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FOREWORD

Magnetohydrodynamics (MHD) is a fascinating technology that offers challenge both
to the experimentalist and the analyst. This interdisciplinary science that dates back to the
pioneering experiments of Michael Faraday in the early eighteenth century, is still new
with a lot of scientific issues left to explore. In the past decade, research has been focused
on MHD electric power generation, with particular emphasis on fossil fuel-based combus-
tion plasmas. Though Stewart Way, in 1966, demonstrated the possibility of MHD propul-
sion of underwater vehicles, it is only in the past couple of years this aspect of MHD has
received some attention.

Recognizing the potential of MHD for underwater propulsion of Naval vessels, the
Office of Naval Research organized a workshop in October 1988 in Washington, D.C.
Experts from all over the country were invited for the two-day brainstorming sessions to
explore the underlying issues of MHD propulsion. Research programs on MHD propul-
sion were initiated by ONR and DARPA to gain understanding of the fundamental mecha-
nisms involved, and to demonstrate its feasibilit,. Some important issues were identified,
solutions of which are of great significance fo- a successful MHD underwater thruster
development. To address these issues and to scek solutions, the present workshop was
organized. Substantial progress has resulted during the last year as evidenced by the
numerous presentations which are included in these proz<edings.

I would like to thank LCDR Martin of DARPA for his support and participation in this
workshop. I very much appreciate the excellent organization of this meeting by Dr. Lynn
Parnell and the Naval Ocean Systems Center. My thanks go to all participants for their
contributions to a very scientifically stimulating workshop. I am looking forward to the
third ONR workshop on underwater MHD propulsion some time near the end of 1990.

Dr. Gabriel D. Roy
Mechanics Division
Office of Naval Research
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INTRODUCTION

On 16 and 17 November 1989, the ONR/DARPA Workshop on Magnetohydrodynamic
Submarine Propulsion was held in San Diego, California, at the Travelodge-Harbor Island
Hotel. The workshop was sponsored by Dr. Gabriel Roy of the Mechanics Division, Pro-
pulsion and Energetics, Office of Naval Reseaich (ONR), on behalf of the Defense
Advanced Research Projects Agency (DARPA), LCDR Richard Martin, Program Manager
for Mechanical Systems, Naval Technology Office. The Naval Ocean Systems Center
served as host. Fifteen presentations were made, including summaries of results and rec-
ommendations made by three working groups formed from the participants. This report
documents these presentations, as well as the summaries and recommendations of the
working groups.

The purpose of the meeting was to find solutions to three scientific and engineering
issues which have been identified as pivotal to the technology development. These three
issues are as follows: (1) development of low rate/volume, high performance supercon-
ducting magnet and minimization of magnetic signature; (2) conductivity enhancement;
and (3) gasless electrode. Specific emphasis was placed on formulating the answers, inso-
far as the gathered community of expertise could provide at the workshop, to the scien-
tific issues that must be addressed, including setting down the theorectical development
required and experimental data which are needed to advance this technology.

The first day was spent reiterating the issues, solutions offered by the inv '+ speakers,
and presentations on current programs. On the second day the three working groups on
the above mentioned subject areas convened in an open forum with sharing, and elaborat-
ing on ideas that will lead to the solution of the issues addressed.This was then followed
by presentation the working group recommendations to the entire attendance of the work-
shop by the session chairmen, in which the whole group discussed the ideas presented.

This report is being distributed to all workshop participants and others interested. The
list of participants and the agenda are included herein. Additional copies of this report
can be obtained by contacting the undersigned at (619) 553-1588.

Lynn A. Parnell

Head, Propulsion Research & Hydrodynamics Branch
Naval Ocean Systems Center, Code 634

Science Advisor, ONR Propulsion Program
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THE MHD PROPULSION PROGRAM
AT ARGONNE NATIONAL LABORATORY

Presented by

M. Petrick




The feasability, and perhaps more ccrrectly, the
practicality of MHD thrusters will depend on a number of
performance, stealth, and engineering issues.

VIEWGRAPH 1

The desired MHD performance must be achieved at
relatively high efficiency so as not to adversely impact
other major submarine systems,(e.g. reactor, energy
conversion, power conditioning, and condensor), from a
wgt./vol-displacement perspective.

Equally important is the need for the thruster to
operate effectively during transient and off design
conditions. It seems clear that in regard to the latter, the
MHD thruster, if designed for maximum efficiency at high
velocities, should be much more efficient at lower
velocities since the power requirements, and hence, ohmic
losses will be substantially reduced, providing of course
that other substantive loss mechanisms do not come into

play.

There are a number of engineering issues in regard to
the magnet and cryogenic system which impacts the
practicality of the thruster.

The ANL program has been structured to address the
performance issues and to develop preliminary data on the
acoustic signature. The engineering issues are being
addressed through System and Platform Integration
Studies such as are being pursued ay AVCO and NUSC.
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VIEWGRAPH 1

PRACTICALITY OF MHD THRUSTES DEPENDS ON

» EFFICIENT MHD PERFORMANCE

- STEADY STATE
- TRANSIENT
- OFF DESIGN

STEALTH IsSues (SIGNATURES)
- ACOUSTIC

- MAGNETIC
- CHEMICAL

ENGINEERING ISSUES

- MAGNET
* WweT/voL (Z TONS/M
* LOW HEAT LEAK
*  SHOCK SUSCEPTABILITY
* CRYOSTABILITY
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There are a number of technical issues that could
impact thruster performance, noise and scale up.

VIEWGRAPH 2

All these effects can, and will likely, impact performance,
and hence, analyses to determine optimal thruster and
magnet configurations. Thus, we need to be able to
quantify their magnitude as a function of scale and key
operating parameters
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VIEWGRAPH 2

TECHNICAL 1SSUES
« END EFFECTS

- MAGNETIC FIELD PROFILE
* CHANNEL AND MAGNET GEOMETRIES

- LOAD FACTOR
- VELOCITY PROFILE CHANGES DUE TO ENDS

« Viscous ErFFeCTS

= CURRENTS IN SIDE-WALL BOUNDARY LAYERS
* VELOCITY PROFILE EFFECTS
B WALL AND ELECTRODE WALL

¥ ENTRY LENGTH
* EFFICIENCY EFFECTS
- MHD TURBULENCE DAMPING
- CHANNEL AND MAGNET GEOMETRIES

« (as ProbucTiON
- GENERATION
* ELECTRODE DESIGN
- IMPACT ON PERFORMANCE

- IMPACT ON NOISE

+ Noist GENERATION
- VARIOUS MECHANISMS
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Considering these technical issues, we have
proceeded to structure a program whose specific
objectives are:

VIEWGRAPH 3

First, to investigate the pertormance of thrusters
over a wide a parameter range as possible and in doing so
identify and quantify the major loss mechanism as a
function of the operating parameters.

Secondly, use the data obtained to develop and
validate scaling relationships and models so that at the
conclusion of the program a capability would exist to
evaluate and/or predict the performance of large scale
systems of any configuration.

Finally, attempt to develop data on the origin and
levels of noise that could be tied to the thruster. The data,
hopefully, will demonstrate that the projected low noise
levels are likely to be achieved and provide the basis for
designing more indepth hydro-acoustic experiments.




VIEWGRAPH 3

PROGRAM OBJECTIVES

INVESTIGATE THE PERFORMANCE OF MHD THRUSTERS (OvEr WIDE
PARAMETER RANGES AND IDENTIFY AND QUANTIFY MaJor LossS
MECHANISMS

Deveror VAL IDATED MODELS AND/OR SCALING RELATIONSHIPS FOR
ProvICTING PERFORMANCE OF FuLL ScALE THRUSTER GEOMETRIES IN
OpzRATIONAL PARAMETER RANGES OF INTEREST

OviziN PRELIMINARY DATA ON THE ORIGIN AND LEVEL OF AcousTicC
Noise THAT CouLd BE ATTRIBUTED TO THE MHD THRUSTER
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To achieve these objectives outlined and to live
within cost constraints, we have adopted the following
technical approach.

VIEWGRAPH 4




VIEWGRAPH 4

TECHNICAL APPROACH ADOPTED

Focus ON GENERIC TECHNICAL ISSUES IMPACTING
MAGNETOHYDRODYNAMIC PERFORMANCE

TEST

TEST

FaciLiTy DesSIGN

NO MECHANICAL PUMP; FLOW GENERATED BY MHD THRUSTER
LARGE EXTERNAL PIPING TO MINIMIZE NOISE LEVELS
INTERMITTENT HEAT REMOVAL

NO EXTRAORDINARY MEASURES T QUIET FACILITY
MINIMUM COST

SEVERAL THRUSTERS OF VARYING Size AND/OR CONFIGURATION

EMpLOY 3-D MoDELING/DIMENSIONAL ANALYSES TO DEVELOP
FUNDAMENTAL UNDERSTANDING OF TECHNICAL ISSUES AND PROJECTIOM
OF PERFORMANCE TO FuLL ScALE

UTiLize EXISTING ELECTRODE SYSTEMS AVAILABLE FROM INDUSTRY

ACQUIRE THE PRELIMINARY HybproacousTIC DaTAa IN CONJUNCTION
WiTH ACQUISITION OF MAGNETOHYDRODYNAMIC DATA




At this time | would like to discuss several technical
issues further to underscore their potential importance in
operational ranges that are compatible with achieving
acceptable efficiencies, (e.g. low K), and thus to establish
the rationale for the program we are pursuing.

First, let me address the end loss mechanism, which is
depicted in

VIEWGRAPH 5

When a voltage is applied across the thruster
electrodes, current flows directly between the electrode
and also in the end region. The relative flow of current
between the region internal and external to the electrodes
will depend upon the aspect ratio L/A, the load parameter
K, (e.g. ’\YTB ) and the magnetic field distribution

va

internal and external to the electrodes.
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This fact is perhaps better illustrated on the next
VIEWGRAPH 6

by an equivalent thruster circuit. The thruster here is
represented through parallel circuits, each having an
effective resistance Rl and RE. A back EMF is generated in
between the electrode whose magnitude is UaB where U is
the average velocity and B the magnetic field; in the end
region the field tapers off and, therefore, the back EMF is
considerably lower than that which exists between the
electrodes. The key parameter is the load factor which
determines the relative flow of the current to the ends, vis
a vis between the electrodes. The uniformity of the field
impacts the local load parameters and, hence, current
distribution.




VIEWGRAPH 6

UaBo

I

I.LOAD FACTOR K = VT/(u.aBo)

EQUIVALENT THRUSTER CIRCUIT




On the next
VIEWGRAPH 7

is a table which presents preliminary estimates of the
magnitude of the potential losses due to end currents and
the non-uniformity of the magnetic field for the large
channel we are planing to test, whose aspect ratio AR=6.

The first column represents the ideal conditions, no
end currents, and constant B field. The second column
represents the ideal channel with the existing magnetic
field. The third column is the calculated effect of the end
current on efficiency. As is apparent, the effects are
greatest at the low load parameter.
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VIEWGRAPH 7

CALCULATED LOSS IN EFFICIENCY DUE TO
NONUNIFORM FIELD AND END LOSS

LoaD [DEAL ActuaL B EFFICIENCY
FACTOR EFFICIENCY No ENDS WitH ENDS
1.1 .90 .86 78
1.3 .76 73 .70
1.5 06 . 103 6l
2.0 . .49 W48 46
3.0 . 33 ' 32 31
4,0 24 24 23

ELECTRODE LENGTH = 3.0 M
ELECTRODE SPACING = 0.5 M
AsPECT RATIO = 6.0
SUPERCONDUCTING FIELD PROFILE
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The previous data was for a specified electrode
length of 3 meters.

An important issue is the effect on end loss and on
efficiency of varying the elecirode length within a given
magnetic field distribution. Electrodes of various lengths
can be positioned within the magnetic field as illustrated
on the next

VIEWGRAPH 8

The magnetic field distribution shown is that of the 6T
magnet we will use in our test program.
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Some very preliminary analysis indicates that the
impact of electrode length can be significant and there is
likely an optimal length. as shown on the next

VIEWGRAPH 9

As is indicated, as the electrode length is increased,
the efficiency drops off rapidly; conversely, as the
electrode length is reduced to =zero, the efficiency
approaches the ideal. Under such conditions, however,
there is no thrust. Similarly, the AP generated increases,
and peaks at the length corresponding to the total length
of active field. The results suggest that from an overall
system optimization viewpoint, there is likely an optimum.
We have defined a figure of merit as the i x AP which is
plotted and which shows an optimum at about 4 meters.

The issue is to utilize as much of the filed as you
effectively can to maximize the overall power train
performance. For example, as one goes from 3 meters to 4
meters the efficienzy drops by

6162 - 5323 = 12%
6162

But the pressure rise increases by

146 - 414 = 32%
414

The relative importance of this phenomenon will
depend upon the magnet design (field distribution).
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VIEWGRAPH 9
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The magnetic field distribution load can also effect
the velocity profiles and thus possibly impact the wall
shear on both the B wall and the electrode wall and, hence,
thruster viscous losses.

That this can happen can be seen from the schematic
representation of the flow profile relative to the B wall as
illustrated on the next

VIEWGRAPH 10

The current that will pass through the flow locally is
given by the relationship indicated where VT is the applied
voltage, B the field, and U is the local velocity. Because of
the velocity profile in the flow, the driving force or
voltage gradient increases with decreasing distance to the
B wall. Therefore, as the wall is approached, the current
flow will be increased and the flow accelerated. The net
effect is to flatten the velocity profile and increase the
velocity gradient near the wall: this in turn will increase
the viscous loss.
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VIEWGRAPH 10
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The effect should be a strong function of the load
factor K as schematically illustrated on the next

VIEWGRAPH 11

For very large load factors, the effect is expected to
be very small and the profiles will be little changed from
OHD flows. However, for the low load factors approaching
1, the effect would be significant as indicated. How fast the
changes in flow profile will occur in a specific length
thruster will be determined by the Interaction Parameter

N = o 3L

L

This effect is currently being evaluated with our 3-D codes.
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VIEWGRAPH 11

1

NORMALIZED VELOCITY PROFILES
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The velocity profile on the electrode walls can be
impacted by interaction of the currents and field
distribution in the entrance region.

For example, in the entrance region as illustrated in
VIEWGRAPH 12

current flows in a pattern similar to that indicated. In the
center of the duct the current is orthogoral to the field and
flow, whereas as you get near the electrode wall it tends to
become much less so. Therefore, the pumping action, the J
x B is much stronger in the center, as compared to near the
wall. Thus, one can expect that the velocity gradient will
change near the wall thus impacting shear ancd viscous loss.

Once the flow enters the region in the thruster whzre
the currents are eventually perpendicular to the flows, the
J x B becomes a constant and thus there should be little
effect on the velocity profile on the electrode wall. The
same phenomena occurs in the exit region.

We have not, as yet, generated any numbers to
quantify this affect since we have not completed
modification of our 3-D code to account for the end
currents. We hope to have this completed within a few
months.
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Another important issue that needs to be addressed
is the impact of the gaseous bubble generated at the
electrode due to electrolysis of the sea water as
schematically illustrated on the next

VIEWGRAPH 13

As is indicated there are a number of potential
impacts that need to be studied and quantified.




VIEWGRAPH 13

IMPACT OF PRESENCE OF BUBBLE UPON THRUSTER PERFORMANCE

¢cathode

DECREASE EFFECTIVE CONDUCTIVITY

INCREASE VOLTAGE DROP IN NEIGHBORHOOD OF ELECTRODES
DECREASE TOTAL EFFECTIVE VOLTAGE AND CURRENT

ALTER CURRENT DISTRIBUTION IN NEIGHBORHOGD OF ELECTRODES
DECREASE GLOBAL THRUST

INCREASE NOISE SIGNATURE

INCREASE ~ ELECTRODE CORROSION AND REDUCE  ELECTRODE
OPERATING TIME

O O O O O o o
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| would now like to turn to an important task in our
program that we are focusing on at present - to develop a
Research Plan and to design a Test Facility that wili allow
us to achieve our technical objectives. Before discussing
the Test Plan definition activity, it is worthwhile to
summarize the technical issues that we believe need 10 be
investigated. They are as listed on

VIEWGRAPH 14

| tried to touch on most of these; time limitation
clearly precludes a detailed discussion of all.
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VIEWGRAPH 14

TECHNICAL TSSUES
END EFFECTS

MAGNETIC FIELD PROFILE
CHANNEL AND MAGNET GEOMETRIES
LoAD FACTOR
VELOCITY PROFILE CHANGES DUE TO ENDS

VISCOUS EFFECTS

CURRENTS IN SIDE-WALL BOUNDARY LAYERS
VELOCITY PROFILE EFFECTS
HARTMANN & TURBULENT PROFILES
ENTRY LENGTH
EFFICIENCY EFFECTS
MHD TURBULENCE DAMPING

GAS PRODUCTION

GENERATION

ELECTRODE DESIGN
IMPACT ON PERFORMANCE
IMPACT ON NOISE

NOISE GENERATION

SCALE-UP
DIMENSIONLESS PARAMETERS
Nestme =pn
NANGE FOR EXPERIME

RANGE FOR APPLICATIONS

NTS




We have adopted several specific objectives as we
proceed to develop the Research Plan and the actual Test
Program. They are given on the next

VIEWGRAPH 15
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VIEWGRAPH 15

OBJECTIVE OF TEST PROGRAM

- ACQUIRE DATA OF SUFFICIENT BREADTH, RESOLUTION, AND ACCURACY
FOR PROPER VALIDATION OF THRUSTER PERFORMANCE

y CONFIRMATION OF KEY ASSUMPTICONS (E.G., VALIDITY OF
TURBULENCE MODELS, TREATMENT OF END LOSSES)

*  RESOLUTION OF CRITICAL ISSUES (E.G,, EFFECT OF Ho
BUBBLES ON THRUSTER PERFORMANCE)

* PERFORMANCE PREDICTION AT DESIGN AND OFF DESIGN
OPERATION

- ACQUIRED DATA ON AcousTic NoiSe (DTRC), IDENTIFY NOISE
SOURCES, AND CORRELATE ACOUSTIC SIGNATURES WITH OPERATIONAL
PARAMETERS OF THRUSTER

~ CONFIRM ABSENCE OF UNANTICIPATED EFFECTS THAT CAN ADVERSELY
AFFECT PERFORMANCE
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The principal features of the Experimental Program
we are developing are given in

VIEWGRAPH 16
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VIEWGRAPH 16

FEATURES OF EXPERIMENTAL PROGRAM

- THRUSTERS OF DIFFERENT SIZES (AND POSSIiBLY CONFIGURATIONS)
* STUDY EFFECT OF SURFACE TO VOLUME RATIO
*» (BTAIN DATA TO CONFIRM SCALING RELATIONSHIPS

» COMPARE PERFORMANCE OF DIFFERENT THRUSTER DESIGNS

- STEADY STATE, START-UP, AND COAST DOWN TESTING

¢ STUDY ABILITY OF DESIGN CODES TO PREDICT TRANSIENT
BEHAVIOR

* DETERMINE TRANSIENT OPESATICNAL CHARACTERISTICS

- PERFORMANCE MEASUREMENTS UNDER A WIDE RANGE OF MAGNETIC
FIELDS, LOAD FACTORS, AND EXTERNAL LOADS
* OBTAIN PERFORMANCE (URYVES OF THRUSTER

- GLOBAL AND LOCAL MEASUREMENTS

- VARIABLE AMBIENT PRESSURE TO STUDY EFFECTS OF GAS PHASE
SOLUBILITY ON BUBBLE GENERATOR, EVOLUTION, AND CONTRIBUTION
TO NOISE
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The specific measurements we are planning to make

are given on

VIEWGRAPH 17
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VIEWGRAPH 17

GrosAL MEASUREMENTS

OVERALL PRESSURE RISE
« FLOW RATE

« APPLIED VOLTAGE

« ELECTRIC POWER INPUT

» MAGNETIC FIELD

* RAPID DATA ACQUISITION RATE ALLOWS STUDY OF TRANSIENT
BEHAVIOR AND EXTENSIVE TEST PARAMETER RANGE

Lecar M

e

ASUKR

rnm

M

NTS

« AXIAL PRESSURE DISTRIBUTIONS

« VELOCITY PROFILES (MEAN AND RMS)
* VOLTAGE DISTRIBUTIONS

« (AS PHASE DISTRIBUTIONS

» TAKEN AT SELECTED LOCATIONS AND OPERATING PARAMETERS TO
PROYIDE IN DEPTH VALIDATION OF CODE MODELS AND HELP

RESOLVE DISCREPANCIES BETWEEN PREDICTED AND MEASURED
PERFORMANCE
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The diagnostics we are considering to obtain the data
desired are

VIEWGRAPH 18




VIEWGRAPH 18

INSTRUMENTATION

PRESSURE : HIGH QUALITY DIFFERENTIAL PRESSURE
TRANSDUCERS OUTSIDE MAGNETIC FIELD CONNECTED
THROUGH MANIFOLDS AND VALVES TO SEVERAL
PRESSURE MEASUREMENT LOCATIONS

VELOCITY: HOT FILM ANEMOMETRY
LDV (1F RESOURCES PERMIT)
SELECTED LOCATIONS INSIDE THE MAGNET
VELOCITY PROFILES AT NOZZLE AND DIFFUSER.
COMPUTER CONTROLLED TRAVERSING MECHANISMS
USING ANEMOMETERS

VOLTAGE: VOLTAGE PROBES

Voip FRaCTiON: CONDUCTIVITY PROSES, (PTICAL TECHNIQUES.

CompuTeEr BASED DAS
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The Hydroacoustics experiments that we plan to
pursue on the thruster, while preliminary in nature, are
very important. Therefore, it is appropriate that | expand
a little on what is being planned in this area. It should be
noted that the hydroacoustics research is being planned
and will be implemented by Dr. Ted Farabee of David Taylor
Research Center.

A listing of the potential noise mechanisms for an MHD
propulsor is given in

VIEWGRAPH 19

The ANL program will be dealing with only the first three.
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A conceptual signature of the MHD thruster is given in
VIEWGRAPH 20

to illustrate potential frequency ranges associated with

- each mechanism
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The Hydroacoustic Program Objectives, it's
associated Facility Design requirements, and the
experimental approach is given in the next 4 viewgraphs.

VIEWGRAPHS 21, 22, 23, & 24
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To facilitate implementation of the Experimental
Program, a large Volumetric Flow Test Facility that can
take full advantage of the capabilities of the iarge 6T
magnet is being designed and built. This task has jusi been
initiated and therefore what is presented must be
construed as very preliminary; changes are assured.

The Facility design objectives, its main design
features, and a schematic of the initial configuration being
considered for the flow loop are given in

VIEWGRAPHS 25, 26, and 27
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Last, but not least, | would like to describe briefly the
analysis and modelling activity which is considered to be
crucial to quantifying and developing a fundamental
understanding of the loss mechanisms of interest; also for
generating a validated capability for predicting full scale
thruster performance.

The objectives, this approach and the specific tasks
being pursued are summarized in

VIEWGRAPHS 28, 29, 30, and 31
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SUPERCONDUCTING ELECTROMAGNETIC
THRUSTER FOR SEAWATER PROPULSION

Presented by

Dr. J.C.S. Meng
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CROSS SECTICNAL VIEW OF SINGLE AND
CLUSTER OF SADDLE DIPOLES
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CROSS SECTIONAL VIEW OF
TOROID AND SOLENOID

RACE TRACK
TOROID
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INTEGRATED STRUCTURE AND
FINITE ELEMENT SIMULATION PANELS

(SADDLE DIPOLE CLUSTER)
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CLUSTERED DIPOLE
PERFORMANCE CHARACTERISTICS

12
i Length = 10 m
i Outer Diameter =.10 m
X 8 Dipole Units
- Max Allowable Stress = 50 kpsi

1 NbSn Superconductor

v Jelec = 500 Am~-2
¢
)

08 _ Power [W * 1077]
- ".',‘\\_
- N
- ‘\q;\

06 - S
~ '\"'
i e
3 T Stored Energy
- e [J * 10710]
- Fracbon of Energy in Duct R :
: S PR 4 L e ‘(_;;‘/‘

02 - e—3 —s-ii:_:_i | T
- /2//:/ e "-'2"‘“‘3“9“6'\
;_ == Conductor [TAM * 10"11]

0 i e .

0 8 7 8 9 10

Magnetic Induction [Tesla]
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RACETRACK TOROID
PERFORMANCE CHARACTERISTICS

Length = 10 m
X Outer Diameter 2 10 m |
- 6 Trapezoidal Segments
v

- Power W * 101" Max Allowable Stress = 50 kpsi
- - NbTi Superconductor
[ Jolec = 500 Am™-2 g
- Fracbon of Erargy in Duct \V
o M““—f’*ﬁi_\;\ N \\
- "-‘-n\i’\ﬁ\{ \ k
] : Stored Energy
i -\. \ [J*10101
- =
_ Thrust [MNI . s
! or [TAM *;10 1]
] b By T, e S,y J
0 i 9 10

Magnetic Induction [Tesla] Crorai
(90} 167 12,
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SHIELDED SOLENOID
PERFORMANCE CHARACTERISTICS

12
L Length = 10 m
i Outer Diameter = 10 m
i Double Solenoid
- Max Allowable Stress = 43 kpsi
1T NbTUNbSn Superconductor |
I Jelec = 500 Am”-2 g
- |
08 - }
L
i |
F i
0f - |
_ Fraction of Energy in Duct :
: Lwﬁ\‘—i‘ﬁ-_%‘—-:\—_—‘__.___ﬁ‘_.}_‘%}w f
04 - : - : : T
5 Stored Energy ‘
i [J * 10™10] //e |
02 | > Thrust [MN]
v {
o d A 2, {
= S i
- Conductor_[TAM * 10711]
- M
0 T B iy Tl L AR A ‘
0 1 2 3 4 5 8 7 8 9 10
Magnetic Induction [Tesla] sy
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MOUNTING CONCEPTS

COMPARISON OF VARIOUS PROPULSION SYSTEM

iy

Pt
P

- 2

. 7

X

:

&
.

.

X

Hull Mount MHD
Propulsion Engine
Pod Mount MHD
Propulsion Engire

118

Avco Research [I2A1

N4803




119

‘uotrjeanbiLjuod abed
(844tnbs 3yy 48A0 - AJLSUBP FU3LUND a3MO| pue ‘aunjeubis ppaty driaubew u4amop ‘AdualdLyja uaybLy
Se Uons - sSjuawaAouduy {eU3A3S S433j0 1daduU0d Junow ||ny Jejnuue 3yj) -a3i1emeas ybnouyyl 3[ILyaa e
buL|{adosd uL [nyssaddns sem yoeouadde siLy| -pasn sem uorieanbijuod abed [3a4LnbS 8y} ‘AeM 14eMILS
Aq pawuojuad sjuswiaadxd 433snayl dLweuApoupAyolaubew (suLy 3y} U] CJUNOW || NY Je(nuUuR 3y} pue
abed |auainbs ayy - a|qissod auae suorjeanbLjuod oMy ‘suorieanbLiuod | {ny pajunow A||euaaixa 404

MITA L4V - SNOILVINOTI4NOD TINH




LTIV ETY ydseasay ooay

808YN

JUNOW |INH Jejnuuy aben jaunbsg

l_l

M3IA 14V — SNOLLVHNOIANOD TINH

120




‘walsAs uorsyndodd asutaewqns ayyl 403 yoseouadde
patuajaud ayy sL 43ysnayy dtweuhpospAyojaubew aepnuue ay) ‘auanjeubis piatj 2ayjaubew 3samop ayy se
yons sajnqialle 43ylo yiim pauiquod St adjuewaojsad ybty sLyl aduLs -suoiieanbiLjuod syl ayl Jo
aduewsoyuad 3saybry ayy saodnpoud uotieunbLjuod dejnuue 3y} ‘awn|oA MO|j 3y} dziwixew SjLSea 1Sow
ue> yoeoudde Jejnuue 3yl ‘suotiedtidde aJutrJewqgns |enide a3y} utL asnedag -uoijeanbLjuod dejnuue
9yl Yjim paziwtuiw SL pue 3sed JeauL| 9y} yItm 3sajeaub st abejyea| platj odii1aubew oyl -uaded
3yl jo aueid ayjl 03 JeindLpuadaad st 3d40) g x [ Bury|nsas 3yl sased 3asyy (e ul -Buwmoyy St

J431emeas ayy adgaym uotbaa ayiy st eaue Aeuab ayy -Ap|enidaduod umoys aue suoLiedanbBLiuod a3uyl ayy

SNOTLVHNITINGD 33¥HL 3HL Y04 SITLISNIQ LNIYAND GNV Q1314 8



E YJ4eadSaYH OJAY

YO8FN

aben jounnbg lejnuuy leauln

apouy

apouy

apoyien spoLiED

SNOILVHNOIANOD 33HHL JFHL HOd SNOILLO3HIA INIHHND ANV (11314 9




pue|bul ‘uopuo ‘pajrwL Auedwo) Burysitiqngd S,suep
‘68-8861 'sSdLyS buliybij sauef ‘NY¥ ‘390 ‘adJeys paeyory uieide) )

(1) 43modasioy 1jeys 000°SE ~ 40 jueld 4amod Burlsixa SIL yilm sjouy +0g€ $0 spaads pabaaugns
aA3LYO® URD autJewgns SLY} ‘Suol Q069 JO juawadeldsip pabaawgns e pue ‘w |°QL JO Jaj3weLp e ‘w QL
40 yybua; ejo3 ® yiLM -saurJewqns Sse|d yoeple sajabuy so] a8yl jo [eatdA] SL opessng SSN Ayl

(SLL-NSS) 01v4dng ssn




- (S1LL -

[ .

