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The Development of a Magnetohydrodynamic Propulsion System using Electrodes with the Least Corrosion

Abstract

Magnetohydrodynamic boats are expected to be much faster, quieter and virtually undetectable compared to regular boats therefore possibly aiding the military and regular civilians. The purpose of this investigation was to discover the best type of electrode to be used in a MHD propulsion system by evaluating the level of the corrosion of various metal electrodes. Using Gabriel Font and Scott Dudley’s process of developing a miniature MHD boat, three types of metals, brass, aluminum and copper, were tested to determine which experienced the most corrosion by loss of mass. Over intervals of various currents and times, brass lost the least mass and was the best of the three electrodes tested even though the boat was obviously detectable by its stream of bubbles and generation of green or white substances. More testing is needed because there are many variables affecting the results that might also affect the performance or corrosion of the electrodes.

Introduction


The goal of this study was to develop a magnetohydrodynamic (MHD) propulsion system using electrodes that experience the least amount of corrosion. Our goals were to first build a boat that uses an MHD propulsion system using the methods previously developed by Gabriel Font and Scott Dudley (2004). The boat was then tested with three different electrodes: brass, copper and aluminum. To further test the different effects that the current had on the electrodes, corrosion was measured by mass loss, performance loss and other observations. The electrode experiencing the least amount of corrosion over time was used to identify the most efficient MHD propulsion system.


The purpose of this study was to further increase the efficiency of an MHD propelled boat to aid the development of a large-scale version. The Yamato-1, the only successful MHD propelled boat developed by Mitsubishi, has an efficiency of less than 4 percent (Normile 1992). This is far lower than the efficiency of conventional boats that have efficiencies of 22 to 60 percent (Normile 1992). Further investigations such as this are therefore needed to increase the efficiency of an MHD system to make MHD boats more widely used. 

If successful, MHD boats could eventually move ships faster and with less noise than any previous ocean vessel therefore making them virtually undetectable (Kelleher 1992). However, the belief that an MHD propelled boat is very quiet and undetectable remains an issue for debate. When Dudley and Font developed their small version of an MHD boat, the bubbles produced by the boat (hydrogen and oxygen being released through electrolysis as the current passes through the water) created considerable noise (Dudley, Font 2004). The system used for this boat also produced streams of trailing chlorine ions that could be detected (Dudley, Font 2004). The first proposition (that MHD boats are silent and undetectable) has not produced a full sized working model that is silent and undetectable. Hence, the second proposition has not built a full size model that is noisy and detectable. Further investigations are needed to determine which proposition is more accurate. If the latter argument is true, the impetus for developing an MHD propelled boat declines dramatically making normal boats a better option.


The concept that this investigation was based on is that when a magnetic field and an electric current intersect in a liquid, such as seawater, the reaction propels the liquid in a direction perpendicular to both the field and the current (Normile 1992). A problem with the MHD system is that the chlorine ions produced are extremely corrosive and very reactive (Dudley, Font 2004). Dudley and Font stated in the investigation of their miniature MHD boat, “The prototype MHD boat for this study lost 1 cm of 12-gauge wire in just 15 minutes of operation.” This results in further uncertainty regarding the quantity of which metal went into solution (Paul 2004) as a result of the corrosion. This is a concern because metal in the water can bring about adverse environmental effects. Magnetohydrodynamic boats also have to be used in salt water because pure water does not conduct electricity well (Dudley, Font 2004). This raises another problem that MHD boats will not be able to be used in fresh water lakes or near river mouths (Dudley, Font 2004). Along with Dudley and Font’s model being much louder than expected, Russians had, in the past, developed MHD boats to avoid propeller noise, but the MHD system proved to be louder than conventional boats (Paul 2004). 

Even though Dudley and Font developed a miniature version of a MHD propelled boat and Mitsubishi developed a full size (inefficient) MHD boat, technology has a long way to go prior to the development of a fully-efficient MHD boat (Normile 1992). Some researchers believe that the main material needed to develop a better MHD boat are superconducting magnets that are more lightweight and powerful than any used today (Normile 1992).


Because efficiency of MHD boats such as the Yamato 1 is low and because the electrodes corrode, the metal used for the electrodes that experience the least corrosion in the miniature MHD boat can ultimately aid other scientists in the process of making full-scale MHD boats more efficient. Also, because MHD boats have no moving parts, this can lead to a faster, quieter MHD boats or submarines with less discharge of ions and/or bubbles (Nelson 2004). This development can lead to low maintenance MHD thrusters that have no moving parts; the maintenance of an MHD boat is far less than a regular boat (Normile 1992). Low maintenance boats could allow scientists and shipbuilders to experiment with far more creative ship designs (Normile 1992).


