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Introduction
	A submarine is a craft capable of operating underwater. They have many applications from nuclear attack and missile submarines to vessels for undersea exploration.  The purpose of this project was to design, build, and test a small-scale sub able to ascend and descend, move forward and backwards, steer left and right, and remain upright while maneuvering, with control provided through a tether.  The design was intended to be fast, easy to use, and capable of being tested in a swimming pool without damaging the liner.
	To make a submarine rise or sink, it must be able to control its buoyancy.  The buoyant force on a sub is equal to the weight of water it displaces.  To ascend, the buoyant force must exceed the force of gravity, and to descend, it must be less.  Otherwise, a sub should be neutrally buoyant, meaning the forces of buoyancy and gravity are equal.  This allows the sub to maneuver as if it were weightless.
	An incorrectly built submarine tends to roll because there is little or no force to keep it upright, and also because the torque on the sub’s propeller creates a reaction on the sub in the opposite direction.  However, a sub can be made self-stabilizing.  The forces of buoyancy and gravity will make the sub roll until the center of buoyancy is above the center of mass, so a stable sub will have a high center of buoyancy and a low center of mass.
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	To make the submarine neutrally buoyant and stable, we used a combination of buoyant foam blocks and heavy metal weights.  Foam blocks at the top raised the center of buoyancy, while weights along the keel lowered the center of mass, making the sub stable in the water.  We could easily add or remove weights from the keel to adjust the total weight until it was neutrally buoyant. 
Stabilizing the sub for pitch was more difficult.  Due to the variety of components in our sub, the sub’s density was not uniform along its length, and it tended to pitch up and down easily.  We can shift the ballast components along the sub’s length to adjust the sub’s centers of buoyancy and mass easily.  However, as the sub’s ballast tank emptied and filled, the sub’s angle changed slightly, and even a small change could result in the sub driving itself up to the surface or into the ground.
	To control the submarine’s buoyancy, we used a single ballast tank near the center of mass and buoyancy.  The submarine would rise when the tank was filled with air and sink when it was filled with water.  However, because there was no ready supply of air underwater, we supplied air to the tank with a bike pump through a hose.  The bottom of the tank was open to the water.  Therefore, the tank would empty when we pumped air in, and sink when we allowed air to escape through the hose.  Unfortunately, this system does not allow for very precise control of the sub’s depth.
	We used a propeller and two bilge pumps to drive and steer the sub.  We enclosed the propeller in a specially built shroud which increased the water pressure and also kept the propeller from damaging the pool, itself, or other objects.  The two bilge pumps produced a steady stream of water when powered, so we directed the stream out the sides of the sub so that the reaction would turn the sub.  The pumps were placed at the very front of the sub so they would have the greatest possible leverage for turning.  The wires to these motors are insulated and run to a controller on the surface.  All three motors can be run in parallel from a single 7.2 volt battery.
	The electrical components of the sub led to another challenge:  Waterproofing.  While the bilge pumps were designed to run while immersed in water, the motor driving the propeller was not.  So, we constructed an airtight container for the motor, with space to spare for carrying cargo.  The container was a simple PVC pipe, capped at both ends, with holes for the driveshaft and motors.  In addition, one end of the tube had to be easily removable in case water leaked in during testing and the tube had to be dried.  To solve this, we used a threaded PVC pipe and end cap, which succeeded at closing out water almost completely.


Testing

	The initial test was moderately successful.  The sub rose and sank without difficulty, though it had trouble maintaining a constant depth.  The propeller was able to move the sub forward and backwards at a speed of 0.5 meters/second.  The pumps had some difficulty turning the sub to the right, because the pump for that direction was closer to the center of the sub and had less leverage.  However, with practice we could direct the submarine anywhere within 6 meters and bring it back unassisted.  One unforeseen difficulty was the drag produced by the tether.  Because the tether was thick and not very flexible, it could pull the sub off course by accident.
	A serious problem in the design surfaced during testing.  It was first uncovered when a seal on the motor broke.  However, resealing the motor housing involved removing the shroud around the motor and also breaking the seal around the motor wires.  Because the shroud completely surrounded the motor, when we accidentally attached the motor before the shroud, it was topologically impossible to attach the shroud.  So, we had to remove the motor and completely reseal the shroud, motor, and wires.  This failure revealed how difficult and time-consuming it was to service the submarine, and our rushed repairs caused further failures in the  (
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	In the final demonstration of our submarine, our sub was able to maneuver underwater anywhere within 6 meters of the controller.  In addition, we discovered a more refined way to control the sub’s pitch.  The submarine pitched up when moving forward and down when moving backward, so by coordinating between the ballast pumps and the motors it was possible to remain underwater without accidentally hitting the bottom or surfacing.  Unfortunately, the seal on the wires leaked due to the difficulties mentioned above, and the extra weight of water in the submarine exceeded the buoyant force of the ballast tank, leaving our submarine trapped on the bottom.  Curiously, our motor continued to function despite being partially immersed in water.  Further testing is needed to explain our motor’s water resistance.


Analysis

	Our submarine was mostly successful.  It was able to move forward and backwards, ascend and descend, steer side to side, and remain upright while maneuvering, all under control from the surface.  The final test suffered from leaks and improper balance, mainly due to our haste in reassembling and sealing the sub.  However, we can fix those problems with little difficulty.
There are several options for improvement.  Designing a shroud that can be attached around the propeller without first unsealing the motor would be a great improvement that would reduce our repair time dramatically.
	Controlling our submarine’s pitch more effectively would also be an important improvement.  This would prevent the sub from accidentally steering into the surface or the floor of the pool.  Using two ballast tanks at each end of the sub could allow us to stabilize the sub or angle it up and down freely, and use the propellers for maneuvering.

Evaluation

	Overall, we demonstrated that it is feasible to build a small-scale sub that can descend from the surface, maneuver underwater, and then return to its starting point, under full control of an operator on the surface.  Such a submarine can also carry a small cargo, such as a camera, as it maneuvers.  Our submarine was crudely designed, but it took only two and a half weeks to design, build, and test.  With further refinements, it can be a practical tool for use underwater.
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