NSS) O1v44n

S

HdVHOOLOHd

N’'sin




“uotjesado 4d3aLnb yonw uo0j |eLijualod ayl Sa3jjo 433snayl} diweulpoapAyolaubew 3yl Ing ‘walysAs
voLs{ndeid !euorjuaauod a3yl buirydeoadde aduerwaojadd apraoad ueds wajlsAs uoits|ndoud juelpnsad ayy
*pazuiciiyLw udaqg sey J433snayl ayl ybnouyy DBuLMOj J433BM 3Y) pupR BuLJIPWGRS 3Y) UIIML3Q JOUIUBJILP
A1LDCi3A BY] °‘433SNUY} 3yl JO 3wN|OA PasO(lIua ay} paziwixew sey uoriedanbLjuod ayjl asnedag “AjLpLq
~BALAUNS PpaseadsuL Se [13M Se AlL|LQeaaA3nuew padsueyud 40j 3prLaosd o3} pajuawbas st 37 -asutdew
‘qns ayy 4o yibua| (L3031 8Y} 0 202 Aldrewixoudde st 4dISNAY} 3AY) - (SSe|I 889 NSS) Burdew
-qns sseid joejje sajabuy soql e uo umoys SsiL uotleanbiLjuod 431SnNUYyl dLweulpodpAyolaubew Jeinuue uy

SINTHVHENS Y04 WILSAS NOISINAOYd ITWVNAGOYOAHOLINOVMH




CLIOTED uoseasey oday YOLON

W3LSAS NOISTINdOHd
OINVYNAQOHAAHOLINOVYIN

126

INIHVYINENS SSVYTO STTIAONY SOT
” l{

SANIHVYINENS HOd IWILSAS NOISTNdOHd JINYNAQOHAAHOLINOVIN



*u0t31234Lp
leyjnwize a3yl ul J3YOLY} YONW pue UOLFIALLP |BLPEL 3yl UL J3UULY) Yonw 3de eyl s{Lod 33ubew
40 1S1Su0d Afa)L| jsow prnom ubLsSap |en}de 3yj -3WN|OA MO|j 3y}l JO SIIBJUNS UIINO pue J3uuL a3yl
UO Pajunow du4® $3P0O41I3[d 3Yyjp " |NY AUiLJPWENS 3Y} O] JOLAILXD PIJuNoW SL JLUN U3ISNUY] 3aLIU3 a3yl
‘aurJewqns ay} |adoad 03 ISnuyl} 8y} SapLAo4d pue UOLIIBULP [BLXP 3Y} ulL St 3d403 g x [ juey(nsau
3yl -uo0L}ddaLp [eyjnwLzZe ay} uL piary dijaubew e apraosd SpLod jaubew abuep  cu0L}J34Lp |eLpRA
3yl ut sSMO|j Juduund 3yy -uotryeanbijuod sefnuue 3y} 0 Saunieay (enydaduod ayl sMmoys auanbry ayl

NOISTINdOYd 3INTYVWANS IIWVNAGOYOGAHOI3INOVM YO 143IINOD GILNNOW-TINH YVINNNY

127




CETISEN yaseasay 03ny o

3q0410313
TINH

1H0ddNS
LIANDVINHI LN

128

J3AVHL 40
NOLLDO3Y”Ia

NOISTNdOHd INIHVYINENS DINVNAQOHAAHOLINDVYIN
HO4 1Ld3ONOJ A3ILNNON-TINH HYINNNVY




*sadeys [|hy pue‘sjuawasinbad 1snayl
‘s|aAa| Jamod “spaads jOo A13LJ4BA B J0) pauLwsdl}dp ag uayl ued ddurwaojU3ad auLtaewqns 3y} - apou
3yl Ul Papn|douL OS|P 4P PILP 3ILJUNS puUP JUILDIL3 3302 Beup jtes ayl ‘Af4e[LulS °3deJUnS pue juald
—-144909 6esp JL]SL4djoearyd B y}lM sabepuadde ajeuedas se papn|ouL ade sS4appna 4amoj pue aaddn pue
‘saueyd mog 40 (|Les) JgajemaLey ‘saue|d uuadlS “Apoqpiw taj|eded ayyp SL ucLIIAS I|Pplw 3yp ‘-uotL}
-23S 3}4® 3y3} J0j pLojoqeaed B pup BULJRLANS 3Y} 0 MOG 3y} 40 prosdi|d ue bHuisn Aq ps apow st
auLJsewqns ayj] -JWN{OA pue SSeW ‘[3A3d| 43mMod Butusewyns udaLbh e 40} suorjeanbLjuod pue sSuOLILpuUOD
butjeaado JiweuApoupAyolaubew wnwirido 3y} aurwiaalap o} padoysaAap usaq sey [apow uoijeziwirido uy

gvyQ ONV LSM¥HL - 13G0W @ L - ISvND

129




OVHA ANV 1SNYHL - 13AQ0N a LISVNO




‘B3JR JLX3 [duueyd 3y} O3 PaJPR 11X 9|ZZOU Y} 4O OLIBL 3y} SL OL}eJ BaUe 3|ZZOU
a3yl -yibua| autaewqns 3y} AG PaApLALP LLPRJL 43N0 pUR 43UUL 3Y]} JO 3JUIUIIJLP 3Yl SL Ol1BJ YIpLM
{eiped jauueyd a3yl -yjbua)] aurJewgns a3y} o031 yirbua| 433Snayl 3yl jo oiles a3yl st yibuay 43snuyl
wnwiido ayjy -ubrLsap 4a331snuyl pajLelap ayl do|3IAdp 01 pasn 3ue suajawesed 33Uy} ISIYl -a|zzou
ILX3 431SNJY] pue ‘Otlea YIpLm [PLDPRA J31SNJy} ‘yYibua| 431snuyl wnwildo ayjl ade ‘saunbLy Buimoj|o4
3y} ul passSnISLp a4e YILym ‘asayl jJO 3auayl -waIsSAS 43}sSNayl a3yl 0 sILisiuajoedeyd Aujawoab Jofew
8y} auljap 01 pasn SL pue pazZL|PUOLSUBWLPUOU SL |3pow a3yl -SuoLlLpuod bBupieaado 433snUy} sno
~tJeA 40y [eLjuaiod ayy ajebLlsaAul 03 SaLpn3s 30npuod 01 pado|aAnap uaaq sey |apow uoijeziwiirdo uy

T300W NOTLVZIWILAO

131




OPTIMIZATION MODEL

- =
R S :
S ATNOE R S Y
A s ~ RN

Avco Research f17ALCL]

N8601




"€£00°0 Sem pasn sem eyl 1uaLdL}jaod Heap ayjy -e|S3a) 8 Sem piaLj di11daubew 3yl pue w/oyw p Sem
pasn A}LALIONPUOD U31BMRAS 3Yl "W 2-2L Sem Ju3jaweip sutaewgns pue w Q0 Alarewirxoudde sem yjibuay
aurJewgns ayjl ‘sisApeue uoLjeziwirldo sLy} J4o0j pajebirisaaul wajlsAs uorsindoad autaewigns ayjy 404

*91zzou buibaaarLp a0
buLbaaauod e Buipniout jo S}Ladw 3yl SSasse ued weaboud ay3 ‘uotLppe Ul CUOLYIBALP [eyinwlze ayl}
UL SS3UXILY} [LOD 3yl pue “{L0d 43N0 BY] JO SS3UNILY] ‘[LOD J3UUL 3Y} JO SS3uYILy3 ‘snipea aaino
433SNayl ‘sntped Jaauul 433snayyl ‘yibusl ualsnuyl ayil Aq pazigardedeyd St J3ISNUY] I LweUApPOUpAY
-ojaubew ay) -jaubew 3yl (apow 01 pasn aue -~ suoljLided BYl JO SS3UNILY} 3YJ pue ‘suany pua ayl
40 SsSau¥dLy} feiLxe ayl ‘suotjiijsed pajuawbas jo0 uaqunu ‘suany pua jaubew Jo Jaqunu ‘praty dtjaubeuw
~ Ji3Stad3oedeyd jaubew ay) -adeys auLsewWGnS Y] SULWIIIIP 0} Pasn 3ue S3|iLjoud yolL1I3s 31je pue
MOQ 3y} Se [|am se - JdjaweLp pue yibua| - D13sSL43dIOPARYD Autaewgns 3yl piniy buryuom a3yl 4oy
- A3LS0ISLA pue ‘AJLSUap ‘AJLALIONPUOD | BILUIII|3 - LIIBMEIS JO I13SLU3]DBUARYD 3yl Sasn [apow ayj

S1NdNT 300K G- L

133



CTTITETY yoseasay 0dAy zzzsN

Xayayf/zouy ‘zou- : 37ZZON -

oyl ‘oyy ‘yy ‘(x)oa {(x)u ‘uoq ‘udxX  : TINNVHO -
dyj ‘xy} ‘dN ‘swN ‘(x)g : 1INDVIN -

ansQ ‘ans  : INIHVYINENS -

m‘d ‘o *HILVM -

S1NdNI13a0OnNai

134




*S317LJ013A [P 1P 3JuPw40j43d ||e43A0 3ziwrldo 03 Pa}da|ds sem yjbua| auLsewqns ayl jo %G1
30 yabua| 4a3snayl B ‘140333 SLy} ut pajebrisaautl ubLsap auraewgns 3ay} 404  "yjbua| (euoLjippe
3yl wouy padojaAap 3sSnJy} pappe 3yl ueyl 43]Sej SISPALIUL 431SNJY} 3y} jo beuap pappe a3yl ‘saseaud
-up 433snayl ayy 30 yibus| 3yl sy -yjbua| aursewqns 3yl 30 %0¢ Aiajewixouadde si yibua wnwiido
ayl ‘sjoux gp Jo paads e 1y -saseauadul ospe yYyibua| 431snayl wnwiido 3yjl °‘saseaudulr paads auldew
-qns 3yl sy -wnwijdo 3yl st yibua| aursewgns a3yl jo 5 3o yibuap Jaisnayl e ‘sjouy M3y e jJo
S3L3LI0(3A 1Y -3duewaojuad wnwiido Joj syibuaf 433snayy 1a0ys AudA auinbas S3aLILIO0|3A autJsewqns
MO| AuaA “pajdadxa sy -wdlsAs Jaysnay}l ay} jo uotieziwiido ayyl ui juejuodwi st yjbusp asuraewqgns
1P101 3yl 01 yibua| 433snayl dtweuApouapAyoiraubew wnwiydo 3yl jo oLleL BYl JO UOLIPULWISIAP 3yl

O11VY¥ HLINIT INTYVWENS OL TINNVHI WNWILdO

135



LIV ET] yoseasay oday
qnsT

SEZBN

1

d

(siouy)on o /

%

X

| 1
}
H

OlLVH HLON3T INIHYINGNS OL TAINNVHO WNNILd

-0200°0

-£00°0

(TYNOISNIWIANON) HIMOd

-v00°0

(o)

136




"SLSAleue ubLsap pa|telap asow 1uanbasqns 3yl 40j parIaf
—-3S SeM OLled e3J® sLyl -g-Q A|a3jewixoudde SL oijea eaae wnwiido 3yl ‘AILI0[3A 0U¥ Qb 3yl 404
"Aljuedsijtubls pasnpas st 8dudbuaauod a|zzou jo junowe 3y} ‘sSaseauadut A}LI013A Y] Sy “1Ljauaq
jsow jo si 3jzzou burbuaauod 3yj ‘paads autuewgns moy e ‘ureby  -433snuyl 3yl JO UOLIIIS 4P
3yl uL 3ajzzou 3Lx3 ue buisn AQ psuLel1qo S}133uaq 3yl jJO pala|dwod 3g ued JUBWSSASSE UR ‘AlJde|LWLS

0I1vYd v3I¥V 312Z0N HWNWILdO

137



CTENTVETY uoseasals 0oAY

o< GEZ8N
uy
bl rAll oL 80 ocm v0
" . } Nw'lh”\lkﬂ
/
0¢c /
ob S\
(stouy)on
1000 \
M
-,WQQ.Q //,
(TYNOISNIWIGNON) HIMOd

OLLVH V3"V 37ZZON WNNILO

138




“paAatyde uaaqg Sey saziLs a3bae| wouay afqeuLeIqOo ISPAULIUL IIuPWUAOIL3d 431SnUY] (eiiualrod ayjy jo
LLe Aj4eau ‘3zts syl 404 °GLO°0 3q 0} Pa}Ia|3S SBM OLIBA Y}PLM |BLpPBL 3Y] UOSEaJd S{Y3l 404 "SI}
~St43joedeyd bHuL113syjo 3say} o3 uaALbh aq Fsnw uoL}eU3PLSUOD BwoS ‘snyl  -Abaaua pauanils jaubew
‘ajuay pue ‘uadjawelp 49}SnAYy} J43jeaub vuinbas eaue 3a3jul J0 sanpea uabae| ‘puey J48Yylo 3yl Uup
*Sjuswauinbas uamod [ PUOLSUBWLPUOU 3Y] SISPAULIBP pul JdUPWAOJIAd AY] SISPAUIUL ‘AWN|OA 43FSNUAYT
3yl S3seasduL ydtym ‘eaqe JajuL dyl} o dzLs ayy bHursesudur ‘paidradxa Sy  °SALILIOLAA a4yl
404 pojjo(d st buruado 43ISNUY] |[PUOLSUIWLPUOU SNSUA3A u3mod {euoLsuawipuou 3yl -yibuaj autdsew
-Qns jo uoiLlduny e se pajebLisaauL os|e sem uotbaus u3jsnuayyl odwweuApodpAyolaubew ayl ur Bupuado ayy

OILvd HLOIM TVIAVY T3INNVHD HLIM NOTLVIYVA

139



CTEITEETY yaseasay 0oay

6200 z 200

LEZBN

{

cq e, S, R

5£00°0 + AN
(TVNOISMIWIANON) HImed

OlLVH HLAIM TVIAVH T3NNVHO HLIM NOILVIHVA

140




‘MW [ LeuoLriLppe ue s3aaiLnbaua uemod [eOLu]

| -2319 uL aseausdul ue ybnouayl jouy auo Aq paads surJsewqns 3y} buLseaddul ‘puey 43ylo ayjl ug -ouy
auo Agq paads auLJewgns 3y} SISPaJdUL 20°0 O} OLIP4 ylpitm (eLpes [auueyd 3y} buiseadduy -sjouy pg

40 J3s/w [| 3O A31D013A autsewgns e sapLaoad 4amod [PILU}IB|I JO MW G ‘eIS3L 8 JO piaty dijaubew

P pue 01}1P4 YIpLM [eLpEA [BUURPYD G{0 0 8Y} JL04 "UMOYS 3JP OL}RJ4 YlplM |BLPBJ |BuueyYD JO SBN|EBA

3a4ay] -aunbrj 3yl Ut UMOYS SL SILILIOLSA JULJBWYNS SNOLJIBA 40} Ppaustnbas uamod (eOLUYI3|3 3YyY

ALIJ073A INIYVWENS “SA (MW) Y¥3IMOd

141



CI=ITEETY yaueasay 02y LEZBN
(oas/w1) on
W gLl 0'GlL A 001 G'L 0'S A 0
w } 4 } t — b 4 0
, 0L
1+0¢C
S
lﬁcm M
o
o i .w
\ o =
20°0 \ log
SLO0
LO°0 —09
qnsT/av

ALIDOT3A ANIHYWNENS "SA (MIN) HIMOd

142




‘suoLjejLlwil] pLatsy dL4123|3 Aue
MOL3q {8m SL pue |[|BWS SL P3ly 31431I3|3 Yy} ‘Sased [|e UL °‘U3A3MOH °PpasSeauldP 40 Paseaddul si
oLjed styl uaym anddo abej(oa ayl uiL sabueyd juedtjtufits ‘Aljuanbasuo) -st samod 3yl ueyz otried
Ylpim |eLped |auueyd 3yl 0} BALILSUIS d40W yYdnw SL “‘3sS4n0d jo ‘abey|oa ayl - (sjouy {g) dass/w [
18 s3|0A (GZ sL welsAs wuoirsindouad autaewqns OdiweuApoapAyojaubew ayi Joy abeljoA jueynsaa ayy

ALTI0T3A 3INTHVWENS “SA (A) 39VLIT0A

143




LTIV eT] yaseasay ooay
(oas/w) on

Gl 0'sl A 0°01 muh 0'S G¢c

ZEZBN

100

cLO0 \

.A\ i

200
Gns/4v

ALIDOT3A INIHYWENS "SA (A) 3OVLI0A

[

1001

T0GE

1002

10G¢

-00¢€

(A)OA

144




*3Ua44an2 a3yl juodsueqy
01 pasn buLaq eaae aosejuns abuae| ayy} jo asnesrsq - J43jaw adenbs 4ad sasadwe paspuny mMIJ B - MO}
ajLnb SL AJLSUdp JUBAUND 3Y] ‘|IA3] JUSALND SLY} 404 "PISLIUIIP U0 PASLaIAIUL SL Olled SLYy] UIyMm
4NJ320 juUaaand ul sabueyd juedijrubis ‘Apjuanbasuo) -orjea yipiM (eLPEA [dUURYD 3Yl O] BALILSUSS
AlaAaLle|aa st juaaund ay}l ‘abej|oA pasinbaa ayil yiwm ased ayjl sem se ‘ureby - (sjouy pg) d3s/w [|
403 V¥V 000°08L SL wdlsAs uotsindoad aursewngns OdLweuApospAyol}aubes 3yl 403 JUILAND JURI|NSBJ 3dY]

ALIJ073A 3NTYVWENS “SA (V) LN3J¥ND

145




CTIITT] yoseasay ooay

—

(03s/w) on
G/l 0°GL G2l 001 Gl 0'S ) O
$ + + + + } ,e, “.. ‘ .Q
loe
loor
20’0 \ :
‘ \ /uw
5100 .,:om
.
L0'0
ans1v

ALIDOT13A INIHVYINEGNS "SA (VM) LNIHHND

146




“SOLIUILIL}43 JBMO| 3ARY OLIRJ SLY} JO SAN|PA 48MO| PpuB S3LIU3BLILY}d uaybiy
SABY OLjPu yIpLM |eLpeua [duueyd jo sanjea J4abae| *‘paydadxd Sy "MW Gv JO |3A3} J3mod |POLULIIL3 up
pue e|saj] g jo plaLy drjaubew parjdde ue 40y SL 8Aund sy} ‘uieby - (sjoux pg) JIsS/w | e %09 ~
0} jouy | 1e 0L ~ WOuaj S3tseA ADdUdLIL}d Ayl ‘Gip°0 O1 (enba oijea yjptm eiLpea jauueyd ayj}
JO 3sed 38y}l J404 “°AILI0|3A JO UOL]IDOUNJ B SP SALJAPA AJU3LIL}J3 uoirs|ndoad >srLweuApouapAyolaubew ayj

AON31I1443 NOISINGOYUd

147




CTITEETY yaseasay 0day £EZBN

(oss/w) on
4L 0§ ST 00 Sz 0SS ST O
W
W o 12°0
| A _ 9y
- =
e SN
1 4l lyo M
| LO0 L
ﬁ 610°0 O
c00 s
9
qns/av <
Lot

ADN3ID1443 NOISTNdOHd

148




“jue|d uamod adurJewgns 3yl JO SSEW Y] UL ISPALOUL UBR JO 13S0 3yl I8 PIAALYIL SL “3sSunod
40 ‘aamod uL 3seaddul siyy -(sjouy p 01 g) 23s/w 2 0} 2/L L AQ A1LD013A a3uLrdeuwqns ayj aseaqdut
ued uotjippe 4amed |BOLU}I3Ld JO MW GL ‘snyl  "s{aaa| +amod 4aybiLy yitm pauLelqo aq ued spaads
49ybLy - (sjouy pg) d3s/w (| jO paads wnuwixew e saptaoad uamod [eOLJ1I3|3 4O MW Sb YIlM ©isai g8
4o jutod ubisap aylL -13Ad| a3mod uanLh B 40j AILI0|dA JuLJRWGNS WNWLXPW 3Y] UL SHSEIAIUL UP
sapiaoad ppaty dLjaubew paseassul Ayl “pIazZLJIRUWUNS AR S|3A., Jamod JO A13LJeA P A0} S1INnsSaua ayj

07314 JDTLINOVW “SA ALID0T3A INTHVHENS WNWIXVW

149




LTIV ETY yoseasay coay

cl

VEZBN

MIN O

a3id JILINOVIN "SA ALIDOTIA NS NNNIXVIN

et SIM vE=n
18=4d
MW St=d

cC
o
3
o
161
- 0¢

150




*AdUuatLdLyya
buryoed wooua sutbua 40 awnjoA woos aurbua uy uoL}dNpas Aue 40j u3aje} UG Sey 3ILPauad ON - pauLel
-utew st AsueAonqg |eajnau ‘sny|  -a3ulaBWGnRS 3y} 01 |PU43IXd J3dsnuyl odrweuApouspAyoizaubew ay3
JO uoLjippe 3y} pue aurJewqns 3y} o1 pappe juawdinba >t1uaboAad pue juawdinba uorjeaadauad jedLualdraa
LeuoLjLppe 3yl a4e SILgap a8yl -JLUR U43ISNAY] 3Yl JO BWN|OA a33eM BasS pade|dsip pappe ayl wouy
AoueAonq pappe ay} Aq pue ueab uoL}dnpad pue ‘1jeys 3ALJAp ‘a3 |adosd ay}l jo [eAowsdd 3yl AQ paAowau
SSBW a4e SILPasd ayy -paurejuiew Huraqg AdurAong (PAINBU UL NSS4 ISAW  43YSNAY] dLweuApouapAy
-olaubew ayl jo uotlippe ayl jo joedut [{e43A0 3y} °‘Aluadouad ajesado 01 aulJaeWGRS Y] A0 A3PAL0 U]

JINVIVE SSVW W3ILSAS NOISTINdOY¥d INTAVWANS ITWYNAGOYOAHOLINIVM

151




CTIISEN yoseasat oany

96¥8N

ADN3IDI443 DNINOVd WOOH INIONI HO
‘JWNTOA WOOH INIDNI 40 NOILONAIH ANV HO4 NIXVL LIG3HO ON .

152

S1INN LI ~ LNVYAONE ATIVHLN3N ~ S1INN O}

SIINNOL H3LSNHHL SIINRS AONVAONS aaaav

SLINN I (TVNY3ILNI) ¥Ovea aav SLINNS (IVNHILNI) 1NO diH
sng3a - SIIa3Hd

ﬁ
j dONV1Vd SSVN
_zm._.m>m20_m._=n_0mn_wz_m<s_m:w0_E<Z>QOmD>IO._.mz_G<S_




153

|

| *saanjeubts praty oLjsubew piaiy Javy pue Jeau
| 1210} 3yl auLWL3]a3p O] P3LANS IA3M SUOLINGLJIIUOD 3S3aY) °SPlarj d133ubew 3sed pue ‘sparj uany pua
| ‘PlaL) (eualudd a3y} ajeindied o1 pasn sem S| Lod jaubew 3y} Ul MOL} JUIAUND |BILJIB|3 a3yp " pash
_ 943M 3Ry} S|apow JUAWI|3 3YLuly 3yl YItMm umoys ade ubisap (en3dadluol 3y} UL S|LOD U3IIXLS Ayl

TJ00W IN3W3TI NIFLXIS SITWVNAQ TVYIN3Y
ONIT300W L13INIVW INTYVWANS ITWYNAGOYAAHOLINIVMH




LIXIEETY ysseasay 0any sovon

SNHNL AN3

154

-

T30ON LNINWT13 NIILXIS SOINYNAQ TYHINSS
ONIMTIAON LINODVIN INIHYINENS DINVYNAQOHAAHOLINDVYN




*pasnpas aq Aew 3ajLjoud piaiy dijaubew ayy ‘buippatys jo ubrsap sadoud ay3 yilM -suotl
-B{nl(ed> asayl uL padsoubt usaq sey |ny surdewqns ayl ‘snyy -bBurppatys aarssed 40 aAai3de Aue Jdo
uoair Aue apn|ouL jou sS30p uotLle|NI[BD Byl °S[t0d jaubew 3yi jo 43ludd [BLXE Yl 3noge LeJ3iJ4awuAs
st j01d siyy -a4nbry 3y} jo sixe x ayl bHuole w Q| 01 @ WOLS SHUIIXd {L0D 1aubew ay|] -suan] pua
110D jaubew 3y3 wouy 3IURISLP BYl JO UOLIDUNS © SB UMOYS SL PpiaLj odtjaubew |eLxe pazijewdou ay)

37114044 39VNVIT Q1314 ITLINIVW TVIXV 03ZITVWION

155



CTTTEETY udseasay 0ony

(w) 43LIN3D TN0D WOHZ IADNVISIA

ooz 0st oot 0S

1 Ao d A " 1 Y 2 i A 1

01-0t

|

dn3id OILANOVIN

(w oL) SNHAL AN3 110D IHL WOHA B z-0b
AVMY ANIHYINENS FHL 40 SIXVY IFHL DSNO1V oL
ONIAOW NOILNGIHLSIA a13id JILINDVIN 8

mS-’
(WAWIXVIN 1100 O1 Q3zITVWHON)

IT140dHd FOVYIVIT A131d JILINODVIN TVIXV A3IZI'TVINHON

156



, -paonpas aq Aew ajtjoud piarj ostjaubew ayy ‘but

~pLatys 3y}l jo ubirsap duadouad 3yl yiLM csuoLile|nNI| eI 3S3Y] uL pasoubL usaq sey (|ny suLrewgns ayiy
W ‘snyjy -Buipiatys aaLssed 40 dALIOR U0 uOJL Aue IpR|OUL 10U SIOPp uoLle|Nd|Ed 3y) -aunbryj ayyl ut
’ stxe-x ayl buoje w G°{ 0} Q WO4J SPUIIXd 43ISNAY3} 3y} uL plary ditraubew jo uoibas ayy -auraewqns
) 3yl JO 431UBD By} Wo4j 3IJURISLP [EBLPEJ Y} JO uOLIduUNy ®B Se umoys SL PplaLj otiaubew (eiLped 3y}

W 311408d 39VHVIT Q1314 ITIINOVH TVIAVY

157



CITIEET woseasan 03ay

(w) SIXV INIHYNGNS WOH4 IDNVLISIA 1viavH

00¢ 0st 00! (1] 0
s A A N 1 A s N - 1 s 4 s " ' 2 A a 2 +._0}

p-Ob

g-OL

INIHYINEGNS FHL 4O SIXV 3HL WOH4 L-
AVMY SNIAOWN NOILNAIH1SId dT13id JILIANOVIN

(Vv1S31) a@13id JILANOYIN

3T1140Hd 3OVIVIT a13id OILINOVIN 1VIGVH

158




*SANOY | PABA3S 40) Sjoux Maj e jo A3LJ0[aA © je aursewgns 3y} (adoud 03 ABUauad pasols juaiaLjins
aptaoud o3 Audrieq abeuols abuae| e se S}oe 32349 uL j3ubew 3yl ‘snyy -adnpiey juepd duamod 1e3el
e JO ased a3yl ulL 3adx4nos uorsindouad Aduabuaawad ue se pasn aq ued Abadua Ppauols SLYyl “walsAs aubew
3y} uL Abu43ua pauols JO junowe |[PLIURISGNS B SULPIUOD U3)sSNAYy]} DdLweuApouapAyoiraubew ayy ‘Apircer

“aLqtssod ag Aew saoeds auibua aupsewgns O S3SN JUILIL I3 da0W “SNYj -~ JUILUBAUDD L3A3U3YM PIIRIO|
aq ued> sjuauodwod wd3lsAs uoLsindoud ayl ‘w3ISAS BALJUP DILJUIII|I ue SL J31SNIYY duweuApospAyoiaubew
3yl asnedaq ‘uoriLppe ul -J4aIsSnuyl a3yl dojanap 031 pasilnbad 4P SUOLIUIAUL M3U ON °S3anjlajiyoue
autaewqns pauuei{d pup JuaALNId y3tM 3jqiiedwod SiL 433}snayl drLweulpoupAyolaubew 3yl jo ubrsap 3yy

*wA3Litqedes juny aptym 3ybry, e utelaa ued surdewqns 3yl ‘Hurudaanauew jo ajqededut
auLJRWGNS Y] 43puda jou S3aop Juawbas 3uo o SSO| e 3snedrag “AJL[LGBALALNS Ppadueyua 40} 3praoud
osie ued uoljejuawbas 494 feriuadjod awes sSLYy) -Aelap wnwiuiw e yItM 3j{qissod St [pSAINIL ISNUY]
‘eljJaul wnuwiuiw e sey waisAs aalsnuayl ayl asnedag -Hutuwany pue ‘bBurdejuans ‘bBurarLp Jo sajeu
9yl adueyua 01 pasn ag ueds aajsnuyyl ayl ‘pajuawbas ag ued 431sSnayl) dtweuApouapAyoiaubew 3y} asnesag

*$123443 uorielLaed AQ pajtwl}p 30U St 433snayl dLweuApouspAyolaubew
9yl ‘paads o} paebasa yitM -auanjeubrs praty odriaubew Moy Auaaa e sapLaoad uotieanbBiLjuod aejnuue
ay3 ‘uoritppe ul -aunjeubLs axem padcnpas ApleLiuelsqns e pue aanjeubis IiL}snole padnpad yonw
P 10) (eijuajod ayl S48330 433snuyl dtweulpouapAyolaubew ayyl ‘paads pue yiieails Jo sease 3yl ujl

‘auLJewgns ayl uo uoLiedo| (eLxe Aue e pajunocut 3g
ued 433snuayl ayjl ‘uvoliLppe up -9213 ‘ssawhjod ‘sajqqng se yons sanbiruyrai |043u0d 43Ae| Adepunoq
pasodoud Aue jo asn ayjl Yyitm opgriedwodr SL 431SNUYY Yl ‘SILWRUAPOUPAY 340 Bade 3yl u] ‘waysAs
autdewqgns [e31031 3yl joedwr Ajgeaoaey ued walsAs uois|ndoad aurdewqgns drweuApouapAyolaubeus 0day Byl

W3L1SAS INIYVWENS 3JYTLINI LIVAWI ATEVIOAVI NV NOISTINdO¥d GHW OOJAV

159




CTIIVEN yaseasay oo
Y 4 v L —9G1LN

ANIHYWNENS 13d0Hd NVO LINOVI NI ADHINI @3HOLS -
NOISTNdOHd AON3IDHINI

NOILYOO1 314IX3 14 -

03HIND3H SNOLLNIANION -

SIHNLIIFLIHOHY AINNVId ANV DNILSIX3 HLIM 319ILVdNOD -
IBNH

ALITIGVYdVO 1HNH I TIHM 1HOI4 -

ALITIGVAIAHNS

(VILUINI NNWINIW) TVSY3IAIH 1SNHHL -

ONINHNL “ONIOVSHNS ‘ONIAIQ 40 S31VH GIONVHNI -
ALITIGVHIAINNYN

LINIT NOILVLIAVO H3T13dOHd ON -

a3ads

NOLLONA3Y IIVYM -

JHNLYNDIS JILINOVIN MOT AHIA -

HLIV3L1S

NOILVHNDIANOD I19IX31d -

(SHINAT0d/SIT199NA) TOHINOD HIAVT AHVANNOL -
SOINVNAQOHAAH

W31SAS INIHVINENS JHILN3

1OVdNI AT8VHOAVH NVO NOISTNdOHd dHN ODAY

160




“sjaed butaow
LBU43IXd OU YILM BALJP D14308(3 ||€ ue SL Jaisnuy}l dtweulpoapAyoiraubew ayy ‘*A[|eurj puy -sjueid
4amod sutaewqgns bButisixa ayl o3 paydjew sL ubLsap uaaand ayYy) | [NY BSutJewqns 3y} U0 SuoLl
~BJ0| |eLXe jOo A13LJBA ° P pajunow ag ued J433}SNUY} 3yl -asLou dt3snoade bBuLziwpuiw pue AdUdLILSJ3
butziwixew ‘snyl {3834 MO[4 SSBW J3}BM 3y} SIZLWLXPW PUR U3}BM 3Y) UL 3duauadJLp A3IL1d0({3A 3yl
sdzwwiuiw yoeouadde siyj -3daduod de|nuue ‘pajuawhas ® SL 43ISNUY} JULJBWGNS O0IAY 3yl ‘Aaewwns uj

SITLSTHILIVYIVHI WILSAS NOISTINAOYd IIWVNAGOYOGAHOLINIVW OIJAV

161




CITIVETY uoseosay 0ony

S1HVd ONIAOW TYNHILXI ON ‘IAIHA O1IHLO3 13 TV
INV1d H3IMOd INIHYINEGNS ONILSIXT OL A3HOLVIN
NOILVOOT ONILNNOW J18i1X31d

MOT4 HILVYM SIZINIXVYIN ‘NV HILYM SIZINININ

1d43DNOD HVINNNV ‘Q3INIIND3S

009SN

162

\|

SOILSIHALOVHVYHO INILSAS
NOISTNdOHd JINYNAJOHAAHOLINOVIA OOAV




FLOW CHARACTERISTICS INSIDE MHD
SEAWATER THRUSTERS

Presented by

Ezzat Doss

163




FLOW CHARACTERISTICS INSIDE MHD SEAWATER THRUSTERS

Ezzat Doss
Argonne National Laboratory
Argonne, Illinois 60439, U.S.A.

