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The Hunt for Red October ll:

A magnetohydrodynamic boat demonstration for

introductory physics

Physics, Astronomy and Geosciences, Towson University, Towson, MD

Tom Clancy’s 1984 debut novel of the same name)

featured actors like Sean Connery and Alec Baldwin,
but the star of the movie for physicists was a revolutionary
new magnetohydrodynamic (MHD) marine propulsion sys-
tem. The so-called “caterpillar drive” worked with no moving
parts, allowing a nuclear missile-armed Soviet submarine to
approach the U.S. coast undetected. As the submarine captain
(played by Connery) said, “Once the world trembled at the
sound of our rockets ... now they will tremble again—at the
sound of our silence”!

MHD propulsion is not fictional: real-life prototypes in-
clude the EMS-1, a 3.0-m submarine that achieved speeds of
0.4 m/s during tests in California in 1966,2 and the ST-500,

a 3.6-m boat that reached 0.6 m/s in Japan in 1979.% The
world’s first and so far only full-sized MHD-propelled craft,
Yamato-1, carried 10 people at speeds of up to 15 km/h dur-
ing successful sea trials in Kobe, Japan, in 1992.4

The Yamato-1 has since been put up on blocks (Fig. 1) and
interest in this form of marine propulsion has apparently
waned. Why? Motivated by this question, and by the possibil-
ity of engaging students with a simple but dramatic demon-
stration, we built and tested a small-scale MHD boat that can
easily be replicated by instructors at low cost in a classroom
setting. Our treatment differs in emphasis and is complemen-
tary to an excellent earlier article in this journal by Font and
Dudley.’> Other useful discussions are in Refs. 6-10 and a typi-
cal textbook account appears in Ref. 11.

The 1990 film “The Hunt for Red October” (based on

Theory

As with a rocket, the principle underlying MHD propul-
sion is Newton’s third law: propellant is forced backward out
of the thruster, exerting an equal and opposite force forward
on the boat. In this case, the propellant is provided by Na*
and Cl™ ions present in seawater. After entering the thruster,
these ions (with charge g = * e) are accelerated sideways

- - =
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Fig. 1. The MHD-propelled Yamato-1 on display in Kobe, Japan.
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by an electric field, and then (once their velocities v have a
transverse component) backward out of the thruster by an or-
thogonal magnetic field B according to the Lorentz force law
F,,=qv XB (Fig. 2).

Ion velocity v relative to the boat can be resolved into com-
ponents )| (anti-parallel to the motion) and v, (transverse).
Then the Lorentz force has components F, = er” and
Fj|=eBv, (Fig. 3). The transverse components F, acting on
the Na* and Cl - ions are opposite and almost equal, so they
produce little net thrust on the boat. The longitudinal compo-
nents F)|, however, point the same way and provide the thrust.
If the total number of ions affected is N, then their transverse
motion creates a current I = Nev, /L, where L is the distance
between electrodes. The thrust may then be expressed as

F|| = F,,sinfl = NeBvyq = ILB, (1)

where we have identified v, with the drift velocity v4 of the
ions. While this can be regarded as constant on average, the
motions of individual ions are anything but uniform. To begin
with, they are surrounded by “hydration shells” of strongly
bound H,0 molecules that move along with them.!? Sec-
ondly, they are buffeted by random collisions with water mol-
ecules that are much more energetic than their motions due
to the applied electric field (since 3, T > 1my? at liquid water
temperatures). Thirdly, they also interact with each other. On
average, though, these effects combine to produce a frictional
retarding force that can be described by Stokes’ law F, =
6mnrv, where 7 is viscosity and r a characteristic radius.'® This

Fig. 2. Schematic depiction of the direct-cur-
rent duct-type MHD drive. Incoming ions (bot-
tom left) are pushed sideways by the electric
field and then backward out of the thruster by
the magnetic field (right-hand rule).
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Fig. 3. Key vectors and their components. In the
boat frame, the sodium ion moves longitudinally at
aspeed v) and in a transverse direction atv (under
the influence of E). The magnetic field B then acts
on the ion with a Lorentz force F,,, whose compo-
nents are F, = eBv| and Fj= eBv,.

