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ABSTRACT 
 

Engineering students have a chance given by the international submarine races to design and 

construct a human powered submarine. Sultana I submarine participated in ISR in June, 2011. 

The team figured out some problems. These problems was identified and verified by the 

following team that worked on solving Sultana I’s problems and therefore designing the second 

generation of the human powered submarine. The previous team designed the hull and fins. Also, 

provided recommendations and problems for the current team about the design of steering 

systems, propulsion system and monitoring system. The objective of this project is to design the 

second generation of the human powered submarine. The team will consider the 

recommendations from the previous team to participate in the ISR. 

The submarine is designed to be one person propeller submarine that is free flooding (liquid-

filled) and it must be powered by human without employing any stored power devices. The 

submarine consists of hull, propulsion system, steering system, control system and safety system. 

The first step that the team worked on was the design constrains and specifications. The team 

started researching and reading about international submarine races. After getting the 

recommendations from the previous team, the team studied the concepts design of the propulsion 

system, control system, steering system and safety system in order to get the best results. Next, 

the concepts had been verified according to the stated criteria. After that, the parametric design is 

done by preparing the calculation of all designed system. Finally, all the parts were manufactured 

or purchased and fitted inside the submarine.    
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NOMENCLATURE 

Terminology Description Units 

  

A  Cross sectional area         m
2
 

Cl  Left coefficient          - 

D  Propeller diameter        m 

     Spinner Diameter        m 

F  Applied force to the lock       N 

F  Applied force         N 

P  Power          W 

Pc  Power coefficient         -  

R  Length of the steering lever       cm 

R  Maximum radius of paddle rotation      m 

r  Radius of the submarine       m 

S  Steering cable travel in one direction      cm 

T  Input torque         N.m 

T  Temperature         C° 

v  Velocity         m/s 

x  Length of the paddle        cm 

y  Length of the lever        cm 

α  Joystick input angle        rad 

σ  Average stress distribution       P 

   Density         kg/    

   Kinematic viscosity        m
2
/s 
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ACRONYMS AND ABBREVIATIONS 

CAD    Computer aided design 

CNC    Computer numerically controlled 

FURE    Foundation for Underwater Research and Education 

GPS    Global positioning system 

HPS                    Human powered submarine  

ISR                        International submarine race 

LCD     Liquid crystal display 

NACA                     National Advisory Committee for Aeronautics 

RPM    Revolution per min 

SBC    Single board computer 

SQU    Sultan Qaboos University 

USA                    United State of America 

USB    Universal serial bus 
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CHAPTER 1: INTRODUCTION 
1.1.  INTRODUCTION 

The definition of submarine is that a watercraft that is capable of independent operation 

underwater. The word submarine in terms such as submarine cable means “under the sea” and it 

is an adjective. The first submersible with reliable information on its construction was built in 

1620 by Cornelius Jacobszoon Drebbel as shown in figure 1.1. In late 19
th

 century, technology 

and engineering involved into the submarines and the first submarine that is not relying on 

human power for propulsion was French Plongeur in 1863 as shown in figure 1.2. 
 

 

 

 
 

 

 

 

The first ISR was held in June of 1989 at Riviera Beach, Florida. Nineteen entrants from 

academic institutions, corporations, and independent groups gathered together to race their 

submarines and test their designs (ISR & FURE, 2012). Locally, SQU presented by department 

of mechanical and industrial engineering decided to participate in the 10
th

 ISR. However, the 

final design and construction of the submarine finished on May 2011 and thus the team 

participated in 11
th

 ISR. Sultana I submarine (figure 1.3) that participated in 11
th

 ISR was able to 

reach a speed of 2.115 knots. Therefore, the design of the second generation submarine is to 

avoid the problems faced by the previous team in order to get the best performance. 

 

 

 

 

 

 

 

Figure 1.1 The Drebbel, the first 

navigable submarine (Wikipedia, 

Submarine 2012) 

Figure 1.2 The French 

submarine Plongeur (Wikipedia, 

Submarine 2012) 

 

Figure 1.3 Sultana I Submarine (SQU, 2012) 
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1.2. LITERATURE REVIEW 

1.2.1. Hull and Fins 

Sultana II submarine hull was designed by the previous team on 2011. The hull shape was 

designed based on NACA standards profile shapes. The hull is 3 m in length and 0.76 m at a 

maximum diameter. The previous team used airfoil program to design the hull shape. 

Hull of Sultana II is made from fiber glass, carbon fiber, plastic fiber resin with a thickness of 

4mm. This modification of the material was made to reduce weight and increase strength of the 

hull to withstand water pressure and impacts with the pool wall. The weight of the hull is 

approximately 30 kg which was reduced by approximately of 100 kg comparing to Sultan I 

which. 

Sultana II fabrication process went through several stages. The hull was made as desired and one 

full mold has been manufactured and the hull was produced as shown in figure 1.4. 

 

Figure 1.4: Mold of Sultana II 
 

 
Figure 1.5: hull of Sultana II 
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Sultana I design was made from fiber glass and two windows at the front as shown in the figure 

below. This design of windows limits the visibility of the rider (figure 1.5). Thus, the new design 

of the window is to be two larger windows which allows the driver to have clear visibility. 

 

Figure 1.6 window of Sultana I 

 

The fins of Sultana I was made with a base that holds the fin and attach to the hull of the 

submarine. The problem of this design was the drag generated by the fins that resist the motion. 

The drag force creates resistance to the motion inside the water which results in reduction of 

performance. Thus, a new concept has been generated and applied to solve this issue. Studies 

reveal that a direct moving fin will reduce the drag resistance.  

The hull shape has various diameters at different length. This is part of position analysis for 

creating an accurate measurement inside the submarine. Sultana II position analysis depends on 

deciding control parameters. Measurements are required for the team and using of applicable 

software to create good analysis. 

The positioning inside Sultana I was carried upon their gearbox design. Thus, the change in 

gearbox design required new measurement of available space. The division of area produced by 

other teams was generated depending on the design of hull and parts to be fitted. 

Paddling ergonomics is one of the main considerations in positioning. The driver must paddle 

easily and comfortably. The previous team compares the paddling inside the submarine with the 

bicycling action. Cycling ergonomics seek for the maximum comfort of the rider while cycling. 

Researches were followed in the submarine position. 

 

1.2.2. Steering System 

Most of the previous teams participated in ISR race have used two types of steering system. The 

first type is the pure mechanical system which uses a cable to transmit the motion of the joystick 

or control handle to the fins. The second type is an electrically powered system that rotates the 

fins by a motor controlled via an electronic joystick. 

The team Archimede that participated in the previous version of the ISR has used a mechanical 

steering system which directs the submarine by four fins that are positioned at the rear. These 

fins are controlled by a joystick that is composed of two wheels as it is shown in figure 1.6. The 

side wheel controls the vertical direction, while the top wheel controls the horizontal motion. 

These wheels are linked to cables attached to the fins. (Montreal, 2011) 



15 
 

 

Figure 1.7 Joystick of the steering system of Archimede team (Carr, 2011) 

In the case of UMAINE team that participated in the 11
th

 version of the ISR however, used a 

control system that allowed the driver of the submarine to steer the submarine using a computer 

based steering mechanism (joystick). The controller receives an electronic analog signal from the 

joysticks’ two potentiometers then interprets the joystick signal and communicates the 

equivalence of the requested change in motion to the motors that move the control surfaces. 

(Maine, 2011). 

 

1.2.3. Propulsion System 

While working on second generation submarine Sultana II, we double checked and evaluated 

many principles and concepts that were used in previous designs. One of the most important 

systems in the submarine is the propulsion system. The propulsion system consists of a gearbox, 

a propeller, and a driving shaft.  Sultana I had a gearbox ratio of 1:6 which was great for the 

output speed; however, Sultana I required much more effort to be applied by the pilot and that 

was an issue. Also, the pilot of Sultana I faced a problem with the pedal-sprocket-chain system. 

The pedals were not fixed probably and the chain was leaving the gear's path due to water 

resistant. Hence the design of propulsion system regarding sultana-2 was focusing on finding a 

solution to these problems such as lowering the gearbox ratio to 1:3 and avoiding the use of 

sprocket-chain system (Al Ajmi, 2011). Also, while studying other ISR teams we found that the 

Talon1 used 1:3 gearbox ratios and so did Omer8 team .In addition both teams used a two blade 

propeller and both of them achieved a speed greater than 6 knots. 