ABSTRACT

A three-dimensional MHD fluid flow computer model has been developed and applied to study the
concept of MHD seawater propulsion. The effects of strong magnetic fields on the current and
electrical fields inside the MHD duct and their interaction with the flow fields, particularly those in
the boundary layers, have been investigated. Results of parametric studies for variables
influencing the flow field characteristics and the overall performance of the propulsion systems are
discussed. Such parameters include the magnetic field, and electrical loading of the MHD thruster.
The results of the calculations performed indicate the sensitivity of the thruster performance to the
load factor. The distribution of Jy current density in the Hartmann layers of the insulating

sidewalls causes the flattening of the velocity particles of sidewall boundary layers relative to the
velocity profiles over the electrode walls. These nonuniformities in the flow field give rise to
nonuniform distribution of the skin friction along the walls of the thrusters, where higher values
are predicted over the sidewalls relative to those over the electrode walls. The extent of such
nonuniformities of the flow fields and the corresponding differences in the skin fricdon berween
the sidewalls and electrode walls diminishes as the magnetic field or load factor decreases. Careful
considerations should be given to the calculation and magnitude of frictional losses because of their
impact on the efficiency of MID thrusters.

BACKGROUND

There is considerable renewed interest in the possibility of using the MHD concept for propeiling
submarines or surface ships. This idea has been examined in the past by several investigators
(Refs. 1 - 6), and it was found to have sufficient merit to warrant further studies, provided the
applied magnetic field is high.

MHD seawater propulsion offers several advantages over conventional mechanical propellers. For
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example, the absence of a mechanical propeller system will lend to a reduced vibration level in the
ship or submarine; thus to a reduction in the mechanical noise generated. Also, the speed of
conventional propellers is limited by cavitation. Such a restriction does not exist in MHD
propulsion system. Therefore there is a potential to operate submarines and ships at higher speeds.
Quiter and faster ships or submarines are desirable for obvious reasons. MHD seawater
propulsion has the potential to achieve these goals at high propulsion efficiencies.

Magnetohydrodynamic seawater propulsion depends on the conductivity of the seawater to carry
the electric currents. The applied magnetic field interacts with the electric current to produce the
Lorentz forces, (J x B), necessary to provide the propulsion force. In order to increase the
propulsion efficiency, the MHD forces have to be large. This can be achieved basically by either
increasing the fluid electrical conductvity or by increasing the magnetic field. One can enhance the
conductivity of seawater by any seeding procedure. However this has a drawback of leaving a
detectable trail of high conductivity fluid behind the surface ship or sabmarine, unless it should be
possible to recover the conducting fluid at the stern. This option may not be practical for
continuous normal operation. This conclusion leaves the other option of increasing the magnetic
field as an open possibility.

The effect of magnetic field strength on the propulsion efficiency has been studied by different
researchers in the past using simple physical relationships. For example, Phillips (Ref. 1) carried
out a feasibility study of MHD ship propulsion using different magnet configurations for
propelling 600 ft. submarines. He found that the overall efficiency of the propulsion system of the
submarine moving at a speed of 10 knots with a conventional iron-core magnet of 0.6 T is only
8%. His conclusion was that low efficiency and thrust would make it unlikely to be useful as
auxiliary propulsion unless a very large magnetic field is applied.

To demonstrate the need for higher magnetic fields, Doragh (Ref. 2) carried out an investigation in
which he showed that a system propulsion efficiency of 60% can be achieved at a speed of 10
knots with a magnetic field of 10 Tesla. All the above studies, and also simple back of the
envelope calculations using basic physics laws lead to one conclusion: i.e., a superconducting
magnet with a high magnetic field must be used if one hopes to achieve a practical MHD
propulsion efficiency. Stewart Way of Westinghouse (Ref. 3) was a pioneer in this application.
He carried out a successful experimental test on a submarine model, 10 ft. long of 900 lb.
displacement to demonstrate the proof-of-concept of MHD propulsion. He has also performed a
parametric study for submarine tankers having submerged displacements of 25,000, 50,000 and
100,000 tons. The corresponding computed propulsion efficiencies for a magnetic field of 7
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Tesla, and a cruise speed of 29 knots were 86%, 83%, and 79% in that order. Similar results
regarding the enhancement of propulsion efficiency have been discussed by Hummert (Ref. 5) and
Cott, et al (Ref. 6).

Outside the U.S., Japan and the Soviet Union are very interested in MHD propulsion. For
example, Saji, et al (Ref.4) performed a parametric study for a 10,000 ton submarine tanker. They
varied the magnetic field between 1 and 10 Tesla and the submarine velocity between 10 and 60
knots. Their calculations agreed with Doragh's prediction of 60% efficiency with a magnetic field
of 10 Tesla. Also their calculations indicated that the system propulsion efficiency drops
significantly to less than 5% for a magnetic field strength of 1 T.

All previous studies of MHD propulsion lead to one conclusion, i.e., a superconducting magnet
with a high magnetic field (10-20 Tesla) must be used if one hopes to achieve a practical and
superior MHD propulsion efficiency. However, operation of magnets using superconducting
materials required cryogenic cooling with liquid helium, i.e., operation at 4.2K. Also,
sophisticated magnet designs operating in the 5 to 6 Tesla range were not generally available on a
large scale production basis. Furthermore, because of the requirement of extreme cryogenic
environment with its accompaning cumbersome refrigeration and containment system, MHD
propulsion was judged to be infeasible at that ime. Recent developments in high temperature
superconducting materials have renewed interest internationally in reviving the concept of
electromagnetic ship propulsion. The critical temperature for the new types of superconductors
now extends to about 100K which is well above the 77K boiling point of liquid nitrogen.
Cryogenic cooling with liquid nitrogen is significantly simpler and cheaper than cooling with liquid
helium and nitrogen can be easily liquified and stored in ships or submarines.

This conclusion, however, i.e., the need for superconducting magnets with high magnetic fields
(10-20 T), opens the door for very important technical issues. One of them is how much can those
high magnetic fields alter or modify the flow fields inside the MHD duct. Will those flow fields be
distorted sufficiently to invalidate the expectation of higher propulsion efficiencies ? Phillips (Ref.
1) presented a brief discussion about this subject and indicated that the magnetic field can influence
the stability of the boundary layer, the wall friction, and the boundary layer velocity profile. His
discussion was qualitative, very simple, and was not backed up by any quantitative numerical
analysis. In order to answer those questions, three-dimensional computer models are needed to
solve for the electrical and current density fields in the cross-section of the MHD ducts and include
these as an integral part of three-dimensional calculations of the flow fields. That is the purpose of
this paper.
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COMPARISON OF FLOW PARAMETERS BETWEEN MHD SEAWATER THRUSTERS AND
OPEN-CYCLE MHD GENERATORS

Exhaustive work has been done on MHD channel flow for open-cycle plasma power generation,
but there has been minimal research effort on duct flow for seawater MHD propulsion. However,
MHD flow inside ducts is subject to J x B forces whether the duct is an MHD generator or an
accelerator. In the first case, electrical power is extracted from the interaction of the fluid flow with
the magnetic field. In the accelerator case, energy is supplied to the duct by applying an external
electrical field, and the resulting electrical currents interact with the magnetic field to produce a
driving force that pushes the fluid through the duct. This is the case of MHD propulsion. There
are obviously some differences between the flow medium and the operating conditions between the
two cases; however, the governing equations and the physical phenomena are quite similar.

In order to place the flow parameters for seawater propulsion in perspective, a comparison is made
between the expected operating parameters for ship propulsion and those for open-cycle MHD
power generation. Table I lists these parameters. In turn, these physical parameters can be used to
estimate several important dimensionless groups which govern the flow fields inside MHD ducts
and, hence, the MHD thrust efficiency. The dimensionless groups include the following:

» Reynolds Number--R = p UD/u

* Magnetic Reynolds Nt her-- (Rp)y, = H,0UL

« Hartmann Number -- H; = (o B2D%/p)1/2

* Interaction Parameters - (Iy = ¢ B2L/pU, I, = c UB2L/P)

It can be seen from Table I that there are many similarities between the applications of MHD for
open-cycle power generation and for seawater propulsion. The values of the dimensionless
parameters indicate that, in some cases when strong magnetic interaction with the flow occurs, ti2
velocity fields may be distorted.

In MHD generators, the flow and electrical fields are inherently three-dimensional for a variety of
reasons. The aspect ratio of practical generators is close to unity so that all four boundary walls of
the duct affect the flow development. The interaction of the MHD electrical forces (JxB) with the
fluid flow leads to flow distortions. The cross-sectional nonuniformity of the axial component of
the Lorentz force (JxB) is directly responsible for flattening the velocity profile along the insulating
sidewalls and for the possible generation of velocity overshoots in the boundary layers. The
nonuniformity in the magnetic field direction of the Lorentz force due to Hall current produces
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secondary flows which in tuin lzad to flow asymmetry. The tensorial unature of electrical
co.aductivity ang the sidewall boundary conditions produce nonuniform Joulean disc.pation,
thereby distorting the temperature field. The distordon of the flow and temperature fieids is
enhanced by tie mutual voupling petwseen the flow and clectricai fie 'ds. The exient and nature of
flow dis.ortions also depends on the electrical ioading. Such unusual nenunifurm flow fields have
been investigated in the past using threz-dimensionral tmodels such as those described in Refs. 7-9.

Table I

Operating Parameters for Open-Cycle Power MHD Generation and Seawater Propulsion

Parameter QOC-MHD Seawater Thruster
mode generator accelerator
(electric load factor) <1l.n > 1.0)
working fluic: combustion gases sea water
seed potassium none

U (m/s) 700 - 1100 10-40

T (K) 2200 - 2000 300

Ap (atm) 6-10 05-5

p (kg/m3) ~1 ~ 103

L (m) 8-15 10-30

D (m) 05-20 1-3

B (Tesla) 4-8 5-20

o (S/m) 4-10 4-5

B 03 - 40 0
electrode segmented continuous
R, (pUD/u) >107 - 108 ~107 - 108
(Rp)m (ooUL) << 1.0 << 1.0

H, (cB2D2/u)12 ~ 103 ~ 102 -103
Ip (c UB2L/Ap) >1.0 ~0.1-10
I, (6B2L/pU) >1.0 ~0.1-1.0
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For MHD seawater thrusters, however, the electrical conductivity of seawater is expected to be
practically uniform across and along the thruster, and the Hall parameter is negligitle. Therefore
one might anticipate that such flow nonuniformities would not be manifested strongly inside the
ducts much as is the case of plasma generators. In order to investigate the extent of such flow
nonuniformities in the thrusters, three-dimensional calculations of the flow and electrical fields are
needed.

MHD THREE DIMENSIONAL THRUSTER MODEL

A three-dimensional MHD generator model incorporating fully the interaction between the flow and
the electrical fields inside the channel has been developed at Argonne National Laboratory (Refs. 8
& 9) and has been applied for several open-cycle MHD generators. The flow fields are represented
by the parabolic form of the three-dimensional compressible, turbulent Navier-Stokes equations
and their solution is coupled to the solution of the electrical field in the cross-flow direction.

The equations solved in this model consist of the mass conservation equation, the three momentum
equations, the equations for enthalpy, turbulence kinetic energy and dissipation rate, the Maxwell
and Ohms law equations. This set of coupled equations is solved by the use of a finite-difference
calculation procedure. The turbulence is represented by a two-equation model of turbulence in
which partial differential equations are solved for the turbulence kinetic energy and its dissipation
rate. Full descriptions of the equations and the method of solution are given in Ref. (9).

This three-dimensional model has been adapted for the application of seawater propulsion. A
continuous electrode configuration has been used in this application where the electric field Ey is

assumed to be zero. This assumption is reasonable since the Hall parameter, B, for seawater is
negligible. An applied electric field, in terms of a load factor, is specified as the boundary
condition for the electrode walls, while the sidewalls are assumed to be insulators. The electrical
fields are computed at each crossectional plane pependicular to the flow. Locally the axial variation
of the electrical fields and current densities are assumed to be negligible in comparison with their
variations in the cross-plane. This assumption may not be accurate where there are strong
variations of the magnetic field, flow velocity, or where there are abrupt changes in the boundary
conditions. Such situations may exist near the ends of the MHD thrusters.
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APPLICATIONS AND RESULTS
Operating Conditions

Computations have been performed using the three-dimensional model for MHD thruster operating
in the continuous electrode mode with insulating sidewalls. The general operating parameters for
the computational cases considered are listed in Table II. The thruster is assumed 10 m long, with
constant cross sectional area of 1 x 1 m2, The magnetic field is assumed to be constant along the
duct. The flow at the entrance of the thruster is assumed to be that of a plug flow.

Table I

Operating Condition for the Jlustrated Examples

Thruster geometry:
* length 10 m (rectangular)
+ height and width 1x1 m?
+ wall roughness 2.5 mm
Wall temperature 300 K
Fluid temperature 300 K
Working fluid Seawater
+ electrical conductivity 4.8 S/m
+ mass density 1025 Kg/m3
«  viscosity 1.1103 Kg/(m.s)
* specific heat 3994 J/(m.s.°C)
Flow velocity 30 m/s
Mass flow rate 30750 Kg/s
Magnetic field 0-20 T
Duct loading continuous electrode with
insulating sidewalls
» average electric load factor 0-20
¢ load potential 0 - 6000 \Y

The physical properties of seawater are documented in Ref. (10) and the values used are fora
temperature of 20 °C.
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Parametric Study

A parametric study has been performed by varying the magnetic field up to 20 Tesla and theaverage
electric load factor between 1 and 20. The average electric load factor K is defined as

K= <Ey> / <UB>

where Ey is the electric field across the duct between the two electrode walls, U is the axial flow

velocity, and B is the magnetic field.

No restrictions have been imposed on the flow conditions at the exit of the thruster. The
computations proceed to compute the flow fields and the pressure increase along the thruster
regardless of the actual ambient pressare. Practically, for steady-state conditions, the flow velocity
inside the thruster is a floating parameter that will be determined by the input and boundary
condtions of the propulsion system. The cruise velocity will be reached when there is balance
between the total thrust generated and the total surface drag of the ship or submarine.
Furthermore, we will concentrate the discussion more on cases of high magnetic fields (20 T)
where flow distortions are more likely to occur.

Effect of Load Factor on the Global Performarnce Parameters

Figure 1 presenis the resul: for the pressure gain along the thruster for different load factors for

the case of B= 20 T. Also preser -d on Fig. 1 is a curve for the accumualted frictional losses

along the duct of the thruster. There is a linear dependence of the presssure gain on the axial
distance along the duct. Such linear dependence is expected since the physical properties and the

average axialvelocity are constants aleng the duct. For simple MHD flows with no Hall effects (8
= ()}, the pressure rise is given as

Ap=(JyBjL=0cUB2(X-1)L

This simple relationship indicates that the pressure gain varies linearly with the distance L, and
increases witi1 the 12ad factor. This does not mean that MHD -":rusters should operate at higher
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values of the load factor, because this leads to lower efficiencies.

15[

P (atm.)
=
L

-
-

—-==""frictional loss

1 ) 1 4 1 Yy

Figure 1 Pressure rise along the thruster. (B =20T, U =30 m/s)

Figure 2 demonstrates the variation of the electrical efficiency with the load factor for B =20 T.
Two curves are shown on this figure, the top curve is for the ideal electrical efficiency and the
bottom curve is the result of the three-dimensional calculations of the flow fields. In general, the
thruster electrical efficiency is defined as:

4 Q

Y
ne— VI

where Ap is the pressure rise in the duct, Q is the volumetric flowrate, V and I are the applied
external voltage and currents. Physicaily this efficiency represents the net resulting MHD push
power (after subtracting the frictional losses) divided by the input power.

For ideal situations where the flow is treated as one-dimensional with constant properties and
neglecting frictional losses, one can show that the thrust efficiency is

Nidea] = UB/Ey = 1/K
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Figure 2 Variation of electrical effinciency with load factor (B = 20 T, U = 30 m/s)

This simple relationship is shown in Fig. 2, and it indicates, as expected, that the ideal efficiency
is 100% for a load factor of 1 (open circuit). However in this case, no thrust is being generated

If frictional losses are included in the analysis, the thruster efficiency decreases as shown in the
figure. However, since the frictional losses along the duct are almost the same for all values of K
(as shown in Fig. 1), the deviation of the computed values of the thruster electrical efficiency from
the ideal values gets larger as the load factor K decreases. As a matter of fact the curve for the
computed efficiency will eventually reach a peak and then will change its slope at lower values of
K when the net pressure gradient (after subtracting the frictional losses) becomes negative. This
situation takes place when the MHD JxB forces become less than the frictional losses. This
argument suggests that a greater attention should be given to the calculation of the frictional losses
at lower values of the load factor K, particuiarly for K between 1 and 2. Also one should try to
minimize the frictional losses if higher efficiencies are required. This should be a subject of further
study in the future.

Flow Fields and Friction Factor

In order to predict the frictional losses accurately, one has to solve for the development of the flow
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fields inside the MHD thruster. Figure 3 shows surface plots for the axial velocity distributions at
several crossections along the duct. At first, one may think that these plots are typical for normal
turbulent flow development in a duct. Figure 4 illustrates ,however, that there is a difference
between the shape of the axial velocity profiles along the electrode and those along the sidewalls.
As shown in this figure, the velocities near the insulating sidewalls are relatively higher than those
near the electrode walls. Clearly this distortion is a result of the MHD JyB forces acting in the

momentum equations.

In order to understand this behavior further, it is necessary to first consider the development of the
Jy distribution between the two insulating sidewalls. The current distribution depends on several

factors, mainly, the electrical connection, electrical conductvity distribution, and v¢locity field. In
the present study, the thruster is connected in the Faraday mode with continuous electrodes anc
with electrically insulating sidewalls. Therefore, there is no flow of current through the sidewalls.
If all properties and flow fields were uniform, Iy would be uniform, and a uniform acceleraung

force would have been imposed on the flow. However, in our case, the velocity field is not
uniform, while the conductivity is constant. For the present application, where the Hall parameter
is zero, Ohms law gives the following

Qualitatively, one can argue that Ey (z) can be assumed constant for a Faraday connection with

continuous electrodes, where

H
j Ey (z) dy = applied voltage = constant

where H is the height of the duct (distance between the electrodes). Consequently, Jy will be

higher in magnitude near the sidewall than at the center of the flow. Furthermore, if the load factor
for simplicity is defined as K =Ey / (Ugy B), where Ugy is the centerline velocity, then

Iyiz=o ! Jyp=wp2 = K/(K-1)

where W is the duct width (distance between sidewalls).
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Figure 4 Normalized velocity profiles along thruster walls
B=20T,U=30m/s,x =10m)

The actual situation is more complex however, because of the corner regions and the
three-dimensional effects. Figure 5 shows the distribution of the Jy- component of the current
density (normalized to the centerline value) across the duct between the insulating walls at x = 10 m
and for load factors K = 2 and 6. This distribution, along the Hartmann layers of the sidewalls
results in flow distortion. The nonuniform J y distribution accelerates the flow differentially,
exerting a larger force ont the sidewall boundary layers, and leading to flatter boundary layer
profiles in comparison to the electrode wall boundary layers. It seems logical to argue that, for
conservation of mass, as the flow along the sidewall boundary layers is relatively accelerated, the
flow along the electrode wall will be relatively decelerated. Such a behavior is depicted in Fig. 4.
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Figure 5 Normalized current density on the sidewall for different load factors
B=20T, U =20m/s)

As aresult of such nonuniformities in the flow field, nonuniform distribution of the skin friction is
expected along the duct walls. Figure 6 presents the variation of the friction factor (Cy) along the

electrode wall and the sidewall of the thruster. The skin friction is higher on the sidewall.

The same mechanism responsible for the flattening of the boundary layers along the sidewalls and
the increase of the skin friction factor for MHD thruster is the cause for the velocity overshoots in
MHD plasma generators, albeit for different reasons. In MHD generators, the boundary layers are
colder, and this leads to lower electrical conductivity in the near-wall regions. This leads to lower
absolute values of the current density Jy. However the JyB forces act to retard the flow in MHD
generators. This results in a larger retarding force in the centrai region of the flow. In arelative
sense, the sidewall boundary layers are accelerated in relation to the central region, and this leads to

the known phenomenon of velocity overshoots. Such a phenomenon was discussed earlier in
Ref. 7.
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Figure 7 illustrates the variation of the normalized current density Jy(z) at the sidewall with the lo~d

factor K at the exit of the thruster for B = 20 T. The curve represents the previously given simple
relationship, K / (K-1), whereas the points represents the results of the three-dimensional

calculadons.
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Figure 7 Effect of load factor on current density along sidewalls (B =20 T, U = 30 m/s)
178




Finally, Figure 8 shows the effect of the magnetic field on the ratio of the skin friction between the
sidewall and the electrode wall at the exit of the thruster (x = 10 m). The difference in behavior
between the two walls, in terms of the skin friction factor, increases as the magnetic field
increases.
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Figure 8 Effect of magnetic field and load factor on friction factor on thruster walls
U=30m/s,x=10m)

SUMMARY AND CONCLUSIONS

1. Parametric studies were performed by varying the load factor K, between 1 and 20, and the
magnetic field between 0 and 20 Tesla in order to investigate their effects on the flow
characteristics and thruster performance. The need to operate MHD thrusters with high
magnetic fields has been established by previous investigations and has been discussed in the

paper.

2. A three-dimensional MHD computer model has been developed and applied in the parametric
study to investigate the concept of MHD seawater propulsion. A constant area duct with
rectangular crossection has been adopted in the applications of MHD propulsion. The thruster is
assumed to operate in the Faraday mode with continuous electrodes and insulating sidewalls and
with an external applied voltage.
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. As the load factor inicreases, the resulting J x B forces increase, thus giving larger pressure rise
along the thruster. However, as the load factor increases, the thruster efficiency decreases. A
balance between the efficiency and the thrust required must be taken into consideration in any
application.

. As the load factor decreases, the thruster efficiency increases. However, as the load factor
keeps decreasing, a peak will be reached in the thruster efficiency curve, and then the efficiency
will start to decrease rapidly as the MHD J x B forces becomes less than the frictional losses.
Therefore, greater attention should be given to the calculation of the frictional losses at lower
values of the load facior, K, particularly for K between 1 and 2.

. The Hartmann layers on the insulating sidewalls are shown to have important effects on the
current density and velocity distributions in the sidewall boundary layers. The velocity profiles
are flatter over the sidewalls in comparison to the velocity profiles over the electrode walls.

. As aresult of the velocity nonuniformities, the average skin friction factor is enhanced along the
sidewalls, in comparison with the skin friction factor along the electrode wall . However, the
distribution of the average skin friction factor over all walls along the thruster is very close to0
the distribution predicted for non-MHD flow through the duct.

. The difference in the skin friction between the sidewalls and the electrode walls increases as the

magnetic field increases. Careful consideration must be given to the computation of the
frictional losses along the thruster because of their impact on the MHD thruster efficiency.
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Abstract

To analyze underwater vehicle propulsion
by applying Lorentz forces to the surround-
ing sea water. While this propulsion concept
involves two different schiemes, i.c. the exter-
nal field method and the internal duct-type
method, the current analysis focuses on the
internal thruster scheme due to the space lim-
itations and speed considerations. The the-
orics of magnetoliydrodynamic (MIID) pump
jet propulsion are discussed. A so-called "dual
control volume” analvsis to model the MID
thiruster, and calculations of vehicle velocity
and power efficiency are presentess  Different
classes of underwater vehicles are considered.
They include smaller vehicles such as torpe-
does, remotely operated vehicles (ROV), un-
derwater autonomous vehicles (UAV), up to
larger ones such as submarines. The analyt-
ical results indicated that the speed perfor-
mance increases proportionally with the sea-
water conductivity, and with the square of the
magnetic field strength. At the same time. the
encrgy efficiencies of vehicles appeared to fa-
vor larger systems with louger MIID cliaunel.

Experimental investigations are also being
planned to address important issues of the sea-
water MHD propulsion technology in under-
water applications.

Nomenclature

A, exit area of the MHD channel (m?).
Ain  entrance area of the MIID

channel (mn?).
Asury surface area of the vehicle.

m

New
P

Py

]’mnl'

Din

Per

R

Uesr

magnetic field strength (Teslas).
nozzle discharge coefficient.

drag coefficient of vehicle surface.
electrode gap distance (m).

equivalent Liydraulic diameter (m).
flow-induced counter electric field
(volt/m).

velocity-of-approach factor of a nozzle.
Lorentz force (Newtons).
Darcy-Weishach friction factor for pipe
flows.

current across the electrodes (Amp).
active length of the MHD chaune] 1my.
mass flowrate in am MHD channel
(ke/s).

number of MHD channels.

electrical power requited by the MID
channel (watts).

mechanical power imparted to the sea
water in the MHID channel {(watts).
ambient pressure of the vehicle (Pa).
entrance pressure -, an MHD channel
(Pa).

exit piessuie of an MHD chanuel (Paj.
resistance of sea water in the MIHD
channel (Ohms).

area ratio between the nozzle exit and
the channel entrance (A.z/4m).

thrust of an MHD channel {Newtons).
velocity of the sea water exiting

from the nozzle (m/s).

+ ONR/DARPA Workshiop on MIID Subniarine Propulsion. Nov 16 & 17, 1089, San Diego, California.

* Nuclear Engineering Department.
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U velocity of the sea water in the channel
(m/s).

v voltage across the electrodes (volts).

v, velocity of the vehicle (m/s or knots).

Ven  active volume of sea water in the MIID
channel (m?3).

W width of the electrode (m).

Y nozzle expansion cocfficient.

Apen pressure rise or drop across the
entire MHD channel (Pa).

Apy  pressure drop across nozzle (Pa).

Ne electric cfficiency.

nina field induction efficiency.

M total efficiency.

c electric conductivity of sea water
(1/(Ohm - m)).

p sea water density (kg/m?).

1. Introduction

Sea water conducts electricity in a mod-
est scale by electrolytic ion exchange. While
its conductivity is several orders of magnitude
lower than metals, it is significantly higher
than fresh water. By taking advantage of
sea water's modest electric characteristics, the
electromagnetic propulsion of marine vehicles
has been a subject of technical speculation and
study for some years (Refs. 1-6). The concept
did not appear to hold much promise until the
advent of the superconducting magnet. With
such a magnet, the power requirement for ex-
citation is virtually absent, and the weight
penalty of the magnet is drastically reduced.
Also, much stronger magnetic field than those
previously attainable can be realized. Never-
theless, the only proof of its technical possi-
bility was carried out more than twenty years
ago by S. Way et al. (Rel. 6) In that, a vehi-
cle 4-ft Jong and 18-inch in diameter was pro-
pelled by such an MHD propulsion principle at
a speed only about 1 ft/s. The magnet used
was a heavy clectro magnet, and S. Way had
concluded that superconducting magnets are
essential for the technology to be practical.

International activities in this subject were
also visible. The U.S.S.R. have conceived
its application in laige icebiecaker propulsion
(Ref. 7). More 1ecently, Japan has de-
veloped a strong program in iesearcling the
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electro-magnetic thrusters (EMT) for her fu-
ture freighters (Refs. 8-10). With the recent
advances in high-T. superconductors and the
possible simplification in cryogenics, it now ap-
pears that there is even more technical possi-
bility in rcalizing a sea-water MHD propelled
underwater vehicle. Whether such a vessel will
be economically attractive or not is a question
that must await further investigation. How-
ever, it is fair to vredict that in certain naval
applications where the importance of acoustic
signature of a vehicle is outweighing other con-
siderations, the MHD technology offers supe-
rie~ quietness because of its reduced mechani-
cal moving parts.

In the consideration of duct-type internal
MHD thrusters, the electric current and mag-
netic field in the sea water are normally ar-
ranged to be orthogonal to each other in the
channel to provide an optimal Lorentz (j x B)
force. Sea water is being pumped in a straight
active section of the channel. Immediately fol-
lowing that the sea water is pushed through
a smooth nozzle that provides an adequate
momentum thrust to makes the vehicle move.
The following section of this paper discusses
the detail theoretical background of this type
of MHD pump jet propulsion. The vehicle's
speed and efficiency performances are also dis-
cussed.

2. Theoretical Analvses

The general configurations of submerged
vehicles with duct-type MHD thrusters can
be shown in Figures 1(a) and 1(b). The ba-
sic pump jet propulsion principles are essen-
tially the same in these two schemes. In both
cases, the electric current and the magnetic
field are arranged to be perpendicular to each
other in an active region of the MHD chan-
nel. Sea water is brought in from the front
end of a channel. As the Lorentz forces are
applied to the channel, they pump the sea wa-
ter downstream and eject it from the nozzle
with a higher speed. The difference in speed
between inlet and outlet of the channel creates
the momentum thrust that pushes the vehi-
cle forward. It is worth noticing that rotating
machinery sucli as propeller is not requited in
such a system. In general, the annular chan-
nel thruster (Fig. 1(a)) provides a better cfli-
ciency because the amount of {riction surface
area per unit volume of fluid in the chaunel is



minimized. However, the scheme with sepa-
rate rectangular channels provides the ability
to steer and maneuver the vehicle by individ-
ually controlling the thrust of the channel.

2.1 Analysis of the MHD pump

A schematic of an MHD channel is shown
in Figure 2, in that a simple rectangular
thruster is illustrated. An analysis of annu-
lar thruster like the one shown in Fig. 1(a)
will be very similar. The electric current is
supplied by the electrodes from the top to the
bottom, and the magnetic field is pointed into
the p~per so as to be perpendicular to the cur-
rent. ‘L'he Lorentz force is directed to the right
to push the sea water through the nozzle. The
net current flowing across the MHD channel
between the electrodes is,

V-ED

where D is the electrode gap distance, E is
the flow-induced electric field whose direction
is anti-parallel to I, and R is the electric re-
sistance of sea water in the channel. If the
width and length of the electrodes are 11" and
L respectively, then the resistance is.

=D 5

T elL’ (2)
where o is the electric conductivity of sea wa-
ter ranging from 4 to 3 1/(Qm). The first
order magnetohydrodynamic approximations
are then taken to assume only the induced
electric field is significant, but not the induced
magnetic field. Thus,

E= BU{n, (3)

where U, is the velocity of sea water in the
channel. Defining the field induction efliciency
to be,

ED BU;,D
lind = 5~ = ",n . (4)
and the net current becomes,
1= 1o Mnd gy v ()
Nind

The total Lorentz force pushing the sea
water in the channel is,

Fem = IDB = 2%, 217, piyy

Nind
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1-n . s
= ——ind o B2y Vi, (6)
Nind
where 1, is the active volume of the channel.
The mechanical power imparted on the sea
water in the channel is,

. 1-19n; SR
Py = Fenliin = 'ﬂaB-b;’"c}" (
Thnd

-1
S—

The electrical power supplied to the MHD
channe] is.

Po=VI=i2Mnd g vl (&)
Nind

and the electrical efliciency is defined as. from
Egs. (7) and (8).

_ P, _ BUuD
ne=p =T (9)

This is identical to the field induction effi-
ciency. ying. Lhis, however, does not mean one
can extract the most mechanical power from
the MIID channel at 5. (or 7,,4) being equal to
1. As one can see from Eq. (8). P, approaches
to zero as 5, approaches to unity. Fromn Eqgs.
(7) and (9). the expression for the mechani-
cal power under fixed channel dimensions and
electrical potential would be,

Po=Q0- r)e)nca\'?‘—l_)c;’_'-. (10)
P, can be optimized by taking the derivative
of Eq. (10) with respect to 7., and determin-
ing the value of 5, that satisfies a zero deriva-
tive. It turns out that P, is optimized when
n. is equal to 0.5. That also means 30% of
the electrical power will be consumed as heat
by Ohmic loss. This is a condition that will
always have to be taken into account in the
thruster design.