Fig. 4. MHD boat in action, traveling from left to right. Note bub-
bles escaping from the rear of the thruster tube at left.

retarding force rapidly comes into equilibrium with the ap-
plied force F, = eE. Setting F, = F, gives the drift velocity as
vq=eE/6mr.

We will have more to say about drift velocity below, but
for now we note that thrust F is most conveniently expressed
in terms of the current I, which can easily be measured. This
thrust is opposed by a quadratic or Rayleigh-type drag force
Fg="Y%pCpAgv?, where p is the density of water, Cp, the drag
coefficient, Ag the submerged cross-sectional area, and v the
velocity. (From here on we use “v” when referring to boat and
“vq” when referring to the ions. Drag for the boat obeys Ray-
leigh’s law rather than Stokes’ law because it is not dominated
by viscosity.) Newton’s second law Ma = Mdv/dt =F,. = F|| -
Fy then becomes a separable differential equation:

v, )
a— Qv
where o = ILB/M and 3 = %p CpAg/M. If the boat starts
from rest at f,,, integration gives

v(t) = \Ja/ B tanh[\JaS(t —t,)]. 3)

Fig. 5. Magnets and thruster components (below) and
after assembly (inset at top). Note “magnet manipulator”
(left), magnet polarity labels, and electrode “gill slits”
(arrow, inset).

As t>> t,, the tanh term approaches its asymptotic value of
one and the boat reaches terminal velocity:

I 2ILB
b /8_ pCDAS. @)

For algebra-based classes, Eq. (4) can be obtained more
quickly by assuming that equilibrium has already been
reached and solving Newtons first law Fy, = 0 (or F)| = Fy)
directly for v,. Equation (3), however, turns out to be helpful
in what follows, so we retain it here.

Experiment

To test Egs. (3) and (4), we constructed boats using sturdy
1-L soda bottles (Fig. 4). Each boat was fitted with a thruster
fashioned from two nested 5-in lengths of PVC pipe (diam-
eters 1 in and 1% in), with the gap between the pipes sealed
at each end by waterproof caulking (Fig. 5). We drilled six
%-in holes at equal intervals in each outer pipe, and inserted
six neodymium magnets (% in X % in) with a pulling force of
35 1b each. Inserting the magnets was a challenge due to their
intense mutual attraction and the fit had to be tight. A “mag-
net manipulator” (piece of wood with magnet-sized indenta-
tions) was helpful, and it was advisable to confirm and mark
the polarity of each magnet before insertion. As we learned
to our chagrin after completing our tests, finished thrusters
should be coated in waterproof urethane to mitigate the ef-
fects of corrosion.

The distance between the north and south magnetic poles
inside the thruster tube is close to the optimal value identified
by Font and Dudley? (i.e., the width of the pole side of each
magnet, here % in). We used a Bell Model 9200 gaussmeter to
measure the approximate strength of the vertical component
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of the magnetic field (in air) at 63 points inside each thruster
tube (Fig. 6). These measurements were tricky. The field is
certainly non-uniform, and even changes direction along the
tube walls immediately between the magnets (points labeled
“D”). In the critical region between the electrodes, however,
the direction is constant (points labeled “A”, “B,” and “C”). A
straight average of these 49 readings gives B =66 * 10 mT
(where the uncertainty corresponds to standard error). Alter-
natively, fitting all the data with a 3D interpolation function
and averaging over the volume of the region between the
electrodes gives B =75 = 10 mT. We adopted an intermedi-
ate value with a generous error margin, B=70 = 15 mT. This
result should not be affected by the presence of seawater;
NaCl solutions have a magnetic susceptibility ), ~ 107 so
that their permeability 1o = (1 + X,,) o is essentially the same
as that of air.!*

To measure the drag coefficient Cp,, we connected each
boat to a mass m by a length of lightweight fishing line (linear
density 0.05 g/m) that passed over a PASCO low-friction pul-
ley/photogate velocity sensor. This mass was then allowed to
fall, producing an approximately constant pulling force on
the boat. Replacing F=ILB with F,=mg inEq. (3) gives (1)
in terms of Cp as

v(t) = \a,,/Cy tanh[{/3_C, (t —t,)]> (5)

where o, = 2mg/pAg and 3, = mgpAg/2M?. Fitting Eq. (5)
to the data then gives a best-fit value of Cp. Our boats had
masses M =590 = 30 g and total submerged cross-sectional
areas A=A + A+ A, + A + A; =31 = 2 cm?, where

