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AN EVALUATION OF DIRECT CURRENT ELECTROMACNKTIC 
PROPULSION IN SEAWATER 

C;. T. Hummeft ^^ 
Elect rotechnology Department*-^ 

ABSTRACT 

Electromagnetic seawater thnisters may be classified in one of 

three general categories:  Internal duct dc; external field dc, and 

peristaltic ac. Internal duct dc thrustcrs offer the advantages of low 

magnetic field leakage, simple construction, and potentially high 

reliability.  The most efficient internal duct configuration consists of 

a converging inlet nozzle and a straight discharge duct.  Ideal efficiency 

calculations based on the one-dimensional Bernoulli equation show that 

thrusters should be designed with large cross-sectional areas and 

operate at low discharge velocities.  In practice, this may be accomplished 

by using multiple thruster ducts.  Conductivity enhancement, high magnetic 

fields, and ]ong electrodes also improve efficiency. 

While the magnetic field-volume requirements for thruster 

cai'.thle of propelling full-size (2000 ton displacement) submarines appears 

beyond the present technology. It may be feasible to use superconducting 

magnets to build high efficiency. Internal duct thruster capable of 

maneuvering small ('v-lO ton d i splacement) submersibles. 
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NOMENCLATURE 

out 
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T 
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I 

V 

L 

B 

b 

out 

=  C  A p/2 = constant of proportlonnl1tv:  I) = K v " (Nt/(n/s)') 
1) s 

=  relative velocity between submerged body and water (m/s) 

- discharge velocity (m/s) 

=  velocity in pumplnR region of duct (m/s) 

=  drag coefficient (dimensionless) 

=  velocity in pumping region of duct (m/s) 

2 
= effective drag cross-sectional area (m ) 

3 
- density of water (kg/m ) 

»  electrical conductivity of water (mlio/m) 

=  drag (ncwtons) 

thrust (newtons) 

=  duct electrical current densltv (amp/m'') 

=  duct electrical current (amps) 

du't voltage (volts) 

electrode length (meters) 

=  duct magnetic field (tesla) 

one-half electrode spacing (m) 

•=  one-half duct width along B-flcld direction (m) 

»  aspect ratio = b/a (dimensionless) 

, 2. 
«=  Aab = cross-sectional area of duct (n pumping riM',ion (m ) 

-  cross-sectional area of discharge (m") 

«• cross-sectional area of inlet cone 



n 

in 

AP 

AP 
In 

AP 
F 

f 

N 

mass   flow   rate   thru  duct   (UR/S) 

Tv  /IV -  efficiency   (d Inrjiis Ion less) 

derived parameter = v /v  (dimensionless) 
p  s 

free-stream pressure (Nt/m ) 

2 
nozzle pressure (Nt/m ) 

2 
pressure at pump inlet (Nt/m ) 

p _ p  >  pressure drop through nozzle (Nt/m ) 
z   o 

2 
P - P  «  inlet pressure drop (Nt/m ) 
o   in 

2 
P - P,  -  pump head (Nt/m ) 
z   in 

factor appearing in voltage, current and efficiency expressions 
(dimensionless) 

interaction parameter (dimensionless) 

fluid power (watts) 

propulsive efficiency (dimensionless) 

electrical efficiency (dimensionless) 

V /v  (dimensionless) 
P s 

Iv 
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1. 0     imTOJUCTION 

This study was undertaken to investigate the prncticalitv of 

internal duct, direct current electron^gnetIc propulsion of sub.erslh,.. 

ocean vessels, ran.in. fro. full size submarines down to s.aU .aneuv.. 

underwater platforms.  The scope of this study Is limited to a broad 

overview of performance characteristics rather than detailed des .n 

considerations:  the emphasis here is on rapid assessment of trac.e-offs 

between major design parameters, such as magnetic field intensr.y, 

electrode length and duct size.  Performance and efflciencv calculations 

do not, therefore, include minor hydrodvnamic and ma^netohydrodynamlc 

(MHD) effects, and the resulting curves should be used for general 

comparisons and trade-off analyses.  These curves, for instance, enable 

the reader to quiclcly determine overall thrust efficiency as a function 

of duct area, magnetic field strength, electrode length, and multiple 

ducting.  This information is presented for each of three submersible 

classes:  full, one-third, and one-tenth sizes corresponding to hull 

diameters of about 10. 3. and 1 meters, respectively.* The assumed 

drag characteristics for these three sizes are given in Ilg. 1. 

