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Introduction

The Texas A&M Human Powered Submarine Teamdgsned and bui |l t a
Ray fdrtheil3" ISR. The new submarine is a twaerson propeller driven submarine where
the passengers are side by side and both will power the véggeg 1. A new drive train wa
designed to operate two conti@atingpropellers one of thegearboes is shown ifrigure2.

The controls allow for pitch, yaw, and roll on all four control plafegure3. Unfortunately,
due to several setbacks this new submarine will not be completietkifor ISR 13. The Aggies
wi || be r BMdamiga mayne, -pédoesusmarinethabwasraced at ISR 12
with a few modifications. The team looks forward to racing Aggie Ray |l at tHé¢SIR.

Figure 2: Gearbox
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Figure 3: Control System

The hull for The 12 Mantaray was constructetliring the 20082007 school yeaiThe

submarine was raced in th& Biternational Submarine Races (ISR) in 200 10" ISR in

2009 the 11"ISR in 2011and the 12 ISR in 2013at the David Taylor Model Basin in

Bethesda, Marylandswell asthe European International Submarine Races in Gosport, England
in 2012 While the hull has remained basically unchanged since 2007, there have been many

modifications made to the rest of the operating systems.

The hull design is based on the dimensions from the earliepae s on propel |l er
Sarge | I | tedupoualiow fara pilot sict@feet 10 inches tallto pilot the submarine
Thenewcontrol system is comprised oflarottle cable system that allows for roll adjustment in
addition to pitch and yaw correctios.new propeller ha been addedand thedrive shaft gear

box, andemergencyuoy have been redesignédsecond strobe light was also added on the
underside of the hull for additional safe®ll designs for submarine controls and propulsive

in accordane withthe specifications of the3" International Submarine Rateules and

regulations.



Hull Design

The hull isaoneperson propeller drivedesign In the initial design of the hull, a pilot height
limit was determined. With these limits known, a study on hull shape design waketsxip
determine the proper length to diameter ratio to produce a hull with the lowest possible drag
coefficient. The Reynolds number was calculated for &idd velocity to give an idea for the
drag coefficientFigure4 shows the drag coefficientioves for various hull shapes.
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Figure 4. Drag Coefficients for Various Hull Shapes (Allmendinger, 1990)

The resulting lengtto-diameer ratio of 5 correlates to a drag coefficient of 0.003. This ratio

resulted in the shape shownHigure5 below. The shape iRigure5 does not include the nose
cone.
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Figure 5: General Hull Design Dimensions

Theposition of the pilotis shown inFigure6. The pilot is lying ina prone position with stomach
downward and the head toward thwv of the submarineAn air tank is mounted to a solid
harness underneathh e pi | ot 6 s nrsweaas optimuin positiomn fdr éeveragemn tee
drive systema topmounted shoulder harness was designed for the phetharness is
composed of four straps coming t oget Heesr
andwaistBi cycl e toe clips are used andhaw the abititye

to bothpush and pulvhile pedaling.
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Figure 6: Pilot/Driver Position

Materials

The hull was fabricated usir&fiberglass sandwich technique with Kevlar material and flexible
syntactic foam. Various other materials, such as carbon fibglgds, and $jlass were
considered while brainstorming the design of the hull. Carbon fiber would have been a great
optiondueto its strength anflexibility; however it is a very expensive material in comparison
to t he t e agmas$sandlisustoggertcountétparyl8ss, were also both discarded. E
glass is not as strong as Kevlar angl&ssis alsotoo expensive. Kdar has the added advantage
of superior impact energy absorption. After some consideration, Kevlactheasras the best
material. Kevlar isapolymer made of aramid fibers. Hexcell Schwebel donated ayxtyroll

of Kevlar material for the team to eug-irst, two layers of Kevlar were applied with resin onto
the foamhull mold. Next, flexible syntactic foam was placed on téglowed by three more
layers of KevlarThe flexible syntactic foam was donated by the DIAB Group in 3ft x 4ft sheets
at a quder inch thicknesdgrigure7 shows the composite layer cresection.The details of the

hull construction are discussed in depth in the next section.
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Figure 7: Hull Layers and Thicknesses

