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1. Introduction

Sultanate of Oman is one of the Arabian Gulf countries in the Middle East. Sultan Qaboos
University (SQU) is located in Muscat, the capital of the Sultanate of Oman. The unigersty

leading university in the Sultanate of Oman and one of the leading universities in the region. It

gl a SadalrofAakKSR AY wmMdpyc YR KFa 0SSy 3aANRgAyYy3

intake numbers and the number and quality of the programsrefifieby the different colleges.

The College of Engineering at SQU was among the first colesgaklishedin 1986. The
department of Mechanical Engineering, renamlaterasthe Department of Mechanical and
Industrial Eng., was among the four departmentsthe college of Engineering back then. In
2006, the Mechanical Engineering program was recognized by ABEEditation Board for
Engineering and Technolgginc, USA) as a substantially equivalent program. In 2008 the
Industrial Engineering program whsly accredited by ABET.

The Mechanical Engineering program at SQU prepare its students @ambination of
mathematics, physics and chemistpgursesalong with engineering courses in areas such as
fluid mechanicsmechanical desigmeat transfer, dpamics, controls, environmental sciences,
and electremechanical systemsAn important element in the program is the design of
mechanical systems. Students are exposed to this element in different courses. At their final
year in the college the studentserequired to take a Final Year Project in which they apply

what they have studied on an applied project.

The participation of SQU in the International Submarine Race (ISR) has been coordinated by the
Mechanical and Industrial Eng. Dept. at the Collegéngfineering. The students worked on this

project as part of their Final Year Proj¢stnior project) The department felt that @rticipating

in the ISFhelps in achieving academic gotlsoughiyy ONB I aAy 3 (G KS addzRSy i aqQ
design practices thragh involving them i project that requiresthe integration of different

fields in the design of the submarine.

In Fall2008 the Vice Chancellor of S@iduiredthe college of Engineering to study the viability

of participating in the ISR. A committee was formed and decided that participation in the 10

7



ISR, 2009, is not possible and recommended the participation in théSR in 2011. It was also

suggested to send two faculty members to tf&R 20090 have more insight about the race.

Dr. Jamil Abdo and Dr. NabeetRdwahi attended the OISR and they were assigned as the

LINE2SOGQa

TK S

a4 dzLJISNIDA 32 NBR ©

LINB @& sosQdecided © propose the design and construction ofiet human

powered submarine as &inal Year Project (FYP) tero consecutive yearsThe first team,

composed of three students, started in ti8pringsemester of 2009 and completed their work

by Fall2009. They dealt with the Hull design and general set up of the submarine. The second

and the third teams; composed of three and four members, respectively; start€a@li2009

and completed their work b$pring2010. The fourth team, composed of six studgrgtarted

in Fall2010 and they will participate in the ISR 20The detailed plan is shown in table 1.

Table 1.Working plan and the progress made in the submarine project

Phase| Tasks Time frame Progress
I-1- Phase Il of FYP (Human Powered Submarine 1, HPS 1 Fall¥ n
[Continuation of the FYP | that was startegdring2009]:
: . . The
- Completing the design of the submarine. .
S . theoretical
- Fabricating the submarine.
. . part was done
- Testing the submarine. but no
The committee will be following the progress of the FYH tabrication
through asking the students to give two or three short
presentations during the semester.
— I-2- Phase | of FYP (HPS 2)[Larger group divided into two | Fall¥ n ¢
subgroups: one group for the inner (mechanisms$ign
L .
0 and another group for the body design] :
% - Literature review.
a - Critical review of the work done by the previous groug
- Looking at design alternatives. Done
- Selecting/modifying the design. Through the use of
computer simulation programs.
The committee will be following the progress of the F
through asking the students to give two or three short
presentations during the semester.
[-3- Phase Il of FYP (HPS 2): Spring¥ m n The
- Completing detailed design. fabrication of
- Building the submarine. the Hull was




- Testing thesubmarine.
The committee will be following the progress of the F
through asking the students to give two or three short
presentations during the semester.

started.
Internal parts
were
selected.