Magnetohydrodynamic boats are expected to travel at very high speeds, reaching up to 100 knots (115 mph) (Normile 1992). The speed of a normal boat is restricted due to cavitations: when the propeller of the boat churns in low-pressure water and causes the water to vaporize (Normile 1992). This not only decreases the efficiency but also destroys the propeller (Normile 1992).  MHD boats, however, would not experience this problem and would not have the sound associated with a propeller (Normile 1992). These advantages led Japanese researchers to suggest use of MHD boats to decrease the time needed to transport California oranges to Japan (among other goods), cutting the time from two weeks to one week (Normile 1992). This technology could also be used for ferries traveling between the numerous Japanese islands or to develop submarines that might avoid ocean storms by diving underwater (Normile 1992).  Overall, MHD boats could aid all people who depend on boats (i.e. going on cruises, transporting merchandise) by the increase in speed. The Defense Advanced Research Projects Agency wants to focus on developing silent submarines (Kelleher 1992). Even though other organizations see the development of MHD boats as a military advantage, the Ship and Ocean Foundation hopes to restrict the military advantage of MHD boats (Normile 1992). 


In this experiment, we expected to observe a difference between the type of metal used for the electrode used in the MHD boat and the amount of corrosion it experienced after a current was run through it over time. Previous studies have shown that both copper and brass have successfully been used as electrodes for MHD boats, but copper corrodes much faster (Dudley, Font 2004). Aluminum may also be used as an electrode (Stump 2003); however, the efficiency compared to brass and copper is unknown.

Methods

List of Materials:

· 500cm2 2mm thick sheet plastic

· Epoxy glue (5 minute drying)

· Ruler

· 60cm2 0.5mm sheet copper

· 60cm2 1mm sheet brass

· 60cm2 1mm sheet aluminum

· 30-8mm diameter Nd-Fe-B magnets

· Knife

· Stove

· Scissors

· Permanent marker

· 15L water tub

· 500 mL beaker

· 4L tub

· 1.3kg sea salt

· Stirring rod

· Scale

· Blue-Tack

· 6 Alligator clips

· 100g mass

· Metal cutting device

· Electricity source with amperage readout

The first step in determining the metal that experiences the least corrosion is to build 

the plastic boat. The procedure used was the same procedure described in Dudley and Font’s Magnetohyrodynamic Propulsion for the Classroom (see photo for measurements). In this process, approximately 500 cm2 of sheet plastic were used to build the boat using the given measurements. A heated knife (by holding it over a stove) was used to melt the plastic while cutting it to the proper sizes. The pieces were then glued together with Epoxy glue and set overnight (image displayed on previous page). After testing two times in a 15L tub that was filled partially with water to make sure there were no leaks, the magnets were glued on. Each magnet has a north and south pole and all the magnets that were glued on the shaft of the boat must be facing the same direction. To make sure that all the magnets were facing the same direction, the poles of each magnet were marked with a permanent marker. However, magnets repelled each other because they needed to be glued in very close proximity. Using Epoxy glue, a pair of magnets was held on either side of the shaft (so that they don’t move) for five minutes (until the glue dried) before the next pair can be glued. A total of 30 magnets were used (15 on each side of the shaft). When all the glue had dried and all the magnets were in place, the electrodes were cut to fit on the top and bottom of the shaft. These were measured using a ruler and permanent marker and then were cut using a metal cutting device (i.e. the copper was thin enough to cut with regular scissors). At this point, the boat was ready to be tested.


To determine the amount of corrosion that each metal experienced, 140g of sea salt were weighed in a beaker and then dissolved in the 8 liters of water (in the 15 liter tub). To quicken the time to dissolve all the salt completely, a stirring rod was used to stir the mixture. Each separate electrode was then weighed so that the loss or gain in mass could be measured after running the boat. Blue Tack was used to attach the electrodes to the boat (a temporary form of 

attachment because the electrodes needed to be changed). Alligator clips were used to connect the positive current from the energy supply to the boat on the top electrode and the negative current on the bottom electrode (see diagram). After the salt was completely dissolved, the boat was placed in the tub and the 100g mass was placed into the boat so that the shaft would be filled with water and all the air bubbles would come out. Then the boat was run at 11.5 amps for 2 minutes (to see results of initial high amperage current) (see image to left). Then, the electrodes were removed and weighed and a new sea salt solution was made. Then the boat was run at 7.5 amps for 5 minutes to determine how prolonged current affected the electrodes. The electrodes were then removed and weighed and the sea salt and water solution was replaced. Then the boat was run for 2 more minutes at 7.5 amps to determine if any further corrosion or performance loss occurred. This process was repeated with the other two metals (electrodes) while also observing the physical changes that the metals underwent after a current was run through it.

