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Abstract
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is based on principles of biomimicry called Argo. Argo
pink, 3 meter long, full carbon fiber submarine assemb
with 3D printed parts.
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project, that resulted as well in the product as in the
process, e process of designing and collaboration wit
different exciting domainswvas time well spend!
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1. Introduction

The International Submarine RacesR)&re held since 1989 and is held every other year in the
United States of America. During the race several academic institutions from various countries will
race against each other with their personal built submarine. All submarines are hpiropelled,

thus the use of engines is not allowed. The goal for the ISR is to stimulate development in the
nautical field of engineering. There are different categories in which a submarine can compete. These
are one or two person submarines and propeller or poapeller driven submarines. Also several
awards are given to stimulate for example; innovation, spirit and the use of composites.

The Innovation Studio is a section of Inholldndiversity of Applied Sciees, where students can
develop and use their learned skills in engineering. The first project by the Innovation Studio was the
Anemo, a wind powered vehicle which was first developed in 2008. After that the Anemo was
improved and other new projects were doty the Innovation Studio. These are the Apollo, a high
mileage vehicle; the Aquilo, a rocket made out of composites and since this year project Argo. The
Argo is a new project in the Innovation studio. Until this year the TU Delft, with WASUB, wasythe onl
Dutch contestant to compete with the International Submarine Races. This year the Innovation
Studio will compete with their own submarine in the ISR, named Argo.

The base of the project in the university is the collaboration between complementing domain. The
two domains are Engineering addjriculture, Food and Life Sciences. The Argo is based on a dolphin,
where the two disciplines worked extensively togheter.

This submarine will compete in the category of a one person,-prapeller driven submarine. It
means that one person will propel the submarine in a manner which is different than a propeller,
which is generally used on boats and submarines. The submarimads from scratch, and is
completely developed by students. This consist of the design, calculations and eventually the entire
construction of the submarine.

The goal of Argo | is to compete with a working rdaiven submarine and to finish the race, the
submarine must be designed by the sustainable engineering philosophy with a multi disciplinary
team based on the principles of biomimicry

The overall mission of the Innovation Studio is to facilitate students with challenging sustainable
engineering projets to form the student with excellent skills, knowledge and personal competences

In Chapter 2 the requirements are listed, in Chapteh@ fish propulsion is being discussed, Chapter

4 contains manufacturing stage of the submarine, Chapter 5 the proputsistem, Chapter 6 the
safety requirements of the submarine and final chapter 7 an overall impression of the whole project
in pictures.
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2. List of requirements

The Argo has ttulfill several requirements to be abko compete in the ISR of 2015or thisseveral
requirementshave to be metThesetwo important parties hae set their requirements, whicare
listed below.In the conclusion of this report the list of requirement are checked.

International submarine races:

For submarine:

1. High visibility coles
2. 9YSNBSyOe SEAGA KIFIOS n AYyOK &ljdad NB 2N y3IS LI
3. Emergency exits have easy accessibility from in and outside
4. If there is a method of attachment, a clear visible release system should be visible
5. Face and head should be visiklem the outside
6. Strobe(s) which is/are 360 degrees visible in horizontal and vertical plane
7. Strobe(s) should be approved by the USCG or SOLAS
8. Emergency buoy in sub
9. Dead man switch: when buoy is released all propulsion stops
10. Max width: 2.13 meter
11. Freely dain water
12. Launch cradle for movement of the submarine on land and into water
13. Possible a negative buoyant for sinking
14. Possible underwater communication
15. Can use wax on hulls and fins
16. Brake not necessary
For driver:

17. NAUI, PADI, YMCA or other license

18. Min ageis 15 years

19. Own diving equipment

20. Scuba exhaust air can be trapped in sub. Better if it exits the sub.

21. Secondary air supply in the submarine

22. Air supply minimal: 1 speed run + 150% reserve for all diving crew (with provided
calculations)

23. Clear pressure gaugeluring run. Pressure may not be lower than 500 psi

Innovation Studio:
For submarine:

24. Innovative design

25. Use of biomimicry

26. Completelymade by students

27. Completely made by Innovation Studio
28. Design by students

29. Manufacturing by students

30. Testing by students
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3. Biomimicry h OEA O Ax6 OOOOAET AAT A A1 GCET /

Biomimicry is the art of nature, Argo is based on fishmovemarthis chapter, an overview is given
about the way fish move. There are multiple ways of locomotion. First, the different types of fins are
discused. Then the different ways of locomotion are further discussed. After that, differences
between fish are discussed. Finally, a choice is

made for the type of locomotion and the type
of fish that is going to be used.

Different fins

Fish have five different types of fins (Fig. 1)f
The first type is the dorsal figimoers, 2009)

Dependent on the type of fish, there are one,
two or three dorsal fins. The second type is de p

aired
caudal fin (tail). The third type is the pectorg Figure 1 Terminology used in thext to identify the

fin. There are two pectoral fins, one on ea finsand other features of fisfSfakiotakis, Lane, &
side of the fish. The fourth type is the pelvicfil pavies, 1999)

There are also two pelvic fins. The fifth type
GKS Fyl ¢ FAYD® {2YS FTAaK R2y Qi KIFI @S Ly |ylf TAYZ
some have one or two.

pectoral fins

!
_.--pelvic fing anal fin ---------

Fish swim by moving with their body and caudal fin, or with their pectoral(8fekiotakis, Lane, &
Davies 1999) The pectoral fins are used when they swim slowly. These pectoral fins offer greater
manoeuvrability, while the body and the caudal fin generate a lot of power and acceleration. Fig. 1
shows the terminology used to name the different findad fish.

Two modes of swimming

Because fish have a high density, every movement fish make, will set the surrounding water in
motion (Sfakiotakis, Lane, & Davies, 199B)is works also vice versa. The density of watalni®st

GKS &alryYS Fta GKFEG 2F YENRYS FyAYlIfad ¢KS gSAIKE
who are working on a swimming fish are weightioyancyand hydrodynamic lift in the vertical

direction. Swimming locomotion can be classified ifwo types:

1 Steady swimming the same movements are repeated over and over. This type of swimming
locomotion is used to cover longer distances and at a constant speed,;

1 Unsteady movementg movements that include quick starts and turns. These movements
are used for a very short period of time and are meant to catch a prey or to escape from
predators.

Most fish generate propulsion by bending their ba®fakiotakis, Lane, & Davies, 199B)is causes

a wave to form till the cauddin. This type of swimming is classified under body and caudal fin (BCF)
locomotion. Some fish use their pectoral fins. This is called median and paired fin (MPF) locomotion.
A further division of types of movement can be made:

1 Undulatory motiong formation of a wave along the propulsive structure;
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9 Oscillatory motiorg, no wave formation.

Fish use several modes of locomotion for accelerating, cruising and manoeuvring (Fig. 2). When BCF
locomotion is used, this can lead to accelerating or cruising. When dtBmobtion is used, this can

lead to cruising or manoeuvring. Depending on the using of undulatory or oscillatory motion, BCF or
MPF locomotion is used.

Swamming Propulsors
I | T
BT MPF
propulsion propulsion
¥ ¥ ¥ L
t}ﬁ;lllﬂtmn&;| | LIndulations | Fin Csenllations) " Fin Lndulations
1r -
Transient Periodic
movements SWAITITTITHEE

ACCELERATING

Figure 2 Diagram showing the relation between
swimming propulsors and swimming functions
(Sfakiotakis, Lane, & Davies, 1299)

|| CRUISING || MANOEL VRING

Modes of propulsion by BCF locomotion

There are five modes of propulsion by the body or tail of the (B#amish, et al., 1978All modes of
propulsion are summarized in Table 1. The first form is the anguilliform mode. In this type of
locomotion, all of the length of the body participates. The dinlside amplitude of the wave is large

along the whole body. An example of a fisho uses this type of locomotion is &el It has a long

and thin body, this is also a characteristic of fish who swim in anguilliform mode. The caudal fin is
small or absent. The young of most fishes swim in anguilliform mode. When they grow older, thei
type of locomotion can change. Fish with long, flexible bodies swim like this when they are adults.
CAAK gK2 agAY Ay Fy3IdAfttAF2NY Y2RS: OlyQi agAy
bottom.

