236 16.7 

Based on the above table it looks as if one could say that the fairing type does play a 

major role in the reduction of required effective power. The three bulbs with no fairing 

are in the top four rankings, and the three bulbs with straight line fairing are in the bottom 

four. 

Interesting compansons can also be made between bulbs which have only different 

lengths. Delta and Gamma both have no fairing and a front cross-sectional area of 

17.64% of the amidships sectional area; the only difference between the two is the length 

of each. Between these two bows Gamma bow, which has a longer length, performs an 

average of about 0.05% better than Delta bow in the design speed range. Looking at the 

figures above it can be seen that the trends for Delta bow take a slight dip at 9 knots. 

This could explain why Delta bow performs nearly as well as Gamma bow on average in 

the design speed range. It may be worthwhile to retest Delta bow around this speed range 

to ensure the model scale resistance data is satisfactory. 

Two more similar comparisons can be made; firstly between Epsilon and Zeta, which 

both have s-shaped fairings. Between these two bows Epsilon, which has a longer length, 

performs on average about 12.1% better than Zeta in the design speed range. Finally, a 

comparison can be made between Eta and Theta; both of these bows have straight line 
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fairing and a front cross-sectional area of 23.48% of the amidships sectional area. 

Between these two bows Eta, which has a longer length, performs on average about 5.7% 

better than Theta in the design speed range. 

When all of three of these comparisons are considered it is reasonable to conclude that a 

bulb with the longer length will outperform a bulb with the shorter length if all other 

parameters are the same. It should also be noted here that the fairing radius and top 

profile angle of the bulb both change linearly with bulb length. That is a bulb with a 

length of 0.425 ft has a fairing radius of 0.236 ft and a top profile slope of 16.7°. 

Whereas a bulb which has a length of 0.590 ft has a fairing radius of 0.309 ft and a top 

profile slope of 13°. In order to determine which parameter has the greatest effect on 

reducing resistance a statistical analysis would likely have to be performed. 

Also, from the above table it can clearly be seen that there is some sort of correlation 

between resistance reduction and the front cross-sectional area of the bulb. With the 

exception of Iota bow, it can be seen that the bulbs with a front cross-sectional area 

corresponding to 17.64% of the amidships sectional area are clearly better performer 

than the bulbs with a front cross-sectional area corresponding to 23.48% of the amidships 

sectional area. The only direct comparison that can be made is between Beta and Eta 

bows; these bows have all the same bulb parameters other than the front cross-sectional 

area. Beta bow, which has a smaller front cross-sectional area, reduces the required 

effective power by about 2.4% more than Eta bow, which has a larger front cross

sectional area. 

Further investigation should be completed into why Iota bulb, with a shorter length and 

larger front cross-sectional area, performs very well in the design speed range. This may 

be done by constructing additional bulbous bows with varying front cross-sectional areas, 

fairing radii as well as top profile angles and testing them in the MUN towing tank. It 

could also be possibly completed by use of some Computational Fluid Dynamics (CFD) 

computer simulations. 
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Trim Condition - 0. 75° by Stern 

200000 

180000 

160000 

140000 

~ i 120000 

0 
n. 100000 
41 
> 

~ 80000 
~ 
w 

60000 

40000 

20000 

0 

5000 

0 

~ 
-5000 

C> 
<.> -10000 c 
:!! .. 
t -15000 i5 ... 
41 
~ -20000 0 
n. 
41 
> -25000 ~ 
~ w -30000 

-35000 

-40000 

0 

0 

Effective Power vs. Speed at 0.75 deg by Stern 

- .--- -.--

I 

7' 
/ /; 

711 
71 

771-
I 1/ 

g 
A: ~ 
~ 

2 4 6 8 10 12 

Ship Speed (knots) 

Figure 107: Effective Power Comparison at 0.75° by Stern Trim 

Effective Power Comparison as a Difference of the Conventional Bow 
at Level Trim (All Other Bows at 0.75 deg by Stern) 
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Other Bows at 0.75° by Stern) 

Table 33: Effective Power Comparison as a Percentage of the Conventional Bow at Level Trim (All 
Other Bows at 0.75° by Stern) 

Percentage of Conventional Bow at Level Trim(%) 
Speed (knots) Alpha Delta 0.75 Eta 0.75 Iota 0.75 Theta 0.75 Zeta 0.75 

3.7 100.00 134.15 124.46 154.24 123.52 103.51 
4.7 100.00 130.40 113.67 154.96 130.48 111.72 
5.8 100.00 90.54 97.39 114.98 99.26 87.66 
6.8 100.00 72.89 88. 17 85.85 90.59 69.42 
7.9 100.00 72.66 79.32 69.53 83.99 73.99 
8.9 100.00 77.55 81.11 69.73 88.37 78.95 
10.0 100.00 77.95 80.06 74.79 86.18 80.28 
11.0 100.00 80.94 78.47 78.10 84.99 81.12 
12.1 100.00 90.27 81.97 86.78 87.44 87.51 

From above it can be seen that each bulb begins to outperform the conventional bow 

somewhere between approximately 5 - 6.5 knots. Above this point and all of the bulbous 

bows outperform the conventional bow from a resistance point of view. 

In the design speed range of 8 - 10 knots Iota bow outperforms all other bows, providing 

reductions between approximately 25.2 - 30.5% in required effective power. 
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The following table provides a ranking of the best bulbous bow based on the average 

reduction of required effective power in the design speed range for all bows tested at 

0.75° by the stem trim condition. Also shown are the main parameters of each of the 

bulbous bows tested. 

a e : an mg o T bl 34 R k' u ous ows a fB lb B t 0 75° b St ern n 
Rank Fairing Type Added Length (ft) %Am(%) Rr (ft) ATP (deg) 

Iota 0.75 None 0.425 29.47 0.236 16.7 
Delta 0.75 None 0.425 17.64 0.236 16.7 
Zeta 0.75 S-Shaped 0.425 17.64 0.236 16.7 
Eta 0.75 Straight Line 0.590 23.48 0.309 13 

Theta 0.75 Straight Line 0.425 23.48 0.236 16.7 

This table again shows that fairing type most likely plays a major role in the ability to 

reduce the hulls resistance. The two bulbs with no fairing are in the top two rankings, 

and the two bulbs with straight line fairing are in the bottom two. 

Only comparison can be made to determine the effect of bulb length/fairing radius/top 

profile angle, and that is between Eta and Theta. From this comparison it can be seen 

that Eta bow, with a longer length, performs on average about 6% better than Theta. So 

this supports the conclusions from the level trim condition. 

There is also a similar relation in the front cross-sectional area and resistance reduction as 

in the level trim case. Again, further investigation into this phenomenon is warranted. 
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Trim Condition - 1.5° by Stern 
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Figure 110: Effective Power Comparison at 1.5° by Stern Trim 

Effective Power Comparison as a Difference of the Conventional Bow 
at Level Trim (All Other Bows at 1.5 deg by Stern) 
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Figure 112: Effective Power Comparison as a Percentage of the Conventional Bow at Level Trim (All 
Other Bows at 1.5° by Stern) 

Table 35: Effective Power Comparison as a Percentage of the Conventional Bow at Level Trim (All 
Other Bows at 1.5° by Stern) 

Percentage of Conventional Bow at Level Trim(%) 
Speed (knots) Alpha Delta 1.5 Eta 1.5 Iota 1.5 Theta 1.5 Zeta 1.5 

3.7 100.00 128.96 119.27 143.87 118.89 115.32 

4.7 100.00 146.66 140.47 182.81 133.22 137.38 

5.8 100.00 116.62 I 10.98 142.08 106.08 100. 18 

6.8 100.00 85.39 100.88 107.48 99.44 79.93 

7.9 100.00 77.56 83.86 79.27 88.12 75.08 

8.9 100.00 73.77 77.78 68.68 86.70 78.66 

10.0 100.00 76.73 72.93 71.15 80.35 78.12 

11.0 100.00 81.56 73.07 76.99 79.54 78.58 

12.1 100.00 91.06 79.51 87.58 85.66 86.32 

From above it can be seen that each bulb begins to outperform the conventional bow 

somewhere between approximately 5.5 - 7 knots. Above this point and all of the bulbous 

bows outperform the conventional bow from a resistance point of view. 

In the design speed range of 8 - 10 knots Iota bow outperforms all other bows, providing 

reductions between approximately 20.7 - 31.3% in required effective power. 
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The following table provides a ranking of the best bulbous bow based on the average 

reduction of required effective power in the design speed range for all bows tested at 1.5° 

by the stem trim condition. Also shown are the main parameters of each of the bulbous 

bows tested. 

a e : an ·mg o T bl 36 R k" u ous fB lb B OWS at .;:) y 1 - o b S tern 
Rank Fairing Type Added Length (ft) %Am(%) Rr (ft) An· (deg) 

Iota 1.5 None 0.425 29.47 0.236 16.7 

Delta 1.5 None 0.425 17.64 0.236 16.7 

Zeta 1.5 S-Shaped 0.425 17.64 0.236 16.7 

Eta 1.5 Straight Line 0.590 23 .48 0.309 13 

Theta 1.5 Straight Line 0.425 23.48 0.236 16.7 

These are the exact same bulb rankings as for the 0.75° by stem trim condition. 

Therefore, all of the same conclusions can be applied to this trim condition. 

Optimal Trim Conditions 

It is also useful to determine the optimal trim condition for each bow at each speed tested. 

The following table outlines the best trim condition for each of the bows tested. Note 

here that Beta, Gamma, and Epsilon bows are not shown in this section; as they were 

only tested at level trim during the MUN resistance tests. 

a e : Jphma nm on 1hons or ac T bl 37 0 . IT . C d" . f E h B OW 

Optimal Trim Condition 

Speed (knots) Delta Eta Iota Theta Zeta 

1.6 level trim level trim 0.75° by stem 1.5° by stern 0.75° by stern 

3.7 level trim level trim level trim 1.5° by stern level trim 

4.7 level trim level trim level trim level trim level trim 

5.8 level trim level trim level trim level trim level trim 

6.8 level trim level trim level trim level trim 0.75° by stem 

7.9 level trim level trim level trim 0.75° by stem 0.75° by stem 

8.9 level trim 1.5° by stern level trim 1.5° by stem 1.5° by stern 

10.0 1.5° by stern 1.5° by stern I .5° by stern 1.5° by stern 1.5° by stern 

11.0 0.75° by stern 1.5° by stern 1.5° by stern 1.5° by stern 1.5° by stern 

12.1 level trim 1.5° by stem level trim 1.5° by stem 1.5° by stern 
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In general it can be seen that at lower speeds it is better to operate the vessel at static 

level trim. However, around the design speed range of 8 - 10 knots it is generally better 

to have the vessel trimmed by the stem from a resistance point of view. 

The following figure and table provide a percentage comparison of the optimal effective 

power for each bow to the conventional bow at level trim. 
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Figure 113: Effective Power Comparison at Optimal Trim Conditions as a Percentage of the 
Conventional Bow at Level Trim 

Table 38: Effective Power Comparison at Optimal Trim Conditions as a Percentage of the 
Conventional Bow at Level Trim 

Percentage of Conventional Bow at Level Trim(%) 
Alpha Delta Eta Iota Theta Zeta 

Speed (knots) Level Optimal Optimal Optimal Optimal Optimal 
Trim Trim Trim Trim Trim Trim 

3.7 100.00 109.26 92.11 110.82 118.89 80.76 
4.7 100.00 111.52 95.59 128.03 107.95 103.11 
5.8 100.00 78.15 87.41 99.07 93.67 77.41 
6.8 100.00 60.45 81.51 68.45 84.55 69.42 
7.9 100.00 68.93 78.79 65.62 83.99 73.99 
8.9 100.00 71.81 77.78 69.00 86.70 78.66 
10 100.00 76.73 72.93 71.15 80.35 78.1 2 
11 100.00 80.94 73.07 76.99 79.54 78.58 

12.1 100.00 89.95 79.51 86.78 85.66 86.32 
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-------------------------------------------

It can be seen from this that each bulbous bow begins to outperform the conventional 

bow between 5 - 6 knots, except for Eta bow (which is always below the conventional 

bow). Also, in the design speed range of 8 - 10 knots Iota bow tends to perform the best; 

providing approximately a 28.9 - 34.4% reduction in required effective power. Delta 

provides anywhere between a 23.3 - 31.1% reduction in the same speed range. 

Again, note here that Beta, Gamma, and Epsilon data are not provided within this section 

as they were only tested at level trim. Both Gamma and Epsilon would most likely 

outperform Delta bow, and Epsilon would likely be as effective as Iota bow in reducing 

the required effective power. 

6.8.4 Dynamic Trim Results 

The following section shows comparisons of the model dynamic trim for each bow at 

each static trim condition tested. Note that the static trim condition is not actually shown 

in each plot, that is each plot starts at zero degrees. Also note that negative values signify 

the model trimming by the head and positive trimming by the stem. 
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Figure 114: Dynamic Trim Comparison at Static Level Trim 

From the above figure it can be seen that all bows have a tendency to trim by the head up 

to between 8.75 - 9.65 knots (Fn = 0.39 - 0.44) and then drastically begin to trim more 

and more by the stem with increasing speed. Again, this is fairly consistent with the 

study conducted by Johnson (1958) where it was found that the model would trim by the 

head up to Fn = 0.35 - 0.37. Similarly, the study conducted by Friis et al. found that the 

model would trim by the head up to Fn = 0.36 - 0.43. 

Eta, Theta, and Beta bows all have a maximum trim by the head at approximately 9.5 

knots. Epsilon, Iota, and Zeta bows all have a maximum at approximately 9 knots. 

Alpha, Delta, and Gamma bows have a maximum around 8.5 knots. 

The following table shows the ranking of each bulb tested with respect to the speed at 

which the maximum trim by the head occurs. So, for example, Eta bow is ranked number 

one because it has a maximum trim by the head at the highest speed. Likewise, Gamma 
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bow is ranked last as it has a maximum trim by the head at the lowest speed of all the 

bulbous bows. 

Note that in the following series of tables 'top bulb area' is the extra waterplane area 

added due to the presence of each bulb respectively. ' Bulb submergence' is taken as the 

added underwater volume due to the presence of each bulb respectively. This is 

calculated by determining the underwater volume with each bulb attached and subtracting 

the underwater volume with the conventional bow attached. This will then yield only the 

underwater volume of each bulb respectively. 

Table 39: Ranking of Bulbous Bows in Order of Speed at which Maximum Trim by the Head Occurs 
at Static Level Trim 

Speed of Max Trim by Head - Static Level Trim 

Rank 
Speed Added Length 0/o Am Top Bulb Area Bulb Submergence 
(knots) (ft) (%) <re> (ft3) 

Eta 9.65 0.590 23.48 0.5215 0.2788 
Theta 9.65 0.425 23.48 0.4315 0.2304 

Beta 9.5 0.590 17.64 0.4348 0.2390 

Zeta 9.15 0.425 17.64 0.2360 0.1599 
Epsilon 9.05 0.590 17.64 0.2745 0.1832 

Iota 8.9 0.425 29.47 0.2194 0.1554 
Delta 8.75 0.425 17.64 0.1135 0.0843 

Gamma 8.75 0.590 17.64 0.1458 0.1035 

From the above table there seems to be a strong correlation between both the top bulb 

area and bulb submergence with the speed at which maximum trim by the head occurs. 

A plot showing the speed at which maximum trim by the head is reached vs. both the top 

bulb area and bulb submergence is shown below. Regression lines are fit through both 

sets of data to determine the goodness of fit. The regression lines fitted for both the top 

bulb area and bulb submergence shows that there is a strong correlation between both the 

top bulb area and bulb submergence with the speed at which maximum trim by the head 

occurs. 
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Figure 115: Regression Lines through Comparisons of Speed of Maximum Trim by the Head vs. Top 
Bulb Area and Bulb Submergence 

A ranking can also be completed for the maximum magnitude of the trim by the head, as 

is shown in the following table. 

Table 40: Ranking of Bulbous Bows in Order of the Magnitude of Maximum Trim by the Head at 
Static Level Trim 

Magnitude of Max Trim by Head - Static Level Trim 

Rank 
Max Trim Added Length 0/o Am Top Bulb Area Bulb Submergence 

{deg) (ft) (%) (ft2) (ft) 
Eta 1.82 0.590 23.48 0.5215 0.2788 

Theta 1.8 0.425 23.48 0.4315 0.2304 
Beta 1.46 0.590 17.64 0.4348 0.2390 
Zeta l.15 0.425 17.64 0.2360 0.1 599 

Epsilon 0.95 0.590 17.64 0.2745 0.1832 
Iota 0.93 0.425 29.47 0.2 194 0.1554 

Delta 0.59 0.425 17.64 0. 11 35 0.0843 
Gamma 0.51 0.590 17.64 0.1458 0.1035 

From this table it can be seen that there is the exact same ranking as that for the speed of 

maximum trim by the head. So there also seems to be a correlation between both the top 

bulb area and bulb submergence with the magnitude of maximum trim by the head. 
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The following plot shows the maximum trim by the head vs. both the top bulb area and 

bulb submergence. The regression lines fitted for both the top bulb area and bulb 

submergence shows that there is a strong correlation between both the top bulb area and 

bulb submergence with the maximum trim by the head. 
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Figure 116: Regression Lines through Comparisons of Maximum Trim by the Head vs. Top Bulb 
Area and Bulb Submergence 

These results along with those from the lOT bare hull resistance tests as well as previous 

testing by Johnson (1958) and Friis et al. (2008) indicate that dynamic trim by the head is 

likely a function of bulb submergence, top bulb area and pressure distribution around the 

stem section. Again, the possible explanations are given below: 

• The presence of a bulb at the stem causes an increase in water velocity around the 

fore body of the model (i.e. the water has to speed up to get around the added 

volume of the bulb). The increase in water velocity results in a reduction of 

pressure in the area around the bow of the model . This reduction of pressure then 

translates into a reduction in 'lift' at the bow section, which means that the bow 

section tends to trim further into the water. 

13 1 

·I 



• The presence of a bulb at the stem causes a beaching effect with increasing speed, 

where water flows up onto the top of the bulb. The flowing water over the top of 

the bulb then provides a downward force on the bulb, thereby forcing the bulb 

further down into the water. 

• The flow past the hull causes an area of high velocity at the stern due to the 

streamlines closing in; which in turn reduces the pressure at the stem. As hull 

speed is increased the magnitude of this low pressure is increased, thereby 

causing even lower pressure at the stern section. This results in 'suction' at the 

stern section which tends to pull the stem section of the hull further into the water. 
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Figure 117: Dynamic Trim Comparison at 0.75° by Stern Trim 
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Here a similar trend is found for the 0.75° by the stern condition as was seen in the level 

trim condition. Theta and Eta bows provide a larger trim by the head than does Iota and 

Delta bows; although all are much smaller magnitudes than was seen in the static level 
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trim condition. The generally lower magnitude of dynamic trimming by the head ts 

likely attributed to less bulb submergence. 

The following two tables show rankings of the speed at which the maximum trim by the 

head occurs as well as the maximum magnitude of the trim by the head. 

Table 41: Ranking of Bulbous Bows in Order of Speed at which Maximum Trim by the Head Occurs 
at 0 75° by Stern Trim Condition 

Speed of Max Trim by Head- 0.75° by Stern 

Rank 
Speed Added Length 0/o Am Top Bulb Area Bulb Submergence 
(knots) (ft) (%) (ft2) (ftJ) 

Eta 9.4 0.590 23.48 0.52 15 0.2788 
Theta 9.35 0.425 23.48 0.43 15 0.2304 
Zeta 8.9 0.425 17.64 0.2360 0.1599 

Iota 8.65 0.425 29.47 0.2194 0.1554 

Delta 8.5 0.425 17.64 0.1135 0.0843 

Table 42: Ranking of Bulbous Bows in Order of the Magnitude of Maximum Trim by the Head at 
0 75° b St T . C d"f 'Y ern nm on 110n 

Magnitude of Max Trim by Head- 0.75° by Stern 

Rank 
Max Trim Added Length 0/o Am Top Bulb Area Bulb Submergence 

(deg) (ft) (%) ere) <re) 
Theta 1.11 0.425 23.48 0.4315 0.2304 

Eta 0.98 0.590 23.48 0.5215 0.2788 

Zeta 0.71 0.425 17.64 0.2360 0.1599 

Iota 0.48 0.425 29.47 0.2194 0. 1554 

Delta 0.25 0.425 17.64 0.1135 0.0843 

From the above tables it can be seen that similar results are found for this trim condition 

as was found for the static level trim condition. Again, there seems to be a correlation 

between both the top bulb area and bulb submergence with the speed at which maximum 

trim by the head occurs as well as the magnitude of maximum trim by the head. In 

general, as both the top bulb area and bulb submergence decreases both the speed at 

which maximum trim by the head occurs as well as the magnitude of maximum trim by 

the head tends to decrease. 
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Figure 118: Dynamic Trim Comparison at 1.5° by Stern Trim 

Once again a similar trend is found for the 1.5° by the stem condition as was seen in the 

flrst two trim conditions. There are much smaller magnitudes of trim by the head in this 

condition than was seen in either of the first two. The lower magnitude of dynamic 

trimming by the head is 1 ikely attributed to less bulb submergence. 

The following two tables show rankings of the speed at which the maximum trim by the 

head occurs as well as the maximum magnitude of the trim by the head. 

Table 43: Ranking of Bulbous Bows in Order of Speed at which Maximum Trim by the Head Occurs 
15° b s T . c d". at . >Y tern nm on atton 

Speed of Max Trim by Head - 1.5° by Stern 

Rank 
Speed Added Length %Am Top Bulb Area Bulb Submergence 
(knots) (ft) (%) (ff) (fe) 

Theta 8.85 0.425 23.48 0.4315 0.2304 
Eta 8.8 0.590 23.48 0.5215 0.2788 

Zeta 8.65 0.425 17.64 0.2360 0.1599 
Iota 8.4 0.425 29.47 0.2194 0.1554 

Delta - 0.425 17.64 0.1135 0.0843 
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Table 44: Ranking of Bulbous Bows in Order of tbe Magnitude of Maximum Trim by tbe Head a t 
1 5° b St T . C d .. . >Y ern nm on 1t1on 

Magnitude of Max Trim by Head - 1.5° by Stern 

Rank 
Max Trim Added Length %Am Top Bulb Area Bulb Submergence 

(deg) (ft) (%) <fe> <fe> 
Theta 0.48 0.425 23.48 0.4315 0.2304 

Eta 0.3 0.590 23.48 0.5215 0.2788 
Zeta 0.24 0.425 17.64 0.2360 0.1599 
Iota 0.08 0.425 29.47 0.2194 0.1554 

Delta - 0.425 17.64 0.1135 0.0843 

These are similar bulb rankings as for the 0.75° by stem trim condition. Therefore, all of 

the same conclusions can be applied to this trim condition. 

Individual Bulbs 

It is also possible to look at the dynamic trim for each of the bulbs tested individually. 

The following five plots show each bow tested in static level trim, 0. 75° by stem, as well 

as 1.5° by stem condition at MUN. 
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Figure 119: Dynamic Trim Comparison for Delta Bow 
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Figure 120: Dynamic Trim Comparison for Eta Bow 
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Figure 121: Dynamic Trim Comparison for Iota Bow 
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Figure 122: Dynamic Trim Comparison for Theta Bow 
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Figure 123: Dynamic Trim Comparison for Zeta Bow 
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From the above five figures it can be seen that with any bulb as the static trim angle 

increases the magnitude of dynamic trim by the head as well as the speed at which the 

maximum trim by the head occurs tend to decrease significantly. Take Zeta bow for 
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example, the following table provides a breakdown of the magnitude of maximum 

dynamic trim by the head as well as the speed at which this maximum occurs for each 

static trim condition tested. 

a e : rea T bl 45 B kd own o ,ynam1c nm or e a fD ' T' f ZtB ow 
Dynamic Trim for Zeta Bow 

Static Trim Angle (deg) Max Trim ( deg) Speed of Max Trim (knots) 
0.0 1.15 9.15 

0.75 0.71 8.9 

1.5 0.25 8.65 

The above table shows that there is defulltely a strong correlation between the initial him 

angle and the maximum magnitude of dynamic trim by the head. It also suggests that 

there is a correlation between the initial trim angle and speed of the maximum trim by the 

head. Similar results are found for each of the bulbs tested. 

It is known that as the initial trim angle by the stern is increased the bulb submergence is 

reduced while the top bulb area increases. It was suggested that if the top bulb area is 

increased then the magnitude of maximum dynamic trim by the head should also 

increase; which is not what is found here. 

However, the correlation between top bulb area and dynamic trim by the head may not be 

the best comparison in this case. The relationship between water flow over the top of the 

bulb with dynamic trim is likely a more suitable comparison. It is known from pictures 

taken during testing that as the static trim by the stern is increased that the water flow 

over the top of the bulb is generally reduced. This will result in less downward force 

acting on the top of the bulb, and act as if the ' top bulb area' is reduced. 

The results from the individual bulbs then agree with the results from bulb comparisons 

for each static trim condition. That is the dynamic trim is likely a function bulb 

submergence, top bulb area, and pressure distribution around the stern section. 
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6.8.5 Sinkage Results 

The following section shows comparisons of the model sinkage for each bow at each 

static trim condition tested. Note here that negative values signify the model squatting 

down at speed. 
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Figure 124: Smkage Comparison at Static Level Trim 
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Figure 125: Sinkage Comparison at 0.75° by Stern Trim 
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Figure 126: Sinkage Comparison at 1.5° by Stern Trim 

Oeha 

Eta 

--.- Iota 

Theta 

- zeta 

Theta 

- Zeta 

From the above figures it can be seen that all bows tend to sink, or 'squat', down at an 

increasing rate with increasing speed. Upon examining the results it was found that there 

is some correlation between the top bulb area and bulb submergence of each bulbous bow 
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with the magnitude of sinkage. For each trim condition at lower speeds, say 7 knots and 

below, it was found that no real correlation exists. This may be due to the fact that there 

are small magnitudes of sinkage below these speeds. However, above these speeds there 

seems to be a definite correlation between the magnitude of sinkage with both the top 

bulb area and bulb submergence. It was found that there is a general trend of higher 

magnitudes of sinkage with increasing top bulb area and bulb submergence. This was 

found for each trim condition tested. 

Again, these results along with those found in the JOT bare hull resistance tests as well as 

previous testing by Johnson (1958) and Friis et al. (2008) indicate that model sinkage is 

likely a function of bulb submergence, top bulb area and pressure distribution around the 

stem section. 

Individual Bulbs 

It is also possible to look at the sinkage for each of the bulbs tested individually. The 

following five plots show each bow tested in static level trim, 0.75° by stem, as well as 

1.5° by stem condition at MUN. 
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Figure 127: Sinkage Comparison for Delta Bow 
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Figure 128: Sinkage Comparison for Eta Bow 
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Figure 129: Sinkage Comparison for Iota Bow 
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Figure 130: Sinkage Comparison for Theta Bow 
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Figure 131: Sinkage Compa rison for Zeta Bow 
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From the above five figures it can be seen that with any bulb as the static trim angle 

increases the magnitude of model sinkage tends to decrease. Similar conclusions can be 

drawn here as for the dynamic trim results for individual bulbs. That is there is a 
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correlation between the water flow over the top of the bulb with the magnitude of model 

sinkage. As the water flow is decreased the magnitude of model sinkage also decreases. 

This means that the model sinkage and dynamic trim by the head are both functions of 

pressure distributions around the hull; and maybe more importantly the pressure 

distributions around the bow and stem sections. 

To reiterate the conclusion from the lOT bare hull resistance test re ults, it may be 

possible to complete resistance tests on each of the bows with pressure sensors placed on 

the underwater portion of the hull, with emphasis on the bow and stem sections. This 

type of testing would provide a good idea of the pressure changes occurring due to 

increasing speed as well as the initial static trim condition. It may then al o be possible 

to estimate how these pressures are affecting the magnitudes of dynamic trim and model 

sinkage. 
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Chapter 7 - MUN/IOT Comparisons 

This section is intended to draw comparisons between the testing completed in the lOT 

ice tank with those from the testing completed in the MUN towing tank. The calculated 

effective powers, dynamic trim as well as model sinkage will be compared. Also note 

here that the data presented for the conventional bow from the lOT tests is that collected 

for the 'Alpha2 ' tests (i.e. the retests which were completed after realignment). 

For the effective power comparisons one chart and one table will be provided for each 

bow comparison. The plot will show the actual calculated values from the testing. The 

table will show the 'standardized ' effective power; which means a polynomial curve is fit 

through the plotted data and it is these two curves that are being compared. The reason 

for doing this i that the model was not tested at exactly the same speeds for both sets of 

tests. Therefore one cannot actually directly compare the two sets of data without 

standardizing it first. 

7.1 Conventional Bow 

7.1.1 Effective Power Comparison 

The following figure shows a compari on of the effective power calculated in the lOT 

and MUN test programs at static level trim. 
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Figure 132: Effective Power Comparison of Alpha Bow Tested at lOT and MUN 

T bl 46 St d d' d Ef~ f P a e : an ar 1ze ec 1ve ower c ompanson o f AI h B T t d t lOT d MUN 1p1 a ow es e a an 
Sbip Speed EP (lOT) EP(MUN) Difference Percent Difference 

(knots) (kW) (kW) (kW) (%) 
2 0.07 0.15 0.08 107.25% 

2.5 0.13 0.21 0.08 66.78% 
3 0.28 0.42 0.14 50.80% 

3.5 0.55 0.88 0.34 61.25% 
4 0.94 1.27 0.33 34.55% 

4.5 1.46 2.17 0.71 48.64% 
5 2.07 3.39 1.31 63.46% 

5.5 2.54 5.04 2.50 98.57% 
6 4.10 7.26 3.16 76.96% 

6.5 6.55 10.24 3.69 56.34% 
7 10.15 14.19 4.04 39.76% 

7.5 15.22 19.36 4.14 27. 18% 
8 22.1 1 26.04 3.94 17.81% 

8.5 31.18 34.55 3.38 10.82% 

9 42.86 45.26 2.40 5.59% 
9.5 57.59 58.54 0.95 1.64% 
10 75.87 74.84 -1.03 -1.36% 

From above it can be seen that the MUN tests give lower effective powers than the lOT 

tests above about 9.5 knots. Below those speeds and the MUN testing provide higher 
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effective powers than the lOT tests. In the design speed range there is a difference in 

required effective power between about -1.4 - 17 .8%. 

It is known that there were misalignment issues for the testing completed in the lOT ice 

tank. This could then explain why the powering data from the lOT tests tend to increase 

relative to the MUN powering data with increasing speed. If the model was misaligned 

for these tests then one would expect to see higher relative resistances with increasing 

model speed. 

7 .1.2 Trim Comparison 
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Figure 133: Dynamic Trim Comparison of Alpha Bow Tested at lOT and MUN 

The above plot shows that the dynamic trim for the model in the MUN program is lower 

than that in the lOT program after about 9 knots. This may be due to a slightly different 

tow points in the two instrumentation set-ups at lOT and MUN respectively. It is known 

that the tow point in the MUN test program was about 1 inch higher and 1 - 1.5 inches 

further aft than in the lOT test program. 
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A different tow point means a slightly different axis about which the model will pitch. 

Ideally one would like to have the tow point as close as possible to the centroid of the 

resistance on the underwater portion of the hull in the vertical direction. Any difference 

in the tow point will result in a trimming moment on the hull. 

From the 3D drawing it is known that the centroid of the underwater portion of the hull 

with any of the bows attached is approximately 0.1 52 m from the baseline. In the lOT 

tests the tow point was also located approximately 0.152 m from the baseline. While in 

the MUN tests, due to model constraints, the tow point was located approximately 0.178 

m from the baseline. Therefore, during the MUN test program there was a 0.026 m 

moment arm due to this difference. This moment arm will induce a trimming moment on 

the model which will tend to trim it by the head. 

Trimming moment, Mrrim, is calculated using the following equation: 

M Trim = (RTM )(TDij! ) (23) 

Where: T Diff = Difference between tow point and centroid of the underwater portion of 

the hull (0.026 m) 

The following figure shows how the trimming moment changes with increasing speed. 

This shows that the trimming moment increases at the same rate as resistance with 

increasing speed. Therefore, as the model speed is increased to the higher speeds there is 

a larger magnitude of trimming moment. This would explain why the model in the MUN 

test program tends to trim by the head further at the higher speeds than in the lOT test 

program. 
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Alpha Bow ·Trimming Moment Comparison (Model Scale) 
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Figure 134: Trimming Moment Comparison of Alpha Bow Tested at MUN 

7.1.3 Sinkage Comparison 
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Figure 135: Sinkage Comparison of Alpha Bow Tested at lOT and MUN 
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The above plot shows that the model sinkage for the model in the MUN program is lower 

than that in the lOT program above approximately 6 knots. This is actually the opposite 

of what one would expect to occur; as a vessel in a confined channel (i.e. the MUN 

towing tank) tends to sink more than if it is in open water (i.e. lOT ice tank). A slightly 

differing tow point may at least partially explain this difference. 

7.2 Bulbous Bows 

7 .2.1 Effective Power Comparisons 

Effective Power Comparison (Beta Bow) 
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Figure 136: Effective Power Comparison of Beta Bow Tested at lOT and MUN 
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T bl 47 S d d" d En . P a e : tan ar aze ectave ower c ompanson o f B B T d JOT d MUN eta ow este at an 
Ship Speed EP (JOT) EP(MUN) Difference Percent Difference 

(knots) (kW) (kW) (kW) (%) 
2 0.10 0.21 0.12 122.57% 

2.5 0.39 0.45 0.06 15.55% 
3 0.71 0.67 -0.04 -6.00% 

3.5 1.04 1.26 0.22 21.66% 
4 1.37 1.93 0.56 40.83% 

4.5 1.77 2.67 0.90 50.54% 
5 2.35 3.53 1.17 49.83% 

5.5 3.27 4.61 1.33 40.79% 
6 4.73 6.06 1.33 28.05% 

6.5 6.98 8.08 1.10 15.75% 

7 10.32 10.92 0.60 5.86% 

7.5 15.10 14.90 -0.20 -1.31% 

8 21.71 20.36 -1.35 -6.21% 
8.5 30.59 27.7 1 -2.88 -9.42% 

9 42.24 37.41 -4.83 -11.43% 
9.5 57.20 49.98 -7.22 -12.62% 

10 76.04 65.96 -10.08 -13.25% 

This shows that the results obtained from the MUN testing give lower effective powers 

than those from the lOT testing above about 7 knots. In the design speed range the MUN 

tests give about 6.2- 13.3% lower required effective power than for the lOT tests. 
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Figure 137: Effective Power Comparison of Gamma Bow Tested at lOT and MUN 
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T bl 48 S d d. d Effi . P a e : tan ar tZe ectlve ower c ompanson o fG amma ow este at an B T d lOT d MUN 
Ship Speed EP (JOT) EP(MUN) Difference Percent Difference 

(knots) (kW) (kW) (kW) (%) 
2 0.16 0.16 0.01 5.76% 

2.5 0.38 0.29 -0.09 -23.67% 
3 0.71 0.50 -0.21 -29.20% 

3.5 1.13 0.99 -0.14 -1 2.57% 
4 1.65 1.58 -0.07 -4.29% 

4.5 2.26 2.26 0.00 0.14% 
5 3.01 3. 10 0.09 2.95% 

5.5 3.96 4. 16 0.20 5.08% 
6 5.24 5.59 0.35 6.70% 

6.5 7.02 7.56 0.53 7.59% 
7 9.55 10.27 0.72 7.52% 

7.5 13. 14 13.99 0.84 6.40% 
8 18.2 1 19.00 0.79 4.36% 

8.5 25.25 25.66 0.41 1.62% 
9 34.88 34.33 -0.54 -1.56% 

9.5 47.82 45.45 -2.37 -4.96% 
10 64.94 59.48 -5.46 -8.41 % 

From above it can be seen that there is adequate agreement between the data from both 

sets of tests. However, a trend of increasing difference with increasing speed continuing 

above 10 knots is evident in the above plot. In the design speed range there ts a 

difference in required effective power of about -8.4 - 4.4%. 
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Figure 138: Effective Power Comparison of Epsilon Bow Tested at TOT and MUN 
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T bl 49 S d a e : tan ardtzed En · P ecttve ower c ompanson o fE . B T ;psilon ow ested at I OT and MUN 
Ship Speed EP (lOT) EP(MUN) Difference Percent Difference 

(knots) (kW) (kW) (kW) (%) 
2 0.24 0.26 0.02 9.70% 

2.5 0.38 0.42 0.04 10.70% 

3 0.75 0.63 -0.12 -15 .76% 
3.5 1.14 0.82 -0.32 -28.37% 
4 1.56 1.20 -0.36 -22.85% 

4.5 2.00 2.01 0.01 0.29% 
5 2.56 2.86 0.30 11.73% 

5.5 3.35 3.82 0.47 14.11% 

6 4.54 5.02 0.48 10.55% 
6.5 6.35 6.63 0.28 4.49% 
7 9.06 8.93 -0.14 -1.5 1% 

7.5 13.04 12.22 -0.81 -6.24% 

8 18.68 16.91 -1 .77 -9.47% 
8.5 26.47 23.43 -3.04 -11.48% 

9 36.96 32.30 -4.66 -12.61% 

9.5 50.80 44.11 -6.69 -13.17% 

10 68.68 59.49 -9.19 -13.38% 

This shows that the results obtained from the MUN testing give lower effective powers 

than those from the JOT testing again above about 7 knots. In the design speed range the 

MUN tests give about 9.5- 13.4% lower required effective power than for the lOT tests. 