Ay =17 cm? (bottle), A, = 8 cm? (thruster tube), A, = 2 cm?
(magnets), A, =2 cm? (clips and electrodes), and A; = 2 cm?
(leads). We used test masses m light enough to allow travel
times of at least 10 s, but heavy enough that the mass of the
line could be neglected. Figure 7 shows the resulting mea-
sured velocities as a function of time for three different values
of m (points) along with the fits (curves). This procedure
was repeated three times, resulting in a best-fit value of Cp =
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Fig. 6. Front and side views of thruster tubes (top), with
magnets (shaded) and locations of B-field measurements
(points). The plot (bottom) shows measured values of the
vertical component of B connected by trendlines (for visual
aid).

1.3 = 0.2. This was higher than we had anticipated based on
published values for hollow cylinders (Cp, = 0.8)'° and boat
hulls (0.003).16

To maximize the current, we dissolved 8.00 kg of 99.8%
pure NaCl pool salt into deionized H,O, which then filled a
glass aquarium tank (12 in X 48 in) to a depth of 4.75 in. This
resulted in a salt density py,c = 150 = 5 g/L (i.e., a concen-
tration ¢ =2.6 = 0.1 mol/L), considerably higher than the
standard seawater value of 35 g/L. (It also necessitated a small
trade-off with higher fluid density, p= 1114 * 5 kg/m? at
20°C.!7) We used an Acumet XL60 salinity meter to measure
aresistivity p. = 0.055 * 0.005 {dm, just over the accepted
saturation value.!?

The electric field was provided by six standard 9V batter-
ies inside each bottle, connected by leads and alligator clips
to the electrodes inside the thruster tubes (Fig. 4). Thanks
to their metal casings, the battery packs clamped firmly to
the magnets, effectively fastening the bottles to the thruster
tubes. The electrodes consisted of strips of heavy copper or
aluminum foil, cut to a width w=1.2 = 0.1 cm. (Perfor-
mance did not differ significantly between the two metals.)
The distance between the electrode “gill slits” was [ =11.4 =
0.2 cm, so that the electrode area A, = Iw =14 = 1 cm?. The
electrodes were separated by a mean distance slightly less
than the inner diameter of the thruster tube, L = 2.0 = 0.1 cm.

The arrangement of the batteries makes for some illumi-
nating concept questions. Given that v, JI in Eq.(4),a
student who thinks of batteries as sources of constant current
will try to maximize speed by connecting all six batteries in
parallel. A more sophisticated student who thinks of batter-
ies in terms of constant voltage may use Ohm’s law, I = V/R,
and attempt to maximize speed instead by connecting all six
batteries in series, reasoning (correctly) that this should give
the greatest V. Both are wrong, because they have neglected
the internal resistance r of the batteries, which becomes very
significant in what is essentially a short circuit.

To see this, we use Kirchhoff’s loop rule to obtain I = ne/(R

t(s)

Fig. 7. Measured boat speeds as a function of time for three
different pulling masses m (data points) with predictions
from Eq. (5) assuming a best-fit drag coefficient Cp = 1.3
(lines).
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Fig. 8. Two of the authors conducting a timed trial.
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Fig. 9. Measured current for various battery configurations (9 V,
18V, 27 V, and 54 V; see text for discussion) after initial timed run
(solid) and subsequent trials (dashed).

+ nr), where n is the number of batteries in series, each with a
nominal emf € =9.0 = 0.3 V. The resistance of the saltwater
between the electrodes is very low, R = p.L/A. = 0.8 = 0.1 {).
To measure the current as realistically as possible, we inter-
spersed our timed runs with “current runs” where the boats
were placed in the water while connected to a PASCO current
sensor. (Naturally this was not possible during the timed runs
themselves.) We conducted 30 trials using three different
battery arrangements (Fig. 8). The most reliable results were
obtained in the parallel case (n =1, “9 V”). Currents were
initially higher when arrangedina2X 3 (n=2,“18 V”) or 3
X 2 configuration (n = 3, “27 V”), but they dropped rapidly
during successive runs, presumably due to increasing internal
resistance, as each individual battery in those cases needed to
supply a larger fraction of the total measured current.