The second mode of propulsion is the subgmiform mode (Beamish, et al., 1978)The body
movements made by this type of propulsion are the same as those in anguilliform mode. Compared
to fish who use anguilliform propulsion, the body is heavier and anterior more rounies caudal

fin is flexible. An example of a fish who uses this type of locomotionad a
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The third mode of propulsion is the caragniform md@=amish, et al., 1978)n fish who use this

type of locomotion, only the posterior part of the body is capable of wide flexure. The formation of a

wave (undulations) is limited to the last third of the body length. The impulse is delivered from the

stiff tail. Fish who use cagniform swimming are faster than fish who use anguilliform swimming.

Recoil movements are reduced by concentrating the mass and the body depth toward the anterior.

Stiff median fins help resist sideways movement of the body. An example of a fish whthisses

mode of propulsion is thenormyridae This fish has paired longitudinal bones which provide rigidity

to the caudal part of the body. The caudal fin is also stiff, to permit little dorsoventrale bending. A
disadvantage of the caragniform mode istiath 8 K ¢ K2 dzaS (KA & Y2RS 27F LN
accelerate fast, because they have a rigid b{@#hakiotakis, Lane, & Davies, 1999)

The fourth mode of propulsion is the thunniform mode. This is the most efficient wayoplifgion
(Sfakiotakis, Lane, & Davies, 199opulsion is generated by the dIfased method. By this method,
lifting forces are generated. Because of this lifting forces, high speeds can be maintained for longer
periods of tme. Fish who use this mode of propulsion have a high stiff caudal fin who generates the
thrust (Beamish, et al., 1978The body is streamlined and is heavy toward the anterior. An example
of a fish who uses this mode of propiols is thetuna. This fish is the fastest of all fish. Some sharks
swim in thunniform mode. They have a high stiff dorsal fin, who reduces recoil. Near the front, the
body is heavy and streamlined. Just as the tuna,lthmnaand Isurussharks are all heder than

water. The whale sharRhineodonhas a body shape that looks a lot like that of the thunniform
swimmers. Some sharks use the thunniform mode for locomotion, but most sharks have a highly
flexible body and use anguilliform or subcaragniform mode.

The last mode of propulsion is the ostraciiform md@fakiotakis, Lane, & Davies, 1999)h who

agAY tA1S GKAazZz OlyQld o0SYyR UGUKSANJ 02Reé& I GSNIff¢
rotating their tail. The caual fin is flexible. The body is poorly streamlined. Compared with
caragniform or thunniform swimmers, fish who use ostraciiform mode are very slow. This mode of
swimming is not described in any living fish.

Figure 3: Gradation of swimmimgodes from (A)
anguilliform, (B) subcaragniform, (€3ragniform
to (D) thunniform(Beamish, et al., 1978)
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Table 1: Summary of modes of BCF locomation.

Mode Image Properties Advantages | Disadvantages

1 | Anguilliform See Fig. 3 4 Whole body length Flexible body | Not a fast way of locomotion
participates
Wavelike

propulsion

2 | Subcaragniform See Fig. 3 E Whole body length Flexible body | Not a fast way of locomotion
participates
Wavelike

propulsion

3 | Caragniform See Fig. 3 ¢ Undulations areg Faster than No fast turning ano
limited to the last| anguilliform | acceleration
third of the body| and

length subcaragnifor
m mode
4 | Thunniform See Fig. 3 [ Streamlined and Fast way of Stiff body
stiff body locomotion No fast turning ano
Streanlined | acceleration
body
5 | Ostraciiform No lateral body Flexible No lateral body movement
movement caudal fin Not a fast way of locomotion
Tail rotation