7 .2.2 Trim Comparisons 

The three figures below all show that the dynamic trim by the head measured in the MUN 

tests is generally lower than the trim by the head measured in the lOT tests up to 

approximately 8 - 9 knots. Above this point however, and the dynamic trim measured in 

the MUN tests begin to become higher than measured in the lOT tests. This is consistent 

with what was found for the conventional bow. 
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Dynamic Trim Comparison (Beta Bow) 

0 

-16+---------~----------~----------+---------~----------~----~ 

0.6 

0.4 

Q 0.2 .. 
~ 
E 
·.:: 
1- 0 
u 

E 

~ -02 

-04 

-0.6 

0 2 4 6 

Ship Speed (knots) 

8 10 

Figure 139: Dynamic Trim Comparison of Beta Bow Tested at lOT and MUN 
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Figure 140: Dynamic Trim Comparison of Gamma Bow Tested at lOT and MUN 
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Figure 141: Dynamic Trim Comparison of Epsilon Bow Tested at JOT and MUN 

The following figure shows the trimming moments for each of the bulbous bows. 
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Figure 142: Trimming Moment Comparison of Bulbous Bows Tested at MUN 
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Again, the higher dynamic trim by the head in the lower speeds in the lOT test program is 

likely due to the misalignment issues. However, as can be seen from the above plot, the 

trimming moment in the MUN test program begins to become more relevant as speed is 

increased. It is likely that the trimming moment begins to become more significant than 

the misalignment at higher speeds, and therefore this cross over is found for every bow in 

the 8 - 9 knot range. 

7.2.3 Sinkage Comparisons 

The three figures below all show that the sinkage for each set of tests is fairly consistent 

up to approximately 5 - 6 knots. Above this point however, and the sinkage measured in 

the lOT tests begin to become significantly higher than measured in the MUN tests. This 

is consistent with what was found for the conventional bow. Again, a slightly differing 

tow point may at least partially explain this difference. 
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Figure 143: Sinkage Comparison of Beta Bow Tested at JOT and MUN 
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Figure 144: Sinkage Comparison of Gamma Bow Tested at lOT and MUN 
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Figure 145: Sinkage Compa rison of Epsilon Bow Tested at lOT and MUN 
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7.3 Overall Comparisons 

Effective Power 

The following two plots show the difference between the calculated effective power from 

the lOT tests and the MUN tests. The first plot shows the magnitude of the differences 

between the two test programs. The differences are taken as the required effective 

powers calculated in the lOT tests subtracted from the required effective powers 

calculated in the MUN tests; hence a negative value means that the MUN tests provide a 

lower effective power. The plot shows the differences for all four bows tested. 

The second plot shows the percentage of difference between the two test programs. This 

is taken as the required effective powers calculated in the MUN tests divided by the 

required effective powers calculated in the lOT tests; hence a value less than 100% 

means that the MUN tests provide a lower effective power. 
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Figure 146: Effective Power Comparison as a Difference lOT Test Data vs. MUN Test Data 
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Figure 147: Effective Power Comparison as a Percentage IOT Test Data vs. MUN Test Data 

From the first plot it is evident that, depending on the individual bow, above 5 - 7 knots 

the differences are tending to go towards negative values. The second plot shows that 

above between 5-7 knots and the percentages begin to generally decrease. These both 

point to the conclusion that the MUN tests are generally providing decreasing effective 

power values with increasing speed relative to the data from the lOT tests. 

Dynamic Trim 

The next two plots show similar comparisons as above using the dynamic trim data. 
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Figure 148: Dynamic Trim Comparison as a Difference lOT Test Data vs. MUN Test Data 
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Figure 149: Dynamic Trim Comparison as a Percentage lOT Test Data vs. MUN Test Data 

The first plot shows that for each bow there is a sharp decline in the difference between 

the dynamic trim data for the two test programs above approximately 8 knots. This 
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means that the model with each of the four bows attached in the MUN test program is 

trimming more by the head at higher speeds than in the JOT test program. 

The second plot shows that the MUN test program generally has about 10% less dynamic 

trim by the head than in the JOT test program up to about 8 - 9 knots. It can be seen that 

above this point the percent differences tend to either decrease or increase significantly. 

The percent difference for both Epsilon and Beta bows tend towards positive values as 

the dynamic trim data for both the lOT and MUN tests are still negative values (i.e. the 

model is still trimmed by the head in both test programs). For Alpha and Gatmna bows 

however the model is trimmed by the stem at 10 knots in both programs; this is the 

reason that the percent differences tend towards more negative values. 

Both of the above two plot point to the conclusion that the MUN tests generally provide 

lower dynamic trim by the head in the lower speed range but then increasing dynamic 

trim by the head at higher speeds relative to the data from the lOT tests. 

Model Sinkage 

Finally, the next two plots show similar comparisons as above using the model sinkage 

data. 

161 



0.6 

0.5 

0.4 

e 
.!!. .. 0.3 0> .. 
.ll: 
c 
(i; 

0.2 
.f .. .., 
c: 
~ 0.1 

~ 
0 

0 

-0.1 

-0.2 

0 

Sinkage Comparison as a Difference of lOT Test Data vs. MUN Test Data 

~ .... 

' 
2 

___.. , 

/ ...-... 
/ v .., .-~ 
k 

~ ~ I 
·~ 

4 6 

Ship Speed (knots) 

I 
I 

I 
/; I 

1- r/ 1 
v '-: ;r 

8 10 

~ 

Alpha 

- Bela 
-+- Gamma 

Epsilon 

Figure 150: Model Sinkage Comparison as a Difference JOT Test Data vs. MUN Test Data 
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Figure 151: Model Sinkage Comparison as a Percentage JOT Test Data vs. MUN Test Data 

The first thing to stand out in both of the above plots is that there are two prominent 

humps in the comparison curves for each of the bows; the first occurs around 4 - 5 knots 

and the second at around 8 - 9 knots. It can be seen in the sinkage data, see previous two 
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sections, for the JOT tests that with each bow tested there is a slight decrease in the 

downward sinkage trend around these two points. It is unclear what exactly would cause 

this, but it is likely due to the instrumentation set-up used during the JOT test program as 

the same kind to trends are not found in the MUN test data for any of the four bows 

tested. 

With the exception of points around 4 - 5 and 8 - 9 knots the fist plot shows a general 

trend of increasing difference in model sinkage with increasing speed. This means that 

the model sinkage in the JOT tests is generally increasing relative to the MUN tests with 

speed. The second plot shows that the percent difference is relatively consistent and 90% 

through the whole speed range, again with the exception of data around 4 - 5 and 8 - 9 

knots. 

If the data at 4, 5, 8, and 9 knots are removed then a clear trend of a slightly decreasing 

percent difference is found. This means that as the model speed is increased then the 

model in the lOT tests is generally sinking further into the water than in the MUN tests. 

Final Remarks 

There are several possible explanations for the trends in differences. Firstly, with regards 

to the powering data, there were two different load cells used for each of the two test 

programs. Each of the load cells used are rated for ± 220 N. The load cell used in the 

lOT test program was calibrated up to ± 189 N, while the load cell used in the MUN test 

program was calibrated up to ± 167 N. Since similarly rated load cell were used and the 

calibration equations were perfectly linear for each suggests that this is not the cause of 

the discrepancies in powering data. 

It is known that there were misalignment issues for the testing completed in the lOT ice 

tank. Because there were misalignment issues during the lOT test program there would 

be a point when the model starts to roll very slightly due to the difference in resistance on 

the two sides of the model. This in turn increases this difference and causes more roll 

and consequently even larger yawing moment. The model will start yawing 
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infinitesimally more since the yaw restraint is not totally rigid. This will result in an 

increase in resistance as speed increases as well as resulting in differences in both trim 

and sinkage. 

Two different instrumentation set-ups were used for each test program. The tests carried 

out in the JOT ice tank used a gimbal which was free to pitch and roll. This gimbal was 

mounted in the model via a gimbal plate attached directly to the top part of the inner keel. 

The tests carried out in the MUN towing tank used a base plate that attached to the 

bottom of the tow post. The base plate was attached to the sides of the inner keel using 

two ball joint linkages which allowed it to pitch. This particular set-up was used in the 

MUN tests as it would allow for fitment of a dynamometer during self-propulsion testing. 

Because there were two separate instrumentation set-ups used there was a slightly 

differing tow point for each test program. It is known that the tow point in the MUN test 

program was about 1 inch higher and 1 - 1.5 inches further aft than in the lOT test 

program. Having a higher tow point would lead to higher trim by the head values with 

increasing speed, as quantified earlier, because there is a moment applied around the tow 

point by way of the force acting on the underwater portion of the hull. 
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Chapter 8- Self-Propulsion Tests 

The purpose of self-propulsion tests is to evaluate the performance of the propeller 

behind the hull as well as determine the interaction effects between the propeller and hull. 

This is generally done by determining the wake and thrust deduction fractions as well as 

the relative rotative efficiencies from the test results. These tests were carried out in two 

different periods: from May 21 , 2009 - May 22, 2009 and from October 14, 2009 -

October 23, 2009. The objective was completed by testing the model at three hulls 

speeds while running the propeller at five different shaft speeds for each model speed. 

Wake is the difference between the ships speed and the speed of advance (i.e. speed 

through propeller race area). The wake fraction is a percentage value which expresses 

the reduction in fluid flow through the propeller race relative to the vessels speed. For 

example, wake fraction values of 0.1 means that the speed of water flowing into the 

propeller race is 10% lower than the speed of the model. It is calculated using the 

following equation: 

Where: w = wake fraction 

VA = Speed of advance in propeller open water test (m/s) 

VM = Model Speed (m/s) 

J0 = Advance coefficient in propeller open water test 

]p = Advance coefficient for model in self-propulsion test 

The wake fraction is made up of three components: 

(24) 

1) Frictional wake: the frictional drag of the hull , which tends to slow down the flow of 

water over the hull surface due to frictional forces. 
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2) Potential wake: the pressure distribution over the stem section of the hull is always 

increased due to the streamlines closing in. This results in a lower water velocity past 

this section of the hull than the model speed. 

3) Wave wake: the models wave pattern also affects the speed of water flow into the 

propeller wake. The water particles in a wave crest will have a forward velocity while in 

a trough they will have a velocity towards the stem. So depending on whether the 

propeller race is in a crest or trough there may be either a small increase or decrease in 

water flow speed due to wave action. 

This is therefore a complex mixture of several phenomena. It is known that the presence 

of a bulbous bow will alter the wave pattern over the hull surface, thereby affecting the 

wake and thrust deduction fractions somewhat. Likewise, a bulb will increase the 

frictional drag on the surface of the hull, increasing the wake somewhat along with it. 

However, it is more difficult to say how the presence of a bulb will affect the pressure 

distribution over the hull form. Therefore, it is important to conduct self-propulsion tests 

to determine the overall magnitudes of these interactions for each bow. 

The thrust deduction fraction comes about due to the fact that the resistance of a self

propelled hull form is greater than that of the same hull form towed (i.e. by a carriage) at 

the same speed. This is due to the fact that there is an area of high pressure at the stem 

decreasing the overall resistance on the hull when it is being towed. This same area of 

high pressure is reduced by the action of the propeller when it is being self-propelled. 

One can also think of this increase in resistance as a deduction of the thrust available at 

the propeller. So although the propeller provides a thrust ofT, there is only aRT amount 

available to overcome the hulls resistance. This "loss of thrust" (T - RT) expressed as a 

fraction of the thrust Tis the thrust deduction fraction, and is generally given as: 

T - R 
t = T 

T 
(25) 

166 
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Where: t = Thrust deduction fraction 

T = Propeller thrust 

RT = Resistance of towed hull form 

The thrust deduction fraction is mainly affected by the pressure distribution over the stem 

section of the hull. In bare hull resistance tests there is a region ofhigh pressure over the 

stem section which results in a lower water velocity past this section of the hull than the 

model speed. In self-propulsion tests the propeller tends to lower this pressure at the 

stem and hence increases the relative water velocity over the stem section as well as the 

resistance on the hull. 

The relative rotative efficiency, T]R, is the difference between the torque measured in the 

behind hull and open water conditions. It is due to the following two reasons: 

1) Wake condition: during the self-propulsion tests the propeller is operating is a non

homogeneous flow, which leads to a decreased efficiency of the propeller blades. 

2) Relative amount of laminar and turbulent flow: there is generally more turbulence in 

the water during the self-propulsion tests than when the propeller is tested in the open 

water condition. This also leads to a decrease in efficiency during the self-propulsion 

testing. 

Resistance tests and open water propeller tests are required prior to the self-propulsion 

tests. The resistance tests were completed as stated above; the results from the MUN 

tests were used during this self-propulsion test program and analysis. The propeller tests 

have been completed on a previous project that was run in the MUN towing tank. 

8.1 MUN Test Facility 

The same test facility as was used for the self-propulsion testing as for the MUN bare hull 

resistance tests, as outlined in Section 6.1. 
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8.2 Test Instrumentation 

The following figures show the instrumentation used for the self-propulsion tests carried 

out in the MUN Towing Tank installed in the model. 

Figure 152: Outline of Self-Propulsion Instrumentation 

Towing Dynamometer 

The same towing dynamometer was used during self-propulsion tests as was used in the 

MUN bare hull resistance tests. 

Inclinometer 

The same inclinometer was used during self-propulsion tests as was used in the MUN 

bare hull resistance tests. 
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- --------------------------------------------------------------------------------------

Motor and Motor Controller 

The motor and motor controller used is from Electro-Craft Corporation. The motor is a 

permanent magnet servo motor; model number E 644 A-MGB. Further details can be 

found online by searching the name and product number. 

Figure 153: Motor used in Self-Propulsion Tests 

Figure 154: Motor Controller used in Self-Propulsion Tests 

Tachometer Encoder 

An encoder was used to determine the propeller shaft speed. It was directly coupled to 

the drive shaft of the motor at the opposite end from the dynamometer. The encoder 

measures the frequency of the motor shaft and is read into Daqbook via a special channel. 
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Figure 155: Tachometer Encoder Installed in Model 

Thrust and Torgue Dynamometer 

A K&R dynamometer was used to measure propeller thrust and torque. The type used is 

rated for ±25 kg (or ±245 N) of thrust and ±100 kg-em (or ±9.81 N-m) of torque. Their 

light weight and small dimensions make them ideal for such applications as they can be 

easily handled and fit in tight spaces such as in the bottom of the opens boat where they 

will be well protected. 

. .. 
Figure 156: Thrust and Torque Dynamometer Installed in Model 
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Data Acquisition Svstem 

The data for each of the test conditions was collected through seven channels (one each 

for resistance, propeller thrust, propeller torque, shaft speed, heave, pitch, as well as 

carriage speed). The voltage data outputs for the tests were collected using an IOTech 

Daqbook data acquisition system (Daqbook 2000) connected to a computer running 

DaqView software. For these tests, the data were collected with a sampling rate of 50 Hz. 

The raw data was collected in *.txt format and post processed using Microsoft Excel. 

8.2.1 Instrumentation Calibrations 

The same calibration procedures were used for the load cell, inclinometer, and L VDT as 

for the JOT bare hull resistance tests, as outlined in Section 5.2.1. 

The motor controller was calibrated by hooking it up to the electric motor and adjusting 

the motor controller dial until the motor shaft was rotating and known increments (i.e. 

increments of 3 rps). The motor shaft speed was measured using an optical tachometer. 

Markings were then made on the motor controller dial which corresponds to known 

motor shaft speeds. This was then used as a rough guide when setting the propeller shaft 

speed for each run. 

The tachometer encoder was calibrated by hooking it up to the motor and running the 

motor at various shaft speeds. The rotational speed of the tachometer was then measured 

using an optical tachometer. The measured rotational speeds were then plotted against 

the measured voltages for each measured rotational speed. The equation of this linear 

relationship was then used during testing. 

Thrust is calibrated by adding weights incrementally to induce a known force on the end 

of the K&R dynamometer. The weight added should be sufficient to cover at least the 

expected range of force expected during testing. After all the weights are added a plot 

can be made of the known force vs. voltage reading. The plot should be exactly linear; if 

it is then the equation of this line can be used during the testing to convert the voltage 
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reading from the dyno into a force reading that will be used during the analysis of the 

data. 

The torque is calibrated in much the same way as thrust, except a lever arm (which has a 

known length) is attached to the end of the dynamometer from which the weight will be 

added. The torque is then calibrated using the same procedure as thrust. 

Figure 157: K&R Dyno Torque Calibration 

8.3 Model Set-up 

The same model set-up was used as was outlined for the lOT bare hull resistance tests, as 

described in Section 5.3. 

8.4 Test Plan 

The test plan included testing each of the nine bows at the design draft of 0.188 m model 

scale and one trim angle (level trim). The tests are carried out by running the model at a 
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given speed down the tank while running the propeller at five different shaft speeds 

around the expected self-propulsion point. It is typical to test at least two shaft speeds 

above and below the expected self-propulsion point so a curve can be fit through the data 

to pin point the exact point where the tow force is equal to zero. 

This set of tests included testing each bow at 8, 9, and 10 knots full scale. The following 

table shows the original test plan for all bows. 

T bl 50 T t PI f S If P a e : es an or e - I' T ropu swn ests a tMUN 
Run# Vs (knots) VM (m/s) F. Shaft Speed (rps) 

I 9 1.673 0.406 15.0 
2 9 1.673 0.406 15.0 

3 8 1.487 0.361 6.0 
4 8 1.487 0.361 9.0 
5 8 1.487 0.361 12.0 
6 8 1.487 0.361 15.0 
7 8 1.487 0.361 18.0 

8 9 1.673 0.406 10.0 
9 9 1.673 0.406 13.0 
10 9 1.673 0.406 16.0 
11 9 1.673 0.406 19.0 
12 9 1.673 0.406 22.0 

13 10 1.859 0.451 14.0 
14 10 1.859 0.451 17.0 
15 10 1.859 0.451 20.0 
16 10 1.859 0.451 23.0 
17 10 1.859 0.451 26.0 

It was found during testing that the pulley belts would begin slipping at propeller shaft 

speeds above approximately 23 - 24 rps. Therefore, the shaft speed of 23 rps was 

reduced to approximately 22 rps and the shaft speed of 26 rps was reduced to as high as 

was possible (usually about 23.5 rps). This ensured that there was still at least two points 

above the self-propulsion point. 

8.5 Description of Experiment 

To calculate the components of the hull forms propulsive efficiency the JOT Standard 

Test Method for the Prediction of Ship Powering (2006) was used as a guideline. Note 

here that this standard was not used exclusively to analyze the self-propulsion data 
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contained within. The following series of steps were taken to determine the components 

of the propulsive efficiency: 

1) Determine the full scale self-propulsion point for each model speed. Since there is a 

scale factor between the model and full scale hull (i.e. 7.654) the full scale self

propulsion point is not the same as the model scale self-propulsion point. The model 

scale self-propulsion point is simply the point where the propeller thrust equals the 

resistance on the hull (i.e. there is zero tow force). In order to determine the full scale 

self-propulsion point corrections must first be made. This is detennined by completing a 

series of sub steps. 

i) Calculate the total resistance coefficient for ship including correlation 

allowance: 

Where: CTM = total resistance coefficient for model (from resistance tests) 

CFs =ship frictional resistance coefficient (from resistance tests) 

CFM = model frictional resistance coefficient (from resistance tests) 

CA = correlation allowance (taken as 0.0004) 

~CT = blockage correction (from resistance tests) 

(26) 

ii) Calculate the total model resistance coefficient at the propulsion test 

temperature: 

(27) 

Where: CTMis = total resistance coefficient for model at l5°C (from resistance tests) 

CFMP = frictional resistance coefficient for model at propulsion test temperature 

CFMIS = frictional resistance coefficient for model at 15°C (from resistance tests) 
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iii) Calculate the skin friction correction coefficient in propulsion test: 

C FD = C TS - C TMP 

iv) Calculate the skin friction correction (N) in self-propulsion test: 

Where: PM = Water density (kg/m3
) 

VM = Model speed (m/s) 

SM = Wetted surface area of model scale vessel (m2
) 

(28) 

(29) 

v) The full scale self-propulsion point can now be found by plotting propeller 

shaft speed versus tow force. A polynomial line is run through the data and 

the equation of the line is used to determine the exact propeller shaft speed 

corresponding to the skin friction correction. This is then called the 'self

propulsion point'. This will result in a higher required shaft speed (hence 

higher propeller thrust) than is required for the model scale self-propulsion 

point. 

2) Determine the values of propeller thrust and torque at the self-propulsion point by 

plotting propeller shaft speed versus both propeller thrust and torque respectively. A 

polynomial line is run through both sets of data and the equations of the lines are used to 

determine the thrust and torque at the propeller shaft speed corresponding to the self

propulsion point. 

3) Calculate the value of Jp at the self-propulsion point for each model speed using: 

(30) 
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Where: np = Propeller shaft speed at self-propulsion point (rps) 

DM = Model propeller diameter (0.1205 m) 

4) Calculate the values of KTP, KoP, and T]op at the self-propulsion point for each model 

speed using the following three equations: 

Where: KTP = Propeller thrust coefficient in self-propulsion tests 

KoP = Propeller torque coefficient in self-propulsion tests 

T]oP = Propeller efficiency in self-propulsion tests 

T p = Propeller thrust at self-propulsion point (N) 

Qp = Propeller torque at self-propulsion point (N-m) 

(31) 

(32) 

(33) 

5) Set the above propeller thrust coefficient (KTP) equal to the propeller thrust coefficient 

from the propeller open water tests (KTo) in order to determine the advance coefficient 

from propeller open water tests (10 ) , propeller torque coefficient from propeller open 

water tests (Koo), as well as the propeller open water efficiency (TJo) at the self

propulsion point. 

This is completed by plotting J0 , Koo, and T]o versus KTo separately. A polynomial line 

is run through the data in each plot and the equation of the line is used to determine the 

values of Jo, Koo, and TJo corresponding to the value of KTo = KTP at the self-propulsion 

point. 
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6) Calculate the wake fraction at the self-propulsion point for each model speed using: 

(34) 

7) Determine the total resistance coefficient for the ship, denoted as CTs, corresponding 

to each speed tested in the self-propulsion test (i.e. 8, 9, and 10 knots in this case). Note 

that this coefficient was calculated in the bare hull resistance tests. 

8) Calculate the thrust deduction fraction at the self-propulsion point for each model 

speed using: 

t=l- Ss Crs l ; 
2D~ K TP 

Where: Ss = Wetted surface area of full scale vessel (m2
) 

Ds = Full scale propeller diameter (m) 

CTs = Total resistance coefficient for the ship (from resistance tests) 

8) Calculate the hull efficiency, denoted as 11H, using: 

1- t 
1JH = 

1- w 

9) Calculate the relative rotative efficiency, denoted as 11R, using: 

Again note that both coefficients are at the self-propulsion point. 

177 

(35) 

(36) 

(37) 



1 0) Calculate the open water efficiency, denoted as T]o, for each model speed 

corresponding to the value of KTP at the self-propulsion point. Note that this was 

explained in step 5. 

11) Calculate the quasi-propulsive coefficient, denoted QPE, for each model speed by 

usmg: 

12) Calculate the installed power required (W) at each model speed using: 

p = (l+WA)P£ 
ms (QPE)(ET)(NC) 

Where: WA =Weather allowance 

PE = Effective power (W) (From bare hull resistance tests) 

QPE = Quasi-propulsive coefficient 

ET = Transmission efficiency 

NC = Normal continuous rating 

(38) 

(39) 

The transmission efficiency for the gearing and shafting system is assumed to be 98%. 

The normal continuous power output for the engine is assumed to be 90% of the rated 

power. Also, a weather allowance for the service condition is assumed to be 25%. 

8.6 Description of Experimental Procedure 

The data analysis procedure for the self-propulsion tests is very similar to that used for 

the bare hull resistance tests carried out in the MUN towing tank. However, there are a 

few differences that should be addressed within tllis section. Firstly, the torque in the 

system due to shaft friction has to be measured at the beginning and end of each test day. 

Tills is completed by running the propeller shaft with a dummy hub in place of the 

propeller at various speeds which cover the range that will be used during the actual tests. 
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Lines of best fit are then fit through the data for the beginning and end of each day and an 

average taken. This data is then used in the analysis spreadsheet. 

During the actual self-propulsion tests there are different stages than in a typical run for 

bare hull resistance tests. Each run begins with the model stopped and the propeller 

turning over slowly (i.e. at approximately 1 rps), which is then used to tare the propeller 

thrust and torque. The next stage begins when the propeller shaft speed is turned up to 

whichever shaft speed is being tested during that particular run. This then provides the 

bollard pull of the propeller at that shaft speed. The third stage is when the model is up to 

running speed and the propeller is still turning over at the set rps. At each stage there is a 

minimum of 10 seconds of data gathered for each parameter included. 

In a similar fashion to that used in the bare hull resistance tests, after the averages are 

taken for each run the interpreted data can be transferred to a new Microsoft Excel sheet 

where it is sorted accordingly. The wake and thrust deduction fractions can then be 

calculated for the vessel using the above description of experiment. 

8. 7 Results and Discussion 

This section is intended to give an overview of the results obtained from the analysis of 

the self-propulsion tests. The detailed results are contained in Appendix D. 

8.7.1 Conventional Bow 

The following table and figure shows the thrust deduction and wake fractions for the 

model outfitted with the conventional bow. 

From below it can be seen that both the thrust deduction and wake fractions are 

significantly lower at 10 knots then at the first two speeds. Since this general trend is 

found for both fractions it suggests that there is some phenomenon present which 

significantly changes the flow of water at the stem of the vessel. The frictional drag 

would be expected to increase with increased hull speed thereby increasing the wake 
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fraction. It was observed in the screen captures of testing that the stern section was in a 

trough at 7.9 knots and a partial crest at 10 knots. This would also suggest an increasing 

wake fraction with speed. Therefore, the decreasing fractions are most likely attributed 

to the differing pressure distributions over the stern section of the hull with changing 

speed. 

It may be a good idea to complete further self-propulsion tests for this bow running the 

model at several speeds which cover a wider range of ship speeds than what was tested so 

far. This would then provide a better idea of what exactly is happening with Alpha bow 

attached. 

Tabl 51 Th e : rust D d f e UC IOU an d W k F f ~ AI h Bow a e rae Jons or lpl a 
Alpha Bow 

Speed (knots) w t 
7.9 0.0927 0.1823 
8.9 0.0732 0.1844 
10.0 0.0069 0.0979 

-+-wake 
Alpha Bow ·Wake and Thrust Deductton Fractions • thrust doduct1on 

0.2 

.------------
0.15 +---------+--------- t----------1 

-'0 
i 0.1 +---------t---------t----~---~ 
~ 

O+---------+---------t---------4 
7.5 8.5 9.5 10.5 

Ship Speed (knots) 

Figure 158: Thrust Deduction and Wake Fractions for Alpha Bow 
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The following table and figure shows the hull efficiencies calculated for Alpha bow. The 

hull efficiency is the ratio between the work done on the hull to the work done by the 

propeller. So a value less than 1.0 (as is the case for all shown in the table below) means 

than the propeller has to work harder to propel the vessel at a given speed. 

T bl 52 H II Effi . . ~ AI h B a e : u ICienCieS or lpl a OW 

Alpha Bow 

Speed (knots) ttu 
7.9 0.901 

8.9 0.880 
10 0.908 

Alpha Bow • Hull Efficiency 
-+-Alpha I 

~ 
c 
~ _____. 
rn o.9 -~------=-----------+------------+-~.----::::>"-=------1 

~ ~----~---

08 +---------------~-----------------+----------------~ 

7.5 8.5 9.5 10.5 

Ship Speed (knots) 

Figure 159: Hull Efficiencies for Alpha Bow 

The following table and figure shows the relative rotative efficiencies calculated for 

Alpha bow. The relative rotative efficiency is the ratio of propeller torque in open water 

at a given speed to that in the behind hull condition at the same speed. There are two 

main reasons why the torque would vary between the two conditions. Firstly, in open 

water the propeller is operating in a uniform flow, which means the efficiency is likely to 

be higher. Secondly, there is likely to be more turbulence in the water for the behind hull 

condition, which would likely decrease efficiency in this condition. 
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As can be seen from the below table, the relative rotative efficiency is anywhere between 

approximately 1.103 - 1.180. The values found for this model agree well with what is 

written in Principles of Naval Architecture (1988), which concludes that for single-screw 

vessels the relative rotative efficiencies are expected to be in the range of 1.0 - 1.1. 

Table 53 R I . R f Effi ' . fi AI ba Bow : e ahve ota 1ve ICieDCieS or I pi 

Alpha Bow 
Speed (knots) TIR 

7.9 1.180 

8.9 1.103 

10 1.130 

Alpha Bow- Relative Rotative Emclency 

1.3 -

1 .2 +----------------4-----------------+--------------~ 

g ~,____ -~ 
~ 1 .1~--------------+-~~==----====~--------------~ 
• > 

~ 
It: • 1+---------------~-----------------+--------------~ > 
~ .. 
It: 

0 .9+----------------4-----------------+--------------~ 

0.8 +----------------4-----------------+--------------~ 
7.5 8.5 9.5 10.5 

Ship Speed {knots) 

Figure 160: Relative Rotative Efficiencies for Alpha Bow 

8.7.2 Bulbous Bows 

1 --+- Alph• 1 

The following table and figure shows the wake fractions calculated for each of the 

bulbous bows tested. 

From below it can be seen that, with the exception of Delta and Eta bows, there is 

generally a slight increase of wake fraction with increasing speed. Upon comparing the 

screen captures taken during testing it was found that for every bow the change in wave 
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pattern from 7.9 to 8.9 to 10 knots is very similar. For each bow that waves crest tends to 

move from approximately amidships at 7.9 knots to just before the transom stem at 10 

knots. Therefore, the differences in the trends of the wake fractions are most likely due 

to differing pressure distributions over the stem section. The frictional drag would also 

be slightly different for each bulb; this may play a small part in explaining the differences 

in the trends of the wake fractions. 

Table 54: Wake Fractions for all Bulbous Bows 
wake fraction 

Speed Beta Delta Gamma Epsilon Eta Iota Theta (knots) 
7.9 0.0511 0.1258 0.0387 0.0963 0.1949 0.1013 0.0334 

8.9 0.0807 0.1250 0.0469 0.1154 0.1519 0.1244 0.1070 

10.0 0.0534 0.1079 0.1040 0.1151 0.1449 0.1204 0.1296 

Comparison of Wake Fractions 

0.15 

c 
0 

~ 
:! 0.1 LL .. 
.>:: .. 
~ 
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7.5 8.5 9.5 
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Figure 161: Comparison of Wake Fractions for Bulbous Bows 
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The following table and figure shows the thrust deduction fractions calculated for each of 

the bulbous bows tested. 
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From below it can be seen that, with the exception of Theta, there is generally a slight 

decrease of thrust deduction fraction with increasing speed. This too is most likely 

explained by a difference in the pressure distribution over the stem section of the hull 

with Theta bow present. It may be the case that with the other bows the pressure is 

increasing with increasing speed, which would therefore decrease the thrust deduction 

fraction with increasing speed. However, with Theta bow the pressure may be decreasing 

with increasing speed. This may be something that should be considered in more detail 

in further phases of the project. 

Also of note there is that the thrust deduction fraction for Gamma bow takes a big dip at 

8.9 knots. The wake fraction for Gamma also takes somewhat of a dip at 8.9 knots, 

which suggests that there may be some unusual phenomena happening to cause these 

unusual dips. Again, it may be a good idea to complete further self-propulsion tests for 

this bow running the model at several speeds which cover a wider range of ships speeds 

than what was tested so far. This would then provide a better idea of what is happening 

with Gamma bow attached. 

Table 55· Thrust Deduction Fractions for all Bulbous Bows 
thrust deduction fraction 

Speed 
Beta Delta Gamma Epsilon Eta Iota Theta Zeta 

(knots) 
7.9 0.2567 0.3678 0.2609 0.3423 0.3423 0.27 18 0.1 871 0.2730 

8.9 0.2620 0.3109 0.1673 0.2856 0.2297 0.2548 0.2043 0. 1770 

10.0 0.2023 0.2211 0.2111 0.2787 0.2321 0.2253 0.2 169 0.1667 

184 



Beta 
Comparison of Thrust Deduction Fractions • Dena 

-.- Gamma 

Epsilon 

- Eta 
--+- Iota 

- Theta 

- Zeta 

0.1 +-----------------+-----------------4---------------~ 

0+-----------------+-----------------,_----------------~ 

7.5 8.5 9.5 10 5 

Ship Speed (knots) 

Figure 162: Comparison of Thrust Deduction Fractions for Bulbous Bows 

The following table and figure shows the hull efficiencies calculated for each of the 

bulbous bows tested. It can be seen from below that all hull efficiencies are below 1.0. 

This means that the propeller has to work harder to propel the vessel at a given speed. 

It can be seen from below that the hull efficiency generally increases with speed. This is 

due to the fact that the thrust deduction fraction is generally decreasing with speed and 

the wake fraction is generally slightly increasing with speed. Either of these will provide 

an increase in hull efficiency. 

Table 56: Hull Efficiencies for all Bulbous Bows 

'ln 
Speed Beta Delta Gamma Epsilon Eta Iota Theta Zeta 
(knots) 

7.9 0.783 0.723 0.769 0.728 0.817 0.810 0.841 0.743 

8.9 0.803 0.787 0.874 0.808 0.908 0.851 0.891 0.854 

10.0 0.843 0.873 0.880 0.815 0.898 0.881 0.900 0.856 
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Comparison of Hull Efficiencies 
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Figure 163: Comparison of Hull Efficiencies for Bulbous Bows 

-+- Bela 

• De~a 

-.- Gamma 

Epsilon 

~Eia 

lola 

---+- Theta 

- Zela 

The following table and figure shows the relative rotative efficiencies calculated for each 

of the bulbous bows tested. The relative rotative efficiency is generally between 1.0 - 1.2 

for the bulbs. The one exception is the relative rotative efficiency for Theta bow, which 

has lower efficiencies over the whole speed range. After looking at the test data it looks 

as if the torque readings for this bow may be slightly high. This data was used during the 

following analysis; however it may be a good idea to complete further self-propulsion 

tests on Theta bow to ensure that the propeller torque readings are accurate. 

Table 57· Relative Rotative Efficiencies for all Bulbous Bows 

TJR 
Speed 

Beta Delta Gamma Epsilon Eta Iota Tbeta Zeta 
(knots) 

7 .9 1.099 1.160 1.064 1.116 1.103 1.148 0.986 1.015 

8.9 1.089 1.076 1.071 1.078 1.101 1.121 0.965 1.088 

10 1.119 0.998 1.123 1.098 1.110 1.061 0.803 1.043 
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Figure 164: Comparison of Relative Rotative Efficiencies for Bulbous Bows 

8.7.3 Bow Comparisons 
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It is also useful to compare the self-propulsion data for the conventional bow with that 

found for the bulbous bows. The following section provides a breakdown of all of the 

self-propulsion data gathered in this phase of the project. 

The figure below shows the wake fractions calculated for all bows tested. 
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Figure 165: Comparison of Wake Fractions for All Bows 
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The figure below shows the thrust deduction fractions calculated for all bows tested. 