Results are plotted in Fig. 9 and summarized in Table I,
along with the inferred thrust force F)| from Eq. (1) and pre-
dicted terminal velocity from Eq. (4). We also tried a 1 X6 se-
ries combination (n = 6, “54 V”), but the batteries in this case
were depleted before the boat crossed the tank. (Batteries in
the higher-voltage configurations became noticeably hot with
use, and also led to some uncomfortable shocks, particularly
with the high salt concentrations used here.) To minimize
systematic effects, we conducted our trials in sets, cycling
through each battery pack (i.e., 9 V followed by 18 V, then
27V, etc.). The numbers above imply that internal resistances

Table I. Average measured current / , with corresponding
Lorentz thrust force F) and predicted terminal velocity v;.

1) i (mN) W (cm/s)
9V 3.3+0.5 4.6+1.2 4.5+0.7
18V 3.5+1.5 49+2.4 4.7+1.2
27V 2.5+1.5 3.5+2.2 3.9+1.3

Table Il. Measured mean speed v and terminal velocity
vy based on the fits in Fig. 10, with corresponding drag
force Fg.

v (cm/s) v (cm/s) Fr (MN)
9V 3.2+0.1 4.0+0.9 3.6x1.7
18V 2.7+0.2 3.4+0.9 2.6x1.4
27V 2.7+0.3 3.0£0.7 2.0£1.0

averagedr=1.9 * 0.4(),2.2 = 1.0 Q and 3.3 = 2.1 () for the
9V, 18V, and 27 V configurations, respectively. The fact that
best results are obtained near R ~ r may be seen as an example
of the general principle of impedance matching.

Results

Average measured boat speeds v were about one-third
slower than the predicted terminal speeds v, in Table I (see
Table II, where the uncertainties are statistical standard er-
rors). Our error budget was dominated by uncertainties in
current I, magnetic field B, and drag coefficient Cp, (in that
order), and some of the discrepancy between v, and v may
be due to systematic error in one or more of these quantities.
Another factor, however, came to light when we plotted speed
v versus travel distance d (Fig. 10). Different distances arose
in practice because the boats did not necessarily travel in a
straight line, but occasionally turned toward one side of the
tank. We ended each run when a wall was struck. (This turn-
ing effect was likely due primarily to small random misalign-
ments between the thruster tube and the body of the boat.)
We discussed ways to mitigate this behavior, but in retrospect
the range of travel distances proved to be advantageous in
analyzing our results. Figure 10 reveals that the boats were
accelerating during much of their ~30 * 15 s trial times, so
that they only reached terminal velocity near the end of their
runs. The same behavior is evident in Fig. 7, and indeed the
gravitational driving forces there (3.1 mN = mg = 9.2 mN)
are comparable to the magnetic thrust forces in Table I.

To extract the value of v, from this range of values of v for
different distances d, we note from Eq. (3) that velocity at time
t can be expressed in terms of v, by v(t) = v, tanh(¢/7), where 7 is
a constant. Integration gives the travel distance d(t)= [ v(f)dt =
veTIn[cosh (#/7)]. Trigonometric identities then imply that

v(d)=v\J1—exp(—2d/v7). ©)

Fitting Eq. (6) to the data, we obtain the curves shown in Fig.
10, with corresponding best-fit values of v, listed in Table II
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Fig. 10. Measured boat speeds as a function of travel distance
(points) with fits to Eq. (6) (curves), allowing us to extrapolate and
obtain the terminal velocity in each configuration.

along with drag forces Fy = %pCp, Ag vZ. [Uncertainties here
are given by the standard error of the fit. This fitting proce-
dure works less well when speed is plotted against time in-
stead of distance, because of the sensitivity of tanh(#/7) to the
value of 7.] The terminal speeds v, in Table IT are still slightly
smaller than those predicted in Table I, but the two sets of
numbers are now consistent within their margins of error.