AS will be shown later, overall performance Is a strong function 

of the magnetic field intensity, and the magnitude of field used i.r the 

performance curves given here ranges from conventional (0.5 T) to super- 

conducting (5 T) excitation sources.  The Impact of conductivltv enhance- 

ment via seeding with hydrochloric acid (HCO is also presented along 

with es:imates of the volume of evolved gases released hy eloctrolvs.s 

at the electrode surfaces.  Finally, duct dimensiors are restruted to 

i;i!iM  lliiitc.l bv ttu' volume reasonable ranges of engineering capab.lltv, lin«t..l b> 

requirements for the magnetic field.  It does not seem reasonable, for 

instance, to consider a thruster design that requires 10 T.s.a (supcr- 

^::^pi;;^^f^a discussion of hull size, shape, displacement, and drag. 



conducting excitation) throughout a duct Interior of sever.il hundred 

cubic meters.  Duct dimensions, therefore, range from two to ten meters 

long and up to one square meter of cross-sectional area. 
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2.0 CONCLUSIONS AN!) RECOMMENDATIONS 

Electromagnetic Lhrusters offer a silent, nearly undetectable 

means of submersible propulsion.  Based upon efficiency calculations 

Included in this study though, it seems unlikely that a practical 

thruster system could be developed for a full size (2000 ton, 10 m hull 

diameter) submarine.  The chief reason for this conclusion lies in the 

difficulty of establishing high magnetic field intensities throughout 

the active pumping region contained between the electrodes.  A reasonably 

efficient thruster cannot be designed and built until a superconducting 

dewar/winding capable of functioning reliably in a submersible environ- 

ment has been demonstrated.  Once this has been achieved, then efficiencies 

of ten percent or more may be possible for reduced hull sizes of one to 

three meters diameter, provided that speed is limited to approximately 

ten knots or less.  It may be feasible to use electromagnstic propulsion 

for manuevcring small submersible platforms requiring either modest continuous 

thrust or occasional bursts of high thrust levels. 

In general, efficiency may be improved by: 

• minimizing thrust rtsuiruments small hulls operating .it 

low velocities. 

• using large areas, low velocity thrusters multiple 

thrust-ducts are the most practical way of achieving this 

objective without requiring excessive cross-sectional area 

per duct. 

• operating at high magnetic fields preferably at field 

intensities much greater than that of conventional iron- 

copper magnetic circuits—hence, superconducting excitation 

Is mandated. 

• enhancing conductivity seeding seawater with a strong 

electrolyte such as hydrochloric acid has a pronounced 



effect upon overall efficiency.  The- rate .lud duration of 

seeding is limited, of course, by on-board storage capa. Ity. 

Development of an electromagnetic thruster should proceed in 

several stages: 

• Define the mission requirements — range, speed, depth, 

hull drag, power source, and acceptable levels of magnetic 

leakage. 

• Demonst  Ve the capability of establishing a high-Intensity 

('^5  Tesla) magnetic field throughout a significant duct 

volunje.  This requires design and fabrication of a super- 

conducting dewar/windlng capable of functioning reliably 

in a submersible environment.  One possible annular thruster 

configuration Is shown in Figure 33 where a supercon.'ucting 

toroidal field winding establishes high fields in the pump 

annulus with relatively low leakage into the surrounding 

region. 

• Construct and test a prototype thruster, 

• For military applications, the possibility of detection 

should receive critical evaluation, and provision should be 

made to evaluate magnetic field leakage, hydrolysis, and 

chemical activity (such as pH shift due to seeding) as 

potential means of detection. 

Large superconducting toroidal magnets have, in fact, been successfully 
used in radiotherapy.^''' 
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3.0     BACKGROUND 

I 

3.1 General Description 

Electromagnetic (EM) propulsion of sea vessels may be divided 

Into three categories:  Internal duct dc; external field dc; and peri- 

staltic ac induction.  All three types of propulsion have been analyzed 

and discussed in the literature/^'^^  Here we present a brief description 

of these three. 

The first type of thruster—internal duct dc—consists of 

electrodes mounted within a propulsion duct such that current (in the 

conducting fluid) established between the electrodes is perpendicular 

to a magnetic field established within the same region, but perpendicular 

to the direction of current flow.  (See Fig. 2 for a pictorial diagram.) 

Interaction of current and mafnetic field produces a mutually perpendicular 

pressure gradient or force directed along the duct axis.  If the duct is 

open at either end, this gradient causes fluid flow and, hence, an axial 

reaction thrust.  While in principle electromagnetic propulsion may be 

achieved quite easily by passing current between two electrodes 

located within a magnetic field, in practice the low value of electrical 

conductivity of seawater places a severe constraint on overall thrust 

efficiency that may be achieved. 

The second type of thruster—external dc field—docs not 

utilize thrust ducts.  Instead, exterior electrodes are mounted along 

the hull and an external magnetic field is established such that inter- 

action of electrode current and field produces external pressure gradients 

along the submersible's centerline, thereby creating propulsive thrust. 

Once again, though, the low conductivity of seawater limits ultlmiile 

thrust efficiency. A useful system requires superconducting exeit.it ion 

that establishes high magnetic fields throughout large volumes of water: 



however, not only are such superconductinj; maRnets expeiisivi-  and difficult 

to build, but the resulting unshielded, easily detecLible fields are most 

likely not suitable for nilitary applications. 

Finally, the tlilrd type of electromagnetic thruster—per istalt Ic 

ac induction—utilizes a flexible membrane to separate two fluid regions: 

one, an annular chamber containing a highly conducting fluid such as 

liquid metal; the other an inner cylindrical chamber open to the surround- 

ing water.  Radial ac magnetic fields induce circumferential a- currents 

In the outer (highly-conducting) annular chamb c  and these currents Inter- 

acting with the Induction fields generate pressure waves that impart 

axial motion to the conducting liquid.  This, in turn, distorts the 

flexible membrane, tliereby imparting axial motion to the water core.  In 

short, traveling waves along the membrane squeeze the inner core, squirting 

water axlally, thereby generating reaction thrust.  While peristaltic 

induction may offer attractive efficlenc, and performance characleristics 

due to the high conductivity of the enclosed fluid (liquid metal), it 

does pose significant reliability and safety problems: the efficient liquid 

metals react chemically with most engineering materials—including water. 