Further testing and evaluating the built submarine more
closely.

- If possible start working on improving the submarine
either through FYP students or Students
societies/training.

{ dzY Y SN

The Hull
fabrication
was
completed
and a new
group started
their work.

PHASE

A

t KFrasS L 2F C,t olt{
- Review and evaluate previous work.

- Suggest improvements.

- Implement the modifications.

Selected students will take diving course to receive divi
certificates and continue practicirdjving possibly with
the previously built submarine.

Filling and sending required application forms for the 1S
2011 and sending the first part of the registration fee.
(Accordingo the new ISR manual that will be published
later).

ou |y

[I-2-

[I-3-

FallWm n

Done.

l-4-Phasde L 2F C,t ol t{ o0
- Continuing implementing the modifications.
- Testing the submarine and finalizing it.
Students continue diving practices.

All required forms and reports for the ISR 2011 are
completed and sent (according to timew ISR manual tha
will be published later).

The rest of the registration fee is sent.

Purchasing all necessary equipments that will be shipp
with the submarine.

[I-9- Shipping the submarine and the equipments to the USA
II-10-! NNJ y3Ay3 F2N &sagRSy daqQ |
[I-11-Flight and accommodation arrangement for the team.

I Y R

[I-5-
[I-6-

[I-7-
11-8-

SpringP M m

In progress.

[I-12- Participating in the Race.
[I-13-Returning to Oman

June 2011




Although the university administration promised tolly support the participation in the ISR,
the teams managed to secusggnificantsupport from number of companies. These companies

were attracted by the nature of the project and its international aspect.

Throughout the project phases the teams got valuas@port and information from the ISR
organizers. This includes facilitating the supervisors visit to tffel$8 and providing valuable
information and insight about the design of the submarine. The College of Engineering does not
have a marine program sthe teams had to rely on themselves in finding the required

information from the scientific books and journals, internet, some experienced staff members

Ay GKS 02ttS3S: YR LINB@GA2dza (SFYaQ NBLIZ2NIad

determining he latest work done in the topic. There are also few internet sites which helped in
the design process through some free software. The teams are grateful tGl&lrde Brancayt
Chairman, International Submarine Race, B3R Mr. Bruce M. PlazyKor their valuable

support.

2. The submarine from a Concept to Reality

Four teams worked on the submarine project, including the current team. The students took
the project as their Final Year Project which lasts normally for two academic semesters. Each
team isrequired to select a leader among the participating students and schedule a weekly
meetingWh 0 K GKS LINRP2SO0Qa &adzLJSNIIA &2 NED

The first team started working on the submarine project was composed of three students. They
developed different concepts and evaledtthem.No one in the college had passed experience

in building a submarine. Team had to search for information from different sources such as
previous reports. The students' final report included the overall design of the submarine
including the Hull prfile, selection of a gear box and the interior design. The following team
benefited much from this team wor&s they ashey collecteda lot of useful information and

laid the path for improving the first design.

The seond and the third teams started the/ork on the project about the same timeThe

secondteam, composed of three studentsvorked onthe hull design while the third team
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composed of four studentsvorked on inner design (mechanisms) apdopeller design These

two teams had considered thirst design as one of the options and tried to come up with

other alternative designs, evaluatethem and then select the best one. They had more
resources since by that time more reports of previous teams were available in addition to the
resources foundy the first team. The second team finalized the design of the Hull and built it

in afiberglassvorkshop The hull was built fronfiberglassThe teammade sure that the design

details were strictly followed. The third team completed the design of therior components

GKAOK AyOfdzRSa GKS aGdSSNAy3a aeaidsSyz tlLeAay3a 3

system and the propeller.