2.2 Dual-control-volume analysis

In the past, the analyses of sea water MHD
thrusters have been based on Bernoulli’s equa-
tions in modeling momentum exchanges (Refs.
7 and 11). These analytical approaches basi-
cally ignored the viscous dissipation of fluid
in the channel, and the pressures at the en-
trance and exit (pin and p..) were taken to be
the same as the ambient pressure. These, in



reality, were not quite justified. In our cur-
rent analytical models, two separate control
volumes are considered, to take into accounts
the viscous dissipation in the channel and the
relationship between the thrusts and the per-
formances of the vehicle. In doing so, the pres-
sure conditions at the inlet and outlet of each
channel must be computed. instead of being
assumed. Similarly to rocket propulsion, this
would make up the pressure thrust portion of
the total thrust.

The first control volume, shown as dnatted
lines in Figure 3. is the sea water volume en-
closed by an individual MHD channel. The
mass and momentum balances of flow around
this control volume are discussed as follows.
Assuming the ratio between the nozzle exit
area and the MHD channel area is s, the 1.1ass
conservation vields,

l'.
Uer = ——;2 (11)
and the momentum conscervation vields,
. . . L lm
f’l zn-‘iin(l exr = { m) =1BD - (f £ ) tn
Dy
—A]'.\'-4i1: + (I’m-’im - I’e:-’isr)- (12)

The second term in the right hand side {RHS)
of Eq. (12) accounts for the {riction loss in
the straight channel. and the third term ac-
counts for the nozzle loss. Also in Eq. (12).
Dy is the equivalent hydraulic diameter of the
channel, and f is the Darcy-Weisbach friction
factor that is a function of the Reynold’s num-
ber of the pipe flow. Although equivalent di-
ameters are used in Eq. (12) for non-circular
channels, f has been found to be slightly over-
pledlctmg the friction (Ref. 12). The nozzle
loss is proportional to the square of the mass
flowrate through it. It can be expressed as

(Ref. 13),
Apy = 5o (13)

where Y is the expansion factor which is unity
for liquids. F is the velocity-of-approach fac-
tor defined as F = 1/v/1-s. C is the nozzle
discharge coefficient which has a value approx-
imately equl to 0.98 for smooth nozzle transi-
tion at high Revnold’s number. The last term
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in the RHS of Eq. (12) is the net pressure force
from both the inlet and outle. of a cliaunel.

The thrust that is put out by an MHD
channel can be written as, from the momeu-
tum principles (Ref. 14),

T = 7;7(("9: - Lrg'n) + (peg-‘4¢: - Pm-‘lm)

FPemp{Ain — Aer) {14)

The first term in the RHS of Eq. (14) is the
momentum thrust, and the combination of the
second and third terms is the pressure thiust.
Pams i the ambient pressure of the vehicle, and
is a depth-dependent quantity. Fiom Eq. (12).
Eq. (14) can be re-written as,

T = ApepnAin + paml:(-‘im - -‘13:)- (15)
where Ap,.y is the pressure rise (or drop) across

the entrance and exit of the MHD channel. It
is defined as.

Apesdin = (Pe: - Pin)-’Ln

L nlm

=16D -~ (f )‘Ln = ApxAin. (16)

The relationship between the total thrust
of all the MHD chaunels and the vehicle ve-
locity can be obtained from he second con-
trol volume. shown as dotted lines in Figure
4. The skin friction of a venicle is propor-
tional to the square of its velocity, and must
be balanced by the total thrust provided by
the MIID thrusters at steady state. The equa-
tion describing the force balance in the second
control volume is.

1 .., . -
C'D-'lsurf(?,‘/" ,«—) = NuT, (17)

where N, is the total numbers of MHD chan-
nels, Agyry is the total vehicle surface area. ('p
is the drag coefficient at the vehicle surface.
which ic ohf—nnrar] from the standard values of
International Towing Tank Conference (I'T TC.
1957). The thrust in Eq. (14) can also be re-
duced to.

T = 7;'(Ue.r - I-'m) (Pm - ]Mmb)( A = Aer)

+A]7ch-“e:- (1‘\‘)




and the term (p,, -~ pe:) can be approximated as
an entrance pressure defect, from the Bernou-
lli’s equation,

1 o M
Pin = Pamb = 'é‘l)(v,' - Ui (19)
From Egs. (18) and (19), Eq. (17) becomes,
CDAsurj(‘%PVf) = Nch(’h(Ue: - Um)

| PN
";;P(Vs' = U2 (Ain = Aez) + Apener). (20)

2.3 Solution procedures

In the discussion of the "dual control vol-
ume” analysis above, the pressures at the
entrance and exit of an MHD channel were
treated as unknowns. The relation between
them was formulated in Eq. (16). If the vehi-
cle dimensions and the MHD channel dimen-
sions are given, the applied voltage that gives
the optimal electric efficiency can be deter-
mined for given B and U,, from Eq. (4) by
letting mnq = 0.5. Then, Ap., can be calculated
from Eq. (16) for a given s (nozzle area ratio).
Eq. (20) in turn becomes a quadratic equa-
tion of V4, which can be readily solved. How-
ever, there exists only a unique s for a given
U, to satisfy the condition in Eq. (13). It is
also noted that Eq. (15) involves the ambient
pressure of the vehicle. Ior a given depth, iter-
ative procedures such as the generalized New-
ton’s method or the bi-sectional method can
be applied for the solution of s.

As a result, the performance of a vehicle
with MHD thrusters can be analyzed by plot-
ting the vehicle velocity, or the total efficiency
against the sea water velocity in the channel.
Here, the total efficiency is defined as,

NeaT'1s

P, (21)

m=

For each point in a performance curve, theie
is a corresponding s to satisfy the conditions
imposed by tiie conservation laws in both con-
trol volumes. This s value directly influence
the nozzle design.

3. Results

Performance calculations were based on
two classes of underwater vehicles. The first
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class (class 1) is vehicles with dimensions sim-
ilar to MIK4S torpedoes. The common diam-
eter and length were chosen to be 0.533 me-
ter and 6.1 meters, respectively. The second
class (class 2) is large submersibles such as
submarines, with vessel diameter and length
being 9.8 meters and 83 meters, respectively.
Four rectangular MHD channels were attached
to each vehicle 90 degrees apart from one an-
other, and the channel lengths were always
chosen to be two thirds of the vehicle lengths.
For the first class vehicles, the electrode width
and gap distance were 0.3 meter and 0.1 me-
ter. For the second class vehicles, the electrode
width .nd gap distance were 3 meters and 1
meter, respectively.

Figure 5 shows the dependence of class 1
vehicle velocity on the magnetic field strength
snd the sea water conductivity. It indicates
‘hat the vehicle velocity increases proportion-
ally with ¢B2. The solid line represents the ve-
locity performance at realistic sea water con-
aitions 7. achieve the torpedo speed (50 -
70 knots: the magnetic field needs to be as
large as 1{ to 20 Teslas. Nevertheless, it points
to the possibility of low speed applications in
ROV or UAV with more realistic magnetic
fields. By increasing the conductivity of sea
water in the active volume of the MHD chan-
nels, shown as dashed line, the velocity can be
increased linearly. Similar curves can be gen-
erated for class 2 vehicles. For a reasonable
submarine velocity, one only needs a magnetic
ficld of about 5 Teslas. This will be further
discussed next.

Figures 6 and 7 show the velocity and ef-
ficiency performances of class 1 vehicles. vs.
the fluid velocity in the MHD channel at B =
20 Teslas. In general, the vehicle velocity in-
creases with channel flow, as a result of in-
creasing MHD pumping. As discussed in sec-
tion 2 above, there can exist two satisfactory
solutions for V, at low Ui, due to the quadratic
nature of Eq. (20). One solution corresponds
to the case of s = 1, where the MHD channel
is straight and without any nozzle. This solu-
tion, shown as the upper curves in Figs. 6 and
7. often is not valid because 5, becomes larger
than 0.5. This contradicts the imposed condi-
tion of optimal electric efficiency, as discussed
in section 2.1. The other solution corresponds
to a s value less than 1. It suggests that the
existence of a smooth nozzle would create a




higher U".. which in turn would generate the
momentum thrust. This is a valid solution
and is shown as the lower curves in the figures.
Valid solution can also exist for s = 1 at higher
velocity. In this situation, the vehicle thrust
is mainly from the pressure turust. Although
the total efficiency generally decrease with in-
creasing Uiy, for class 1 vehicles, there appears
to have an optimal efficiency near 7 = 0.375,

Fig. 7.

Figures § and 9 show the velocity and ef-
ficiency performances of class 2 vehicles, i.e.
submarines. It is noted that reasonable sub-
marine velocity can be achieved with a mag-
netic field about 5 Teslas. For a submarine
having a 35 knots velocity, the total power ef-
ficiency is about 0.355. This is largely due to
the large size of the MHD channels. For class
2 vehicles, even larger NHD channels than the
ones currently under consideration are possi-
ble. That would result in further increases in
vehicle velocity and total efficiency.

4. Discussion

The purpose of this study is to assess the
feasibility of sea water MIID piopulsion for
underwater vehicles. It is commonly acknowl-
edged that magnetic fields higlier than 10 Tes-
las are, although achievalle. not practical in
large scale engineering applications. There-
fore, for smaller veliicles, the possible applica-
tions of sea water MHD propulsion are in low
speed ROV's and UAV's, with lower magnetic
fields. The electric sources can be from bat-
teries, fuel cells, or generators driven by the
long endurance version of the stored chemical
energy propulsion system (SCEPS) concept.
The high magnetic fields required by the tor-
pedo applications seem to bLe still somewhat
out of the reach of current technologies.

On the more encouraging side, a 5 Teslas
magnetic field appears to be adequately suited
for propelling a class 2 submarine with rea-
sonable speed and efficiency, as shown in Figs.
8 and 9. The electric power will most likely
be nuclear driven. A class 2 submarine going
with a speed of 36 knots would need 66 Mw
of electric power for its MHD channels. As-
suming the Rankin cycle efficiency of the nu-
clear propulsion plant is 33%, the required re-
actor thermal power would be at least 200 Mw.
This, of course, does not include any other ser-
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vice power needed for the vehicle. Neverthe-
less, it is compatible in power capacity to the
cu.rent nuclear submarine technologies (Ref.
15). In addition, a hybrid submarine having
both the propeller screws and MHD channels
may offer some strategic merits in undeiwater
warfare.

Superconducting magnets are the essen-
tial elements of the sea water MHD propul-
sion technology, because they offer high fields
at little electric consumption. They do need
some cryogenic power to maintain low temper-
ature. The liquid helium cooled superconduct-
ing magnets are somewhat hard to maintain
due to helium leakage. The high-T, supercon-
ducting materials offer the hope of more eco-
nomical magnets, with much more cryogenic
simplicity. Other important issues associated
with sea water MHD propulsion are mainly in
the electric conduction characteristics of the
sea water. These are to be addressed in part
in our future experimental studies.

5. Future Experimental Work

An experimental facility is curiently being
constructed to study the current conducting
characteristics of sea water. Ii is a closed flow
loop that circulates the salt water through a
test section, as shown in Figure 10. The salin-
ity of the salt water will be properly controlled
to simulate that of sea water. The test sec-
tion is a rectangular channel made of plexi-
glas<. with two parallel electrodes mounted on
opposing walls. The electrodes are made of
copper and plated with 50 g-inch of platinum
layer. The platinum is plated to prevent the
electrolytic dissociation of the electrode mate-
rial, and to provide a good gas evolution whic
results in good current conduction.

As the current is bLeing supplied to the
electrodes. hydrogen and oxygen micro bub-
bles will be foimed at the cathode and anode.
respectively. Perhaps the most important is-
sue to be addressed is how effective the cui-
rent can be driven through the "flowing™ salt
water without saturating the electrolytic gas
formation piocess. Since the performance of a
thruster increases linearly with the sea wate:
conductivity, enhancements of the fluid con-
ductivity by seeding method or ionizing radi-
ations become worthwhile.



The electrolytic micro-bubbles on the elec-

trodes can have significant impact on the tur-
bulent fluid structure of the MHD flow in the
channel. Its influence on the drag of an inter-
nal channel flow also affect the performance of
the thruster. These are the issues remained to
be addressed in our future experiments.

o

-1

10.
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Magnetohydrodynamic Submarine Propulsion
at the
David Taylor Research Center

Presented by David Bagley
of the
Electric Propulsion and Machinery Systems Branch

The purpose of this discussion is to introduce the David Taylor Research Center
(DTRC) and describe our work in MHD propulsion. It is divided up into three sections;
the first is an introduction to DTRC, the second is a description of our past and current
involvement in MHD propulsion, and the third is a brief view of what we see in the
future.

Introduction to the David Taylor Research Center

DTRC is the Navy’s principal research, development, test, and evaluation center
for naval vehicles. The viewgraph with the rather poor picture of Admiral Taylor lists
some of the major areas of interest to DTRC. This is not by any means an exhaustive
list; we work on everything that goes into a ship except weapons systems and nuclear
reactors.

DTRC is actually made up of two geographically separate laboratories. The
larger of the two labs is in Carderock, Maryland, just outside the Washington beltway.
It employs about 1600 people, and houses the Ship Systems Integration Department, the
Ship Hydromechanics Department, the Ship Electromagnetic Signatures Department,
the Ship Structures Department, and the Ship Acoustics Department. These
departments’ facilities include the Anechoic Flow Facility, the Model Towing Basin
Fadility, and the Variable Pressure Cavitation Channels.

The second lab is located in Annapolis, Maryland on the north side of the Severn
river, across from the U.S. Naval Academy. Approximately 800 people work there in
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the Propulsion and Auxiliary Systems Department and the Ship Materials Ergineering
Department. Also located at the Annapolis site are the Deep Ocean Pressure Tanks, the
Submarine Fluid Dynamics Facility, and the electric drive testcraft Jupiter II.

DTRC Strengths Applicable to MHD Propulsion

DTRC has great experience in many areas applicable to MHD propulsion. We
have been a leader in the field of applied superconductivity and cryogenic systems and
in the development of advanced electric drive for Navy vessels since the 1960’s. (For
more information on this subject, see chapter 9 of the recently-published book
Superconductivity: The New Alchemy, by John Langone.) Also listed on this viewgraph
are other areas of DTRC expertise that we feel will be important in the development of
MHD propulsion.

Current MHD Propulsion Work

DTRC's current efforis in MHD propulsion fall into four areas. The first two of
these are paper studies, one sponsored by the Office of Naval Technology (ONT), and
the other by In-house R&D funding. These studies are idealized, one-dimensional
analyses of MHD in seawater, and its suitability as propulsion for Navy vessels. They
were also both learning exercises for their respective authors, and their reports are
currently in preparation. Our third area of MHD activity is the small-scale experiments
at the U.S. Naval Academy conducted by Visiting Professor Kenneth E. Tempelmeyer.
Finally, DTRC has been providing technical and contractual support to the Defense
Advanced Research Projects Agency (DARPA) in their MHD submarine propulsion
development program.

ONT Submarine MHD Propulsion Assessment

The ONT study examines a simple duct of square-cross-section, with intake and
exhaust shrouds for flow conditioning. The electric current, magnetic field, and
seawater flow are all considered to be uniform over the active region. Electrical losses
are assessed in the active region, hydrodynamic drag losses throughout, flow separation
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losses in the exit diffuser (or nozzle), and a propulsive slipstream loss at the exit. The
load for the propulsor was a typical nuclear attack submarine operz'ing at full power.
Three different magnetic field levels were considered, and four different duct sizes (the
viewgraph shows the active part only). The study does not specify a particular
arrangement scheme for integrating the MHD propulsor with the submarine, and does
not modify the propulsive characteristics of the vehicle for any such installation.

The results show that propulsive efficiency increases with duct size and magnetic
field (though this may .. iimited by end effects, which were ignored in this study), and
decreases with ship speed (based on the much higher thrusts required for higher
speeds). These trends, along with estimates of the accompanying magnet weights, seem
to limit the propulsive efficiencies of MHD propulsors to levels significantly lower than
those of conventional propellers. The question at this point is whether the as yet
undefined acoustic benefits of MHD propulsion will be worth its weight and efficiency
penalties.

IR&D Submarine MHD Propulsive Efficiency Study

This study, which was performed by Dr. Samuel Brown and Dr. Neal
Sondergaard of DTRC, started with a classical propeller model, and adapted it to apply
to an MHD propulsor. As in the ONT study, the seawater flow, electric current, and
magnetic field were considered to be uniform in the active region, and end effects were
ignored. The results, as expected, showed that high fields, large ducts, and low speeds
were needed for high efficiency, and that, given these parameters, acceptable
efficiencies could be achieved (this study did not address magnet weights).

USNA Small-Scale Experiments

During the past year, Dr. Kenneth Tempelmeyer of Southern Illinois University
has been a Visiting Professor at the U.S. Naval Academy, and has been working with
DTRC on MHD propulsion. In addition to providing valuable technical guidance to us,
he has performed a series of small-scale experiments on the electrical characteristics of
seawater. These experiments were carried-out in a USNA laboratory, using a small
water-flow table and synthetic “Instant Ocean” seawater. DTRC has been providing
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technical support for these experiments, and will be publishing two reports on their
results. Dr. Tempelmeyer will be discussing his work and presenting some of the
results.

DARPA Technical and Contractual Support

DTRC has been providing support to several areas of DARPA’s MHD submarine
propulsion program. We are the Technical and Contracting Agent for the DARPA-
sponsored study at Avco Research Laboratory (which wiil be described in great detail
by Dr. Daniel Swallom of Avco). In addition, Dr. Theodore Farabee, of our Ship
Acoustics Department, has been providing technical support in acoustic data acquisition
and analysis to the Large-Scale Experiment at Argonne National Laboratory (to be
discussed by Dr. Michael Petrick of Argonne).

Future MHD Activity

In the future, DTRC intends to be involved in MHD propulsion in three separate
areas. Firstly, our support to the DARPA programs, as described above, are expected to
continue. Secondly, we have some small-scale in-house experiments planned. These
experiments will be extensions and enhancements to Dr. Tempelmeyer’'s USNA
experiments. They will be focused on electrolysis effects and signatures, and may
include a magnetic field. Finally, we will be examining superconducting magnets and
cryogenic systems for MHD propulsion under an ONT-sponsored superconductivity
program.
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DARPA REQUIREMENTS

LCDR Richard Martin
Program Manager for Mechanical Systems
Naval Technology Office
Defense Advanced Research Projects Agency

The items listed in the following tauic are of interest to DARPA. They are sug-
gested for use in research programs proposed and conducted in magnetohydro-
dynamic submarine propulsion.
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ABSTRACT

There is renewed interest in the application of the MHD
propulsion concept to surface ships and submarines. However, there
is almost no experimental information concerning the major
physical processes which will occur in a seawater MHD propulsion
unit, such as (1) the seawater electrolysis process at operational
conditions needed for ship propulsion, (2) the effects of bubble
formation on the performance of a seawater thruster and (3) the
effectiveness of the MHD interaction in seawater. Small scale tests of
an MHD type channel but without an applied magnetic field have
been carried out to provide information about the first two of these
areas (1) seawater electrolysis and (2) the effect the Hy bubbles
generated during the electrolysis of seawater. Current/voltage
characteristics were obtained with different eiectrode materiais for
current densities up to 0.3 amp/cm2, The effect of bubble formation
on the channel current has been assessed over a range of operating
conditions. Long-duration tests to 100 hrs. have been made to provide
information on electrode durability and long-term operational
problems. '
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INTRODUCTION

The acceleration of electrically conducting fluids by crossed electric and
magnetic fields (i.e. electromagnetic pumps) has been proposed and investigated
for many years. Commercially available liquid-metal pumps successfully utilize
this concept but it has had limited success in other applications.

Because seawater is an electrical conductor, the application of this concept
for ship propulsion (i.e. magnetohydrodynamic (MHD) propulsion) has been
repeatedly suggested over the past three decades. (see refs. 1 through 5 for
example). In 1968, Way® constructed and operated a model of an MHD powered
vessel which was probably the first demonstration of MHD propulsion for ships.
More recently there have been several publications as well as news media
accounts of MHD ship propulsion research in Japan. This activity is centered at
and funded by the Japan Foundation for Shipbuilding Advancement (JAFSA).
(See, for example, publications by Tada, et al” and Motora8.) The Japanese effort
has also resulted in the operation of a su.cc;ssfu] prototype which is reported to
have two MHD thrusters each producing a Lorentz force of 8000 newtons with a 4
tesla superconducting magnet installed in a vessel having a displacement of
about 150 {ons.? .

With the advent of superconducting magnets, which can produce fields of 6
to 10 tesla, the application of MHD thrusters for seawater becomes more feasible.
As a result, there is an increasing interest in this propulsion concept at several
naval labs and at the Defense Advanced Research Project Agency (DARPA). The
interest in this ship propulsion concept is stimulated by the potentially quieter
operation of an MHD thruster as compared to a conventional methods of providing
mechanical power to shafts and propellers.
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The David Taylor Research Center (DTRC) has been analytically studying
the application of MHD thrusters for submarine propulsion over the past several
months. To support this activity, an experimental test program of the electrical
characteristics of an MHD thruster has been started at the U.S. Naval Academy
in cooperation with DTRC using two conventional water tables in the Mechanical
Engineering Fluids Mechanics Laboratory. The purposes of these tests were to:
(1) determine the current-voltage characteristics of an MHD channel flowing
seawater (without an applied magnetic field); (2) determine the electrical
conductivity of simulated seawater and the electrode voltage drops; (3) investigate
different types of electrode materials; (4) observe the dynamics of bubble
formation, hydrogen on the cathode, and chlorine on the anode at various
operating conditions, and; (5§) make measurements of bubble noise downstream of
the channel.

This report summarizes the electrical characteristics of a seawater MHD
thruster configuration but without the applied magnetic field and (2) provides
some comments on the suitability of some different electrode materials. A second
DTRC reportl? provides information concerning bubble formation, bubble
dynamics and the noise potential of a seawater MHD propulsion unit.

BACKGROUND

Ohms Law for an MHD thruster may be written as:

J=0o (Eapp +V!—B') 1)
where —ﬁapp represents the applied electric field provided by an external d-¢c power

supply and VxB is the electric field induced by the motion of the conductor
through the magnetic field. There was no applied magnetic field for the tests
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described here (B = O). As a result, the measured current-voltage characteristics

for a constant-area rectangular channel are related by:

1 __ Vap
oW = ° 4 @)

where L and W are the length and width of the electrodes in contact with the salt
water and d is the electrode spacing. The experimental current-voltage
characteristics presented here are representative of what will occur in a seawater
MHD thruster when E is interpreted as the sum of the applied and induced
electric fields in an MHD unit.

As a voltage is applied across the electrodes, current begins to flow
resulting in electrolysis of the salt water. While there has been no attempt in this
investigation to study the electrochemical reactions in the electrolysis process,
some background may aid in understanding the performance of various electrode

materials and other phenomena that occur.

If the electrodes are inert, electrolysis of an aqueous solution NaCl results
in the generation of chlorine gas at the anode and hydrogen gas at the cathode by

the reactions.
Anode 2CI' 5 Cly +2e 3)

Cathode 2¢” + 2H;0 — Hy + 20H 4)
A surplus of electrons at the cathode creates conditions for chemical
reduction in that region and the deficit of electrons at the anode results in the
conditions for oxidation. However, if the anode material is oxidized, there will be

material loss through reactions such as:

Al 5 Al+++ 4 3e 5)
Cu = Cut++2e 6)
Fe — Fet++42e ()




resulting in the formation of oxides of the anode material as the reacting anode
material contributes metal ions to the solution. Thus, the principle results of
passing an electric current through seawater are the production of Hj at the
cathode and the oxidation of reacting metals at the anode.

More complicated electrode reactions can also occur depending upon the

electrode materials used and the level of current. Bennett! states that chlorine

generated at the anode will very quickly be hydrolyzed and H, generated by the

reactions:
2CI'-> Cly + 2¢” 8
Cly + H,O & HCIO + CI' + H* 9)
HClO CIO” + H* (10)
2H* + 2e - Hy (11)

Hypochloride, a disinfectant, is produced in this process which increases the pH
of the solution.

At certain voltage levels 0, generation at the anode may be favored over the

production of chlorine through the reaction,

2H,0 - Oy + 4H" + de” 12)
This apparently occurs at very low current densities (j <1 mA/cm2) and is
probably not important for the conditions of these tests.

The amount of hydrogen gas produced at the cathode is simple to calculate
since one hydrogen atom is produced for every electron. The measurement of the
electrolysis current was employed as an early means of determining Avogadro's
Number. One Faraday of charge, F, (96,487 combombs) will produce one mole or

1.008 gms of hydrogen. Thus, a current of 10 amps will result in 1,0443 x 104 gm
of H/sec. As a result, it can be shown that the volumetric production of Hj is:

Ve(g)x (o) 13)




if Hy is treated as a perfect gas. For typical run conditions of these tests, T =
300°K, p = 1atm and at a current of I = 10 amp,
V ~1.28 x10-3 liters of Ho/sec (14)

were produced. This represents the maximum Hq gas generation rate for these

tests.

Additional chemical reactions also occur in the high pH region near the
cathode. Magnesium and calcium salts which are present in seawater are
hydrolyzed to form calcium and/or magnesium hydroxide. These oxides exist as
a white gelatinous or colloidal material, and the reactions are more predominate
with certain types of electrodes where the gelatinous products begin to adhere to
surfaces in regions of low velocity. Ca(OH), and Mg(OH), form routinely in
seawater electrolysis cells and are periodically removed by reversing the current.”
The formation of these materials, however, may cause additional problems in
seawater MHD thrusters.

Some additional information concerning seawater electrolysis is available

in references 13 to 15.

TEST EQUIPMENT

WATER TABLE FACILITY

Tests were carried out using two water tables which produce a sheet of
water having a specified depth. Wall guides were introduced to simulate a two-
dimensional flow channel consisting of an intake nozzle, a constant area MHD
channel (without B-field), and an exit diffuser, see Fig. 1. The channel
dimensions were adjustable to accommodate investigation of different channel

configurations and sizes. Two basic channel configurations were used:




1. Qpen-Top Channel - In this configuration the electrodes made up the
sidewalls of the channel as shown in Fig. 1. The bottom wall or floor was made of
an insulating material and there was a free, water surface st the top. Figure 2a
is a photograph of this configuration.

2. Closed Channel - When this configuration was used, the bottom surface
of the channel served as the cathode; the top surface as the anode; the sidewalls
were made from non-conducting materials. This channel was fully submerged

in the water flow. A photograph of the closed channel may be seen in Fig 2b.

ELECTRODE MATERIALS
Several electrode materials were investigated as summarized in the table
below:
Table1 - Electrode Materials Tested
Open-Top Channel - - -
Pair Number  Anode Cathode
1 Aluminum Aluminum
2 Copper Copper
3 Incoloy 800 Incoloy 800
4 Titanium Substrate Titanium Substrate
Rare-Earth Oxide Coating* Rare-Earth Oxide Coating*
5 Titanium Substrate Hastelloy C
Rare-Earth Oxide Coating*
Closed Channel
6 Aluminum Aluminum
7 Copper Copper

*Manufactured and provided by Eltech Corp. Tk~ oxide coating is believed to be
ruthenium dioxide.

The width or height of the electrodes (W) varied from about 2 to 5 cm and the
channel and electrode length (L) varied from about 12 to 20.5 cm. The electrode
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spacing (i.e. the width of the channel) (d) was also varied but for most tests the
spacing between electrodes was about 5 cm.
Long-duration (50 hr or 100 hr) tests were made for Electrode Pairs 4 and 5.

POWER SUPPLY AND INSTRUMENTATION

The electrodes were connected to a D.C. power supply. Applied volteges
ranged from 0 to 30 volts; the corresponding current varied from 0 to about 12
amps. The electrode surface area could be varied by changing the depth of the
water in the open channel and/or changing the length of the electrodes in the
closed channels. Current/voltage measurements were made for each of the
electrode pairs by applying various voltages up to the value which produced a
current density of 0.2 to 0.3 amp/cm?, Approximate calculation of the electrical
characteristics of an MHD submarine thruster suggest that this level would be
the upper limit of current density which would be of interest in & submarine MHD
thruster. T

Currents and voltages were measured with Fluke meters. The
repeatability of the electrical measurements was well within 2%.

Approximate values of the flow velocity were obtained from (1) a water flow
meter in the water table and (2) by timing the passage of a small floating object in
the MHD channel. Test velocities varied from 0 up to about 90 cm/sec. The
accuracy of the flow velocity measurement was no better than about +10% of the
values stated. Throughout these tests however there was no indication that the
flow velocity had an important effect upon the measured current and voltage

characteristics other than a small effect on the "starting voltage" which is

discussed later.




Specific gravity of the simiilated seawater was: mensnredriperiodica‘lly‘wi;h‘
a-calibrated hydrometer set and the pH of the water was regularly monitored with
a pH cell and meter.

234



RESULTS AND DISCUSSION

SIMULATION OF SEAWATER

ELECTRICAL CONDUCTIVITY
The water tables were drained and filled with fresh tap water having a

specific gravity of 1.000. Various potentials were applied across the electrodes
with the fresh water flowing through the channel at a velocity of about 20 cm/sec.
The current varied linearly with voltage . From the applied voltages and current
measurements the fresh water was found to have an electrical conductivity of o =
0.0306 mho/meter.

Salis (in the form of the commercial product named "Instant Ocean") were
then added to the water in several steps. At each step the (1) specific gravity and
(2) currents at various voltages were measured. As will be observed in subsequent
figures, the current varied linearly with voltage for the salt water over the current

“range provided by the power supply. Figure 3 summarizes the measured
electrical conductivity of the simulated seawater as a function of its specific
gravity. At a specific gravity of 1.024, a typical value for seawater, the electrical
conductivity was found to be 4.5 mho/m which is also consistent with typical
published values for seawater. Moreover, the electrical conductivity.of the
simulated seawater varied linearly with the specific gravity of the water up to
gpecific gravities corresponding to ocean water.

For experimental purposes it may be desirable to increase the electrical
conductivity of the water well beyond that of seawater. One test was performed on
a solution containing twice the amount of Instant Ocean needed to achieve an
electrical conductivity of 4.5 mho/m. All of the salts were soluable and the
resulting conductivity was slightly above 10 mho/m with a specific gravity of 1.05.
This data point is also shown in Fig. 3. While nc attempts were made to produce
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higiier conductivities, it is possible to do so by the-addition of larger amounts of-an:
appropriate sait compound. The specific gravity and electrical conductivity of the
test medium were maintained near 1.024 and 4.5 mho/m respectively throughout
the tests reported here.

SCALING CCMPOUNDS
As will be discussed later, longer duration testing of the electrodes resulted

in the formation of a gelatinous material on the cathode side of the channel. This
material which was principally Mg(OH), adhered to some of the cathode
materials and to wall suriace discontinuities end corners. Whether or not this
material will be formed in an MHD thruster operating on seawater is not known.
However, these tests indicate that it will form in facilities simulating seawater
with Instant Ocearn.. It can provide some obstruction to the flow and reduce

somewhat the effective electrode surface area. These effects are discussed later.

CURRENT/VOLTAGE CHARACTERISTICS
The current-voltage characteristics of several types of electrodes were

obtained for the channel geometries and test conditions summarized below:

(a) Channel Length, L 12.7 t0 20.5 cm
(b) Channel Width (Electrode Spacing),d 5t010cm

(c) Electrode Width, W 2to5cm

(d) Flow Velocity, V 0 to 90 cm/sec
(e) Electrical Conductivity, ¢ 4.1 to 4.5 mho/m

(E) and current density (j) in order to generalize the variation of channel
geometry, Data were obtained for current densities up to 0.2 to 0.3 amp/em?
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which will probably be the upper level of current density of interest in seawater

MHD thsusters.