Construction

Before submarine construction began, it was necessary to build a vemtidetm in order to

containthe fumesproducedduring the composite layp andpriming stagesThe room wasuilt

1C



using 2x4 in lumber and 6 mm plastic arehtilated using a large fan thdischargedhe fumes
and dust to the outside of the building. The woeflamed latheshown inFigure8, was custom
designed by the team to fit the 12@hrfoam block A plywood template wassedas a guideo
shape the hull

DUNA USA, Inc. donated a@k50x114 inch4-Ib/ft3densityblock offoam which was used for
hull construction. The block was cut in half in order to inaet20 in long by 1.5 in diameter
steel pipe through the center. The pipe, with a sidewall thickness of 0.5 in, was suppavted
bearings on either side of the lathe. This setup easily supported the nearly 100 Ib block that
becamehe hull mold. A sharpened heauwty tile scraper was used as a chisel to shape the
submarine mold until only 0.125 in of material remained ansl neenoved by sandinigure8
shows the mold after chiseling and sanding. The mold waswhepped with cellophanghich

was used as a release film.

Figure 8: Foam Block Lathing Setup and Final Hull Form

The five layers of Kevlar were cut using cardboard templates. The alternating layers of Kevlar
were cut at Dand 45 anglesin order to maintain rigidity and reduce stress. The order of hull
material applicationvastwo layers of Kevlafirst, followed by the syntactic foam, and then

finally the last three outside layers of Kevlar. After the syntactic foam layer was applied, the hull
was covered wittherelease fabri¢cellophane) Subsequently, the hull was sealed with a

vacuum bag, wich wasconnectedo a vacuum pump in order to remove the air within the

layers, ensure huimoothnessand to allow the resin to cure. A vacuum bag was agath

after the fifth and final layer of Kevlar was applied. After ensuring that the resin cured
sufficiently, the vacuum bag was removed and rough spots were smaathesing lightweight
Bondo and paint primer.
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The original foam male moldas then carved owff the Kevlar fiberglass, and syntactic foam
sandwich hull Hatches and holes were cut émmtrol surfaces, propellers, and the acrylic nose
cone. The main hatch meassiBe5 feetlong andserves ashe primary entrance and exit for the
submarinepilot. The hatch, which isapable obeing released from the insid® outside,is

fastened witthinges at the top, and a latch at the bottom and is attached to the hull at altimes.
secondary hatch, located on the rear starbside] is used for maintenance access to the
submarinalrive shaft and control connectigrisremains closed during o@ion and is not used

for entry or exit. Finally, the hull was primed and sent to a body shop to be painted.

The tesing of this sulmarinewill be conductedn May12 and13, 2015 in thewave basin at the
Offshore TechnologResearch Center at Texas A&WVable1 summarizes features ohe 12"

Mantarayhuman powered submarine.

Table 1: The 12" Mantaray Basic Specifications

Lightship Dry, Equipped Hull Overall Max.

Weight in Air | Weight in Air | Thickness Length Diameter Volume Category

One

72.51b 233 Ib 0.375in | 10.3ft 2.2 ft 25 fit person,
Propeller

driven

Nose cone

Thenose conaisedfor The 12" Mantaray shown inFigure9, is moldedof clear acrylic made

by Texstarsand cut to the proper length by the sub team. The use of clear acrylic enables the
pilot to have visibility from the front of the hullThe nose cone is attached to the hull at a flared
edge with a diameter of 18 inchésoneinch lip was added to the inside of the hafid
weatherstripping was laid around the lip order to form a tight seéFigure9). Three rubber
tension latchesHigure10) were spacedhsidethenose conandconnectthe nose cont three
small plastic notches on the inside of the bmlsecure it to the submari€igure10). This

system is considerably saffor thepilot than previous designs.

