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Abstract

Magnetohydrodynamics (MHD) is the behavior of conducting fluids in electric and
magnetic fields. Plasmas, liquid metals, and water are all examples of a conducting fluid with
magnetic properties. Much of MHD is fluid-flow and the effects of electromagnetic fields on
them, but propulsion is also a possibility. A magnetohydrodynamic salt water propulsion system
was constructed to observe the effects of salinity on resistivity, and then on the overall efficiency
of the drive. Salinity of water and corresponding resistivity was altered to optimize fluid
velocity. The apparatus used was a rectangular tube with permanent magnets perpendicular to
aluminum electrodes. The fluid acts as a conductor for the Lorentz force, effectively creating an
underwater drive without moving parts. In a static no-flow setup, a pressure differential on the
order of 10 Pascals was measured. In steady-state free flow, fluid flow of approximately 1 meter

per second was observed.

Introduction

Background

| first heard of magnetohydrodynamics, the behavior of conducting fluids in electric and
magnetic fields, in Tom Clancy’s 1984 novel The Hunt for the Red October and later Paramount
Pictures film of the same name. In the story, the experimental Soviet caterpillar drive is
described as a cutting-edge silent propulsion system. The stealth benefits of a propulsion system
without moving parts touted by the novel was analyzed in 1991 with the Japanese ship Yamato-1
(Sasakawa). While a few creative liberties were taken in The Hunt for the Red October, a similar

drive is possible to construct. Water, however, is not the only magnetohydrodynamic fluid,;



plasmas (such as between the Sun and Earth, the most studied MHD fluid), liquid metals, and air
are all examples of a conducting fluid with magnetic properties. At the beginning of this project,
| was interested in the Lorentz force as propulsion, and initially picked plasma as my fluid for a
magnetohydrodynamic drive. The extremely high voltages required as well as the complex fluid-
flow equations were toned down by a safer and simpler medium: salt water. My goal then

changed to modelling, building, and optimizing a water drive.

| began the project by researching published expeditions into water drives and found
reference to the Japanese experimental ship named Yamato-1. | read here that maximizing
conductivity is central to higher velocities and that salt water is a much better conductor than
pure water, prompting my interest in resistivity versus water salinity. An established proof-of-
concept in the Yamato-1 showed me that MHD propulsion was possible, even though it was

deemed commercially implausible. | then moved onto making my own drive.

The effect that drives these MHD drives is known as the Lorentz force. A current moving
perpendicular to a magnetic field produces a force on the charge carrier perpendicular to both the

magnetic field and the current, allowing for propulsion to occur. (Figure 1).

Magnetic field

Electric current Force on water

Moving salt water .

Figure 1: Diagram demonstrating the Lorentz Force.



I started by mocking up a small-scale prototype with small, rectangular magnets, two

aluminum electrodes perpendicular to these magnets with two six-volt batteries, and a square

tube made from acrylic (Figure 2). With this setup, | was able to see a weak flow of roughly one

centimeter per second. | then moved to scale up the magnetic field and to have a more regulated.
voltage source. Using the same acrylic tube with new electrodes and stronger magnets, | had my

final prototype.

Figure 2: Left, small scale prototype; right, final prototype. Note difference in magnet

size (1 cm x 0.25 cm x 6 cm versus 7.5 cm x 2 cm x 15 cm).

Research Methods

Each research method was designed to investigate a different characteristic of the drive as
salinity was varied. As an optimization parameter, electrical resistance of water varies with its
salinity, and so each experiment used 4 percent (approximately seawater salinity), 7 percent, and

10 percent salinity by mass to investigate the influence of lower resistivity on the drive (Table 1).



Salinity by mass (%) Resistivity at standard temperature and
pressure (Q-m)

0.0 -

1.0 0.564
2.5 0.242
5.0 0.131
7.5 0.093
10.0 0.074
12.5 0.062

Table 1: Table of salinities and resistivities (Crain).