Selected mode of propulsion

The mode of propulsion that is chosen, is a combination between the caragniform and thunniform
mode. These modes of propulsion are chosen, because they are both a fast way of locomotion
(Beamish, et al., 1978Because of liftig forces, high speeds can be maintained for a longer period of
time. The high stiff caudal fin is used to generate the thrust. The body of fish who use caragniform or
thunniform locomotion is streamlined, which is a characteristic that is reflected iAtbe

There are several fish who use caragniform locomotion. Examples of fish who use caragniform
locomotion are some scombroidei fish. Examples of scombroidei fish are tunas and mackerels.
Scombroid fish swim quickly and continuously. Speciesof thisfar®@ 2 F FTA&KSa R2y Qi
speed of sustained swimming. What they do have in common, is a streamlined body. The body is stiff
and the caudal tail is used for generating the thrust. The caudal fin generates a lot of power and
acceleration. The paoral fins are used for manoeuvrability. Whales, dolphins and some sharks use
thunniform locomotion(Beamish, et al., 1978)

Differences between fish

A combination is made between several fish. The mackerel has a body shape that looksAikgothe
A chub mackerelScomber japonicysas a length from 20 to 26 centimetr¢blauen & Lauder,
2001) A study shows that the kawaka tuna uses thunniform locomotion, while the chub mackerel
uses caragniform locomotiofDonley & Dickson, 2000Yhere are two criteria used to determine if
thunniform or caragniform locomotion is used. This is based on thgtlheof the propulsive wave

INNOVATION STUDIO = i n holland

university of
applied sciences



=— @
Argo, human powered submarine

ARGO

during steady swimming and on the portion of the body that undergoes lateral undulatory
movements.

Tuna

Tunas use thunniform locomotion and thil Figure 6: Sideiew and top view of a dolphi¢Fish &
is considered to be the most efficient wa Clifford, 1994)

of locomotion (Donley & Dickson, 2000)
Because of the streamlined body, frictione!

drag is minimized (Fig. 5). The body has t @
shape of a temdrop. Rotation around
intervertebral joints in tunas islimited

(Dewar & Graham, 1994) The caudal
peduncle is rigid, only the preand post

peduncular joints can bend. Most latere
motion takes place over the caudal regioh «
the tuna. The high stiff caudal fin generate
the thrust and therefore it oscillates fast

(Beamish, et al., 1978)This is also to ' __ﬂ\ 7

generate liftbased propulsion. Compared tc
the mackerel, who is discussed in the ne h
paragrgph, tunas have to beat their cauds |
tail at a high frequency to maintain the sam
speed. However, tunas use lower caudal ti f
beat amplitudes. They also move a small.. )
distance per caudal tail beat than mackerels.

Mackerel

The mackerel is characterised as a caragniform swimmer, beci
of the length of the propulsive wave that moves along the bo
during steady swimming. In fish who use caragniféwoomotion,
propulsive wavelengths are rather greater than body length. The

body mass is concentrated in the front portion of the body of t| Figure 5: Atlantic Bluefin
fish (Beamish, et al., 1978Because of distribution of body mag Tuna Fish

and body profilethe lateral movement of the body or recoil fron (www.wikipedia.org2015.
forces exerted by the caudal fin is reduced.

Dolphin

Dolphins and whales have a caudal tail that is flat instead of standing. Krgioea standing tale is
used. However, the features of the dolphin das adapted to what works the best for thergo. The
dolphin has a body that looks a lot like the shape of #rgo (Fig. 6). Dolphins have a fusiform,
streamlined bodyFish & Clifford, 1994 he thickest part of the body isund at 3445% of the body
length (Zyga, 2006)Because of this, the water can flow with ease from the anterior part of the body
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to the caudal tail. This minimizes drag. The flippers (pectoral fins), dorsal fin and caudal fin (all
together called the appendages) are used for stability, manoeuvrability and the production of thrust.
They also reduce drag and generate lift, when need@wpulsive movements are made with the
posterior onethird of the body. The greatest amplitude takes place at the caudal fin. Dolphins are
characterized as caragniform swimmers.