12
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Figufe 10: Rubber-Tension Latéhesand Connection to Plastic Notch

Drive Train

Gearbox

The gear boxs designed for a pilot input of approximately 50 randhasa gear ratio of 4:1.

The resultingmaximumpropeller speed is 20@m. The gearbox is positioned in the stern of the
submarine and is mounted in the hull using adjustable threadedrigdse(L1). The threaded

rods are expanded to provide compression that keeps the gearbox in place. The threaded rods
allow for adjusing thegearbox height tbetter align the drive shaft. The gear box is restrained
between an aluminum plate and to fefitraluminum shims with receptacles for the threaded

rods. The gearbox framweas redesigned in 20E® that after the gearbox is disconnected from

the output shihand unscrewed from the frame, the gearbox can then slide out the front of the
aluminum frame for easy access and quick repah. is different from previous designs where

the gear box housing had to be removed from the sub before the gearbox ceuttbed.
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New gears and bearings have been installed for the 2015 Theesutput shaft of the gearbox is

attached to the propeller shaft using a stainless steel rigid shaft coupling.

Gearbox Housing Aluminum Frame

Figure 11. Gearbox Housing and Aluminum Frame

Drive Shaft

The team designed a drive shafhich was constructed and donated by Oceaneering
International, Inc. in Houston, Texas. The driveskhfiwnin Figure12is made from MILA-
8625 anodized aluminum with a rigid shaft coupling and misalignment johme. driveshatft is
22 inches long with a maximum outer diameter of 0.97 inchgsgring to 0.623 inches at the
gearbox. It iflanged at the hub end to mate with the propeller fitab. driveshaft passes

through a bearing to outside the swdrinewhere it is attached to the propeller hub.

14



Figure 12 Driveshaft

Shaft Bearingand Completed Assembly

A bearingattachment fitsnside of the tapered stern of the subma¢ifigure13). The bearing
attachment holds two glass bead bearings securely in the stern thwdlidy clamping against
the tapeed hull. The attachment is made from nyland clamped together usifigur Allen head
cap screwsThe completed assembly is shown belowimure14, which demonstrates how the

final assembly fits together.

Figure 13: Bearing Schematic

1t



Figure 14: Complete Cyclical Drive System

Propulsion

Propellers

The teamhasthreg two bladed propeller® insert inthe variable pitch propeller hub (discussed
later) that was designed by Texas A&M Submarine team members with the help of Oceaneering
International Inc. The pitch of the blades can be altered before a race, but not while underway.
The propeller blades weregigned and fabricated according to the specifications of TAMU

students by Baumann Marine in Houston, TX. The blades are optimized for an expected

operator power output of 0.4 bhp andesign speed of 6 plus knoté&rious propeller shapes
have been testiein order to find the most effective design and best pitch seRiggre16 shows

thetwo bladed propellet hat wi | | be used as tR& teambds pri

g

Figure 15: Propeller and Hu
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Figure 16: SecondaryPropeller

Propeller Hub

The propeller hub, shown Figurel7, was designed by previous Texas A&M Submarine team
membersand therbuilt and donated by Oceaneering International, Inc. The propeller hub
allows for in situ adjustment of propeller pitchgde prior to each racghich previously

required removing the drive shatft.

Inside the hub is a worm gear, which is turned by a nylon knob on the outside of the hub. This
worm gear drives two cantkattravel through downward angling grooves, forwardbackward,

whichturnsthe blade attachments. The mechanism is showigure18.

17



Angled Shaft )(
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Propeller
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Nylon knob Worm gear

for adjusting

pitch

Follower

Figure 17: Propeller Hub

The blades are attached to the hub using tapered itisatis into the hub mechanism and are
securedbyat?20 hex cap screw. The taper works 1like

prevents the blades from spinning out of their attachmeiggre19 andFigure20 show the

propellerhub interface.