QPEN TOP CHANNEL CONFIGURATION

The electrical characteristics of five open-top channels with different
electrode materials are given in Figs. 4 through 8. In all of these tests the
electrodes served as the vertical sidewalls.

It was anticipated that the Hy generation at the cathode might create a gas
sheath over the electrode and produce a non-linear variation of current density
with increasing electric field. Inspection of the Fig. 4 to Fig. 8 data however,
illustrates that this does not occur. Small Hs bubbles formed uniformly over the
cathode surface. They rise due to their buoyancy, but remain in the electrode
sidewall boundary layer until they reach the free surface. As they rise they are

also convected downstream by the boundary-layer flow, but more slowly than

would be expected. As the current increased the gas generation rate increases,
(see Eq. 13,) but the bubbles continue to move away from the electrode surface such
that voltage drop at the wall is not significantly effected.

Comparison of Figs. 4 through 8 illustrates that the electrical
characteristics of all of the electrode materials tested are quite similar (with the
exception of copper electrodes which formed oxide films, Fig. 6b. The copper oxide
films severely limit the current. All electrode materials exhibit linear variations
of current density with applied electric field. As might be expected each material
had a somewhat different initiation voltage, Vy, (i.e. the voltage or electric field
which must be applied before appreciable current will flow). The initiation
voltage and "zero-~.rrent” electric field for each electrode pair tested are

summarized below:




Table 2 - Approximate Electrode Voltage Drops

Initiation Zero Current
Ancode Cathode Voltage volts  Electric Field, volts/em
Aluminum Aluminum 1.5 0.3
Incoloy 800 Incoloy 800 11 0.2
Copper Copper 1.5 03
Eltech Eltech 21 0.4
Eltech Hastelloy C 1.9 0.45

The Eltech metal-oxide coated zlectrodes-exhibited the highest Vj of the

electrodes tested but there were no large differences between any of the electrodes.
The values measured are consistent with the voltage drops measured in water
electrolysis cellst®.

The flow velocity of the water through the channel was varied from about 6
to almost 90 cm/sec. In addition, some current/voltage data were obtained under
static conditions. Comparison of Figs. 4 through 8 illustrate that for the range
covered in these tests, changing the flow-velocity did not alter the electrical
characteristics in any significant way. Comparison of Fig. 5 with the data in
Figs. 7 and 8 (see circle symbols in Figs. 7 and 8 corresponding to the start of the
test series) illustrates that the E vs j data for velocities of 0, 20, 47 and 77 cm/sec
are almost coincident when the differences of initiation voltage, Vi, are taken into
account.

Data given in Figs. 4, 5, 63, 7, and 8 for an open channel configuration
having a free water surface, characterize the maximum current densities which
may be expected in a seawater MHD propulsion unit, if the electric field shown by
the figure is taken as the sum of the applied electrical field and the induced
electric field (VxB) in an MHD duct. Electrolysis effects however, can reduce the
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curent flow. (1) Trapped Hy bubbles and gas in a closed channel, (2) oxidation
products on the anode and (3) the products of other chemical reactions on the
cathode will reduce the current density at a given value of the electric field from
the values shown in these Figures. The causes of reduced current are discussed

in subsequent sections.

CLOSED CHANNEL CONFIGURATION

Two constant-area closed channels which were fully submerged in
the water flow were also investigated (see Fig 2(b). For both channels the bottom
wall was the cathode, the top wall the anode and the sidewalls (i.e., the B-walls)
were made of electrically insulating material. Copper electrodes were tested first
and then abandoned because copper oxide films which formed on the anode very
quickly limited the current (see Fig. 6(b). As a result, most of the closed channel
data were obtained with channels having aluminium electrodes. The closed
channe! dimensions and test condition were:

Table 3 - Closed Channel Geometries

Electrode Electrode Electrode Flow

Spacing Height Length Velocity
Channel em em em - cm/sec
(a) 3.7 26 204 181090
) 3.7 34 138 26t0 70

The channel flow was discharged into a diffuser with diverging sidewalls.
For Channel (g) the top and bottom walls of the diffuser were parallel and
horizontal. In later tests with Channel (b) the top diffuser wall was also diverged
20,




CLOSED CHANNEL TESTS WITH HIGHER FLOW VELOCITIES

The variation of current density with electric field for the two closed
channels is given in Fig. 9 when the channel flow velocities were 70 and 90
cm/sec. As occurred with the open-top channel the current density varied
linearly with increasing electric field in the closed channel at these flow
velocities. Comparison of the electrical characteristics of closed channels with
aluminium electrodes (Fig. 9) to the electrical characteristics of the open-top
channel with aluminum electrodes (Fig. 4) indicetes that the closed channel had
about the same initiation voltage (V1) as measured for the closed channels, but at
a given electric field the current densities in the completely closed channels were
about 10% to 15% lower than measured in the open-tc;p channel. The specific
gravity and electrical conductivity of the simulated seawater were essentially the
same for these two tests. This current decrease appears to be associated with the
H, generation in the electrolysis process and represents a loss of performance in
an MHD s;av;ate; thruster operating at these velocities. The cause of this current

decrease is discussed fully in the section describing the observed bubble dynamics.

CLOSED CHANNEL TESTS WITH LOWER FLOW VELOCITIES
Cl | (a) with a Horizontal Diffuser Top Wall

The current changed drastically when the water flow velocity was
decreased. Figure 10 summarizes the time variation of the electrode current at
two lower velocities (18 cm/sec and 34 cm/sec) for Channel (a) with a horizontal
diffuser top wall. With the configuration of a horizontal diffuser top wall gas
bubbles which are swept out of the channel rise to the top diffuser and become
trapped against the top wall. Surface tension forces impede their movement
downstream. As a result, large gas pockets were formed on the upper wall which
grew back upstream into the MHD channel. The consequence is that the trapped
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gas begins to cover part of the anode surface and causes the current to decrease.
The gas pockets however do move slowly downstream and periodically escape
from the diffuser exit. Thus, the channel-diffuser combination discharges H, ga's
pockets in a regular periodic fashion. When this occurs and a large pocket of - gas
escapes the current rises again to its initial value. Whereupon the current begins
to again decrease as new gas pockets form.

As shown in Fig. 10, the period between H, gas discharges is quite regular.
The period depends upon level of the applied voltage and the flow velocity.
Increasing the applied voltage increases the current flow and gas generation rate
(see Eq. 13). This in turn decreases the period of the discharge (see Fig. 10b).
Increasing the flow velocity at constant applied voltage more rapidly convects the
gas bubbles downstream so that the gas pockets build more slowly which
increases the period (compare Fig. 10a with the middle curve in Fig. 10b) A
horizontal top wall diffuser in a seawater MHD thruster is clearly undesirable
since it would result in a low frequency "fluctuation" of the thrust at low
operational velocities. At channel velocities of 70 cm/sec and above current
oscillations as shown in Fig. 10 did not occur. Moreover, they also may be
eliminated by diverging the diffuser top wall as described below.
Chappel (b) with a Diverging Diff Top. Wall

Channel (b) had the diffuser top wall diverged 2° (i.e. slanted upward).
With this configuration the large gas pockets described above did not form along
the diffuser top wall. Some Hy gas bubbles coalesce forming larger bubbles but
thev move along the wall with sufficient velocity to prevent accumulation of large
amounts of gas in the diffuser as occurred with a horizontal top wall.
Consequently, the periodic discharge of gas pockets and the periodic variation of

electrode current were eliminated.



The closed Channel (b) when operating at low velocity, however, exhibited a
decrease in electrode current to a lower equilibrium value as shown in Fig. 11.
The final equilibrium current level can be significantly less than currents
achieved in the open-top channels and given previoucly in Figs. 4 to 8. The
current decrease is again the result of bubbles or gas trapped on the electrodes (in
this case the anode) as discussed in the next section. The time to reach the
equilibrium current and the amount of the current decrease depends upon the
flow velocity and the applied voltage (i.e. current level).

Thus, diverging the diffuser top wall eliminated the undesirable periodic
discharge of gas in the flow channel. However, the longer residence time of the
Hj, bubbles in the flow at lower velocity, decreases the current flow in a closed
channel from what might be expected based upon the seawater conductivity (i.e.
Figs. 4 to 8).

Summary

The following table summarizes the degradation of current density which
for these tests occurred in a closed channel as a result of Hy gas formation in the
electrolysis process. Values of the maximum current density achievable in an
open-top channel are also shown for reference purposes:

Table 4 - Summary of Current Density in Closed Channels
at Various Operating Conditions

216 405 6.49
Initial Current Density amp/cm2 068 138 220
Final Equil. Current Density amp/cm® 035 085 i60
Time to Reach Equil., min. 7 3 2
Mazx. Current Density Possible, amp/cm?2 082 158 270
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Table 4 (Continued)

ity =
Initial Current Density amp/cm2 068 138 220
Final Equil. Current Density amp/cm? 060 130 220
Time to Reach Equil., min. Nil Nil Nil
Max. Current Density Possible, amp/cm2 082 158 270

These test results are shown in a different way by Fig. 12 which compares
the variation of the measured current density with electric field for a closed
channel (cathode on the bottom wall) with the measurements for an open
channel. This comparison illustrates that due to H, gas formation in the
electrolysis process a higher applied voltage will be necessary to achieve a given
current and hence propulsive thrust in a closed channel than would be ideally
expected from the value of the seawater electrical conductivity. Because the
channel flow velocities for these tests were much lower than would exist in a
typical submarine thruster, there is a tendency to believe that this potential-lo;s of )
performance will be greatly reduced and perhaps eliminated as flow velocities
increase. However, the observations of bubble dynamics described in the next
section clearly suggest that the current losses are due to the bubbles that move
through low-velocity sidewall boundary-layer regions because of their buoyancy.
They accumulate in the upper corner between and electrode and the sidewall and
result in blocking a part of the electrode surface area. Simply increasing the
overall flow velocity may not significantly alter the mechanisms which results in

gas accumulation at the electrodes.
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BUBBLE DYNAMICS
As shown by Figs. 4 through 12 four modes of current flow were observed

during these tests:

(1) A linear variation of current with voltage, with current levels
corresponding to the ideal values expected for the salt water specific gravity and
electrical conductivity. This result occurred in an open-top channel with a free

surface and the electrodes served as the vertical sidewalls which allowed the Hj to

escape.

(2) A linear variation of current with voltage for a closed channel but
with currents about 10% lower than the ideal value. This result occurred when
the closed channel velocity was greater than 70 cm/sec.

(83) A periodic fluctuating current in a closed channel at velocities below
about 40 cm/sec and with a horizontal top wall on the diffuser.

(4) A significantly decreased but steady current in a closed channel at
velocities below about 40 cm/sec and with a 2° djverg{ng- top wall on the diffuser.

All of these current modes were a function of gas generation rate in the

channel and the bubble dynamics.

OQPEN-TOP CHANNEL BUBBLE DYNAMICS

Observation of the bubble formation in the open-top channels clearly
demonstrate that small diameter bubbles (probably less than 0.5mm in diameter)
are generated uniformly over the cathode sidewall and to a lesser degree with
some anode materials (the Eltech material and aluminum for example). The
bubbles rise and move downstream in the electrode sidewall boundary layers
under a balance of forces due to (1) shear in the boundary layer, (2) their natural
buoyancy and (3) their surface tension with the wall. As they reach the water
surface they coalesce into much larger bubbles and either escape from the free

244



surface into the atmosphere or float downstream on the surface and along the
wall forming a "foam boundary layer". In any event with a free-surface the
bubbles do not appear to move out of the sidewall boundary layers where they are
generated and into the free-stream except when they reach the free surface.
Figure 13(a) is a photograph of bubbles formed in an open-top channel. It
illustrates (1) the layer of small bubbles forming on the cathode surface, (2) the
foam boundary layer at the free surface and (3) the absence of any bubbles in the
free stream. A sketch of the bubble dynamics with this configuration is given by
Fig. 13(b). The bubble formation and their movement does not significantly
impact the electrical characteristics. At a given applied voltage the current that
results is what would be expected from the conductivity of the water.
CLOSED CHANNEL BUBBLE DYNAMICS

In a closed channel the situation is different. Any gas that is generated at
the top wall or risei., through the sidewall boundary layers tends to be trapped
against the top wall. Surface tension forces are enhanced on the top surface since
the buoyant force pushe= the bubble against the top wall. Shear forces in the top
wall boundary layer are not sufficient to move the gas downstream very rapidly.

One brief test was conducted with a closed channel having the cathode as
the top wall. Hydrogen generated at the cathode became trapped against the
cathode surface due to its buoyancy and surface tension. This greatly reduced the
current which could be passed through the seawater. No data were taken for this
configuration because it didn't appear to be of practical interest. For all other
closed channel tests the cathode was placed on the bottom wall and the anode
gerved as the top wall. With this orientation most of the hydrogen produced at the
cathode will rise through the cathode boundary layer because of its buoyancy and
move into the free stream (see Fig. 14(a).

245




Acoustic measurements, ref. 10, suggest that the size of the bubbles
generated in these tests was in the range between 0.1 to 0.5 mm in diameter. This
size range was also consistent with visual observations. Bubbles of this size will

have a rise velocity between 1.5 and 5 cm/sec!”. Assuming that the bubbles are
spherical, they are subject to a vertical buoyant force (Fg) and a drag force (Fp)

moving them horizontally. It can be easily shown that the ratio of Fg to Fp for

"free" bubble is:
Fgp —gh
Fp = 3CpV?

where D is the diameter of the bubble, Cp is the drag coefficient for a sphere
(which depends on Reynolds number), V is the flow velocity, and g is the

acceleration due to gravity. For the conditions of these tests the ratio:
Fp
Fp << 01

Thus, the bubbles rising out of the cathode boundary layer and into moving the
free stream &which had a velocity as high as 70 to 90 cm/sec) are sweep
downstream and out of the channel before they could rise to the top of the channel.
(see Fig. 14(a)). Even at the lower velocities of these tests (near 20 to 30 cm/sec), a
large portion of the bubbles generated on the bottom wall are swept out of the
channel before rising to the top wall.

The situation is different however for bubbles formed at the cathode and
sidewall corner. These bubbles will rise in the sidewall boundary layer and stay
close to the sidewall. As a result many of these "boundary layer” bubbles reach

the top before moving out of the channel since in this case:

= (on

=k

The migration of bubbles generated in the bottom corners is also sketched in Fig.
14(a). Bubbles which rise through the sidewall boundary layers create small gas
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pockets at the corners between the sidewalls and the anode. The effect of these gas
pockets is to reduce the effective surface area of the anode and reduce the current
flow. This bubble flow pattern is responsible for the decrease in current measured
for the closed channel operating at higher velocities. (Compare Fig. 9 with Fig. 4
or see Fig. 10)

As the channel flow velocity decreases, this effect becomes more
pronounced; moreover, at the lower flow velocities some of the gas generated at
the bottom of the channel may rise to the anode before leaving the channel and
block even more of the anode area. This bubble behavior produces the larger
current decrease with time as shown in Fig. 11 for a low, channel velocity.

Gas generated at the floor of the channel and swept into the diffuser can
then rise further and be trapped against the diffuser top wall. When that wall
was horizontal, large gas pockets accumulated which as outlined earlier cause

the periodic fluctuation in current summarized in Fig. 10.

IMPLICATIONS FQR A SEAWATER THRUSTER DESIGN

The resv'ts of these tests (even though the scale and velocities were cmall)
sugpest potential perfurmance problems wirh seawater MHD thruscers which
will have to be considered. ln additien, they alzd suggest channel geometries and
orientations which inay be nicre desirabie.
Effect of Bubble For 1ation on Channe] Ferformance

Thewe tes!3 Lave indicated a 10 to 15% reductinn of current deusities in
clcsed channels aaviny flow velocities as higi as 90 an/sec {ece Fig. 12) que to
bubble-induced gas blockage at the electrode. The end effect of the gas bluckage in
the channel is to reduce the electrical efficiency of a seawater MHT" propulsion

unit.




A simple analytical model which approximates thie performance of an
MHD submarine thruster has been developed by Bagley!® at DTRC. As an
example, a particular calculation, using his model to estimate the performance of
snbmarine MHD propulsion unit having a magnetic field of 5 tesla and a current
density of 0.2 amp/cm?, indicated a thruster electrical efficiency (the ratio of MHD
power out to electrical power in) of about 24.3%. If 13% of the electrode surface
area is blocked by a gas sheath, which is the reduction indicated by the Fig. 12
data, the thruster electrical efficiency would decrease to 21.8%. It should be
emphasized that these values are approximate and that the scale and velocities
used in these tests may cause a greater degradation of current than will occur in
a full-scale configuration. Moreover, a complete MHD channel will preduce the
Lorentz force (jxB) in the fluid and in the boundary layer which may act to move
the bubbles in the boundary layer downstream more rapidly. This force on the
fluid was absent in these tests since B=0O. HKowever, the potential for decreased
performance due to gas bubbles and/or gas pockets on the eiectrodes should not be
dismissed lightly.

figurati

The observation of the H, bubble dynamics and the measurement of their
effects provide some guide to the design of an MHD thruster. First, it ‘would
appear highly desirable to avoid horizontal or converging channel top walls
(ceilings) in flow passages where Hy bubble may exist which tends to trap bubbles
due to surface tension effects and allows gas pockets to form. This suggestion
would apply to the diffuser as well as the channel. Diverging the channel walls
and particularly the top wall should decrease or minimize current losses due to
gas blockage.

For a linear MHD channel it appears desirable to place the cathode at the
bottom of the chennel. (see Fig. 14(a). This should maximize the possibility of the
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bubbles getting into the free stream and being swept out of the channel before
rising to the top electrode where they would provide a high-resistance blockage to
the current flow. Since some anodes produce less gas than others, their use
would also be desirable. As outlined later, those anodes which demonstrated good
durability, however, also produced gas on the anode surface.

If the electrodes are at the sidewalls of a linear channel, larger amounts of
the Hy gas will be trapped in the boundary layers as illustrated in Fig. 14(b).

These tests suggest that a linear channel with electrode sidewalls may inherently
have lower performance unless some means is provided to remove the bubbles or
gas pockets.

The concept of an annular MHD propulsion unit configuration which is
wrapped around the hull of the submarine has been suggested several times over
the past twenty-five years.? 1920 This configuration has a number of advantages
related to (1) a simpler magnet design and (2) minimizing the size and perhaps
cost of the MHD propulsion unit appendage which would have to be added to a—
conventional submarine hull. A sketch of this configuration is shown in Fig,
15(a).

It's not yet clear how the outer annulus wall would be structurally
supported. This sketch shows that the outer wall is supported by vanes in the
inlet nozzle and exit diffuser which would enclose part of the magnet coil
windings. The azimuthal magnetic field would be provided by severa! coils which
would be enclosed in the outer wall, the end support vanes and then the inner
wall. This arrangement would leave an unobstructed annular MHD flow passage
as shown in Fig. 156(b). Such an arrangement would minimize the formation of
Hj gas pockets being trapped in the MHD channel and interfering with the
current flow if, as sketched in the figure, the inner wall served as the cathode.
Gas formed at the inner electrode would escape into the free steam and be swept
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out of the channel before reaching the outer electrode. Thus, this arrangement
would appear to be much less susceptible to current losses due to gas blockage
effects described above.

If, however, it would become necessary to provide support walls over the
length of the MHD channel between the inner body (the cathode) and the outer
body (the anode), the annular passage would be partitioned or segmented. Should
structural consideration make such support partitions necessary, or that it is
done to subdivide the thruster for directional control purposes, the electrodes in
each secter would be orientated in different directions with respect to the direction
of the gravitation force. The observation of Hy bubble dynamics in these tests and
the tendency of the bubbles to remain in the low-velocity boundary layers suggest
that the problem of trapped gases interfering with the current flow in some of the
thruster segments could be quite severe with this configuration. The efficiency of
the thruster would be reduced and should this occur, the thrust form each sector
to the MHD propulsor could vary considerably. The end effect would appear to be

a force couple acting in the nose-down direction.

LONG DURATION TESTS

Two long-duration electrode tests were carried out to obtain information
concerning the durability of some electrode materials and to gain some insight
into the operation of closed-loop facilities designed to evaluate seawater MHD
thrusters. A 50-hour accumulative test was made with Electrode Pair 4 (Eltech
Anode and Eltech Cathode) and 100 hours of operation of Electrode Pair 5 (Eltech
Anode and Hastelloy C Cathode) was carried out.
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Figure 7 summarizes the current/voltage characteristics of an Eltech anode
and cathode combination over 50 hours of testing at an electne field of 6 voltsa/cm
and a current deusity of approximately 0.25 amp/cm2, There were no important
changes of the electrical characteristics over the course of the tests. Changes in
current at a given voltage shown in Fig. 7 were due to (1) increase of the water
temperature during the run and (2) the formation of magnesium scaling products
on the anode. Moreover, there was no visible or measurable degradation of the
electrode surfaces over the 50-hour test.

Effect of Water Temperature

This 50-hour test was made up of several 6 to 10 hour continuous runs.
Over the course of the run, energy is added to the water by the circulating pump
and by the current passing between the electrodes and through the water. As a
consequence, the temperature of the water rises a few degrees over the run. The
electrical conductivity of the simﬁla—t,ed ;ca:vat,er is relatively sensitive to the water
temperature. Figure 16 shows the variation of current with time for the constant
applied voltage of 3u volts. During a run the current rises as the water
temperature rises. Then, overnight the facility was shut down and the water
temperature returned close to its original value. This cycling or variation of
water temperature with time resulted in the sawtoothed current history given in
Fig. 16. With constant values of applied voltage, flow velocity, specific gravity of
the water and channel geometry, it was possible to measure the resulting current
at temperatures between about 65°F to 92°F, As illustrated by Fig. 17, a 26°F
temperature variation resulted in about a 25% change in current. Consequently,
one must exercise care in interpreting current data in a closed MHD thruster test
facility in which the water or electrolyte temperature can change. Since the




current varies linearly with water (electrolyte) temperature, it would be simple to
correct current data for changes in the water temperature.
Effect of Scaling Products at the Cathode

As noted earlier the very high pH condition which exists at the cathode
results in the formation of magnesium and to a lesser degree calcium hydroxide.
This material is glantinous and adhered to the Eltech cathode surface. Some
observations over the course of the tests concerning these deposits are made in
Fig. 18. While these scale deposits were wiped from the cathode between most of
the run periods, they did nevertheless form a crust on the cathode surface as the

test progressed as shown by Fig. 19.
This cathode scaling material Mg(OH), is electrically

insulating. So, as the Mg(OH), scale accumulates on the cathode over a period
time, it reduces the current. This effect can be seen in Fig. 16 by the decrease of
the initial current at the start of each run period from the start of the test, up to a
total run t;m; of a:bo;t 36.6 hours (i.e. the dash-dot line). Current data taken from
Fig 16 is summarized below:

Table 5 - Current Variation with Time for Long-Duration Tests

Accumulated Current
Test Time, hr, (T = 70°F), amp

0 5.6

7.6 5.44

15.7 517

25.0 517

36.6 493

442 5.59

50.5 544

At an accumulated run time of 44.2 hours the cathode was removed from
the channel, scrapped clean, re-installed and run for a short tirne with reversed

polarity. Running the cathode as an anode for a short time effectively removed the
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scale. With the cleaned cathode, Fig. 16 illustrates that the current increased to
nearly the level measured when the cathode was new. Continuing to run the
cathode for another 6.3 hours resulied in the current beginning to again decrease
as more scale formed. Appendix A provides a chemical analysis of this scale
material.
Other Long Duration Trends

IMigure 18 summarizes the cathode and anode weights over the 50 hour test
period. The cathode exhibited a slow weight increase as a scale crust
accumulated. When the electrode polarity was reversed and the scale removed,
the cathode weight returned to its original value. The weight of the anode
appeared to vary slightly over the course of the test. The weight changes shown in
Fig. 18 are believed to be due different moisture contents of the oxide coating and
their mounts since the electrodes were just wiped dry and weighed. It is believed
that the 50-hour test did not result in any measurable weight loss for either the

" Eltech anode or cathode.
The electrolyte pH was also recorded over the period of this test (see Fig.

18(b)). The pH was observed to rise initially over the first few hours of the test as
hypochloride was produced. After that it continued to increase but rather slowly.
It should so be noted that the slight odor of Cl; was present over the free-surface of

the water form time to time when the electrodes were powered. Measurements
just over the surface of the water and near the channel indicated Cl,

concentrations of 3 to 5 ppm which is the level of its odor threshold. This

electrolysis process did not generate any appreciable amount of free Cl,.

100-HOUR TEST OF ELTECH/HASTELLOY ELECTRODES
Tests of the stainless steel Electrode Pair 3 indicated that the Mg(OH), and

Ca(OH); scaling products did not adhere to the electrode surface. Moreover,
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discussions with others!? indicated that commercially available electrolysis cells
utilize stainless cathodes to reduce the scaling problem. For these reasons, a 100-
hour test of a polished Hastelloy C cathode and an Eltech (ruthenum dioxide
coating on titanium substrate) anode was made. This test consisted of several 8-
hour to 24-hour continuous run periods. The purposes of the test were to (1) gain
information about the durability of this electrode pair, (2) to observe the location
and amount of scaling and (3) measure the electrical characteristics of this
electrode pair, (Fig. 8).

Scale Formation

The magnesium scale formed near the cathode surface but it did not adhere
to the polished steel surface to any important degree. At the entrance and exit of
the channel, however, there were vertical wall seams where the channel was
butted to the nozzle exit and diffuser entrance. These vertical seams on the
cathode side of the channel represented small but finite wall discontinuities.
Scaling products become attached to these discontinuities and grew upstream on
the nozzle sidewall and downstfeam on the diffuser sidewall. They also grew
outward from the wall in the form of a vane-like bulge that extended well beyond
the wall boundary layer. The flow velocity was 77 cm/sec for these tests. The
Mg(OH), scale also grew in the corner between the cathode sidewall and channel
floor where velocities were relatively low and then outward across the channel
floor to the anode. It primarily adhered to the floor rather than the cathode. Scale
growth patterns are given in Fig. 19.

For the channel size and flow velocity of these tests the growth of the
Mg(OH), scale was sufficient to create disturbance and blockage of the flow. After
one 24-hour continuous run period the scaling material was collected from the
nozzle/channel/diffuser walls and weighed, after it had been dried. During this
test period the weight of the scale accumulation was about 0.22 gms per square
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centimeter of cathode surface area. This corresponds to an accumulation rate in
the channel region of roughly:

m ], g1 = 0.01 gm/hr/cm? of cathode
After 100 hours of running the Mg(OH), scale material coated most of the wetted
surfaces in the test facility to some degree.

The use of a polished stainless steel cathode greatly minimize the formation
of the scale material on the cathode surface. Moreover, the use of these electrodes
almost eliminates the current reduction and loss of MHD channel performance
due to scaling which occurred with an Eltech or aluminum cathode. However,
the production of the magnesium and perhaps calcium oxides at the cathode may
cause some losses of channel performance by creating blockage and flow
disturbances which may lead to higher pressure drops in the exit diffuser. In
addition, this material may cause some operational problems in closed-loop test
facilities where it can accumulate and initiate disturbance to the flow. This_may_ _
be particularly important in facilities where acoustic testing of MHD thrusters is
to be done.

Electrode Durabili
This electrode pair accumulated 109 hours running at a current density of

0.30 amp/cm2, A summary of the test periods is given below:



Table 6 - Summary for 100 Hour Test
Date Power On Power Off Run Time, hr  Total Time, hr

9/7/89 9:35 am 8:20 pm 10.75 10.75
9/8/89 8:15 am

9/9/89 9:35 am 25.25 36.0
9/9/89 9:50 am 5:50 pm 8.0 440
9/11/89 8:50 am

9/12/89 7:05 am 2.25 66.25
91289  7:05am |

9/13/89 2:00 am* 151 81.35
9/13/89 7:25 am 6:50 pm 11:25 92.60
9/14/89 8:45 am 10:35 pm 148 107.40
9/15/89 8:45 am 10:45 am 20 1094

- —

*Anode power supply connection failed at about 2:00 am.

The performance of both the anode and cathode over this period was excellent.
Both electrodes were weighed before and after the tesi;

Eltech Hastelloy

Anode Cathode
Beginning of Test 0.101801b. 047818 Ib.
End of Test 0.102321b. 0.47626 Ib.

The weight differences shown are within the overall measurement error.




SUMMARY AND CONCLUSIONS

Systematic tests of the seawater electrolysis process in an MHD type
channel have been carried out. There was no applied magnetic field for these
tests and the Lorentz force on the simulated seawater was absent. The
current/voltage or current density/electrical field characteristics measured
during these tests are similar to those which will occur in an MHD seawater
thruster, if the electric field for these tests is taken to represent the sum of the
applied field and induced field in an MHD channel. These tests have led to the
- WI. The product Instant Ocean can be used to produce a test
< medium for MHD thruster tests which has the same electrical conductivity and
specific gravity relationship as sea water (i.e. 6 = 4.5 mho/m and S.G. = 1.024).
This product can also be employed to increase the electrical conductivity of the test
medium to at least 10 mho/m, if it is desirable to evaluate a seawater MHD
thruster over a wider range of MHD conditions.
2. The current or alternatively the current density with a seawater electrolyte
vary linearly with applied voltage or electric field up to a current density of at least
0.3 amp/cm? when there is the means to remove the hydrogen bubbles generated
at the electrodes (principally H, at the cathode). An electrode voltage drop of 1 to 2
volts occurs and may be thought of as an initation voltage which must be applied

before significant current will flow in the seawater electrolyte.

3. When the channel completely encloses the flow, H, gas generated at the
electrodes can become trapped in the boundary layers. It rises to the top of the
channel due to its buoyancy and forms pockets of gas. These gas pockets can, to a
varying degree depending upon the orientation of the electrodes, cover a portion of
the electrode surface and reduce the current flow. In this case the gas acts as an
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insulating sheath over a part of the electrode and reduces the MHD thruster
performance. For these tests the loss of electrical current was at least 10 to 15%
and as high as 50%.

4. The current varied periodically with time for test configurations with
horizontal top walls (ceilings) in the channel and diffuser as the channel
periodically discharged pockets of gas which had become trapped at the top
surface.

5. Careful consideration must be given to the geometric design of a seawater
MHD thruster and its exit diffuser to avoid the formation of pockets of trapped Hj
gas and/or to provide the means to remove the gas. Diverging top walle for the
channel and diffuser is believed to be essential for linear MHD thrusters in order
to minimize gas blockage of the electrodes. The toroidal or annular MHD thruster
configuration may have a configurational advantage in minimizing gas blockage,
as long as it does not have to be portioned into segments. If, however, strgctural
considerations dictate subdividing the annular passages into segments, to
support the outer annular wall, some segments of the annular flow passage will
in all likelihood have significantly reduced current. This would result in uneven
thrust for the annular segments which ie clearly undesirable.

6. Copper and aluminum anodes were severely eroded as copper and aluminum
oxides formed. Moreover, the oxide film which quickly formed on the copper
anode limited the current flow. Corrosion of other copper and aluminum
materials used in the test facility was also rather severe. Stainless anodes were
also oxidized, but to a lesser degree. An anode made of ruthenium dioxide on a
titanium substrate (manufactured by Eltech Corp) proved to be quite durable in &
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50-hour and 100-hour test. For both of these long-duration tests there was no

visible or measurable loss of this anode material.

7. The principle problem at the cathode was the formation of a white gelanteous

material from the salts in the electrolyte solution. The primary substance that
formed during these tests was magnesium hydroxide, Mg(OH), (Appendix A).