0.3 
c: 
0 

1:0 ... 
::! 
u. 
c: 
0 

1:0 
0 .2 u 

j 
"0 .. 
0 
t; 
2 
r= 

0 1 

7.5 

Comparison Thrust Deduction Fractions 

8.5 9.5 

Ship Speed (knots) 

Figure 166: Comparison of Thrust Deduction Fractions for All Bows 
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From the above two figures it can be seen that the wake values for Alpha bow are in the 

same range as for the bulbous bows (with the exception of 10 knots). A study by 

NORDCO (1990) on a 65 ft Newfoundland type fishing found that the wake fractions 

were slightly higher for a bulb than for a conventional bow. However, a study by Friis et 

al. (2008) on a 90ft fishing vessel found that the wake fractions were generally lower for 

a bulb than for a conventional bow. Since this hull form type falls somewhere in between 

the two aforementioned hulls it is reasonable to conclude that the wake fractions 

calculated for this hull form are satisfactory. 

It can be seen that the thrust deduction values are generally lower for Alpha bow than the 

bulbs (with the exception of Gamma and Zeta bows at 8.9 knots). This is consistent with 

what was found by Johnson (1958), NORDCO (1990), and Friis et al. (2008). 

Since the thrust deduction fractions are generally lower for Alpha bow it can be stated 

with reasonable confidence that there is less of a reduction in pressure at the stem with 

the conventional bow (i .e. some phenomena are occurring when a bulbous bow is 

attached which results in a greater reduction of pressure at the stem when the propeller is 

operating). 

It is then possible to attempt to deduce what is occurring so that the wake values for 

Alpha at the lower speeds are in the same range as for the bulbs. If the pressure at the 

stem is relatively higher for Alpha bow then the wake fraction should also be higher. 

Since this is not the case, then there must be some phenomena which results in wake 

fraction values on the same order as is found for the bulbs. From pictures taken during 

testing it is known that the wave trains are similar for the conventional bow as for the 

bulbous bows. Obviously the wave heights are slightly larger for the conventional bow, 

but the difference in magnitudes doesn' t seem large enough to fully explain the similarity 

in wave fraction values. 

It is also known that a higher frictional drag on the hull will increase the wake fraction. 

The conventional bow will no doubt have a lower frictional drag than any of the bulbous 
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bows; therefore this may offer the best explanation of why at the lower speeds the wake 

values for Alpha are similar to those found for the bulbous bows. It could also explain 

why the wake fraction for Alpha bow is lower at 10 knots than any of the bulbous bows. 

As speed increases the frictional drag on the model outfitted with a bulb is likely to 

increase at a faster rate then the model outfitted with the conventional bow. This would 

result in a relatively lower wake value for the conventional bow. 

The figure below shows the hull efficiencies calculated for all bows tested. It shows that 

the hull efficiency for Alpha bow is generally higher than that of any of the bulbous bows 

(with the exception of Eta and Theta bows at 8.9 knots). This is due to the fact that the 

thrust deduction fractions for the conventional bow are generally lower than for the 

bulbous bows. This is consistent with what was concluded from tests completed by 

Johnson (1958), NORDCO (1990), and Friis et al. (2008). 
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Figure 167: Comparison of Hull Efficiencies for All Bows 

The figure below shows the relative rotative efficiencies calculated for all bows tested. It 

shows that the relative rotative efficiency for Alpha bow is generally slightly higher than 

that of any of the bulbous bows (with the exception of Iota bow at 8.9 knots). This is 
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strange, as one would expect that the propeller is operating in a more uniform flow 

behind the hull outfitted with a bulbous bow. However, this suggests that the propeller is 

operating in a more uniform flow behind the hull outfitted with a conventional bow, and 

hence is more efficient behind this hull. 
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Figure 168: Comparison of Relative Rotative Efficiencies for All Bows 
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Since both the hull efficiency and relative rotative efficiency for the conventional is 

generally higher than for the bulbous bows the QPE for the conventional bow is generally 

higher than for the bulbous bows. This general trend can be seen in the table and figure 

below. 

Table 58: Quasi Propulsive Efficiencies for All Bows 
QPE 

Speed 
Alpha Beta Delta Gamma Epsilon Eta Iota Theta Zeta 

(knots) 
7.9 0.496 0.417 0.398 0.401 0.389 0.399 0.450 0.400 0.366 
8.9 0.443 0.404 0.386 0.451 0.402 0.443 0.441 0.386 0.440 
10.0 0.470 0.425 0.388 0.443 0.393 0.422 0.414 0.305 0.407 
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Figure 169: Comparison of Quasi Propulsive Efficiencies for All Bows 

A study by Doust (1960) found that there was an increase in QPE when a bulbous bow is 

used. The hull fonn used in that study had a length to beam ratio of approximately 5.6, 

whereas the hull fonn in this study has a length to beam ratio of 3.15. The flow into the 

propeller race for the hull fonn with a length to beam ratio of 5.6 is likely much smoother 

than for the hull with a length to beam ratio of 3.15. Therefore, it would be difficult to 

directly compare the results from the two sets of tests. 

8.7.4 Installed Power Values 

Using the above self-propulsion data it is possible to calculate the required installed 

power to propel the vessel at a given speed. The installed power is the actual power 

required by the engine and typically used when deciding on a suitable engine that is 

capable of powering the vessel. 

Equation 39 is used to calculate the installed power for the vessel. The transmission 

efficiency for the gearing and shafting system is assumed to be 98%. The nonnal 

continuous power output for the engine is assumed to be 90% of the rated power. Also, a 
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weather allowance for the service condition is assumed to be 25%; which is meant to take 

into account the vessel operating in rough weather. 

Using the above equation the following three figures and table were created. These show 

three different ways of making comparisons of the required installed power for the vessel 

outfitted with the conventional bow to the vessel outfitted with each of the bulbous bows. 
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Figure 170: Installed Power Comparison 
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Figure 171: Installed Power Comparison as the Difference from Conventional Bow 
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Figure 172: Installed Power Comparison as a Percentage of the Conventional Bow 
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a e : sta e ower T bl 59 In II d P C ompanson 

Pins (W) 

Speed 
Alpha Beta Delta Gamma Epsilon Eta Iota Theta Zeta (knots) 

7.9 71082 63639 611 83 59677 59152 69758 51486 74345 72442 
8.9 136975 123425 112727 103486 104252 112248 94805 138244 115447 

10 223833 215957 223921 185760 211243 226891 198935 332601 234405 

T bl 60 I 11 d P a e : nsta e ower c h D'n f h c ompanson t e . 1 erence rom t e onventwna IB ow 
Difference in Required Installed Power (W) 

Speed 
Alpha Beta Delta Gamma Epsilon Eta Iota Theta Zeta 

(knots) 
7.9 0.0 -7443 -9899 -11405 -11930 -1324 -19595 3263 1360 

8.9 0.0 -13551 -24249 -33489 -32723 -24727 -42171 1269 -21528 

10 0.0 -7876 88 -38073 -12590 3058 -24898 108768 10572 

T bl 61 I t II d P a e : ns a e ower c ompanson as a p t ercen age o fth c e f IB onven wna ow 
%Savings in Required Installed Power(%) 

Speed 
Alpha Beta Delta Gamma Epsilon Eta Iota Theta Zeta (knots) 

7.9 100.00 89.53 86.07 83 .96 83.22 98.14 72.43 104.59 I 01.91 

8.9 100.00 90.11 82.30 75.55 76.11 81.95 69.21 100.93 84.28 

10 100.00 96.48 100.04 82.99 94.38 101.37 88.88 148.59 104.72 

From above it can be seen that not all bulbs outperform the conventional bow from a 

powering point of view over the design speed range of 8 - 10 knots. Theta bow never 

performs better than the conventional bow in this speed range. However this may have to 

do with the fact that the torque values seemed high for this bow during the self

propulsion tests which in tum influenced the relative rotative efficiencies. In this speed 

range Iota and Gamma bows are generally the two best performers. 

At 7.9 knots Iota bow requires about 19.6 kW less power than the conventional bow. At 

this speed Epsilon bow is the next best performer, requiring approximately 11.9 kW less 

power. At 8.9 knots Iota requires approximately 42.2 kW less power and Gamma almost 

33.5 kW less. Finally, at 10 knots Gamma requires almost 38.1 kW less power, while 

Iota requires about 24.9 kW less. 

195 



The following table provides a ranking of the best bulbous bow based on the average 

reduction of required installed power over the design speed range. Also shown are the 

main parameters of each of the bulbous bows tested. 

T bl 62 R ki a e : an ng o fB lb B u ous ows b d I lldP ase on nsta e ower R eqmrements 

Rank Fairing Type Length (ft) %Am(%) 

Iota None 0.425 29.47 
Gamma None 0.59 17.64 
Epsilon S-Shaped 0.59 17.64 

Delta None 0.425 17.64 

Beta Straight Line 0.59 17.64 
Eta Straight Line 0.59 23.48 
Zeta S-Shaped 0.425 17.64 

Theta Straight Line 0.425 23.48 

The above rankings are similar to the rankings of bulbous bow performance based on 

required effective power. This indicates that the quasi-propulsive efficiencies of all 

bulbous bows are similar in magnitude, as can be seen in the previous section. 
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Chapter 9- Uncertainty Analysis 

In order to determine any errors involved in experimental testing an uncertainty analysis 

must be completed. This procedure has been completed for the bare hull resistance tests 

that have been carried out in the lOT ice tank as well as the MUN towing tank. Based on 

the findings from this analysis it is possible to determine how each facility may influence 

the findings from each set of resistance tests. This can then be used to determine if the 

comparisons made in Chapter 7 between the lOT and MUN test data are still reliable, or 

if the errors associated with testing are responsible for the discrepancies in data between 

the two test programs. 

9.1 Bare Hull Resistance Tests 

The uncertainty analysis performed was based on guidelines provided by the 

International Towing Tank Conference (ITTC); more specifically the ITTC 

Recommended Procedures and Guidelines: Uncertainty Analysis - 7.5-02-01-01 (1999). 

The ITTC Recommended Procedures and Guidelines: Uncertainty Analysis, Example for 

Resistance Test - 7.5-02-02-02 (2002) was also used as a reference for creating a 

spreadsheet to complete the analysis. The methodology used in the above standards is 

based on material from Coleman and Steele (1999). The details from the analysis ofboth 

sets of resistance tests can be found in Appendix E, which includes a detailed outline of 

the methodology used throughout the analysis. 

Based upon the methodology outlined in the above guideline experimental errors can be 

considered to be composed of two components: a bias component and a precision 

component. The bias component is composed of errors which are inherent in the system; 

these are considered to be systematic errors. Bias errors may be reduced through 

calibration. The precision component is composed of errors which are variable in nature; 

these are considered to be random errors. Precision errors may be reduced though the use 

of multiple readings (i.e. multiple test runs). 
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----~-----~-----------------------------------

9.1.1 Test Design 

Since the analysis is performed on the non-dimensional perfom1ance coefficients it is 

important to first identifY all of the variables contained in each of the data reduction 

equations. This will later help identifY which of the variables are the major contributors 

of uncertainty in the system, which in tum could be useful in identifying how to reduce 

the overall uncertainty in the system. The data reduction equations of interest, which 

have been discussed earlier in Chapter 5, are listed as: 

c = RTM 
TM I V2 S 

2 P M M M 

Where:RTM = total model resistance measured 

PM = fresh water density (which is a function of water temperature) 

V M = model speed (i.e. carriage speed) 

SM = model wetted surface area 

C 
- 0.075 

FM- 2 
(logJo R"M - 2) 

Where RnM is given as: 

Where: LM = model length on waterline 

DM = kinematic viscosity for fresh water 

CR = C TM -CFM 

198 

(2) 

(3) 

(4) 

(5) 



9.1.2 Measurement System and Procedure 

The bias limits that contribute to the total uncertainty are estimated for the following 

individual variables: hull geometry, speed, resistance, temperature, density, and viscosity. 

The elementary bias limits for each variable are estimated for the following categories: 

calibration, data acquisition, data reduction, and conceptual bias. Note that not all 

categories are applicable for every variable. Using the above equations for CTM, CR, and 

CFN the bias limits are then reduced to BCT, BcR, and BcF respectively. 

The precision limits for the total resistance coefficient at a temperature of 15°C, PCT, 

residuary resistance coefficient, PeR, and frictional resistance coefficient, PcF, are 

estimated by an end-to-end method where all of the precision errors for speed, resistance, 

temperature, density, and viscosity are included. 

9.1.3 Calculating the Total Uncertainties 

The total uncertainty for both the total resistance and residual resistance coefficients are 

determined using the root sum square (RSS) of the uncertainties of the total bias and 

precision limits. This is demonstrated in the two equations below: 

(40) 

(41) 

(42) 

The error estimates used in the determination ofboth the bias and precision limits in this 

analysis are assumed to be made at a 95% confidence level. This means that the true 

value of the quantity is expected to be within the ±U interval about the experimentally 

determined value 95 times out of 100. 

The bias limit for the total resistance coefficient can be calculated as: 
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(B )2 =(aCT B )
2 
+(aCT B )

2 
+[aCT B .]

2 
+(aCT B ]

2 

cT as s av v aR 10. a p 
X p 

Where: Bs = wetted surface area error 

Bv = speed error 

BRx = resistance error 

Bp = density error 

The bias limit for the residual resistance coefficient can then be calculated as: 

(B )2 = [acR B ]2 +[acR B ] 2 CR ac CT ac CF 
T F 

Where BcF, which is the bias limit for the frictional resistance coefficient, is given as: 

(B )2 =(aCF B )
2 
+(aCF B )

2 
+[aCF B ]

2 

cF a v v aL L aR u 
u 

Where: BL = model length error 

Bu = water viscosity error 

(43) 

(44) 

(45) 

The precision limits for multiple runs can be calculated according to the following two 

equations: 

p - K ·SDEVCT 

CT- JM 

p - K · S DEVCR 
CR- JM 
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P. = K . s DEVCF 

CF .JM 

Where: K = coverage factor (taken as equal to 2 according to the methodology) 

SoevCT = standard deviation for CT (established by multiple runs) 

SoeveR= standard deviation for CR (established by multiple runs) 

SoevCF = standard deviation for CF (established by multiple runs) 

M = number of runs for which the precision limit is to be established 

9.1.4 Uncertainty Analysis Results for lOT Testing 

(48) 

The results from the uncertainty analysis for the resistance tests carried out in the lOT ice 

tank are contained within this section. The analysis was carried out only on the test data 

for each bow at the static level trim condition. 

The bias errors were determined for each variable by estimating the elementary error 

associated with each of the following categories: calibration, data acquisition, data 

reduction, and conceptual bias. Note that the categories not applicable for each 

respective variable have been left out. 

The following table shows the estimates for the individual bias errors as well as the total 

bias limit for each of the variables included in the data reduction equations shown above. 

Note that only the data for Alpha bow (data from ' Alpha2 ' tests) at 10 knots full scale is 

given within this section· and is intended to be used as an example of how the uncertainty 

is calculated for any given test condition. It would be too space consuming to list all of 

the bias errors for each bow at all of the speeds tested. Again, the complete details of the 

procedure, including explanations for the individual bias error estimates for each 

variable, and analysis are outlined for each bow tested at every speed in Appendix E. 
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T bl 63 B' E a e : laS f Alb B T C ' d rrors or Jpl a ow est arn e l lOT I T k 10 ki F II S l out m t 1e ce an at wts u ca e 
Alpha Test @ lOT- 10 knots Full Scale 

Variable Bias Errors Bias Limit 

Model Length Data Acquisition: ± 0.002 m 

Wetted Surface Area Data Acquisition: ± 0.003946 m2 Total: ± 0.004038 m2 

Calibration: ± 0.000860 m2 

Speed Pulse Count: ± 0.0058255 m/s Total: ± 0.005844 m/s 

Wheel Diameter: ± 0.0004276 m/s 

Time Base: ± 0.0001906 m/s 

Resistance Calibration: ± 0.001739 N Total: ± 0. 194975 N 

Data Acquisition: ± 0.194895 N 

Temperature Calibration: ± 0.5 oc Total: ± 0.5099 oc 

Data Acquisition: ± 0. 1 oc 

Density Calibration: ± 0.075873 kglm3 Total: ± 0. 103232 kglm3 

Data Reduction: ± 0.07 kglm3 

Viscosity Calibration: ± 1.534805E-08 m2/s Total: ± 1.535366E-08 m2/s 

Data Reduction: 4. 15E-10 m2/s 

The bias errors in the above table are then combined using equations 43 - 45 to determine 

the total bias limits for the resistance coefficients CT, CR, and Cf. The values for Alpha 

bow at 1 0 knots are as follows: 

BCT = ± 0.000162 

B cR = ± 0.000162 

B cF = ± 1.0261E-05 

The precision errors, as calculated using the method outlined above, had to be estimated 

using the data gathered during the MUN resistance test program. This is due to the fact 

that there were very few repeat runs conducted during the JOT test program. Since there 

were few repeat runs it would be difficult to determine the standard deviation for the 

resistance coefficients with any accuracy. However, during the MUN test program there 

was a total of ten runs that were repeated. Because both test programs use very similar 

test instrumentation and both programs were conducted according to the lOT Standard 

Resistance Procedure (2006) it is likely that the precision errors are very similar in both 

test programs. Therefore the MUN data was used to come up with the values for the 

precision limits for CT, CR, and cf. 
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The precision limits are calculated according to equations 46 - 48. Therefore the 

standard deviations for both CT and CR had to be estimated. These were both calculated 

based on the ten runs in the MUN towing tank which were repeated. The standard 

deviation was calculated for each of the ten repeats and an average taken for both the 

standard deviations for CT, CR, and CF. The following precision limits were calculated 

for CT, CR, and CF. 

PeT=± 0.0002263 

PeR =± 0.0002333 

PeF = ± 7.336E-07 

The total bias limits and precision limits are finally combined using equations 40 - 41 to 

obtain the total uncertainty for CT, CR, and CF. The values for Alpha bow at 10 knots 

are as follows: 

UeT = ± 0.000278 

UeR = ± 0.000284 

UeF = ± 1.0287E-05 

These uncertainties then have to be applied to the test data in order to determine the 

precise effects on the full scale resistance data. It is known from the ITTC-57 method 

that the total resistance coefficient for a full scale ship, as calculated using equation 8, is: 

(8) 

The above equation can be rewritten to include the uncertainties in both the frictional 

resistance coefficient and the residual resistance coefficient as follows: 

(49) 

203 



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

The maximum and minimum values of CTs can then be inserted into equations 9 and 10 

to determine the maximum and minimum values of the required effective power for each 

bow. The following four tables show the calculated effective powers for each bow at 

each full scale speed tested in the JOT test program. In each table is the maximum and 

minimum possible effective power as calculated using the above uncertainty analysis; the 

difference between the actual calculated effective power and the maximum and minimum 

effective powers; as well as the percentage of the calculated effective power for both the 

maximum and minimum effective powers. 

T bl 64 M xfM" F ll S I Eff f P a e : a m u ca e ec 1ve f AJ h B d . lOT T t owers or 1p1 a OW urmg es s 
Alpha @ lOT - Level Trim Condition 

Ship Speed PE Maximum PE M inimumPE 
Average Difference Percentage of 
from calculated PE calculated P.: 

(knots) (kW) (kW) (kW) (kW) (% ) 

1 0. 130 0. 177 0.083 0.047 36.09% 

2 0.057 0.152 -0.038 0.095 166.04% 

3 0.401 0.547 0.253 0.147 36.73% 

4 0.985 l.l85 0.782 0.202 20.47% 

5 2.058 2.335 1.777 0.279 13.55% 

6 4.1 64 4.543 3.776 0.384 9.21% 

7 10.598 11.119 10.052 0.533 5.03% 

8 22.3 14 23.018 21.559 0.730 3.27% 

9 4 1.631 42.587 40.578 1.005 2.4 1% 

10 76.280 77.569 74.813 1.378 1.81% 

T bl 65 M x!M" F II S I Eff a e : a Ill u ca e ective p f B B d . lOT T owers or eta OW urmg ests 
Beta @ lOT - Level Trim Condition 

Ship Speed PE Maximum PE M inimumPE 
Average Difference Percentage of 
from calculated PE calculated PE 

(knots) (kW) (kW) (kW) (kW) (% ) 

I 0.0 16 0.066 -0.034 0.050 308.20% 

2 0.140 0.236 0.030 0. 103 73.19% 

3 0.515 0.667 0.349 0.159 30.92% 

4 1.322 1.503 1.069 0.2 17 16.44% 

5 2.581 2.859 2.258 0.300 11 .63% 

6 5.098 5.531 4.707 0.412 8.08% 

7 9.905 10.602 9.473 0.565 5.70% 

8 22.542 22.906 21.386 0.760 3.37% 

9 4 1.812 42.500 40.439 1.03 1 2.47% 

10 77.034 78.370 75.602 1.384 1.80% 
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T bl 66 M x/M. FulJ S I Eff P a e : a " Ill ca e ective f G B d . lOT T owers or amma OW unng ests 
Gamma @ lOT - Level Trim Condition 

Ship Speed PE Maximum PE M inimum PE 
Average Difference Percentage of 
from calculated PE calculated PE 

(knots) (kW) (kW) (kW) (kW) (% ) 

1 0.04 1 0.090 -0.009 0.049 121.17% 
2 0.205 0.301 0.098 0.101 49.54% 

3 0.665 0.833 0.520 0.157 23 .60% 

4 1.670 1.829 1.400 0.2 14 12.83% 

5 3. 105 3.381 2.789 0.296 9.53% 

6 5.234 5.703 4.892 0.406 7.76% 

7 9.288 9.873 8.760 0.556 5.99% 

8 18.236 18.953 17.459 0.747 4. 10% 

9 35J 91 35.953 33.929 1.012 2.88% 
10 64.981 66.592 63 .884 1.354 2.08% 

T bl 67 M x/M' F ll S I Eff f P a e : a Ill u ca e ec 1ve f E il B d . lOT T t owers or ~ps on OW urmg es s 
E psilon @ lOT - Level Trim Condition 

Ship Speed PE Maximum PE Minimum PE 
Average Difference Percentage of 
from calculated PE calcula ted PE 

(knots) (kW) (kW) (kW) (kW) (% ) 

1 0.049 0.098 -0.001 0.050 102.45% 

2 0.209 0.318 0.114 0.102 48.71% 

3 0.586 0.742 0.426 0.158 26.94% 

4 1.480 1.665 1.234 0.2 16 14.57% 

5 2.915 3.205 2.609 0.298 10.22% 

6 4.357 4.803 3.986 0.408 9.37% 

7 8.560 9.266 8.146 0.560 6.54% 

8 19.181 19.708 18.203 0.752 3.92% 

9 37.225 38. 128 36.089 1.020 2.74% 

10 68.828 70.458 67.726 1.366 1.98% 

The following plot shows a comparison of the required effective power calculated for 

each of the four bows tested during the lOT test program. The plot also includes error 

bars which correspond to the errors calculated in the uncertainty analysis. Again, the 

error bars represent the 95% confidence interval estimate of the uncertainty in the data. 
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Figure 173: Effective Power Comparison with Error Bars at Level Trim for lOT Tests 

From the above tables and figure it can be stated that the results obtained from the 

resistance tests conducted in the lOT ice tank provide a good representation of the actual 

performance of the hull form under the specific test conditions. 

The figure and table below both show a comparison of the maximum possible effective 

powers for each bow to the minimum possible effective power for Alpha bow; which is 

essentially a comparison of the worst case scenario for each bow with the best case 

scenario for the conventional bow. This shows that both Epsilon and Gamma bows will 

still outperform the conventional bow above approximately 7 knots. In the speed range 

of 8 - 10 knots Gamma requires approximately 11 - 12.1% less effective power than 

Alpha bow. In this range Epsilon requires between approximately 5.8 - 8.6% less 

effective power. Beta would require between 4.8 - 6.3% more effective power in this 

range. 
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Figure 174: Maximum Effective Power as Percentage of Minimum Effective Power for Conventional 
Bow from lOT Tests 

Table 68: Maximum Effective Power as Percentage of Minimum Effective Power for Conventional 
Bow from lOT Tests 

%of Minimum Effective Power for Conventional Bow(%) 

Speed (knots) Alpha Beta Gamma Epsilon 

3 216.34 263.72 329.54 293.40 

4 151.55 192.29 233.93 213.01 

5 131.40 160.90 190.29 180.35 

6 120.32 146.48 151.05 127.20 

7 110.61 I 05.48 98.22 92.18 

8 106.77 106.25 87.91 91.41 

9 104.95 104.74 88.60 93.96 

10 103.68 104.75 89.01 94. 18 

9.1.5 Uncertainty Analysis Results from MUN Tests 

The results from the uncertainty analysis for the resistance tests carried out in the MUN 

towing tank are contained within this section. The same procedure was applied to the 

data from the MUN resistance test program as in the lOT test program. The maximum 

and minimum values of the required effective power for each bow were determined using 

the method described above. The complete details of the procedure and analysis are 

outlined in Appendix E. 
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The following nine tables show the calculated effective powers for each bow at each full 

scale speed tested in the MUN test program. In each table is the maximum and minimum 

possible effective power as calculated using the above uncertainty analysis; the difference 

between the actual calculated effective power and both the maximum and minimum 

effective powers; as well as the percentage of the calculated effective power for both the 

maximum and minimum effective powers. 

T bl 69 M x/M' F U S I Eff a e : a · Ill u ca e ective p f AI I B d . MUN T owers or lp 1a ow unn_g_ ests 
Alpha @ MUN -Level Trim Condition 

Ship Speed PE M aximum PE MinimumPE 
Average Difference Percentage of 
from calculated P E calculated P E 

(knots) (kW) (kW) (kW) (kW) (%) 
1.6 0.226 0.343 0.11 0 0.11 6 51 .39% 

3.7 1.075 1.354 0.796 0.279 25.99% 

4.7 2.341 2.715 1.967 0.374 15.99% 

5.8 6.096 6.589 5.604 0.492 8.07% 

6.8 12.274 12.916 11.632 0.642 5.23% 

7.9 24.899 25.749 24.050 0.850 3.4 1% 

8.9 42.788 43 .905 4 1.671 1.11 7 2.6 1% 

10 74.284 75.765 72.803 1.481 1.99% 

11 125.493 127.454 123.53 1 1.962 1.56% 

12.1 194.584 197. 148 192.02 1 2.564 1.32% 

T bl 70 M x/M' F U S I Eff a e : a · Ill u ca e ectJve p f B B d . MUN T t owers or eta ow urmg es s 
Beta @ MUN - Level Trim Condition 

Ship Speed PE M aximum PE M inimumPE 
Average Difference Percentage of 
from calculated P E calculated P E 

(knots) (kW) (kW) (kW) (kW) (% ) 

1.6 0.112 0.238 -0.014 0.126 11 2.33% 

3.7 1.469 1.771 1.166 0.302 20.60% 

4.7 2.822 3.226 2.417 0.404 14.33% 

5.8 4.893 5.421 4.366 0.527 10.78% 

6.8 9.491 I 0.173 8.810 0.68 1 7.18% 

7.9 18.709 19.596 17.823 0.886 4.74% 

8.9 35. 185 36.336 34.033 1.1 51 3.27% 

10 64.742 66.241 63.243 1.499 2.32% 

I 1 11 3.848 115.789 111.907 1.94 1 1.70% 

12.1 168.010 170.493 165.527 2.483 1.48% 
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T bl 71 M x/M. F 11 S I Eff a e : a lD u ca e ectJve p f D owers or elta B d . M UN T ow urmg ests 
Delta @ MUN - Level Trim Condition 

Ship Speed PE M aximum PE M inimum PE 
Average Difference Percentage of 
from calculated PE calculated PE 

(knots) (kW) (kW) (kW) (kW) (% ) 

1.6 0.065 0. 187 -0.057 0. 122 187. 13% 

3.7 1.1 74 1.466 0.883 0.292 24.86% 

4.7 2.6 11 3.00 1 2.220 0.390 14.95% 

5.8 4.765 5.274 4.255 0.509 10.68% 

6.8 7.420 8.077 6.763 0.657 8.86% 

7.9 17.1 64 18.019 16.309 0.855 4 .98% 

8.9 30.728 3 1.837 29.6 19 1.109 3.61% 

10 61.227 62.671 59.782 1.444 2.36% 

11 106.452 108.317 104.586 1.866 1.75% 

12.1 175.036 177.441 172.630 2.405 1.37% 

T bl 72 M x/M. F S a e : a . Ill ull cale Eff . P ecbve f G owers or aroma B ow dunngM UN T ests 
Gamma @ MUN - Level Trim Condition 

Ship Speed PE Maximum PE M inimum PE 
Average Difference Percentage of 
from calculated PE calculated PE 

(knots) (kW) (kW) (kW) (kW) (% ) 

1.6 0.170 0.294 0.045 0.124 73 .20% 

3.7 0.979 1.277 0.68 1 0.298 30.43% 

4.7 2.269 2.667 1.870 0.399 17.57% 

5.8 5.224 5.744 4.704 0.520 9.95% 

6.8 8.697 9.368 8.026 0.67 1 7.72% 

7.9 16.873 17.746 16.000 0.873 5.17% 

8.9 32.952 34.086 3 1.819 1.1 33 3.44% 

10 58.127 59.599 56.654 1.473 2.53% 

11 102.051 103.952 100.150 1.901 1.86% 

12.1 174.502 176.958 172.046 2.456 1.4 1% 

T bl 73 M x/M. F U S I Eff a e : a Ill u ca e echve p f E ·1 B d . M UN T owers or !;psa. on ow urmg ests 

Epsilon @ MUN -Level Trim Condition 

Ship Speed PE M aximumPE Minimum PE 
Average Difference Percentage of 
from calculated P t: calculated PE 

(knots) (kW) (kW) (kW) (kW) (%) 
1.6 -0.03 1 0.094 -0.156 0.125 -404.26% 

3.7 0.833 1.1 33 0.533 0.300 36.0 1% 

4.7 1.739 2. 140 1.338 0.40 1 23.06% 

5.8 3.667 4. 190 3. 144 0.523 14.26% 

6.8 7.647 8.323 6.972 0.675 8.83% 

7.9 16.233 17.111 15.355 0.878 5.4 1% 

8.9 29.552 30.691 28.4 13 1.1 39 3.86% 

10 58.561 60.044 57.078 1.483 2.53% 

11 99.339 I 01.251 97.426 1.912 1.93% 

12. 1 165.525 167.987 163.064 2 .462 1.49% 
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T bl 74 M x/M' F II S I Eff a e : a m u ca e ective p f E B d . MUN T owers or ta ow urmg ests 
Eta @ M UN - Level Trim Condition 

Ship Speed PE MaximumPE M inimum PE 
Average Difference Percentage of 
from calculated PE calculated PE 

(knots) (kW) (kW) (kW) (kW) (%) 

1.6 0.059 0.186 -0.067 0. 126 213.58% 
3.7 0.990 1.294 0.686 0.304 30.67% 
4.7 2.238 2.644 1.832 0.406 18. 15% 

5.8 5.329 5.859 4.799 0.530 9.94% 
6.8 10.004 10.688 9.320 0.684 6.84% 

7.9 19.617 20.508 18.727 0.890 4.54% 

8.9 35.082 36.238 33.926 1.1 56 3.29% 

10 67.484 68.991 65.976 1.507 2.23% 

11 111.793 113.739 109.847 1.946 1.74% 
12.1 171.455 173.952 168.957 2.497 1.46% 

T bl 75 M x/M' F II S I Eff a e : a 111 u ca e ectlve p f I B d . MUN T owers or ota OW unn~ ests 
Iota @ MUN - Level Trim Condition 

Ship Speed PE Maximum PE M inimumPE 
Average Difference Percentage of 
from calculated PE calculated P£ 

(knots) (kW) (kW) (kW) (kW) (%) 
1.6 0.142 0.265 0.0 18 0.124 87.17% 

3.7 1.191 1.488 0.894 0.297 24.92% 
4.7 2.997 3.394 2.600 0.397 13.25% 

5.8 6.040 6.558 5.522 0.51 8 8.57% 

6.8 8.402 9.070 7.734 0.668 7.95% 

7.9 16.338 17.207 15.469 0.869 5.32% 

8.9 29.523 30.650 28.396 1.127 3.82% 

10 58.143 59.609 56.676 1.466 2.52% 

11 104.042 105.937 102.147 1.895 1.82% 

12. 1 168.859 171.297 166.421 2.438 1.44% 

T bl 76 M x/M' F II S I Eff a e : a Ill u ca e echve p f Th B d . MUNT owers or eta OW urm~ ests 
Theta @ MUN - Level Trim Condition 

Ship Speed PE Maximum PE M inimum PE 
Average Difference Percentage of 
from calculated PE calculated PE 

(knots) (kW) (kW) (kW) (kW) (% ) 

1.6 0.080 0.205 -0.044 0. 124 154.66% 

3.7 1.481 1.779 1.183 0.298 20.14% 

4.7 2.527 2.926 2.128 0.399 15.79% 

5.8 5.7 10 6.23 1 5. 190 0.520 9. 11% 

6.8 10.377 11.049 9.705 0.672 6.48% 

7.9 20.965 21.840 20.090 0.875 4. 17% 

8.9 37.675 38.812 36.538 1.1 37 3.02% 

10 71.560 73.043 70.076 1.484 2.07% 

11 11 9.040 120.958 117.121 1.919 1.6 1% 

12. 1 178.370 180.830 175.910 2.460 1.38% 
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T bl 77 M x/M. F II S I Effi a e : a 10 u ca e ectlve p fi Z B d . owers or eta ow unngM UN Tests 
Zeta@ MUN- Level Trim Condition 

Ship Speed PE Maximum PE Minimum PE 
Average Difference Percentage of 
from calculated PE calculated PE 

(knots) (kW) (kW) (kW) (kW) (%) 
1.6 0.110 0.232 -0.013 0.122 111.72% 
3.7 0.868 1.162 0.574 0.294 33.85% 

4.7 2.414 2.807 2.021 0.393 16.28% 

5.8 4.720 5.232 4.207 0.512 10.86% 

6.8 8.675 9.336 8.013 0.662 7.63% 

7.9 18.701 19.562 17.839 0.861 4.6 1% 

8.9 35.805 36.924 34.686 1.119 3.13% 

10 67.390 68.848 65.931 1.459 2. 16% 

11 111.734 113.617 109.851 1.883 1.69% 

12.1 177.697 180.121 175.273 2.424 1.36% 

The following plot shows a comparison of the required effective power calculated for 

each of the four bows tested during the MUN test program. The plot also includes error 

bars which correspond to the errors calculated in the uncertainty analysis. Again, the 

error bars represent the 95% confidence interval estimate of the uncertainty in the data. 
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Figure 175: Effective Power Comparison with Error Bars at Level Trim for MUN Tests 
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From the above tables and figure it can be stated that the results obtained from the 

resistance tests conducted in the MUN towing tank provide a good representation of the 

actual performance of the hull form under the specific test conditions. 

The figure and table below both show a comparison of the maximum possible effective 

powers for each bow to the minimum possible effective power for Alpha bow. Again, 

this is a comparison of the worst case scenario for each bow with the best case scenario 

for the conventional bow. These show that above 6.8 knots all of the bulbous bows, with 

the exception of Theta bow at 1 0 knots, will outperform the conventional bow even in the 

worst case scenario. 

In the speed range of 8 - 10 knots there are minimum reductions in required effective 

power on the order of -0.3 - 28.9% for the bulbous bows. At 8 knots Epsilon provides a 

28.9% reduction from the minimum effective power for Alpha bow. At 10 knots Theta 

requires 0.3% more effective power than the minimum effective power for Alpha bow. 
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Figure 176: Maximum Effective Power as Percentage of Minimum Effective Power for Conventional 
Bow from MUN Tests 
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Table 78: Maximum Effective Power as Percentage of Minimum Effective Power for Conventional 
Bow from MUN Tests 

% of Minimum Effective Power for Conventional Bow (%) 

Speed 
Alpha Beta Delta Gamma Epsilon Eta Iota Theta Zeta (knots) 

1.6 311.44 216.25 169.45 266.79 85.41 168.66 241.10 185 .80 210.70 

3.7 170.24 222.62 184.33 160.57 142.45 162.64 187.06 223 .67 146.07 

4.7 138.08 164.04 152.61 135.63 108.83 134.44 172.60 148.78 142.74 

5.8 11 7.56 96.72 94.10 102.49 74.75 104.54 11 7.01 111.1 8 93 .36 

6.8 111.04 87.45 69.43 80.53 71 .55 91.88 77.97 94.99 80.26 

7.9 107.06 81.48 74.92 73.79 71.15 85.27 71.55 90.8 1 81.34 

8.9 105.36 87.20 76.40 81.80 73.65 86.96 73 .55 93.14 88.61 

10 104.07 90.99 86.08 81 .86 82.47 94.76 81.88 100.33 94.57 

11 103.18 93.73 87.68 84.15 81.96 92.07 85.76 97.92 91.97 

12.1 102.67 88.79 92.41 92.16 87.48 90.59 89.21 94. 17 93.80 

9.1.6 MUN/IOT Comparisons 

Using the above data from the uncertainty analysis of resistance data from both sets of 

tests it is possible to make new comparisons of the effective power requirements resulting 

from both sets of tests. This section will compare the results from both test programs and 

include the uncertainties in order to determine if the differences in the powering data may 

be attributed to errors in the test implementation. 