18



OCEANEERING-SUPPLIED
PROPELLER HUB

A
Tl
— I@ ° %_ \\;_,,

VENDOR-SUPPLIED
PROP BLADE

3.94

(HUE DIAMETER AT BLADE SECTIOMN)
Figure 19: Propeller Hub Interface (Dimension is inches)

Fig‘UreVZCk Propeller Interface

The initial pitch angle of the blade is set while the blade is unattached to the hub. Once ,installed
the hub allows for 15 degrees of rotation in both directions for easy adpist®iech angle is
determined from a line drawn on each blade and measured with an angle locator. The propeller
bladesare initially setto an angle of 35 degre@sthehub, which allows for a pitch angle

adjustment of 20 degrees.

19



Control System

Control System

Control and stability is achieved through the use of four control planes mountedeqré@
increments near the stern of the submarine. The two horizontally mountedquatvespitch,

and the two vertically mounted control plamesitol yaw and roll. M@ements of the control
planes argoverned by a system of tensioned cables routed between the steering mechanism
mounted forward of thpilot, shown inFigure21, and a pair of slide plates mounted in the stern
shown inFigure22. Each stern mounted slide plate is connected doofpposing control planes.
These connections provide for both concurrent and opposing motion of the control planes. This
system allows for the correction of yaw, pitch, and roll. The ability to control the roll of the
submarine allows the pilot to co@ntthe torque imparted by the propeller. The control planes
are onepiece airfoils ashownin Figure23.

Figure 21: Steering Controls

2C



Figure 22: Control Plane System(left) and Slide Plate (right)

Figure 23: Control Planes

Braking
Braking is performed by reverse pedalimgdnich switchesthe direction of the propellend

caussthe submarine to slow. Alsthe pilot can bank into a turn to decrease momentunmwhe

space is available.

Life Support and Safety

Life Support
The air supply requirementatssfy the guidelines in the ISRontestRules and Regulations. The

air supply, with a minimum of 150% reserve for each crewmember, is used primarily for life

21



support while underwater. All breathing air is compressed, normal, atmospheric air. The primary
air supply (60 ficylinder) is locatedmd er t he pil ot és torso. A seco
the pilot, and each support diver is equipped with an octopus regulator. No air tank supply is

allowed to fall below 500 PSI.

Air Supply Requirement

The duration rate of air supply isdependem a pi |l ot/ di ver s consumpt.i
capacity/ recommended minimum pressure of the cylinder(s). Temperature is not considered

because it is only an important factor under extreme conditions. The duration of air supply for

the proposed cyluter, may b calculated using equation 1.

& —Y0 & @)

C is the pilot/ diver 03¥mingszfimps DisthetdepthnandRMY isthe n st

d i v e gpiéasry mieute volume (scfm).

Table 2: Driver RMV and Consumption Chart

Level of Exertion | RMV | C

Heavy 1.7 2.16
Moderate 1.3 1.65
Light .065 0.83

In order to calculate the capacity of air that is available to the pilot/diver, as opposed to the total

capacity of cylinders, the equation on the next page is utilized:

~ ~

w0 0 U (2)

0 p&

where \4is the is the capacity available (scfy, I¥ the rated capacity of each cylinder (scf), N is
the number of cylinders,c#s the measured cylinder pressure (psigy,i$the recommended

minimum pressure of the cylinder (500 psig)isRthe rated presseiof the cylinder (psig), and

22



14.7 is the standard atmospheric pressure (psi). To calculate the duration in minutes, the
capacity available is divided by the consumptioe raging the following equation:
O0i wo Qoe € 3
To solve for the aisupply and the consumption needs of the pilot, Tables 3 through 5 were used
in associatiao with the equations provided.
Table 3: SCUBA Cylinder Information