In summary, while all three types of electromagnetic propulsion 

pose significant technical problems, the internal duct design Is simpler 

and probably more reliable than the others, and this work was commissioned 

specifically for a study of internal duct dc propulsion. 

3.2 Performance Calculationa 

This section deals with specific items relating to performance 

evaluation, namely: 

• choosing a primary measure of performance; 

• separating the various interrelated parameters into 

dependent and independent variables; 

defining ranges of independent imeter variation. 



3.2.1 Measiire of Performance 

Since many IntprrelaCed paramotcrs enter into the performnncc 

calculations, we must decide upon the key or fundamental relat lonsliips 

that we wish to examine:  ultimately, what are we interested in compari ig? 

Useful thrust vs. Input power at a fixed cruising speed?  Or, cruising 

range vs. stored energy as a function of hull size?  Or, maximum speed 

vs. electrode size as a function of magnetic field? 

As mentioned earlier. Internal duct E-M thrusters have an 

inherently low power conversion efficiency, and this is perhaps a most 

crucial measure of performance.  Most of the results obtained in this 

study, therefore, are given in terms of ideal efficiency as speed 

curves for several hull sizes.  Additional curves show the effects of 

conductivity enhancement (HC8, seeding) as well as magnetic field intensity 

upon efficiency.  Finally, the last curves show overall input power and 

thrust power as a function of speed for several hull sizes. 

* 

3.2.2 Parameter Specification 

Clearly, we are not able to choose independent values for each 

of the interdependent parameters that influence performance.  If, for 

example, we specify electrode voltage and current, then for a given duct 

size, the thrust requirement (hull drag) determines magnetic field 

intensity as a function of speed:  all of these quantities cannot be 

selected independently. Mathematically, we cannot exceed the degrees 

of freedom that exist between the performance equations. 

Our approach, therefore, has been to permit electrode voltage 

and current to remain unspecified—they are dependent variables whose 

values are determined as a consequence of other parameter selections. 

Since dc electrical power sources may be configured to match or nea»-]y 

' 
Ideal in that electrolysis and hydrodynamic thruster losses are mr 
included (see Sections A.2, A.9, and A-1).  Magnetic excitation lo;  s, 
either In terms of ohnic power dissipation (conventional magnet) oi' 
refrigeration power (superconducting magnet) are also not included in 
these calculations. 



natch most p'wer requirements (e.^., 10 volts .it 200 .inip., or H»i  volts 

at 10 amps), this is a reasonably prudent engineerinf, approach. 

The following parameters arc treated as independent variables 

and must be specified: 

• magnetic field 

• electrode length 

• cross-sectional area of duct 

• number of ducts 

• fluid conductivity 

3.2.3  Range of Parameter Variation 

Lastly, the ranges of variation must be specified, and hers 

aguin we are guided by practical engineering limitations rather than 

theoretical speculation.  All five of the independent variables listed 

above are related in the sense that choosing one places practical 

constraints on the others.  An extremely high, uniform magnetic field, 

for instance, cannot be established throughout a large volume.  Duct 

dimensions must reflect this:  we cannot seriously discuss duct lengths 

of hundreds of meters, nor can be consider cross-sectional areas greater 

than one or two square meters.  The following ranges, therefore, were 

defined and specific calculations made for various combinations of these 

values: 

Variable Range 

• Duct Area    0.25, 0.5, 1 square meters 

• Electrode Length     2, 10 meters 

• Magnetic Field    0.5, 2, 5 Tesla (2 to 5 T Implies 
superconducting excitation) 

! 

It should be noted, however, that designing an actual thruster system 
nay require several iterations wherein the thruster performance 
equations first determine an approximate power source; then actual 
power source terminal characteristics - such as would be available 
from various combinations of, say, submarine batteries - could be used 
for design modifications.  An Important part of this iteration would 
be variations in the aspect ratio, as discussed later in Section 4.9. 

8 
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Number of Durts 

Conductivity 

1, 4, 9, 16 (Each of the multiple 
ducts has   the same cross-sectional 
area and electrode length.  That 
is, one duct is not subdivided Into 
multiple channels such that the 
total thrust area remains constant, 
but rather the total duct area 
increases by factors of 4, 9, and 
16.) 

A mhos, the nominal conductivity 
of seawatrr.  The effects of 
seeding with HCL were calculated 
by doubling the conductivity to 
8 mhos.  This corresponds to a 
0.5% by weight solution of HC«,. 



4.0 THRUSTER PERFORMANCE CALCULATIONS 

A.1 Thruster Model 

Water-jet uhrusters work on the principle of momentum conser- 

vation:  an Increase In stream momentum from Intake to discharge produces 

a net reaction thrust.  As shown In the pictorial sketch of Fig. 2, the 

electromagnetic thruster Is composed of three sections:  1) converging 

Inlet nozzle; 2) electrodo-magnetlc field region; 3) converging discharge 

nozzle.  Definitions of the electrode (or pumping) region dimensions are 

also given In Fig. 2. 