There is rich scope here for deeper investigation at a level
that is well suited to student research. The fact that the boats
take some time to reach terminal velocity raises the question
whether drag is really of the quadratic (Rayleigh) type, as as-
sumed in Eq. (2). This assumption can be checked using the
Reynolds number R, = pvD/n, where D is a characteristic size
and dynamic viscosity ) = 1.47 X 1073 kg-s"\-m"! for saltwater
at the concentration used here.!” The Stokes limit corre-
sponds to R, << 1 (viscous or “creeping flow”) while Rayleigh’s
law is derived under the condition R, >> 1 (when the behavior
of the fluid is dominated by its own momentum).'8 The val-
ues of “critical” Reynolds numbers separating one type of be-
havior from another depend on the medium and shape of the
body, but the onset of turbulence is certainly a sign that one is
in the Rayleigh regime. Turbulence is found in flow over flat
surfaces when R, = 600,'8 and in flow through circular pipes
when R, = 2000 (where D is the inner pipe diameter).!

For our boats, v = 3.0 cm/s and D = 2.5 cm, so R, = 600,
putting us near the intermediate regime where neither limit
is valid. The surprisingly high values of Cr, we measured may
thus reflect unexpectedly strong viscosity. We could increase
R, by reducing salt concentration (and hence 1), but this
would also reduce the current. Widening the boat (to increase
D) would weaken the magnetic field.> From an experimen-
tal point of view, the most effective way to reduce viscous
drag is probably to improve the aerodynamics of our boats
and thruster tubes (perhaps with the help of a lighter power
supply and/or catamaran-style design, as on the Yamato-1).
Alternatively, from the theoretical point of view, one might
try modeling drag force with a combination of Stokes and
Rayleigh terms, Fy4 = cgv + cgv?.

One might ask what fraction of the ions inside the thruster

actually participate in the current that drives the boat. We
attempt to answer this question in an online appendix?’ con-
cluding that nearly all the ions present are helping to push the
boat. This in turn suggests that stray currents (i.e., those not
passing through the magnetic field) are not one of the major
limiting factors in our design.

Discussion

Students respond creatively when challenged to think of
ways to increase the speed of the boat. Given that thrust is
proportional to the transverse drift velocity v, of the ions, it
occurred to one of the authors that the “turning effect” exhib-
ited during many of our trials might be due partly to the fact
that Na* and Cl~ drift at different speeds. (The lighter Na™ ions
are slowed down more by interactions with water molecules.)
As they migrate in opposite directions, the two ion popula-
tions gradually?® become segregated, so that different thrust
might be produced by the ions on either side of the boat.

Specifically, the values and expressions derived in the on-
line appendix imply that v4 \, = uyn, V/L = 4 um/s for Na* and
Va1 = U1 V/IL = 6 pm/s for CI~, with a mean vy =5 pm/s (all
numbers here assume the 9 V case). The thrust produced by
each ion population is F)| = (N/2)eBvgq = 2 mN for Na* and
3 mN for Cl7, so the difference AF, = 1 mN. During each
time interval dt, their mean segregation distance increases
by dx = (v na + Va,c))dt = 2 v4dt. This changes the torque on
the boat by dr = AF)dx = I\ydo, producing a correspond-
ing change in angular acceleration do where Iy = (M/12)(L?
+ W2) is the moment of inertia for a rectangular mass M of
length L and width W. With M =590 g, L = 13 cm, and
W=4cm, we find da = ddt, where & = 2AF vq/Iy =
1X 107 rad/s>. Integration then gives the angular acceleration
a = [da = dt, angular velocity w = [adt =% at?, and turning
angle 0 = [ wdt = (1/6)at> < 10°for t < 45 s. A turning effect
this small would likely be masked by random uncertainties.
To put it another way, at an average speed v =4 cm/s the asso-
ciated radius of curvature R = v#/6 =10 m, much larger than
the length of our tank.

To look for such an effect nonetheless, we connected two
boats together with struts and ran two sets of 12 tests each:
one with the thruster tubes aligned the same way (for maxi-
mum turning effect), and the other with the thruster tubes
anti-aligned (i.e., one tube upside down, thus nulling out the
effect since the directions of both the magnetic and electric
fields are reversed). To minimize systematic error, we also
reversed the direction of travel between each trial. Our results
provided weak evidence, at best, for a systematic turning ef-
fect. When the thrusters were aligned, the boats turned both
ways almost equally often (7 “right,” 4 “wrong,” and 1 “both”)
with a mean turning radius |R| = 1.1 m. When anti-aligned
(control group) the direction was slightly more “random” as
expected (6 “right,” 5 “wrong,” 1 “both”), but the mean radius
decreased, |R| = 0.5 m. Improved tests for this effect will re-
quire better control of random effects such as wave motion,
initial orientation, and misalignment between the thruster
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tube and boat body. The experiments must of course be car-
ried out far from ferromagnetic materials. (It is amusing to
note that a similar “turning effect” was noticed in early tests
of small-scale prototypes for the Yamato-1 and ultimately
traced to the influence of Earth’s magnetic field.)