My research methods took four forms: computer modelling of a simplified drive,
examination of electrical power in versus mechanical power out, measurement of a pressure
differential, and calculation of water velocity. In the computer model, a theoretical force per unit
volume differential equation was solved in one dimension to approximate the fluid velocity in
the steady-state case. Wolfram Mathematica was used for this, due to familiarity with it from

previous labs. This gave a reference point for what was to be expected from further experiments.

By using a simple circuit consisting of a DC power source, an ammeter, and a voltmeter,
electrical power to the resistor (the salt water between the electrodes) could be measured (Figure
3). Two measurements were taken for various salinities, one as current versus voltage without a
magnetic field present and the other as current versus voltage with a magnetic field present. By
subtracting the electrical power in at the same voltages from the two measurements, the

mechanical power could be calculated.

I
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.

-

Figure 3: Diagram of electrical power circuit




The next experimental setup was to find the force the drive produced. A static, no-flow
scenario was desirable for this. Although it would not produce power while in a no-flow state (no
displacement once in equilibrium), the drive’s force could be extrapolated from the difference in
water level height in an elbow joint. A specially created elbow joint was sealed to the end of the
acrylic tube underwater, which was set to maximum electrical power in. The resulting
displacement was matched to a “ballpark” estimate for the force, giving a point of reference for

differing salinities.

The final research method was simply to observe the fluid velocities at maximum
electrical power in. Drops of ink were entered from a syringe into the front of the drive and were
video recorded crossing a ruler. By analyzing the distance traveled over the time taken, the

velocity could be found at different salinities.



Theory

Computer Model

Force per water molecule requires immense computing power to model at a macro scale.
Instead, | looked at the force on a piece (small volume cube) of fluid and how it moved from
there. The following derivations stem from Navier-Stokes fluid-flow equations and electricity
and magnetism under ideal magnetohydrodynamic settings. A discussion of these assumptions
follows at the end of the subsection. The result of the derivation is a three-dimensional
differential equation that could be approximated to one dimension in a Wolfram Mathematica

model.

A

Figure 4: Cube bounded by surface.

To begin, take a cube (Figure 4) with volume V' bounded by a surface S. Then the total

mass equals

sz;/pdV @



with p as water density. Taking the time derivative of both sides, we get the change in mass with

time.

dM 0
aw_ f L )
dt ~ J, ot

Taking ds’ = 7 ds, the mass through some surface is pv’ - ds”, where v is the velocity of the

fluid. Then,

9 3
—pde—jgpF-dE’ @)
S

by Gauss’ Theorem, (3) becomes

dp g _ 4
J;/(§+V (pv)dV =0

If we say that water is incompressible (a good approximation), then Z—i = 0. Equation (4) tells us

V-(pv) =0 (5)
giving us a continuity equation: mass is not created or destroyed in this process. Taking a force
per unit volume acting on a piece of fluid, we get

— dv (6)
F=p—
rT:

Opposing this force per unit volume, we have the force of the flow-induced electric field

= _ 4= @)
Fi==E
1=y
E,=Bv (8)



where q is the charge on an ion and V is the volume of the tube. This term describes the top limit

for the fluid velocity and will contribute to the later derivation of the drive’s efficiency.

The main force of this system is the Lorentz force (ignoring 77)electric = qF term here as

charges are assumed to be moving)
F,=] xB 9)
where ] = p, 7’ is the current density vector and B is the magnetic field vector, with p, = Las

the charge density. Another force per unit volume comes from the bulk motion or advection of

the velocity field from fluid flow:

F,=p(V- )V (10)
This can be thought of as the gradient in velocity affecting other fluid flow through dissipation.

Putting equations (6) through (9) together with Newton’s Second Law, we get our main equation

dv’ s P . (11)
pE+p(V-v)v =] XB —p.Bv

This tells us the force per unit volume plus the bulk motion of the fluid is equal to the magnitude
of the Lorentz force minus the velocity dependent induced E-field force. This does not consider
eddy currents, fluid friction on the tube’s walls, gravity, or any viscosity forces. For modelling
purposes, the spatial derivatives were taken along the long dimension of the tube, the Z direction,
with the final velocity as a function of time and displacement in the Z direction. Initial conditions
were taken as the fluid is initially at rest with respect to time and with respectto z = 0

displacement.