The currenteam, team number four, composed six students. The tasks of this team included

the following:

a) Completing/imNE @Ay 3 GKS 1 dzff O2yadNHzOGA2Y O06AYR2(
b) Improvindredesigningsome of the the interior components
c) Ordering some of the required components
d) Testing the submarine
e) Participating in the ISR 2011
The team redesigned almost all interior componenit& hatch, the aileron, and the propeller.
The steering system and the propeller have been the most challenging and time consuming.
The team was able to come up with a design of an efficient propletermrver;they could not
find a workshop to manufacturthat propeller. An existing propeller was found to be suitable
for the submarineand ordered it The team went through a diving course and got their diving

f AOSyaSaod ¢KSe& YIRS aS@oSNrt GSada gAGK GKS

Qx

pool. Thefollowing sections give more details about the design of the submarine.
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3. Configuration
The overall configuration of the hull is as follows:

e Transparent part (window): Front of the Submarine so that the pilot will see the path
clearly and he will be visible by the rescue divers.

¢ Entrance: Top half of the submarine for an easy entering.

¢ Maintenance door: Upper part of the hull, between the eartce and the fins.

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

e Propeller: at the end of the submarine.

Propeller

Maintenance

\, < ﬁ “ Door

y Entrance

Window

Figurel: configurationof submarine
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4 Hull
4.1 Hull Shape Design

It is known that design is an iterative process. Any featut@enfinal concept can be modified
to get better performance. Initially, an elliptical hull was selected. However, modifications have

been carried out in order to reduce the drag force further.

One of the best standards that are widely used for airfoils ambmarine hulls are National
Advisory Committee for AeronauticBIACA shapes. NACA shapes are divided into different
groups, each one is called seriésseriesis found to be the most appropriate for our situation
since it provides an improvement ovérseriesairfoils with emphasis on maximizing laminar

flow. The airfoil is described using five digits in the following sequence:

1. The number "6" indicating the series.

2. One digit describing the distance of the minimum pressure area (maximum
diameter) in tenof percent of chord.

3. One digit describing the design lift coefficient in tenths.

4. Two digits describing the maximum thickness in tens of percent of chord.

¢CKS TFTANBIO RAIA(G &-sefiedzshBpe.A&ording o our éonfigutatiok ereed c
to have the maximum diameter just after the middle of the hull to provide enough space for

GKFGO LIAE20G G2 LISRIf® ¢KSNBEF2NBX A0 A& OKz2aSy

assigned to the second digit. Lift coefficient is zero, sothe RildaI A G Kl a G2 0SS dané

The last two digits can be determined from the ratio between the maximum diameter and the

chord length.
Chord length needed: = 3.30 m
Maximum diameter needed = 0.76 m

Lengthdiameter ratio:r = L/D = 0.23

13



Therefore, thelastt® RA 3IA G A | NBE GMWMACAGBI23Y R 2 dzNJ aKIl LIS A&

¢KS ySEG adSLI ¢Fra G2 3ISy S NDdedigh FOL R12SFW0dK NBT o0 &S
to accomplish this task. A view of the program interface is shovigune 2.

Me ot Aol TOOLS geomety TOOUS aralyss CAD Bxport TOCLS Wing Meb

NACA 6 Senies Aulod Parameters
[0 2] M Presnsn LOGATION 1~ Crarge by 1 NACA & S vt HotnHELP ‘

00 2| DesoninCostioent ™ Chargety 001

=}
23 ﬂMWNTMMWO'M Genecade / Rostor View I

10 gmmnmm
™ Modfied §A Senns ro d

Nomalized Chordiength?
[Nomsice 010«

S AeEEEEEEERERCIANER
V

Figure2: Design FOllnterface

Values were entered and the shape appeared in the screen. The result was exported in two
different file types:DXFand dat. Dat file was used to generate 2D sketches. However, the used
version of the program was only demo. Therefore, the allowed numbédats points was only