The dolphin has mechanisms to reduce di&ish & Gfford, 1994) As mentioned before, the
fusiform body and the appendages reduce drag. There are more mechanisms who are supposed to
reduce drag. These mechanisms are based on modifying the boundary layer. In the first place, the
component of the dragorce can be minimized by maintaining the boundary layer in a laminar
condition. The second mechanism minimizes the pressure component of drag by inducing turbulent
conditions in the boundary layer. At the position of the shoulder43% of body lengthfurbulent

flow and boundarylayer separation is probably developed. The skin of the dolphin also reduces drag.

The appendages are streamlinégish & Clifford, 1994 he leading edge is rounded and the trailing
edge is tapeed. The effect of the appendages on total body drag is greater at low speeds than at
high speeds. This is because at high speeds the flow is turbulent.

Tradeoff

In table 2, a tradeff of the most importanfeatures is made. Each weight facteranled on a scale
from 1 to § inwhich 1 is the least important and 5 is the masportant. This means the higher the
weight factor, the more important it is. The same goes for the different featurks.tuna, mackerel
and dolphin are scored on all featurefor example, the dolphin scored a 5 on the feature
@GNS YT A Yhe Reight 2aBtér ©f this feature is 5, so that comes to a total of 25 points. The
fish with the highest total score is chosen.

Tablel, Tradeoff of the mostmportant features

Feature Weight | Tuna Mackerel Dolphin

factor

Score| Total | Score Total | Score Total

Streamlined body 5 4 20 4 20 5 25
Fast way of locomotion 4 5 20 4 16 5 20
Fast turning and acceleration | 2 4 8 2 4 4 8
Stiff median fins 3 2 6 2 6 4 12
Stiff caudal fin 5 4 20 3 15 5 25
Maintaining high speed fo| 4 4 16 4 16 4 16
longer period
Body mass concentrated at th 3 4 12 4 12 5 15
anterior part
Total 102 89 122

The fish with the lowest score is the mackerel. The mackerel s€ofeg 2 Yy (i Ks&ff medtah (i dzNB &
TAVEAOWTT O deyl fi KBAYYMES O2y R LI F OS 02YSa (s&fS Gdzyt
median¥ A .JA&ofher features, the score of the tuna is comparable to the score of the dolphin. The

fish with the highest score is the dolphin. The dolphin scores high on all features. This means that the
dolphin is the most suitable fish.
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Conclusion

From the tra-off can be concluded that the dolphin is the most suitable fish. Therefore, the dolphin
is the fish that is going to be used as an example for Ahgo. The dolphin has many positive
features. The dolphin has a fusiform, streamlined body (Fig. 7). €lyis to reduce drag. The body
mass is concentrated at the anterior part of the body. The appendages are used for stability and for
generating lift when needed. They also help to reduce drag and provide quick turning and
acceleration. The caudal fin is §tifvhich is important for théArgo. These are all features that need

to be used in thérgo.

There are also points that need to be adapted. These points need to be adapted in order to improve
the Argo. The first feature that needs to be adapted is thesiion of the caudal fin. The dolphin has

a caudal fin that is flat instead of standing (Fig. 7). InAtgm, a standing tale is used. It needs to be
examined if it is possible to change the position of the caudal fin from a flat till a standing fin.
Another point that needs to be adapted is the position of the flippers and dorsal fin. This should be
looked at to determine the best position for the flippers and dorsal fin. It should be examined if the
best position for the flippers is either higher or loma&ong the body. The dorsal fin can be placed
more at the anterior or more at the posterior part of the body.