These equations assume ideal magnetohydrodynamics. Strong intermolecular collisions

must occur between fluid particles, resistivities need to be small, and the modelling is not taking



place on atom-sized scales. This final assumption allows for bulk motion of the fluid to be

approximated and made much simpler.

Pressure Differential

The force required to lift a fluid from an initial height h, to a final height A is:

F=(h~h)Aipg (12)
Where A4, is the area of fluid lifted, p is the water density, and g is the force of gravity. If (12) is
divided by area A, we get a force per unit area or pressure. By varying water salinity, the force

should change proportionally.

Electrical Power vs. Mechanical Power

The current present in the Lorentz force uses salt ions in the water as a conductor, meaning the
dimensions of the tube will affect the amount of resistive material the current must flow through
(Figure 5). Therefore, the more salt present (or higher salinity) the lower electrical resistance

there will be. The resistance can be calculated using the resistance formula

pst (13)

R =
hw

with p; the resistivity of salt water, £ the length of the electrodes, h the height of the electrodes,

and w the electrode separation. The “no-load” electric power Py, 1004, (N0 Magnetic field

10



Electrodes

Figure 5: Tube dimensions diagram.

present) can be subtracted from the loaded electrical power, P;,,4, to find the mechanical power,

Pmech:

Polec =V 1 (14)

Pro 10aa = Petec (15)
Pioaa = Petec + Pmecn (16)
Pmech = Proad = Pno 10ad 17)

Where I is the current across the electrodes and V' is the voltage across the electrodes. With these
equations, the power used by the unloaded (no magnetic field present) circuit could be measured

and then subtracted from the measured electric power to the loaded circuit.

For a rough estimate of the force on a piece of fluid, all effects except the Lorentz force

can be discarded, giving

11



With B as the magnitude of the magnetic field. This will allow for “sanity checks” on initial

results.

Looking next at efficiency, the total current is:

V Ew

R R

By defining efficiency n as what is produced over what is put in:

_Ew B|v'|w

%4 vV
Then, using (8), (19) can be rewritten as:
[ - 1 —n Bvh?t
n Ps

From (12), the Lorentz force |F,| = I#B becomes:

_ 1-n B*vwht
o ps

The mechanical power is the Lorentz force times the velocity, giving:

1—1n B?v?wht
Ps
With the electrical power equaling the current times the voltage:

Pech = F v =

1 —nVBvht
Pelee =VI=——
n Ps

(18)

(19)

(20)

(21)

(22)

(23)

(24)

Dividing the electric power by the mechanical power returns (20), meaning the definition of n

still holds. Substituting (20) into (23), we get

12



n(l—n) V2he (25)
Pinech =
Ps w

Finding the maximum of this by taking its derivative with respect to n and setting it to zero

returns:

opP VZhe 26
mech — (1 _ 277) =0 ( )
on ps W

Which is true when n = % meaning maximum efficiency for this type of drive is 50%. These

equations will give a point of reference to compare to experimental findings.

Fluid Velocity
The velocity v is the average distance the water traveled, d, divided by the time it took, t:

L4 @7)
t

Experiments
Computer Model

The first part of the experiment was to form a mathematical model of the thruster given
certain boundary conditions. Initially, C++ was to be used, though a Wolfram Mathematica
model was a better fit due to more experience with the latter. The overall format of the code
involved solving the force per unit volume differential equation (11) for velocity, then varying

the water salinity to see the effect on steady-state velocity.

13



The equations and the code make a few assumptions. The first approximation is that
water is incompressible. This is a good approximation as pressure changes due to compression
are negligible. The next approximations are that forces from viscosity and gravity are negligible,
and that all water molecules collisions are significantly stronger than electrostatic repulsion
effects. Since the study takes place at low speeds and low resistivities, relativistic and Hall effect
contributions can be ignored. This allowed for an estimate of the final speed of the drive, akin to

a DC motor’s free spin.