 

1.2.4. Monitoring system 

Virginia Tech human powered sub team made an electronic control system to automatically 

maintain the required depth and direction of the sub. This was done by controlling the variable 

pitch and the vectored thrust using electric servos. The core of the control system is a 1 GHz 

single board computer SBC, as shown below in figure 1.7, and a USB Data Acquisition card. All 

the required functions of the control system were written in Labview and then transferred to an 

executable program. 
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Figure1.8 Controller used by Virginia Tech Team 
 

Phantom 5 have used an automatic depth control system to keep the sub in the desired altitude. 

The system consisted of a depth transducer, shown in figure1.8 to measure the altitude of the sub 

and compare it with the referenced altitude. The control action made by the servos depends on 

the error between the measured altitude and the referenced altitude. Thus, the greater the 

difference between the two values, the greater the control action. 

 

 

Figure1.9 Depth transducer of Phantom 5 team 
 

To control the pitch angle, Phantom   used a  igital  ompass  odule with a resolution of      

degrees and an allowable pitch and role angles of    . By comparing between the real values of 

the pitch and role angles and the desired angles, the control action is measured depending on the 

error between the two values. 

 

1.2.5. Safety Issues 

In engineering point of view safety is the main concern on every single design. In designing the 

submarine we have to obey the ISR regulations to ensure that the crew and environment 

surrounded by the submarine are safe. 

Safety issues need to be considered thought out the design and manufacturing of the submarine: 
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 The submarine should painted with high visibility color. 

 Visibility must be clear for the pilot. 

 A pop-up buoy should be released in case of an emergency so, the rescue team in the race 

can help the pilot. 

 A stripe marking light must be fixed on the submarine which flashes every second. 

 

1.3. PROBLEM STATEMENT 

A decision has been taken to send a second team to participate in the ISR to be held in June 

2013. Sultana I participated in the previous race which was in June 2011 and there were some 

problems detected in the design of Sultana I such as weight, propulsion system, steering system 

and stability.  

Two teams (2011/12 and 2012/13) have worked on the design and construction of Sultana II .The 

submarine should follow the regulations set by the ISR. It should be driven by one person who 

should operate it without the help of machines (i e  motors, engines…etc.). 

Our team continued the work of the previous team in manufacturing the submarine and finish the 

whole project. Specifically, we have worked on the following:  

 Design and construction of propulsion system 

 Design and complete the positioning of parts inside the submarine 

 Design and selecting of monitoring system 

 Design steering system 

 Construction of the hull. 

 Gearbox design and selection. 

The new submarine should obey the regulation and the project constrains are as follows: 

 The submarine has to be filled by water 

 The driver should use his power to operate the submarine 

 Parts should be fitted inside the submarine 

 Propulsion system should be directly connected to the driver body 

 Safety issues are involved (i.e. not allow hazardous material) 

 

1.4. PROJECT OBJECTIVES  

The project aim is to design and manufacture human powered submarine to participate in the ISR 

in June, 2013. This submarine will be designed to perform well in the race. Thus, problems faced 

in Sultana I were considered in designing Sultana II.  

The detail objectives of this project are: 

 To design propeller for the submarine 

 To design and select propulsion system 
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 To design steering and monitoring systems 

 To manufacture the submarine 

 To improve performance and increase reliability of the submarine 

 

1.5. EXPECTED BENEFITS AND REALISTIC CONSTRAINS 

This project has many expected benefits. The submarine project is an implementation of 

engineering fields. It is expected to help students to better understanding of real life applications 

of engineering. The expected outcomes and benefits are contributed to individuals, society and 

the nation. These benefits divided into aspects as follow: 

1.5.1 Engineering students 

 To imply the knowledge they gain through years of studies. 

 To develop their skills in using engineering tools and search tools. 

 The submarine manufacturing will allow students to interact with companies and 

workshops. 

 To give the students experience in dealing with design problems. 

1.5.2 Benefits to Oman 

 The submarine will represent Oman in ISR competition in USA which will increase the 

reputation of our nation. It will increase the awareness of people about our country 

 Participation in a big competition with the name of Sultan Qaboos University will create 

reputation and awareness to the public about our university. 

 This project can be implemented in the underwater tourism field, especially when it is 

easy to produce. 

 The project can be adopted for military field (marine force). 

 The contributed researches in the submarine project will be helpful for seminar papers in 

design and underwater fields. 

1.5.3 Environment 

 This project encourage the use of human powered submarine so it will be friendly to the 

environment 

 The submarine project use non-toxic materials that will not pollute environment. 

1.5.4 Economic and social 

 The submarine project is sponsored by many companies. It will create relation between 

the university and companies and they might be interested in supporting projects and 

innovation. 

 The submarine project will help local companies to introduce themselves in the national 

stage. 

 The submarine project can be integrated in underwater tourism industry. 
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1.5.5 Ethical Issues  

 Code of ethics will be obeyed and it should not conflict with any regulation and rules. 

1.5.6 Safety Issues 

 All safety issue must be taken in consideration such as submarine coloration, crew 

visibility, stripe marking light and emergency pop-buoy. 

 

1.6. SUMMARY 

The Human Powered Submarine Project is an opportunity for engineering students to explore the 

applications of design problems and manufacturing process. Meanwhile, it will open a wide field 

of research opportunity. Many design aspects carried out through the project. 

The Submarine team has worked to meet the expected benefits and to achieve good results. Also, 

the main objective of this project is to represent the country in the ISR competition. Furthermore, 

the submarine will be a tool to other students and people to study design and manufacturing 

processes. The team aim from this report is to identify the project and increase awareness about 

the engineering aspects in the Submarine.  

 

CHAPTER 2: HULL AND FINS 
2.1 INTRODUCTION 

A step of completing the submarine is to determine the position of parts inside the body. This 

step is important to determine some parameters as the next discussion explain. Also, positioning 

will determine the final submarine configuration form inside. 

The hull of the submarine is 3 m long with a curvature shape and maximum diameter of 0.67 m. 

the diameter is changing through the hull shape and this variation creates non-balanced 

dimension for positioning. The hull analysis that are shown in this chapter was done by the 

previous group.  

The hull was the first component conceived. The hull was partially influenced by our 

predecessors  We still made changes to improve the design of the submarine’s shape  For the last 

two years, all the work made by our predecessors was checked and analysed. The goal in the hull 

design of Sultana I was to optimize the hydrodynamics and reduce the roll. The shape in the 

middle of the submarine was axisymmetric and consequently reduced the roll. The design of 

Sultana II was different in order to increase speed by trying to minimize the total volume of the 

sub.  The hull of Sultana II (as shown in figure 2.1) was created in order to respect as much as 

possible the National Advisory Committee for Aeronautics (NACA) profiles selected. The result 

of the hull was visible by a four-leaf clover form at the end. Effectively, optimizing the 

hydrodynamics, and minimizing the volume in order to respect as much as possible the 

determined profiles was done. 
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Figure 2.1 Sultana II Submarine Configurations 

 

2.2 CONFIGURATION 

The overall configuration of the hull is as follows: 

 Hull of the Submarine: it’s the main body of the submarine and it should take all required 
parts ergonomically.  

 Transparent part (window): Front of the Submarine so that the Driver will see the path 

clearly and he will be visible by the rescue divers.  

 Entrance: Side part of the submarine for an easy entering.  

 Maintenance door: Upper part of the hull, before the fins.  

 Fins: Four fins near the end of the submarine, one in each side.  

 Propeller: at the end of the submarine.  

 

2.3 HULL 

After the ISR race Sultana I achieved a low top speed, the hull was redesigned. The hull of 

Sultana 2 was designed to have the smallest cross-sectional area, while still being large enough 

to accommodate the leg motion required of the Driver.  This shape (as shown in figure 2.2) 

reduced drag, allowing more of the thrust to be translated into velocity. While minimizing cross 

sectional area it’s important to maintain the smallest overall volume is also important. The 

design of Sultana II was improved by reducing the size and choosing another type of material to 

reduce the weight. Since the hull is filled with water, the largest constraint on acceleration is the 
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mass of the water inside the sub. The primary competitive objective is to achieve the maximum 

possible velocity from dead start.  