The converging inlet nozzle provides a smooth transition from 

the free-stream region immediately ahead of the intake to the internal 

pumping region, and if we assume that at a fixed uniform cruising speed, 

V  . the inlet area is Just large enough to provide the volumetric flow 
s 

required, then no power will be expended drawing water into the inlet 

from ahead of the inlet plane.  Matching the converging inlet opening to 

craislng speed also has the advantage of minimizing the thruster's dis- 

placement drag iu that incident flow is directed into the duct, rather 

than around it. 

The electrode or active pumping region consists of parallel 

electrodes mounted along the channel walls with a magnetic field 

established normal to the current-flow direction.  The rectangular 

cross-sectional area, A , is assumed to be constant throughout the 

electrode region. 

The third and last section of the thruster Is the converging 

nozzle, which directs flow from the pumping region to a discharge orifice. 

See Nomenclature for symbol definitions. 

10 
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4.2  Assumptions 

In the calculations that follow, the following assumptions 

have been Invoked unless otherwise noted: 

• Thrust " velocity-squared drag 

The thrust required to maintain a fixed speed is equal 

to total draj.  Total hull drag, we assume, may be 

described by one equivalent drag coefficient that 

includes both frictional and displacement components. 

Total drag is then proportional to velocity squared 

times the cross-sectional area (see Fig. 1 for curves 

of drag vs. speed.  Also see Appendix 1 for a comparison 

with more accurate drag calculations). 

• Negligible thruster drag 

Based upon a thruster design that utilizes a converging 

inlet nozzle, this is a reasonable assumption (see 

Appendix 1 for details). 

• Negligible electrode-electrolysis losses (electrolysis 

voltage << pi. p voltage).  The validity of this assumption 

depends to a large extent upon the aspect ratio, see 

Section A.9. 

• Nozzle Inlet velocity " relative velocity between submersible 

and surrounding water 

• Absence of cavitation within the inlet nozzle 

A convergent inlet nozzle forces a static pressure 

drop with respect to the inlet or free stream pressure. 

Assuming no cavitation is- equivalent to assuming that 

the submerslolc depth is gre.it enough such that the 

absolute pressure .tt the pump Inlet (P  ) Is greater 

than the vapor pressure of water (sevcr.il psia). 

11 



4 . 3 Thruster Performance Equations 

4.3.1 Thrust and Velocity Relationships 

(See Fig. 2 and the Nomenclature for symbol definitions.) 

From the conservation of momentum, we have 

thrust « outlet momentum - inlet momentum 

or 

T - m(v   - V ) 
out   In 

(1) 

where the main flow, m, is given by 

m » pv A » pv A.  = pv  A 
p p    s in    out out 

Combining these two equations, we can express thrust as 

(2) 

T = m v 
A    V 
_E s 

p \ A  _   V 
•^ \ out    p 

pA V 
A    V 
__E §. 

' *^  \ out   r 
(3) 

But thrust developed by the duct is equal to the submersible's drag 

force 

D - (C A p/2)v ^ = K v^ 
D s    s    as 

(A) 

or 

T - K v 
s s 

(5) 

where K - C„A p/2 
S    0 8 

Combining Eqs. (3) and (5), we get for k^^ the ratio of internal duct 

velocity to inlet velocity 

12 



V    A 1/2 
k, = -2. = _^ (1 + (1 ^. 4K /pA  )   1 

1   V    2A 
s     p 

s   out 
(.b) 

Also, note that from Eq. (2), v A = v A, , so that k, =  ^     //K    = ratio 
' ^       p p   s in 1    in  p 

of inlet area to area of pumping region. 

it.3.2     Pressure Relationships (neglecting hydrodynamic losses) 

Inlet 

Applying the Bernoulli Equation, we have 

P + 1/2 p V ^ = P,  + 1/2 p V ^ 
o s    in p 

(7) 

Rearranging and using the pressure differential AP.  yields 

AP.  - P - P,  = 1/2 p (v ^ - V ^) 
in   o   in p    s 

or 

AP.  = 1/2 p V ^ (1 - (v /v )^) 
m        p        s p 

(8) 

Exit Nozzle 

Again, applying the Bernoulli Equation we have 

2 7 
P + 1/2 p V  = P + 1/2 p V 

7. p       O out 
(9) 

then the nozzle pressure drop is 

IP = P - P = 1/2 p (v ."^ - V ^) 
z   z   o out    p 

)r using Eq. (2) to express v    In terms of v , wc get 
out 

13 



AP  = 1/2 p V 
z p out 

(10) 

Pump 

pump head = AP^ = P^ - P^^ = AP^ + AP.^ (11) 

Substituting from Eqs. (8) and (10): 

AP - 1/2 p V 
P P 

2   /   \ 2 / V  \ 
/  s \ 

out 

(12) 

But from Eq. (6), v  = k,v and we can express the pump head in te-nis 
pis 

of the relative velocity, v : 

AP = 1/2 p v 
P s \ out 

(13) 

This is the pump head or pressure differential that must be generated 

electromagnetically in order to sustain the relative velocity v_^.  If 

the pump pressure satisfies this requirement, then thrust = drag at 

speed v . 