In short, the dolphin is the best fish to use as example fortgn. Some features of the dolphin can
be used immediately. Some features naede adapted before they can be used. After examination
they can be adapted and used.

Figure 7 Sideview and top view of a dolphin
(Fish & Clifford, 1994)
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4. Composite production
In this chapter the production phasedscussed.

Hull

The hull is made and designed by the Innovation Studio itself. It is made out of carbon fibera with a
epoxy resin. The layp which is used is [0/90 +485 cork-45/+45 90/0]. The multiple layers of
carbon fibers in different direction ¢g¢ a higher strength. The cork core gives the hull a very high
stiffness and buoyancy.

The production of a composite laminate is very difficult. Carbon fiber and epoxy resin are noxious
and therefore require careful handling. The raw materials also requareful handling, because all
flaws are visible in the end product and reduces the strength and stiffness of the hull. The production
of the body is split in two steps. First the upper and lower halves of the body are made, and after
that the two shells e connected to each other. This chapter describes the production of the
complete hull for Argo.

Figure4.1 The layup of the carbon fibers

4.1 Laminate techniques

There are two methods of lamination ofmoduct under vacuum pressure. These are vacuum bag
molding and vacuum infusion. Vacuum bag molding is a wetipajechnique. It is the easiest
production method for composite products. The carbon fiber is positioned in the mold, and a resin is
rolled orbrushed in. This step repeats for all layers. When all plies are saturated, the product is put
under vacuum. This sucks all the air and excess resin out of the product. Vacuum infusion uses the
vacuum to let the resin flow through the product. This meahs tayup of dry carbon fibers is
already put under vacuum before the resin is poured into it.

Vacuum infusion is a more complicated way of lamination, but the Innovation Studio has more
experience with this technique, therefore this is the method whialsisd for Argo.

4.2 Vacuum infusion

Vacuum infusion has a number of advantages over other production methods. A highdofitesin

ratio is obtainable with this technique. Resin rich areas are normally eliminated by the vacuum. Less
resin in the productmeans a higher fiber volume percentage, and this means a lower weight.
Therefore a resin with a shorter potlife, the time the resin is usable for lamination before it gets too
viscous, can be used. The lamination takes half an hour when using vacuumnnagnpared to
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the wet layup which takes up to two hours, this is very fast. There is also no time pressure when
building the layup.

4.3 Production preparations
The production starts with the preparation of the
molds. The molds are wet sanded with a grain up §
2000. Polishing is therefore not necessary, beca
this results in a hardly noticeable difference in t
end product. Next, the carbon fiber and cork
prepared. Because of the complex shape of the m¢
several small pieces of carbon fiber are used [
layer. The final step in the preparation consists
degreasing the mold surface and applying the md
release wax. This is done to fill micro holes on t
surface of the mold. After this step the kap can be
made.

Figure4.2 The mould after being waxed

4.4 Injection strategy

After the fibers and cork are in place, the laminate is covered with peelply. Peelply is a nylon cloth
designed to not bond with resin so that it can be peeled off eai@yr production. On top of the

peelply comes the resin flow mesh. This mesh is designed to aid in the flow of the resin. It is a
technique to make sure that the resin gets to the vacuum hose simultaneously. One of the most
important decision that has todomade is the positioning of the vacuum and resin hoses. Well placed
hoses cause a more equal distribution of the resin. And therefore an end product with a higher
quality.

Resin pot

Vacuum
pomp

Resin pot

Figure4.3 The distribution of te hoses in the mold

13
INNOVATION STUDIO = ( n holland

university of
applied sciences



= @
Argo, human powered submarine

ARGO
Apollo to Argo

Due to sustainability resource manageméme same mould is used used the for the Argo as we did
for the Ecemarathon vehicle ApolldThe hydrodynamics characteristics of the submarine proved in a
positive result. Showbelow the Apollo and the Argo to see the similarities. The Argo is two time the
upperhalf of the Apollo to have a symmetric profile in the water.