 

Figure 2.2 Hull Shape 

 

2.3.1 Hull Shape Design 

The hull is designed for the one-person propeller driven category. In the initial design of the hull, 

a Driver height limit was determined. With these limits known, a study on hull shape design was 

completed to determine the proper length to diameter ratio to produce a hull with the lowest 

possible drag coefficient as shown in figure 2.3. 

 

Figure 2.3 Drag Force Coefficients (mh-aerotools, 2011) 

Early in the project, the design team established the basic dimensions of a hull that would 

accommodate the largest individual among the students who had expressed interest in Diving. 

We also considered the general lines used by many of the previous ISR entries.  

In order to reduce drag on the hull, this profile was redesign in an elliptical shape (due to the 

evaluation done in the table 2.1). Fluid dynamics simulations on computers showed that global 

drag was reduced even though the hull gains a little in volume. To compensate this increase and 
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ease water flow all around the hull, the total length was also increased to the exact dimensions 

given by the NACA profile. 

 

Table 2.1 Evaluation of each Concept Design 

 

 

NACAs are a group of profiles with standardized dimensions in which the maximum height 

corresponds to a certain percentage of its total length. 

Chord length needed: L = 3.0 m, 

Maximum first diameter needed: D = 0.67 m. 

First Length-diameter ratio: r = L/D = 0.24. 

Therefore, the last two digits and our first shape is NACA 67-024. This profile is the one which 

match best with the physiognomy of the Driver while pedaling. Once this profile is chosen and 

the hydrodynamics analysis is completed, the hull can be meld by linking the NACA profile 

from both sides  The next step was to generate a sketch of the desired shape  “ esign FOIL” 

software was used to accomplish this task. Values were entered and the shape appeared in the 

screen. The result was exported in DXF file. The 3D model of the hull shape was generated 

using the DXF file generated from Design FOIL. 

2.3.2 Driver 

The Driver is lying in the longitudinal position with stomach downward and with the head 

toward the nose of the submarine. The air tank is mounted to a solid harness underneath the 

 river’s torso  In order to insure an optimum position for leverage on the drive system (as shown 

in figure 2.4), a new top-mounted shoulder harness was designed for the Driver to lie against. 

The harness includes a waist belt to secure the driver’s torso  Bicycle toe clips are used to ensure 

that the  river’s feet do not slip while pedaling   
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Figure 2.4 Driver Shape (core77, 2011) 

 

The Driver will use shoulder restraints to push against when pedaling. The restraints are built 

from a standard aluminum plate fixed on a path that will be adjustable to accommodate Drivers 

of different heights. 

A standard S UBA tank will be used  We plan to position it just below the  river’s torso, but 

the exact location will be determined after the hull is completed and the drive mechanism has 

been installed. 

2.3.2.1 Safety Issues 

Another essential point is to ensure the Driver's safety, which is done by different systems as 

required by the competition's rulebook. The most important one is the evacuation of the Driver. 

A door is positioned on the side of the submarine. This door can be opened by the Driver and by 

the teammates in the water. With this mechanism, the driver can be rescued in an emergency at 

any time. Another door is disposed at the back of the submarine to let the team work easily on 

the propulsion system. At the front of the submarine, a porthole allows the Driver to see clearly 

under and in front of him while pedaling. This porthole is also a safety item because the 

teammates are able to see the face of the Driver at any time during the tests or the competition. 

 

2.3.3 Material 

Various materials, such as carbon fiber (figure 2.5), fiber glass and E-glass were considered 

while brainstorming the design of the hull (table 2.2). Carbon fiber would have been a great 

material due to its strength and flexible. 
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Figure 2.5 Carbon Fiber (Speedcraftcomposites, 2011) 

Sultana II is made of a sandwich composite hull. This means that a lightweight material was used 

in the center of the hull to separates the inside fiberglass layers from the outside fiberglass layers. 

This was intended to add buoyancy to the submarine, to increase its strength perpendicular to the 

surface of the hull and to add resistance to bending stress.  

Table 2.2 Material Alternatives Evaluation 

 

 

So the hull material was selected to be a Carbon fiber. It was selected depending on its suitability 

of the following criteria:  

1. The mold ability to almost any boat design.  

2. Seamless construction.  

2. High strength and great durability.  
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3. Minimum maintenance.  

4. Freedom from corrosion and rust.  

2.3.4 Hull Shape Analysis 

Since the type of composite layers in sandwich used for the fabrication of the hull is not a 

standard material in the software of finite element analysis, its properties had to be determined 

for each material.  

2.3.4.1 Finite Element Analysis 

Computational fluid dynamics (CFD) is a branch of fluid dynamics where the flow is analyzed 

using numerical methods and algorithms. The fluid and other solid domains are divided into 

small finite elements in a process called meshing. Then properties and boundary conditions are 

specified and the calculation is left to computer software (figure 2.6 and figure 2.7). 

 

 

 

 

 

 

 

There are many different software packages that use CFD to analyze fluid flow. In this project, 

ANSYS Fluent v12 has been used in analyzing the fluid flow problem. However, we have kept 

in minds that Fluent gives qualitative results.  The most important output from Fluent is the 

water pressure in the outer surface of the hull as the submarine moves at a target velocity of 

8knots. Pressure results will be exported to mechanical analysis in ANSYS. In ANSYS Fluent, 

the analysis procedure consists of five steps: geometry, mesh Generation, setup, solution and 

results. 

2.3.4.2 Geometry (Dynamic) 

Autodesk Inventor was used to create the geometry. A water domain was modeled as a box with 

(9m×12.0m). Then the submarine geometry was subtracted from the water domain.  

2.3.4.3 Mesh Generation (Dynamic) 

The next step was to generate the mesh. The mesh is Generated using ABAQUS (figure 2.8 and 

figure 2.9) software since it is superior in this field. Surface meshing was generated. All elements 

Figure 2.6ANSYS Software Figure 2.7 ABAQUS Software 
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generated are tetrahedral in shape. Small mesh size has been used for critical areas like fins and 

tip of the submarine. 

 

 

Figure 2.8 Mesh1 

 

 

 

Figure 2.9 Mesh 2 

 

 

2.3.4.4 Boundary Conditions (Dynamic) 

This stage considers the properties of the fluid and boundary conditions (table 2.3).  The fluid 

was chosen to be water at 17C. In reality the submarine moves against water. However, 

analyzing flow patterns past a moving body with stationary fluid is dynamically equivalent to 

analyzing the flow patterns around a stationary body as the flow moves. The left side is set to be 

the inlet with a normal velocity of 8 knots and the right as an outlet with the same boundary 

condition of 8 knots. The front side is used as a symmetry plane. The other sides were considered 

as frictionless walls. The table below summarizes the boundary condition used in each surface. 
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Table 2.3 Summary of the boundary condition used in each surface 

Surface BC type BC value 

Left side Inlet, velocity 8 knots 

Right side Outlet, velocity 8 knots 

Front side Symmetry plane  

Other sides Wall, No friction  

Submarine Wall, No friction  

 

 
2.3.4.5 Results (Dynamic) 

The software carries out the calculations needed and uses an iterative process. When it reaches 

an error below the specified value of (1.0e-4), it stops the solution process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.10 Pressure Results 
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Pressure (figure 2.10), velocity (figure 2.11), viscosity and other results can be viewed in this 

stage. The value of maximum pressure is 8.20kPa at the nose of the submarine. This value is 

considered very logical since this region has the least area and it is perpendicular to the flow 

direction. This value agrees with our calculation in the parametric design section. The minimum 

pressure was at the region with the bigger cross section area which is located at 70% from the 

nose. These pressure results will be transferred to mechanical analysis.  

 

Figure 2.11 Velocity Results 
 

From the velocity results shown below, the maximum velocity is at the inlet and the outlet. It 

decreases near the surface of the submarine as a result of the drag force. Mechanical Analysis  

After Fluent analysis, the next step is to perform mechanical analysis were the pressure results 

will be imported to ABAQUS static structural analysis where the total deformation will be 

calculated. 
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2.3.4.6 Geometry (Static) 

Half of the hull was created using Autodesk inventor (figure 2.12).  The thickness of the hull was 

set to be 4mm.  