This material formed at the high pH condition at the cathode and adhered to the
aluminum and Eltech cathodes. Since it is an electrical insulator, it reduced the
current flow as it accumulates over long run times. This material could be easily
removed by reversing the polarity. The Mg(OH), did not adhere as reedily to two
types of stainless steel electrodes which were tested. However, it did stick to and
grow out from the nozzle, and diffuser walls as well as the insulated B-walls in
regions where there were wall discontinuities and/or corners with low flow

velocities.

8. An electrode pair made up of an Eltech anode (to minimize anode erosion) and
a polished Hastelloy C cathode (to minimize the buildup of Mg(OH),) exhibited
very good performance over a 100 hour test at a current density of about 0.3
amp/cm?. Following this test there was no measurable loss or visual damage to
either electrode. However, while the Mg(OH), deposits did not form on the
polished stainless cathode surface, these deposits did form in other parts of the
flow channel to the point of creating significant flow disturbances. This electrode
pair, a ruthemum dioxide coated anode and a polished stainless cathode is
recommended for use in MHD seawater thrusters. It wil! provide good electrical
performance and durability.
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9. From the results of these tests it appears that it will be necessary to consider
and control the formation of Mg(OH), and other compounds in the flow inlet
nozzle and exit diffuser adjacent to the cathode surface. In addition, MHD
thruster test facilities will have the problem of an accumulation of these materials
throughout the test facility particularly in corners or other flow regions where

velocities are low and/or flow discontinuities exist.

10. With the use of a ruthemum dioxide-coated anode, hypochloride (HCIO) forms
at the anode in which the Cl; produced at the anode is hydrolized to produce
additional Hy. This will have the effect of slowly increasing the pH of the seawater
test medium in a closed MHD thruster test facility. In addition, in a closed test
facility the temperature of the test medium will also increase with time as energy
is added to the water by (1) joule heating of the electrolyte and (2) a circulating
pump. The electrical conductivity of the seawater is quite sensitive to water
temperature. As a result, the electrical conductivity of the test fluid and as a
result the current at a given vol. 7e will increase with time as the electrolyte
temperature rises. A temperature correction to the current/voltage data taken

over long runs will probably be necessary.
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(a) Open-top channel,

(b) Fully enclosed channel,

Figs 2. Photographs of the open-top and closed channel configurations.
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ELECTRIC FIELD, E (volt/cm)

Fig. 4,
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Current density variation with electric field for aluminum electrodes
and different channel geometries,
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ELECTRIC FIELD, E (volt/cm)

Fig. 5.

INCOLOY 800
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0 0.1 0.2 0.3
CURRENT DENSITY, | (amp/cm?2)

Current density variation with electric field for Incoloy 800

electrodes at zero velocity and at 20 cm/sec,
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ELECTRIC FIELD, E (volt/cm)
E
i

V =47 cm/sec
S = 1.0248
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We=5cm
L=127cm
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BUN TIME, hr
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2 - B
END OF TEST
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CURRENT DENSITY, | (amp/cm?)
Fig. 7. Current density variation with electric field for Eltech electrodes

(ruthenium dioxide coating on a titanium substrate),
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ELTECH - ANODE
HASTALLOY - CATHODE

V=75 cm/sec

ELECTRIC FIELD, E (volt/cm)
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Fig. 8. Current density variation with electric field for an Eltech anode
and a Hastalloy C cathode,




ELECTRIC FIELD, E (vol/cm)

Fig., 9.

CLOSED CHANNEL

0
= 90 cm/sec (CHANNEL (a)) |-
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CURRENT DENSITY, | (amp/cm?)

Current density variation with electric field for an enclosed channel
with aluminum electrodes.
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(a) Photo of surface foam on the cathede wall,
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Fig. 13. Hvdrogen bubdble dynamics in an npen-top channel.
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Fig, 14, Hydrogen bubble dynamics in a closed channel with different electrode
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Fig. 15. Annular toroid configuration,
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(a) After 15.5 hours of testing

(b) After 36,3 hours of testirg

Fig. 19. Photos of Eltech elentrodes during 50-hour test.
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APPENDIX A - CHEMICAL ANALYSIS OF CATHODE DEPOSIT
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Chris Young
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Conductivity Enhancement of Seawater

MHD propulsion methods using seawater as the conducting
medium has always been plagued by low efficiency estimates. This
has largely been blamed on the lack of high magnetic fields but
the root of the problem is the inherent low conductivity of
seawater. The literature in the area of conductivity enhancement
of seawater is all but nonexistent and one may well ask oneself
why you would consider enhancing the conductivity of seawater

apart from MHD applications.

286




Efficiency of Conductive MHD Propulsion

To get an understanding of the importance of conductivity
enhancement, one must first look at the efficiency equation
describing this process. The efficiency can be written in terms
of the product of five contributing efficiencies or
inefficiencies. The first efficiency is the efficiency related
to the coupling of the mom~ntum in a water jet to the surrounding

medium to produce thrust. This factor is the limiting factor fer
all related jet propulsion mechanisms including propellers. The

second efficiency is related to the conversion of &lectrical
input power to a Lorentz force acting on the water. This term
takes into account the fraction of the input energy which goes
into joule heating of the conducting fluid. The third term in
the efficiency equation relates the conversion of the Lorentz
forces within the MHD channel to actual water movement. Not all
of the applied Lorentz force results in fluid motion because of
drag losses within the channel and outside of the ship. The
forth efficiency takes into account entrance losses and the fifth
factor accounts for electrochemical reactions. The losses due to
electrochemical reactions are typically small compared to all
other losses. In the remainder of this presentation, ro further

mention will be made of these electrochemical losses.
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Important MHD Equations

The efficiencies may be combine in an equaticn which can be
written in terms of dimensionaless quantities. "U" represents
the ratio of the jet velocity to the torpedo velocity. "k?
represents the losses associated with drag and entrance losses.
PH" is a sort of interaction parameter. Here we notice that the
conductivity has found its place within this interaction
parameter. The higher the conductivity, the lower the value of
H. The required electric field can be found using the equation
second from the bottom and the last equation gives the duct

diameter,

289




Abojouyoas] esoadg

(1 -n)nu
d90welq jpuueyd = — a = @
vYopz
P12l o3l = {l1- ;nG1+IH+nlaA = 3
2a9o71¢ =
m> d
(sesso)
Ix9/aduenus + beip) Jusidye09 ssoj amnssarg = N
_ g
_ (g8 |
| diys jo Ajoojap
v weans 1o Aiooja, -~ N
W alaym
v {lL-2n01+ DIH+n} [(1-zn00+ 1) 0y
_ (L-nN)nz
i

SNOILVYNOI ADN3IDI443 GHN LNVLHOJdWI

f tutn ecu tu Hbrumn_ PY
|




MHD Propulsion Efficiency

These two graphs indicate the efficiency as a function of
the ratio of the jet and torpedo velocities and as a function of
the factor H. The first graph is the lossless case and the
second graph is a case where the loss term is assigned a value of
10%. Note that in both graphs as the value of H decreases the
efficiency increases for a fixed ratio of velocities. This
implies that an increase in conductivity causes an increase in

efficiency.
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Efficiency vs. Enhancement Factor

If one were to plot the efficiency equation as a function of
conductivity enhancement and hold the ratio of velocities
constant at two, the resulti.ig plot would look like this. For
large values of H (originally) the efficiency increases the most
for increasing conductivity. For small values of H the increase
in conductivity may have no effect. In this case there is little
need to worry about increasing the efficiency because it is
already high. This plot was generated for the case in which the
loss parameter was 10%. Note that for the va}ue of H equal to
one the efficiency doubles for a factor of Sg;ge increase in

conductivity.
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Electrical Conductivity In Seawater

To understand how to increase the conductivity one mu. t
realize two important facts. The first is that the reason for
the poor electrical conductivity of water arises because
electrical conduction occurs via ion transport and not electron
transport as with gases. The mobility of ions is orders of
magnitude lower th-- that of elactrons. For ions in water the
mobility is around 100 cm/sec per V/em. The second important
fact is related to the first fact in that this low mobility
requires many ions to be present to carry any appreciable
currents. The conduction ion density in seawater exceeds 10720
ion pairs per cm3. This leads us to the conclusion that we need
to either increase the number of ions or increase the mobility of
the charge carriers. The ion density may be increased using an
auxiliary energy source in the form of a beam of electrons,
photons, x-rays, etc. Another approach is to use some additive
to increase the number of ions or introduce charge carriers with
higher mobilities. Some possibilities include metallic flakes or

chemical additives (electrelytes).
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Energy Requirements for Enhancement of Seawater Conductivity

Let us address the first suggestion of using an auxiliary
energy source to increase the conductivity. The ion density for
seawater is on the order of 2¢10°20 ion pairs per cm3. In order
to double the conductivity, we need to produce the same number of
ions assuming that the ions we generate have the same mobility as
the intrinsic charge carriers in the seawater. To generate these
ions it will require more than an electron volt to remove an
electron from a neutral. This is a highly optimistic value and
the number probably exceeds 10 ev but let’s be optimistic.
Assuming a torpedo duct volume of 1 cubic meter, an input power
of 100 horsepower, and a voltage of 200 volts we arrive at some
interesting numbers. The input power is 74 kw and the energy
required to generate 10720 ion pairs is 32 joules per cubic
centimeter. Finally, the required auxiliary power is calculated
to be greater than 92 megawatts. This again is an optimistic
number in that it assumes no recombination losses in the
enhancement region. A realistic value (due to this effect) could
easily be an order of magnitude greater. This indicates that
using an auxiliary energy source to enhance the conductivity
would result in decreasing the system efficiency by at least
threc orders of magnitude. Obviously this method is not

recommended.
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Thermal Conductivity Enhancement

Another possible means to enhance the conductivity of seawater is to raise
the temperature of the water. This graph illustrates the effect of
temperature on the conductivity of seawater. You can see that for the
nominal case of 3.5% salt at O degrees C, the conductivity is 3 mho/m. If
the temperature is increased to 24 degrees C, the conductivity increases

to over 5 mho/m.
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Power Requirements for Thermal Conductivity Enhancement

This viewgraph illustrates that the amount of power required to change the
temperature of water is very large. Assuming 2 channel diameter of 30 cm
and a flow velocity of 20 knots, the power required to raise the water
temperature one degree is on the order of 3 MW or 4000 HP. The amount of
energy required to raise the temperature by 24 degrees in a one meter
diameter duct with the same flow ~-'-.city requires more power than a ship

can be expected to deliver.
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Metallic Additives

1f we next consider additives to seawater, one may consider
metallic additives in the form of flakes or pellets. Metullic
materials seem to be of some advantige in that the conductivity
of metals is some six orders of magnitude better than seawater.
The metallic particles help the conductivity by providing a high
conductivity path for conduction currents through some fraction
of the MHD volume. If one assumes a worst case example where all
of the metallic additive collects at one electrode, one may
calculate a conductivity enhancement factor based on the relative
volume of metallic materiai. Based on this worst case approach
it is easy to see that this will have little effect on the

conductivity until the ratio of volumes approaches unity.
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Chemical Additives

Chemical additives may be used in the form of electrolytes
to increase the number of ions used as charge carriers. If the
right additive is used, the net mobility of the ions can be
increased. Two possibilities include: NaCl because it is slready
in the water and HC| because it contributes an ion (H+) which has
the highest mobility (see chart). From a standpoint of

conductivity enhancement, HCL appears to be the best.
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Enhancement vs. % Additive

This graph indicates the percent of additive needed to achieve a certain
conductivity enhancement factor. It is clear that HCl is the most volume
efficient additive. To increase the conductivity by a factor of four, one
must add only one percent pure HCl. To achieve the same increase using

NaCl or metal, one must use five percent or seventy five percent

solutions.
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Enbzncement Using HC1

An example of the use of HCl can be based on the one percent additive to
achieve a factor of four increase in conductivity. Reasonable torpedo
parameters are used to calculate an efficiency of ten percent using HCl ss
an additive. This requires an additive pump rate of 15 gallons per
minute. The range of the torpedo (assuming it used HC1l for the duration
of the run) is limited to about 5 km or 500 seconds of operation. This
appears to be somewhat limiting for some torpedo scenarios. An
alternative is to use HCl for short bursts of high acceleration or final

high speed pursuit.
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Chemical Additives

This viewgraph illustrates an assortment of potential chemical additives
and the required amounts to increase the conductivity by a factor of 4.
Whereas HCl appeared to be the best additive, it was found that HCl is not
available with concentrations higher than 37%. The best candidate appears
to be NaOH. Use of NalOB requires the least weight and the least relative
volume of any other additive in the survey. A slight problem with NaOH is
that it is a solid (powder) and must be mixed well in the water channel to

effectively increase the conductivity.
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Mixing of Additives

In looking at the technology required for injection of additives, it
became apparent that a problem which needs to be addressed is the problem
of mixing of the additive with the seawater. If the additive is not mixed
with the seawater, it will not effectively modify the conductivity. A
quick survey of the literature found an amazing lack of information
regarding injection and mixing of electrolytes in water. An estimation
was made based upon scaling particle mixing in gas flows. The result of
the estimation exercise indicated that a length of 40 times the injector
nozzle diameter is needed mix the additive with the water. This
translates into a mixing length of greater than 40 cm. For torpedo

applications, this may be an unreasonable length.
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Conductivity Reduction Due to Bubbles

Here is a plot of the effective reduction of conductivity due to bubbles
in the conduction channel. It is estimated that even under worst
conditions the bubble gas volume will not exceed 5%. Therefore, the

reduction of conductivity due to bubbles should not exceed 10%.
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Operational Scenarios For Conductivity Enhancement

It does not seem reasonable to expect “hat a chemical additive would be
used for continuous operation unless some procedure for recovery is used.
Since such a recover process does not seem practical, one must think of
scenarios under which chemical additives make sense. Propulsor start up
is a very inefficient process. Chemical additives could be used to
increase the start up efficiency. Since the scaling of efficiency
indicates lower efficiency at higher speeds, chemical additives could be
used to give bursts of high speed at higher efficiencies. High levels of
acceleration are also characterized by low efficiency. Chemical additives
could be used to give higher accelerations for the same expenditure of
power. Finally, chemical additives can be used during very short missions

such as crossing river deltas and some polar operationms.
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Summary

Conductivity can be enhanced by a number of means. Many of these means
appear to be impractical. Chemical additives appear to be the best
candidates with NaOH leading the choices of chemical additives. Chemical
additives do not appear practical for all applications but some short time
operations can use chemical additives to increase efficiency. Several
issues have been identified including: selection of chemical additives (Is
NaOH really the best?), injection of additives (solid injection), mixing
of additives in the flow stream, and bubbie effects on conductivity,

especially near the electrodes.
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Some Fundamental Fluid Mechanics and Electrochemical
Issues of MHD Seawater Thruster

By
Y. C. L. Susan Wu

Engineering Research & Consulting, Inc.
Tullahoma, TN 37388

1.0 INTRODUCTION

Research of maritime magnetohydrodynamic (MHD) propulsion was
carried out extensively during the sixties (Ref. 1-9). Subsequent to
this period a decade of silence on the subject followed during which
very little active research was conducted. However, once again MHD
propulsion has begun to receive serious attention (Ref. 10-13). This
resurgence of interest has been driven by advances in technologies
related to MHD, in particular, superconducting magnet technology, and by
the need for advanced propulsion systems for both industrial and
military applications.

On the international scene, one of the more publicized and ambitious
efforts for the development of maritime MHD is being pursued in Japan.
The Japan Foundation for Shipbuilding Advancement has established a
committee to research and develop a superconductive electromagnetic
propelled vessel. This government subsidized research has a total
budget of around $40 million. The scope of the Japanese research is
impressive. It includes the construction and testing of a prototype
experimental ship. The schedule for this project calls for completion
of the hull, fitting of the prorulsion system and preliminary tests of

the prototype ship by 1989. Sea trials to evaluate the ship performance




are scheduled for 1990. Characteristics for the experimental ship and

its MHD thrusters are summarized in Table 3.

TABLE 1

PARAMETERS OF THE JAPANESE MHD EXPERIMENTAL SHIP

Displacement: 150 ton

Length: 22 m
Breadth: 10 m
Thrust: 8,000 N
Speed: 8 Knots

Propelling system:
Type: twin propelling units with 6 dipole coils
ID of duct: 0.26 m

Length of electrodes: 2.5 m

B: 47

Imax: 4,000 amp/m?
Lorentz force: 8,000 N x 2
Thrust: 4,000 N x 2

Capacity of main generator: 3,800 kw

Total weight of the system: 100 Tons

Information available in the open literature has indicated that an
active program for development of MHD ship propulsion has been

continuous in the Soviet Union for many years. General specifications




of physical features and performance estimates of contemporary Soviet
naval vessels, in particular, submarines, suggest that there is a strong
possibility that electromagnetic propulsion systems may currently be in
use.

Recently the U,S. Navy has challenged the national scientific
community to review the current state-of-the-art in MHD and to project
the feasibility of applying this technology to meet their future needs.
The two primary areas for utilizing MHD that have been cited are
reduction of ship drag through MHD induced turbulence/wake suppression
and MHD propulsion. Several features of MHD propulsion for application
to both surface vessels and submersibles are most attractive to the
Navy. Foremost among these are the high system efficiency and ship
speed that can ideally be attainable with the seawater MHD thruster. 1In
parallel to these gross advantages are other unique features which MHD
offers, such as, design simplicity from both the operation and control
viewpéints and the stealth characteristics that this type of system is
capable of displaying. 1In combination these traits are especially
desirable for advanced submarines and torpedoes. These latter two
applications are those for which accelerated Naval research programs are
beginning to emerge.

MHD shows definite promise of being the choice technology for future
advanced submarine propulsion. However, its rapid deployment into use
is contingent upon detailed clarification of several unknowns that are
related to the seawater MHD process. These unknowns need to be

quantified in carefully designed laboratory experiments.
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2.0 IDEAL MHD THRUSTER OPERATION
The electric field intensity and current density are governed by the
Ohm's law,
; = (I(E + E X E) (1)

Ead

where j is current density, ¢ the electrical conductivity, U the water
velocity and B the magnetic induction.
For a thruster the electromagnetic force (Lorentz force) per volume
to accelerate the fluid is given by,
F=3jxB (2)

An electromagnetic efficiency TNe is defined as

Werk done by Lorentz force/volume
Electric Power Input/volume

N =

B - &

j - E (3)

x

i

Utilizing Ohm's law, one obtains

5x38 -3

n =_. bnd -
S GxE T+ s (a)

where j2/6 is Joule dissipation, (j X B) . U is the work done by the

— .

Lorentz force and j * E is electric power input, all per unit volume.
To obtain the total current, total power input, and so on, proper

surface or volume integrations are required.




In one dimensional configuration, the above equations become

j =0 (E - uB) (5)
F = jB (6)
n = juB _ uB
e = 2o T

JjE E (7

We can re-write the pertinent variables in terms of 1e,

1 -7
j = 6 uB ——=
Me (8)
E - P_B.
Me (9)
1 -
F = _]B=CuB2—— 0.
N, (10)
2_2 1 -1,
jE = Cu B 5
Me (11)

The above equations represent the ideal thruster performance character-
istics. Figure 1 is current density and electric field intensity as
function of the electromagnetic efficiency for several values of uB and
at a conductivity of 4.5 mhos/m., It can be seen for a given current
density or electric field intensity, the efficiency increases with
increasing uB. Therefore, the electromagnetic thruster favors high

speed and high magnetic induction. For example, with B = 10T,

w
to
2
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Figure 1. Current Density and Electric Field Intemsity

as Function of Electromagnetic Efficiency for
an lIdeal Electromagnetic Thruster
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u = 10 m/s and an electric field intensity of 500 v/m, the correspcnding
efficiency is 20 percent. This gives the current density of 1,800
amp/m?. However, if the velocity is increased to 20 m/s, then the
corresponding efficiency is increased to 40 percent but the current
density is decreased to 1,350 amp/m?. This means that for a reguired
thrust, larger thruster is required. This gives the designer the
freedom to trade-off several parameters, for example, operating at a
different electric field intensity. Similarly, one can keep a given
current density and find the corresponding efficiency and electric field
intensity. Once the values of N and uB are known, the electric power
required per volume and work done by the Lorentz force and Joule
dissipation per volume can be found from Figure 2. At uB = 100, the
power required per volume is 0.9 MW/m® and the work done by the Lorentz
force per volume is 0.18 MW/m3?. The difference between the two values is
the Joule dissipation (0.72 MW/m?). On the other hand, when uB = 200,
the power input per volume is 0.675 MW/m® and the work done by the

Lorentz force is 0.27 MW/m? and the Joule dissipation per volume is 0.405

MW/m3,

3.0 LOSS MECHANISMS OF ELECTROMAGNETIC THRUSTER

Like all devices, the physical and chemical processes occurring are
far more complex than the ideal one-dimensional picture. Figure 3 shows
the inherent three-dimensional nature of an electromagnetic thruster and
the various loss mechanisms. At the inlet of the thruster there are
boundary layers and possible cross-£flows or swirl depending on the inlet
geometry. The electrolysis process will generate hydrogen gas at the

cathode and chlorine gas at the anode. Due to buoyancy, gas bubbles
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will rise and interact with the seawater. However, the horizontal
electrode located on the top of the thruster will experience a different
situvation. The gas bubbles will tend to stick on the electrode due to
the buoyancy force. Cuinsequently, the bubbles may break and form a gas
pocket or film. The non-conducting gas may cause severe losses to limit
electric current to flow (increased voltage drop), cavitation and
electrode corrosion. Duifferent electrode orientation and wall suction
can reduce these losses. However, there are no data available to
quantify these effects. 1In addition to the electrical conductivity
degradation, bubble boundary layer may increase the friction loss.
Additional factors also come into play in the electromagnetic
thruster. Vehicle velocity plays an important role as bubbles will be
swept away by the ceawater. Chlorine generated at the anode will
immediately undergo hydrolysis. BHydrogen bubbles will dissolve in the
seawater within a fraction of a second. This means that for very long
thruster, hydrogen generated apstream will be partially dissolved
downstream. Consequently, the signatures caused by hydrogen bubbles
will not be important for downstream. However, the effect of hydrogen
gas on the local electrical conductivity and the bubble boundary layer
will be important. The lack of yuantitative data prevent the accurate
prediction of thruster performance, configuration optimization and

design.

4.0 ELECTROLYSIS
4.1 Sea Waier Eieclioiysis Reaciions
Althnugh the dominant chemical species dissolved in seawater is salt

(NaCl), seawater is known to contain several trace species which could




possibly electrolyze., A representative study of the affinity for
electrolysis of many species is given in reference 14, Following the
results of this study, it is noted that at the anode species will be
oxidized whereas at the cathode a reduction reaction occurs. The

dominant oxidization reactions which can occur at the anode are

(1) 2H0(1) — O2(g) + 4H (aq) : Eg = 1.23 V

(2) 2C17 (aq) —* Cla(g) + 2e~ : Eg

1.36 v

where Eg represents the standard reduction potential for each of these
reactions. The lower reduction potential noted for H20 suggests that
water should be preferentially oxidized at the anode. However, static
laboratory experiments have found that the dominant gas liberated at the
anode is chlorine (Clp) rather than oxygen (03). The reason determined
for this discrepancy is that it was found that the potential required to
initiate the first reaction is considerable higher than that required to
initiate the chlorine reaction.

Three dominant reduction reactions are possible at the cathode:

(3) Na*(ag) + e~ — Na(s) : Ep = 2.71 V
(4) 2H0(1) + 2e~ — Hp(g) + 208 (aq) : Eg = 0.83 V
(5) 2H* (aq) + 2e~ — Ha(g) : Eg = 0.0 V

Due to the negligible reduction reaction potential, reaction (5) is most
preferential over the others. However, free atomic hydrogen ions (Hz%)
concentrations are too low of a concentration in water with salinity

comparable to that of seawater to make reaction (5) dominate. Rather it

is the direct reduction of liquid water (H20) to hydrogen gas (Hz) and
the hydroxide ion (OH™) which dominates, reaction (4). For seawater with

high salir ..y, or in the case where seeding is used in the MHD thruster,

(S8
(9%}
“w




this may not be the case. However, in all situations hydrogen gas is

liberated at the cathode.

4.2 Effect of Bubbles on Seawater Electrical Conductivity

As has been cited in the above section, the electrolysis process
will produce noncondtcting gas bubbles which when mixed with the
seawater will reduce its bulk conductivity. This effect will degrade
the MHD thruster performance. To illustrate the degree to which
thruster performance may be affected by electrolysis, the following
discussions provide some detail as to the physics which governs the
electrolysis and bubble generation processes.

To determine the bulk electrical conductivity of a bubble-water
stream typical to the environment inside the MHED thruster requires
knowledge of subtle characteristics of the bubble dynamics. Such
criteria as gas generation rates, bubble size and distribution are
required. These characteristics are difficult to define for the
bubbling stream since the dynamic history of the bubbles is not
necessarily a stochastic process. That is, the nature by which bubbles
interact with the turbulent carrying phase is uncertain. Such
definitions are further complicated by the fact that the individual gas
bubbles will exhibit chaotic motion in the stream driven by a variety of
body forces, i.e., assume arbitrary shapes, become deformed, pulsate,
and periodically break-up and coagulate. Therefore, it is noted here
that unverified assumptions are necessary to develop a phenomenological
of the turbulent bubble dvnamic process. The most confident means of
achieving a knowledge of the effect of electrolysis on seawater

conductivity remains through experiment and direct measurements.

[F8)
(98}
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Let @ be the average volumetric fraction of gas content in the

stream. Assume that the bubbles are spherical with radius r. Let the

thruster length be 1, width be w and distance between electrodes be d.

Then the densest packing of bubbles gives the value of Qmax, where

3 3
= (Vgas) max Z e

e ) B B

q)max

|l A

(12)
The electrical conductivity reduction due to the presence of bubbles

is given by (Ref. 15)

Gef____ 1
Tors i ———
(9n 2'4
1 - 1=
16 ¢

(13)
where ¢ is the liquid conductivity, Oef is the effective electrical
conductivity in the bubbling stream.

From Qpax wWe can obtain Oef” as

*

oef 1

= = 0.215

1 -2
4

The above equation states that at Qpax = 7/6, the minimum effective
conductivity Oeg* is about 1/5 of the liquid conductivity ©. Figure 4 is

a plot of Equation (13) when bubbles do not break up to form large

pocket or film.

When the dynamics of bubbles are taken into consideration, Vasilév

showed that the volumetric gas content ¢can be determined by (Ref. 16)
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= 3 RT
2V, F pg + 2Z/x,

(14)
where j is current density, F the Faraday number, 1F = 96,500 C, R is

universal gas constant, pg is the pressure at the duct entrance, I is
the coefficient of surface tension at the interphase boundary, and rg the

breakaway bubble radius.
Subst’ . uting @pax = T/6 into Equation (14} allows us to determine

the value of Jjmax.,

\ T Zlp
jmax=—vy(p0+2";;)ﬁ

(15)
Equation (15) indicates that the thruster may not function (e.g., Jmax
too low) if the buoying velocity of the bubbles is too low. This
suggests that the electrode configuration is very important for optimum

thruster performance.

5.0 FLUID MECHANICS

Fluid mechanics plays a very important role for both surface ships
and submerged vehicles. Water is the environment where ships travel,
consequently fluid mechanics to ships is equivalent as aerodynamics to
flying vehicles. For a MHD seawater thruster, it, in many ways,
resembles an air breathing engine. Consequently, fluid mechanics takes
on an added dimension to the traditional role which fluid mechanics has
played in ships. Furthermore, the interactions of seawater with
electromagnetic fields further complicated the importance of fluid
mechanics.

Due to the presence of the electrolysis process, the electrical
conductivity of the seawater inside the thruster is no longer constant.

In turn, the current density and Lorentz force will be non-uniform. The

(5%}
w
~J




conventional boundary layer also plays an important role regarding both
acceleration and friction losses.

In addition to the thruster itself, both the inlet and the wake are
also important to the overall performance and detections. The inlet
must produce a uniform velocity profile with thin boundary layers. The

wake drag and signature must be minimized for submarine and torpedo

applications.

6.0 A RECOMMENDED EXPERIMENTAL PROGRAM

Much of the uncertainties of the seawater electromagnetic thrusters
is due to the lack of fundamental data. It is recommended that a
rigorous experimental program be established to quantify the various
mechanisms which affect the performance of the thruster.

The University of Tennessee Space Institute has an existing
cryogenic cooled 6 Tesla magnet. Figure 5 shows the 6T magnet layout,
Figures 6 and 7 show the center line field strength distribution across
the pole faces and the voltage-current pulse characteristics. Table 2
is the magnet design characteristics. The magnet is an excess property
from the U.S. Air Force and now belongs to The University of Tennessee
Space Institute (UTSI). UTSI plans to make space available for the
installation of the magnet in the near future. Power supply, however,
is not available for the magnet.

The test facility is shown schematically in Figure 8. The test
section dimensions are selected to fit the inside of the magnet's
opening and allow additional space for accessing the area for optical
instrumentation. 1In orxder to obtain basic scientific data, a

rectangular shaped cross section is preferred to a circular or any other
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Magnetic Field, Wb/m?
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Magnetic Field, Wb/m?
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Figure 6. 6.0 Tesla Magnet
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TABLE 2

6.0 Tesla Magnet Design Specifications

Physical Size

Conductor Size : 0.58 in x 0.58 in
Cooling Passage : 0.323 in Diameter
Conductor Length : 2,600 ft
Conducter Weight : 2,600 lbs

Structure Weight : 1,800 lbs
Total Weight : 4,400 1lb

Magnet Bore
Widtn @ 10 cm
Length : 20 cm

Volume : 2 c¢m x 2 cm x 20 cm (5% Field Homogeneity)

Cooldown Characteristics

Coolant : LN
Coolant Requirement : 7%0 liters
Coil Resistance @ 80 K : .0122 Ohms

Operational Characteristics

6.0 Tesla Mode Operation

Current : 8,660 Amps

Voltage : 350 Volts

Power : 3.01 MW 7

Amp Turns : 3.88 x 10
Time : 5 seconds (@ Field > 6.0 T)

4.5 Tesla Mode Operation

Current : 6,000 Amps
Voltage : 315 Volts
Power : 1.89 MW 7
Amp Turns : 2.69 x 10
Time : 15 seconds (@ Field > 4.5 T)
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shape. With these considerations, the test section is determined as

5cm(W) x S5cm(H) x 120 cm(L) with a square cross section, horizontally

mounted open circuit. The eiectrodes can be placed either horizontally

or vertically depending on the magnet orientation. The side plates will

be equipped with optical windows for a direct viewing of electrodes.
Other parameters are:

p = 1.02 kq/1

Umax = 30 m/sec

4] 4.5 mhos/m

B=6T

Se = electrode area = 1w 120 x 5 cm?

The maximum volume flow rete is Q = uA = 75 1/s = 1,189 GPM.
The amount of power required to operate the thruster can be

calculated below. Using Ohm's la» we have the power density as

.2
JE = juB + <
1)

The total power to the thruster is

2

IV = TuBd + I

Lo
The power ccnsumed for electrolysis IVg (Vo = 2.19 volts for NaCl
solution) can be added to the above equation and we obtain the total
power required as
IV = TuBd + IR + IV,
where the first term represents the power used for acceleration, the

second term is dissipation (Joule heat) and the last term is power




consumed by the electrolysis effects, which is much smaller than the
other two terms.