Electrical Power vs. Mechanical Power

The second stage of the project involved a small-scale prototype. The intent behind this
was to observe the Lorentz force acting on the water and draw conclusions from it that could be
scaled up to a final version. The sizing of the small-scale prototype tube was 5.5 cm by 5.4 cm
by 20.8 cm, with currents of approximately 3 amps and average perpendicular magnetic field
strength of 0.16 tesla. The main takeaways from the initial prototype were the voltage tests and
the salinity by mass resistivity verification. These gave a baseline for fits to ohmic or non-ohmic
resistance graphs, and allowed for an estimated load resistance of the fluid during thruster

operation.

For the scaled-up prototype, the tube was kept the same dimensions with both the
magnetic field strength and current across the electrodes being increased. Larger permanent
magnets were used, with the average field strength mapped at about 0.70 tesla by using a
gaussmeter held parallel with the ground. Current was sourced from a power source instead of
batteries, with a value of about 5 amps. The fluid velocity was initially approximated in this case
by observing electrolysis bubbles in the salt water at the thruster output. A video with a

stopwatch recorded bubble position in relation to a ruler and hence a rough velocity was found.

14



This was refined with ink added to the input of the thruster. Velocity was then quantified in the

same way.

Like the small-scale prototype, the voltage and current into the system were measured.
Firstly, a voltage and current sweep was done with no magnetic field. This effectively measured
the resistance of the salt water across the electrodes measured. Next the magnets were mounted,
and another voltage and current sweep was done. By subtracting these two values the power that
went to moving the water was calculated. From here the efficiency (20) was defined and could
be then optimized. This process was undertaken for four percent, seven percent, and ten percent

salinity by mass, with the resulting points plotted as current versus voltage (Figure 6).

Current vs. Voltage 10% Salinity by Mass, With Magnetic Field
I ' I ' I ' I

V (volts)

Figure 6: Current vs. voltage of the drive (power law fit).

A certain “threshold” voltage appears in the graphs. While a power law fit approximates

the distribution, eliminating values below the x-intercept gave a fit with a much lower reduced

15



chi-squared. This effect was seen in each of the three different salinities, with the range of x-

intercepts varying from 0.66V to 0.96V. While initially puzzling, further research showed this is
due to the “electrode potential” of electrodes in water. The standard electrode potential for water
is 0.83 V, meaning a certain voltage must be overcome to move current through water. This was

an interesting finding in analysis and could be an experiment on its own.

Pressure Differential

The next part of the experiment was to observe a pressure differential. The drive creates a
pressure increase to move the fluid. By having a vertical tube of water connected to the thruster,
a height difference due to pressure change could be observed (Figure 7). Using this method, the
“torque” of the drive could be measured at different salinities, giving a quantification of the force

per area (pressure) output.

Water level
displacement due |
to drive F

Water level at rest r

Figure 7: Exaggerated pressure differential.

16



Fluid Velocity

Fluid velocity was measured with ink droplets and video analysis. A drop of ink was

entered into the tube intake and recorded against a ruler to give distance over time. Multiple runs

were taken, and a syringe was used for precise ink placement. Video analysis gave many data
points allowing for an average velocity varying by salinity to be measured. These were then

compared to the Mathematica velocity solution for quantification.

Optimization

Optimization was to take place on two fronts: tube length, and electrolyte (salt in this
case) resistivity. Due to the price of permanent magnets, tube length optimization was
determined to be outside the scope of the project and resistivity optimization was focused on
instead. Using the same camera setup, different water salinities by mass were subject to these
three experiments and then recorded, with differences noted after predictions were made. The

main goal in optimization was to maximize the efficiency (20) of the drive.

17



Analysis
Computer Model and Fluid Velocity

The computer model analysis gave a velocity reference point to compare the ink flow
data with. By solving (11) in Wolfram Mathematica for velocity as a function of time and
distance through the tube, a one-dimensional approximation to the flow was made. The solution

to the differential equation leveled off quickly to a different steady-state velocity depending on
water salinity (Figure 8).