Results

In the following tables the columns with the headings “Positive Mass” and “Negative Mass” refer to mass of the positively charged electrode and the negatively charged electrode, respectively, after the indicated run. The “Amperage” column refers to the current running through the indicated run and the “Time” column refers to the duration of the indicated run. The photos displayed to the right of the “general observations” have the initial metal on the left, the electrode with the positive current in the middle, and the electrode with the negative current on the right.

Experiment 1- Brass Electrode

	Brass
	Positive Mass
	Negative Mass
	Amperage
	Time

	Initial Mass
	11.7g
	11.7g
	-
	-

	Run #1
	11.6g
	11.7g
	11.5 Amps
	2 minutes

	Run #2
	11.6g
	11.7g
	7.5 Amps
	5 minutes

	Run #3
	11.6g
	11.7g
	7.5 Amps
	2 minutes


General observations: Running an electric current through brass immediately created a greenish residue on the electrode.  After running it for some time, black residue could also be seen. When the electrodes were observed after the run, the negative electrode had turned slightly black and the positive electrode had turned slightly pink with green residue. 

Experiment 2- Copper Electrode

	Copper
	Positive Mass
	Negative Mass
	Amperage
	Time

	Initial
	1.8g
	1.9g
	-
	-

	Run #1
	1.8g
	1.9g
	11.5 Amps
	2 minutes

	Run #2
	1.7g
	1.9g
	7.5 Amps
	5 minutes

	Run #3
	1.6g
	2.0g
	7.5 Amps
	2 minutes


General observations: Copper polluted the water more quickly and had a less vigorous output of substance coming out the rear of boat. The output was green, and the residue on the positive electrode was green. The negative electrode changed little. The positive electrode went underwent the most drastic change of all of the electrodes, in mass and in observation; by the end of the experiment, the positive copper electrode had a been corroded to the point that holes in it were beginning to form. The negative copper electrode was the only one to actually gain mass.

Experiment 3- Aluminum Electrode

	Aluminum
	Positive Mass
	Negative Mass
	Amperage
	Time

	Initial
	8.3g
	6.7g
	-
	-

	Run #1
	8.2g
	6.7g
	5 Amps
	2 minutes

	Run #2
	8.1g
	6.7g
	11.5 Amps
	2 minutes

	Run #3
	7.8g
	6.7g
	7.5 Amps
	5 minutes


General observations: It was difficult to evaluate the level of pollution in the water which resulted from the aluminum electrode because the output was white and could not easily be distinguished from salt or bubbles. The aluminum electrodes were the least stained and could only be distinguished from the original aluminum sheet with careful observation.  The electrode with the positive current had some black residue that could be rubbed off.

Because the masses of each electrode were different, a slight change for one would be a drastic change for another, so it may be important to observe the differences in terms of ratios. Additionally, because both the time and amperage varied, neither makes a suitable independent variable. However, amperage is a function of charge over time, so the total transfer of charge is a possible independent variable and relevant to our investigation. The following graph shows the percentage of the initial mass lost over the total transfer of charge for the positive electrodes of each metal. 
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The next two graphs show the results of the experiment with simpler independent variables. Both graphs represent the percentage of the initial mass lost, but the first compares it to time and the second compares it to the number of tests on the separate metal. 
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The next and final graph is important because it relates how much mass was lost on a run-by-run basis. It shows how much mass was lost based on how much charge went through the electrodes during individual runs. This could be an important consideration if the rate of mass lost was dependent on the mass of the electrodes.
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This graph does not appear to have any trends.

Discussion

The goal of this study was to determine the best choice of electrodes for magnetohydrodynamic propulsion based on the amount of corrosion different metals experienced. The clearly best electrode, it would appear, is brass, which lost only a tenth of a gram in the entire process and only one experiment. We had predicted that brass would be the best metal for this purpose because of information from the same article that was used to design the boat in this experiment (Dudley, Font 2004).

Using data that was acquired, it would be relatively safe to say that the rate of corrosion does not depend on the mass of the electrodes, but instead, depends on the amount of time that the current is run through the electrode. Additionally, the negatively charged electrode will never lose mass, though it may build up a residue. Despite not losing any mass on the first run, copper corroded the fastest. It should also be noted that copper did not have a very vigorous output and therefore might not be a good choice for propulsion, but additional research is necessary to determine whether or not this is true. Aluminum also did not act as well as an electrode as brass did because it corroded more than brass but did not corrode as much as copper.