Figure 9 shows the power requirement for current density up to
1 amp/cm?, while Figure 10 shows the low current range, up to
0.1 amp/cm?. Power required for electrolysis is also shown in these
figures which can be added to obtain the total power requirement.
Figure 10 also shows the dissipation loss curve, IRZ,

To estimate the amount of gases generated by the electrolysis

process, let us assume

j = 0.5 amp/cm?, thus

I

|

jSe = 300 amperes
From Faraday's law we obtain,

Cly = 300 x 0.3674 x 10~3 g/sec

1.162 x 107! g/sec

H 300 x 0.0104 x 1073 g/sec = 3.12 x 1073 g/sec

The volume of the gases under standard conditions are:

Vy,= (3.12 x 10 g/sec) / (0.09 g/1) = 3.46 x 107" 1/sec
Ve, = (1.102 x 107 g/sec) / (3.19 g/1) = 3.46 x 107" 1/sec

Vi,0 = 75 1/sec

= ,08%

The volume of the gases is very small as compared to the total
volume of the duct. The effects on electrical conductivity is
insignificant if the bubbles are uniformly dispersed in the liquid.
However, it is not known how the bubbles are distributed near the
electrode surfaces, nor do we know whether a film of gas will form.

latter is detrimental to the electrical conductivity. Investigating

The
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bubble boundary layer and its effects on the electrical performance of

the thruster is one of the key issues needed to be addressed.

7.0 CONCLUSIONS

Ideal thruster performance characteristics are presented and various
loss mechanisms of seawater electromagnetic thrusters are discussed.
The lack of quantitative experimental data seriously impact the ability
to accurately predict the thruster performance, coptimize thruster
configuration and engineeriny data for design. It is recommended that a
rigorous experimental program be initiated to investigate the

fundamental issues of fluid mecharics, electrolysis and thruster

performance characteristics.
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Abstract

The MHD submarine propulsion and pumping concepts offer the advantage of having no external
moving parts, such as a propeller or turbine rotor, to produce acoustic noise. At first sight such a system
would therefore appear to be much quieter. However, the passage of an electrical current in seawater may
produce gas bubbles which can affect the performance and the acoustic signature of such thrusters.

This paper examines some of the scientific and technical issues to be resolved to ensure the
attractiveness of the seawater MHD propulsion and pumping concepts. The emphasis is placed on the
gencration of bubbles on the surface of the electrodes and the possible sources of acoustic signature from
them. Also reported are preliminary experiments performed in the STD Research Corporation Electrode
Testing Rig (STD-ETR) on the formation of gas bubbles in seawater and saltwater.

1. INTRODUCTION

STD Research Corporation has supported work in saline water MHD since the company was
founded in 1964. Early work was directed towards the realization of a practical MHD pump for conducting
liquids including seawater, and a seawater MHD thruster. This field has been the subject of a low-level,
long term effort at STD Research Corporation throughout the years, since it lies within an area of great
interest to the company.

It should be noted that STD Research Corporation has built and used several types of saltwater
MHD test facilities. One of these facilities was used in a prize-winning Science Fair project in 1986
Recently, STD Research Corporation has performed theoretical calculations on fluid dynamic aspects of
bubble generation by hydrolysis and has put in operation a pressurized saltwater electrode testing rig

We have found in our theoretical work that the two problems of bubbles and hydrodynamics are
inextricably tied together for a large number of interesting conditions, and that the omission of the bubble
problem from the incompressible flow problem often leads to trivial results In our experimental work. we
have found that there is no substitute for the study of the real working fluid (seawater), and that results
obtained at atmospheric pressure conditions may be much different than results at depth
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2. BUBBLE DYNAMICS OF SEAWATER MHD THRUSTERS

2.1 Bernoulli analysis of MHD thrusters

The operation of ideal seawater MHD thrusters can be analyzed if it is assumed that the flow is
incompressible and inviscid. The Bernoulli equation can easily be modified to take account of the Lorentz
force. The Bernoulli equation then becomes

Ps + 2Pwua / J z)dx =py+ 2pwub ) (1)

where p is the static pressure, u is the flow velocity, J(x) is the local current density, B(z) is the local
magnetic field, p,, is the density of water and the subscripts refer to each section a and b, respectively.
Also used is the continuity equation, i.e., us A, = up4y.

For the general analysis of an MHD thruster, the following convention will be used for the flow
in the frame of reference of the thruster (cf. Fig.1): Station 0 refers to upstream infinity of a streamtube
passing through the thruster, stations 1 and 2 refer to the thruster inlet and outlet, respectively, and
station 3 refers to downstream infinity of the same thruster streamtube. In the frame of reference of the
stationary water, the speed of the thruster is thus up. At stations 0 and 3 the pressure matches that
of the surroundings, and thus corresponds to the hydrostatic pressure po in the water at the depth of
operation of the thruster. The pressure in the flow field near the exit of the thruster is probably not equal
to the hydrostatic pressure in the water at the depth of operation of the thruster because of the external
hydrodynamics of the outer shell of the thruster. Since p, matches the outside pressure at the exit, which
is not necessarily pg, there is a pressure difference between the exit of the thruster and water at infinity
However, the assumption that p, = py is usually made for simple Bernoulli-type analyses, as is shown in

the figure.

MHD THRUSTER

Ao b %“‘%3\ Ao fA3
: 'E‘& E
g p ¥: ‘?t-;.«-,"»v ’EZM;&-“ b' = ; _

Po i, e Po=P, : P3=R
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Fig. 1. Control volume for Bernoulli analysis of MHD thrusters.
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Various geometries can be studied. The simplest is the constant area thruster without inlet
diffuser and exhaust nozzle (Fig.2). From continuity, the inlet and outlet velocities are equal, i.¢., uy = u2
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In the limit that the thrus >r is short, the well-known actuator-disc propeller theory (e.g., ¢f. Ref. 1, p.
674) can be used to compute the MHD channel flow velocity u; and the exhaust pressure p, as a function
of submarine speed and MHD parameters. These results are:

1 1 2JBL\/?
== gty (4 52) @)
and
1 3 1 2JBL\ /?
P2 = po+ gputy+ 3JBL = Zpuuo (u3+ J ) -
w

Even though L is small for this particular case, JBL can be finite. It is seen that there can be a large
pressure difference between the exit of the thruster and the far field in this case, and a vena contracta is
necessary in the slipstream of the thruster to provide for the pressure adjustment.

— P
0
R
AR LS R
i %.c?@'oz\ﬂ\&%i%\“ SR
/ S R
/———\\ THRUSTER

Fig. 2. Schematic of constant area MHD thruster without inlet diffuser and exhaust
nozzle. Note that the exit pressure of the thruster is matched with the pressure
around the exhaust area p,, and that, because of hydrodynamics of the thruster
external shell, p, # po.

9231

For larger aspect ratios (1.e., L/D > 3), the flow field for the constant area thruster without inlet
diffuser and exhaust nozzle tends to a condition in which the exit pressure is ideally matched with that of
the surroundings at infinity, and the slipstream is comprised of parallel streamlines. For this case, simple,
ideal, 1-D Bernoulli analyses are not sufficient, mainly because of complex inlet phenomena.

Pressure matching between the exhausi jet coming out from the thruster and the fiow fieid
surrounding the back end of the device has at least two important implications. First, the drag penalty
incurred if significant entrainment of fluid in the shear layer separating the streams issuing from inside
and outside the thruster must be considered. This phenomenon is also present in propeller-driven devices
Second, if bubbles are present in the exhaust trail of the thruster, a pressure mismatch at some point
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between the exit of the thruster (station 2) and downstream infinity (station 3) will lead to acoustic noise
generation by bubble oscillation.

Although pressure matching along any exhaust streamline is not possible, the pressure mismatch
can be made smaller by careful design of the internal geometry and electromagnetic parameters of the
thruster. These problems can be addressed by the use of the incompressible versions of the STD/MHD
computer codes to obtain more elaborate and realistic solutions that include boundary layer effects such as
separation, vorticity, 2-phase (bubble) flows, etc.

2.2 Bubble Phenomena

The passage of an electric current through seawater can lead to effects with positive or negative
implications for the performance and quietness of an MHD propulsion device. These include: chemical
reactions taking place at the electrodes, modification of fluid mechanics of the flow over the electrodes by
bubble generation and Ohmic heating. This section will Jook more closely at gas bubble creation and its
subsequent effects on the electrical and fluid dynamical electrode phenomena.

2.2.1 Electrode Chemistry

Without taking into account the chemical reactions involving the electrode material itself, some
very important chemistry takes place at both the cathode and anode when they are used to pass an
electrical current through seawater. From a standpoint of activation energy, the chemical reactions in
saltwater are possible only if the applied voltage is at least greater than the voltage required for each
individual chemical reaction. For simplicity, only the sodium chloride component of seawater is considered
here: At the anode, Cl~ ions combine to form chlorine gas (Cl,) and water electrolyzes to form oxygen gas
(O2). At the cathode, H* ions combine and water electrolysis takes place to form hydrogen gas (Hz). If
the applied voltage is greater than 1.36 Volts, then all those reactions are possible. If real seawater, which
has a more complicated composition than the simple NaCl solution, is considered, then more complex
chemical reactions would take place. Preliminary experimental observations in the STD-Electrode Testing
Rig have shown a marked difference in the bubble dynamics between salt solutions and real seawater.

Chemical reactions involving the electrode material may be undesirable from at least two
standpoints. First, the degradation of the electrodes would cause their surface to become non-uniform
and lead to an increase in drag, and therefore degrade the performance of the thruster. Second, the
products formed by these reactions can accumulate on the surface of the electrodes or on other underwater
components as scale deposits, or could increase detectability by leaving an exhaust trace of different
properties, such as color or pH, than that of the surrounding seawater. However, it should also be noted
that chemical reactions involving the electrodes can be used advantageously to increase the conductivity of
the MHD working fluid and to suppress bubble formation.

2.2.2 Bubble Formation

Possible adverse effects of the formation of gas on the surface of the electrodes include the increase
of the effective resistance of the solution, which would prevent the desired electrical current density to be
carried from one electrode to the other. Furthermore, the exhaust of a large amount of bubbles behind the
thruster would cause a trail which might be observable. If the bubbles experience a pressure gradient at
the exit of the thruster, an acoustic signature might be produced by bubble oscillation.

Assuming that all the gas produced at the electrodes forms into bubbles, and if surface tension is
neglected, then the volumetric rate of gas formation can be obtained. At the cathode, where the arrival
of two electrons causes the formation of one hydrogen gas molecule, the volumetric rate of production of
hydrogen gas Qy, (in m3/s at 0°C) is given by:

Qu, = uzl (4)

Damb

where I is the total current passing through the electrode (in Amperes). pams is the ambient absolute
pressure (in atmospheres or Pascals) and K = 1.16 x 10~%kg - m?/A - s® = 1.16 x 10~"m® - atm/A - s.
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The formation of gas at the anode can also be calculated, but because both oxygen and chlorine
gases are formed there, it is necessary to know the chemical processes in more detail. However, the total
volumetric gas formation at the cathode can never exceed that at the anode, and therefore, the value for
hydrogen formation can be used as an upper bound for the combined formation of oxygen and chlorine gas
bubbles.

Another important consideration about the formation of gas bubbles at the electrodes is their
size. Many factors could influence the size of the bubbles forming on the electrodes. The ambient pressure
Pams is a primary factor, along with surface tension o7, since they are related to the bubble radius R by:
Db = Pams + 1"51 where p, is the gas pressure inside the bubble. Other possible factors include: (i) the
current density supplied to the electrodes, (ii) the electrode material and the number and size of possible
nucleation sites, (iii) the electrode geometry, (iv) the water flow velocity, which infiuences the shearing
forces under which the bubbles must form, (v) the water temperature, which affects both the solubility of
the gas and the surface tension of the gas-water interface, and (vi) the actual composition of the seawater,
which affects electrode chemistry.

After they are formed, the bubbles are entrained by the water flowing in the duct. The size of the
bubbles affects the time taken by the bubbles to relax to the velocity of the water flow and also determines
their vertical, buoyancy-induced velocity. Furthermore, the bubble size influences the time taken for the
gas within a bubble to dissolve into the water surroundings and affects the acoustic energy when a bubble
undergoes a volume change because of a pressure gradient. These issues are examined in more detail in the
following sections.

2.2.3 Bubble velocity relaxation

The effect of the gas bubbles on the water flow inside the MEHD channel depends primarily on the
relative velocity between the bubbles and the water flow. If there is a large velocity difference, a boundary
layer will form on the surface of the bubble itself, leading to an increase in mass, momentum and energy
transfer by molecular diffusion, viscosity and conduction, respectivcly. If the relative velocity is very large,
high strain rates may even shred the bubble to pieces. If there is no relative velocity between the bubbles
and the water, then the analysis for the dissolution and cooling of the bubbles is also greatly simplified

The time t, taken by a stationary gas bubble to be accelerated by a water flow to the velocity
u, of water can be evaluated by considering the sum of the forces on a single accelerating bubble. If
the Reynolds number (= py,uy, R/py,, where py, is the dynamic viscosity of water) for the flow over the
spherical bubble is small enoug.. he drag force D on the bubble is obtained by modifying Stokes’ formula
to account for the fact that the shear field on a bubble is different than that on a solid sphere (c¢f e.g,
Ref. 2. Then, the time taken by a bubble to be accelerated to 99 percent of the water velocity is given by:

R%p,
t, ~
Buw

¥)

It is seen that t, is independent of the bubble gas density and of the velocity of the water flow For typical
values of bubble size of R = 10 um, then {, =~ 0.1 ms and for R = 100 um, then t, = 10 ms. Since the
residence time t; = L/ of the flow inside the MHD channel is usually much larger than this, then it
can be assumed that most of the bubbles are at rest with respect to the water flow throughout the MHD
channel. However, one should keep in mind that this simple analysis neglects the mutual interaction of tie
bubbles. Therefore, the time taken by the bubbles to come to rest with respect to the water flow might be
longer because the bubbles might be coalescing in bunches.

2.2.4 Buoyancy-Induced Vertical Velocity of Bubbles

By the same type of analysis presented in the previous seclion, the terminal velodty induced by
buoyancy forces on the bubbles can be computed as:

R'.’
up = =2 (6)
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For example, for R = 10 pm, then up =~ 0.3 mm/< and for R = 100 pgm, then up ~ 3 cm/s. Ter
typical bubble residence times inc.de the MHD ‘hruster, the vertical displncenients associated with
buoyancy-induced moticas are not large.

2.2.53 Gas Solubility

Because seawater is nst saturated with any of the possible gas species produced by electrnzhem-
istry at the electrodr, the bubble’s size will decrease with time by dissolution of the gas into water Of
interest is the deterciination of the time fp taken to dissolve a bubble of a kncwn sizz If this time is
shorter than the residence time of a bubble inside the MHD channel, thaa n- bubbles will be present at
the exit of the ger.crator.

The process by which the gas is dizsolved is simple molecular diffusior, and the snalysis can be
performed by using results obtained from Fick'’s law, since, t= seen iu tie previous seclion, the tubiles
can be assumed to be at rest with respact to the water flow. It is assum«d thut the gac composition is
known, that the bubble remains sph-rical, the gas corcentrati n iz the water is negligible and, as the
bubble dissolves ard shrinks, that its temperature remains in equilibrium with the surroundiugs. The time
tp required to dissolve a bubble completely, 1.e., to reduce its radius from an initial value Ro to zero is

given by:
1[3 40} 20 271
t 12 T ln( T ) - ] 7
P= 3D [ 0T pgmb Ropams + 207 Pamb Ro ( )

where D is the molecular diffusion coefficient, p,.ns is the pressure outside the bubble and o7 is the surface
tension coefficient. If surface tension is neglected, the time r-quired to dissolve a bubble of size R is given
by: tp = (RZ/2D).

For example, for a hydrogzn gas bubble iaving an initial radius of 10 pm at psms = 1 bar and
Tams = 25°C, the time ‘aken to dissolve it completely is calculated to be tp = 15 ms. For Ry = 100um
then 1p = 1.5 s. As the ambient pressure is increased with submarine depth, the si- of the bubbles
decreases and thus the.. dissolution time is reduced. From Eq.(7), one also sees that . . effect of surface
tension becomes smaller with depth, 1.e., with increased pams.

Values of molecular diffusion coefficients for the gases of interest for the present problem are
shown in Table 1 (from Ref. 3, p. 534).

Table 1. Molecular diffusivities of gases in water.

Gas Molecular diffusion coefficient D
(x 10~%m?/s)

Hydrogen at 25°C 3.36
Oxygen at 25°C 2.60
Chlorine at 12°C 1.40

Preliminary experimental observations of bubble formation by seawater electrolysis (¢f Section 3)
has shown that dissolution times are much larger than the values predlcted by the theory presented above
One reason to explain this disagreement could be that bubbles formed in real seawater are of a different
nature than those formed in pure or salt water, such that the diffusion coefficient and the surface tension
can be different than the assumed values. These effects need to be investigated.
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2,2.6 Noise Generation by Bubbles

If the dissolution time ip of gas bubbles is larger than their residence time inside the MHD
channel, then bubbles will be present in the exhaust trail of the thruster, If the exit pressure of the
thruster is not matched with the hydrostatic pressure of the surrounding water or if there is any other
pressure gradient in the slipstream, each bubble will have to adjust its volume to this change in pressure
In doing so, the bubbles also send out acoustic waves which must be evaluated. If surface tension is
neglected and the gas temperature is assumed to remain in equilibrium with the water temperature, the
ratio of the size Ry of a bubble at the exit of a constant area MHD thruster to its size Ry after it has
adjusted to the hydrostatic pressure p3 = po = po can be obtair :d from: Rs/Ry = (p3/po)/?

If the change in radius of the bubble is small compared to its radius, then a simple 3-D acoustic
theory can be used to determine the intensity of the acoustic radiation. The geometry of interest is shown
in Fig.3, where r is the radial distance from the center of the bubble. The equation for the change in
bubble size as a function of surrounding pressure was first derived by Rayleigh (Ref. 4), and subsequently
modified to include the effects of viscosity and surface tension (cf., Ref. §). If it is assumed that the gas
bubble motion follows a polytropic law of compression/expansion with a polytropic exponent x, then its
natural frequency of oscillation is given by: w2 = (3xpy ~ (207/Ro))/(pwRE). If the change in volume
of the bubble is isothermal then x = 1 and if it is isentropic & = v, the specific heat ratio. With this
assumption, energy dissipation arises only from liquid viscosity and compressibility. A more accurate, but
more tedious, analysis would involve the solution of the complete set of linearized conservation equations
of mass, momentum and energy both in the gas and the water (cf. Refs. 6 and 7).

THRUSTER [——X-

GAS
BUBBLE

Fig. 3. Coordinate system for thruster noise analysis.

9194

It is also supposed that, to first order, the bubbles experience a constant pressure gradient, so that
the ambient pressure varies linearly with time, 1.¢.,

- updp . dp_ p2—1Do g
Pams = p2(1 + 22 721) where — = 5 (8)
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The pressure relaxation length £, has to be determined from the fluid mechanics of the flow in the region
of the pressure nonuniformity.

If k 2 1 then w2 & (p2/py R2), and the expression for the radiated energy & can be exrressed as:

= _ (1Y) (dp\? uiRS
%= () (2) s ©)
where a,, is the sound speed in water.

The energy radiated by a single bubble can be used to estimate the total noise of the entire
collection of bubbles in the slipstream. Since there is a large number of bubbles all oscillating with a
different phase, an observer at a large distance from the device would not feel a variation in mass or
momentum flux. Then the group of emitting bubbles can be represented as a quadrupole noise source,
similar to the sources causing the noise at the exhaust of jet engines (cf. Refs. 8 and 9). The quadrupole
solution can be directly obtained from the single bubble relation as:

. 4
L *H e 09

where ?f::;f,': is the average acoustic energy radiated by one bubble, as obtained from Eq.(9), £ is the
average spacing between the bubbles and A is the wavelength of the sound emitted by the bubbles,
obtained from A = 27a,, /w. The totcl acoustic energy flux emitted by all the bubbles can then be obtained
by multiplying the contribution of one quadrupole (i.e., Eq. (10)) by the total number of quadrupoles N,.
Since the bubble oscillations decay rapidly due to damping, we only consider as noise sources the bubbles
present in a slab of thickness (u2py, R3)/pw in the exhaust trail of the thruster.

For the short constant area thruster without inlet diffuser and exhaust noazzle, i.e., the actuator
disc thruster of Section 2.1, if gas solubility is ignored, the total average acoustic energy flux becomes:

610!01 =0 050p2A?/3R8u;0/3 dp 2 1 11
=000 o —r &) (7 v
awpwl‘wQ;],

All these parameters are easily obtained from the operating conditions of the MHD thruster, except for Ro
and £, that need to be evaluated separately.

It can be seen from this formula that the noise output: (i) increases with bubble size, (ii)
increases with thruster size, (iii) increases with submarine speed, (iv) increases with submarine depth. The
dependence of the total acoustic energy flux on applied current density J and magnetic field B can also
be obtained from Eq.(20) by substituting the expressions for uz, p, and Qn, given by Eq (2), Eq (3)
and Eq.(4), respectively. It is found that the noise level increases with both applied current density and
magnetic field.

It is seen that, in the study of the noise problem, efforts should be focused on the study of the
two unknown parameters in this equation: bubble size and the time taken for the exhaust flow to be
pressure matched with the hydrostatic water pressure (1.e., the determination of the value of the pressure
relaxation length £, from Eq.(13) or the characteristic length of any other pressure disturbance in the
slipstream). As with the solubility analysis, the size of the bubbles is thus critical to the evaluation of
noise generation by MHD thrusters. Not only will the noise produced by a seawater MHD device decrease
with bubble size, but as it will be seen below, the acoustic waves emitted by smaller bubbles will be
attenuated more as they propagate into seawater because of their higher oscillation frequency.

To evaluate an upper bound to the source level (SL) of constant area MHD thrusters, consider
bubbles 1n the shpstream of the actuator disc thruste:. The decibel (dB) level of underwater acoustic
sources is defined as (cf. Ref. 10):

$(at r =1 yard)

SL (dB) = 10 logyo 7> To- oW /m? (12)

ONR/DARPA Workshop on ©1989 STD Research Corporation
MHD Submarine Propulsion
November 16-17, 1989

359




STD Research Corporation Bubble Phenomena in Seawater MHD Thrusters

For example, consider a thruster with J = 5000A/m? and BL = 100T - m and a thruster area of
A; =1 m?. Assume operation of the submarine at depths of 0 and 100 m, at speeds from 5 to 20 m/s For
illustration, two possible bubble sizes are considered: Rg = 10 pm and Ry = 100 um. Also, the constant
¢y can be estimated from Eq.(13) from thruster interna! and external hydrodynamics. Calculations were
performed with £, either 1 m or 10 m, both reasonable values. The results are shown in Table 2. It is found
that a maximum noise level of 121 dB is produced at a submarine depth of 100 m and the maximum speed
of up =20 m/s, with a bubble size Ry = 100 um. The minimum noise level, 60 dB, is produced at sea level
at 5 m/s, with Rp = 10 pm. This can be compared to typical values of broadband acoustic level data given
in Ref. 10. They range from around 130-140 dB for electric submarines used in the Second World War,
to 90-110 dB for SSBN-726 class submarines. Considering that the present calculati .n effectively places
an upper bound to the noise level of seawater MHD thrusters, it appears that this type of propulsion
could achieve a reduction in noise leve] over today's most sophisticated devices. Furthermore, various noise
abatement approaches could be used to reduce the noise generated even more. For example, this could be
achieved by changing the geometry of the hruster and its exhaust trail, by acoustically treating the outlet
region of the device, by preventing the escape of bubbles and finally by ensuring that the bubbles rernain
small or nonexistent.

This discussion points out the need for integrating noise analysis to the design of MHD submarine
thruster, since noise performance is probably as important as efficicucy.

The noise attenuation in the seawater surrounding the thruster can be evaluated from simple

acoustic theory (cf. Ref. 11}. In one dimension, the acoustic flux at a location z is related to that at z = 0
by:

2
®(z) = (0)exp (_u_aé.) (13)
aw
where the diffusivity 6 is defined as:
= to (34 lle s 1ipr) (14)
w \3 My

In this case, aoise attenuation is due to both viscous dissipation, through p, and py,, the latter being
the bulk viscosity of water, and heat diffusion, through a func.on f of the Prandtl number Pr. For
pure water, § = 4.4.10-% m?/s. For seawater, § is somewhat larger and depends on frequency A plot of
attenuation vs. frequency in seawater is given on page 245 of Ref. 10.

Noise attenuation also takes place at the source of submarine noise, i.¢., inside the exhaust trail of
the thruster, because of noise absorption by the bubbles themselves. Fo- this case, the attenuation can be
evaluated by modeling the bubble-water mixture as a fluid having the ame properties of s.ater, except for
a higher bulk viscosity. ‘The bu!™ viscosity of a bubble-water mixture has been evaluated analytically by
Taylor (Ref. 12) as:

7 (15)

pv =~ -+

el
XY R )

£
Xv

where Xy is the volume fraction of gas in mixture. This formula is valid for Xv > 10~*: the
compressibility of water has to be taken ino account for smaller values of Xy The high bulk viscosity of
the bubble-water mixture is such that the diffusion coefficient é is about four orders of magnitude larger
than that of water alone, leading to a much higher attenuation coefficient.

In view of the large attenuation coefficient for poise of high frequency, it is seen that, if the
bubbles cen be kent small, the seawater MHT) propulsion concept could fulfill its promise of difficult
acoustic detection,
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Table 2. Noise produced by a constant area MHD thruster, i.e.,
actuator disc thruster with J = 5000 A/m?, BL = 100T - m
and 4; = 1 m?.

Do Uo RO lp SL
(bars) (m/s) (um) (m) (dB)
1 5 10 1 80
10 60

100 1 110

10 90

10 10 1 81

10 61

100 1 111

10 91

15 10 1 82

10 62

100 1 112

10 92

20 10 1 84

10 64

100 1 114

10 94

10 5 10 1 87
10 67

100 1 117

10 97

10 10 1 88

10 68

100 1 118

10 98

15 10 1 90

10 70

100 1 120

10 100

20 10 1 9

10 A\

100 1 121

10 101

2.2.7 Ohmic Losses

In addition to the bubble formation problem, the passage of large currents into the water
electrolyte causes a temperature increase by electrical losses If the temperature increase is large a
significant thermal signature could be observed at the exit of the thruster. The temperature increase AT
for the constant area thruster having a constant current density is given by:

2
AT = J°L

= 16
opy Cuy (16)
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where o is the electrical conductivity and C is the heat capacity of seawater. For the case discussed in the
previous section, with u; = 10 m/s, the temperature increase is about 1.2°C. This may or may not pose a
problem, depending on depth, sea-state and enemy detection capabilities.

This discussion on temperature signature, as well as considerations about electrical losses, point
out the need for thrusters operating with the largest possible magnetic field and the lowest possible
applied current density.

2.2.8 Boundary Layer Modification and Drag Reduction by Bubble Injection

The performance of the seawater MHD thruster will depend strongly on the influence of the
bubble formation on the flow over the electrodes and the sidewalls. Numerical models are needed to
predict and optimize the performance of the device. Computer models for both laminar and turbulent
boundary layer and channel flows have proven their effectiveness. However, the modification of these
models or the creation of new ones to take bubble phenomena into account cannot be expected to be
su~cessful before a good data base is available for these particular flows.

For turbulent boundary layer flows with bubble injection, these models may be modified by
assuming that the characteristics of the turbulence are unchanged by the addition of gas bubbles (e.g.,
Ref. 13). This assumption is valid if the rate of bubble injection is small, but it has been found that, at
higher injection values, the basic nature of the turbulence is indeed modified (cf. Ref. 14). Furthermore.
because of the presence of coherent structures in these turbulent flows, an analysis based on a turbulence
model adapted from bubble-less flow might not be adequate, since the average electrical properties of the
flow would be very sensitive to the structures developing in the actual flow with bubbles. For a more
realistic analysis and efficient optimization of MHD seawater propulsion devices, it is necessary that new
computer codes be developed and that experiments be initiated to provide input and validation data.

The experimental study of Ref. 14 also reported a dramatic reduction in skin friction by bubble
injection for flat plate, turbulent boundary layer flows in water. Miniature flush-mounted hot film probe
measurements of the shear stresses downstream of a gas bubble ejection section have shown that a fivefold
reduction in skin friction is achievable for this flow. Therefore, bubble generation at the electrodes could
be used advantageously to improve the performance of a seawater MHD thruster.

3. OBSERVATIONS OF BUBBLE FORMATION IN HIGH PRESSURE SEAWATER

To define critical issues on the performance of electrodes in seawater, as well as to perform
preliminary measurements on bubble size and gaseous film evolution as a function of electrode material,
surface treatment. current demsity and ambient pressure, we have performed tests with a small electrode
testing rig (ETR).

The testing device, shown in Fig.4, comprises a 260 cm® volume that can be pressurized up to 100
bars, which corresponds to a submarine depth of 1000 m. Two electrodes, each having a surface area of
19.3 cm? are facing each other, 5.1 cm apart. The test rig is made out of clear acrylic so that visualization
of the electrode phenomena can be accomplished.

We have performed preliminary experiments on the suitability of various electrode materials and
on the structure of free convection flows of bubbles over vertical electrodes with some very interesting
results.

3.1 Electrode Material

Preliminary evperiments with both copper and graphite electrodes have shown that. because of
chemical reactions, copper does not seem to be a suitable choice. Graphite, on the other hand, was
observed to tolerate large values of current densities without suffering any surface damage on either

elecirode.
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ELECTRODE TESTING RIG
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Fig. 4. Schematic of STD Research Corporation Electrode Testing Rig (ETR).
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3.2 Free Convection of Bubbles over Vertical Electrodes

Experiments were performed with vertical electrodes, to examine the buoyancy-induced (s.¢, frec
convection) flow of bubbles over the electrodes. Preliminary observations shew- that this dow of bubbles
over the electrodes is similar to single-phase, single-fluid (i.e., ordinary) forced conveition turbulent
boundary layer flow over a flat plate. It was observed that the flow over the lower part of the eiectrode is
laminar. At some distance from the lower end of the electrode (which corresponds to the leading edze of
the flat plate) transition is observed to occur t¢ what seems to be a turbulent flow. It has beci. fouud that
the hydrogen gas flow over the cathode and the oxygen and chlorine gas flow over the arode hav: vei.
distinguishable features.

The influence of electrolyte composition and ambient pressure on the transition point lucation
and the observable characteristics of the subsequent turbulent flow has also been investigated It hws
been found that saltwater, a 3.5 percent by mass solution of rock salt into tap water, exhibits different
ckaracteristics than real seawater collected at Topanga Beach, California. The turbufent flow in the
seawater has features than are analogous to the (blique Tollmien-Schlichting waves and the turbulent
spcts common to ordinary turbulent boundary layers (Ref. 15) . The appearance of lifting turbulent spots
is also accented as the pressure is increased. These electrode phenomena are shown in F.g. 5 and Fig 6 for
a current density of 9000 A/m? in real seawater at a pressure of 34 bars The oblique instability waves are
clearly visible in the close-up of Fig.6. These waves were not observed at atmospheric pressure and the
rock salt solution did not exhibit those turbulent structures. This difference in behavior between seawzter
and saltwater could be attributable to different values of viscosity for these two solutions, which could
affect the effective Reynolds number for this flow. Furthermore, since the seawater has a larger number of
dissclved salts than the simple saltwater solution, the nature of the products at the electrodes could be
different.

