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Introduction:

	Submarines silently patrol the oceans, rising, sinking, and turning whenever necessary. The object of our project was to create a model submarine to perform these specific tasks, emulating its real life counterpart by descending, moving forward and backward, turning, and ascending.  Considering the fact that we did not have an entire ocean open to use, and we were not working with the tools available to the engineers designing the submarines we use today, our goal was not to sink to the bottom of the ocean or move forward at 35 knots, but to sink to a depth of 1.5 meters and move at 0.8 meters per second. In order to achieve these goals we had to learn how to balance the submarine so that it would not roll or tip. We also needed to make the entire model completely air- and water-tight to protect out motors and provide a greater buoyant force to keep the model surfaced when desired. In addition, it was necessary to find a way to propel the submarine in different directions without disturbing its balance and depth. The most important step however, was to ensure that the model would be able to sink and float in a controlled manner on demand. Each of these steps contributed to making a working model that would imitate the motions of the submarines deployed throughout the world.


Method:

Size and Shape:
	The fifteen-volt DC motor that we found and repaired dictated the size of the main body and the propeller. Because the motor was so large, we needed a piece of PVC piping for the main body that the motor would fit inside, but at the same time we knew that the piping could not be too large because then our motor would not be able to propel it. On the other hand, if the main pipe was too small then there would not be enough air inside the submarine to supply the buoyant force required to counteract the weight of the motor. Considering all of these qualifications, we chose to use a piece of PVC piping that was 16.5 inches long and 4 inches in diameter. The DC motor was placed in the back of this PVC so that when it was turned on the submarine would move forward. The only other two motors we used were two small three volt DC motors used for steering. We placed these two motors towards the front of the submarine facing towards the left and the right. When we turned both of these motors on so that they pushed in the same direction the submarine would turn towards the left or the right depending on the direction of the rotation of their propellers. 
Ascent and Descent:
	In order for a submarine to ascend and descend, the density of the submarine must change. Water is denser than air, so if water replaces air in a submarine, the submarine will begin to sink; however, if air is put back into the submarine displacing the water, the model will rise back to the surface. We attached two ballast tanks made of PVC piping 16.5 inches long with a two inch diameter to both sides of the top of our submarine. On the ends of each piece of piping we added plastic elbow joints so that the piping ended up pointing in the downward direction. This was crucial because air is lighter than water and therefore will not escape through the bottom of the tubing, instead it must escape only through the top of the tanks. To release the air we added plastic tubing to connect the ballast tanks to each other and to the surface. When we wanted the submarine to remain at a constant depth, we sealed the end of the tubing that was above water, preventing the air from escaping. However, when we wanted the submarine to descend, we opened it allowing the water to push the air out of the ballast tanks. Once the water had leaked in, the submarine would be denser and it would begin to sink towards the bottom of the pool. To steady its decline we merely needed to reseal the top of the tubing. Finally, to stop the submarine’s descent and make it climb to the surface again, we just had to blow air back into the tubing, making the submarine less dense again and causing it to rise.
Balance:
	We measured the mass of the motor so that we were able to roughly determine how much mass needed to be added to the front to balance out the two sides of the submarine. We added iron cylinders about 1.5 inches long to the front of the model to counteract the weight of the motor on the back.  By shifting the location of our ballast tanks slightly, we were able to balance the submarine enough to ensure it would not tip over backwards. The ballast tanks prevented rolling from side to side, a bonus effect that we were not originally expecting. At this point our submarine did not have enough mass to counteract its own buoyancy so we decided to add a series of steel bars on to the bottom of the model to work as a keel. After adding on each set of bars, we checked the model’s balance in water to ensure that weight was being evenly distributed across the entire submarine.


Results:

Achievements:
	We tested our submarine in the Rose-Hulman pool in the shallow end (about 4 ft deep). The model was very easily able to move forward and sideways very quickly and precisely with only a few issues caused entirely by unsecured wiring. We were unable to move backwards because the motor we used for forward propulsion was damaged and was incapable to be wired to go in reverse. After examining the motor for a few hours we determined that the motor could not be fixed however it was too late to redesign our model to fit another motor size. We were also able to achieve basic descent however this seemed only possible in a very slow and controlled manner. Once at the bottom of the pool we were able to bring the submarine to about a three foot depth without much difficulty. During the first half of our testing we also were able to keep the model airtight with water only moving throughout the ballast tanks.
Shortcomings:
	There were a few problems that arose soon after we began testing. The immediate issue was balance. If we descended at too fast of a rate, the sub would lose balance and tilt too far in one direction, causing water to fill the ballast tanks and the entire model to flip and sink to the bottom of the pool with no way to correct itself. The same issue occurred during ascent at any speed. As stated above we were able to achieve ascent up to a depth of three feet, however once it reached this point the submarine would lose its balance and would flip nearly every time. We believe that at this depth the air in the ballast tanks pushed one side of the model upwards causing more air to move to that side. This effectively flipped the model nearly every time. We did have one full ascent however this was done by filling the ballast tanks as full as possible very quickly and while this did bring the submarine to the surface of the water, it was not controlled and we were not able to repeat it.
	Leaks became an issue about midway through our testing. The caulk and glue that we used to seal the front of the model came loose most likely due to the water pressure at the bottom of the pool. This allowed water to seep into the front compartment of our submarine which served to throw off the model’s balance and prevent any more effective descents or ascents no matter how slow or controlled. In the back, water seemed to leak in through the lateral motor shafts. While this at first balanced out the added weight from the front, it soon caused another issue. With all of the added water, air needed to keep the heavy motor and weights afloat had now escaped, making it nearly impossible to keep the model afloat with the ballast tanks full.


Analysis:

	Overall our submarine was mostly successful in the stated goals. It was able to move forward and to either side with no difficulty and while it could not do a complete ascent, it was able to descend in a controlled manner and ascend to a degree. Our greatest achievement was probably that of finding a way to steer it as quickly as we did without compromising balance. This was done by facing the motors in opposing directions and wiring them to run so that they both pushed in the same direction. This not only distributed the force evenly across the model to prevent tipping, it also gave more lateral power to make our submarine very agile.
	Most of our issues were caused by leaks which can be attributed to differing water pressure. When reviewing our testing later on, we determined that the higher water pressure at the bottom of the pool was able to break through the air bubbles in the gorilla glue and to push through the caulk we used. Once the water was through and into the interior of our sub, most of our other calculations for balance and buoyancy were thrown off and it became more guess work than lab work to keep the submarine running.


Discussion:

	If we did this project again one major difference in our new model would be the type of adhesive and sealant used. We used two main sealants: gorilla glue and caulk. Neither of these held up underwater. The gorilla glue worked well to seal up the holes and hold the essential parts in place; however when the water pressure went up as our sub descended in the water, the water soon began to break through the air pockets in the gorilla glue, springing leaks in multiple places. The second sealant used was caulk. While caulk works very well sealing up sides and can hold under a higher water pressure, it cannot hold up to much movement in the parts that it is sealing. This caused an issue as there was a lot of drilling and welding that had to be done after everything was sealed up. When the vibrations from these actions popped the submarine components out of place, the caulk became useless and the water broke through. One possible material we could have used more often was PVC glue. By using purple primer and PVC glue, we were able to effectively seal up the ends of the submarine without any leaks in that section.
	Another aspect that we would need to reconsider is balancing our submarine. Because balance turned out to be a very important aspect of rising and falling in the water, we should have spent more time ensuring that the submarine was correctly balanced. We only used two methods of balancing the sub: placing the sub in water and seeing how it tilts and placing the model on two separate scales, one on each end, to determine the relative weight of each side. While these methods worked to approximate the weight distribution, they turned out to not be near accurate enough to gain the necessary balance. One method that we could have used is to suspend the sub from one or two pieces of string and see how it tilted on the string. If we could have balanced the sub in that way, there would have been very few problems with tilting.
	For future projects it should also be known that connecting the interior of the ballast tanks and the main compartment is not an effective way to control buoyancy. Our original plan was to have the ballast tanks connected to the main piping with a bilge pump to pump water out as we push air in. However by allowing water into the main compartment, it became much more difficult to control where the water was and without a very effective sealant, it was impossible to safeguard the rest of the submarine. Shortly after testing for water tightness we decided to seal up the connections between the ballast tanks and the main piping, remove the bilge pump altogether, and use standalone ballast tanks as our sole method of controlling buoyancy.
	In future submarine projects, a few main topics should be focused on. One main task is finding an effective sealant that will hold the pieces in place and keep them watertight under heightened water pressure. Another task is to balance the sub as accurately as possible. The last two main issues (propulsion and buoyancy) are also very important to the success of the project. However these last two aspects can easily be overcome by using the methods used in our submarine. By using lateral and a forward thrust motor, maneuverability and propulsion are very simple. Also by using standalone ballast tanks to lift and sink the submarine, one can be sure that they have a wide range of buoyancy to work with, without compromising the interior of the submarine. By studying our submarine design and pinpointing its weaknesses, one can skip most of the problems they would normally encounter and move straight to fine tuning the model in order to perfect it.