The following four plots show the effective power comparisons of each of the four bows 

tested at both lOT and MUN. The data has been standardized in order to get a better idea 

of the direct comparison at each half knot of speed. As well, the vertical gridlines have 

been removed to make the plots clearer for interpretation. 
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Figure 177: Effective Power Comparison with Error Bars of Alpha Bow Tested at JOT and M UN 
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Figure 178: Effective Power Comparison with Error Bars of Beta Bow Tested at lOT and MUN 
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Figure 180: Effective Power Comparison with Error Bars of Epsilon Bow Tested at lOT and MUN 

All of the above four plots suggest that the uncertainties due to errors in the experimental 

procedure do not significantly change the general trends shown in the data. The general 

trend of the lOT resistance data increasing at a faster rate than the MUN data with 
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increasing speed is still prominent. The reasons for differences in the resistance data 

between the two test programs that are outlined in Section 7.3 are still likely the best 

possible explanations as to why the results have differing trends. 

The misalignment issues during the lOT test program is likely the biggest factor in the 

difference in resistance data between the two sets of data. Unfortunately the magnitude 

of yaw during any test run was measured, and hence it could not be quantified into an 

increase in resistance. Because it was not possible to quantify the magnitude of yaw it 

could not be addressed in the uncertainty analysis for the lOT test program. 

Also, the difference in model set-ups between the two test programs caused a different 

trimming moment for each test program. This will also lead to differing resistance 

measurements between the two test programs, as the trim angle has a significant 

influence on the hull resistance. 

9.2 Self-Propulsion Tests 

Unfortunately a full uncertainty analysis could not be completed for the self-propulsion 

tests as the calibration data for both thrust and torque could not be found. The calibration 

errors contribute a significant amount to the bias errors; therefore the uncertainties for 

both the thrust and torque would not be considered accurate without the calibration data. 

However it may be possible to make a qualitative assessment of the order of magnitude 

of the overall uncertainties involved with these tests. 

During the self-propulsion tests the following propeller data is measured: thrust, torque, 

and shaft speed. Each of these variables will have an uncertainty associated with them. 

It is likely that the uncertainty for each of these variables is on the same order as for the 

resistance coefficients discussed in Section 9.1 . 

It is known that during the self-propulsion tests at a given speed the model increasingly 

trims by the head with increasing propeller shaft speed (on the order of 0.25° from 

slowest to fastest shaft speed). In tum, this results in a small uncertainty in the resistance 
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coefficient used in the analysis procedure. This means that after the uncertainty from the 

resistance tests is carried over into these tests it is further increased due to the model 

trimming with propeller shaft speed. 

Finally, the propeller thrust torque and shaft speed measured in open water have to be 

known in order to complete the analysis for the self-propulsion tests. Again, it is likely 

that the uncertainty for each of these variables is on the same order as for the resistance 

coefficients discussed in Section 9.1. 

The above explanation points to the fact that there are more variables measured during 

the self-propulsion tests and hence more data reduction equations u ed during the 

analysis procedure. This means that there is likely a significantly larger total uncertainty 

for these tests than found for the resistance tests. 

To ensure that the data is as accurate as possible and all bow comparisons are as reliable 

as possible it is important to ensure that the errors associated with the self-propulsion 

tests are kept as low as practically possible. This generally means keeping the 

uncertainties associated with calibrations as low as possible. To do so it is best to keep 

the individual calibrations within reasonable ranges and use a high number of data points. 

217 



Chapter 10- Conclusions and Recommendations 

This report details the design and construction of a 6 ft model of a 45 ft trawler yacht hull 

form. It also discusses the testing procedure and results of the following testing: bare hull 

resistance tests carried out in the lOT ice tank, bare hull resistance tests carried out in the 

MUN tow tank, and self-propulsion test carries out in the MUN tow tank. 

10.1 Bare Hull Resistance Tests 

Overall the quality of data gathered from both sets of the bare hull resistance tests was 

adequate. This subsection will review all of the important conclusions obtained from 

both sets of resistance tests as well as provide recommendations for further reference. 

It was found that at speeds above 8 - 9 knots the effective power for the conventional 

bow tends to increase with increasing static trim by the stem. However, above these 

speeds the effective power for a bulbous bow generally tends to decrease with increasing 

static trim by the stem. It was found that with a bulb attached the flow over the top of the 

bulb tends to smooth out with increasing static trim by the stem, which in tum reduces 

the bow wave. It is likely that this smoother flow over the bulb counteracts the increased 

resistance due to an increase in underwater transom (which will occur with a larger static 

trim by the stem). 

At the static level trim condition it was found that the bulbous bows begin to outperform 

the conventional bow above 6 - 7 knots (Fn = 0.27 - 0.32) in the lOT tests and 5 - 6 

knots (Fn = 0.23 - 0.27) in the MUN tests. Tllis is consistent with what is found in the 

literature review. 

The following bulb parameters were found to be possible factors which influence the 

reduction in effective power: bulb length (linearly correlated to both the fairing radius of 

bulb into stern and top bulb angle), front cross-sectional area, and faring type. 
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Analysis of the MUN test data has shown that, when all other bulb parameters are the 

same, a bulb with a longer length generally provides a higher reduction of required 

effective power than a bulb with a shorter length. It is known that the bulb length is 

linearly correlated to both the fairing radius of bulb into stem and top bulb angle. 

Therefore, either of these two parameters could be the factor influencing the reduction in 

effective power. It may be possible to perform a statistical analysis on the gathered data 

to determine which of the three parameters has the greatest influence on reducing the 

required effective power. Further testing on bulbs with varying bulb length, fairing radii, 

and top bulb angles may be necessary to supplement the data already gathered. 

It was found that, with the exception of Iota bow, the bulbs with a front cross-sectional 

area corresponding to 17.64% of the amidships sectional area are clearly better 

performers than the bulbs with a front cross-sectional area of 23.48%. The only direct 

comparison made was between Beta and Eta bows; which have all the same bulb 

parameters other than the front cross-sectional area. It was found that Beta, with the 

smaller front cross-sectional area, performed better than Eta, with the larger front cross

sectional area. 

Based on both sets of resistance tests it was found that the fairing type seems to also have 

an influence on the reduction in effective power. From the lOT test program the bulb 

ranking are generally given as: (1) Gamma (no fairing) ; (2) Epsilon (s-shaped fairing) ; 

(3) Beta (straight line fairing). From the MUN test program it was found that at the static 

level trim condition the three bulbs with no fairing placed in the top four of the rankings, 

while the three bulbs with straight line fairing placed in the bottom four. 

Further investigation should be completed into why Iota bulb, with a shorter length and 

larger front cross-sectional area, perfonns very well in the design speed range. This may 

be done by constructing additional bulbous bows with varying front cross-sectional areas, 

fairing radii as well as top profile angles. It could also be possibly completed by use of 

some Computational Fluid Dynamics (CFD) computer simulations. 
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It is clear that Iota, Gamma, and Epsilon bows are the best performers from a resistance 

reduction point of view. Delta bow also perfonned well in all trim conditions during the 

MUN test program. Gamma bow generally slightly outperformed Epsilon bow in the 

lOT test program and vice versa in the MUN test program. The only comparison for Iota 

bow to the two other bows is during the MUN test program at static level trim condition. 

In this condition Iota and Epsilon bows perform almost identically in the design speed 

range and both slightly outperformed Gamma bow. Iota bow generally outperforms all 

other bows in the 8 - 10 knot range for the resistance tests completed at MUN with the 

model trimmed 0.75° and 1.5° by the stern. 

Therefore, since Iota, Gamma, and Delta bows are all semi-cylindrical bulbs (i.e. no 

fairing into the hull) it would be reasonable to conclude that this fairing type is likely the 

most efficient for reducing the bare hull resistance relative to the conventional bow. 

It was shown that there were discrepancies between the test data for the lOT and MUN 

tests. The model in the JOT tests generally provided higher effective powers at speeds 

above 8 - 9 knots, while the JOT tests for Epsilon bow provided higher effective power 

throughout the whole speed range. For dynamic trim, the lOT tests generally provided 

lower dynamic trim by the head at speeds above 8 - 9.5 knots. For model sinkage, the 

JOT tests generally provided higher model sinkage at speeds above 5 - 6 knots. 

The possible reasons for these discrepancies between the two are listed as: different load 

cells used for each test program, misalignment issues during lOT test program, and 

different instrumentation set-ups for each test program, resulting in differing tow points 

for each test program. 

An uncertainty analysis was performed on the resistance data for both the JOT and MUN 

resistance test programs. The uncertainty analysis showed that the initial results obtained 

for each set of tests provide a good representation of the actual performance of the hull 

fonn under the specific test conditions for each set oftests respectively. 
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The results from the uncertainty analysis were then used to make further comparisons of 

the lOT and MUN resistance data. The results showed that the uncertainties due to errors 

in the experimental procedure did not significantly change the general h·ends shown in 

the original resistance data. That is, the reasons for the discrepancies in resistance data 

between the two test programs, as outlined above, are likely the best possible 

explanations as to why the results have differing trends. 

A statistical analysis of the resistance data gathered during the MUN testing is also 

possible. There are methods available to complete statistical analysis even if the test 

program was not performed for the purpose of statistical analysis. This type of analysis 

would allow one to determine exactly which factors (i.e. fairing type, bulb length, front 

cross-sectional area, etc.) are important in reducing the required effective power. It may 

also be possible to retest each of the bulbs with the purpose of completing the statistical 

analysis. This would take a lot of tank time, but would certainly make the analysis less 

complicated and also reduce the time to complete the analysis. 

In order to better understand which bulb parameters are likely the most significant in 

reducing the required effective power it would be useful to complete resistance tests on 

Epsilon, Gamma, and Beta bows in the MUN towing tank at 0.75° and 1.5° by the stern 

conditions. This data could also be used the statistical analysis as discussed above. 

From the dynamic trim data it was found that the model will trim by the head up to 

somewhere between 8.5-9 knots (Fn = 0.38 - 0.41) in the lOT test program and between 

8.75 - 9.65 knots (F11 = 0.39 - 0.44) in the MUN test program. After this point the model 

will begin to drastically trim by the stern with increasing speed. This is consistent with 

what was found in studies conducted by Johnson (1958) and Friis et al. (2008). 

The sinkage data from both sets of tests show that the model will sink at an increasing 

rate with increasing speed. This is also consistent with what was found in studies 

conducted by Johnson (1958) and Friis et al. (2008). 
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It was found that the bulb submergence, top bulb area, and the pressure around the stem 

section are all likely factors which affect the magnitude of the dynamic trim and model 

sinkage. It was found that as bulb size (i .e. bulb submergence and top bulb area) is 

increased then the magnitude of dynamic trim by the head as well as model sinkage is 

increased. Again, this is also consistent with what was found in studie conducted by 

Johnson (1958) and Friis eta!. (2008). 

In order to determine the extent of each of the above phenomenon on the dynamic trim 

and model sinkage it may be possible to perform further resistance tests with pressure 

sensors placed around the bow and stem sections. This would then provide details of 

how the pressure distributions over the bow and stem are changing with increasing speed 

as well as different initial trim conditions; and how these pressures affect both the 

dynamic trim and model sinkage. 

10.2 Self-Propulsion Tests 

Overall the quality of data gathered from the self-propulsion tests was adequate. This 

subsection will review all of the important conclusions obtained from these tests as well 

as provide recommendations for further reference. 

The wake values for Alpha bow were found to be generally in the same range as for the 

bulbous bows. This result fall in between the results found in a study by NORDCO 

(1 990) on a 65 ft Newfoundland type and those found in a study by Frii eta!. (2008) on 

a 90 ft fishing vessel. Since this hull form type falls somewhere in between the two 

aforementioned hulls it is reasonable to conclude that the wake fractions calculated for 

this hull form are satisfactory. 

The thrust deduction values were found to be generally lower for Alpha bow than the 

bulbs. This is consistent with what was found by Johnson (1958), NORDCO (1990), and 

Friis et al. (2008). 
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The hull efficiencies for Alpha bow were found to be generally higher than that of any of 

the bulbous bows. This is due to the fact that the thrust deduction fractions for the 

conventional bow are generally lower than for the bulbous bows. This is consistent with 

what was concluded from tests completed by Johnson (1958), NORDCO (1990), and 

Friis et al. (2008). 

The relative rotative efficiencies for Alpha bow are generally slightly higher than that of 

any of the bulbous bows. This suggests that the propeller operating behind the model 

with the conventional bow is likely operating in a more uniform flow, and hence is more 

efficient. 

It was found that the quasi propulsive efficiencies for the conventional bow are generally 

higher as for the bulbous bows. From this it can be stated that the propeller operating 

behind the hull outfitted with the conventional bow will perform better than the propeller 

operating behind the hull outfitted with any of the bulbous bows. 

Further self-propulsion tests should be completed on Theta bow. The relative rotative 

efficiencies for this bow exhibited strange behaviour which wasn't found with any of the 

other bows. For this reason this particular bow should be retested to ensure that the data 

used in the analysis is correct. 

Ignoring the Theta bow data and it is clear from the self-propulsion testing that Iota, 

Gamma, and Epsilon provide the highest reductions of required installed power in the 

design speed range tested. Iota bow was the best overall performer over the speed range 

tested. Gamma came in second overall; however it was the best performer at 10 knots. 

Epsilon bow performs well between 8 - 9 knots. Delta bow also performs fairly well 

between 8 - 9 knots. 

Since Iota, Gamma, and Delta bows all have no fairing into the hull it would be 

reasonable to conclude that this fairing type is likely the most efficient from a powering 

performance point of view for this hull form. 
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----------------------------------------------------------------

The self-propulsion tests were carried out using a stock propeller which is not optimized 

for this particular hull form. This appears to have lead to low relative rotative 

efficiencies, which in tum lower the quasi-propulsive efficiencies. Therefore, it would be 

helpful to design a propeller which is optimized for this hull form and complete the self

propulsion tests over again. This would likely lead to higher quasi-propulsive 

efficiencies for all bows. 

Due to a lack of tank time each bow could only be tested at the static level trim condition. 

It would be a good idea to complete further tests for each bow at one or two further static 

trim angles to determine its effect on wake and thrust deduction fractions. 

During the analysis it was found that the pressure distribution over the stem section of the 

hull likely plays an important role in detennining the hull efficiency of the model 

outfitted with any of the bows. Thus, it may be possible to complete testing where 

pressure sensors are placed around the stem section of the model. A test plan could be 

implemented similar to that of the self-propulsion testing, where the propeller is run 

behind the hull, and the pressure distribution could be measured via the pressure sensors. 

This would then allow one to determine how the pressure distribution is changing with 

speed for each individual bow as well as over the range of bows tested. 
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Model Particulars 

Bow (w/stem) LwL (m) B wL (m) Tmid (m) Tmax (m) V (m3
) t,. (kg) cb 

Alpha 1.733 0.551 0.188 0.24 0.06775 67.75 0.3774 

Beta 1.91 0.551 0.188 0.24 0.07450 74.50 0.3765 

Delta 1.862 0.55 1 0.188 0.24 0.07013 70.13 0.3636 

Ganuna 1.91 0.551 0.188 0.24 0.07067 70.67 0.3572 

Epsilon 1.91 0.551 0. 188 0.24 0.07292 72.92 0.3686 

Eta 1.91 0.551 0.188 0.24 0.07563 75.63 0.3823 

Iota 1.862 0.551 0.188 0.24 0.07214 72.14 0.3740 

Theta 1.862 0.551 0.188 0.24 0.07426 74.26 0.3850 

Zeta 1.862 0.551 0.188 0.24 0.07226 72.26 0.3747 

Table Al: Model Particulars 

Model Bulbous Bow Characteristics 

Bow Beta Delta Gamma Epsilon Eta Iota Theta Zeta 

Fairing Type (-) 
Straight 

None None S-Shaped 
Straight 

None 
Straight 

S-Shaped 
Line Line Line 

Length (in) 7.08 5.10 7.08 7.08 7.08 5.10 5.10 5.1 0 

Front Area ( in2
) 14.90 14.90 14.90 14.90 19.85 24.9 1 19.85 14.90 

% Amid (%) 17.64 17.64 17.64 17.64 23.48 29.47 23.48 17.64 

Max Bulb Width (in) 4 . 10 4.10 4.10 4.10 5.38 6.52 5.38 4 .10 

Bulb Width on WL (in) 2.40 2.40 2.40 2.40 3.33 4.49 3.33 2.40 

Top Bulb Area (in2
) 62.5 1 15.25 20.53 39.50 75.03 30.68 62.02 33.88 

Underwater Volume (in3
) 1029.9 764.2 786.1 927.5 1099.1 887.1 10 16.2 892.3 

Fairing Radius( in) 3.71 2.83 3.7 1 3.7 1 3.71 2.83 2.83 2 .83 

Top Profile Angle (deg) 13.0 16.7 13.0 13.0 13.0 16.7 16.7 16.7 

Table A2: Model Bulbous Bow Characteristics 
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Beta Delta Gamma Epsilon Eta Iota Theta 
33.87 33.87 33.87 33.87 33.87 33.87 33.87 
45.48 45.48 45.48 45.48 45.48 45.48 45.48 
57.27 57.27 57.27 57.27 57.27 57.27 57.27 
64.37 64.37 64.37 64.37 64.37 64.37 64.37 
69.76 69.76 69.76 69.76 69.76 69.76 69.76 
74.19 74.19 74.19 74.19 74.19 74.19 74.19 
77.92 77.92 77.92 77.92 77.92 77.92 77.92 
80.96 80.96 80.96 80.96 80.96 80.96 80.96 
83.33 83.33 83.33 83.33 83.33 83.33 83.33 
84.53 84.53 84.53 84.53 84.53 84.53 84.53 
84.53 84.53 84.53 84.53 84.53 84.53 84.53 
84.00 84.00 84.00 84.00 84.00 84.00 84.00 
82.51 82.51 82.51 82.51 82.51 82.51 82.51 
78.23 78.23 78.23 78.23 78.23 78.23 78.23 
72.15 72.15 72.15 72.15 72.15 72.15 72.15 
65.51 64.04 64.07 64.33 65.76 64.11 65.38 
57.54 51.36 51.48 55.37 58.56 51.52 57.69 
49.46 37.54 37.72 44.95 51.45 38.11 49.92 
41.46 22.98 23.07 34.74 44.09 29.41 42.08 
33.92 16.07 16.32 26.75 37.21 26.33 34.79 
26.34 14.97 15.27 20.48 30.36 25.04 27.31 

Table A3: Model Sectional Areas 
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Appendix B-1: Resistance and Powering Data 
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Lm 1.829 m 

Ls 14.00 m 

Lwls 13.25 m 

Lwlm 1.731 m 

Scale 7.654 

g 9.81 m/s2 

water temp 1.8 oc 
v(visc)m 1.68E-06 m2/s 

v( visc)s 1. 19E-06 m2/s 

pm 999.8 kg/m3 

ps 1025.9 kg/m3 

Sm 1. 138 m2 

Ss 66.68 m2 

Re~ist.mce Data for All)ha Bow@·· Static Level Trim 
Ship Speed Fn CTM CFM RnM CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) (tN) 
1 .00 0.045 0.011972 0 .006959 1 .92E+05 0 .005014 5 .73E+06 0 .003313 0 .008726 78.69 40.38 
2 .00 0.090 0.007270 0 .005833 3.85E+05 0 .001437 1 .15E+07 0 .002928 0 .004765 173.30 178.60 
3.01 0.136 0.006089 0 .005298 5.79E+05 0 .000791 1 .73E+07 0 .002734 0.003925 322.06 498.54 
4 .01 0.181 0 .006104 0 .004962 7.72E+05 0.001142 2.31 E+07 0 .002608 0 .004150 606.17 1251 .99 
5 .02 0.226 0 .006606 0 .004723 9.66E+05 0.001883 2 .89E+07 0.002516 0 .004798 1096.03 2830.85 
6 .03 0.272 0 .007387 0 .004541 1.16E+06 0 .002847 3.46E+07 0.002444 0 .005691 1872.94 5806.57 
7 .03 0.317 0 .009646 0 .004395 1.35E+06 0 .005252 4 .04E+07 0 .002386 0.008038 3601.92 13030.55 
8 .04 0.363 0.01 2826 0 .004274 1.55E+06 0 .008552 4 .62E+07 0.002337 0.011290 6609.93 27332.60 

8.98 0.405 0 .015402 0.004177 1.73E+06 0 .011225 5.16E+07 0.002298 0.013923 10176.66 47017 .83 
10.05 0.453 0 .019698 0 .004082 1.93E+06 0 .015615 5.77E+07 0 .002259 0 .018275 16725.15 86467.66 
10.99 0.496 0 .023664 0 .004009 2.11 E+06 0 .019655 6 .32E+07 0 .002229 0.022284 24400.79 137986.44 
12.00 0.541 0.027395 0 .003940 2.31E+06 0.023456 6.89E+07 0 .002200 0 .026056 33991 .30 209808.41 

Table Bl: Resistance Data for Alpha Bow at Static Level Trim 

Resistance Data fo1 All)ha Bow rg·· 1.5° by the Stern 
Ship Speed Fn CTM CFM RnM CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) 0/V) 
1 .00 0.045 0 .01 3879 0 .006954 1.92E+05 0.006925 5 .73E+06 0 .003313 0 .010638 95.89 49.20 

2 .03 0.092 0 .006234 0.005808 3.92E+05 0 .000425 1 .17E+07 0 .002921 0 .003746 140 .35 146.81 
3.02 0.136 0.006212 0.005290 5.82E+OS 0 .000921 1.74E+07 0 .002732 0 .004053 335.04 520.55 

4.01 0.181 0.006429 0 .004962 7.73E+05 0 .001467 2.30E+07 0 .002608 0.004475 651 .14 1342.20 

4 .99 0.225 0 .007599 0 .004726 9.63E+05 0 .002873 2.87E+07 0.002518 0 .005791 1308.52 3361 .50 

6 .03 0.272 0 .008327 0 .004538 1 .16E+06 0.003789 3 .46E+07 0 .002444 0.006633 2185.29 6778.60 

7 .02 0.317 0.01 0948 0 .004394 1.35E+06 0.006554 4.03E+07 0.002387 0.009341 4167.08 15041 .25 

8 .00 0.361 0 .013269 0.004275 1.54E+06 0.008994 4 .60E+07 0 .002339 0 .011733 6810.20 28038.70 

8.99 0.406 0 .015725 0 .004174 1.73E+06 0.011551 5 .17E+07 0 .002298 0.014249 10435.36 48261 .25 

10.03 0.452 0 .019008 0.004082 1.93E+06 0 .014925 5 .76E+07 0 .002260 0.017586 16018.89 82621 .91 

11 .01 0.497 0 .023469 0 .004006 2.12E+06 0.019463 6 .33E+07 0.002229 0 .022092 24279.49 137552.97 

12.00 0 .541 0 .027652 0 .003938 2.31E+06 0 .023714 6 .90E+07 0 .002200 0 .026315 34335.56 211953.94 

Table B2: Resistance Data for Alpha Bow at 1.5° by the Stern 
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-- -------------~----------------------------

Re-sistance Data for All)h,l Bow ;a·· 3.0° by the Stern 
Ship Speed Fn CTM CFM RnM CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) ( -) (-) (-) (N) 0NJ 
0 .99 0.045 0 .026302 0 .006961 1.92E+05 0 .019340 5.71 E+06 0 .003315 0 .023055 206.24 105.42 

2 .03 0.092 0.010553 0 .005811 3.91 E+OS 0 .004742 1 .17E+07 0 .002921 0 .008063 301 .15 314.52 
3 .02 0.136 0.009065 0.005292 5.82E+05 0 .003774 1 .73E+07 0 .002733 0.006906 569.81 884 .50 
4 .00 0.181 0 .008708 0 .004962 7.72E+05 0 .003746 2 .30E+07 0 .002609 0 .006754 981 .57 2022.16 

4.99 0.225 0 .010128 0.004727 9.63E+05 0 .005402 2 .87E+07 0 .002518 0 .008320 1878.65 4824.35 

6.03 0.272 0 .009871 0.004538 1 .16E+06 0.005333 3.46E+07 0 .002444 0 .008177 2693.01 8351 .68 

7 .02 0.316 0 .013222 0.004394 1 .35E+06 0.008827 4 .03E+07 0 .002387 0 .011614 5180.22 18695.98 
8 .00 0.361 0 .014161 0.004275 1.54E+06 0.009886 4 .60E+07 0.002339 0.012625 7327.06 30165 .32 

8.99 0.406 O.D16845 0 .004174 1.73E+06 0 .012671 5.17E+07 0.002298 0.015369 11256.27 52058 .41 

10.03 0.452 O.D20287 0 .004082 1 .93E+06 0 .016205 5.76E+07 0 .002260 0 .018865 17186.40 88649.07 

11 .01 0.497 0 .024416 0.004006 2.12E+06 0 .020410 6 .33E+07 0 .002229 0.023039 25325.57 143493.61 

12.00 0.541 O.D28500 0 .003938 2.31 E+06 0 .024563 6 .90E+07 0 .002200 0 .027163 35451 .88 218873.52 

Table B3: Resistance Data for Alpha Bow at 3.0° by the Stern 

Lm 1.829 111 

Ls 14.00 m 

Lwls 13.25 m 

Lwlm 1.731 m 

Scale 7.654 

g 9.8 1 m/s2 

water temp 3. 1 oc 
v(visc)m 1.61 E-06 m2/s 

v(visc)s l.I9E-06 m2 /s 

pm 999.9 kg/m3 

ps 1025.9 kg/m3 

Sm 1.138 m2 

Ss 66.68 m2 

Resistance D;lta for Retests of All)ha Bow iq;· Static Level Trim 
Ship Speed Fn CTM CFM RnM CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) 0NJ 
1 .00 0.045 0.031503 0 .006885 2.00E+05 0.024619 5 .72E+06 0.003314 0 .028332 254 .35 130.24 

2.01 0.091 0 .003954 0 .005770 4.03E+05 -0 .001816 1 .15E+07 0.002927 0.001511 55.21 57 .04 

3.02 0.136 0.005226 0.005241 6.06E+05 -0.000016 1 .74E+07 0.002732 0 .003116 257.72 400.52 

3.99 0.180 0 .005243 0 .004923 8.00E+05 0.000320 2 .29E+07 0 .002610 0 .003330 479.93 984.54 

5 .00 0.226 0 .005297 0 .004684 1.00E+06 0.000614 2 .87E+07 0.002517 0.003531 800.06 2058.14 

6.01 0.271 0 .005765 0 .004502 1.21 E+06 0 .001263 3.46E+07 0 .002445 0.004108 1346.15 4164.33 

7.03 0.317 0 .008124 0 .004356 1 .41 E+06 0.003768 4 .04E+07 0 .002386 0 .006554 2931 .95 10597.65 

7 .99 0.361 O.D1 0875 0.004241 1 .60E+06 0.006634 4 .59E+07 0 .002339 0 .009374 5426.79 22314.34 

9 .01 0.406 O.D1 3668 0.0041 38 1 .81E+06 0 .009529 5 .18E+07 0 .002297 0.012227 8985.96 41 631 .23 

10.02 0.452 O.D17661 0 .004050 2.01E+06 0 .013611 5 .76E+07 0.002260 0.016272 14800.29 76279.99 

10.99 0.496 0 .021871 0 .003976 2.21E+06 0 .017896 6 .31E+07 0 .002229 0 .020525 22445.66 126847.23 

12.00 0.541 0 .025317 0 .003906 2.41 E+06 0 .02141 1 6 .89E+07 0 .002200 0 .024011 31322.74 193334 .27 

Table B4: Resistance Data for Retests of Alpha Bow at Static Level Trim 
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Resist.1nce Data for Retests of All>ha Bow I§'• 6.75° by the Stern 
Ship Speed Fn CTM CFM RnM CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) (\IV) 
0.99 0.045 0 .008380 0 .006891 1.99E+05 0.001489 5.70E+06 0 .003316 0 .005205 46 .42 23.69 

1.99 0.090 0 .005158 0.005780 4.00E+05 -0.000622 1 .15E+07 0 .002931 0 .002708 97 .52 100.00 
2.99 0.135 0 .004741 0 .005252 6 .01E+05 -0.000510 1.72E+07 0 .002736 0 .002625 213.36 328.69 
4.00 0.180 0.005308 0 .004920 8.02E+05 0.000388 2.30E+07 0.002610 0.003397 491 .58 1010.53 

5.00 0.225 0.005423 0 .004684 1.00E+06 0.000739 2.87E+07 0 .002518 0.003657 827.45 2127.18 

6 .00 0.271 0 .006513 0 .004504 1 .20E+06 0.002009 3 .45E+07 0.002446 0 .004855 1583.09 4885.18 
7.00 0.316 0 .008861 0 .004360 1 .41 E+06 0.004501 4.02E+07 0 .002388 0 .007289 3236.21 11653.47 

8.00 0.361 0 .011756 0 .004240 1.61 E+06 0.007516 4.60E+07 0 .002339 0.010255 5949.20 24487.27 

9.00 0.406 0 .013711 0 .004139 1 .81E+06 0.009573 5.17E+07 0 .002297 0 .012270 9011 .04 41731 .59 

10.00 0 .451 0 .017427 0 .004051 2 .01E+06 0.013376 5.75E+07 0 .002261 0 .016037 14543.15 74842.91 

Table BS: Resistance Data for Retests of Alpha Bow at 0. 75° by the Stern 

Resistance Data for Retests of All>ha Bow .:;i) 1.5° by the Stern 
Ship Speed Fn CTM CFM RnM CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) (\IV) 

0.99 0.045 0 .001703 0.006888 1.99E+05 -0.005185 5.71 E+06 0 .003315 -0.001470 -13 .14 -6 .72 

1.99 0 .090 0 .005417 0 .005780 4.00E+05 -0.000363 1 .15E+07 0 .002930 0 .002968 106.92 109.67 

2.99 0.135 0 .005192 0 .005252 6.01E+05 -0.000060 1.72E+07 0 .002736 0 .003076 249.96 385.D7 

4.00 0.180 0.005871 0 .004921 8.02E+05 0.000951 2.30E+07 0 .002610 0 .003960 572.84 1177.33 

5.00 0.225 0 .006239 0 .004685 1.00E+06 0.001554 2.87E+07 0.002518 0 .004472 1011 .35 2599.18 

6.00 0.271 0 .00701 6 0 .004504 1.20E+06 0.002512 3.45E+07 0 .002446 0 .005358 1745.74 5385 .1 9 

7.00 0.316 0 .009238 0 .004360 1.40E+06 0.004878 4.02E+07 0 .002388 0 .007666 3401 .15 12242.47 

8.00 0.361 0 .011943 0 .004240 1.61 E+06 0.007703 4.60E+07 0 .002339 0.010442 6052.28 24900 .63 

9.00 0.406 0 .013996 0 .0041 39 1.81E+06 0.009857 5.17E+07 0 .002298 0.012554 9211 .19 42638.59 
10.00 0.451 0.017523 0.004051 2 .01E+06 0.013472 5.75E+07 0 .002261 0 .016133 14615.95 75180.75 

Table B6: Resistance Data for Retests of Alpha Bow at 1.5° by the Stern 

Lm 1.829 m 

Ls 14.00 m 

Lwls 14 .62 m 

Lwlm 1.91 m 

Scale 7.654 

g 9.81 m/s2 

water temp 2 .1 oc 
v(visc)m 1.66E-06 m2/s 

v(visc)s 1.19E-06 m2/s 

pm 999.9 kg/m3 

ps 1025.9 kg/m3 

Sm 1.237 m2 

Ss 72.47 m2 
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Resistance Dat;l for Beta Bow .~j) Static level Tr·im 
Ship Speed Fn CTM CFM RnM CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) (\IV) 
1.00 0.045 0 .006445 0.006936 1 .94E+05 -0.000491 5.74E+06 0 .003312 0.003221 31 .65 16.26 
2.04 0.092 0 .005721 0.005789 3 .98E+05 -0 .000069 1 :17E+07 0 .00291 8 0.003250 133 .67 140.50 
3.03 0.137 0 .005784 0 .005274 5.90E+05 0.000509 1 .74E+07 0 .002730 0 .003640 329 .86 514.64 
4.02 0.181 0 .005948 0 .004947 7 .83E+OS 0.001001 2.31E+07 0.002607 0.004007 638.91 1322 .11 
5.01 0.226 0 .005840 0 .00471 3 9 .75E+05 0.001 127 2.88E+07 0 .002516 0.004043 1000.88 2580.68 
6.00 0.271 0 .006340 0 .004534 1 .17E+06 0.001 806 3.45E+07 0 .002446 0 .004652 1651 .08 5097.79 
6.99 0.315 0 .007319 0.004389 1 .36E+06 0.002930 4.02E+07 0.002388 0 .005718 2754.00 9905 .1 9 
8.04 0.363 O.D1 0095 0 .004264 1 .56E+06 0.005832 4.62E+07 0.002338 0.008569 5452.76 22541.96 
9.03 0.407 O.D12685 0.004163 1 .76E+06 0.008522 5.19E+07 0.002296 0.011 218 9005.11 4'1812.20 

10.02 0.452 O.D16542 0.004076 1 .95E+06 0.01 2467 5.76E+07 0 .002261 0 .0151 27 14951 .50 77034.20 
11 .00 0.496 0 .020439 0.003999 2 .14E+06 0.016440 6.32E+07 0.002229 O.D19068 22755.75 128829 .12 
11 .50 0.519 0 .022311 0.003964 2 .24E+06 0.01 8347 6.61E+07 0 .002214 0.020961 27314.37 161590.25 

Table B7: Resistance Data for Beta Bow at Static Level Trim 

Resistance Data for Beta Bow @·· 1.5° by the Stern 
Ship Speed Fn CTM CFM RnM CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) (VV) 

1.00 0.045 0 .009739 0.006938 1 .94E+05 0.002800 5.73E+06 0.003313 0 .00651 3 63.79 32.72 

2 .00 0 .090 0 .006860 0.005816 3 .90E+05 0.001 044 1 .15E+07 0 .002928 0 .004371 173.05 178 .43 

3 .01 0.136 0 .006936 0.005283 5 .86E+05 0.001653 1 .73E+07 0 .002733 0 .004787 427.81 662.83 

4.02 0 .181 0 .007359 0.004948 7 .82E+05 0.002411 2.31E+07 0 .002607 0 .00541 8 862 .37 1783.03 

5.00 0.225 0 .007544 0.004717 9 .72E+05 0.002828 2 .87E+07 0 .002518 0 .005745 141 3.02 3631.63 

6.00 0.271 0 .007853 0.004533 1 .17E+06 0.003320 3 .45E+07 0 .002446 0 .006165 2189.49 6761 .94 

7.01 0 .316 0 .008214 0.004387 1 .36E+06 0.003827 4.03E+07 0.002387 0 .006614 3203.43 11553.46 
8.02 0.362 0 .009645 0.004266 1 .56E+06 0.005379 4.61E+07 0 .002338 0 .008117 5142.18 21 210.62 

8.99 0 .406 0.010884 0 .004166 1 .75E+06 0.006718 5.17E+07 0 .002298 0 .009415 7506.46 34735.07 

10.00 0.451 0 .013522 0.004077 1 .95E+06 0.009446 5.75E+07 0 .002261 0 .0121 07 11934.88 61412.00 

Table B8: Resistance Data for Beta Bow at 1.5° by the Stern 

Resistance Data for Beta Bow @ :too by the Stern 
Ship Speed Fn CTM CFM RnM CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) (VV) 