4.3.3 Electromagnetic Pressure 

Neglecting electric and magnetic fringe effects near the 

electrode edges, we have: 

APp - JBL . OBL I 2^ - VpB (14) 

See AppendixA-2 for a derivation of this equation. 

14 



4.3.4 Voltage and Current 

Substituting for AP  from Eq. (13) and solving for the 
P 

electrode voltage, V, we get 

p V  bf 
V -  ^,  + 2Bv k.b 

oBL        s 1 
(15) 

where f - [(k.A /A  )     - 1]. 1 p out 

Now we can use Eqs. (13), (14), and (15) to solve for the 

current density, J, and hence the total current, I (= 2aIJ): 

I = 2aLo (^ - V B) 
ZD     p 

a p v 2 
I =  „  ^  ((k.A /A y  -  1) 

B        1 p  out 

or 

I = a p V   f/B 
s 

(16) 

where f is the dimenslonless parameter given above. 

i 

4.3.J Efficiency 

Pumping efficiency, n, is the ratio of thrust power to electrical 

input pf«er 

n » 1 V /IV 
s 

(17) 

Substituting from Eqs. (5), (15), and (16), we have 

n = 2K /[A p f k,(f/(2k, N) + 1)] 
s  p     1     1 

(18) 

where again f - [(k,A /A ,)  - 1)  and we introduce thr interaction 
" T P out 

parameter N, a measure of the interaction between electromagnetic and 

Inertial body forces In the fluid, defined as 
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vV«ioclty K«C4o 

AA, in 
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PP 

(l/l)   (!  +  (»+ *V*\^ 1/i, (3i) 
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•  Electrode voltage: 

V = 2Bv k,b (f/(2k., N) + 1) 
si       1 

(26) 

where f = (k  - 1) and 

N = interaction parameter defined above. 

•  Electrode current: 

I = a p V   f/B 
s 

(27) 

•    Efficiency: 

n    = 

2/(k^ + 1) 

[1 +|H  (1  - k^"^)] 
-1 

(28) 

where overall efficiency n = n  * n • 
P   e 

Equations (25) through (28) provide a basis for evaluating 

performance of a single duct propulsion system. 

I 

4.3.6 Multiple Duct Performance 

The single duct equations may be adapted to multiple duct 

analysis simply by altering the thrust coefficient, K .  Let K ' = K /n = 

thrust requirement for each of n ducts.  Then wc get the following 

multiple duct relationships: 

•  per duct velocity coefficient: 

k ' - V '/v  = (1/2) [1 + (1 + 4K '/i. A ')^'^\ 
1    p   s s    p 

where A ' » area per duct 
P 

(6') 
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• electrode voltage: 

V - 2Bv k,'b'(f'/(2k,'^-N') + 1) 
8 1 1 

Where f - k^'^ - 1, N' - oB^L/pVp' 

(26') 

•    electrode current: 

I'   - a'   p yrjf'/i (27') 

• efficiency: 

n' - [2/(k^' + 1)] • [1 + (2N')"^ (1 + k^'"^)]"-^ (28') 

Suppose, then, that we compare the performance of n parallel 

ducts to a single duct where the combined parallel duct pumping area is 

equal to that of the single duct (that is, A ' - A /n, a' - a/i/tT, o' - 
p    P 

b/</n)  then: 

k^' - k^, f - f, N* - N 

I' » I//n, V - v/n 

And we see that there i& no change in efficiency.  If, however, 

we retain the same area per duct, but add n parallel ducts (A ' - A , 

a* - a, b' - b) then the velocity ratio k.' is given by: 

k^' - (1/2) [1 + (1 + 4Kg/pnAp)^^^] (29) 

In this case, k ' < k., due to the "n" factor appearing in the 

denoninator. Also, we find f < f and N' > N.  Substituting these 

inequalities into Eq. (28*), we find that the multiple duct efficiency 

Increases (n* > n)> Thus, increasing the total thrust area by adding 
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parallel ducts decreases the inlet-to-pump velocity ratio and increases 

efficiency. 

4.A  Efficiency Plots 

Efficiency plots based upon Eq. (28') are given in Figs. 3 

to 26, where calculated, ideal efficiencies (based upon the issumptions 

discussed earlier) are plotted as a function of submersible velocity, 

V .  Each plot contains a set of curves obtained using drag character- 
s 

istics for three hull sizes, as given in Fig. 1.  For each hull size, 

single duct efficiency is plotted along with several curves showing the 

effect of four, nine, and sixteen multiple ducts.  The figures are 

arranged in three groups of eight, each group corresponding to ascending 

magnetic field intensities of 0.5, 2, and 5 Tesla, respectively.  Within 

each group, electrode lengths of 2 and 10 meters are combined with duct 

areas of .25, .5, .75 and 1.0 square meters.  As may be seen from the 

curves, efficiencies vary from less than .01 to over 99 percent.  It 

must be emphasized that these plots are useful for comparing and indicating 

sensitivity of ideal performance to parameter variations—all of these 

combinations are not necessarily realistic.  Sixteen thrusters, with a 

combined cross-sectional area of sixteen square meters propelling a one- 

meter diameter hull does not, for instance, represent a realistic config- 

uration.  But one such thruster propelling this size hull may be entirely 

feasible. 