Another suggestion involved the “Venturi effect” em-
ployed in jet engines and automotive carburetors, whereby
the thruster tube narrows from front to back so that seawater
is forced to speed up as it passes through. But will this also
speed up the boat? We will not spoil the story here, but note
that it is easy to test the matter by fitting the thruster tube
with a conical nozzle like those sold with handheld vacuum
cleaner Kkits (we obtained ours at the same hardware chain
where we bought the pipes). Useful background information
is found in Ref. 7.

Conclusion

MHD drive works! Within experimental uncertainties,
our results confirm that measured speeds agree with theo-
retical predictions, whether expressed in terms of current or
mobility. Whether this form of propulsion is silent, though,
is another question. Copious bubbles were produced by
chemical reactions near the positive electrode (Fig. 4). In
a scaled-up model these bubbles would produce consider-
able noise,” defeating much of the system’s original purpose.
Moreover, acoustic noise is not the only problem. An MHD-
driven submarine could be tracked by its trail of chlorine ions
and metal chlorides,’ or by the intense magnetic field itself.
These factors, along with the challenge posed by navigating in
freshwater ports and waterways, have been cited as the main
reasons for the lack of sustained military interest in pursuing
the promise of MHD propulsion.?

A second major class of problems involves the electrodes,
which reacted so rapidly with the chlorine ions that they
became severely corroded, increasing the resistance R and
decreasing I. (Helpful discussion of these chemical reactions
is found in Ref. 7.) Whether made of copper or aluminum,
they became so thin and brittle that they had to be replaced
every few runs. As noted by Font and Dudley,” any scaled-up
MHD boat would likewise need to replace its electrodes on
aregular basis, or use more advanced materials. (The 3.4-m
long electrodes on the Yamato-1 used titanium alloy as a base
metal, with aluminum plating on the cathode and DSA or
“dimensionally stable anode” ruthenium oxide coating on the
anode.?)

Finally, the biggest limiting factor in our boats turned out
to be the power supply. Were we to repeat our experiments,
we would begin by looking for lighter and more powerful
batteries. The same limitation applies even more strongly
on larger scales. A full-size vessel would need an onboard
generator, not only to supply the electric field but also in the
coils generating the magnetic field. (Permanent magnets,
of course, would not suffice on these scales; and in fact, the
coils would likely need to be superconducting to attain the
required field strengths, thus adding a third element to the

onboard power requirements.) The Yamato-1 attained I ~
2000 A and B ~ 4 T with a propulsion system that filled most
of the ship (leaving room for only 10 people in a cramped
cockpit) and accounted for 70% of the total vessel weight,’
and even then the largest components (for pre-cooling the
superconducting coils) had to be housed onshore.* Font and
Dudley have estimated that to power a Trident-class sub-
marine the same way would require either B~ 435 T or I ~
540,000 A.> Developments in science and technology may
someday allow fields and currents this strong, but their gen-
eration would almost certainly require many moving parts.
The world might tremble at the weight of such a craft, but not
at its silence.

Despite its limitations, however, MHD drive provides a
simple and beautiful demonstration of electromagnetism
in action, with applications that go well beyond maritime
propulsion and extend all the way to space. NASA’s Dawn
mission to the asteroids Vesta and Ceres uses an ion drive
based on the same principle (except, of course, that the den-
sity of ions present in interplanetary space is much too low to
provide an effective thrust, so the spacecraft carries its own
onboard supply).?! For students, the MHD boat functions
perhaps most effectively as a reminder of the importance of
Newton’s third law, the use of the right-hand rule, and, above
all, the physical reality of the electromagnetic field. The
“equal and opposite force” of the seawater ions, after all, acts
on this field—yet it pushes the boat forward just as surely as if
they were connected by springs. Students who experience this
reality with their own eyes are thereby ushered to the thresh-
old of modern physics.
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