The reason the boat behaved the way it did is because it is essentially a moving battery. The metals used to conduct electricity were electrodes. The positive electrode was the anode and the negative electrode was the cathode. The salt water was the electrolyte. The electrolyte served one purpose in this experiment; it allowed electricity to move between the anode and the cathode. According to Joseph E. Stump (2003), salts “…serve as an outstanding electrolyte…” and are therefore extremely corrosive. Stump also referred to corrosion being caused by a “…constant loss of metallic ions from the anode…” which would explain why the positive electrode in this experiment lost mass. These ions may collect on the cathode, as was our experience with the copper cathode gaining mass. In other words, the pollution the boat caused in the water was a collection of metallic ions caused by the corrosion process; different electrodes produce different ions. This explains the different colors of trails caused by the different electrodes. Stump (2003) also stated that the rates of corrosion vary with the type and surface area of the electrodes involved. As the diagram to the right displays, the magnets on either side of the shaft of the boat create a magnetic field (B) from the south pole to the north poles  (Dudley, Font 2004). The resulting magnetic field is perpendicular to the current direction (I-from the electrodes) and further forces the water (F) out the other end of the shaft making the boat move (Dudley, Font 2004). This explains how the boat expelled a green or white substance out the rear of the boat because all the metallic ions coming off of the anode are pushed along with the salt water to cause the movement of the boat. On a side note, the alligator clips also experienced much rusting. This could be a result of insufficient drying after use. In Dudley and Font’s investigation, they lost 1 cm of their 12-gauge wire because of the highly corrosive chlorine ions produced by the electrodes. This could have been another reason that alligator clips corroded so much and may have affected the performance of the boat.

There were many flaws in the experiment that may have influenced our results. For one, the electrodes had to be changed frequently so they were not fixed to the boat, and instead stuck to it with a mild adhesive (Blue Tack). The adhesive did not keep well, and the electrodes may have fallen out of position during the run. Additionally, the copper electrodes could bend quite easily to the point where they touched. This was difficult to monitor while the boat was running. This could have significantly altered results because distance between electrodes might affect performance of the boat. The surface area of the various electrodes also varied slightly (to fit into the shaft) because the means available to cut the metals were not very accurate. As Stump stated, the amount of corrosion varies with surface area of the electrodes. The thickness of the three types of electrodes also varied and was limited to the supplies that were available. This is the reason that the percentage of mass lost of each electrode was calculated instead of just the overall mass loss. Beside the electrodes, the salt water that was used as an electrolyte may not have been fully dissolved. The salt might settle, or the boat might sit in an area of the tub where the salt concentration was different. Alternatively, the water might have become so polluted (from previous experiments) that the boat might not run efficiently. However, changing the water between each run and stirring reduced these problems significantly. Also, the alligator clips that were used did not stay on connected to the electrodes very well and, in some circumstances, would only be connected to the electrode by one side of the clip and others by both sides. The ones connected by one side might not have run as much current through the electrode as it would if both sides were connected. Finally, because there was only one set of electrodes available for each metal, the use of corroded electrodes might have had an effect on the performance of the boat. 

In future studies of this nature, it would be wise to collect much more data because this experiment was less reliable than expected. If there were more sets of electrodes, more tests could have been run more accurately to determine the utility of various metals with more accuracy. To keep the surface areas of the electrodes constant, a more precise means of cutting should be used. Also, the electrodes should be tested under various controlled conditions to determine whether or not certain factors, such as surface area, mass, density, time, and current influence the results. There are so many separate variables that could be tested that it is also very difficult to keep them all constant. Different magnetic fields (using different magnets or a different number of magnets) could be tested in comparison with different currents and electrolyte solutions (concentration of sea salt solution), in order to determine optimum efficiency. Because of costs and limited supply of sea salt, only one concentration was tested (140g of sea salt to 8 liters of water- the actual concentration present in sea water was not used), however, perhaps higher concentrations of salt would yield more corrosion because more salt ions would be present to transport electricity from the anode to the cathode. There should also be studies in which the boat is allowed to move freely to measure velocity, rather than being held back by electrical wires such as in this experiment. Finally, there should be studies with more precise measurements, rather than weighing each electrode to only a tenth of a gram because the ions transferred from one electrode to another weigh very little. 

If this investigation were to be continued, the next most logical step would be to test which amperage would yield the least corrosion with the highest velocity (of the boat). In this experiment brass would be used because brass seems to be the best electrode tested. However, other electrodes could also be tested.  For example steel electrodes could be tested.  In this experiment we did not test steel because its strong attraction to the magnets made it almost impossible to hold in place on the top and bottom of the boat shaft. There are still many things that should be tested, and with a great deal of research, magnetohydrodynamic propulsion systems might become extremely useful tools for society.
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Measurements for MHD boat. (Dudley, Font 2004).
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