Rated Capacity / Rated Pressuri 60 ft2/ 3000 psi
500 psi
49.76 f¢

Absolute Minimum AirPressure

Capacity Available per Cylinder

Table 4: Time Calculations (all values in seconds unless noted otherwise)
Time to secure hatches and setup for run (may 827

Time to accelerate to 6 knots in 150 feet 31

Time to transit gate area (100 meters = 328 feq 32

Time for deceleration 10

Total time from setup to completion of run (min 15

Table 5: Air Consumption and Available Resources

RMV Rate of Duration of Available
Case Crewmember Consumption| Air Supply
(scfm) ) Reserves (%)
(scfm) (min)
A Operator 1.70 2.16 22.41 153.58
B Operator 1.30 1.65 30.16 201.05
C Operator 0.65 0.83 59.95 399.69

These calculations demonstrate that even when conditions are harshest (case A); a 153.58%

reserve is still maintained. These calculations are estimated for a speed of 7.0 knots.

Emergency Buoy System

The emergency buoy is constructed from a square c(Fautre24) of the top of the hull toward
the stern of the submarine. The buoy contains a spool of 30 feet ohdilGghly visible line.

The spool is located ahe buoy to reduce failure rate due to the line getting caught inside the

23



hull of the submarine. The spool system is also made to quickly install a new fully wound spool
in secondsThis is possible through the use of the cabinet hinges used to conteod foe the
spool.The purpose of this buoy is to provide indication of possible pilot distress by

automatically releasing if the submarine pilot should lose consciousness.

Figure 24: Emergency buoy

In The 12" Mantaray a quick release shackle is connectethtorelease mechanismhich is
wired to a bicycle brake handba the steering columrmburing the racgethe pilot depresses the
handle and will release the handle when distressed. When the pilot releases thehegsgie)g

activated release lever pulls on the quick release shackle and frees the buoy to a positive ascent.

Submarine Markings

External markings follow the procedures outlined in ISRR0he submarine is painted with
contrasting maroon and white oo, with silver accents. The submarine name, logo, and team
sponsors are also located on the hull. The propellereipsrgencyuoy, hatch release, harness
belt release, rudder guard, and control plane tips are marked with orange paint for visibility an

safety.

Strobe Light

There are two strobe lights, showrFigure 25, attached to the hull for safety purposes. One is
attached on the top of the hull, the secandtiached on the bottom of the hull near the keel of

the submarine. With these two strobes, a flashing white signal is visible from 360 degrees in both
the horizontal and vertical planes. The lights flash once every second and are visible for thirty

feetunder normal visibility conditions.

24



Figure 25: Emergency Strobe Light
Pilot Restraint

The pilot is harnessed into the submarine in order to position the pilot in a manner that produces
effective pedaling (or horsepowenhe newrestraining strap is a foypoint harness that

supports the pilotds shoul ctheratasinglavistveleasst . The
that is easily visible to safety divers seelfrigure26 and accessible by the pilot. In order to

satisfy safety requirements, all hasses and toe clips are visibly marked with orange paint. In

addition, the pilots all practiced sadfjress maneuvers during testing at Offshbechnology

Research Center.

Figure 26: Pilot Restraining Straps

Pilot Visibility
The only window, or view port, on this submarine isnibse coneHowever, the pilot is

positionedto look straight out of the nose cone while pedaling and maneuvering the submarine.

25



Figure 27: Forward View

RescuekEgress

Afour-i nch orange patch displaying the word fARes
location of the latch releas€here is also a release on the inside thatéessibléo the pilot.

The hatch is attached to the hudling the mechanisshown inFigure28. The securing plates

tuck under the hull of the submariteeassist in setting the hatch in place. Two retractable pins at

the bottom of the hatcéecure it in place. The pins retract and release the hatch when one of the

rescue handles is depressed.

Securing

/ Plates

Inside Push
Retractable

Rescue Rescue
/ Handle / Handle
jins

Figure 28: Pilot Egress
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