1.00 0 .045 0 .011507 0.006940 1 .94E+05 0.004567 5.73E+06 0.00331 3 0 .008280 80.99 41 .51 

2.03 0 .092 0 .006687 0.005798 3 .95E+05 0.000889 1 .17E+07 0 .002921 0 .004210 170.92 178.48 

3.01 0 .136 0 .008220 0.005282 5 .86E+05 0.002938 1.73E+07 0 .002733 0 .006071 543 .48 842.70 

4.00 0 .180 0 .008227 0 .004954 7 .78E+05 0.003273 2.30E+07 0 .002609 0.006282 989.58 2035.46 

4.98 0 .225 0 .008689 0 .004719 9 .69E+05 0.003970 2.86E+07 0 .002519 0 .006889 1685.25 4319.71 

6.02 0.271 0 .009564 0 .004531 1 .17E+06 0.005033 3.46E+07 0 .002445 0 .007878 2809.54 8695.29 

7.00 0.316 0 .010471 0 .004388 1 .36E+06 0.006083 4.02E+07 0.002388 0 .008870 4283.28 15425.22 

7 .98 0.360 O.D11 043 0 .004269 1.55E+06 0.006773 4.59E+07 0.002340 0.00951 3 5976.22 24548.01 

9.02 0.407 0 .012182 0 .004164 1.75E+06 0.008018 5.18E+07 0 .002297 O.D1 0715 8586.41 39834.74 

10.00 0.451 O.D14724 0 .004077 1 .95E+06 0.010647 5.75E+07 0 .002261 0 .01 3308 13119.83 67509.76 

Table B9: Resistance Data for Beta Bow at 3.0° by the Stern 
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Lm 1.829 m 

Ls 14.00 m 

Lwls 14.62 m 

Lwlm 1.91 m 

Scale 7.654 

g 9.81 m/s2 

water temp 2.9 oc 
v(visc)m 1.62E-06 m2/s 

v(visc)s 1.19E-06 m2/s 

pm 999.9 kg/m3 

ps 1025.9 kg/m3 

Sm 1.22 m2 

Ss 7 1.42 m2 

Resistance Data f01 Gamma Bow @'• Static Level Trim 
Ship Speed Fn CTM CFM RnM CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) ('IV) 

0.99 0.045 0.011481 0 .006901 1.98E+05 0 .004580 5.71E+06 0.003314 0 .008295 79.65 40.75 

2.02 0.091 0 .007388 0 .005770 4.03E+05 0.001618 1.16E+07 0.002923 0 .004941 196.48 204.55 

3.00 0.135 0.007044 0.005259 5.98E+05 0 .001785 1.72E+07 0.002735 0.004920 430.40 664.57 

4.03 0.182 0 .007019 0.004920 8.03E+05 0.002099 2.32E+07 0.002606 0.005105 805.41 1670.08 
5.01 0.226 0 .006720 0.004690 9.97E+05 0.002030 2.88E+07 0.002517 0.004947 1204.98 3104.75 

5.99 0.270 0 .006551 0.004514 1 .1 9E+06 0 .002038 3 .44E+07 0.002447 0.004884 1699.68 5234.32 

7.02 0.316 0.006963 0.004365 1.40E+06 0 .002598 4.03E+07 0.002387 0.005385 2573.54 9288.14 

7.99 0.361 0.008656 0.004248 1 .59E+06 0 .004408 4.59E+07 0.002339 0.007148 4434.69 18235.89 

9.02 0.407 O.Q11 038 0 .004144 1.80E+06 0 .006895 5.18E+07 0.002297 0.009591 7581 .62 35190.72 

10.00 0.451 O.D14404 0.004058 1 .99E+06 0.010346 5 .75E+07 0.002261 O.D13007 12631 .02 64981.48 

Table BlO: Resistance Data for Gamma Bow at Static Level Tnm 

Resistance Data fo1 Gamma Bow (q·· 0.75° by the Stern 
Ship Speed Fn CTM CFM RnM CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) ('IV) 

1.00 0.045 0 .008305 0 .006895 1.99E+05 0 .001410 5.73E+06 0.003312 0 .005123 49.51 25.41 

2.02 0.091 0 .007326 0 .005771 4.03E+05 0 .001554 1 .16E+07 0.002923 0.004878 193.62 201 .40 

2.99 0.135 0 .007601 0.005263 5 .96E+05 0 .002339 1.72E+07 0.002736 0 .005475 476.00 732.73 

4.02 0.181 0.008185 0.004923 8.00E+05 0 .003262 2.31E+07 0.002607 0.006269 982.11 2029.29 
4.99 0.225 0 .008228 0.004695 9.93E+05 0 .003533 2.87E+07 0.00251 8 0 .006452 1557.93 3996.79 

6.01 0.271 0 .007734 0 .004510 1 .20E+06 0 .003225 3.45E+07 0.002445 0.006070 2129.65 6585.65 

6.98 0.315 0 .007914 0.004369 1 .39E+06 0 .003544 4.01E+07 0.002389 0.006333 2997.32 10765.02 

8.01 0 .361 0 .008907 0.004247 1 .59E+06 0 .004660 4.60E+07 0.002339 0.007399 4604.74 18964.45 

9.03 0.407 0 .010753 0.004143 1 .80E+06 0 .006610 5.19E+07 0.002296 0.009306 7368.31 34228.59 

10.00 0 .451 0 .013999 0 .004058 1 .99E+06 0 .009942 5 .75E+07 0.002261 0 .012603 12238.36 62961 .04 

Table Bll: Resistance Data for Gamma Bow at 0.75° by the Stern 
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Resistance Data fo1 Gamma Bow (5·· 1.5° by the Ste1 n 
Ship Speed Fn CTM CFM RnM CR RnS CFS CTS RTS PE 

(knots) (-) (-) ( -) (-) (-) (-) (-) (-) (N) (VV) 
1 .00 0.045 0 .017040 0 .006884 2 .00E+05 0 .010156 5.72E+06 0 .003314 0.013869 133.55 68.41 
1 .99 0.090 0 .006855 0.005781 4 .00E+05 0 .001074 1 .14E+07 0 .002931 0.004405 169.63 173 .78 

2.99 0.135 0 .007549 0 .005255 6 .00E+05 0 .002294 1.72E+07 0 .002737 0.005431 470.54 723.07 
3.98 0.180 0 .008482 0 .004924 7 .99E+05 0 .003558 2.29E+07 0 .002611 0.006569 1011 .76 2073.00 
5.02 0.227 0 .009260 0 .004679 1 .01E+06 0 .004581 2.89E+07 0.002515 0 .007496 1837.02 4747.58 

6.02 0.272 0.009404 0 .004501 1.21E+06 0.004903 3.46E+07 0 .002445 0 .007748 2725.86 8440.91 
7.01 0.316 0 .008999 0 .004358 1 .41 E+06 0 .004641 4.03E+07 0 .002387 0 .007428 3549.42 12809.21 

8.01 0.361 0.009348 0 .004239 1 .61E+06 0 .005109 4.60E+07 0.002339 0.007848 4890.11 20152.27 
9.01 0.406 0 .010852 0 .004138 1.81E+06 0 .006714 5.18E+07 0.002297 0.009411 7412.62 34344 .42 

10.00 0.451 0 .014197 0 .004051 2 .01E+06 0 .010145 5.75E+07 0 .002261 0 .012806 12440.48 64011 .79 

Table B12: Resistance Data for Gamma Bow at 1.5° by the Stern 

Lm 1.829 m 

Ls 14.00 m 

Lwls 14.62 m 

Lwlm 1.9 1 m 

Scale 7.654 

g 9.8 1 m/s2 

water temp 2.8 oc 
v(visc)m 1.63 E-06 m2/s 

v(visc)s l. 19E-06 m2/s 

pm 999.9 kg/m3 

ps 1025.9 kg/m3 

Sm 1.227 m2 

Ss 7 1.89 m2 

Resistance Data fo1 El>silon Bow o'Q'• Static Level Trim 
Ship Speed Fn CTM CFM RnM CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) ('/\') 

1.00 0.045 0 .012968 0 .006899 1 .98E+05 0.006069 5 .72E+06 0 .003314 0 .009782 94.74 48.51 

1 .99 0.090 0.007785 0 .005797 3 .95E+05 0.001989 1 .14E+07 0 .002932 0.005321 205.D3 209.42 

3.02 0.136 0 .006339 0.005250 6 .02E+05 0.001089 1 .74E+07 0 .002732 0 .004220 376.91 586 .10 

4.01 0.181 0 .006470 0 .004924 7 .99E+05 0.001546 2.31E+07 0.002608 0 .004554 716.74 1479.65 

5.00 0.226 0 .006404 0 .004691 9 .96E+05 0.00171 3 2 .87E+07 0 .002517 0 .004630 1132.73 2915.38 

5.99 0.270 0 .005692 0.004513 1 .19E+06 0.001179 3 .44E+07 0 .002446 0.004026 1413.23 4357 .14 

6.98 0.315 0 .006580 0 .004369 1 .39E+06 0.002211 4 .01E+07 0.002389 0 .004999 2382.79 8560.11 

8.02 0.362 0 .008900 0 .004245 1.60E+06 0.004656 4 .61E+07 0 .002338 0.007394 4648.80 191 81.29 

9.01 0.406 0 .011567 0 .004145 1 .79E+06 0.007423 5 .18E+07 0 .002297 0.010120 8030.53 37224.99 

10.00 0.451 O.D15082 0 .004058 1 .99E+06 0.011024 5 .75E+07 0 .002261 0 .013685 13378.21 68828.02 

Table Bl3: Resistance Data for Epsilon Bow at Static Level Trim 
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Resistance Data for Ea>silon Bow.~~·· 0.7S0 by the Stern 
Ship Speed Fn CTM CFM RnM CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) (VV) 
1 .00 0.045 0 .008130 0 .006895 1 .99E+05 0.001235 5 .73E+06 0 .003312 0 .004947 48.14 24 .71 
2 .00 0.090 0.006231 0 .005785 3 .99E+05 0.000446 1 .15E+07 0 .002928 0.003774 147.78 152.16 

3.01 0.136 0.006565 0 .005257 5 .98E+05 0.001308 1.73E+07 0 .002734 0 .004443 392.19 606.36 
4.01 0.181 0.007109 0 .004925 7.98E+05 0.002184 2 .30E+07 0 .002608 0 .005192 815.71 1682.40 
5.01 0.226 0 .007594 0 .004689 9 .98E+05 0.002905 2 .88E+07 0 .002516 0.005821 1429.88 3687.50 

6.02 0.271 0 .007092 0 .004509 1.20E+06 0.002583 3.46E+07 0 .002445 0 .005428 1920.58 5944.77 
7.02 0.317 0 .007223 0 .004364 1.40E+06 0.002859 4 .03E+07 0 .002387 0 .005646 2719.85 9823.32 
7.99 0.361 0.008930 0.004248 1 .59E+06 0.004682 4 .59E+07 0.002339 0.007421 4634.20 19055.73 
9.00 0.406 O.D1 0850 0.004146 1 .79E+06 0.006704 5 .17E+07 0 .002298 0 .009401 7438.02 34426.00 

10.00 0.451 0 .014169 0 .004058 1 .99E+06 0.010111 5 .75E+07 0 .002261 O.D12772 12485.53 64235.40 

Table B14: Resistance Data for Epsilon Bow at 0.75° by the Stern 

Resistance Data f01 Ea>silon Bow (q'• ·1.5° by the Stern 
Ship Speed Fn CTM CFM RnM CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) (VV) 
0.99 0.045 0 .007270 0 .006901 1 .98E+05 0.000369 5 .71E+06 0.003315 0 .004083 39.44 20.17 

1.99 0.090 0.005553 0 .005796 3 .96E+05 -0.000242 1 .14E+07 0.002932 0.003090 119.24 121 .90 

3.01 0.136 0 .005796 0 .005254 6.00E+05 0.000543 1 .73E+07 0.002733 0 .003676 326.45 506.24 

4.01 0.181 0 .007066 0 .004926 7.98E+05 0.002140 2 .30E+07 0 .002608 0 .005149 808.18 1666.14 

5.00 0.226 0.007989 0 .004692 9.96E+05 0.003297 2 .87E+07 0 .002517 0.006214 1518.73 3906.86 

5.99 0.270 0 .008004 0 .004513 1 .19E+06 0.003492 3.44E+07 0.002446 0 .006338 2225.22 6861.04 

7.02 0.317 0 .007942 0 .004364 1 .40E+06 0.003578 4 .03E+07 0.002387 0.006365 3066.45 11075.34 

8.01 0.362 0.009014 0 .004246 1 .60E+06 0.004768 4 .61E+07 0 .002339 0 .007506 4711 .79 19424.97 

9.01 0.406 O.D1 0435 0 .004145 1.79E+06 0.006290 5 .18E+07 0 .002297 0 .008987 7125.96 33018.07 

10.00 0.451 O.D13985 0.004058 1.99E+06 0.009927 5 .75E+07 0 .002261 O.D12588 12303.38 63292.89 

Table Bl5: Resistance Data for Epsilon Bow at 1.5° by the Stern 

Resistance Data for Ea>silon Bow (g·· 3.0° by the Stern 
Ship Speed Fn CTM CFM RnM CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) 0/11) 
0.99 0.045 0.007893 0.006903 1 .98E+05 0.000990 5 .71E+06 0 .003315 0.004705 45.38 23.19 

2.00 0.090 0 .007280 0.005787 3.98E+05 0.001493 1 .15E+07 0.002929 0 .004822 188.30 193.63 

3.00 0.136 0 .007349 0 .005258 5 .98E+05 0.002091 1 .73E+07 0 .002735 0 .005226 461 .00 712.51 

4.01 0.181 0.008081 0.004925 7 .98E+05 0.003156 2 .30E+07 0.002608 0 .006164 968.73 1998.30 

5.02 0.226 0 .008596 0 .004689 9 .99E+05 0.003907 2 .88E+07 0 .002516 0 .006823 1677.35 4327 .64 

6.02 0.272 0 .009396 0 .004508 1 .20E+06 0.004888 3 .46E+07 0.002445 0 .007732 2739.45 8484.90 

7.03 0.317 0 .010163 0 .004363 1 .40E+06 0.005800 4 .04E+07 0 .002386 0 .008586 4143.03 14975.16 

7.99 0.360 0 .011014 0 .004248 1 .59E+06 0.006766 4.59E+07 0.002340 0 .009506 5930.93 24377.56 

9.00 0.406 O.D11902 0.004146 1 .79E+06 0.007756 5 .17E+07 0 .002298 O.D1 0453 8266.88 38254.90 

10.00 0.451 O.D15251 0 .004058 1 .99E+06 0.011193 5 .75E+07 0 .002261 O.D13854 13542.99 69675.18 

Table Bl6: Resistance Data for Epsilon Bow at 3.0° by the Stern 
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Appendix B-2: Sinkage and Dynamic Trim Data 
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Sinkage and Trim Data for Alpha Bow @ Static Level Trim 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 
1.00 0.045 -0.042 -0.002 
2.00 0.090 -0.124 -0.017 
3.01 0.136 -0.251 -0.041 
4.00 0.181 -0.258 -0.070 
5.00 0.226 -0.430 -0.112 
6.01 0.271 -0.784 -0.161 
7.01 0.316 -1.122 -0.179 
8.01 0.361 -1.368 -0.298 
9.00 0.406 -1.888 -0.2 15 
10.00 0.451 -2.525 0.790 
11.00 0.496 -2.921 2.508 
12.00 0.541 -2.829 4.474 

Table B17: Sinkage and Trim Data for Alpha Bow at Static Level Trim 

Sinkage and Trim Data for Alpha Bow @ 1.5° by the Stern 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 
1.00 0.045 -0.050 0.003 
2.00 0.090 -0.135 -0.001 
3.01 0.136 -0.216 0.002 
4.00 0.181 -0.252 0.003 
5.00 0.226 -0.406 0.009 
6.00 0.271 -0.750 0.020 
7.01 0.316 -1.050 0.078 
8.01 0.361 -1.256 0.089 
9.00 0.406 -1.729 0.435 
10.01 0.451 -2.158 1.524 
11.00 0.496 -2.320 3.164 
12.00 0.541 -2.056 5.041 

Table B18: Sinkage and Trim Data for Alpha Bow at 1.5° by the Stern 

Sinkage and Trim Data for Alpha Bow @ 3.0° by the Stern 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 
0.99 0.045 -0.023 0.009 
2.00 0.090 -0.124 0.023 
3.01 0.136 -0.186 0.048 
4.00 0.180 -0.2 18 0.078 
5.00 0.226 -0.365 0.136 
6.00 0.271 -0.688 0.214 
7.01 0.316 -0.969 0.350 
8.00 0.361 -1.128 0.494 
9.00 0.406 -1.504 1.070 
10.00 0.451 -1.767 2.27 1 
11 .00 0.496 -1.705 3.788 
12.00 0.541 -1.385 5.119 

Table B19: Sinkage and Trim Data for Alpha Bow at 3.0° by the Stern 
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Sinkage and Trim Data for Retests of Alpha Bow @ Static Level T rim 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 

1.00 0.045 0.000 0.002 
2.00 0.090 -0.109 -0.0 18 
3.01 0.136 -0.2 16 -0.042 
4.00 0.181 -0.241 -0.081 

5.00 0.226 -0.352 -0. 127 
6.00 0.271 -0.774 -0.190 
7.0 1 0.316 -1.048 -0.2 12 

8.0 1 0.361 -1.307 -0.366 

9.00 0.406 -1.806 -0.344 
10.00 0.451 -2.46 1 0.624 
12.00 0.541 -2.888 4.316 

T able B20: Sinkage and T rim Data for Retests of Alpha Bow at Static Level Trim 

Sinkage and T rim Data for Retests of Alpha Bow @ 0.75° by the Stern 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 

0.99 0.045 -0.012 0.000 

2.00 0.090 -0. 11 8 -0.006 

3.00 0.135 -0. 178 -0.019 

4.00 0.180 -0.230 -0.036 

5.00 0.225 -0.40 I -0.057 

6.00 0.271 -0.724 -0.075 

7.01 0.316 -1.034 -0.055 
8.00 0.361 -1.258 -0.122 

9.00 0.406 -1.742 0.052 

10.00 0.451 -2.3 11 1.086 
T able B21 : Sinkage and T rim Data for Retests of Alpha Bow at 0.75° by the Stern 

Sinkage and Trim Data for Retests of Alpha Bow @ 1.5° by the Stern 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 

0.99 0.045 -0.053 -0.001 

2.00 0.090 -0. 109 0.005 

3.00 0.135 -0.196 0.000 

4.00 0.180 -0.248 -0.001 

5.00 0.225 -0.377 0.006 

6.00 0.271 -0.724 0.016 

7.01 0.316 -0.997 0.075 

8.00 0.361 -1.217 0.076 

9.00 0.406 -1.668 0.393 
10.00 0.451 -2. 106 1.473 

Table B22: Sinkage and Trim Data for Retests of Alpha Bow at 1.5° by the Stern 
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Sinkage and Trim Data for Beta Bow @ Static Level Trim 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 

1.00 0.045 -0.037 -0.007 

2.0 1 0.09 1 -0.112 -0.018 
3.01 0.136 -0.190 -0.042 

4.00 0.1 81 -0.207 -0.091 

5.00 0.226 -0.395 -0. 198 
6.01 0.27 1 -0.756 -0.374 

7.01 0.316 -1.157 -0.6 14 

8.0 1 0.361 -1.472 -1.009 

9.00 0.406 -2.058 -1.506 

10.01 0.451 -2.893 -0.969 

11 .50 0.519 -3.667 1.766 
Table B23: Sinkage and Trim Data for Beta Bow at Static Level Trim 

Sinkage and Trim Data for Beta Bow @ 1.5° by the Stern 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (ern) (degrees) 

1.00 0.045 -0.038 0.005 

2.0 1 0.090 -0. 125 0.0 11 

3.01 0.136 -0. 193 0.019 

4.00 0.18 1 -0.215 0.027 

5.00 0.226 -0.363 0.035 

6.01 0.27 1 -0.668 0.022 

7.01 0.316 -0.950 -0.005 

8.01 0.361 -1.2 19 -0. 104 

9.00 0.406 -1.722 -0.091 

10.00 0.451 -2.339 0.694 
Table B24: Sinkage and Trim Data for Beta Bow at l.5°by the Stern 

Sinkage and Trim Data for Beta Bow @ 3.0° by the Stern 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 

1.00 0.045 -0.047 0.0 11 

2.00 0.090 -0.146 0.028 

3.01 0.136 -0. 188 0.067 

4.00 0.18 1 -0.201 0.119 

5.00 0.226 -0.296 0.190 

6.01 0.271 -0.560 0.299 

7.01 0.316 -0.852 0.452 

8.0 1 0.361 -0.986 0.609 

9.00 0.406 -1.385 0.999 

10.00 0.451 -1.792 1.842 

Table B25: Sinkage and Trim Data for Beta Bow at 3.0°by the Stern 
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Sinkage and Trim Data for Gamma Bow @ Static Level Trim 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 
0.99 0.045 -0.029 -0.00 1 
2.00 0.090 -0. 104 -0.007 
3.01 0.136 -0. 193 -0.024 
4.00 0.180 -0.2 14 -0.048 
5.00 0.226 -0.393 -0.096 
6.00 0.271 -0.687 -0.154 
7.01 0.316 -1.059 -0.233 
8.01 0.361 -1.285 -0.406 
9.00 0.406 -1.854 -0.381 

10.00 0.451 -2.531 0.484 
Table B26: Sinkage and Trim Data for Gamma Bow at Static Level Trim 

Sinkage and Trim Data for Gamma Bow @ 0.75° by the Stern 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 
1.00 0.045 -0.037 0.001 

2.00 0.090 -0.107 -0.00 1 
3.01 0.136 -0.200 -0.004 
4.00 0.180 -0. 199 -0.009 

5.00 0.226 -0.376 -0.018 
6.00 0.271 -0.681 -0.022 

7.01 0.316 -1.011 -0.042 

8.00 0.361 -1.242 -0.148 

9.00 0.406 -1.764 0.038 

10.00 0.451 -2.373 0.920 
Table B27: Sinkage and Trim Data for Gamma Bow at 0.75°by the Stern 

Sinkage and Trim Data for Gam ma Bow @ 1.5° by the Stern 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 

1.00 0.045 -0.007 0.006 

2.00 0.090 -0.124 0.006 

3.00 0.136 -0.203 0.017 

4.00 0.180 -0.220 0.030 

5.00 0.226 -0.321 0.054 
6.00 0.271 -0.655 0.119 

7.01 0.316 -0.917 0.163 
8.01 0.361 -1.167 0.146 
9.00 0.406 -1.633 0.435 

10.00 0.451 -2.147 1.335 
Table B28: Smkage and Tnm Data for Gamma Bow at 1.5°by the Stern 
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Sinkage and Trim Data for Epsilon Bow @ Static Level Trim 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 
1.00 0.045 -0.033 0.000 
2.00 0.090 -0.107 -0.008 
3.01 0.136 -0.187 -0.027 
4.00 0.180 -0.207 -0.060 
5.00 0.226 -0.356 -0.122 
6.00 0.271 -0.706 -0.249 

7.0 1 0 .316 -1.064 -0.416 
8.01 0 .361 -1.360 -0.704 

9.00 0.406 -1.936 -0.929 

10.00 0.451 -2.687 -0.201 
Table B29: Sinkage and Trim Data for Epsilon Bow at Static Level Trim 

Sinkage and Trim Data for Epsilon Bow @ 0.75° by the Stern 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 

1.00 0 .045 -0.03 1 0.003 

2.00 0.090 -0.1 1 1 -0.002 

3.01 0.136 -0.186 -0.004 

4.00 0.181 -0.206 -0.010 

5.00 0.226 -0.338 -0.026 
6.01 0.271 -0.652 -0.052 
7.01 0.316 -0.98 1 -0.127 

8.01 0.361 -1.258 -0.310 
9.00 0.406 -1.798 -0.3 18 

10.00 0.451 -2.450 0.529 
Table B30: Sinkage and Trim Data for Epsilon Bow at 0.75° by the Stern 

Sinkage and Trim Data for Epsilon Bow @ 1.5° by the Stern 
Ship Speed Froude Number Sinkage Dynarrilc Trim 

(knots) (-) (em) (degrees) 

0.99 0.045 -0.040 0.011 
2.00 0.090 -0. 115 0.018 

3.01 0.136 -0.180 0.028 

4 .00 0 .180 -0.202 0.042 

5.00 0.226 -0.3 11 0.056 

6.00 0 .271 -0.623 0.101 

7.01 0.316 -0.864 0.129 

8.00 0.361 -1.134 0.088 

9.00 0.406 -1.621 0.255 

10.00 0.451 -2.229 1.136 
Table B31: Smkage and Tnm Data for Epsilon Bow at 1.5° by the Stern 
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Sinkage and Trim Data for Epsilon Bow @ 3.0° by the Stern 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 

0.99 0.045 -0.062 0.007 

2.00 0.090 -0.125 0.032 

3.01 0.136 -0 .1 95 0.068 

4.00 0. 180 -0.2 13 0.1 22 

5.00 0.226 -0.311 0.203 

6.00 0 .271 -0.577 0.323 

7.01 0.3 16 -0.774 0.497 

8.01 0.361 -0.962 0.694 

9.00 0 .406 -1.329 1.1 21 
10.00 0 .451 -1.739 2.022 

Table B32: Sinkage and Trim Data for Epsilon Bow at 3.0° by the Stern 
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Appendix C: Tabular Data for MUN Bare Hull Resistance Tests 
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Appendix C-1: Resistance and Powering Data 
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Lm= 1.829 m 

Ls= 14.00 m 

Lwls= 13.25 m 

Lwlm= 1.731 m 

Scale= 7.654 

g= 9.81 m/s2 

water temp 12.4 oc 
v(visc)m= 1.2214E-06 m2/s 

v(visc)m 15= 1.1390E-06 m2/s 

v(visc)s= 1.1883E-06 m2/s 

pm= 999.4 kg/m3 

pm15= 999 kg/m3 

ps= 1025.9 kg/m3 

Sm= 1.138 m2 

Ss= 66 68 m2 
Resistance Data fo1 All)ha Bow @' Static Level Trim 

Ship Speed Fn CTM15 CFM15 RnM15 CR RnS CFS CTS RTS PE 
(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) 0/V) 

1.57 0.071 O.D14811 0 .005641 4 .43E+05 0.009170 8.99E+06 0 .003056 O.Q12626 280.80 226 

3.66 0.165 0 .006299 0.004652 1 .04E+06 0.001646 2.10E+07 0 .002647 0 .004694 570.33 1075 

4.72 0.213 0 .006254 0 .004408 1 .33E+06 0.001 846 2.71E+07 0 .002541 0 .004788 964.57 2341 

5.77 0.260 0 .008172 0 .004227 1 .63E+06 0.003945 3.31 E+07 0 .002461 0 .006807 2052.98 6096 

6.82 0.308 0 .009614 0.004085 1.93E+06 0.005528 3.91 E+07 0 .002398 0 .008326 3500.79 12274 

7.88 0.355 0 .012162 0 .003968 2 .23E+06 0.008194 4.52E+07 0 .002345 0 .010939 6144.27 24899 

8.92 0.403 0 .014100 0 .003871 2.52E+06 O.D1 0229 5.12E+07 0 .002301 0 .012930 9320.26 42788 

9.98 0.450 0 .017173 0 .003787 2.82E+06 0.013386 5.72E+07 0 .002262 0 .016048 14468.37 74284 

11 .02 0.497 0 .021232 0 .003715 3.11 E+06 0.017517 6.32E+07 0 .002229 0 .020146 22139.08 125493 

12.07 0.545 0 .024818 0.003650 3.41 E+06 0.021167 6.92E+07 0 .002199 0.023766 31338.14 194584 

Table Cl: Resistance Data for Alpha Bow at Static Level Tnm 

Lm= 1.829 m 

Ls= 14.00 m 

Lwls= 14.62 m 

Lwlm= 1.91 m 

Scale= 7.654 

g= 9.81 m/s2 

water temp 12.8 oc 
v(visc)m= 1.2082E-06 m2/s 

v(visc)m15= 1.1390E-06 m2/s 

v(visc)s= 1.1883E-06 m2/s 

pm= 999.4 kg/m3 

pm15= 999 kg/m3 

ps= 1025.9 kg/m3 

Sm= 1.237 m2 

Ss= 72.47 m2 
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Resist;lnce D.1ta fo1 Beta Bow (q·· Static Level Trim 
Ship Speed Fn CTM15 CFM15 RnM15 CR RnS CFS CTS RTS PE 

(knots) (-) (-) ( -) (-) (-) (-) (-) (-) (N) (\IV) 
1 .57 0.071 0 .007936 0.005641 4.43E+05 0 .002295 8.99E+06 0.003056 0.005751 139.02 112 

3 .67 0.165 0.007505 0 .004652 1.04E+06 0.002852 2.10E+07 0.002647 0 .005900 779.17 1469 
5 .77 0.260 0 .006392 0 .004227 1.63E+06 0 .002165 3.31E+07 0.002461 0.005027 1647.82 4893 
7 .88 0.355 0 .008786 0.003968 2.23E+06 0 .004817 4.52E+07 0.002345 0 .007563 4616.82 18709 
8 .93 0.403 0.010952 0.003871 2.52E+06 0 .007081 5.12E+07 0.002301 0.009782 7664.06 35185 
9.98 0.450 O.D13993 0.003787 2.82E+06 0 .010206 5 .72E+07 0.002262 0 .012868 12609.82 64742 

11 .02 0.497 0 .017902 0 .003715 3.11 E+06 0 .014187 6.32E+07 0.002229 0.016816 20084.80 113848 
12.07 0.545 0 .019931 0 .003650 3.41E+06 0 .016281 6.92E+07 0.002199 0 .018880 27058.33 168010 

Table C2: Resistance Data for Beta Bow at Static Level Trim 

Lm= 1.829 m 

Ls= 14.00 m 

Lwls= 14.25 m 

Lwlm= 1.862 m 

Scale= 7.654 

g= 9.81 m/s2 

water temp 16.33 oc 
v(visc)m= 1.0983E-06 m2/s 

v(visc)m15= 1.1390E-06 m2/s 

v(visc)s= 1.1883E-06 m2/s 

pm= 998.9 kg/m3 

pm15= 999 kg/m3 

ps= 1025.9 kg/m3 

Sm= 1.194 m2 

Ss= 69 96 m2 
Resistance Data f01 Delta Bow ~'· Static Level Trim 

Ship Speed Fn CTM15 CFM15 RnM15 CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) (V\o) 

1 .56 0.070 0 .005637 0 .005641 4.43E+05 -0 .000004 8 .99E+06 0 .003056 0 .003452 80.55 65 

3.66 0.165 0 .006493 0 .004652 1 .04E+06 0 .001840 2 .1 OE+07 0 .002647 0 .004888 623.11 1174 

4.72 0.213 0 .006556 0.004408 1.33E+06 0 .002148 2.71E+07 0 .002541 0.005089 1075.70 2611 

5.77 0.260 0 .006436 0 .004227 1 .63E+06 0 .002209 3 .31E+07 0 .002461 0 .005070 1604.44 4765 

6 .82 0.308 0 .006084 0.004085 1 .93E+06 0.001999 3 .91E+07 0 .002398 0.004797 21 16.25 7420 

7.88 0.355 0 .008327 0 .003968 2.23E+06 0 .004442 4 .52E+07 0.002345 0 .007187 4235.45 17164 

8 .93 0.403 0 .010020 0 .003871 2.52E+06 0 .006149 5 .12E+07 0 .002301 0 .008850 6693.33 30728 

9 .99 0.451 0 .013731 0.003787 2.82E+06 0 .009944 5 .72E+07 0.002262 0 .012607 11925.13 61227 

11 .03 0.498 O.D17374 0 .003715 3.11E+06 0.013659 6 .32E+07 0 .002229 0 .016288 18779.91 106452 

12.08 0.545 0 .021427 0 .003650 3.41 E+06 0 .017777 6 .92E+07 0 .002199 0 .020376 28189.80 175036 

Table C3: Resistance Data for Delta Bow at Static Level Trim 
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ResiS1<lnce Oat.l fo1 Oelta Bow ~·· 0.75° by the Stern 
Ship Speed Fn CTM15 CFM15 RnM15 CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) (IN) 

1 .56 0.070 0 .005704 0 .005641 4.43E+05 0.000063 8.99E+06 0 .003056 0 .003519 82 .11 66 
3 .67 0.165 0.007606 0 .004652 1.04E+06 0.002954 2.10E+07 0 .002647 0 .006001 765.11 1442 
4 .71 0.213 0.007417 0 .004408 1.33E+06 0.003009 2.71E+07 0.002541 0.005951 1257.81 3053 
5 .76 0.260 0.007240 0 .004227 1 .63E+06 0.003013 3.31E+07 0.002461 0.005874 1858.85 5520 
6.82 0.308 0.007072 0.004085 1.93E+06 0.002986 3 .91E+07 0 .002398 0.005785 2551 .79 8947 
7 .88 0.355 0 .008798 0.003968 2.23E+06 0.004830 4 .52E+07 0.002345 0.007575 4464.20 18091 

8 .93 0.403 0 .010726 0 .003871 2.52E+06 0 .006855 5 .12E+07 0.002301 0.009556 7227.62 33181 

9.98 0.450 O.D13048 0 .003787 2.82E+06 0.009261 5 .72E+07 0.002262 O.D11923 11278.57 57907 

11 .03 0.498 0.016628 0 .003715 3.11 E+06 0 .012913 6 .32E+07 0.002229 0.015542 17920.04 101578 

12.08 0.545 0 .021499 0.003650 3.41 E+06 O.D17849 6 .92E+07 0.002199 0.020448 28289.47 175654 

Table C4: Resistance Data for Delta Bow at 0.75° by the Stern 

Resistance Data fo1 Delta Bow·~\ 1.5° by the Stern 
Ship Speed Fn CTM15 CFM15 RnM15 CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) ( -) (-) (-) (N) 0NJ 
1 .56 0.071 0 .007547 0.005641 4.43E+05 0.001906 8 .99E+06 0.003056 0 .005363 125.13 101 

3 .67 0.165 0 .007374 0.004652 1.04E+06 0.002722 2 .10E+07 0 .002647 0 .005769 735.51 1386 

4 .71 0 .213 0 .008159 0.004408 1.33E+06 0.003751 2 .71E+07 0 .002541 0 .006693 1414.65 3433 

5 .77 0.260 0.008931 0 .004227 1.63E+06 0.004704 3.31E+07 0.002461 0.007566 2394.14 7110 

6.83 0.308 0 .008063 0 .004085 1.93E+06 0.003978 3 .91E+07 0 .002398 0 .006776 2989.21 10481 

7 .88 0.355 0.009310 0 .003968 2.23E+06 0.005341 4 .52E+07 0 .002345 0 .008087 4765.55 19312 

8 .93 0.403 0.010261 0 .003871 2.52E+06 0.006390 5 .12E+07 0.002301 0.009091 6875.57 31565 

9.97 0.450 0 .012860 0 .003787 2.82E+06 0.009073 5.72E+07 0.002262 0 .011735 111 01 .01 56995 

11 .02 0.497 0 .016746 0.003715 3.11 E+06 0.013031 6 .32E+07 0 .002229 O.D15660 18055.62 102346 

12.08 0.545 0 .021678 0.003650 3.41 E+06 0.018028 6.92E+07 0.002199 0.020626 28536.42 177188 

Table CS: Resistance Data for Delta Bow at 1.5° by the Stern 

Lm= 1.829 m 

Ls= 14.00 m 

Lw1s= 14.62 m 

Lw1m= 1.91 m 

Scale= 7.654 

g= 9.81 m/s2 

water temp 13.2 oc 
v(visc)m= 1.1951E-06 m2/s 

v(visc)m15= 1.1390E-06 m2/s 

v(visc)s= 1.1883E-06 m2/s 

pm= 999.3 kg/m3 

pm15= 999 kg/m3 

ps= 1025.9 kg/m3 

Sm= 1.219 m2 

Ss= 71.42 m2 
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Resistmu:e D;lta for Gamma Bow (Zi' Static Level Trim 
Ship Speed Fn CTM15 CFM15 RnM15 CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) (V\1) 