Not surprisingly, these plots show that efficiency Improves as 

electrode length, magnetic field, duct area, and the number of ducts 

increase.  Low thrust requirements due to less drag (smaller hull sizes) 

also improves efficiency. 

A.5 Conductivity Enhancement:  HCt Seeding 

As Indicated by the performance equations derived in Section 

4.3, electrical losses diminish ,ind thrust efficiency incre.ises as fluid 

conductivity increases.  The conductivity of seawater, which has a 
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nominal value of about A mhos/m, increases significantly with the 

addition of a small percentage of hydrochloric acid (HCL).  Neglecting 

possible increases in electrode corrosion rates, conductivity enhancement 

in a thruster may be accomplished by injecting HCL into the inlet nozzle 

where mixing and diffusion tends to create a uniform mixture prior to 

the electrode region.  While from an efficiency consideration there is 

strong incentive to inject large amounts of HCL, the benefits of con- 

ductivity enhancement must be balanced against the limitations of solute 

storage capacity on board the submersible.  As a compromise between these 

conflicting requirements, we have arbitrarily chosen a 0.5/o solution 

(.lA molar concentration of HCL), which effectively doubles the bulk 

conductivity of seawater from 4 mhos/m to 8 mhos/m.   Figs. 27-29 show 

the effects of conductivity enhancement upon ideal efficiencies for 

full, third, and tenth size hulls, respectively. Note that the basic 

thrunter-duct size (2 .n x .25 m^) is Identical in all three cases but 

that the number of ducts attached to each hull varies from:  slxtetn 

ducts, full-size hull; nine ducts, third-size hull; four ducts, 

tenth-size hull.  These configurations are more representative of actual 

design possibilities than, say, a fixed number of ducts for all three 

sizes. 

Seeding flow rates shown on the plots vary from 9400 gpm at 

20 knots, full-size hull to 71 gpm at 2 knots, tenth-size hull.  In 

general, efficiency increases somewhat less than the factor of two 

increase in conductivity. 

4.6 Sensitivity of Efficiency to Magnetic Field Strength 

Ideal efficiencies for the three hull sizes and duct combinations 

(described in Section 4.5) are plotted in Fig. 30 for a fixed speed of 

5 KTS and magnetic field variations from .5 to 5 Tesla. Although data for 

nb e plots are contained in the basic efficiencies curves given in 

-'"> : to 26, Fig. 30 more clearly illustrates the magnetic field 

ie.>.'. i.-,-.ce where an order of magnitude change in field intensity yields 

>'. .r .ncy changes of nearly two orders of magnitude. As shown in the 
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figure, conventional excitation Is limited to less than 2 Tesla due 

to saturation of ferromagnetic materials used in magnetic circuits. 

4.7 Power Requirements Vs. Speed 

Total thrust power and electrical Input power curves over a 

speed range of 2 to 20 knots are shown In Fig. 31 for the duct-hull 

combinations described in Section 4.5.  These plots, which are based 

on a 2 T magnetic field intensity, underline the importance of low 

speed operation:  doubling the cruising speed from 5 to 10 KTb, for 

Instance, increases the total input power requirement by a factor of 

ten. 

4.8 Efficiency as a Function of Interaction Parameter 

The electrical and propulsive efficiency expressions given 

by Eqs. 28 and 29 may be greatly simplified by substituting some •ypical 

values for the interaction parameter.   Since the order of magnitude 
-4 

is determined mainly by the o/p ratio (a4«10  ) in the expression 
2 

N - oB h/pv , we can safely assume N << 1, or N is less than .01.  And 
P 

if the velocity ratio k. Is much greater than 1 (k, ^> 1), then trom 

Eqs. 28 and 29 the overall efficiency n < (.5) (2N) or n < N.  That is, 

the efficiency is less than one percent.  If, on the other hand, we 

assume k, « 1+c where r << 1 (that is, the velocity dlfft-rential v - 

V  ^ LV ). then 
s    s 

2  
2"+ L 1 + c/2 ' ^ 

r./2 (30) 

and 

1 + (E/N) 
(31) 

These expressions indicate that reasonable efficiencies mav be achieved, 

provided that c, the velocity differential, is of the samo order as the 

Interaction parameter, N.  T'lls is illustrated by the curve In Fig. 32. 
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In addition to efficiency, though, a practical design must 

Include other considerations such as:  electrode voltage and current, 

and overall pump dimensions.  While simply meeting the e == N criterion 

does not guarantee a practical design, the perfr nance expressions 

discussed here do indicate the sensitivity of overall efficiency to the 

V /v ratio. 
P s 

4,9 Performance as a Function of Aspect Ratio 

Although overall ideal efficiency is independent of aspect 

ratio, actual efficiency will depend to some extent on internal shape 

of the thruster ducts.  This arises for two reasons: 

• Viscous drag increases with wetted surface area.  A square 

duct (a«l), therefore has minimum viscous drag.  (See 

Appendix 1 for a detailed discussion of duct drag.) 