3D printing with composites

Next to the hull several more components are made of composite materialse @ble to make

double curved and highly complex shaped fins a new way of composite manufacturing is used. With
the CAD software SolidWorks the fins of the Argo are designed. These are based on the fins of a
dolphin combined with a extreme low drag hyéwd. This combination makes the fins dietAgo a
complex shape to produce. For this the 3D printer wasessaryo make the curved surfaced/ith
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the 3d printer the core of the vin was printed. This ensures the shape of the fin. To strengthen the fin
carbon fibers are made around the fins with the use of handlaminating and vacuuming. The
advantage of this production method is that no complex and expensive moulds are Tised.

following pictures show the production of the horizontal fins.
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5. Propulsion

In this chapter the propulsion mechanism of the submarine is described. The propulsion mechanism
consists of several major parts. The first part of the mechanism is the input, this is the driver of the
submarine. After the input of the system the transsion comes. This will transfer the loads by the
driver to the actual propulsion mechanism. The next part in the system is the crankshaft. This part is
of great importance, and the efficiency of this part will have a large effect on the complete system.
The last parts on the propulsion mechanism are the fins. The fins will transfer the loads of the driver
on to the water, which will cause the submarine to go forward.

5.1 The driver

As mentioned the first step in the propulsion mechanism is the driver.do éne driver will be
propelling the submarine. This means that the maximum power input of the system is equal to the
maximum power our driver can deliver. Thus a stronger driver results in a faster time during the
International Submarine Races, and sdlegt strong driver is therefore very important.

5.2 The transmission

The transmission is used to transfer the loads which are generated by the driver. It consist of normal
pedals (like the ones on a bike), a NuVinci (which is a transmission withou{GMfsso a smooth

gear change) and a bevel gear (to transfer the plane in which the axles rotate. The transmission
should be as efficient as possible, because a high loss of energy is bad for the whole system.

5.3 The concepts

For the final manner of pragling Argo, there were several concepts discussed. One of the criterion
which had to be met is that the Argo will move without the use of propellers. Therefore a study on
different types of sea creatures was performed. The animals that were selectadtioerfresearch

were the jellyfish, the manta ray, the squid and a general fish. These movements are also described
in the subchapters below.

5.3.1 Concept Ig Jellyfish

The jellyfish is the most energy efficient swimmer of all animals. This fish pitgedldy contracting

and expanding its belt. When the muscles are contracted, the water is forced to go out of the body.
And when the muscles expand, more water is allowed to go into the body. This results in vortexes,
which gives the jellyfish its thrusfnother important aspect of this fish is its radial symmetry. This
gives the fish a low drag, compared to other sea creatures. The downside of this efficiency is that it
only works at low speeds, and small bodies.

5.3.2 Concept &, Manta ray

The manta rgt is one of the largest species of rays. Their span can reach a size of 7.6 meters, and

their top speed is 11 km/h (or 3.06 m/s). These fish also have a very energy efficient way of

propulsion, because they have the ability to glide for long distancdwimater. The movement is

Ffa2 OSNEB &aAYATIFNI G2 O0ANRAT GKSe Ffl LI GKSANI WAy
low energy input by the fish.
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5.3.3 Concept ; Squid

The squid uses a similar way of propulsion as the jellyfish. Watsiirgo its head, and when it is full

of water the squid releases it through the back of its body. The difference squids make is the
pressurization of the water, which is then accelerated via a funnel. The jet stream coming out of the
funnel has a high Vecity and allows the fish to move forward. A negative property of this jet is its
unsteady flow. This immediately gives the fish instability which results in a lower efficiency, because
of the compensation for the direction of the fish.

5.3.4 Concept & General fish

The general fish has a lot of shapes and sizes, but about 85% of the fish species use a caudal fin for its
propulsion. This fin (on the aft of its body) provides the fish a fast and efficient way of swimming. The
fish generates thrust by malgrsinus movements with the caudal fin. But the fin also causes large
vortices in the water, and this results into a higher drag force acting on the body.