1 .57 0.071 O.D11 011 0.005641 4.43E+05 0.005370 8.99E+06 0.003056 0 .008826 210.26 170 

3.67 0 .166 0.005597 0.004652 1 .04E+06 0.000945 2.1 OE+07 0.002647 0 .003992 519.62 979 

5.77 0.260 0.006811 0.004227 1.63E+06 0.002584 3.31 E+07 0.002461 0 .005445 1759.23 5224 

6.83 0 .308 0.006795 0 .004085 1.93E+06 0.002709 3.91 E+07 0.002398 0 .005508 2480.50 8697 

7.88 0.356 0.008143 0 .003968 2.23E+06 0.004175 4.52E+07 0.002345 0 .006920 41 63.60 16873 

8.93 0.403 O.D10466 0 .003871 2.52E+06 0.006595 5.12E+07 0.002301 0 .009296 7177.79 32952 

9.98 0.450 0.012848 0.003787 2.82E+06 0.009061 5.72E+07 0.002262 0.011723 11 321 .34 58127 

11 .02 0.497 O.D16380 0.003715 3 .11 E+06 0.01 2665 6.32E+07 0.002229 0 .015294 18003.50 102051 

12.07 0.545 0.020949 0 .003650 3 .41 E+06 0.01 7298 6.92E+07 0.002199 0.019897 28103.88 174502 

Table C6: Resistance Data for Gamma Bow at Static Level Trim 

Lm= 1.829 m 

Ls= 14.00 m 

Lwls= 14.62 m 

Lwlm= 1.91 m 

Scale= 7.654 

g= 9.81 m/s2 

water temp 13.2 oc 
v(visc)m= 1.1951 E-06 m2/s 

v(visc)m15= 1.1390E-06 m2/s 

v(visc)s= 1.1883E-06 m2/s 

pm= 999.3 kg/m3 

pm15= 999 kg/m3 

ps= 1025.9 kg/m3 

Sm= 1.227 m2 

ss-- 71 89 m2 
Resistance Data fo1 E1)silon Bow ~;]· Static Level Trim 

Ship Speed Fn CTM15 CFM15 RnM15 CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) ( -) (N) (VV) 

1.56 0.070 0 .000587 0.005641 4.43E+05 -0.005054 8 .99E+06 0 .003056 -0.001598 -38 .32 -31 

3.67 0.166 0.004979 0.004652 1 .04E+06 0 .000327 2.1 OE+07 0 .002647 0.003374 442 .08 833 

5.77 0.261 0 .005162 0 .004227 1 .63E+06 0 .000935 3.31 E+07 0 .002461 0 .003797 1234.72 3667 

7.88 0 .355 0 .007837 0 .003968 2.23E+06 0.003869 4.52E+07 0 .002345 0.006615 4005.74 16233 

8.93 0 .403 0.009452 0.003871 2 .52E+06 0.005581 5 .12E+07 0 .002301 0.008282 6437.14 29552 

9.98 0.451 0.012858 0 .003787 2 .82E+06 0 .009071 5.72E+07 0 .002262 O.D11734 11405.92 58561 

12.09 0 .545 0.019802 0.003650 3 .41E+06 0 .01 6152 6 .92E+07 0 .002199 0.018751 26658.17 165525 

Table C7: Resistance Data for Epsilon Bow at Static Level Tnm 
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Lm= 1.829 m 

Ls= 14.00 m 

Lwls= 14.62 m 

Lwlm= 1.91 m 

Scale= 7.654 

g= 9.81 m/s2 

water temp 16.67 oc 
v(visc)m= 1.0927E-06 m2/s 

v(visc)m15= 1.1390E-06 m2/s 

v(visc)s= 1.1883E-06 m2/s 

pm= 998.9 kg/m3 

pm15= 999 kg/m3 

ps= 1025.9 kg/m3 

Sm= 1.242 m2 

Ss= 72 77 m2 
Resistance Data fot Eta Bow (Q' Static Level Trim 

Ship Speed Fn CTM15 CFM15 RnM15 CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) 0NJ 
1.56 0.071 0 .005210 0 .005641 4 .43E+05 -0 .000431 8.99E+06 0 .003056 0 .003025 73.42 59 

3.66 0.165 0 .005567 0 .004652 1 .04E+06 0.000914 2.10E+07 0 .002647 0 .003962 525.34 990 

4.71 0.213 0.005660 0.004408 1.33E+06 0.001252 2.71E+07 0 .002541 0 .004194 922.04 2238 

5.77 0.260 0 .006817 0 .004227 1 .63E+06 0.002590 3.31 E+07 0.002461 0 .005452 1794.50 5329 

6.82 0.308 0.007505 0.004085 1 .93E+06 0.003420 3.91E+07 0.002398 0 .006218 2853.33 10004 

7.87 0.355 0 .009120 0 .003968 2 .23E+06 0.005152 4.52E+07 0.002345 0.007897 4840.83 19617 

8.93 0.403 0 .010883 0 .003871 2 .52E+06 0.007012 5.12E+07 0 .002301 0 .009713 7641 .64 35082 

9.98 0.450 0.014483 0.003787 2 .82E+06 0.010696 5.72E+07 0.002262 0.013358 13143.73 67483 

11 .03 0.497 0 .017530 0 .003715 3 .11 E+06 0.013815 6.32E+07 0.002229 0.016444 19722.11 111792 

12.08 0.545 0 .020239 0 .003650 3 .41E+06 0.016589 6.92E+07 0 .002199 0.019188 27612.96 171454 

Table CS: Resistance Data for Eta Bow at Static Level Trim 

Resist,lnce 0.1ta fot Eta Bow ,-:j·· 0.75° by the Stern 
Ship Speed Fn CTM15 CFM1 5 RnM15 CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) 0NJ 
1 .57 0.071 0 .007304 0 .005641 4 .43E+05 0.001663 8.99E+06 0 .003056 0 .005119 124.26 100 

3.67 0.165 0 .006958 0 .004652 1.04E+06 0.002305 2.10E+07 0 .002647 0 .005353 709.83 1338 

4.72 0.213 0 .006453 0 .004408 1 .33E+06 0.002045 2.71E+07 0 .002541 0.004987 1096.40 2661 

5.77 0.261 0 .007439 0 .004227 1 .63E+06 0.003213 3.31E+07 0.002461 0 .006074 1999.37 5937 

6.82 0.308 0.008014 0.004085 1 .93E+06 0.003928 3.91E+07 0 .002398 0 .006726 3086.52 10822 

7.87 0.355 0 .009174 0 .003968 2.23E+06 0.005206 4.52E+07 0.002345 0 .007951 4873.85 19751 

8.93 0.403 0 .010779 0 .003871 2 .52E+06 0.006908 5.12E+07 0 .002301 0 .009609 7559.74 34706 

9.98 0.450 0 .012897 0 .003787 2 .82E+06 0.009110 5.72E+07 0.002262 0.011772 11583.63 59473 

11 .04 0.498 O.D15570 0 .003715 3.11E+06 0.011855 6.32E+07 0.002229 O.D14484 17371 .48 98468 

12.07 0 .545 O.D18901 0 .003650 3 .41E+06 0.015250 6.92E+07 0.002199 0 .017849 25686.70 159493 

Table C9: Resistance Data for Eta Bow at 0.75° by the Stern 
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Resistance Data f01 Et.l Bow ,;~·· 1.5° by the Stem 
Ship Speed Fn CTM15 CFM15 RnM15 CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) (\IV) 
1.58 0.071 0 .007576 0 .005641 4 .43E+05 0.001935 8 .99E+06 0 .003056 0 .005391 130.84 106 
3.67 0.165 0 .006734 0 .004652 1.04E+06 0.002082 2 .10E+07 0 .002647 0.005129 680.22 1282 

4.72 0.213 0 .007629 0 .004408 1 .33E+06 0.003221 2 .71E+07 0 .002541 0.006162 1354.95 3288 
5.77 0.260 0 .008287 0 .004227 1 .63E+06 0.004060 3 .31E+07 0 .002461 0 .006922 2278.39 6766 
6.82 0.308 0.008984 0 .004085 1 .93E+06 0.004898 3 .91E+07 0 .002398 0 .007697 3531 .69 12383 

7 .87 0.355 0 .009629 0 .003968 2.23E+06 0.005661 4 .52E+07 0 .002345 0.008406 5152.85 20882 

8.93 0.403 0.010385 0 .003871 2.52E+06 0.006514 5 .12E+07 0 .002301 0.009215 7249.56 33282 

9 .98 0.450 0 .011848 0 .003787 2 .82E+06 0.008061 5 .72E+07 0 .002262 0 .010723 10551 .35 54173 
11 .02 0.497 O.D14574 0 .003715 3 .11 E+06 0.010860 6 .32E+07 0 .002229 0 .013488 16177.26 91699 

12.07 0.544 0 .018365 0 .003650 3.41 E+06 0.014715 6 .92E+07 0 .002199 O.D17314 24916.19 154709 

Table Cl 0: Resistance Data for Eta Bow at 1.5° by the Stern 

Lm= 1.829 m 

Ls= 14.00 m 

Lwls= 14.25 m 

Lwlm= 1.862 m 

Scale= 7.654 

g= 9.81 m/s2 

water temp 16.4 oc 
v(visc)m= 1.0983E-06 m2/s 

v(visc)m15= 1.1390E-06 m2/s 

v(visc)s= 1.1883E-06 m2/s 

pm= 998.9 kg/m3 

pm15= 999 kg/m3 

ps= 1025.9 kg/m3 

Sm= 1.214 m2 

Ss= 71 13 m2 
Resistance Data for Iota Bow "9' Static Level Trim 

Ship Speed Fn CTM15 CFM15 RnM15 CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) 0N) 
1.57 0.071 0 .009596 0 .005641 4.43E+05 0.003955 8 .99E+06 0.003056 0 .007411 175.82 142 

3.67 0.165 0 .006481 0 .004652 1 .04E+06 0.001829 2 .10E+07 0 .002647 0 .004876 632.05 1191 

4.71 0.213 0 .007213 0 .004408 1 .33E+06 0.002805 2.71E+07 0 .002541 0 .005746 1234.98 2997 

5.77 0.260 0 .007687 0 .004227 1 .63E+06 0.003460 3.31E+07 0 .002461 0 .006321 2033.86 6040 

6.83 0.308 0 .006630 0 .004085 1 .93E+06 0.002544 3 .91E+07 0 .002398 0.005343 2396.28 8402 

7.87 0.355 0 .007952 0 .003968 2.23E+06 0.003983 4.52E+07 0 .002345 0 .006729 4031 .70 16338 

8.93 0.403 0 .009533 0 .003871 2 .52E+06 0.005662 5 .12E+07 0 .002301 0 .008363 6430.67 29522 

9.98 0.450 0 .012899 0 .003787 2 .82E+06 0.009112 5 .72E+07 0 .002262 0 .011774 11324.34 58142 

11.03 0.498 0 .016743 0 .003715 3 .11 E+06 0.013028 6 .32E+07 0 .002229 0 .015657 18354.59 104041 

12.08 0.545 0 .020384 0 .003650 3.41 E+06 0.016734 6 .92E+07 0 .002199 O.D19333 27194.74 168857 

Table Cll: Resistance Data for Iota Bow at Static Level Tnm 
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Resistance Data fo1 lot.l Bow·~·· 0.75° by the Stem 
Ship Speed Fn CTM15 CFM15 RnM15 CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) ( -) (-) (-) (N) (!.N) 

1 .56 0.070 0 .004804 0 .005641 4.43E+05 -0 .000837 8 .99E+06 0 .003056 0 .002619 62 .13 50 

3 .66 0.165 0 .008392 0 .004652 1 .04E+06 0.003739 2 .10E+07 0 .002647 0 .006787 879.68 1658 
4 .72 0.213 0 .008422 0 .004408 1 .33E+06 0.004013 2 .71E+07 0.002541 0 .006955 1494.73 3628 
5 .77 0.260 0 .008702 0.004227 1 .63E+06 0.004475 3.31E+07 0 .002461 0 .007337 2360.49 7010 
6 .83 0.308 0 .007988 0.004085 1 .93E+06 0.003903 3 .91E+07 0 .002398 0 .006701 3005.47 10538 

7 .87 0.355 0.008353 0.003968 2.23E+06 0.004385 4 .52E+07 0 .002345 0 .007130 4272.34 1731 3 

8 .92 0.403 0 .009622 0 .003871 2.52E+06 0.005751 5 .12E+07 0 .002301 0 .008452 6499.43 29838 
9 .98 0.450 0 .012375 0.003787 2.82E+06 0.008588 5.72E+07 0 .002262 0 .011251 10820.62 55556 

11 .02 0.497 0.015835 0.003715 3.11 E+06 0 .012120 6 .32E+07 0 .002229 0 .014749 17290.65 98010 

12.08 0.545 0 .020384 0 .003650 3.41 E+06 0.016734 6 .92E+07 0 .002199 0 .019332 27194.27 168854 

Table C12: Resistance Data for Iota Bow at 0.75° by the Stern 

Resis tance Data fo1 Iota Bow @·· 1.5° by the Stem 
Ship Speed Fn CTM15 CFM15 RnM15 CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) (VV) 

1 .57 0.071 0 .005042 0.005641 4.43E+05 -0 .000599 8 .99E+06 0.003056 0.002857 67.78 55 

3 .66 0.165 0 .007935 0 .004652 1.04E+06 0.003283 2 .10E+07 0 .002647 0 .006330 820.54 1547 

4 .72 0.213 0 .009671 0 .004408 1.33E+06 0.005263 2 .71E+07 0 .002541 0 .008205 1763.30 4280 

5 .77 0.260 0 .010431 0 .004227 1.63E+06 0.006204 3 .31E+07 0 .002461 0.009066 2916.82 8662 

6 .81 0.307 0 .009676 0 .004085 1.93E+06 0.005590 3 .91E+07 0 .002398 0.008389 3762.54 13192 

7 .87 0.355 0.009351 0.003968 2.23E+06 0.005383 4 .52E+07 0 .002345 0 .008128 4870.27 19736 

8 .93 0.403 0 .009495 0.003871 2 .52E+06 0.005624 5.12E+07 0 .002301 0 .008325 6401 .43 29388 

9.98 0.450 0 .011828 0 .003787 2.82E+06 0.008041 5.72E+07 0 .002262 O.D1 0704 10294.44 52854 

11 .03 0.498 0 .015626 0 .003715 3 .11E+06 0.011911 6 .32E+07 0 .002229 0 .014540 17045.08 96618 

12.08 0.545 0 .020564 0 .003650 3.41 E+06 0.016913 6 .92E+07 0 .002199 O.D19512 27447.23 170425 

Table C13: Resistance Data for Iota Bow at 1.5° by the Stern 

Lm= 1.829 m 

Ls= 14.00 m 

Lw1s= 14.25 m 

Lw1m= 1.862 m 

Scale= 7.654 

g= 9.81 m/s2 

water temp 16.57 oc 
v(visc)m= 1.0927E-06 m2/s 

v(visc)m15= 1.1390E-06 m2/s 

v(visc)s= 1.1883E-06 m2/s 

pm= 998.9 kg/m3 

pm15= 999 kg/m3 

ps= 1025.9 kg/m3 

Sm= 1.220 m2 

Ss= 71.48 m2 
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Resistance Data f01 Theta Bow ~-, Static Level Trim 
Ship Speed Fn CTM15 CFM15 RnM15 CR RnS CFS CTS RTS PE 

(knots) (-) (-) ( -) ( -) (-) (-) (-) (-) (N) (VV) 
1 .57 0.071 0 .006362 0 .005641 4.43E+05 0 .000721 8 .99E+06 0.003056 0 .004177 99 .59 80 
3.67 0.165 0.007638 0.004652 1.04E+06 0.002985 2 .10E+07 0 .002647 0 .006033 785.81 1481 
4.72 0.21 3 0.006288 0 .004408 1.33E+06 0.001880 2 .71E+07 0 .002541 0 .004821 1041 .23 2527 
5 .77 0.260 0 .007313 0 .004227 1 .63E+06 0.003086 3.31E+07 0 .002461 0.005947 1922.98 5710 
6 .82 0.308 0.007854 0 .004085 1 .93E+06 0.003768 3 .91E+07 0 .002398 0.006567 2959.79 10377 
7 .88 0.355 0 .009815 0 .003968 2.23E+06 0.005846 4 .52E+07 0.002345 0.008592 5173.39 20965 

8.92 0.403 0 .011790 0 .003871 2.52E+06 0.007919 5 .12E+07 0.002301 0.010620 8206.53 37675 
9 .98 0.450 0.015545 0.003787 2.82E+06 0.011758 5.72E+07 0.002262 0 .014420 13937.81 71560 

11 .03 0.498 0.018912 0 .003715 3.1 1 E+06 0.015197 6 .32E+07 0 .002229 0 .017826 21000.86 119041 
12.08 0.545 0 .021373 0 .003650 3.41 E+06 0.017723 6 .92E+07 0 .002199 0 .020322 28727.13 178372 

Table C14: Resistance Data for Theta Bow at Static Level Trim 

Resist•mce Data for Theta Bow (Q'• 0.75° by the Stern 
Ship Speed Fn CTM15 CFM15 RnM15 CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) (1/V) 

1 .57 0.071 0 .007330 0.005641 4.43E+05 0.001689 8.99E+06 0 .003056 0.005146 122.68 99 

3 .67 0.165 0.007013 0 .004652 1.04E+06 0.002361 2.10E+07 0 .002647 0 .005408 704.47 1328 

4 .71 0.213 0.007294 0.004408 1.33E+06 0.002886 2 .71E+07 0 .002541 0.005827 1258.58 3055 

5 .77 0.260 0.007668 0 .004227 1.63E+06 0.003441 3.31E+07 0 .002461 0.006303 2037.87 6052 

6 .82 0.308 0 .008323 0 .004085 1.93E+06 0.004237 3.91E+07 0 .002398 0 .007036 3171 .24 11119 

7.88 0.355 0 .009793 0.003968 2.23E+06 0.005825 4 .52E+07 0 .002345 0.008570 5160.40 20912 

8 .93 0.403 0.011829 0 .003871 2.52E+06 0 .007958 5.12E+07 0 .002301 0 .010659 8236.72 37814 

9.98 0.450 0.014025 0 .003787 2.82E+06 0.010238 5 .72E+07 0 .002262 0.012900 12468.22 64015 

11 .02 0.497 0.017058 0.003715 3.11 E+06 0.013343 6.32E+07 0 .002229 0 .015972 18816.27 106658 

12.08 0.545 0 .020436 0.003650 3.41 E+06 0.016786 6 .92E+07 0 .002199 0.019384 27402.17 170145 

Table CIS: Resistance Data for Theta Bow at 0. 75° by the Stern 

Resistance Data for Theta Bow r.~ '1.!~0 by the Stern 
Ship Speed Fn CTM15 CFM15 RnM15 CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) (1/V) 

1 .56 0.070 0 .005382 0 .005641 4.43E+05 -0 .000259 8 .99E+06 0 .003056 0 .003197 76.23 61 

3 .66 0.165 0.006810 0.004652 1.04E+06 0.002158 2.10E+07 0 .002647 0 .005205 678.05 1278 

4 .71 0.213 0 .007416 0 .004408 1.33E+06 0.003008 2 .71E+07 0 .002541 0 .005950 1285.02 3119 

5 .77 0.260 0.008101 0.004227 1 .63E+06 0.003874 3.31E+07 0 .002461 0 .006736 2177.88 6467 

6 .82 0.308 0.009011 0 .004085 1.93E+06 0.004925 3.91E+07 0 .002398 0 .007724 3481 .35 12206 

7 .87 0.355 O.D1 0215 0 .003968 2.23E+06 0.006247 4 .52E+07 0 .002345 0 .008992 5414.40 21942 

8 .93 0.403 O.D11627 0 .003871 2.52E+06 0.007756 5 .12E+07 0 .002301 O.D1 0457 8080.69 37097 

9 .97 0.450 0 .013153 0.003787 2.82E+06 0.009366 5 .72E+07 0 .002262 O.D12028 11625.94 59690 

11 .02 0.497 0 .016034 0 .003715 3.11 E+06 0.01 2319 6.32E+07 0 .002229 O.D14948 17609.86 99819 

12.08 0.545 0 .020040 0 .003650 3.41 E+06 0.016390 6 .92E+07 0 .002199 0 .018989 26843.06 166673 

Table C16: Resistance Data for Theta Bow at 1.5° by the Stern 
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Lm= 1.829 m 

Ls= 14.00 m 

Lwls= 14.25 m 

Lwlm= 1.862 m 

Scale= 7.654 

g= 9.81 m/s2 

water temp 16.9 oc 
v(visc)m= 1.0871 E-06 m2/s 

v(visc)m15= 1.1390E-06 m2/s 

v(visc}s= 1.1883E-06 m2/s 

pm= 998.9 kg/m3 

pm15= 999 kg/m3 

ps= 1025.9 kg/m3 

Sm= 1.202 m2 

Ss= 70 43 m2 
Resistance Data for Zeta Bow ,-g·. Static Level Trim 

Ship Speed Fn CTM15 CFM15 RnM15 CR RnS CFS CTS RTS PE 
(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) (\1\f) 

1 .56 0.071 0 .007967 0.005641 4.43E+05 0.002326 8 .99E+06 0 .003056 0 .005783 135.83 110 

3 .66 0.165 0 .005194 0 .004652 1 .04E+06 0 .000541 2 .10E+07 0.002647 0 .003589 460.59 868 

4 .71 0.2'13 0 .006141 0 .004408 1 .33E+06 0.001733 2.71 E+07 0 .002541 0.004674 994.60 2414 

5 .77 0.260 0.006354 0.004227 1 .63E+06 0 .0021 27 3 .31E+07 0.002461 0.004989 1589.27 4719 

6.82 0.308 0 .006858 0 .004085 1 .93E+06 0.002773 3.91E+07 0 .002398 0 .005571 2473.96 8674 

7 .86 0.355 0.009001 0.003968 2.23E+06 0 .005033 4.52E+07 0 .002345 0 .007778 4614.38 18700 

8 .92 0.403 0 .011413 0 .003871 2.52E+06 0 .007542 5 .12E+07 0.002301 0.010243 7798.69 35803 

9 .98 0.450 O.D14907 0.003787 2.82E+06 0 .011120 5.72E+07 0.002262 0.013783 13124.80 67386 

11 .02 0.497 0 .018067 0 .003715 3.11 E+06 0.014353 6 .32E+07 0 .002229 0 .016981 19710.68 111728 

12.08 0.545 0 .021598 0.003650 3.41 E+06 0.017948 6 .92E+07 0 .002199 0 .020547 28616.83 177687 

Table Cl7: Resistance Data for Zeta Bow at Static Level Trim 

Resistance Oat a for Zeta Bow rg·· 0. 7 5° by the Stern 
Ship Speed Fn CTM15 CFM15 RnM15 CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) ('1\f) 

1.56 0.071 0 .006909 0.005641 4.43E+05 0.001 268 8 .99E+06 0 .003056 0 .004724 110.96 89 

3.66 0.165 0 .006205 0.004652 1.04E+06 0 .001553 2 .10E+07 0 .002647 0 .004600 590.36 1113 

4 .71 0.213 0 .006531 0 .004408 1 .33E+06 0 .002123 2.71E+07 0.002541 0 .005064 1077.59 2615 

5 .76 0.260 0 .007015 0.004227 1.63E+06 0.002788 3 .31E+07 0.002461 0 .005649 1799.63 5344 

6 .82 0.308 0 .006759 0.004085 1.93E+06 0 .002674 3.91E+07 0 .002398 0.005472 2430.15 8520 

7.87 0.355 0 .008886 0 .003968 2.23E+06 0 .00491 8 4 .52E+07 0 .002345 0 .007663 4546.17 18423 

8.93 0.403 0 .010835 0 .003871 2.52E+06 0 .006964 5 .12E+07 0 .002301 0 .009665 7358.31 33781 

9 .98 0.450 0 .013322 0 .003787 2.82E+06 0 .009535 5 .72E+07 0.002262 0 .012197 11614.82 59633 

11.02 0.497 0.016559 0.003715 3.11 E+06 0 .01 2844 6 .32E+07 0 .002229 0 .015473 17959.68 101802 

12.06 0.544 0 .020743 0 .003650 3.41 E+06 0 .01 7092 6 .92E+07 0.002199 O.D19691 27425.18 170288 

Table CIS: Resistance Data for Zeta Bow at 0.75° by the Stern 
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Resistance Data fo1 Zeta Bow @'• ·u;o by the Stem 
Ship Speed Fn CTM15 CFM15 RnM15 CR RnS CFS CTS RTS PE 

(knots) (-) (-) (-) (-) (-) (-) (-) (-) (N) (VV) 

1 .57 0.071 0.006952 0.005641 4.43E+05 0 .001311 8.99E+06 0.003056 0 .004767 111 .98 90 

3.66 0.165 0.006730 0 .004652 1.04E+06 0 .002077 2.1 OE+07 0.002647 0.005124 657.68 1240 

4.72 0 .213 0.007694 0 .004408 1 .33E+06 0 .003286 2.71E+07 0.002541 0 .006227 1325.16 3216 

5.77 0.260 0.007821 0 .004227 1 .63E+06 0 .003595 3.31E+07 0.002461 0 .006456 2056.67 6107 

6.81 0.307 0 .007588 0 .004085 1 .93E+06 0 .003502 3.91E+07 0.002398 0.006301 2798.09 9810 

7.87 0.355 0 .008999 0 .003968 2.23E+06 0 .005031 4.52E+07 0.002345 0 .007776 4613.37 18695 

8.92 0.403 0 .010799 0 .003871 2.52E+06 0 .006928 5.12E+07 0.002301 0 .009629 7331.02 33656 

9.98 0.450 0.012993 0 .003787 2.82E+06 0.009206 5.72E+07 0.002262 0.011869 11302.13 58028 

11.03 0.498 0.016075 0 .003715 3.11 E+06 0 .012360 6 .32E+07 0.002229 0 .014989 17397.53 98616 

12.05 0.544 O.D20474 0.003650 3.41 E+06 0.016823 6.92E+07 0.002199 0.019422 27050.40 167961 

Table C19: Resistance Data for Zeta Bow at 1.5° by the Stern 
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Appendix C-2: Sinkage and Dynamic Trim Data 

259 



Sinkage and Trim Data for Alpha Bow @ Static Level Trim 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 

1.57 0.071 -0.082 0.006 
3.66 0.165 -0.296 0.064 
4.72 0.213 -0.460 0.103 
5.77 0.260 -0.668 0.151 
6.82 0.308 -0.924 0.199 
7.88 0.355 -1.218 0.260 
8.92 0.403 -1.682 0.393 
9.98 0.450 -2.176 -0.143 

11.02 0.497 -2.778 -1.708 
12.07 0.545 -2.91 9 -3.738 

Table C20: Sinkage and Trim Data for Alpha Bow at Static Level Trim 

Sinkage and Trim Data for Beta Bow @ Static Level Trim 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 
1.57 0.067 -0.045 0.009 

3.67 0.157 -0.256 0.062 
4.72 0.202 0.062 0.006 
5.77 0.248 -0.585 0.286 
6.82 0.293 0.062 0.006 
7.88 0.338 -1.276 0.807 
8.93 0.383 -1.775 1.360 

9.98 0.429 -2.356 1.321 
11.02 0.474 -3.118 -0.113 

12.07 0.519 -3.417 -2.317 
Table C21: Sinkage and Trim Data for Beta Bow at Static Level Trim 

Sinkage and Trim Data for Delta Bow @ Static Level Trim 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 
1.56 0.068 -0.071 -0.006 
3.66 0.159 -0.236 -0.054 

4.72 0.205 -0.413 -0.100 

5.77 0.251 -0.633 -0.172 
6.82 0.297 -0.898 -0.268 

7.88 0.343 -1.310 -0.404 
8.93 0.388 -1.724 -0.571 

9.99 0.434 -2.451 0.009 
11.03 0.480 -2.935 1.600 
12.08 0.526 -3. 11 7 3.677 

Table C22: Sinkage and Trim Data for Delta Bow at Static Level Trim 
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Sinkage and Trim Data for Delta Bow @ 0. 75° by the Stern 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 

1.56 0.068 -0.034 0.001 

3.67 0.159 -0.262 -0.015 
4.71 0.205 -0.406 -0.035 

5.76 0.251 -0.612 -0.055 

6.82 0.297 -0.908 -0.093 
7.88 0.343 -1.288 -0.178 

8.93 0.388 -1.759 -0.196 

9.98 0.434 -2.297 0.515 

11.03 0.480 -2.667 2.030 

12.08 0.525 -2.908 3.941 
Table C23: Sinkage and Trim Data for Delta Bow at 0.75° by the Stern 

Sinkage and Trim Data for Delta Bow @ 1.5° by the Stern 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 

1.56 0.068 -0.079 0.005 

3.67 0.159 -0.259 O.Ql5 

4.71 0.205 -0.396 0.032 

5.77 0.251 -0.596 0.062 

6.83 0.297 -0.862 0.086 

7.88 0.343 -1.238 0.064 

8.93 0.388 -1 .605 0.149 

9.97 0.434 -2.172 0.950 

11.02 0.479 -2.468 2.351 

12.08 0.525 -2.617 4.153 
Table C24: Sinkage and Trim Data for Delta Bow at 1.5° by the Stern 

Sinkage and Trim Data for Gamma Bow @ Static Level Trim 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 

1.57 0.067 -0.060 0.001 

3.67 0.158 -0.245 0.034 

4.72 0.202 O.Ql5 -0.030 

5.78 0.248 -0.600 0. 138 

6.83 0.293 -0.902 0.2 13 

7.88 0.338 -1.249 0.361 

8.93 0.383 -1.67 1 0.492 

9.98 0.429 -2.254 -0.042 

11.02 0.473 -2.775 -1.451 

12.07 0.519 -3.083 -3.354 
Table C25: Sinkage and Trim Data for Gamma Bow at Static Level Trim 
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Sinkage and Trim Data for Epsilon Bow @ Static Level Trim 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 

1.56 0.067 -0.082 0.006 
3.67 0.158 -0.241 0.053 
4.72 0.202 -0.021 -0.019 

5.76 0.248 -0.609 0.205 

6.82 0.293 -0.025 -0.017 
7.88 0.338 -1.346 0.577 

8.93 0.383 -1.713 0.943 
9.98 0.429 -2.305 0.636 

11.02 0.473 -0.103 -0.972 

12.09 0.519 -3.264 -2.793 
Table C26: Sinkage and Trim Data for Epsilon Bow at Static Level Trim 

Sinkage and Trim Data for Eta Bow @Static Level Trim 

Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 

1.56 0.067 -0.065 -0.010 

3.66 0.157 -0.273 -0.082 

4.71 0.202 -0.411 -0.167 

5.77 0.248 -0.611 -0.364 

6.82 0.293 -0.912 -0.647 
7.87 0.338 -1.351 -0.972 

8.93 0.383 -1.878 -1.618 

9.98 0.429 -2.664 -1.713 

11.03 0.474 -3.332 -0.300 

12.08 0.519 -3.790 2.075 

Table C27: Sinkage and Trim Data for Eta Bow at Static Level Trim 

Sinkage and Trim Data for Eta Bow@ 0.75° by the Stern 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 

1.57 0.067 -0.052 -0.003 

3.67 0.158 -0.245 -0.032 

4.72 0.203 -0.406 -0.079 

5.77 0.248 -0.586 -0. 177 

6.82 0.293 -0.901 -0.349 

7.87 0.338 - 1.301 -0.547 

8.93 0.384 -1.839 -0.947 

9.98 0.429 -2.488 -0.802 

11.04 0.474 -3 .060 0.660 

12.07 0.518 -3.445 2.750 
Table C28: Sinkage and Trim Data for Eta Bow at 0.75° by the Stern 
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Sinkage and Trim Data for Eta Bow @ 1.5° by the Stern 
Ship Speed Froude Number Sinkage Dynamic Trim 

(lmots) (-) (em) (degrees) 
1.58 0.068 -0.034 0.007 
3.67 0.158 -0.266 0.014 
4.72 0.203 -0.4 19 0.007 
5.77 0.248 -0.568 -0.043 
6.82 0.293 -0.811 -0.099 
7.87 0.338 - J.l37 -0. 148 
8.93 0.384 -1.666 -0.297 
9.98 0.429 -2.294 0.099 
11 .02 0.474 -2.678 1.470 
12.07 0.518 -2.928 3.2 16 

Table C29: Sinkage and Trim Data for Eta Bow at 1.5° by the Stern 

Sinkage and Trim Data for Iota Bow @ Static Level Trim 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) ( -) (em) (degrees) 
1.57 0.068 -0.065 -0.0 11 

3.67 0.159 -0.274 -0.096 

4.71 0.205 -0.4 16 -0. 155 
5.77 0.25 1 -0.629 -0.292 

6.83 0.297 -0.944 -0.451 
7.33 0.319 - l.l32 -0.530 

7.87 0.343 -1.350 -0.641 
8.93 0.388 - 1.83 1 -0.934 
9.98 0.434 -2.486 -0.508 

11 .03 0.480 -3. 121 1.094 

12.08 0.525 -3.447 3.153 
Table C30: Sinkage and Trim Data for Iota Bow at Static Level Trim 

Sinkage and Trim Data for Iota Bow @ 0.75° by the Stern 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) ( -) (em) (degrees) 
1.56 0.068 -0.042 -0.004 
3.66 0.159 -0.280 -0.049 

4.72 0.205 -0.419 -0.095 
5.77 0.25 1 -0.604 -0. 152 

6.83 0.297 -0.868 -0.230 

7.87 0.342 -1.278 -0.350 

8.92 0.388 -1.794 -0.456 
9.98 0.434 -2.383 0. 131 
11.02 0.479 -2.840 1.564 
12.08 0.526 -3.032 3.496 

Table C31: Sinkage and Trim Data for Iota Bow at 0.75° by the Stern 
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Sinkage and Trim Data for Iota Bow @ 1.5° by the Stern 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 
1.57 0.068 0.0 10 -0.001 
3.66 0. 159 -0.279 -0.007 
4.72 0.205 -0.352 -0.029 
5.77 0.25 1 -0.596 -0.037 
6.81 0.296 -0.8 18 -0.024 
7.87 0.342 -1.198 -0.046 
8.93 0.388 -1.68 1 -0.011 
9.98 0.434 -2.298 0.663 
11.03 0.480 -2.682 2.025 
12.08 0.525 -2.786 3.773 

Table C32: Sinkage and Trim Data for Iota Bow at 1.5° by the Stern 

Sinkage and Trim Data for Theta Bow @ Static Level Trim 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 
1.57 0.068 -0.041 -0.018 

3.67 0.159 -0.296 -0.096 

4.72 0.205 -0.444 -0.2 16 

5.77 0.25 1 -0.657 -0.41 1 

6.82 0.297 -1.005 -0.716 

7.86 0.342 -1.407 -1.037 

8.92 0.388 -1.942 -1.6 19 
9.98 0.434 -2.670 -1.69 1 
11 .03 0.480 -3.422 -0. 175 

12.08 0.525 -3.767 2.292 
Table C33: Sinkage and Trim Data for Theta Bow at Static Level Trim 

Sinkage and Trim Data for Theta Bow @ 0.75° by the Stern 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 

1.57 0.068 -0.058 -0.002 

3.67 0.159 -0.266 -0.040 
4.7 1 0.205 -0.422 -0. 102 

5.77 0.251 -0.647 -0.239 

6.82 0.297 -0.960 -0.448 

7.88 0.343 -1.348 -0.665 
8.93 0.388 -1.833 - 1.086 

9.98 0.434 -2.500 -0.901 
11.02 0.480 -3.047 0.687 

12.08 0.525 -3.386 2.960 
Table C34: Sinkage and Trim Data for Theta Bow at 0.75° by the Stern 
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Sinkage and Trim Data for Theta Bow @ 1.5° by the Stern 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 
1.57 0.068 -0.050 0.000 

3.66 0.159 -0.261 0.000 
4.71 0.205 -0.385 -0.0 11 

5.77 0.251 -0.611 -0.072 

6.82 0.297 -0.880 -0.175 
7.87 0.342 -1.267 -0.278 

8.93 0.388 -1.745 -0.477 

9.97 0.434 -2.275 -0.028 

11.02 0.479 -2.787 1.579 

12.08 0.525 -2.904 3.511 
Table C35: Sinkage and Trim Data for Theta Bow at 1.5° by the Stern 

Sinkage and Trim Data for Zeta Bow @ Static Level Trim 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 

1.56 0.068 -0.057 -0.006 

3.66 0.159 -0.285 -0.072 

4.71 0.205 -0.440 -0. 140 
5.77 0.251 -0.643 -0.279 

6.82 0.297 -0.989 -0.480 

7.86 0.342 -1.356 -0.706 

8.92 0.388 -1.944 -1.146 

9.98 0.434 -2.562 -0.872 
11.02 0.479 -3.234 0.620 

12.08 0.525 -3.451 2.973 
Table C36: Sinkage and Trim Data for Zeta Bow at Static Level Trim 