71 and the chord length is fixed to 718277 The data are modifies usimdicrosoft Excelo

fit our desired chord length. The original results fraesign FOIBnd the extended results

from Excel are listed in Appendix#en, thefinal shape was sketched usiMicrosoft Mathas
shown infigure 3.
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Figure3: Submarine profile from Microsoft Math

¢tKS 05 Y2RSt 2F GKS Kdiwventorda KIAIIF (g BB A8 ENB (G &
generated fromDesign FOILSimilar to what was done iBxcelithe 2D sketch imported from
the DXF file was extended to change the chord length f2ori8277mo 3.3m figure 4 shows

the final main hull shape:

Figure4: 3D shape of the hull
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At this point the main hull of the submarine isady. Otherfeatures like fins, entrance and

window will be added next.

4.2 Material Selection
The hull materialvasselected to be a fiberglas.was selected depending on its suitability of
the following criteria:

1. Themold abilityto almost any boat design.
4. Seamless construction.

5. High strength and great durability.

6. Minimum maintenance.

7. Freedom from corrosion and rust.

4.3 Hull Shape Analysis
4.3.1 CDF 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 imeg. Then properties and boundary conditions are

specified and the calculation is left to computer software.

There are many different software packages that use CFD to analyze fluid flow. In this project,
ANSYS CFX vhas been used in analyzing the dllow problem. However, we have kept in
minds that CFX gives qualitative result§he most important output from CFX is the water
pressure in the outer surface of the hull as the submarine moves at a target velo8kyats
Pressure results will be pgrted to mechanical analysis in ANSMSANSYS CFX, the analysis

procedure consists of five steps: geometry, mesh Generation, setup, solution and results.

16



E Flusd Flow (OFX)
E | Geometry v 4

o o ko R e oA

@ Mesh -
i senn < 4
&) solution v 4
B Resits v

Flusd Flow

Figure5: CFX steps

4.3.1.1 Geometry
Autodeskinventor was used to create the geometry. A water domain masgeledas a box
with (5.0mx2.5mx12.0)n Then the submarine geometry was subtracted from the water

domain.

Figure6: Geometry for CFX

4.3.1.2 Mesh Generation

The next step was to generate the mesh. Surface meshing was generated followed by
generating volume mesh. After the surface meshing was generated, a warning indicates that
the geometry has small angles was appeared. However, this did not result in amy Ereo

generated mesh ha35978 nodesind 197362 elementsAll elements generated are tetrahedral

17



in shape. The meshing is shown in the figuf@sd 8. Small mesh size has been used for critical

areas like fins and tip of the submarine.

Fiure: MedGeometry Q)
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Figure8: Meshed Geometry (2)

4.3.1.3 Setup

This stage considers the properties of the fluid and boundary conditions. The fluid was chosen
to be water at170C In reality the submarine moves against stationary 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 @ set t
be the inlet with a normal velocity & knotsand the right as an outlet with the same boundary
condition of8 knots The front side is used as a symmetry plane. The other three sides were

considered as frictionless walls.

19



1.250

Figure 9 Geometry withboundary conditions

The table below summarizes 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

Table 2: summaryof the boundary condition used in each surface

20




4.3.1.4 Solution

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

an error below the specified value of (1-8¢ it stops the solution process. Siggure 10.