5.3.5 The trade off

Each concept is scored on its expected way of moving, size, efficiency and iproppksed. In the

table below, Table 5 1, the traeff is performed. The weight factors and the scores are valued
between 1 and 5 points. For the weight factor a higher amount of points means a criterion of more
importance, and for the score a higher aimbwf points means that the concept is better in a

criterion. The concept with the highest total score wins the trade of and is therefore the best solution
for our chosen concepts.

Criterion | Weight | Concept 1 Concept 2 Concept 3 Concept 4
Factor | Jellyfish Manta ray Squid General fish
Score | Total Score @ Total Score | Total Score @ Total
Efficiency | 4 5 20 4 16 4 16 3 12
Complexity 3 2 6 4 12 2 6 4 12
Speed 5 1 5 3 15 2 10 5 25
Size 3 3 9 1 3 3 9 5 15
Total 40 46 41 64

It is clear that the bestoncept is concept 4. This concept achieved the highest total score in the
trade-off. The efficiency is lower than the other concepts, but the speed and size compensate for
that. Now the detailed design can be made. Therefore this concept will be furéstgried and

sized.

5.4 The final design

The final design is a fishtail propelled system. A SolidWorks render is shown in Figure 5.1 below. This
gives a clear visualization on how the propulsion system looks. The axle that goes through the box is
driven bya spur gear and this goes to the transmission. In the box a crank will rotate. This will cause
a linear movement which moves the fins in and outward of the submarine. The fins will also change
angle of attack, this is done in order to finish the wave mosetnjust like a real fish does.
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Figure 5.1 Render of the propulsion system

55 The fins
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airfoil is used for the shape of the hydrofoil. One of the imi@ot requirements for the hydrofoils is

its symmetry. Since the hydrofoil moves in anand outward direction relative to the submarine an
asymmetrical foil would cause more drag. The fin also needs to be thin, a thin foil means less lift but
because ofhe low speeds this has no large effect on the thrust. Therefore a NACA 0012 profile is

chosen for our hydrofoil.
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6. Safety

Air Supply calculation
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ARGO

To ensure the safety of our driver some calculations of the air supply have been done. The race
committee of the ISR set a requirement of 100% + 150 % needed during the race. Below this

calculation is shown.

Pressure on 10m depth 2 | bar

Usage above water 35 | liter/minute
Usage on 10m depth 70 | liter/minute
Race distance 130 | meters
Speed 0,514 | meter/second
Racetime 252,9183 | seconds
Racetime with safetyfactor | 632,2957 | seconds
Racetime with safetyfactor | 10,53826 | minutes
Total usage 737,6783 | liters
Capacity tank 7 | liters

max Pressure tank 200 | bar

Total liters of air 1400 | liters

The submarine is therefore equipped with a 7,2 liter steel tank.

Dead man switch

To show the safety divers that the driver of the Argo has issues and wealnsrescued. He has to

pull the dead man switch. This switch consist of a rope which opens the rear door. Due to the
buoyancy of the buoy the rear door will open. The buoy is made of high density foam which is able to
sustain high pressures. The buogasnected to the Argo with a highly visible, red colored dyneema,
rope of 10m long. The buoy is painted acid green.

Air supplyonboard

The main tank of 7 liters is located in the rear of the submarine. With the use of a custom made
yellowregulator hose of 4m theegulator is able to reach the front of the submarine. In case of

failure of the main air supply a backup system is installed. This backup systems consists of a spare air
cylinder with regulator which holds enough air for 40 inlsedé 10 meters. This is sufficient air to

slowly and safely reach the top of the basin.
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7. Overall impression during process
This chapter shows the highlights of the whole project in pictures. Concept testing, production of the
hull, production of parts, fing diver, assembling and finally full scale testing statically and
dynamically.
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