• Electrolysis voltage remains nearly constant over a 

wide range of operating current densities.   The ratio 

between this fixed voltage and the total electrode voltage, 

though, diminishes as the aspect ratio increases.  That is, 

a duct cross section elongated in the direction of electrode 

separation requires a higher pump voltage and electrolysis 

losses become a small fraction of total electrical losses 

as the elongation Increases. 

Hence, we have two conflicting requirements, one for a 

unity aspect ratio in order to reduce viscous drag, the other for a high 

aspect ratio to minimize electrolysis losses.  A careful trade-off 

analysis must be included in actual thruster designs. 

A conventional copper-iron magnetic circuit will produce a more 

uniform field with reduced excitation losses as the aspect ratio increases. 

This, too, must be factored into the overall design. 

V 

The electrolysis potential at both the anodic and cathodic electrodes 
is » 2 volts.  Since this value is weakly dependent upon current density 
and strongly dependent on electro-chemical effects, it is realistic to 
assume a total electrolysis voltage of between five and ten volts. 
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5.0  GAS EVOLUTION THROUGH ELECTROLYSIS 

Dissociation of water at the cathode discharges hydrogen gas 

along the electrode:  two faradays of charge generates one mole (or 22.4 

of H, at STP) so that: 

Q„ - hydrogen discharge rate -5.210  I,l/s 
2 

(32) 

This, of course, mixes with the thrust-exit stream of water 

and eventually bubbles to the surface.  Using values for discharge 

flow and electrode currents associated, for example, with the full-hull 

size curves of Fig. 3, we have (at 20 KTS): 

3 
thrust stream per duct =4.AxlO 1/s 

electrode current/duct = 104 kA 

Chen 

H. 
,54 1/s 

and we find an extremely low hydrogen-to-water volume ratio.  Evolved 

hydrogen gas along the electrode surfaces should not hinder electrode 

performance, nor present a noticeable bubble or foam wake at the surface. 

Also, it may be possible to construct a porous electrode that captures 

the evolved gases.  Final verification of these conclusions and possi- 

bilities must be made experimentally. 
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6.0 PRELIMINARY DESIGN PROCEDURE 

Designing an electromagnetic thruster requires many iterations 

through the performance equations in order to balance efficiency, physical size 

and magnetic field intensity with desirable electrical characteristics. 

The following procedure is offered as a plausible design approach: 

(1) Using the known drag vs. speed requirements (K^) for a 

particular submersible and assuming a fixed number of 

thruster ducts of area A , find the velocity coefficient, 
P 

k- from Eq. 29. This determines the inlet-to-pump cross- 

sectional ratio (A. /A_). 
in p 

(2) Using Eqs. 26', 27', and 28', calculate voltage, cu.rent, 

and efficiency at various combinations of the following 

parameters: 

• aspect ratio (a) 

• pump length (L) 

• magnetic field (B) 

• velocity (vg) 

(3) Repeat steps (1) and (2) over the range of interest for: 

• drag 

• cross-sectional area per thrust-duct 

• total number of thrusters 

This procedure may be refined by including: 

• duct drag (see Appendix A-1) 

• electrolysis voltage (see Section 4.9) 

• electromagnetic fringe effects 

• inlet/outlet hydrodynamic losses 

(These last two Items should remain second order effects and are not 

pursued here.) 
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FIGURE 7 
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FIGURE 14 
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Fig. 28 -Efficiency improvement via HCL seeding: third-size 
hull 
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Fig. 29 - Efficiency improvement via HCL seeding:  tenth-size 
hull 
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Fig. 30 - Ideal efficiency vs. magnetic field intensity for 
selected number of ducts & hull sizes 
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Fiq 33 - Annular pump configuration utilizing superconducting 
ejoiitatlon. The toroidal   winding establishes a high circumferential 
field In the pump region with low external flux leakage 



APPENDIX A-1 

SUBMERSIBLE HULL AND THRUSTER nR.\c: 

The following calculations are presented to evaluate the 

frictional and total drag forces on a streamlined submersihl • of typical 

sizes and proportions moving at reasonable speeds, and to compare the fric- 

tional drag on a typical thruster to the total drag on the submersible.  The 

frictional drags on the submersible and thruster are calculated by a 

standard velocity-squared formula that involves velocity-dependent 

parameters.  However, the total drag characteristics used in Equation (5), 

Section ^.3, consist of a simple velocity-squared relationship and 

constant parameters.  Therefore, discrepancies are likely to occur when 

comparing the total drag as given by Equation (5) to more accurate 

frictional drag calculations.  The question is:  "Are these discrepancies 

significant when compared to the total drag?" 