 

 

Figure 2.12 Shell Geometry 
 

2.3.4.7 Material model (Static) 

The finite element model requires the material properties of the hull. Since the system under goes 

static analysis and in the linear elastic region modulus of elasticity and Poisson ratio of the hull 

material will be provided only. A carbon fiber material was used for the hull of the submarine. 

2.3.4.8 Mesh Generation (Static) 

The same procedure done in ABAQUS meshing (figure2.13) was repeated to generate the hull 

mesh. Surface mesh size is different in each face of the hull. Finer surface mesh is used in the 

critical edges. 

 



30 
 

 

Figure 2.13 Mesh 3 
 

2.3.4.9  Boundary Conditions (Static) 

There are three different loads in the hull of the submarine. There are two hydraulic pressures 

resulted from the weight of water column. One of them is in the outer surface of the hull, while 

the other one is on the inner surface. However, those two pressures are approximately the same 

but in opposite directions. Therefore, they will cancel each other. The third pressure is the 

pressure of water in the outer surface of the hull that is resulted from the movement of the 

submarine through water. This data will be imported from the fluent analysis done before. 

2.3.4.10 Results (Static) 

Results from the static structural analysis in ABAQUS were generated. We can see that the 

maximum defection is about 0.56mm. It is in the middle of the hull. Stress results in the hull are 

shown in figure 22. The maximum stress is about 225MPa. 

2.4 MANUFACTURING OF THE HULL 

The hull manufacturing started on 23
rd

 of April, 2012. After the dimensions of the hull was 

proved and provided to the workshop. They conduct the following:  

1- To make the mold they made a mixture of foam and gypsum as a half cylinder shape as 

shown in (figure 2.14). Two pieces of it had been made, one for the upper half part and 

the second is for the lower half of the hull. Even though the hull is a symmetrical shape 

they did like this in order to finish the job as fast as possible also in the upper half there is 

doors so to make the cutting from the beginning. 
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Figure 2.14 First half of the mold before cutting 

 

2- Then they started cutting the extra material of it in order to reach the desired shape as 

shown in (figure 2.15 & 2.16) 

 

 

Figure 2.15 The mold after cutting started 
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Figure 2.16 The mold after cutting started in second half 
 

3- After they finish the cutting they joined the two halves in order to make sure that the hull 

is symmetrical as shown in ( figure 2.17 & 2.18) 

 

 

Figure 2.17 joining the halves 
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Figure 2.18 cutting in the back of the submarine 
 

4- Finally, they put the three layers of carbon fibre, plastic fibre and the roofing. Also the 

resin was added to strengthen these layers and make them compact. 

2.5 FINS 

The fins are essential to allow the Driver to have a certain control on his trajectory. Sultana II has 

four fins: two lateral fins to control vertical motion and two other over and under the hull to 

control lateral movements. They were designed as thin as possible in order to minimize drag 

without compromising their mechanical properties. Furthermore, given the cable mechanism 

used for the direction system, the surface of the mobile part of the fin had to be small enough for 

being activated manually by the Driver while pedaling, thus without hard effort. This is the 

reason why a design combining a fixed and a mobile part was chosen. 

 

2.5.1 Fins Shape Design 

The areas of the mobile and fixed part of the fin were calculated following the same kind of lift 

computation used in aeronautic. In aviation, a lift force is created when the wing shape creates a 

difference of pressure between its both sides. This creates a vertical force under the wing, 

allowing the plane to take off. This phenomenon can also be applied in hydrodynamics. The 

following figure illustrates this force on a sketch of the fin. 

A pressure difference is created between both sides of the fin when the flap is activated, thus 

creating a thrust force on the fin  The fin’s profile conforms to a NA A profile  NA A profiles 

are amongst the most trustful in aviation, and can thereby by used with confidence in 

hydrodynamics.  Therefore, NACA 64-010 shape was chosen for the fin. We can see that the last 

two digits are “1 ”, because it is required to have a fin with a length of   cm and a maximum 

thickness of 2cm. 
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The same procedure used in generating the hull shape was repeated to design the fin. However, 

NACA 67-024 shape was revolved to get the hull and NACA 64-010 was extruded to get the fin. 

As requested from the other team (internal team), who is responsible for designing the steering 

system, the fins are selected to move completely with a small base. This type of fins consists of 

two parts. One part is stationary and responsible of the stability of the submarine. The other part 

is movable in order to change the direction of the submarine, horizontally or vertically.  

2.5.2 Number of Fins 

Based on the concept generation for the number of fins to be used (shown in table 2.4) (Al 

Sawafi, 2011), shown in table 4, we chose four fins. The fins will be placed just before the tail of 

the submarine where two of them will be placed horizontally on the right and left and the other 

two vertically on the top and bottom. Each fin will have an aileron on it where the ailerons on the 

horizontal fins are responsible for the up and down motion whereas the ailerons on the vertical 

fins are responsible for the right and left motion.  

Table 2.4 Concept Generation for Fins 

 

2.5.3 Material 

The search for an appropriate material for the fins led to a full carbon fiber construction (table 

2.5). This material has incredible mechanical properties and still has an unmatched very low 

weight. Since the propulsion system and other essential devices are built with heavier materials 

such as metals, most of the submarine’s weight is concentrated in its tail section. Thereby, 

lightweight materials became an evident choice for the fabrication of the fins. As previously 

mentioned, they were designed to be has thin as possible. This characteristic makes them 

relatively fragile and subject to failure in the event of an impact. Therefore, their final shape 

would not have been an option without an extremely resistant material such as carbon fiber. 

Also, let’s not forget to mention that it is highly workable and it gives, at the end, an undeniable 

professional look. 
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Table 2.5 Fins Material Concept Evaluations 

 

2.5.4 Finite Element Analysis: 

The tridimensional computer model allowed the team to perform a finite element analysis on the 

fin to put its design to the test. Since the submarine is designed to go straight in a normal 

competition situation and have perfect neutral buoyancy, the flaps are supposed to rarely be used 

in order to give minor correction to the submarine’s orientation  Therefore, to reduce 

computational time, they have been neglected from the analysis model. The analysis was thus 

only made on the regular fixed part of the fin. The purpose of this analysis was to observe the 

water flow around the geometry and detect any excessive distortion. The first step of any finite 

element analysis is the meshing of the model. This was made using the software ANSYS Mesh 

(Figure2.19) From ANSYS Workbench 12.1. The objective here was not to mesh the solid 

geometry, but the actual environment around it.  Note how precise is the mesh is around the 

profile’s perimeter  This particularity is to ensure a good reading of the flow near the fin’s 

surface where the flow boundary layer is formed. Although, it requires considerable 

computational power and time. Once the environment meshing is combined with the 

tridimensional model, the finite element analysis on fluid dynamics can be performed. ANSYS 

Fluent is the software used to perform this analysis. 
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Figure2.19 Fins Mesh 

 

2.5.5 Results 

The software now has every condition and specifications it needs to perform a fluid analysis. 

Many different types of results can be graphically illustrated once every calculation is completed. 

The first results, illustrated present, on a general manner, the main path lines of the water flow 

around the fin. These lines are definitely regular all the way around the fin and present a clear 

straight trajectory. Therefore, no major water turbulence is created when the fin is travelling 

underwater. The next illustration presents another very important parameter when it comes to 

design a fin. In this situation the magnitudes of flow velocity around the fin. What we want to 

make sure, here, is that velocity dissipates well after hitting the fin, but still smoothly follows the 

outline. The colored scale presents a dark red area right at the front of the fin. This is normal 

since it is the area of impact with water  Although, following the fin’s perimeter, the color 

rapidly changes to lower colors. That is the behavior we are looking for. Finally, a second area, 

at the rear end of the fin, presents another concentration of vectors. This is where the water flows 

from both sides meet and thus it proves that the water flow was gliding along the contour. 