Z-Component of Velocity vs. Time, 10% Salinity
Velocity (m/s)

14F

iy

08r |

0.6-—}

0.4 :—J
0.2 i

Time (s)

0,62 I O.E)d I O.IIJS I 0.63
Figure 8: Wolfram Mathematica velocity prediction plot.

These were compared to experimental values (Table 2). Error values are low for the predicted

values based on constant magnetic field and ideal power source assumptions.

18



Salinity by mass

Measured velocity (m/s)

Predicted velocity (m/s)

4% 0.87+0.10 0.99+0.01
7% 0.90+0.10 1.21+0.01
10% 1.12+0.10 1.36 £0.01

Table 2: Table of measured and predicted velocity values.

The predicted velocities were higher than the measured velocities for every salinity, and

no measurement was within uncertainty. This may be due to the mathematical model assuming

no losses except for those due to the induced electric field. Friction, eddy currents, irregularities

in the magnitude of the magnetic field, losses due to heat, and losses due to chemical changes

were not accounted for. Various improvements to the rough model could increase precision and

accuracy but predicted values within approximately twenty-five percent of measured values

provided a point of reference.

Pressure Differential

In a no flow, steady-state scenario, the force the drive generates can be quantified by

measuring the vertical displacement the water level experiences. Using video analysis, the height

difference was measured from rest to equilibrium with the force then calculated (Table 3). The

measured value was compared to the rough estimate equation (18).

19



Salinity by mass

Measured water
differential (mm)

Force on fluid
particle, measured

Force on fluid
particle, estimate

(N) (N)
4% 05+0.3 0.009 + 0.009 0.020 + 0.008
7% 1.0+03 0.019 +0.009 0.026 + 0.009
10% 14+03 0.028 + 0.009 0.040 +0.012

Table 3: Force on fluid particle by salinity.

Sources of error in the height differential experiment were dimensional measurement

inaccuracies (though a standard PVC elbow joint used provided a precise inside diameter value),

video analysis errors, and no true steady-state equilibrium being reached due to drive fluctuations

(mostly due to non-constant magnetic field).

Electrical Power vs. Mechanical Power

The initial analysis of this experiment was done was on the small-scale prototype, with

the voltage and current measured to find the loaded and unloaded resistance of the water and

verify it against resistivity versus water salinity tables. The results were the on same order of

known values, so the method was used again on the large-scale prototype with an improved

circuit.

Equation (20) only holds for identical currents. Because of this, electrical power in and

mechanical power out data points had to be at the same current to be subtracted. Two values

were compared to the measured value: one from the linear fit of the respective graph, and one




from equation (23) using the measured velocity from the ink velocity experiment. Although

uncertainty was large, mechanical power generally decreased as salinity increased (Table 4).

Salinity by Current Mech. Power Mech. Power Mech. Power
mass (amps) measured (W) | expected from | expected from
fits (W) (23) (W)
4% 5.02+£0.10 0.79+1.15 2.83+£0.79 0.75 £ 0.65
7% 5.02+£0.10 0.93+0.87 0.88£0.21 0.98 £ 0.64
10% 5.02+0.10 0.37£0.80 0.55+0.18 0.47 £ 0.57

Table 4: Mechanical power measured vs. expected by salinity.

As expected, resistance decreased as salinity increased. This was found as the inverse of

the slope for a current versus voltage graph. Similarly, increases in salinity had diminishing

returns as predicted by Table 1. Some sources of error were corroding electrode connections,

chemical changes in the water, digital multimeter uncertainties, and fluctuating resistances (again

due to non-constant magnetic field).

Optimization and Trends

Some of the key assumptions in my analysis are that strong collisions occur between fluid

particles, resistivity is small, speeds are non-relativistic, flow scales are not smaller than water

particle diameter, changes in the resistivity due to the induced electric field are negligible, and

heat increases from fluid friction are negligible. These all stem from an ideal

magnetohydrodynamic system using water as the medium. Another source of error was the

change in resistance due to temperature. To control for this, water temperature was monitored,

21




and the drive ran only for short periods of time to avoid operating at non-standard temperatures.