Sinkage and Trim Data for Zeta Bow @ 0.75° by the Stern 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 

1.56 0.068 -0.073 0.000 

3.66 0.159 -0.280 -0.025 

4.71 0.205 -0.402 -0.061 

5.76 0.251 -0.651 -0.135 

6.82 0.297 -0.885 -0.274 

7.87 0.342 -1.307 -0.423 

8.93 0.388 -1.880 -0.708 

9.98 0.434 -2.429 -0.284 

11 .02 0.480 -2.6 19 1.168 

12.06 0.525 -3.575 3.368 
Table C37: Sinkage and Trim Data for Zeta Bow at 0.75° by the Stern 
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Sinkage and Trim Data for Zeta Bow @ 1.5° by the Stern 
Ship Speed Froude Number Sinkage Dynamic Trim 

(knots) (-) (em) (degrees) 

1.57 0.068 -0.045 0.003 

3.66 0.159 -0.270 0.014 

4 .72 0.205 -0.349 0.010 

5.77 0.251 -0.496 -0.011 

6.81 0.296 -0.792 -0.030 

7.87 0.342 -1.208 -0.113 

8.92 0.388 -1.591 -0.221 

9.98 0.434 -2.271 0.406 

11.03 0.480 -2.739 1.866 

12.05 0.524 -2.730 3.695 

Table C38: Sinkage and Trim Data for Zeta Bow at 1.5° by the Stern 
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Appendix D: Experimental Results for Self-Propulsion Tests 
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Lm 1.829 m 
Ls 14.00 m 

Lwls 13.25 m 

Lwlm 1.73 1 m 

Scale 7.654 

g 9.8 1 m/s2 

water temp 16.2 oc 
v(visc)m 1. 1 04E-06 m2/s 

v(visc)s 1. 188E-06 m2/s 

Ss 66.68 m2 

Dm 0. 1205 m 

c0.75 0.054 m 

Ds 0.9223 m 

Self Propulsion Data for Alpha Bow 

Ship Speed np Jp Tp Qp KTp IOKQp CTS Jo w t 

(knots) (rps) ( -) (N) (N-m) (-) ( -) (-) (-) ( -) ( -) 

7.86 15.947 0.761 16.259 0.391 0.304 0.606 0.0 107 1 0.69 1 0.093 0. 182 

8.92 19.269 0.715 24.907 0.629 0.3 19 0.667 0.0 1286 0.662 0.073 0.184 

9.98 22.873 0.673 34.766 0.860 0.316 0.648 0.0 1604 0.668 0.007 0.098 

Table Dl: Self-Propulsion Data for Alpha Bow 

Lm 1.829 m 

Ls 14.00 m 

Lwls 14.62 111 

Lwlm 1.912 m 

Scale 7.654 

g 9.8 1 m/ s2 

water temp 16.2 oc 
v(visc)m 1.1 04E-06 m2/s 

v(visc)s 1.1 88E-06 m2/s 

Ss 72.47 m2 

Dm 0.1205 m 

c0.75 0.054 m 

Ds 0.9223 m 

Self Propulsion Data for Beta Bow 

Ship Speed np Jp Tp Qp KTp IOKQp CTS Jo w t 

(knots) (rps) (-) (N) (N-m) ( -) ( -) ( -) ( -) (-) (-) 

7.86 15.418 0.788 13.690 0.369 0.273 0.6 12 0.00744 0.748 0.051 0 .257 

8.92 18.684 0.737 22.820 0.589 0.310 0.665 0.00977 0.678 0.081 0.262 

9.98 22.455 0.686 34.56 1 0.853 0.325 0.667 0.01299 0.649 0.053 0.202 

Table D2: Self-Propulsion Data for Beta Bow 
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Lm 1.829 m 

Ls 14.00 m 

Lwls 14.25 m 

Lwlm 1.862 m 

Scale 7.654 

g 9.8 1 m/s2 

water temp 16.5 oc 
v(visc)m 1.1 04E-06 m2/s 

v(visc)s 1. 188E-06 m2/s 

Ss 69.96 m2 

Om 0. 1205 m 

c0.75 0.054 m 

Os 0.9223 m 

Self Propulsion Data for Delta Bow 

Ship Speed np Jp Tp Qp KTp lOKQp CTS Jo w l 

(knots) (rps) (-) (N) (N-m) ( -) (-) ( -) ( -) (-) (-) 

7.86 14.9 12 0.8 15 13.688 0.340 0.292 0.603 0.00703 0.7 12 0. 126 0.368 

8.92 18. 199 0.757 22.2 15 0.575 0.3 18 0.684 0.00880 0.662 0. 125 0 .311 

9.98 2 1.614 0.712 32.738 0.898 0.333 0.758 0.0 1264 0.635 0. 108 0.22 1 

Table D3: Self-Propulsion Data for Delta Bow 

Lm 1.829 m 

Ls 14.00 m 

Lwls 14.62 m 

Lwlm 1.9 12 m 

Scale 7.654 

g 9.8 1 rn/s2 

water temp 16.2 oc 
v(visc)m 1. 1 04E-06 m2/s 

v(visc)s 1. 188E-06 m2/s 

Ss 7 1.42 m2 

Om 0 .1 205 m 

c0.75 0.054 m 

Os 0.9223 m 

Self Propulsion Data for Gamma Bow 

Ship Speed np Jp Tp Qp KTp 10KQp CTS Jo w I 

(knots) (rps) (-) (N) (N-m) ( -) ( -) (-) ( -) ( -) (-) 

7.86 15.071 0.806 12.401 0.353 0.259 0.6 13 0.00679 0.774 0.039 0.26 1 

8.92 17.7 19 0.777 18.346 0.504 0.277 0.633 0.00927 0.740 0.047 0. 167 

9.98 2 1.420 0.7 18 31.725 0.777 0.328 0.668 0.0 11 75 0.644 0.104 0.2 11 

Table D4: Self-Propulsion Data for Gamma Bow 
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Lm 1.829 M 

Ls 14.00 m 

Lwls 14.62 m 

Lwlm 1.9 12 m 

Scale 7.654 

g 9.8 1 m/s2 

water temp 16.2 oc 
v(visc)m 1.104E-06 m2/s 

v(visc)s 1.1 88E-06 m2/s 

Ss 7 1.89 m2 

Dm 0. 1205 m 

c0.75 0.054 m 

Ds 0.9223 m 

Self Propulsion Data for Epsilon Bow 

Ship Speed np Jp Tp Qp KTp IOKQp CTS Jo w t 

(knots) (rps) ( -) (N) (N-m) (-) ( -) ( -) ( -) (-) (-) 

7.86 15.053 0.807 13.520 0.354 0.283 0.615 0.00649 0.729 0.096 0.342 

8.92 18.0 10 0.765 21.251 0.554 0.3 11 0.673 0.00823 0.676 0. 11 5 0.286 

9.98 2 1.893 0.703 34.265 0.848 0.339 0.697 0.0 11 86 0.622 0. 11 5 0.279 

Table DS: Self-Propulsion Data for Epsilon Bow 

Lm 1.829 m 

Ls 14.00 m 

Lwls 14.62 m 

Lwlm 1.9 12 m 

Scale 7.654 

g 9.8 1 m/s2 

water temp 16.7 oc 
v(visc)m 1.104E-06 m2/s 

v(visc)s 1. 188E-06 m2/s 

Ss 72.77 m2 

Dm 0. 1205 m 

c0.75 0.054 m 

Ds 0.9223 m 

Self Propulsion Data for Eta Bow 

Ship Speed np Jp Tp Qp KTp IOKQp CTS Jo w t 

(knots) (rps) ( -) (N) (N-m) (-) ( -) (-) (-) (-) ( -) 

7.86 15.480 0.785 16.883 0.419 0.335 0.689 0.0078 1 0.632 0. 195 0.342 

8.92 18.434 0.747 23.880 0.595 0.334 0.690 0.00967 0.633 0. 152 0.230 

9.98 22.312 0.690 37.342 0.900 0.356 0.7 12 0.0 1353 0.590 0. 145 0.232 

Table D6: Self-Propulsion Data for Eta Bow 
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Lm 1.829 m 

Ls 14.00 m 

Lwls 14.25 m 

Lwlm 1.862 m 

Scale 7.654 

g 9.81 m/s2 

water temp 16.4 oc 
v(visc)m 1.1 04E-06 m2/s 

v(visc)s 1.1 88E-06 m2/s 

Ss 7 1.13 m2 

Om 0. 1205 m 

c0.75 0.054 m 

Os 0.9223 m 

Self Propulsion Data for Iota Bow 

Ship Speed np Jp Tp Qp KTp lOKQp CTS Jo w t 

(knots) (rps) ( -) (N) (N-m) (-) (-) ( -) (-) (-) (-) 

7.86 14.65 1 0.829 12.42 1 0.320 0.275 0.587 0.00664 0.745 0. 10 1 0.272 

8.92 17.746 0.776 20.528 0.516 0.3 10 0.645 0.00823 0.679 0. 124 0.255 

9.98 2 1.422 0.7 19 32.3 10 0.833 0.334 0.7 15 0.01 188 0.632 0.120 0.225 

Table D7: Self-Propulsion Data for Iota Bow 

Lm 1.829 m 

Ls 14.00 m 

Lwls 14.25 m 

Lwlm 1.862 m 

Scale 7.654 

g 9.8 1 m/s2 

water temp 16.2 oc 
v(visc)m 1.1 04E-06 m2/s 

v(visc)s 1.188E-06 m2/s 

Ss 7 1.48 m2 

Om 0. 1205 m 

c0.75 0.054 m 

Os 0 9223 m 

Self Propulsion Data for Theta Bow 

Ship Speed np Jp Tp Qp KTp IOKQp CTS Jo w t 

(knots) (rps) ( -) (N) (N-m) (-) ( -) ( -) (-) (-) ( -) 

7.86 15.887 0.765 14.765 0.441 0.278 0.688 0.00848 0.740 0.033 0. 187 

8.92 19.076 0.723 25.097 0.7 16 0.327 0.776 0.0 1085 0.645 0.107 0.204 

9.98 22.839 0.674 39.296 1.305 0.358 0.986 0.0 1459 0.587 0. 130 0.2 17 

Table D8: Self-Propulsion Data for Theta Bow 
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Lm 1.829 m 

Ls 14.00 m 

Lwls 14.25 m 

Lwlm 1.862 m 

Scale 7.654 

g 9.8 1 m/ s2 

water temp 16.2 oc 
v(visc)m 1.1 04E-06 m2/s 

v(visc)s 1. 188E-06 m2/s 

Ss 70.43 m2 

Dm 0. 1205 m 

c0.75 0.054 m 

Ds 0 .9223 m 

Self Propulsion Data for Zeta Bow 

Ship Speed np Jp Tp Qp KTp IOKQp CTS Jo w I 

(knots) (rps) (-) (N) (N-m) (-) (-) (-) ( -) ( -) (-) 

7.86 15.796 0.769 14.237 0.417 0.27 1 0.659 0.00772 0.752 0.02 1 0.273 

8.92 18.705 0.736 21 .645 0.572 0.294 0.644 0.0 1024 0.709 0.036 0.177 

9.98 22.568 0.682 34.083 0.911 0.3 18 0.705 0.0 139 1 0.664 0.026 0. 167 

Table D9: Self-PropulsiOn Data for Zeta Bow 
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Appendix E: Uncertainty Analysis for Bare Bull Resistance Tests 
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Appendix E-1: lOT Test Program 
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Data Acquisition: 

Data Acquisition: 

V'= 
S = 
LWL' = 
B' = 
T' = 

Cs = 

V''= 

V''-V' = 

Cs = 

S' = 

S'- S = 

AWP 

Bias Limit- Model Length 

Model accuracy of± I mm in all coord inates. 

0.002 m -t Model length bias 

Bias Limit- Wetted Surface Area 

Error due to manufacturing error of± I mm in all coordinates. 
Length will increase by 2 mm, beam by 2 mm, draft by I nm1. 

Assume block coefficient remains constant. 
*(Assume the error for Alpha bow is fine for all bows)* 

67.75 kg 

1.138 m2 

1.733 ill 

0.553 m 
0.19 m 
0.3774 

68.71937 kg 

0.969373 kg 

0.105024 Where: C5 = S I .J'VLWL 

1.146112 m2 

0.008112 m2 

0.8054 m2 

-> An increase of0.9694 kg gives a decreased draft of: (using p = 1000 kg/m3
) 

T" = 0.001204 m 

-> The smaller draft decreases the wetted surface by: S" = 3.462*0.001204 
*(using a total waterline length of2*LWL= 3.462 m)* 

S"- S = 0.004167 

BwsJ = 0.003946 --> Hull form bias 

Calibration: Error due to measurement of model weight is ± 0.2 kg. 

--> An increase in model weight of 0.2 kg gives a additional draft of: (using p = I 000 kg/m3
) 
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T'" = 0.000248 rn 

-->The increased draft increases the wetted surface by: S" = 3.462*0.000248 
*(using a total waterline length of 2 *L WL= 3.462 m) * 

S"'- S = 0.00086 

Bwsz = 0.00086 --> Displacement bias 

Total: The wetted surface bias is obtained by the RSS of the 2 components above 

Bws= 0.004038 -->Total bias limit for wetted surface area 

Bias Limit - Speed 

The required info to determine the error for speed was not available for the MUN tests. 
The bias limit is based on information gathered from the lOT resistance tests. 
It is assumed that the bias limit will be similar during the MUN resistance tests. 

Required test set-up information: 

Resolution 10000 pulse/m 
Diameter of wheel 0.5m 
Max pulse duration 0.0000002 s 
Min pulse duration 0.00000012 s 
Max output signal 5 volts 

Circuit speed 100 ms 
ADIDA card 16 bits 

Number of windows 6366 pulses/rev 

The output from the encoder is calculated wit the following equation: 

crcD 
V= ---

6366~t 

--> Pulse Count 

Calibration: 

Be• = 

Data Acquisition: 

(denoted as 'C') 

Assumed accuracy of optical encoder of± 1 pulse on every update. 

1 pulse --> Encoder calibration bias 

The AD boards are assumed to be accurate to 1.5 bits or pulses. 
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BC2 = 

BC3= 

Data Reduction: 

1.5 pulses ---+ AD conversion bias 

1.5 pulses ---+ DA conversion bias 

Occurs when converting analogue voltage to a frequency that 

Represents the pulse count over 10 time bases, or one second. 
This bias limit is introduced by the linear curve fit obtained from a set 
of calibration data that is applied to the measured data to allow this conversion. 

---+ Curve fit bias limit determined previously to be 2.5 Hz 

0.25 pulses 

---+The total bias limit for pulse count is obtained by the RSS of the components above 

Be= 2.358495 pulses ---+ Total bias limit for pulse count 

---+ Wheel Diameter (denoted as 'D') 

Calibration: The wheel diameter is considered accurate within 0.000115 m 

Bo = 0.000115 m ---+ Wheel diameter bias 

---+ Time Base (denoted as 't.t') 

Calibration: Rated accuracy, based on ITTC procedure 7.5-02-02-02, is 1.025* I o-5 s 

0.00001025 m 

---+ The error in speed is obtained by using the equation given below: 

(B ) 2 = (a V B ) 2 + (a V B )2 + (~ B ) 2 
v ac c aD D a~t /:;/ 

Where: 

av ---+Calculated to be equal to 0.00247 
ac 6366~t 
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av C7r 
=---

aD 6366tlt 

av c7rD ( 1 ) 
8tlt = 6366 - tlt 2 

-->Table for tested speeds: 

VM (m/s) c 8V/8D 8V/8!J.t 

0 .185 75.07666525 0.3705 -1.8525 

0.372 150.8625568 0.7445 -3.7225 

0.559 226.4458122 1.1175 -5.5875 

0.744 301.5224774 1.488 -7.44 

0.930 376.7004607 1.859 -9.295 

1.116 452.2837162 2.232 -11.16 

1.303 527.8669716 2.605 -13.025 

1.488 603.0449549 2.976 -14.88 

1.672 677.716348 3.3445 -16.7225 

1.859 753.4009214 3.718 -18.59 

Total: The error in speed is then calculated to be: 

VM (m/s) Bv (m) ---+ Total bias limit for speed 

0.185 0.005826 
0.372 0.005826 

0 .559 0.005827 
0.744 0.005828 
0.930 0.005830 

1.116 0.005832 

1.303 0.005835 

1.488 0.005838 

1.672 0.005841 

1.859 0.005844 

Bias Limit - Resistance 

The horizontal x-force is to be measured for the model when towed through the water. 

The measured x-force for each bow during the lOT tests are given in the table below: 
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Alpha Beta Gamma Epsilon 

VM (m/s) Rx (N) Rx (N) Rx (N) Rx (N) 
0.185 0.62 0. 14 0.24 0.27 

0.372 0.3 0.50 0.63 0.66 

0.559 0.95 1.12 1.35 1.21 
0.744 1.69 2.06 2.38 2.19 

0.930 2.61 3.13 3.55 3.41 

1.1 16 4.02 4.89 4.97 4 .32 

1.303 7.83 7.61 7.17 6.89 

1.488 13.82 13.80 11.76 12 .09 

1.672 21.79 21.83 18.71 19.78 

1.859 34.78 35.47 30.50 32. 15 

Calibration: Assumed tolerance for individual weights of0.005%. 

The bias limit due to errors in calibration weights is calculated by multiplying the accuracy 
of the wieghts by the measured resistance. 

BRx1 =(accuracy _of_ weights)(RJ 

B 10.1 = (0.00005)(R.J 

The measured resistances used in this spreadsheet are the actual model resistances 
measured during the tests in the lOT tank. 

---+ Resistance calibration bias 

Alpha Beta Gamma 

VM (m/s) BRx1 (N) BRx• (N) BRxl (N) 

0.185 0.000031 0.000007 0.000012 

0.372 0.000015 0.000025 0.000032 

0.559 0.000048 0.000056 0.000068 

0.744 0.000085 0.000103 0.000119 

0.930 0.000131 0.000157 0.000178 

1.116 0.000201 0.000245 0.000249 

1.303 0.000392 0.000381 0.000359 

1.488 0.000691 0.000690 0.000588 

1.672 0.001090 0.001092 0.000936 

1.859 0.001739 0.001774 0.001525 

Epsilon 

BRx1 (N) 

0.000014 

0.000033 

0.000061 

0.000110 

0.000171 

0.000216 

0.000345 

0.000605 

0.000989 

0.001608 

Data Acquisition: Data from the calibration (table below) shows the mass/volt relationship 

Weight (kg) Actual (N) Predicted (N) (Yi-(axi-b))2 

0.0 0 0.132 0.0 17424 --> JOT calibration data 

2 .0 19.613 19.538 0.005625 

4 .0 39.227 39.181 0.00211 6 
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6.0 58.84 58.742 0.009604 
8.0 78.453 78.43 0.000529 
10.0 98.066 98.117 0.002601 

From these values the SEE can be calculated using the following equation: 

N 

~)1';- (aX;+ b)) 2 

SEE= i= l 

N-2 

Where: N = 6 

SEE = 0.0973383 

The curve fit bias is then calculated as twice the SEE: 

B 11x 2 = 2SE£ 

B Rx2 0.1946767 N ---+ Resistance curve fit bias 

There is also a possible error due to misalignment of the load cell (i.e. difference in 
orientation between calibration and test condition) 

---+This is estimated to be ± 0.25°, and will effect the measured resistance as: 

BRx3 =Rx - (cos0.25°RJ 

BRx3 = Rx(l-cos0.25°) 

---+ Load cell misalignment bias 

Alpha 

VM(rn/s) BRx3 (N) 
0. 185 0.000006 
0.372 0.000003 
0.559 0.000009 
0.744 0.000016 
0.930 0.000025 
1.116 0.000038 
1.303 0.000075 
1.488 0.000132 
1.672 0.000207 
1.859 0.000331 

Beta Gamma 

B Rx3 (N) BRx3 (N) 

0.000001 0.000002 

0.000005 0.000006 
0.000011 0.000013 

0.000020 0.000023 

0.000030 0.000034 

0.000047 0.000047 

0.000072 0.000068 

0.000131 0.000112 

0.000208 0.000178 

0.000338 0.000290 

Epsilon 

BRx3 (N) 
0.000003 

0.000006 
0.000012 
0.000021 
0.000032 

0.000041 

0.000066 
0.000115 

0.000188 
0.000306 

Resistance data is acquired by an AD converter, which normally has an error of I bit out of 
an AD accuracy of 16 bits. 
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---+ The following table g ives the necessary converter data: 

AD card resolution 16 bits 

AD card voltage range 10 volts 

AD card error 1 bit 

This voltage can be translated into Newton by using the slope value of the calibration (30.2283). 
AD conversion bias shall be given by AD converter error in bit multiplied by AD range divided by 
AD accuracy: 

BRx4 0.0092249 N ---+ AD conversion bias 

Total: The error in resistance is then calculated to be: 

---+ Total bias limit for resistance 

VM (m/s) 

1.000 

0.372 

0.559 

0.744 

0.930 

1.116 

1.303 

1.488 

1.672 

1.859 

Calibration: 

Btwl = 

Data Acquisition: 

Brw2 = 

Total: 

B,w = 

Alpha Beta Gamma Epsilon 

B.u (N) B10 (N) B.u (N) B.u (N) 

0.194895 0.194895 0.194895 0.194895 

0.194895 0.194895 0.194895 0.194895 

0.194895 0.194895 0.194895 0.194895 

0.194895 0.194895 0.194895 0.194895 

0.194895 0.194895 0.194895 0.194895 

0.194895 0.194895 0.194895 0.194895 

0.194896 0.194895 0.194895 0.194895 

0.194896 0.194896 0.194896 0.194896 

0.194898 0.194898 0.194897 0.194898 

0.194903 0.194903 0.194901 0.194902 

Bias Limit- Temperature 

The thermometer used has been calibrated by the manufacturer. 
It has a guaranteed accuracy of ± 0.5°C. 

0.5 ---+ Temperature calibration bias 

The range of test temperatures observed during testing for any bow was in 
the range of± 0.2°C. 

0.1 ---+ Temperature measurement bias 

The error in temperature is obtained by the RSS of the 2 components above 

0.509902 ---+ Total bias limit for water temperature 
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,----------------------------------------~~~-

Calibration: 

Bias Limit - Density 

The density-temperature relationship according to the ITTC Procedure 
7.5-02-01-03 for g = 9.81 m/s2 can be expressed as: 

p = 1000.1 + 0.0552tw ~ 0.0077tw
2 + 0.00004t} 

--> Derivation gives: 

--> Using a temperature, tw, of I5°C and Btw = 0.5 1 0°C, Bp1 can be calculated using: 

Data Reduction: 

0.075873 --> Density calibration bias 

There is an error associated with converting the temperature to a density 
(i.e. table lookup). 
It is calculated as twice the SEE of the curve fit to the density/temperature 
values for the whole temperature range. 

--> According to the JTTC Procedure 7.2-02-02-02 this bias error is given as: 

Conceptual: 

Total: 

B = p 

0.07 --> Density data reduction bias 

Since the temperature/density used in the analysis is the actual test 
temperature/density, there is no bias error here. 

0 --> Density conceptual bias 

The error in density is obtained by the RSS of the 2 components above 

0.103232 --> Total bias limit for density 
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Calibration: 

Bias Limit - Viscosity 

The viscosity-temperature relationship for freshwater adopted by the ITTC 
Procedure 7.5-02-01 -03 can be calculated by: 

v = ((0.000585(t.., - 12)- 0.0336l)(t ll' - 12)+1.2350)*10-6 

v = (0.000585t ll' 2 
- 0.04765tw + 1. 72256) * 1 o-6 

-+ Partial derivation gives: 

au = (0.00 117t.., - 0.04 765) * 1 o-6 

at.., 

-+ Using a temperature, tw, of I5°C and Brw = 0.5 1 0°C, 8 0 1 can be calculated using: 

Data Reduction: 

1.5348E-08 -+ Viscosity calibration bias 

Since the above expression is representative of a curve fit to a table of 
data, there is an inherent error that may be estimated by taking the 
difference of the viscosity value calculated using this expression and the 
viscosity value given in the ITTC Procedure 7.5-02-01 -03 

(u = 1.1 3902* I o·6 m2/s). 

-+ This bias error may be estimated by: 

B u2 = 1.13902*10-6 - 1.1 39435 *10-6 

-4.15E-10 -+ Viscosity data reduction bias 

Total: The error in viscosity is obtained by the RSS of the 2 component above 

1.53537E-08 -+ Total bias limit for viscosity 
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-----~- -- -~---------------

Total Bias Limit- Total Model Resistance Coefficient 

The bias limit associated with C,. can be found using: 

( )2 ( )2 ( J2 ( J2 2 acT acT acT acT 
(BeT ) = --Bws + --Bv + --BRx + --BP 

as av aRX ap 

---> Where the partial derivatives are: 

acT -~(-2) 
av o.sps V3 

acT 1 
=---

aRX 0.5pV2S 

Where: p = 

S= 

---> Tables for tested speeds: 

Alpha 

VM (m/s) Rx(N) 
0. 185 0.62 
0.372 0.3 

0.559 0.95 
0.744 1.69 
0.930 2.61 

1.116 4.02 

1.303 7.83 

1.488 13.82 

1.672 21.79 

1.859 34.78 

Beta 

VM (m/s) Rx (N) 
0. 185 0.14 

0.372 0.50 

999.9 
1.138 

ac,.;aws 
-0.0279 

-0.00334 

-0.0047 

-0.00472 

-0.00467 

-0.00499 
-0.00713 

-0.00964 

-0.01203 

-0.01554 

ac,.;aws 
-0.0063 

-0.00557 

---> Average density during lOT tests 
---> Alpha bow 

ac,.;av 8C,./8Rx 8C,./8p 
-0.34283 0.051217 -3.1758E-05 

-0.02044 0.012684 -3 .8056E-06 

-0.019 14 0.00563 -5.3489E-06 

-0.01443 0.003 175 -5.3668E-06 

-0.01142 0.002034 -5.3 1 03E-06 

-0.01017 0.00141 1 -5.6738E-06 

-0.01246 0.00 1036 -8.113E-06 

-0.01475 0.000794 -1. 09 72E-O 5 

-0.01638 0.000629 - 1.3697E-05 

-0.0 1903 0.000509 -1.7 691 E-05 

ac,.;av 8C,./8Rx 8C,./8p 
-0.07741 0.051217 -7. 1711 E-06 

-0.03407 0.0 12684 -6.3427E-06 
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0.559 1.12 -0.00554 -0.02257 0.00563 -6.306 1 E-06 
0.744 2.06 -0.00575 -0.01758 0 .003175 -6.5418E-06 

0.930 3.13 -0.0056 -0.0137 0.002034 -6.3683E-06 

1.1 16 4.89 -0.00606 -0.0 1237 0.001411 -6.90 17E-06 

1.303 7.6 1 -0.00693 -0.012 11 0.001 036 -7.885E-06 

1.488 13.80 -0.00963 -0.0 1472 0.000794 -1.0956E-05 

1.672 2 1.83 -0.01206 -0.0164 1 0.000629 -1.3 722E-05 

1.859 35.47 -0 .01585 -0.0194 1 0 .000509 -1.8042E-05 

Gamma 

VM (m/s) R, (N) oCT!oWS oCT!oV oCT!oRx oCT!op 
0. 185 0.24 -0.0108 -0.1 3271 0 .05 12 17 -1.2293E-05 

0.372 0 .63 -0 .00702 -0.04293 0.01 2684 -7 .9918E-06 

0.559 1.35 -0.00668 -0.0272 0.00563 -7.601E-06 

0.744 2.38 -0.00664 -0.02032 0.003175 -7.558E-06 

0.930 3 .55 -0.00635 -0 .01554 0.002034 -7 .2228E-06 

1.1 16 4.97 -0.00616 -0.01257 0.001 4 11 -7.0 146E-06 

1.303 7 .1 7 -0.00653 -0.0114 1 0.001036 -7.429 1 E-06 

1.488 11.76 -0.0082 -0 .01255 0 .000794 -9.3363E-06 

1.672 18.7 1 -0.01033 -0.01406 0 .000629 -l.1 761E-05 

1.859 30.50 -0.01363 -0.0 1669 0.000509 -1.5514E-05 

Epsilon 

V M (rn/s) Rx (N) oCTIOWS oCT!oV oCT!oRx oCT!Op 
0.185 0.27 -0.012 15 -0.1493 0 .05 12 17 -1.383E-05 

0.372 0 .66 -0.00736 -0 .04498 0.01 2684 -8.3724E-06 

0.559 1.2 1 -0.00599 -0.02438 0 .00563 -6.8 128E-06 

0.744 2. 19 -0.0061 1 -0.0 1869 0 .003 175 -6.9546E-06 

0.930 3 .41 -0.0061 -0.0 1493 0 .002034 -6.9379E-06 

1.1 16 4 .32 -0 .00536 -0 .01093 0.00 14 11 -6.0972E-06 

1.303 6.89 -0.00627 -0.01096 0 .001 036 -7.139E-06 

1.488 12.09 -0.00843 -0.0129 0 .000794 -9 .5983E-06 

1.672 19.78 -0.01092 -0.01487 0.000629 -1.2434E-05 

1.859 32.15 -0.01437 -0 .01 759 0 .000509 - l.6353E-05 

Total: The error in total resistance coefficient is then calculated to be: 

--+ Total bias limit for total resistance coefficient 

Alpha Beta Gamma Epsilon 

V M (rn/s) BeT Bcr BeT BeT 
0.185 0.01018 0.009982 0.009982 0.009982 

0.372 0.002475 0.002472 0.002472 0.002472 

0.559 0.001103 0.001097 0.001098 0.001097 

0.744 0.000625 0.000619 0.000619 0.000619 

0.930 0.000402 0.000397 0.000397 0.000397 

1.1 16 0.000282 0.000276 0.000276 0.000276 

1.303 0.000217 0.000204 0.000204 0.000204 
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1.488 0.000181 0.00016 0.000158 0.000158 
1.672 0.000163 0.000132 0.000129 0.00013 

1.859 0.000162 0.000118 0.000113 0.000115 

Total Bias Limit- Residual Resistance Coefficient 

Residuary resistance can be obtained from ITTC-57 as: 

---+The bias limit associated with CR can be found using: 

---+ Where the partial derivatives are: 

Total: The error in residual resistance coefficient is then calculated to be: 

---+ Total bias limit for residual resistance coefficient 

1 h Alpl a B eta G amma E 'I :ps1 on 

VM (m/s) B cR BcR BcR B cR 

0.185 0.010181 0.009982 0.009982 0.009982 

0.372 0.002475 0.002472 0.002472 0.002472 

0.559 0.001103 0.001098 0.001098 0.001098 

0.744 0.000625 0.000619 0.00062 0.00062 

0.930 0.000403 0.000397 0.000398 0.000397 

1.1 16 0.000282 0.000276 0.000276 0.000276 

1.303 0.000217 0.000204 0.000204 0.000204 

1.488 0.000182 0.00016 0.000159 0.000159 

1.672 0.000163 0.000132 0.00013 0.000131 

1.859 0.000162 0.000118 0.000114 0.000115 
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Bias Limit - Model Skin Frictional Resistance Coefficient 

The skin frictional resistance coefficient is calculated through the ITTC-57 skin friction line as: 

0.075 
C F = --------:-

(log10 VL / u-2) 2 

--+ Bias errors in skin friction may be tracked back to errors in model length, speed, and 

viscosity. 

--+ The bias limit associated with CF can be found using: 

(B ) 2 = (acF B )
2 

+(acF B )
2 

+(acF B )
2 

CF aV 11 aL L au u 

--+ Where the partial derivatives are: 

ac F = o 075( - 2 J( 1 ) 
av . (logVL / u - 2) 3 V 1n10 

acF =0 075 ( -2 J( 1 ) 
aL . (logVL / u-2) 3 Lln10 

acF =0 075 ( -2 J( - 1 ) 
au . (logVL / u-2) 3 uln10 

--+ Table for tested speeds: 

VM (m/s) acF1av acF/aL acF;&u 
0.185 -0.0085672 19 -0.00092 1393.371 
0.372 -0.0033 11 646 -0.0007 1 1082.299 

0.559 -0.001922284 -0.00062 942.9826 

0.744 -0.001314813 -0.00057 858.8267 
0.930 -0.000980567 -0.00053 800.1938 
1.1 16 -0.00077 1553 -0.0005 755.9598 
1.303 -0.00063058 -0.00047 721 .0852 
1.488 -0.00053027 -0.00046 692.7374 
1.672 -0.00045574 -0.00044 669.0933 
1.859 -0.000397384 -0.00043 648.572 1 
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Total: The error in frictional resistance coefficient is then calculated to be: 

VM (rnls) BCF --+ Total bias limit for frictional resistance coefficient 

0.185 5.43325E-05 

0.372 2.55037E-05 

0.559 1.83476E-05 
0.744 1.52931E-05 

0.930 1.35917E-05 

1.116 1.24882E-05 

1.303 1.17052E-05 

1.488 1.11148E-05 

1.672 1.06487E-05 

1.859 1.02607E-05 

Precision Limits 

The SDev. for C™, CR, and Cr were based on the small number of repeated te ts carried 
out for each bow in the MUN towing tank. The SDev. was calculated for each bow/speed 

combination and an average taken. 

The following numbers were calculated for the SDev. for C™, CR, and Cr: 

SDev. 0.00016 0.000165 5.1874E-07 

--+ The precision limits for a single run is calculated as: 

p = K ·SDevcr 
CT .fM 

Per= 0.0002263 

PeR= 0.0002333 

Per= 7.3360E-07 

Total Resistance Coefficient: 

K · SDevcR 

Jii 
p _ K ·SDevcF 

CF - Jii 

--+ Precision limit for tota l resistance coefficient 

--+ Precision limit for residual resistance coefficient 

--+ Precision limit for frictional resistance coefficient 

Total Uncertainties 

The total uncertainty for CT can be calculated as: 
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--+ Total uncertainty for total model resistance coefficient 

Alb 1p1 a B eta G amma 

YM (m/s) UcT UcT UcT 
0.185 0.010183 0.009985 0.009985 
0.372 0.002485 0.002483 0.002483 
0.559 0.001126 0.001121 0.001121 
0.744 0.000665 0.000659 0.000659 
0.930 0.000462 0.000457 0.000457 

1.11 6 0.000362 0.000357 0.000357 
1.303 0.000313 0.000305 0.000304 

1.488 0.00029 0.000277 0.000276 
1.672 0.000279 0.000262 0.000261 
1.859 0.000278 0.000255 0.000253 

Residual Resistance Coefficient: 

--+ Total uncertainty for residual resistance coefficient 

Alh lpJ a B eta G anuna 

VM (m/s) UcR UcR UcR 
0. 185 0.010183 0.009985 0.009985 
0.372 0.002486 0.002483 0.002483 

0.559 0.001128 0.001122 0.001122 
0.744 0.000667 0.000662 0.000662 
0.930 0.000465 0.000461 0.000461 

1.11 6 0.000366 0.000362 0.000362 
] .303 0.000319 0.00031 0.00031 
] .488 0.000296 0.000283 0.000282 

1.672 0.000285 0.000268 0.000267 
1.859 0.000284 0.000262 0.00026 

Frictional Resistance Coefficient: 

--+ Total uncertainty for frictional resistance coefficient 
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E ·1 ~ps1 on 

UcT 
0.009985 

0.002483 

0.001121 

0.000659 
0.000457 

0.000357 

0.000304 

0.000276 

0.000261 
0.000254 

The total uncertainty for CR can be calculated 
as: 

E .1 ~pSI on 

UcR 
0.009985 

0.002483 

0.001122 
0.000662 

0.000461 

0.000362 

0.00031 
0.000282 
0.000267 
0.00026 

The total uncertainty for CF can be calculated 
as: 



VM (m/s) Ucr 

0.185 5.434E-05 
0.372 2.551E-05 
0.559 1.836E-05 
0.744 1.531E-05 
0.930 1.361E-05 
1.116 1.251E-05 
1.303 1.173E-05 
1.488 1.114E-05 
1.672 1.067E-05 
1.859 1.029E-05 
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Appendix E-2: MUN Test Program 
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Data Acquisition: 

Data Acquisition: 

V'= 
S = 
LWL' = 
B' = 

T' = 

Cs = 

V''= 

V''- V' = 

Cs= 

S' = 

S'- S = 

AWP 

Bias Limit- Model Length 

Model accuracy of± I mm in a ll coordinates. 