Finally the path lines of the pressure flow around the fin. The pressure around an object in a flow 

is directly linked to its drag. As it is possible to observe, the only area where a significant 

pressure is created is at the airfoil’s front edge  This pressure is absolutely normal  It is created 

by the fluid’s separation on each side of the fin and is inevitable. Note that it does not have a 

significant influence on the fin’s total drag  Every fluid dynamics analysis presented above 

proved the efficiency of the design. It is important to remind that these analyses were made for 

the specific case where the flap is not activated. The results would have been clearly different in 

such case. When activated, a flap builds considerable distortion behind itself. However, knowing 

the fact that the submarine is designed to be perfectly neutral in water and should go in straight 
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line with no major help from the directional fins, this simplification is definitely acceptable for 

the required analysis. 

2.6 GENERAL POSITIONING ANALYSIS 

The first step in positioning part was to determine the parameters that will control the position of 

parts. These parameters are: 

 Total length of the submarine = 3 m 

 Maximum diameter= 0.67m 

 Average length of the crew 

 Shape of the hull 

The length of the hull is divided into two parts: 0.55 m window and 2.45 m carbon fiber. The 

carbon fiber area is the place where the crew can place parts. The hull was designed to have 

circular cross section at any length with a constant radius. Those, a cut at any length would give 

a regular circle. The diameter of this circle will differ from length to another. This shape was 

designed using solidworks by inserting certain points generated by NACA and series number 6. 

The positioning depends on the rider length as it will be proper for the whole team to use. So, I 

measured the lengths of the crew and took the average as the standard length of the rider with an 

error margin to fit for all team members. The average length of the team is 172 cm. 

2.7 INTERIOR CONFIGRATION DESIGN 

There were two plans for designing position and configuration inside the submarine. Those plans 

depend on the available material in the market. They are explained below. 

2.7.1 Plan A 

This plan depends on a one output and two input gearbox. This is the main plan for Sultana II. 

The design was to place the gearbox and directly connect it to the shaft and the paddles. The rest 

is configuration of chair and steering system in the submarine. It is shown in the duplication 

plate in figure 2.1. The plate is 3 m long and simulation of the part position was up to 

dimensions. 

 

 

Figure 2.20 Plan A of positioning in a simulation plate 
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An advantage of this plan was that it takes small area inside the submarine with a maximum use 

of human power without losses in energy transfer. On the other hand, the position of the gear box 

creates large area beneath it witch require long shaft that may bend during rotation. This problem 

was solved by fitting the shaft in a bearing to constrain the motion into rotation only. 

 

2.7.2 Plan B 

This plan was developed in the case of the required gearbox absences. It was to design for 

separate gear box and paddles with a transmission chain system inside the submarine. The main 

challenge in this design was to choose proper dimension for the chain, paddle and gearbox 

supports to be proper for the rider. The gearbox center should be at the centerline of the 

submarine to connect with the shaft. 

 

Figure 2.21 Plan B design for position using chain transition system 

The configuration of the second option is shown in figure 2.2 above using Solidworks. This idea 

of having chain inside the submarine takes more space. The dimensions of the parts position 

generated due to the paddle position. The paddle base was placed at 1.8 m long from the front 

section of the submarine. The steering placed at 4 cm after the window region followed by a 9 

cm separation distance. Then, the chair is placed after that at 0.69 m. The center of the paddle 

was aligned to the center of the submarine. The diameter at 1.8m is 0.64m so that the center of 

the paddle is at 0.32 m. The rest of the dimension is shown in the drawing in Appendix A. 

The size of the shaft length is around 40 cm which is more proper for stability in rotation. On the 

other hand, losses increased rapidly through the chain system which can reduce efficiency of 

paddling. 

The team has followed plan A as major plan and the rest analysis was based on this plan. This 

choice was because of its benefit in using the ultimate human power at full stage. Although, 

using long shaft is disadvantage but it was beated by using coupling and bearings. 
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2.8 GEARBOX POSITION 

The most important part to be positioned was the gearbox. It had generated the knowledge about: 

 Available length to the front 

 Shaft diameter 

 Specification and limitation of the paddle and lever 

The average length of the team is 172 cm but the rider will move his legs to paddle. Those we 

introduce the compressed length term for the rider. The driver is lying in the longitudinal 

position with stomach downward and with the head toward the nose of the submarine. This 

position was estimated by a bicycle rider compressed length (figure2.3). 

 
Figure 2.22 Driver compressed length (Al Ajmi, 2011) 

Previous studies for the compressed length of bicycle rider conclude that a proper estimation of 

the cycler length is his length multiply by a ratio of 0.65. The compressed of the team is around 

112 cm. 

We considered this length as the compressed length of the team. Adding the window length (55 

cm) the total length of the gear position became 167 cm. A margin of 13 cm used for the error of 

calculation and variation of length between members. 

The final gear position is at 180 cm. By using the design of the hull the range for placing the 

gearbox falls in 0.77-1.87 m. Next stage was to assign the position inside the submarine and to 

place the gearbox. The team designed a base that holds the gearbox and bearing. Aluminum bars 

was used in manufacturing process of the base. The idea was to make the base separate from the 

hull so that it can be removed. We had placed small connections inside the hull using fiberglass. 

The connections are an L bars with holes and the gearbox was fitted inside them. Nutt and bolts 

used to attach the base of the gearbox and the piece in the hull. 

This idea was used for plan B. The configuration of gearbox, chain system and paddles was 

placed on a base and it can be fitted in the same place inside the submarine. 
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2.9 PADDLES 

One major consideration is the paddle size because it should not touch the hull. The procedure to 

calculate the lever and paddle is as follow: 

 Determine gearbox position 

 Determine radius at that position 

 Use iteration to find proper dimensions 

The calculation of the paddle and lever is based on the simple Pythagorean theory. The following 

explanation shows how to calculate the lever and paddle dimension. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.23 Cross section of the hull 

The above figure shows the assumed dimension where: 

x= paddle size 

y= lever length 

r= maximum radius of paddle rotation 

 

The radius of the submarine at 1.8 is 0.321 m. We reduce that radius to avoid paddle and hull 

interaction. The radius we choose is 29 cm. 

The governor equation is x2+y2= r2 

By fixing two variables and change one we used iteration to get best results. The radius of 

rotation chosen to be less than 25 cm, fixing the lever length (y) and change paddle size (x). 

Best iteration was as follow: 

R=20 cm y=18 cm x= 8.72 cm margin= 5.438 cm 

R=19 cm y=16 cm x= 10.4 cm margin= 5.18 cm 

R=20 cm y=16 cm x= 12 cm margin= 3.5 cm 

R=19 cm y=15 cm x= 11.7 cm margin= 4.529 cm 

R=18 cm y=14 cm x= 11.3 cm margin= 5.467 cm 
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r 
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41 
 

The best radius of rotation range found to be 18-20 cm and a margin of more than 5 cm required 

to avoid any contradiction. We had choose the first iteration with y=18 cm and x=8.72 cm for the 

paddle size. This was because we needed to maximize the arm length to increase the input 

torque. 

The lever used was the one purchase by the previous team and our team purchased the paddle as 

shown in the bill of materials. 

Final step of paddle design was to assemble it with the gearbox by means of coupling. The 

manufacture process of the paddles was joining and testing of them. The size was proper for the 

team. 

 
2.10 CHAIR 

The chair is made from aluminum with a dimension if 0.6x0.3 m. this chair was made by the 

previous team. The chair position is at 0.73 m from the front. 

A modification to the old chair needed to fit the team members. We used the available workshop 

to modify the length of the chair. We reduced the length by 8 cm by cutting one side of it. The 

new dimension of the chair is 0.52x 0.3 m and it is covered by hard and normal foam and leather 

as shown in figures 2.5, 2.6 and 2.7. 

The chair was replaced in place inside the submarine. The idea of L base attached to the hull and 

using nuts and bolts to join the chair with it was utilized. 

 

Figure 2.24 Chair assembly 

 

 
Figure 2.25 Manufactured chair from previous team (Al Ajmi, 2011) 
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Figure 2.26 Chair modification 

2.11 TESTING 

Final step of the project was to test the submarine inside water. The testing was conducted to 

evaluate the position of the rider. The place of the gearbox was perfect. On the other hand, the 

steering position needed slight modification. The team resized the base of the steering. The first 

test showed the steering was close to the rider body. So, the place of the based was shifted few 

centimeters. The paddles were proper and the paddling action was smooth.  