Streamlined Hull Drag 

The drag force, as used in the performance calculations in 

Section 4, is given by: 

9 
F, = K V 
d     s  s 

(5) 

where K was determined from supplied drag vs VOUK ii/ data.  In order 
s 

to compare this to a more accurate frictional dra>', we must specify 

the size, shape and, hence, total submerged surfaci area.  To do this, 

we assume the hull shape may be approximated by a ;.ri)late s|)heroid 

whose total surface, S, is given by: 

S - 2 ira + (IT b /C) •  In [(1 + i.)l(l -  r)] (A-1.1) 
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where 2a is the major axis, 2b Is the minor axis, and t; is tho eccentricity 

of the elliptical cross section: 

/ 1 - (b/a)' (A-1.2) 

For each hull diameter, we chose a length (and eccentricity) such that 

the calculated frictlonal drag at approximately 8 knots equals the drag 

given by Equation (5).  The three hull sizes and shapes are summarized in 

the following table: 

Hull Dia. 
(m) 

Length 
(m) 

50.0 

Volume 

2620 

Surface Area 
Eccentric 

.980 

ity 
Displacement 

(Tons) 

10.0 4290 2890 

3.3 i5.5 88.4 417 .977 97.4 

1.0 4.35 2.28 33.2 .975 2.46 

For each combination of submersible size and speed, the 

Reynolds' number for the resulting flow is calculated: 

R = V e/v 
s 

(A-1.3) 

where v  is the free-stream speed, i   is the length of the submersible, and 
s 

V Is the kinematic viscosity of sea water.  The coefficient of friction, 

C , is interpolated from a standard table   that lists C for various 

values of R.  (It should be noted that all of the flows are turbulent; 

hence, the coefficient of friction decreases for increasing Reynolds' 

number.)  Then, the frictlonal drag force is calculated: 

f 
1/2 p Cp S v^2 (A-1.4) 

where p is the density of sea water, C  is the frictlonal coefficient, S 
r 

is the wetted surface area (equal to the total surface area in all cases), 

and v  is the free-stream speed of the submersible. Comparison between the 
s 

simple velocity-squared drag u:od in Section 4 and the more accurate 
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4 

I 
frictlonal drag is shown In Figure Al-1.  As shown in the figure, values of those 

two forces agree to within twenty percent for each of the three sizes, over 

a speed range of up to 20 knots.  We conclude that the approximations for C^ 

and S incorporated In the constant K^ are reasonable. 

Thruster Frictlonal Drag 

The calculations for frlctional drag on a thruster duct are very 

similar to the hull drag calculations.  For the purpose of making a specific 

hull to thruster drag comparison, the duct length was chosen as 2 m and 
2 

the cross-sectional area as .25 m  (this does not include inlet shroud or 

outlet nozzle surfaces). For these calculations  the aspect ratio, a, 

ranges from 1 to 20. The internal surface area is exactly: 

4 L a (1 + a) (A-1.5) 

where a Is the duct half width and L is the length.  The coefficient of 

friction is taken from the same data   for flow over a smooth flat plate 

(2-side8). 

Frictlonal force is calculated for various speeds using 

Equation (A-l.A).  Figure A-1.2 compares duct drag obtained using this 

formula to hull drag taken from Figure 1.  As may be seen from the figure, 

an aspect ratio of 1 produces the minimum drag, and the drag per duct is 

less than ten percent of the total drag for the small hull and less than 

one percent of the total for the larger hull. 
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Fig. A-1.1 -Comparison of frictional hull drag to K^v^ drag 
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APPENDIX A-2 

ELECTROMAGNETIC COUPLING TO CONDUCTING FLUID FLOW 

For fully developed Incompressible flow, the vector equation of 

motion is given by: 

f   -  7P - p  7  v 
D t 

(A-2.1) 

where f,  » body force 

7P =  pressure gradient 
2 - 

_, V v = viscous force density 

Neglecting viscous forces and considering one-dimensional (x) 

notion, we have 

- = (f ) (A-2.2) 

The electromagnetic body force density in a conducting fluid Is 

given by 

f^  -  J X B 
b 

(A-2.3) 

'^  i 

where J  =  current density 

B " magnetic field 

If J and B are mutually perpendicular to the direction of fluid 

notion, as depicted in the sketch, where J = 2 J, B « -^ B, then 

y 

fj^ - « J B (A-2.A) 
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and from Equation (A-2.2), we have for the pressuie graaiiiu 

9P 
3x 

(A-2.5) 

Assuming uniform current and magnetic field intensities, nver 

electrode length L, we may Integrate this expression to obtain fi  the 

pressure rise across the pump: 

AP, 
/ 

J B dx  =  J B L (A-2.6) 

which is the desired expression relating pressure to  urrc-n^ densitv, 

magnetic field, and electrod-? length. 

Now we wish to relate current density to the difference in 

potential, V between the electrodes.  Here we invoke Ohm's law in terr.s 

of a vector field equation for a moving medium. 

o (E + V X B) (A-2.7) 

where c  =  conductivity of moving medium 

B » magretic field 

v,E = velocity and electric field as seen by stationary observer 

Once again neglecting fringe effects, ind separating th.- electrodes by a 

distance 2b along the z axis we have: 

E = z V/2b  ,  V X B =  -2 V  h 
P 

where v = ii magnitude of velocity v ;;<■ that 

J  = o  (V/2b - V  B) (A-2.8) 

Finally, substituting from Equation (A-2.6), we obtain Equation (14) used 

in Section 4.3.3: 

AP O B L  (V/2b - V  B) (14) 
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APPENDIX A-3 

A3.1  Fortran Source Listing: 

Calculations of ideal efficiency, voltage and current 

as function of: 

magnetic field 

area 

number of ducts 

hull size 

electrode length 

A3.2 Sample Printout 
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A3.1  Source 
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