Hemenim and Mass | Turbulencs #E) x|
1040 — 1.58-06 | 3. 4554 |
L1
Eqoation I Typa Timewcais I
e e ———
Lied7 T-Ho= | Aoco Timsscals 3, BEREXE-OL 1
1 V-Hes | kues Tiemscale 3. BESERE-AL i
K=oz | Amco Timsacals 3. BENEXE=OL 1
--- - B
E-TuzhbKE | huto Timmacals 3. BESEXE-OL 1
; E-Cdam, ¥ | Aoco Timsscals 3, BEREXE-OL 1
2 Lided3 - - T
1 %
ke FHE Bax | Hax Faw |
...... §=
Loe-H 2E-06 |
4 £X=0% |
L.AE-0k |
.55 1 5.4E-0B |
L3=-0% o D.33 1 2.7z-08 |
CFD Solves Zinisked: Fri Feb O L4:34:40 3010
CFD Holvas wall elock seconds: L €€J0B+0E
Lije08 <
| — T T T T T Terminaticn and Ioteczups Conditioo Sussazy
1] H] w 4] o R
Apoumuizsed Time Siap
CFD Sglves: ALL tazges csicacia rsachsd
| = RM5 PMsss BME UMoer = RME VMo RME W #am

FigurelO: CFXSolver interface

4.3.1.5 Results

Pressure, velocity, viscosity and other results can be viewed in this stage. Pressure results on
the body of the submarine are shownfigure 11 The value of maximum pressureBi879kPa

at the nose of the submarine. This value is considered very layead 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 6G86m the nose. These pressure results will be transferred

to mechanical analysis.
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Figure 11 Submarine surface pressure

Pressure can also be viewed in the symmetry plane as shofigune 12.
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Figure 2: Symmetry plane pressure
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From the velocity radts 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.

Figure B: Symmetry plane velocity

Another analysis has been carried out using a finer mesh in order to check the solution given
using the previous mesh. The new mesh A3446 nodesnd 229089 tetrahedral elements\

preview of the mesh is shown figure 14
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Figure 14 New meshedyeometry

With the same boundary conditions, the new results were very close to the previous result. For
example, the new maximum pressure appeared to80@0kPa as shown irfigure 15 and it
was 9.379kPa The change is just.13%which is very small. Thishows that the mesh is fine

enough to have good results
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¢
0 0.500 1.000 (m) L—' 3

0.250 0.750

Figure 15: New pressure results

4.3.2 Mechanical Analysis

After CFX analysis, the next step is to perform mechanical analysis were the pressure results will
be imported to ANSYS static structuaalalysis where the total deformation will be calculated

the figure shown below showtbe two analysis types in ANSYS Workbench.
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4.3.2.1 Geometry

Half of the hull was created using Autodesk inventor. It masleledusing the data provided in

appendix A. The thickness of the hull was set to be 5mm. The resulted shape isfEhwe/h6.
LG o1& AYLRNEGB®RMm&a2 !b{ 6 { Ay a

Figure 16 Geometry of the hull

4.3.2.2 Material model:

The finite element model requires thmaterial 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 fiberglass material was used for the hull of the submarine.
In this FEM model, the fiberglass modulus of elasticid2(SPaand thet 2 A a EatBysQ &2
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Properties of Outline Row 3: Fiber

- A B E
1 Property Value Unit
Z = El Isotropic Elastidty

3 Derivefrom Young's Modulus and Poisson's Ratio -

4 Young's Modulus 7.2E+10 Pa

5 Poisson's Ratio 0.22

6 Bulk Modulus 4.2857E+10 Fa

7 Shear Modulus 2.9508E+10 Pa

Figurel7: Material Properties window in ANSYS

4.3.2.3 Mesh Generation

The same procedure done in CFX meshing was repeated to generate the hull mesh. The
generated mesh ha228244 nodesand 985328 elementsThe mesh is shown ifigure 18.
Surface mesh size is different in each face of the hull, as shofigune 19Finer suface mesh

is used in the critical edges.

303,00 {men)
]

Figure 18 meshed hull geometry (1)
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Figure 19 meshed hull geometry (2)

4.3.2.4 Boundary Conditions:

There are three different loads in the hull of the submarine. There are two hydraulic pressures
resulted from theweight 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 thirdypees

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 CFX analysis done before.