 

2.12  SUMMARY 

In conclusion, position analysis has been made and results were generated. The position depends 

on the gear position in first stage. This analysis has been carried with the help of Solidworks 

program and it was ultimately theoretical. Modification of positioning had been conducted 

during the assembly of the submarine. This is because the manufacturing process of hull may 

increase or reduce the size and shape. Also, the paddle size has many alternatives and we 

followed the available market size. The general sizing depends on measurement taken from the 

team. 
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CHAPTER 3: STEERING SYSTEM 
3.1 INTRODUCTION 

The steering system gives the pilot the ability to control the direction of motion for the 

submarine. Hence, the design of the system is crucial to get great maneuvering abilities.The 

steering should allow the submarine to rotate only about its pitch axes (up/down) and yaw axes 

(left/right). Control of the roll movement is not possible, so balance of the submarine about this 

axis is mandatory. 

3.2 DESIGN OF THE MECHNICAL STEERING SYSTEM 

The previous team worked on Sultana I have used a mechanical system, the team faced two 

problems: high friction and loosen of the steel wires. To overcome these problems two push-pull 

cables are used instead of steel wires. The push-pull cable is a type of flexible cable used in 

sailboats to transmit linear motion by applying force to one end and consequently, transmitting 

the force applied to the other end. Two cables are used to control each direction and the length of 

each cable is 3m. 

 

 

Figure 3.1 Push-pull cable 
 

The driver needs to be able to adjust the horizontal and vertical fins located at the end of the 

submarine through the use of a control device located at the front of the submarine. The control 

device is designed to easily and accurately move the fins. Therefore, using two joysticks to 

control each direction pitch and yaw. 

 

Figure 3.2 Control device with two joysticks 
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Cables will pass through the submarine to be attached to levers coupled with fins. These levers 

change the linear motion to rotate the fins. 

In order to find length of the lever which is the same as the joystick lever choosing a push-pull 

cable with total travel 12cm, meaning from maximum pull to maximum push. Also, selecting 

maximum input angle for each direction 45º from the neutral position of the joystick imply: 

       

  
 

 
 

 

  ⁄
        , Here note the travel of the cable in one direction is half the total travel. 

Thus, length of levers for both joystick and fins is 7.6cm. 

3.3 SUMMARY 
All in all, design of the steering system has been improved to solve the problems encountered in 

Sultana I by using push-pull cables as a replacement for steel wires with two joysticks to obtain 

better control ability to steer the submarine. After that, the required length of levers was 

calculated based on the total travel of the cable and maximum required input angle. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



45 
 

CHAPTER 4: PROPULSION SYSTEM 

4.1 INTRODUCTION 

The propulsion system is designed to transfer power from the pilot to the propeller. When the 

pilot starts pedaling, the gearbox will transfer power to the shaft and hence to the propeller. The 

difference of the propulsion system between Sultana I and Sultana II is that Sultana I had a 

chain-sprocket system that transfers power from the pedals to the gearbox, while in Sultana II the 

pedals are directly connected to the gearbox to avoid friction losses and to eliminate the issue of 

having a loose chain. This has shortened the front part of the system and led to have a longer 

shaft for Sultana II. 

4.2 PROPULSION SYSTEM DESCRIPTION 

The propulsion system consists of a gear box that has a bevel gear with a ratio of 1:3 and a shaft 

that is connected directly to the pinion with aids of coupling (figure 4.1). The shaft is supported 

on the other side by a ball bearing that is fixed into housing. The housing is glued to the hull of 

the submarine and it covers the propeller's hub. The hub is used to hold the blades of the 

propeller and it is connected to the drive-shaft using a head cap (figure 4.2). 

 

 

 

 

 

 

 

 

Figure 4.1 Components of the gearbox 

 

Figure 4.2 Section view of the propulsion syste 
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Table 4.1 shows a list of components for the propulsion system shown above.  

Table 4.1 List of the components of the propulsion system 

  

 

 

 

 

 

 

 

4.3 PROPELLER DESIGN 

 

4.3.1 Theoretical background of JavaProp 

JavaProp is a relatively simple program, which is based on the blade element theory. The blade is 

divided into small sections, which are handled independently from each other. Each segment has 

a chord and a blade angle and associated airfoil characteristics. The theory makes no provision 

for three dimensional effects, like sweep angle or cross flow. But it is able to find the additional 

axial and circumferential velocity added to the incoming flow by each blade segment. 

This additional velocity results in an acceleration of the flow and thus thrust. Usually this 

simplified model works very well, when the power and thrust loading of the propeller (power per 

disk area) is relatively small, as it is the case for most aircraft propellers. 

 
4.3.2 Airfoil design 

The design procedure creates the blade geometry in terms of the chord distribution along the 

radius as well as the distribution of the blade angle. The local chord length c depends mainly on 

the prescribed lift coefficient CL to have wider blades, having to choose a smaller design lift 

coefficient (resp. angle of attack) and vice versa. It should be noted, that the design procedure 

does not work accurately for high thrust loadings as they occur under static conditions. If the 

power coefficient Pc is less than 1.5, otherwise the theory is not fully applicable and may lead to 

errors. Figure4.3 shows the flowchart of the design process. 

No. Part Name 

1 Head Cap 

2 Hub 

3 Housing 

4 Drive-Shaft 

5 Ball Bearing 
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Figure 4.3 Flow-chart of design process 

 
4.3.3 Constraints and requirements to the design 

There are several constraints regarding the project. The first constraint is the power delivered by 

the pilot. The power is decided to be 280W according to previous studies on average power of a 

cyclist. The density of water is another constraint since the competition is carried in a sea water 

pool. The density of salt water is about 2.5% higher than the density of fresh water. The 

temperature of the water is assumed to be around 10°C. Therefore, the corresponding density to 

this temperature is 1024.2825kg/m
3
. The salinity of water is taken to be around 31545(mg/L or 

PPM). The kinematic viscosity that corresponds to this density is 0.0000013m
2
/s. 

 
4.3.4 Input Variables and Constants 

The first variable to be given for the design is the number of blades. It is decided for the 

propeller to have 2 blades according to the capabilities available. The output speed of the 

propeller is 180 revolutions per minute. This is obtained from the gearbox design which has a 

ratio of 1:3 and since the pilot can produce about 1 revolution per second. Another variable is the 

diameter of the propeller which has to be less than the maximum diameter of the submarine body 

by 0.01-0.03m. This is to avoid turbulent flow from occurring and to prevent the submarine from 

rotating around its self. The axial velocity of the flow is selected to be 8knots which equals 

4.112m/s and it is the target required to be achieved. 

Input 
Parameters 

Propeller 
Design 

Propeller 
Analysis 

Selecting 
Design Point 

Modifications 
of Geometry 
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                Figure 4.4 Design parameters page in JavaProp 

Basically, hydrofoils are like airfoils, just used in water. They can be used on propeller blades, as 

lifting surfaces or in keels and rudders. In most of these applications a high lift to drag ratio is 

required, which usually drives the design to higher lift coefficients. 

The airfoils selected were the Clark-Y, NACA6416, NACA6416, and MH114 with 

corresponding angles of attack 18°, 12°, 8°, 3°. This is selected to give us maximum efficiency, 

high thrust, and high velocity. And also because of the characteristic that met the design 

constraints. The first step while carrying out a propeller design to choosing an airfoil is looking 

into the airfoil characteristics such as the L/D ratio, the maximum CL, stall angle depending on 

the desired thickness as well. 
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Figure 4.5Airfoils design page in JavaProp 

The figure below shows the distribution of efficiency that corresponds to the dimensionless 

advance ratio. The results show that at maximum efficiency 92.24% the velocity reaches 

9.8knots (5.07m/s). At 50% efficiency the velocity reaches 4knots (2.14m/s) and at 60% 

efficiency the velocity reaches 5knots (2.55m/s). 

 

Figure 4.6 Efficiency of the propeller vs. the advance ratio 
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Figure 4.7 Power and thrust coefficients vs. advance ratio 

 

 

 

 

 

 

 

 

 

 

Figure 4.8 Bending moments along the blade 

Figure 4.7 shows a plot for the power and thrust coefficients versus advance ratio. Figure 4.8 

shows that the bending moments on each blade decreases as we approach the tip of the blade. 
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Figure 4.9 shows the final blade shape after been designed by JavaProp and modeled by 

SolidWorks with some modification at the root of the blade for supporting purposes. Figure 4.10 

shows an assembly drawing that clarifies the concept of the propulsion system. 