0.002 m --+ Model length bias 

Bias Limit- Wetted Surface Area 

Error due to manufacturing error of± I mm in all coord inates. 
Length will increase by 2 mm, beam by 2 mm, draft by 1 mm. 

Assume block coefficient remains constant. 
*(Assume the error for Alpha bow is fme for all bows)* 

67.75 kg 

1.138 m2 

1.733 m 
0.553 m 

0.19 m 
0.3774 

68.71937 kg 

0.969373 kg 

0.105024 Where: C5 = S I.JVLWL 

1.14611 2 m2 

0.008112 ' m-

0.8054 ' m-

--+An increase of0.9694 kg gives a decreased draft of: (using p = 1000 kg/m3
) 

T" = 0.001204 m 

--+ The smaller draft decreases the wetted surface by: S" = 3.462*0.00 1204 

*(using a total waterline length of2*LWL= 3.462 m)* 

S"- S = 0.004167 

BwsJ = 0.003946 --+ Hull form bias 

Calibration: Error due to measurement of model weight is ± 0.2 kg. 

--+ An increase in model weight of 0.2 kg gives a additional draft of: (using p = I 000 kg/m3
) 
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T'" = 0.000248 m 

--+The increased draft increases the wetted surface by: S" = 3.462*0.000248 

*(using a total waterline length of2*LWL= 3.462 m)* 

S"'- S = 0.00086 

Bwsz = 0.00086 --+ Displacement bias 

Total: The wetted surface bias is obtained by the RSS of the 2 components above 

Bws= 0.004038 --+Total bias limit for wetted surface area 

Bias Limit- Speed 

The required info to determine the error for speed was not available for the MUN tests. 
The bias limit is based on information gathered from the lOT resistance tests. 
It is assumed that the bias limit will be similar during the MUN resistance tests. 

Required test set-up infom1ation: 

Resolution I 0000 pulse/m 

Dia of wheel 0.5m 

Max pulse duration 0.0000002 s 

Min pulse duration 0.00000012 s 

Max output signal 5 volts 

Circuit speed 100 ms 

ADIDA card 16 bits 

Number of windows 6366 pulses/rev 

The output from the encoder is calculated wit the following equation: 

c7rD 
V = - --

6366~t 

--+ Pulse Count 

Calibration: 

Be• = 

Data Acquisition: 

(denoted as 'C') 

Assumed accuracy of optical encoder of± I pulse on every update. 

1 pulse --+ Encoder calibration bias 

The AD boards are assumed to be accurate to 1.5 bits or pul e . 
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Bcz = 

BC3= 

Data Reduction: 

1.5 pulses ---+ AD conversion bias 

1.5 pulses ---+ DA conversion bias 

Occurs when converting analogue voltage to a frequency that 

Represents the pulse count over I 0 time bases, or one second. 
This bias limit is introduced by the linear curve fit obtained from a set 
of calibration data that is applied to the measured data to allow tlus conversion. 

---+ Curve fit bias limit determined previously to be 2.5 Hz 

0.25 pulses 

---+The total bias limit for pulse count is obtained by the RSS of the components above 

Be= 2.358495 pulses ---+Total bias limit for pulse count 

---+ Wheel Diameter (denoted as 'D') 

Calibration: The wheel diameter is considered accurate witllin 0.000115 m 

Bo= 0.000115 m ---+ Wheel diameter bias 

---+ Time Base (denoted as 'Lit') 

Calibration: Rated accuracy, based on ITTC procedure 7.5-02-02-02, is 1.025* I o-5 s 

B~,= 0.00001025 m 

---+ The error in speed is obtained by using the equation given below: 

(B , )2 =(av B )2 +(av B )2 +(~s )2 
' ac c aD D 81'!.t !::J 

Where: 

av ---+ Calculated to be equal to 0.00247 
ac 63661'!.1 
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av ere 

aD 6366t.t 

av crcD ( 1 ) -- --- ---
at.t 6366 t.t 2 

--+Table for tested speeds: 

VM (m/s) c 8V/8D 8V/8t.t 

0. 185 75.07666525 0.3705 - 1.8525 
0.372 150.8625568 0.7445 -3.7225 

0.559 226.4458122 1.1175 -5.5875 

0.744 301.5224774 1.488 -7.44 

0.930 376.7004607 1.859 -9.295 

1. 11 6 452.2837162 2.232 -1 1.1 6 

1.303 527.8669716 2.605 -13.025 

1.488 603 .0449549 2.976 -14.88 
1.672 677.716348 3.3445 -16.7225 

1.859 753.4009214 3.718 -18.59 

Total: The error in speed is then calculated to be: 

VM (m/s) Bv (m) --+ Total bias limit for speed 

0.185 0.005826 
0.372 0.005826 
0.559 0.005827 
0.744 0.005828 
0.930 0.005830 
1.1 16 0.005832 
1.303 0.005835 
1.488 0.005838 
1.672 0.005841 
1.859 0.005844 

Bias Limit - Resistance 

The horizontal x-force is to be measured for the model when towed through the water. 

The measured x-force for each bow during the MUN tests are given in the table below: 
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Alh 1p1 a B eta D l eta G amma 

VM (rnls) R, (N) Rx(N) Rx (N) Rx (N) 

0.291 0.73 0.43 0.29 0.58 

0.681 1.68 2.19 1.81 1.60 
0.877 2.79 3.06 3.02 2.73 

1.073 5.40 4.63 4.44 4.87 

1.267 8.96 7.28 5.86 6.73 

1.465 15.18 11.92 10.97 10.91 

1.659 22.57 19.19 16.79 18.06 

1.856 34.51 30.76 28.94 27.73 

2.049 52.11 48.13 44.88 43.31 

2.244 72.90 63.79 66.47 66.58 

E ·1 :ps1 on E ta ota Th eta z eta 

VM (rnls) Rx (N) Rx (N) Rx (N) Rx (N) R, (N) 

0.291 0.03 0.27 0.50 0.33 0.41 

0.68 1 1.46 1.61 1.83 2. 18 1.44 

0.877 2.27 2.71 3.39 2.94 2.85 

1.073 3.72 4.92 5.41 5.18 4.42 

1.267 6.37 7.57 6.48 7.76 6.67 

1.465 10.57 12.33 10.54 13.05 11 .77 

1.659 16.44 18.97 16.15 20.2 1 19.27 

1.856 28. 19 31.85 27.70 33.52 31 .65 

2.049 42.84 46.99 43.99 49.76 46.78 

2.244 63.45 65.08 64.11 67.25 67. 17 

Calibration: Assumed tolerance for indjvidual weights of0.005%. 

The bias limit due to errors in calibration weights is calculated by multiplying the accuracy 

of the weights by the measured resistance. 

BR..d =(accuracy _ of _ weights)(RJ 

B R..<~ = (0.00005)(RJ 

The measured resistances used in this spreadsheet are the actual model resistances 
measured during the tests in the MUN towing tank. 

~ Resistance calibration bias 

Al h 1p1 a B eta D1 eta G amma 

VM (rnls) BRx1(N) BRJ:1 (N) BR.,I (N) BRJ:1 (N) 

0.291 3.65E-05 2.14E-05 1.43E-05 2.92E-05 

0.681 8.39E-05 I.IOE-04 9.04E-05 8.02E-05 

0.877 0.00014 0.0001 53 0.0001511 0.000137 

1.073 0.00027 0.00023 1 0.0002219 0.000244 

1.267 0.000448 0.000364 0.0002932 0.000336 
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1.465 0.000759 0.000596 0.0005485 0.000545 

1.659 0.0011 28 0.00096 0.0008395 0.000903 

1.856 0.001726 0.001538 0.0014472 0.001387 

2.049 0.002606 0.002407 0.002244 0.0021 65 

2.244 0.003645 0.003189 0.0033234 0.003329 

E ·1 :pst on Eta Ita 0 Th ta e z eta 

VM (m/s) B Rxt (N) BRxt (N) BRxt (N) B Rx t (N) BRx t (N) 

0.291 1.71 E-06 1.37E-05 2.50E-05 1.65E-05 2.03E-05 

0.68 1 7.32E-05 8.04E-05 9.l3E-05 1.09E-04 7.20 E-05 

0.877 0.000114 0.000135 0.0001695 0.000 147 0.000143 

1.073 0.000186 0.000246 0.0002704 0.000259 0.00022 1 

1.267 0.000319 0.000378 0.0003239 0.000388 0.000334 

1.465 0.000529 0.000617 0.000527 0.000653 0.000588 

1.659 0.000822 0.000948 0.0008073 0.001011 0.000964 

1.856 0.001409 0.001593 0.0013852 0.00 1676 0.001583 

2.049 0.002 142 0.002349 0.0021993 0.002488 0.002339 

2.244 0.003 172 0.003254 0.0032054 0.003362 0.003358 

Data Acquisition: Data from the calibration shows the mass/volt relationship 

Weight Actual Predicted (Yi-(axi-b))2 

(kg) (N) (N) 

0.0 0.00 0.02 0.000549 

0.2 1.96 2.09 0.01605 1 
2.2 21.55 2 1.62 0.004843 

4.7 46.17 46.00 0.028136 

7.2 70.80 70.77 0.00 1034 
9.2 90.48 90.49 0.000082 

11.5 112.76 112.64 0.012409 

13.8 135.03 134.95 0.007030 

16.0 157.29 157.30 0.000007 
18.3 179.61 179.70 0.00832 1 

20.3 199.27 199.34 0.005269 

From these values the SEE can be calculated using the following equation: 

N 

~)r;- (aX; + b))
2 

SEE = i= l 

N - 2 

Where: N = 11 

SEE = 0.09645 
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The curve fit bias is then calculated as twice the SEE: 

BRx 2 = 2SEE 

BRxz 0.19291 N -+ Resistance curve fit bias 

There is also a possible error due to misalignment of the load cell (i.e. difference in 

orientation between calibration and test condition) 

-+ This is estimated to be ± 0.25°, and will effect the measured resistance as: 

B RxJ = Rx - (cos0.25°Rx) 

BRx3 = Rx(1 -cos0.25°) 

-+ Load cell misalignment bias 

AI h 1p1 a B eta 

VM (m/s) BRx3 (N) BRx3 (N) 

0.291 6.95E-06 4.08E-06 

0.681 1.60E-05 2.09E-05 

0.877 2.66E-05 2.92E-05 

1.073 5.14E-05 4.40E-05 

1.267 8.53E-05 6.93E-05 

1.465 0.000145 0.000113 

1.659 0.000215 0.000183 

1.856 0.000329 0.000293 

2.049 0.000496 0.000458 

2.244 0.000694 0.000607 

E ·1 :.J>SI on E ta 

VM (m/s) BRx3 (N) BRx3 (N) 

0.291 3.25E-07 2.62E-06 

0.681 1.39E-05 1.53E-05 

0.877 2.17E-05 2.58E-05 

1.073 3.54E-05 4.69E-05 

1.267 6.06E-05 7.20E-05 

1.465 0.000101 0.000117 

1.659 0.000156 0.000181 

1.856 0.000268 0.000303 

2.049 0.000408 0.000447 

2.244 0.000604 0.00062 

Dl eta G amma 

BRx3 (N) BRx3 (N) 

2.7 1 E-06 5.57E-06 

1.72E-05 1.53E-05 

2.88E-05 2.60E-05 

4.22E-05 4.64E-05 

5.58E-05 6.40E-05 

0.0001044 0.000104 

0.0001598 0.000172 

0.0002755 0.000264 

0.0004272 0.000412 

0.0006327 0.000634 

ota T h e ta z e ta 

B Rx.1 (N) BRx3 (N) BRx3 (N) 

4.75E-06 3.15E-06 3.87E-06 

1.74E-05 2.07E-05 1.37E-05 

3.23E-05 2.80E-05 2.71 E-05 

5.15E-05 4.93E-05 4.20E-05 

6.17E-05 7.39E-05 6.35E-05 

0.0001003 0.000124 0.000112 

0.0001537 0.000192 0.000183 

0.0002637 0.000319 0.000301 

0.0004187 0.000474 0.000445 

0.0006103 0.00064 0.000639 

Resistance data is acquired by an AD converter, which normally has an error of 1 bit o ut of 

an AD accuracy of 16 bits. 
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AD card resolution 16 bits 

AD card volt ran e 10 volts 

AD card error 1 bit 

This voltage can be translated into Newton by using the slope value of the calibration 
(796.18194). AD conversion bias shall be given by AD converter error in bit multiplied by 

AD range divided by AD accuracy: 

BIU4 0.24298 N --+ AD conversion bias 

Total: The error in resistance is then calculated to be: 

--+ Total b ias limit for resistance 

VM (m/s) 

0.291 

0.681 

0.877 

1.073 

1.267 

1.465 

1.659 

1.856 

2.049 

2.244 

V M (m/s) 

0.291 

0.681 

0.877 

1.073 
1.267 

1.465 

1.659 

1.856 

2.049 

2.244 

Calibration: 

Alh 1p1 a B eta Dl eta G amma 

B.u (N) B.u (N) B.u (N) B~tt (N) 

0.3 10243 0.310243 0.3102427 0.3 10243 

0.310243 0.3 10243 0.3102428 0.3 10243 

0.3 10243 0.3 10243 0.3102428 0.3 10243 

0.3 10243 0.310243 0.3 102428 0.3 10243 

0.3 10243 0.310243 0.3 102429 0.3 10243 

0.310244 0.3 10243 0.3 102433 0.3 10243 

0.310245 0.3 10244 0.3 102439 0.3 10244 

0.3 10248 0.3 10247 0.3102462 0.3 10246 

0.3 10254 0.310252 0.3102512 0.310251 

0.3 10265 0.31026 0.3102612 0.3 10261 

E ., 
~PSI Oil E ta ota Th eta z eta 

B.u (N) B.u (N) B.u (N) BRx (N) B.u (N) 

0.310243 0.310243 0.3102427 0.3 10243 0.3 10243 

0.310243 0.3 10243 0.3 102428 0.310243 0.310243 

0.3 10243 0.310243 0.3 102428 0.3 10243 0.3 10243 

0.310243 0.310243 0.3102429 0.3 10243 0.3 10243 

0.3 10243 0.310243 0.3102429 0.3 10243 0.310243 

0.3 10243 0.310243 0.3102432 0.3 10243 0.3 10243 

0.3 10244 0.310244 0.3 102438 0.3 10244 0.3 10244 

0.3 10246 0.3 10247 0.310246 0.310247 0.3 10247 

0.3 1025 0.3 10252 0.3102508 0.3 10253 0.310252 

0.3 1026 0.31026 0.3102599 0.3 10262 0.3 10262 

Bias Limit - Density 

The density-temperature relationship according to the ITTC Procedure 
7.5-02-01-03 for g = 9.8 1 m/s2 can be expressed as: 

p = 1000.1 + 0.0552!\\1- 0.0077t} + 0.00004t} 
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---+ Derivation gives: 

:; = jo.0552- 0.0154t"' + 0.00012t"'
2

1 

IV 

---+Using a temperature, tw, of l5°C and Btw = 0.51 0°C, Bp1 can be calculated using: 

ap 
Bpi= -a Brw 

fw 

Data Reduction: 

0.075873 ---+ Density calibration bias 

There is an error associated with converting the temperature to a density 
(i.e. table lookup). 
It is calculated as twice the SEE of the curve fit to the density/temperature 
values for the whole temperature range. 

---+According to the JTTC Procedure 7.2-02-02-02 this bias error is given as: 

Conceptual: 

Total: 

B = p 

Calibration: 

Data Acquisition: 

0.07 ---+ Density data reduction bias 

Since the temperature/density used in the analysis is the actual test 
temperature/density, there is no bias error here. 

0 ---+ Density conceptual bias 

The error in density is obtained by the RSS of the 2 components above 

0.103232 ---+ Total bias limit for density 

Bias Limit- Temperature 

The them1ometer used has been calibrated by the manufacturer. 
It has a guaranteed accuracy of± 0.5°C. 

0.5 ---+ Temperature calibration bias 

The range of test temperatures observed during testing for any bow was in 
the range of± 0.2°C. 
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Btw2 = 

Total: 

Calibration: 

0.1 ---> Temperature measurement bias 

The error in temperature is obtained by the RSS of the 2 components above 

0.509902 ---> Total bias limit for water temperature 

Bias Limit - Viscosity 

The viscosity-temperature relationship for freshwater adopted by the ITTC 
Procedure 7.5-02-01-03 can be calculated by: 

u = ((0.000585(tiV - 12)- 0.03361)(tw -12) + 1.2350) * 1 o-6 

u = (0.000585t'"2
- 0.04765t"' + 1.72256) *I o-6 

---> Partial derivation gives: 

au =(0.00117t iV- 0.04765)*10-6 

atw 

---> Using a temperature, tw, of l5°C and Brw = 0.51 0°C, 8 01 can be calculated using: 

B -au B 
VI - at /W 

w 

Data Reduction: 

1.5348E-08 ---> Viscosity calibration bias 

Since the above expression is representative of a curve fit to a table of 
data, there is an inherent error that may be estimated by taking the 
difference of the viscosity value calculated using this expression and the 
viscosity value given in the ITTC Procedure 7.5-02-01-03 

(u = 1.13902* I o·6 m2/s). 

---> This bias error may be estimated by: 

B v2 =1. 13902*10-6 - 1.1 39435*10-6 

-4.15E-10 ---> Viscosity data reduction bias 
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Total: 

B = u 

The error in viscosity is obtained by the RSS of the 2 components above 

1.53537E-08 -> Total bias limit for vi cosity 

Total Bias Limit- Total Resistance Coefficient 

The bias limit associated with CT can be found using: 

(B ) 2 =(acT B )
2 

+(acT B )
2 

+(acT B .J
2 

+(acT B )
2 

cT as ws a v v aR 10 a p 
X p 

-> Where the partia l derivatives are: 

Where: p = 

S = 

-> Tables for tested speeds: 

Alh 1p 1 a 

VM (m/s) Rx (N) 

0.291 0.73 

0.681 1.68 

0.877 2.79 

1.073 5.40 

999.4 kg/m3 

1.138 m2 

acT;aws acT;av 
-0.0133 -0.1037 

-0.0056 -0.0187 

-0.0056 -0.0145 

-0.0072 -0.0154 
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->Alpha bow tests at MUN 

-> Alpha bow 

OCT/8R. 8CT/8p 

0.0207 -1.51 E-05 

0.00379 -6.36E-06 

0.00229 -6.38E-06 

0.00153 -8.25E-06 



1.267 8.96 -0.0086 -0.0155 0.0011 -9.82E-06 
1.465 15.18 -0.0109 -0.017 0.00082 -1.25E-05 
1.659 22.57 -0.0127 -0.0174 0.00064 -1 .44E-05 
1.856 34.5 1 -0.0155 -0.019 0.0005 1 -1.76E-05 
2.049 52. 11 -0.0192 -0.0213 0.00042 -2. 18E-05 
2.244 72.90 -0.0224 -0.0227 0.00035 -2.55E-05 

Beta 

VM (m/s) Rx (N) acT;aws acT;av aCT/aRx acTtap 
0.291 0.43 -0.0078 -0.0609 0.0207 -8.87E-06 
0.681 2.19 -0.0073 -0.0244 0.00379 -8.32E-06 
0.877 3.06 -0.0062 -0.016 0.00229 -7.01E-06 
1.073 4.63 -0.0062 -0.0132 0.00153 -7.07E-06 
1.267 7.28 -0.007 -0.0126 0.0011 -7.97E-06 

1.465 11 .92 -0.0086 -0.0133 0.00082 -9.78E-06 
1.659 19. 19 -0.0108 -0.0148 0.00064 -1.23E-05 

1.856 30.76 -0.0138 -0.0169 0.0005 1 -1.57E-05 

2.049 48.13 -0.0177 -0.0197 0.00042 -2.02E-05 
2.244 63.79 -0.0196 -0.0199 0.00035 -2.23E-05 

Delta 

VM (m/s) R, (N) acTtaws acTtav acT!aRx acTtap 
0.291 0.29 -0.0052 -0.0405 0.0207 -5.91E-06 

0.68 1 1.81 -0.006 -0.0201 0.00379 -6.85E-06 

0.877 3.02 -0.0061 -0.0158 0.00229 -6.91E-06 

1.073 4.44 -0.006 -0.0126 0.00153 -6.78E-06 

1.267 5.86 -0.0056 -0.0101 0 .00 11 -6.43E-06 

1.465 10.97 -0.0079 -0.0123 0.00082 -9E-06 

1.659 16.79 -0.0094 -0.01 29 0.00064 -1.07E-05 

1.856 28.94 -0.013 -0.0159 0.0005 1 -1.48E-05 

2.049 44.88 -0.0165 -0.0184 0.00042 -1.88E-05 

2.244 66.47 -0.0204 -0.0207 0.00035 -2.32E-05 

Gamma 

V M (m/s) Rx (N) acT;aws acTtav aCT/aRx acTtap 
0.291 0.58 -0.0106 -0.0831 0.0207 -1.21E-05 

0.681 1.60 -0.0053 -0.0179 0.00379 -6.08E-06 

0.877 2.73 -0.0055 -0.0142 0.00229 -6.25E-06 

1.073 4.87 -0.0065 -0.0139 0.00153 -7.45E-06 

1.267 6.73 -0.0065 -0.0116 0.0011 -7.37E-06 

1.465 10.91 -0.0079 -0.01 22 0.00082 -8.95E-06 

1.659 18.06 -0.0101 -0.0139 0.00064 -1.15E-05 

1.856 27.73 -0.0124 -0.0153 0.0005 1 -1.42E-05 

2.049 43 .31 -0.0159 -0.0177 0.00042 -1.82E-05 

2.244 66.58 -0.0204 -0.0207 0.00035 -2.33E-05 
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E ·1 :ps1 on 

YM (m/s) R, {N) oCT!oWS oCT!oV oCT/oR. oCT!op 
0.291 0.03 -0.0006 -0.0049 0.0207 -7.08E-07 
0.681 1.46 -0.0049 -0.0163 0.00379 -5.55E-06 

0.877 2.27 -0.0046 -0.0119 0.00229 -5.2E-06 
1.073 3.72 -0.005 -0.0106 0.00153 -5.69E-06 
1.267 6.37 -0.0061 -0.011 0.0011 -6.98E-06 
1.465 10.57 -0.0076 -0.0118 0.00082 -8.67E-06 

1.659 16.44 -0.0092 -0.0127 0.00064 -1.05E-05 

1.856 28.19 -0.0126 -0.0155 0.00051 -1.44E-05 

2.049 42.84 -0.0158 -0.0175 0.00042 -1.8E-05 

2.244 63.45 -0.0195 -0.0197 0.00035 -2.22E-05 

Eta 

VM (m/s) R, {N) ocT;aws acT;av acT!aR, acT!ap 
0.291 0.27 -0.005 -0.039 0.0207 -5.69E-06 

0.681 1.61 -0.0054 -0.0179 0.00379 -6.09E-06 

0.877 2.71 -0.0054 -0.0141 0.00229 -6.19E-06 

1.073 4.92 -0.0066 -0.014 0.00153 -7.52E-06 

1.267 7.57 -0.0073 -0.0131 0.0011 -8.29E-06 

1.465 12.33 -0.0089 -0.0138 0.00082 -1.01 E-05 

1.659 18.97 -0.0106 -0.0146 0.00064 -1.21E-05 

1.856 31.85 -0.0143 -0.0175 0.00051 -1.63E-05 

2.049 46.99 -0.0173 -0.0192 0.00042 -1.97E-05 

2.244 65.08 -0.02 -0.0203 0.00035 -2.27E-05 

Iota 

YM (m/s} Rx {N) acT;aws acT!ov acT!aR. acT!ap 
0.291 0.50 -0.0091 -0.0709 0.0207 -1.03E-05 

0.681 1.83 -0.0061 -0.0203 0.00379 -6.93E-06 

0.877 3.39 -0.0068 -0.0177 0.00229 -7.75E-06 

1.073 5.41 -0.0073 -0.0154 0.00153 -8.27E-06 

1.267 6.48 -0.0062 -0.0112 0.0011 -7.1E-06 

1.465 10.54 -0.0076 -0.0118 0.00082 -8.65E-06 

1.659 16.15 -0.0091 -0.0 124 0.00064 -1.03E-05 

1.856 27.70 -0.0124 -0.0153 0.00051 -1.42E-05 

2.049 43.99 -0.0 162 -0.018 0.00042 -1.84E-05 

2.244 64. 11 -0.0197 -0.02 0.00035 -2.24E-05 

Theta 

VM (m/s) R, (N) acT;aws acT1ov 8CT/8R, acT;aP 
0.291 0.33 -0.006 -0.047 0.0207 -6.85E-06 

0.681 2. 18 -0.0072 -0.0242 0.00379 -8.25E-06 

0.877 2.94 -0.0059 -0.0153 0.00229 -6.73E-06 

1.073 5. 18 -0.007 -0.0148 0.00153 -7.92E-06 

1.267 7.76 -0.0075 -0.0134 0.0011 -8.51 E-06 

1.465 13.05 -0.0094 -0.0146 0.00082 -1.07E-05 

1.659 20.21 -0.0113 -0.0156 0.00064 -1.29E-05 
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1.856 33.52 -0.015 -0.0184 0.0005 1 -1.71E-05 

2.049 49.76 -0.0183 -0.0204 0.00042 -2.09E-05 

2.244 67.25 -0.0206 -0.0209 0.00035 -2.35E-05 

Zeta 

VM (m/s) Rx (N) ac,.;aws ac,.;av 8C,./8Rx ac,.;ap 
0.291 0.41 -0.0074 -0.0578 0.0207 -8.43E-06 

0.681 1.44 -0.0048 -0.016 0.00379 -5.46E-06 

0.877 2.85 -0.0057 -0.0149 0.00229 -6.52E-06 

1.073 4.42 -0.0059 -0.0126 0.00 153 -6.75E-06 

1.267 6.67 -0.0064 -0.0 11 5 0.00 11 -7.3 1E-06 

1.465 11.77 -0.0085 -0.0132 0.00082 -9.65E-06 

1.659 19.27 -0.0108 -0.0 148 0.00064 -1 .23E-05 

1.856 31.65 -0.0142 -0.0174 0.00051 -1.62E-05 

2.049 46.78 -0.0172 -0.0191 0.00042 -1.96E-05 

2.244 67. 17 -0.0206 -0.0209 0.00035 ·-2.35E-05 

T otal: The error in total resistance coefficient is then calculated to be: 

---. Total bias limit for total resistance coefficient 

AI h 1p1 a B eta D l eta G amma 

YM (m/s) Be,. BeT BeT BeT 
0.29 1 0.006452 0.006424 0.006423 0.006424 

0.68 1 0.001181 0.001176 0.001176 0.001176 

0.877 0.000714 0.00071 0.00071 0.000709 

1.073 0.000483 0.000475 0.000475 0.000475 

1.267 0.000353 0.000341 0.000341 0.000341 

1.465 0.000277 0.000257 0.000256 0.000256 

1.659 0.000228 0.000203 0.000202 0.000202 

1.856 0.000203 0.000168 0.000167 0.000166 

2.049 0.000196 0.000148 0.000146 0.000145 

2.244 0.000194 0.000134 0.000136 0.000136 

E .I :pst on E ta I ota Th eta z eta 

VM (rn/s) Bc:T Bc:T BeT Bcr BeT 
0.291 0.006423 0.006423 0.006424 0.006423 0.0064235 

0.681 0.001176 0.001176 0.001176 0.001176 0.00117583 

0.877 0.000709 0.000709 0.00071 0.000709 0.00070945 

1.073 0.000474 0.000475 0.000475 0.000475 0.00047451 

1.267 0.000341 0.000341 0.000341 0.000341 0.00034073 

1.465 0.000256 0.000257 0.000256 0.000257 0.00025663 

1.659 0.000202 0.000203 0.000202 0.000203 0.00020294 

1.856 0.000166 0.000169 0.000166 0.00017 0.00016852 

2.049 0.000145 0.000148 0.000146 0.00015 0.00014745 

2.244 0.000134 0.000135 0.000134 0.000137 0.00013664 
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Total Bias Limit- Residual Resistance Coefficient 

Residuary resistance can be obtained from ITTC-57 as: 

-+ The bias limit associated with CR can be found using: 

-+ Where the partial derivatives are: 

Total: The error in residual resistance coefficient is then calculated to be: 

-+ Total bias limit for re idual resistance coefficient 

Al h Jp. a B eta D l eta G aruma 

VM (m/s) Bc:R BcR Bc:R Bc:R 
0.29 1 0.006452 0.006424 0.006424 0.006424 
0.68 1 0.001181 0.001176 0.00]]76 0.001176 
0.877 0.000715 0.00071 0.00071 0.00071 
1.073 0.000483 0.000475 0.000475 0.000475 
1.267 0.000353 0.000341 0.000341 0.000341 
1.465 0.000277 0.000257 0.000257 0.000257 
1.659 0.000229 0.000203 0.000202 0.000203 
1.856 0.000204 0.000168 0.000167 0.000167 

2.049 0.000196 0.000149 0.000146 0.000145 
2.244 0.000194 0.000134 0.000136 0.000137 

E ·1 :pst on Et a ota Th t e a z t e a 

VM (m/s) BcR BcR BcR Bc:R BcR 
0.29 1 0.006424 0.006424 0.006424 0.006424 0.006424 
0.68 1 0.001176 0.001176 0.00]]76 0.001176 0.001176 
0.877 0.000709 0.00071 0.00071 0.00071 0.00071 
1.073 0.000475 0.000475 0.000475 0.000475 0.000475 
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1.267 0.000341 0.000341 0.000341 0.000341 0.000341 
1.465 0.000256 0.000257 0.000256 0.000257 0.000257 
1.659 0.000202 0.000203 0.000202 0.000204 0.000203 
1.856 0.000167 0.000169 0.000167 0.00017 0.000169 
2.049 0.000145 0.000148 0.000146 0.00015 0.000148 
2.244 0.000134 0.000135 0.000135 0.000137 0.000137 

Bias Limit- Skin Frictional Resistance Coefficient 

The skin frictional resistance coefficient is calculated through the ITTC-57 skin friction 
line as: 

CF = 0.075 
(log 10 VL I v - 2) 2 

---+ Bias errors in skin fr iction may be tracked back to errors in model length, speed, and 

viscosity. 

---+The bias li mit associated with CF can be found using: 

(B . ) 2 = ( ac F B ) 
2 

+ ( ac F B )
2 

+ ( ac F B ) 
2 

CF oV v oL L OV u 

---+ Where the partial derivatives are: 

ac F = o 075( - 2 J( 1 ) 
oV . (IogVL / u-2) 3 Vln10 

ac F = o 075( -2 J( 1 ) 
oL . (IogVL / v-2) 3 L ln10 

ac F = 0 075( - 2 J( - 1 ) 
ov · (logVL / v-2) 3 vln10 
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---> Table for tested speeds: 

VM (m/s) acF;av 8CF/8L acFJau 
0.291 -0.004610781 -0.00078 11 79.735 

0.681 -0.001477475 -0.00058 883.6326 

0.877 -0.001058216 -0.00054 814.9324 

1.073 -0.000812313 -0.0005 765.195 

1.267 -0.000653568 -0.00048 727.1245 

1.465 -0.000541301 -0.00046 696.0319 

1.659 -0.000460388 -0.00044 670.6455 

1.856 -0.000398328 -0.00043 648.9206 

2.049 -0.000350538 -0.00041 630.4756 

2.244 -0.000311699 -0.0004 614.1056 

Total: The error in frictional resistance coefficient is then calculated to be: 

VM (m/s) Bcr ---> Total bias limit for frictional resistance coefficient 

0.291 3.24357E-05 
0.681 1.61109E-05 
0.877 1.39915E-05 
1.073 1.27076E-05 
1.267 1.1836E-05 
1.465 1.11815E-05 
1.659 1.06787E-05 
1.856 1.02672E-05 
2.049 9.92953E-06 
2.244 9.63758E-06 

Precision Limits 

The SDev. for C™, CR, and CF were based on the small number of repeated tests carried 
out for each bow in the MUN towing tank. The SDev. was calculated for each bow/speed 
combination and an average taken. 

The following numbers were calculated for the SDev. for C™, CR, and CF: 

SDev. 0.00016 0.000165 
5.1874E-

07 

--->The precision limits for a single run is calculated as: 

p _ K ·SDevcT 
CT- ..fM 

p _ K ·SDevcR 
CR- JM 
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PeT= 0.0002263 ---+ Precision limit for total resistance coefficient 

PeR= 0.0002333 ---+ Precision limit for residual resistance coefficient 

Per= 7.3360E-07 ---+ Precision limit for frictional resistance coefficient 

Total Uncertainties 

Total Resistance Coefficient: The total uncertainty for CT can be calculated as: 

---+ Total uncertainty for total resistance coefficient 

A I h 1p1 a B eta Dl e ta G amma 

V M (m/s) UeT UCT UeT Ucr 
0.291 0.006456 0.006427 0.006427 0.006428 

0.681 0.001202 0.001198 0.001197 0.001197 

0.877 0.000749 0.000745 0.000745 0.000745 

1.073 0.000534 0.000526 0.000526 0.000526 

1.267 0.00042 0.000409 0.000409 0.000409 

1.465 0.000357 0.000342 0.000342 0.000342 

1.659 0.000322 0.000304 0.000303 0.000304 

1.856 0.000304 0.000282 0.000281 0.000281 

2.049 0.000299 0.000271 0.000269 0.000269 

2.244 0.000298 0.000263 0.000264 0.000264 

E 'I :pst on E ta ota Tl 1eta z eta 

V M (m/s) UcT UcT Uc-r Uc-r Ue_T 
0.291 0.006427 0.006427 0.006428 0.006427 0.006427 

0.681 0.001197 0.001197 0.001197 0.001198 0.001197 

0.877 0.000745 0.000745 0.000745 0.000745 0.000745 

1.073 0.000526 0.000526 0.000526 0.000526 0.000526 

1.267 0.000409 0.000409 0.000409 0.000409 0.000409 

1.465 0.000342 0.000342 0.000342 0.000343 0.000342 

1.659 0.000303 0.000304 0.000303 0.000304 0.000304 

1.856 0.000281 0.000282 0.000281 0.000283 0.000282 

2.049 0.000269 0.00027 0.000269 0.000271 0.00027 

2.244 0.000263 0.000264 0.000263 0.000264 0.000264 

Residual Resistance Coefficient: The total uncertainty for CR can be calculated as: 
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___. Total uncertainty for residual resistance coefficient 

Alh Jpl a B eta Dl eta G amrna 

VM (m/s) Uc R UcR UcR UcR 
0.291 0.006456 0.006428 0.006428 0.006428 

0.681 0.001204 0.001199 0.001199 0.001199 

0.877 0.000752 0.000747 0.000747 0.000747 

1.073 0.000537 0.000529 0.000529 0.000529 

1.267 0.000424 0.000413 0.000413 0.000413 

1.465 0.000362 0.000347 0.000347 0.000347 

1.659 0.000327 0.000309 0.000309 0.000309 

1.856 0.00031 0.000288 0.000287 0.000287 

2.049 0.000305 0.000277 0.000276 0.000275 

2.244 0.000303 0.000269 0.00027 0.00027 

E .I :ps1 on E ta ota Tl 1eta z eta 

VM (rnls) UcR UcR UcR UcR UcR 
0.291 0.006428 0.006428 0.006428 0.006428 0.006428 

0.681 0.001199 0.001199 0.001199 0.001199 0.001199 

0.877 0.000747 0.000747 0.000747 0.000747 0.000747 

1.073 0.000529 0.000529 0.000529 0.000529 0.000529 

1.267 0.000413 0.000413 0.000413 0.000413 0.000413 

1.465 0.000347 0.000347 0.000347 0.000347 0.000347 

1.659 0.000309 0.000309 0.000309 0.00031 0.000309 

1.856 0.000287 0.000288 0.000287 0.000289 0.000288 

2.049 0.000275 0.000276 0.000275 0.000277 0.000276 

2.244 0.000269 0.00027 0.000269 0.000271 0.000271 

F rictional Resistance Coefficient: The total uncertainty for CF can be calculated as: 

___. Total uncertainty for frictional resistance coefficient 

VM (m/s) Ucr 
0.291 3.244E-05 

0.681 1.613E-05 

0.877 1.401E-05 

1.073 1.273E-05 

1.267 1.186E-05 

1.465 1.121 E-05 

1.659 1.070E-05 

1.856 1.029E-05 

2.049 9.957E-06 

2.244 9.665E-06 
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