E = .
— Y
008 wL» 10048) (o 1* X
J

Figure 20 Pressure Imported from CFX to Static Structural
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4.3.2.5 Reullts:
Results fronthe static structural analysis in ANSYS were generated. The deformation is shown
in figure 2L. 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 showrfigure 22 The maximum stress is about 225MPa.

000 580.08 1008.00 (e
— T 1
5080 75000

Figure 21 Static structural total deformation results

040 500.00 1305.09 (men)
3

s00e rsoa0

Figure22: Static structural stress results

To check if the mesh was fine enough, another two meshes were generated to see the change

in the results:
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Trial # Number of Elements Max. Deflection
1 985328 0.55996 mm
2 1056837 0.56023 mm
3 1105244 0.56015 mm

Table 3: Maximum deflection for changing number of elements

It can be seen clearly that the change in the results is very small when increasing the number of

elements. This means that mesh used was fine enough to get good results.

The thickness that has been used for the hull was enough to make the defledgtion the

safe region. However, the stress at the nose of the submarine is high. This is due to the profile
of the hull which is perpendicular to the water stream direction. Transparent window will be
located at the nose of the hull. Therefore, the thielss should be enough and the material

used should have enough strength.

4.4 Fabrication of the Hull

The second team finalized the design of the Hull and built it in a fiberglass workshop. The hull
was built from fiberglass. The team made sure that the dediggails were strictly followed

The team members regularly visited the workshop and observed the manufacturing process.
One of the main issues ithe manufacturing process is wtier to choose a temporary or
permanent mold. The temporary mold cost lesscsitit will be used one time only. In the other
hand, the permanent one can be used more than one time but it costs much more. After
discussing this issue with the manufacturer and our project supervisors, the temporary mold
was selected.The manufacturer Wl be responsible of making the hull, fins, entrance and
maintenance doorA temporarypainting of the hull was also included in the agreement. The

hull will be under warranty for six months. The total cost is 3,3@(&out $ 8,000)
The mamfacturingprocess included the following steps:

1. Half of the hull profile was drawn in plywood. This profile was cut from the wood as

shown infigure 23.
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2. A cube of foam was prepared by mixing two chemicals. A reaction between the two
chemicals takes place and thexture expands gradually for 10 minutes. At the end, it
takes the shape of the container. It has dimensions of 3.5x1.0x1.0m as shdguren

24.

3. A steel rod was penetrated through the foam cube. It will be used to rotate the cube

during the process. Sdgure 25.

4. The foam cube was fixed using the penetrated rod at a suitable height from the ground.

o

Unneeded parts of the foam were trimmed using a saw to form rough shape of the hull.

Seefigure 26.
The plywood sheet was fixed horizontally beside the foam.

The foam was rotated against the plywood so that it takes the exact shape of the hull.

© N o

A paste was used to fill the gaps in the foam.

9. 9. The final shape was coated with special chemicals called Resin. This will make the

surface very smooth before makitige mold.

10.The upper half of the mold was made. Layers of fiber glass were added one by one on

the upper half of the foam and given some time to dry.
11.The lower half was made using the same method of the upper half.

12.The two parts of the mold were joined using nuts and bolts. Then, they were
strengthened by adding a series of pipes that are connected using fiberglass layers. See

figure 33.
13. After the mold is dry, the two parts were separated and the coated foam wasved
14.For each part, fiberglass layers were added to reach the desired thickness.

15.Openings were cut from the hull to form the entrance, maintenance door and window

location.
16. Surface finishing was carried out to smoothen the outer surface of the hull.

17.Door hinges and locking mechanism were installed.
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18.The transparent window was attached to the hull using special chemicals (fiberglass

adhesives).

19. Marine paints were used for painting.

Figure 23 Plywood with the hull profile

Figure 24 Dimensionsf the foam cube

Figure 25 The foam cube penetrated with a steel rod
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Figure 26 A saw was used to trim large unneeded parts

Figure 27 The plywood fixed beside the foam

Figure 28 Shape of the foam after rotation against thelywood
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