 

 

 

Figure 4.9 3D-Modeling of the designed blade 

 

Figure 4.10 Assembly drawing describes the concept of the propulsion system 
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4.3.5 Material 

The material of the propeller is decided to be Nylon because carbon is not available in the market 

and difficult to manufacture with the available machinery. Also, there is a Carbon- carbon fiber 

composite propeller which is purchased from the market.   

4.4 GEARBOX 

The gearbox is used in sultana II is a right angle bevel gearbox with ratio of 1:3. We are having 

two gearboxes. First one is 1:3 bevel gearbox with one input that is connected to sparkle via 

chain. This setup has a total of 1:4.5 ratio. Second gearbox is a gearbox with ratio 1:3 with two 

inputs and one output. The two gearboxes are purchased from ATLANTA DIVE SYSTEMS. 

The second setup is selected to be fixed in Sultana II after doing some testing. The losses in the 

second setup are less than the first setup that because there is no chain in the second setup and 

the paddles are connected directly to the gearbox. The different views of the second gearbox are 

shown in the figure below. 

 

Figure 4.11 Gearbox Drawing (http://www.atlantadrives.com/) 
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4.5 MAIN SHAFT 

Shaft is used for transmitting torque and rotation, usually used to connect other components of 

a drive train that cannot be connected directly because of distance or the need to allow for 

relative movement between them. Inside the submarine, the shaft is used to transmit motion from 

the gearbox to the propeller.  

The following is a comparison by stress analysis between two different shafts in order to 

determine which is better a solid shaft or a hollow shaft.  

 

Figure 4.12 SolidWorks drawing of solid shaft with a diameter 20mm 

 

Figure 4.13 SolidWorks drawing of hollow shaft inner dia. 15mm, outer dia. 20mm 
 

 

 

 

http://en.wikipedia.org/wiki/Torque
http://en.wikipedia.org/wiki/Drive_train
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Table 4.2 Material properties for the main shaft 

Shaft- Material Properties 

Name Aluminium-6061 

Young's modulus (E) 69 GPa 

Poisson's ratio 0.33 

Density (ρ) 2700 kg/m
3
 

Yield strength (  ) 275 MPa 

Ultimate tensile strength (  ) 310 MPa 

The applied torque on the shaft is 30N.m since this torque is the maximum torque obtained from 

the propeller design. 

 

Figure 4.14 Von-Mises Stress analysis of solid shaft using Inventor Fusion 
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Figure 4.15 Inventor Fusion shows that safety factor of solid shaft is about 7 

 

Figure 4.16 Von-Mises Stress analysis of hollow shaft using Inventor Fusion 
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Figure 4.17 Inventor Fusion shows that safety factor of hollow shaft is about 5.6 

 

As can be seen from the stress analysis, the solid shaft is much better than the hollow shaft since 

it can withstand higher torques and hence higher safety factor. However, the weight of the solid 

shaft is a critical factor that influences the performance and adds weight to the submarine 

especially that we are using a long shaft. Therefore, it is better to use a hollow shaft since it still 

can withstand the loads while at the same time we get a lighter propulsion system. 

 

4.6 SUMMARY 

 

All parts of the propulsion system have been designed and manufactured. The main function of 

the gearbox is to increase the number of cycles from the pilot with ratio of 1:3.The design of the 

propeller is different from Sultana I, where different airfoils have been selected in order to obtain 

maximum efficiency and highest speed. 
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CHAPTER 5: MONITORING SYSTEM 
5.1 INTRODUCTION 

 

SULTANA I had difficulties in stabilizing the sub in the desired path since the pilot has no 

information about the position, inclination and the speed of the sub, which affected their 

performance. The monitoring system of SULTANA II provides the pilot the information needed 

to drive the submarine. An LCD screen is placed in front of the pilot, showing the inclination, 

speed and the altitude of the submarine. This chapter will explain the functions of the monitoring 

system and its components. 

 
5.2 FUNCTIONS OF THE MONITORING SYSTEM 

 

5.2.1 Depth Measurement 

 

The pilot must be aware of the depth of the submarine to keep it in the required range. There are 

many methods to acquire the altitude of an object with respect to the ground, such as: GPS, 

inertial guidance, digital compass and ultrasonic sensors. For this case, it is to be considered that 

the altitude of the sub is measured with respect to the pool's bottom surface. In addition, the sub 

will be operating in a liquid medium. It was determined that GPS is not accurate enough and will 

not work underwater. The only signal that passes through water is the ultrasound signals; 

therefore an ultrasonic waterproof sensor, shown in figure 5.1, was chosen to do the job. 

 
Figure 5.1 Ultrasonic Range Finder - XL-Maxsonar WR1 

https://www.sparkfun.com/products/9496 
 

Two ultrasonic sensors will were attached in the bottom of the sub to generate high frequency 

sound waves and evaluate the echo which is reflected from the bottom surface of the pool. The 

time between the sent pulse and the returned echo is used to calculate the distance. The reason 

for using two ultrasonic sensors is that the sub path will not be parallel to the bottom surface of 

the pool during the race; so one ultrasonic sensor will not measure the actual altitude if the pitch 

angle is not equal to zero. 

After taking the readings from the sensors, the microcontroller will calculate the actual altitude 

of the sub with respect to the pools bottom by applying the following equation: 

 

https://www.sparkfun.com/products/9496
https://www.sparkfun.com/products/9496
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         ( 
     

 
 )           

 

Where    &    are the measured ranges from the sensors, as shown in figure    , and β is the 

pitch angle, which will be explained in the next section. 

 

 
Figure 5.2 Measured lengths from the sensors 

 
5.2.2 Inclination Measurement 

  

The inclination of the sub acts on three axes, the Pitch, Roll and Yaw axis. The most important 

angle to the pilot to maintain the sub at a steady path is the Pitch angle. Since the distance 

between the two ultrasonic sensors is known (        ), the pitch angle can be determined by 

applying the cosine equation to the values measured by the ultrasonic sensors. The 

microcontroller will receive the values of    and    from the sensors. After that the following 

equation will be applied in the microcontroller to obtain the pitch angle β: 

 

        
     

         
  

 

 

 
Figure 5.3: measured lengths and the pitch angle of the sub 

 

 

Since the monitoring system will be operating underwater, sensors were carefully selected and 

there were difficulties in finding weather resistance sensors in the local market with a suitable 

price. Also the size of the LCD screen and the controller was restricted to the available space 
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inside the sub. In altitude measurement, one ultrasonic sensor was not enough to measure the 

altitude of the sub because the route of the sub won’t be parallel to the bottom surface of the pool 

during the travel, so the reading of the sensor won’t be correct  The experiments done to make 

sure whether this method will work consumed time. Finally, there were difficulties in finding a 

way to case the circuit and the LCD screen. The casing box has to be made of a transparent 

material so the driver is able to read the data shown in the LCD screen. There was no available 

box in the market with the needed requirements, so the team had to make the box which 

consumed time. 

 

5.2.3 Speed Measurement 

 

For the pilot to evaluate his performance during the race, the speed of the submarine is shown in 

the LCD screen. A Hall effect sensor is used to measure the speed of the submarine. The sensor 

is placed near a rotary shaft which has a magnet attached to it. For each rotation the magnet gets 

close to the sensor and the sensor gives a signal to the microcontroller. The controller counts 

how many rotations are done per seconds. Then the value is converted to rotations per minute.  

 

 
Figure 5.4 Hall Effect sensors 

 

 
5.3 SUMMARY 

 

The monitoring system of SULTANA II is made for the pilot to be aware of the altitude, speed 

and inclination of the sub, so that he can take actions accordingly to improve his performance. 

The system is made of two ultrasonic sensors, a Hall effect sensor, a controller and an LCD 

screen. Sensors are connected to a microcontroller, which shows the data measured by the 

sensors in an LCD screen placed in front of the pilot. 
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CHAPTER 6: SAFETY ISSUES 
6.1 INTRODUCTION 

The most important aspect in engineering is safety and it always safety comes first. All solution 

that created by engineers must be safe for human and the environment and also must be 

ergonomics. 
 