The benefit of defining efficiency as a ratio means that some systematic error is eliminated.

The efficiency of Yamato-1 was roughly twenty percent (Sasakawa). The peak efficiency

of this drive at similar salinity was 3.7 + 0.1%, though this is heavily influenced by the drive’s

small scale and the lack of additional fluid drag due to watercraft area. Additional salinities had

higher efficiencies, as expected (Table 5). Expected efficiencies were calculated by dividing the

mechanical power out by the electrical power in at the same currents (20).

Salinity by mass

Measured efficiency

Expected efficiency

4% 0.037 +0.010 0.046 = 0.001
7% 0.060 +0.010 0.081 +0.002
10% 0.084 +0.012 0.088 = 0.002

Table 5: Drive efficiency vs. salinity by mass.

Some trends observed were the decrease of mechanical power with increased salinity,

higher speeds at higher salinities, and lower resistance as drive run time went on. The lower

salinities seem to provide more “torque,” while the higher salinities provided more speed. The

resistance also seemed slightly lower after the drive had been running for some time. The

recirculated water may have undergone a chemical change making it more conductive. This

would also skew the efficiency and mechanical power output as they are resistance dependent.

All these observations were also taken at low currents; these trends might not hold once

hundreds or thousands of amps are sent through the water.
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Conclusion

In this experiment, a magnetohydrodynamic drive was optimized through electrolyte
manipulation. The drive was characterized through velocity, mechanical power, and force

measurements. Overall efficiency was calculated, and errors were discussed.

The accuracy of assumptions is a central part of this experiment. The main assumptions
come from ideal magnetohydrodynamics: strong collisions between fluid particles, small
resistivities, and macroscale flow observations. Collisions between molecules is the same as
saying water is incompressible. It is what drives bulk motion of the fluid, and without this
assumption, the density of water would change with time, meaning that equation (4) would add
complexity to the final differential equation (11). This factor is why water is often studied in the
field of fluid dynamics. Small resistivities are present in seawater and approximations of
seawater, so the second assumption is valid. Finally, charge carries (water molecules and salt

ions) are smaller than the flow scale being observed.

Other assumptions stem from electricity and magnetism. These say that eddy currents,
Hall effects, and resistivity contributions from the induced electric field are negligible. For a
small-scale experiment such as these, they are unlikely to contribute meaningfully; but, as in the
Yamato ship (Sasakawa), these do add up once currents reach thousands of amps. Gravity, tube
friction, and viscosity forces are also neglected. Gravity does not affect flow in the one-
dimensional approximation, but as pressure gradients and bulk flow are added, this would have a

noticeable effect.

The efficiencies measured here were not close to the roughly twenty percent efficiency of

the Yamato-1 in seawater-like conditions (Sasakawa). However, this drive used permanent
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magnets as opposed to helium supercooled electromagnets, meaning the total electrical power

used was much higher and hence efficiency is likely much lower.

The next steps in this project is to model the flow more completely in three dimensions,
create a more constant magnetic field, find other parameters to optimize like tube length, study
the electrochemical processes associated with recirculated water having lower resistance and
electrode potential, and finally finding new ways to limit losses. From this, a better
understanding of inefficiency contributions could be reached. Optimization of the drive could
then take a more targeted approach. Electromagnets weren’t investigated in this project, though
they could be implemented to increase the strength and constancy of the magnetic field. A more
in-depth computer simulation would lend spatial optimization: ideal tube size and length could
be found in a three-dimensional model. Finally, electrolysis and standard electrode potential
could be better understood to reduce its effect on fluid flow and to be conducive to more accurate
results. Currently, MHD propulsion seems stuck where it was in the 1990s, “...unable to vie in
efficiency with ships using conventional modes of propulsion. Further R&D efforts are required
to put the innovative propulsion system to practical use” (Sasakawa). Perhaps further study in

this area could lead to MHD ships in the future.
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