6.2 SUBMARINE COLORATION 

As advised in the international submarine race (ISR) 2012 manual that the submarine should 

painted with high visibility color. The flashy phosphoric yellow with reflecting strips is chosen. 

The tips of the propeller and fin tips were painted with the phosphoric color. The reflecting strips 

were attached along the submarine. This procedure took a place in order the submarine to be 

highly visible for the divers. 

6.3 CREW VISIBILTY 

In sultana II one of the reasons of replacing the front window with a bigger window was to 

increase the visibility of the crew member by the support divers. Also pilot vision (forward and 

sideways)   has been increased by the new window. 

6.4 STRIPE MARKING LIGHT 

A stripe marking light is installed on the hull of the submarine between the entrance door and the 

maintenance door as safety participation requirement. The stripe marking light is visible for 360 

in horizontal plane and it flash once at second as it recommended by the organizers.  

6.5 EMERGENCY POP-UP BUOY 

The Emergency pop-buoy is one of the safety requirement that all submarines shall carry.it has a 

high visibility buoy that float to the surface in emergency situation. The steering joystick   will 

have a dead-man switch that releases the buoy automatically when emergency occur. 

6.6 CREW RESTRAINT 

The release mechanisms must be visible clearly so it can be seen by the diver. The clips and 

shoulder straps must be highlighted by flash color.  

6.7 RESCUE EGRESS 

The release mechanism must be marked by fluorescent tape. These safety issues will be 

demonstrated as part of the wet test before the submarine is allowed on the course. 

6.8 SUMMARY 

All safety issue must be taken in consideration, safety mechanisms installed to the submarine 

like emergency pop-buoy and strobe marking light. The submarine edges, the propeller tips and 

all moving parts have been painted by high visible color. The front window is replaced to 

increase visibility and to make the pilot clearly seen by rescue team. 
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CHAPTER 7: CONCLUSION 
7.1 CONCLUSIONS 

The Sultana II was fully designed, constructed and tested. Adjustments have been done on some 

of the parts during the testing. Sultana II is ready to be shipped to USA to participate in the race. 

Hull and fins manufacturing has been completed through this period. The hull was designed 

depending on airfoil shape with the aim of minimizing drag force. The hull is made from carbon 

fiber and the manufacturing of it was made by a contract with a workshop. The fins were 

designed to modify the problem of the large drag in Sultana I. It was manufactured and modified 

to fit in the submarine body. After that, position analysis was made to place the parts correctly 

inside the submarine. This analysis generated based on body ergonomics, previous researches 

and optimization. 

design of the steering system has been improved to solve the problems encountered in Sultana I 

by using push-pull cables as a replacement for steel wires with two joysticks to obtain better 

control ability to steer the submarine. 

Propulsion system is the most important parameter in the submarine. Excellent propulsion 

system designs increase the performance of the submarine. The gearbox was selected to have a 

ratio of 1:3 and a study was made to find proper gearbox. The gearbox ratio was selected to help 

the paddler and increase his performance. Meanwhile, team members have designed new blades 

to meet the target of the team. This design was carried through trails and calculations with a 

program called JavaProp. The team used airfoil profiles to minimize drag and increase 

performance of the propeller. The propeller was designed to achieve 8 knots speed Next, the 

team manufactured the propeller using CNC machine with a 5 axis range. 

An LCD screen will monitor the performance of the driver. The screen is connected to sensors. 

These sensors calculate inclination, altitude and speed. The selection of sensors encounters the 

usage of them underwater. 

 

7.2 PROBLEM ENCOUNTERD 

7.2.1 Hull and Fins 

The team could not find a work shop to manufacture the window in the way designed. The team 

suggests creating the window in the SQU work shop. Also, the material of the window is not 

available. Polycarbonate is unique and not widely used. The team has to contact many 

companies. We found one company that sell Polycarbonate but in large quantities. The team 

manages to have the required quantity and we plan to do the window by ourselves.  

7.2.2 Steering System 

During the design of the steering system we faced some problems, such as output to input angle 

ratio. In order for the system to be less sensitive, the angle ratio must be less than 1 by choosing 

the output lever longer than the input lever. This was not accomplished because there is not 

enough space at the back of the submarine and 1:1 output to input ratio was chosen.  
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7.2.3 Propulsion System 

First of all, the appropriate gearbox for our design was difficult to find in market with an 

acceptable price. The other problem was related to the manufacturing of the propeller blades. 

There were issues regard transferring blade design from JavaProp to SolidWorks, and another 

issue was regard saving the final blade design to (.stl) extension which is required for machining 

in 4-axis CNC machine. Also, the thickness of the blade required some modification since it was 

very thin and cannot be handled by the CNC machine. 
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REFENCE EQUATIONS 

Torque             (Archimedes of Syracuse 287 BC – 212 BC) 

Triangular equation               (Pythagoras ca. 570-ca. 490 BCE) 

Drag Force     =
 

 
       

Lift force        
 

 
       

Power      =
 

       
 

Thrust      =
 

        

Advance Ratio   
 

  
 

 

   
 

Efficiency    =
 

   

  

  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDEX A   
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Figure A.1 Assembly drawing for chain system positioning (plan B) 
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Figure A.2 Gear and paddle alignment inside the submarine for lever length y=16 
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Figure A.3 Paddle drawing for trail of r= 19 y= 16 
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Figure A.4 Propeller blade 
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APPENDEX B 

 

Figure B.1 Section in propeller blade 
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Figure B.2 Section in propeller blade 
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APPENDEX C 

 

Figure C.1 Side view of trail for r=20  y=18  x=8.72 for paddle 

 

 

Figure C.2 Rotation of paddle for trail for r=20 y=18 x=8.72 
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Figure C.3 r=20 y=18 x=8.72 side view 

 

Figure C.4 Dimensions of trail r=20 y=18  x=8.72 
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Figure C.5 Side view of trail for r=20  y=18  x=8.72 

 

 

 
Figure C.6 Paddle position in front view of trail r=19 y=16 x=10.4 
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Figure C.7 dimensions of trail r=19 y=16 x=10.4 

 
Figure C.8 dimensions of trail with  r=19 y= 15 x=11.7 
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Figure C.9 dimension of trail r=18 y=14 x=11.33 

 

Figure C.10 side view of the paddle when lever length y= 16 
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APPENDIX D  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
'****************************************************************  

'* Name: FYP- Submarine monitoring system Sultana II group  

'****************************************************************  

Device = 18F4550  

XTAL 20  

HSERIAL_BAUD = 9600 ' Set baud rate to 9600  

HSERIAL_RCSTA = %10010000 ' Enable serial port and continuous receive  

HSERIAL_TXSTA = %00100000 ' Enable transmit and asynchronous mode  

HSERIAL_CLEAR = On ' Optionally clear the buffer before receiving  

ADIN_RES = 10  

'***********************************************************************

***  

'TRISB = %00000000 ' output  

Dim d1 As Float ' reading from Ultrasonic sensor #1  

Dim d2 As Float ' reading from Ultrasonic sensor #2  

Dim alpha As Float ' pitch angle  

Dim A_b As Float  

Dim A_f As Float   

Dim d_b As Float 'submarine altitude from sensor on the back 

Dim d_f As Float 'submarine altitude from sensor on front 

Dim c As Float ' distance between the sensors  

Dim altitude As Float 'submarine altitude  

  

ADCON0 = %00001101  

ADCON1 = %00001100  

ADCON2 = %10111001 

 

C= 2  

loop:  

d1= ADIn 0 'pin A0  

d2= ADIn 1 'PIN A1  

 

Cls ' to clear LCD 

  

A_b=(d1*5)/1023 

A_f=(d2*5)/1023 

 

d_b=A_b/0.37602 

d_f=A_f/0.37602 

 

if d_b<d_f then 

alpha=atan((d_f-d_b)/c) 

else if d_b>d_f then 

 alpha=atan((d_b-d_f)/c) 

else 

 alpha=0 

end if 

 

altitude=(d_f+d_b)/2 

altitude=altitude*cos(alpha) 

  

 

Print At 1,1, 'display in LCD  

Print At 2,1,"Sub is "  

Print At 2,7,DEC4 Vd 
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