4. CONCLUSIONS

Passage of ar electric current in seawater can lead to gas bubble generation by chemical reactions
The formation, evolution, trajectories, and history of these bubbles and the magnetohydrodynamics of the
flow are intimately connected. Since the Lubbies are likely to be small, they will reach a terminal velocity
with respect to the surrounding water very rapidly, unless bunching ap slows down this process The size
of the bubbles is a critical parameter because. (i) it determines the time tahen by the bubbles to dissolve,
and therefore whether or not bubbles are present in the slipstream of the thruster and (ii) it influences
the level of acoustic noise emitted by bubbles when exposed to pressure gradients of sufficient magnitude
Other issues possibly depending on bubble size include the increased resistivity of the bubble-water
mixture and the skin friction drag 1eanction by bubble formation on the electrodes A number of the
STD/MHD codes can give elaborate and realistic solutions of the combined bubble/magnetohy drodynamic
problem.

Work on a small test rig at STD Research Corporation has shown that there exists a marked
difference between phenomena observed in real seawater and simple saltwater and between operation at
surface pressure and operation at depth. Observations of bubble lifetime suggest that the usual buhble
properties may be different for seawater, owing to the complex chemical composition of the latter
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Fig. 5. Free conveciion bubble flow pattern in ETR with graphite electrodes. J =
9000 A/m?, p = 34 atm. (a) Hydrogen bubble flow over cathode, (b) Chlorine and
oxygen flow over anode.
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Fig. 6. Free convection pattern in ETR with graphite electrodes. J = 9000 A/m?, p = 34
atm. Close-up of chlorine and oxygen flow over anode.
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J.K. Koester
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INTRODUCTION

The promise of MHD propulsion for submarines is governed by the
development of powerful superconducting magnets. With sufficient
magnetic field, the inherent electrical conductivity of sea water
allows efficient MHD propulsion at high speeds. However, the use
of superconducting magnets restricts the MHD propulsion device to
DC crossed fields. Since sea water is an electrolytic conductor,
electrolysis occurs at the electrodes under DC operation and
gases are evolved. The resulting formation of large numbers of
bubbles greatly enhances the acoustic noise signature of the
submarine. Furthermore, these gases and reaction products are
left in the wake and may eventually rise to the surface.

Fundamental phenomena of electrode operation for MHD propulsion
are briefly described here. Governing electrode parameters are
identified and their characteristic values for MHD submarine
propulsion are delineated. An electrode test stand for
investigating electrode systems is described and some preliminary
test results are presented. Potential electrode concepts for
eliminating the formation of bubbles are described. Finally,
recommendations for promising low noise electrode systems are
given.

MHD Propulsion Parameters. MHD propulsion may be based on either
external or internal electrode configurations.[l] In either case,
limiting ideal performance is defined by momentum change
considerations and the governing equations may readily be derived
for either configuration in terms of effective duct area, A. The
ideal equations for thrust, T, and propulsion efficiency, n, are
summarized by Figure 1. Ideal efficiency is governed by two
parameters: the velocity ratio, z, and the MHD interaction
parameter, S. The minimum electrode current density required for
MHD propul :on is given by:

J = ( pu?/2BL)* (22 - 1) (E1)

where B i: magnetic field strength, L is magnet length, p is sea
water deasity, u is submarine velocity, and 2 is the jet pump
velocity ratio.

For large thrust at a reasonable duct area, the velocity ratio
must be around 1.2 which implies an ideal ijet efficiency of 918.
For good MHD efficiency (>80%), the interaction parameter, S,
should be near unity. This sets a criteria on conductivity and
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magnet design as shown by Figure 2. At a speed of 30 m/sec and S
= 0.7, this criteria is:

¢ B2L > 22,000 (E2)

For example, with a sea water conductivity of 4 S/m, we require a
magnet of 14 Tesla field strength over a length of 30 meters.
This high efficiency thrustor configuration requires an electrode
current density of only 0.05 A/sq cm. A magnet with the
parameters, B = 4 Tand L = 10 m, results in a current density
of 0.5 A/sq cm. For comparable efficiency with this small magnet,
sea water conductivity must be enhanced to a value over 100 S/m.
Conversely, thrust performance can be maintained by operating at
high current density and low efficiency. Over a wide range of
operational scenarios, the required electrode current density
ranges from less than a tenth of an ampere per sq cm to a value
near 1 A/sq cm.

Sea water contains about 33-37 g/kg of dissolved chloride salts
(mostly sodium with significant concentrations of magnesium,
calcium, and potassium). The sodium and chlorine species form
positive and negative ions respectively which respogd 50 electric
fields. Although their mobility is low (about 6x10"° m“/V-s), the
ion number density is high so that a conductivity of around 4 S/m
results. Thig low mobility results in a low Ball parameter
(around 107 °) even at a field strength of 20 Tesla. Thus, as
shown by Figure 2, the Hall parameter effects which are
significant in gaseous MHD systems may be neglected here.

FUNDAMENTAL ELECTRCDE BEHAVIOR

The electrolysis behavior between inert electrodes of a moderate
solution of NaCl in water is well known.[2] The electrode
reactions for inert electrodes are shown by Figure 3. Negative
chlorine ions are attracted to the anode where they give up their
electron and form chlorine gas. The positive sodium ions are
attracted to the cathode, but do not plate out as metallic
sodium. Instead, they react at the cathode to form sodium
hydroxide and hydrogen gas. Since the gas molecules released at
each electrode involve two electrons, the volumetric flux is the
same and is proportional to electrode current density:

V=0.12*3/(1 + h/10.1) [cc/sec-sq cm] (E3)

where J has units of A/sq cm, b is depth in meters and standard
temperature is assumed.

This simplified picture of tea water electrolysis results in
defined volumetric fluxes of hydrogen and chlorine gases while
the solution becomes more glkalire (as shown by the overall
reaction equation in Figure 3). In reality, the fundamental
phenomena which ctntyol the electrode electrochemistry and bubble
dynamics is exceedingly complex. Factors which control bubble
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BASIC ELECTROLYSIS BEHAVIOR
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nucleation, yrowth, and size evolution include mechanical forces,
electrochemical reactions, hydrolysis, solution mass transport by
diffusion and convection, and the electrode surface
properties.[3] Understanding of these governing processes is
necessary for the development of low noise electrodes for the MHD
propulsion application.

Extensive experience on bubble evolution and dynamics is
available from studies of two-phase heat transfer and from work
on electrolysis cells. The behavior of vapor bubbles generated in
the boiling process is summarized in Figure 4.[4] For liquid at
the boiling point, small bubbles form at nucleation sites on the
heated surface and grow until mechanical forces overcome the
surface tension forces holding them. As the heat flux rate is
increased, the generation rate of vapor increases until the
entire surface becomes enveloped in vapor (film boiling). Before
film boiling occurs, a maximum in the heat flux (critical heat
flux) is reached (point D in Figure 4). An analogy between
boiling and electrolysis may be developed in terms of the
volumetric rate of gas generation. These relations are shown by
Figure 5. For electrolysis, the gas generation rate is
proportional to current density, while in the case of boiling,
the vapor rate is proportional to heat flux. At the critical
heat flux value of 100 W/sq cm, vapor is generated at the rate of
74 cc/sec per sg cm. For pool boiling of water at one atmosphere,
the departure diameter of the vapor bubbles is in the 1 to 2.5 mm
range. These results will be compared with a corresponding
electrolysis experiment in the next section.

Studies of sea water electrolysis cells for chlorine production
are especially instructive.[5,6] Chlorine gas is readily
dissolved and undergoes hydrolysis to form hypochlorite. A host
of complex hydrolysis, electrochemical, and solution chemical
reactions take place which result in the formation of
hypochlorous acid, chlorate, and the generation of oxygen gas
(depending on the anode material). Solution near the anode
becomes very acidic with a pH value of 1 to 2 while the cathode
becomes highly basic with a pH factor of 11 to 14. Since sea
water contains dissolved magnesium and calcium, this basic
cathode region results in deposits of magnesium and calcium
hydroxides. These deposits are a major design problem for
electrolysis cells with various techniques used for alleviation.

Bubble Induced Noise. Small voids of gas or vapor induce a
dramatic effect on the acoustic behavior of a liquid. The essence
of this effect may be understood by considering a spherical
bubble surrounded by liquid as indicated by Figure 6. For
variations in bubble radius, a, the gas within the bubble acts as
a spring while the inertia of the surrounding water acts as a
mass. This leads to the classic equation for undamped oscillation
with the bubble radius varying sinusoidally in time. The natural
(or resonant) frequency of oscillation depends on gas gamma,
pressure, and liquid density and bubble size as shown on Figure
6. For sea water, the resonant frequency varies as 3.25 kHz
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divided by bubble radius in mm. Surface tension increases this
frequency somewhat for bubbles less than 10 microns in radius.

These lightly damped bubbles are easily excited by pressure
variations within the liguid and radiate spherical acoustic
waves. The response to a turbulent quadripole excitation source
is shown on Figure 6.{7] At resonant frequencies, this eguation
indicates that the bubbles will amplify the quadripole noise by a
factor of 11 orders of magnitude. This resonant response falls
off at other frequencies, but even at very low frequencies, the
amplification factor is over 7 orders of magnitude. This resonant
characteristic give turbulent liquid flows a distinctive acoustic
signature depending on the size of entrained bubbles.

Conversely, bubbles in a quiescent region are strong absorbers
and tend to shield an incoming noise source. However, for the MHD
propulsion application, bubbles entrained in the thrustor
boundary layers will likely encounter strong shear forces in the
thrustor wake and become highly excited. The resulting noise
field will depend on bubble size and number density as well as on
the details of the thrustor exhaust and interaction with the
submarine wake.

PRELIMINARY ELECTRODE TEST RESULTS

A basic electrode experiment was set up to delineate and clarify
fundamental behavior. This experimental setup is shown by the
photographs in Figure 7. By analogy with pool boiling experiments
with heated rods, a copper rod electrode with a diameter of 1.27
mm was tested using San Francisco Bay sea water. This cathode was
driven by a 2.5 kW DC power supply over a wide range of current
densities. The evolved bubbles are side illuminated with a flood
lamp and observed through an optical port. A rising column of
fine hydrogen bubbles are visible in the right hand photograph in
the color plate. A voltage probe is visible above the rod
cathode.

A unique feature of this preliminary experiment was the use of a
prototype gated, intensified video camera. This camera is based
on a microprocessor controlled microcharnel plate intensifier
tube. The intensifier tube image is focused on a standard CCD
video camera so that the object can be viewed on a conventional
monochrome monitor and recorded with standard frame grabber
equipment. The onboard microprocessor and timing circuits allow
shutter speeds down to only 40 nanoseconds which are synchronized
with the 60 Hz video camera. Thus, the motion of very small
bubbles can be captured even at relatively high flow speeds and
recorded for computer analysis.

Several electrode materials were tested for experimental
suitability: copper, stainless steel, and titanium cathodes, and
copper, stainless steel, tantalum, molybdenum, platinum, and
graphite anodes. All of the cathode materials resulted in a clean
and well behaved evolution of fine hydrogen bubbles. The
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stainless steel anode contaminated the solution with a black inky
substance; the copper anode turned the solution yellow, then
blue-green. The tantalum anode quickly become anodized with a
nonconducting purple film. Both the solid platinum and the
graphite anodes performed well. Bubble activity was noted for
each of these anodes, although not as vigorously as at the
cathode. Experiments were conducted with the copper rod cathode
and with the platinum anode. Deposits rapidly formed and were
observed beneath each of the electrodes after short tests.

The electrical characteristics of the rod cathode is shown in
Figure 8. At low current densities, a nearly linear
characteristic is observed with a voltage threshhold of around 1
volt. At high current densities, the characteristic flattens out
and a limiting value near 12 A/sq cm was observed; here, the rod
electrode was enveloped in gas. Surprisingly, the discharge
continued at this high current density by an arcing phenomena
through the hydrogen gas barrier. This arc discharge resulted in
concentrated glowing discharges which moved erratically over the
rod electrode surface. However, for MHD propulsion at current
densities below 1 A/sq cm, nearly linear operation with low
voltage drops is indicated.

The vertical axis of the J-V characteristic may be associated
with gas generation which is proportional to current density.
Here, electrode voltaye provides the driving force for gas
generation. This situation is analogous to boiling in which vapor
production is proportional to heat flux which is driven by
surface temperature. The J-V characteristic of Figure 8 is
qualitatively similar to the heat flux curve of Figure 4.
However, the maximum gas generation for the electrolysis
experiment is 1.4 cc/sec per sg cm versus a value of 74 for the
boiling case. Thus, the boiling situation generates 54 times more
vapor at the critical point than for the corresponding
electrolysis case.

Preliminary images of the magnified, stop-action bubble behavior
were obtained by the direct photographing of the monitor with a
still camera. Some examples of bubble behavior are shown by
Figure 9. For this "pool" experiment, in which bubbles rise by
buoyancy, a shutter speed of 1 millisecond is sufficient to
"freeze" the bubble motion. Note the obvious increase in bubble
size with increase in current density. This effect is shown
quantitatively by the preliminary data presented by Figure 10.
Here, the average bubble diameter is in the 100 to 200 micron
range (considerably smaller than the 1-2 mm size observed in pool
boiling experiments). The last photograph in Figure 9 illustrates
the use of a longer time exposure to produce a "streak" display
of bubble motion. These streaks indicate both the bubble speed as
well as their direction. Measured bubble speeds are in the range
of 5 to 8 cm/sec.
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LOW NOISE CONCEPTS

Concepts for developing a low noise propulsion system depend on
the control of bubble size and distribution. The ideal goal of
gasless electrodes would eliminate the bubble problem at its
source. Eliminating bubbles by the thrustor exit would greatly
reduce the impact of bubble generation. Potential concepts for
*gasless" electrodes are listed below (not in order of
feasibility):

1. Modify sea water for electronic conductivity.

2. Mechanical separation of bubbles from boundary layer.
3. Dissolve gas by surface nucleation and bubble dynamics.
4, Sacrificial anodes and/or cathodes.

5. Hydrogen absorping cathode.

6. Fluid reactant supplied at anode.

Of these six potential concepts, the first is judged very
difficult and is not considered further. The second approach is
considered feasible, at some reduction in thrustor efficiency,
but would introduce additional mechanical equipment and
necessitate a device to eliminate collected gases. Approach three
is highly desirable if an appropriate surface could be developed.
Sacrificial electrodes are not consistent with the requirement
for long life electrodes. Method five would require a technique
for removing hydrogen from the cathode materxial as well as
absorping it. Recovered hydrogen could have value as a reactant
either for energy or for the production of a conductivity
enhancing material (e.g. HCl). Finally, chlorine and oxygen gases
produced at the anode might be eliminated by introducing a
suitable reactant.

The feasibility of dissolving generated gases is assessed by
considering the bubble "boundary" layer which will develop over
the flat plate electrodes in the MHD thrustor. As depicted in
Figure 11, conservation of bubblé mass requires a balance between
generated gases and convection of bubbles within the boundary
layer. By assuming a constant bubble convective velocity based on
some fraction, fp, of the mean flow velocity, u, a first order
differential equation for the effective thickness of gases within
the boundary layer results. The solution of this equation is
shown in the table of Figure 11 for the worse case conditions of
relatively high current density and a pressur'e of one atmosphere.
The thickness of the corresponding electrode convective boundary
layer is shown for comparison. Note that the gas volume to water
volume ratio is less than 2 percent even for a 50 meter long
electrode. Thus, considerable water volume is available for
dissolving electrode gases if their solubility permits.

Gas solubility is governed by Henry's Law at moderate pressures
as shown on Figure 11. At standard conditions, chlorine gas is
readily absorbed while hydrogen has a volume solubility of only
1.9 percent. Even for the case presented, sufficiently small and
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well distributed hydrogen bubbles could be dissolved within the
boundary layer. Since the bubble "boundary" layer becomes
proportionately smaller with higher pressure at depth, the
possibility of dissolving the gases improves.

CONCLUSIONS AND RECOMMENDATIONS

Overall fe-“ures of electrode operation have been investigated in
preliminary experiments. Bubble generation and motion was
directly observed with a gated, intensified video camera. At
prototypic values of current density, linear cathode operation
was noted with the evolution of small gas bubbles. These bubbles
were about a factor of ten smaller than water vapor bubbles
observed in pool boiling. Clean operation with reduced bubbling
was observed at platinum anodes. Deposits developed quickly in
the vicinity of both electrodes. Observed operation at current
densities below 1 A/sq cm were similar to results reported in sea
water electrolysis cells.

Unlike sea water electrolysis cells, MHD thrustor electrodes will
be separated by a large gap so that they will operate in
chemically decoupled boundary layers. Furthermore, the MHD
electrodes will likely operate at higher current densities and in
the presence of faster flows. Instead of electrochemical
conversion efficiency, MHD electrode design is driven by control
of gas evolution. A separate program of applied research is
needed for the development of suitable electrodes for MHD
propulsion.

The development of low noise electrodes by controlling their gas
evolution characteristics appears promising. The understanding of
the kinetic and chemical factors which affect bubble behavior is
required for this development. A small, flexible, well
instrumented electrode test facility is recommended for this
effort. Critical environmental factors required for such a test
stand include pressure and shear stress. Other important test
parameters include current density, temperature, and sea vater
mixture. The dynamics of very small bubbles should be directly
observed with high speed video equipment, such as described
above. Additional instrumentation for measuring the chemical
behavior near the test electrodes is needed. The dynamic,
chemical, and surface characteristics which favor small bubble
evolution should be sought in these experiments.
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PAYOFF

The important payoff of demonstrating feability of
superconducting MHD propulsion system is obvious. A
superconducting MHD propulsion system requires no mechanical
moving parts and thus has negligible accoustic signature. As high
temperature superconductor technology becomes available in the
near future, there 1s great potential that superconducting MHD
propulsion system will become a superior propulsion system for
submarine, torpedo or even commmercial ocean-bound vessel. In the
pursue of a qulet sea vessel, are must take superconducting MHD
propulsion magnet technology into serious consideration., This

technology deserve a development program.

SUMMARY

Our group identified three key issues in the area of magnet
technology. In each of three issues, we identify the

requirements, possible approach or solutions. However, we believe
that MHD propulsion magnet requlrements pose serious challenging
problems which will require very experienced superconducting magnet
engineers / scientists to go beyond the existing design approach,
develop reduced force and fringing field magnet, develop advanced
conductor, advance light weight support structures, and employ

innovative cryognic technique.
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INTRODUCTION

Three important MHD propulsion magnet system issues are
welight, survivability and the magnetic signature. All of these
three issues must be addressed simultaneously and must involve

system efficiency optimization of MHD propulsion system.
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ISSUES NO., 1 - LIGHT WEIGHT MAGNET DESIGN

MHD propulsion magnet requires a very high field magnet system
that 1is light weight, survivable and bears little or no magnetic
signature., It was generally concluded that 8 to 12 T is a
reasonable maximum field goal. Toroidal configuration coupled
with clever design of light weight conductor and advanced
composite force support are possible solutions. The viable design
call for some radical departure from the past classical magnet
design experiences., Therefore we identify following key tasks

that magnet design must address :

In the near term, We should conduct a systematic parametric study

coupled with a detailed magnet design analysis. This study should

investigate the following tasks :

(A). Consider aluminum or other stabilizers as conductor

stabilizer so that magnet weight will be minimized.

(B). Consider supercritical cooled or force-cooled helium as an

alternative for pool boiling.
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(C). Design a superconductor so that it has higher cirtical

current density.

(D). Clever design and selection of advanced composite materials

are needed to lower the magnet weight.

(E)., A viable MHD propulsion magnet design must take into

consideration of the minimization of stray fileld.

(F). Must consider other innovations of MHD configurations to

reduce force and system wieght requirements.
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ISSUE NO., 2 - MAGNETIC SIGNATURE

We agreed that minimization of detectable magnetic signature is

one of important requirement for MHD propulsion magnet design.

In the MHD magnetic working group, we have considerable

discussion as to the issue of minimum detectable stray field or
detectable field gradient. We must obtain such information, or
establish such data as one of the MHD propulsion magnet design

requirement.

Finally, even if a MHD magnet has acceptably low magnetic
signature, the magnet designer should find out that a significant

electromagnetic signature when magnet quenches.
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ISSUES N), 3 - SURVIVABILITY

The survivability question on superconducting MHD magnet are as

follows :

(A). Can the superconducting MHD magnet withstand vibration,

shock, etec. mechanical disturbance.

(B)., We must minimize magnet quenches if MHD magnet could not be

made totally stable.

Because of the necessity of minimization of weight. it may
be necessary to design MHD propulsion magnet employing intrinsic
magnet stabilization creteria. Some intrinsic stable magnet can
quenches during charging or discharging processes. Magnetic
resonance imaging (MRI) magnet is designed with such creteria.
However, experience of MRI magnet shows that such magnet seldom
quenches if it is made persistent. That is, power leads and power
supply are removed after energization. Furthermore, Since there is
no power leads, the helium boil off could be reduced by a factor
of 10 to 100, This enhance the survivability of the vessel

because It decrease the dependency of cryogens.
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(C). Fast Recovery From Quench

Even quench is an unlikely event, a MHD propulsion magnet must
design to quickly recover from quench. Permissible recovery time

must be established as one of the important design creteria.
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Discussion Summary:
Electrolysis/Electrode Work Group

by
Dr. K. E. Tempelmeyer
U.S. Naval Academy
Southern I11inois University

One process which is of particular importance to the MHD thruster
performance is the current flow through the seawater. The current in a MHD
thruster produces electrolysis of the seawater and the formation of H, bubbles
(a phenomena absent in other MHD devices). The bubbles in turn produce noise
and interfere with the passage of the current across the channel. This proc-
ess is fundamental to any seawater MHD device. Because seawater electrolysis
had not been investigated extensively at MHD thruster conditions, and because
it is a central issue in the development of MHD thrusters the Group’s general
conclusion was that various aspects of the electrolysis should be investigated
in much more detail. The discussed focused on three principle areas:

1. Electrode Performance

2. Electrode Surface Chemistry

3. Bubble Generation and Bubble Effects

Some of the experimental data on seawater electrolysis presented at the
workshop was discussed further. It was concluded that this work was a good
beginning. However, while these data begin to provide the engineering base to
support the larger DARPA funded programs on MHD propulsion, many questions
still remain which can be answered by small-scale tests. While there are
significant advantages to jumping to prototype scale testing such as the
program at ANL, these tests are expensive and inflexible. As a result, the

strong sentiment of the Group was that additional small-scale and inexpensive
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tests will provide a considerable risk reduction for the DARPA program and the
means to examine many problems and screen materials and configurations to an
extent which is not economically possible in the larger facilities. The Group
recommended that small-scale supporting tests are needed to support the DARPA
program and at modest costs, they will enhance the chances of success of the
DARPA program.

OVERVIEW

1. Reliability of Testing in Simulated Seawater

The use of Instant Ocean is planned for the ANL and NUSC tests. While
Instant Ocean reproduces over 25 constituents of ocean water including some of
the organic material, it does not reproduce the living biota of the ocean.
Ocean waters may form biological films over gas bubbles entrained in the
water. This film can delay the gas bubbles from dissipating and can alter
their dyramics. It is not known to what extent this will be important in
seawater MHD thrusters and if biological films will effect the electrolysis
process and increase the acoustic and chemical signatures in the wake. Howev-
er, hydrogen bubbles effect the current flow in the MHD channel, the acoustic
signature and the chemical signature in the wake. The systematic test program
such as the one conducted at the Naval Academy could and should be expanded to
make comparisons of the electrolysis process in real ocean waters with the
results already obtained using Instant Ocean.

2. Measurement of Void Fraction and Bubble Size

The void fraction,@ , (i.e. the volume rate of gas in the flow to the
volume flow rate of the seawater) will be small in a submarine thruster, but
it will influence:

(a) The size of the bubbles

(b) The speed of sound in the water and hence the acoustic signature
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(c) The electrical conductivity of the water (at high currents)

(d) The skin friction coefficient at the electrode surfaces

(e) The current carrying capability of the electrodes

The void fraction may develop as a master parameter in seawater MHD
thrusters. An understanding of the effect of the void fraction on the per-
formance of seawater thrusters is a problem requiring investigation. 1In
particular, measurement of the overall void fraction and the means to measure
the void fraction along the length of the channel would both provide useful
information. Several techniques which are available to measuref? were
discussed (use of ¥ -rays, acoustic methods and optical techniques). Some
commercially available instruments are available. In addition, the void
fraction may be determined as a part of the bubble noise measurements. An
"active" acoustic method can be used to obtain information concerning the
bubble size distribution. This technique involves introducing sound at fre-
quencies greatly different from those that naturally occur in the flow and
measuring the attenuation of these signals at different operational condi-
tions. Cross-correlations of different microphone outputs can be carried out
to aid in the analysis of the noise signature of the electrolysis process. At
the same time, this technique can provide an independent measure of the over-
all void fraction in the flow.

3. Chemical Signatures - The electrolysis process in an MHD seawater thruster

produces chemical products at the electrodes which depend upon the electrode
materials. Previous tests (some of which were reported during the Workshop)
have demonstrated that corrosion resistant anodes produce hypochloride and at
the cathode various hydroxides are formed (principally Mg(OH), and Ca(OH),.
In addition, hydrogen is produced at the cathode and can be produced at the

anode. The test media used in MHD thruster experiments should be analyzed for
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these and other compounds in a manner to indicate the formation rate of new
chemical species which may produce a signature trail in real ocean waters.

4. Noise Measurements

Noise is critical for submarine application of MHD thrusters.
Preliminary noise measurements reported during the Workshop employed a
hydrophone which protruded into the flow and moved from point to point. It is
highly desirable to refine these measurements using an array of microphones
which are flush mounted in the walls. Small-scale testing of noise measure-
ment techniques would aid in developing and refining noise measurement in the
ANL program and elsewhere. Some of the narrow-band peaks may be associated
with the resonant frequency of bubbles, other peaks may be due to a variety of
other factors associated with the channel size and velocity. A continuation
of acoustic measurements with actual ocean water and in simulated seawater
will contribute to our understanding of bubble noise and expedite the
understanding of noise data which will be obtained in the other DARPA
sponsored programs.

SPECIFIC ISSUES AND PROBLEMS

Issues and problems specific to the areas of (a) electrode performance,
(b) electrode surface chemistry and (c) bubble generation and bubble effects
are summarized in the attached lists. These topics cover the range of the
discussion of the Electrolysis/Electrode Work Group. In almost every
instance, there is insufficient experimental information to assess the
feasibility of an MHD seawater thruster or for that matter, to confidently
design test channels and facilities for large-scale experiments. As a result,

this working group made several specific suggestions.
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SUGGESTIONS

*  Continue small-scale experiments. They are necessary to the success
of the currently planned large scale tests.

*  Expand the understanding of chemical scaling on the electrodes and
the understanding of its consequences. This is not only important to
the performance of the channel and its wake signature, it is
important to the operation of closed-loop test facilities.

*  Since hydrogen bubble generation is unavoidable, learn how to make
small H, bubbles. Electrode configurations at the onset of MHD
seawater thruster development should be kept simple.

*  Generate an engineering.data base of electrolysis effects at MHD
operating conditions. This is not only important to successful
thruster design but it is crucial to the operation of large-scale
test facilities.

*  Measure the void fraction (i.e. mass of gas to the mass of the
water). It may be a master parameter influencing the thruster
performance.

*  Investigate the mechanisms of how bubbles break away from the
electrode surface.

*  Study current losses due to bubbles and the formation of gas pockets.
Successful MHD seawater thrusters will have to provide the means to
get the gas away from the electrodes.

*  Consider the establishment of a small-scale electrode development
program focused on the development of long lifetime electrodes which
can operate with periodic current reversal.

DARPA has established a propulsive efficiency goal and the need to mini-

mize and eliminate acoustic and chemical signatures. The objective of these
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suggestions (if implemented) will provide basic information focused on these
two DARPA requirements.

Finally, the need for and benefit of small-scale experiments to
complement the larger scale test programs at ANL and NUSC cannot be
overstated. Small-scale testing in a flexible facility allows an enormous
amount of useful and timely data to be obtained in a short time. Such
information would provide a significant risk reduction for the larger more
expensive DARPA-supported programs. Moreover, this research will answer the
important questions related to:

(1) The effects of biological films on H, bubbles and the accuracy of simu-
lating seawater in MHD facilities by salts such as Instant Ocean

(2) The role of void fraction in the performance of and MHD thruster and its
acoustic signature

(3) The understanding of acoustic and chemical signatures from MHD thrusters

(4) Provide a test bed for long-duration and screening tests to support the

larger scale programs.
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DISCUSSION OF THE ELECTROLYSIS/

ELECTRODE WORK GROUP

K. E. Tempelmeyer, Work Group Chairman
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PRINCIPAL AREAS OF CONCERN FOR
ELECTRODES/ELECTROLYSIS
A. ELECTRODE PERFORMANCE
(a) ELECTRICAL CHARACTERISTICS
(b) DURABILITY
(3) OPERATING MODES
B. ELECTRODE SURFACE CHEMISTRY
(a) CHEMICAL SIGNATURE
(b) MATERIALS WHICH DEPOSIT
C. BUBBLE GENERATION
(a) BUBBLE DYNAMICS
(b) BUBBLE NOISE
(c) Hz CAPTURE
(d) EFFECT ON DRAG
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A. ELECTRODE PERFORMANCE
1. REPEAT SMALL-SCALE EXPERIMENTS
* COMPARE RESULTS FROM SEAWATER
TO THOSE FROM INSTANT OCEAN
* USE DIFFERENT REAL OCEAN WATERS
* DOCUMENT SEAWATER COMPOSITION
2. FURTHER STUDY OF CURRENT
DEGRADATION
* LOSS DUE TO CHEMICAL SCALING >
LOSS DUE TO VOID FRACTION
* EVALUATE (VOID FRACTION)
VARIATION WITH X

3. OPEN CIRCUIT TESTING WITH
SEAWATER
* FATE OF BIOLOGICAL MATTER
* IMPACT OF BIOLOGICAL MATTER




*

*

7.

DURABILITY/LIFETIME 40,000 --> 50,000
HRS

AVAILABLE ELECTRODES -
ELECTROLYSIS INDUSTRY

QUESTION OF EROSION AT HIGH
VELOCITY

DEVELOP A SMALL-SCALE ELECTRODE
TEST PROGRAM

LONG-RANGE ELECTRODE ISSUES:
POSSIBLE EROSION

CATHODE --> RESIST OXIDATION &
SCALE DEPOSITS

ANODES --> NO BUBBLE PRODUCTION
MINIMIZE BUBBLE SIZE

SURFACE EROSION

POROUS ELECTRODES

*GAS DIFFUSION ELECTRODES

*EXQTIC POSSIBILITIES

*"KEEP IT SIMPLE"
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B. ELECTRODE SURFACE CHEMISTRY
1. CHEMISTRY OF MATERIALS WHICH
WILL DEPOSIT ON ELECTRODES:
* REAL OCEAN
* VARIATION WITH VARIOUS SALT
WATERS
2. STUDY OF THE FATE OF Cl2
3. CHEMICAL SIGNATURES
* Hy
* HYPOCHLORIDE
* Mg(OH)2/Ca(OH)32, ETC.
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C. BUBBLE GENERATION

1.

STUDY FACTORS WHICH IMPACT
SUBBLE SIZE

TURBULENT SHEAR STRESS (V)
CURRENT DENSITY & GAS
GENERATION RATE

WALL SURFACE TENSION
PRESSURE

j x B IN BOUNDARY LAYER
OCEAN COMPOSITION (FILM
ZOATING)

NEED FOR DATA BASE -
EXPERIMENTAL

SIZE DISTRIBUTION

ANALYTICAL STUDY OF BUBBLE
"BREAKAWAY" (DIFFICULT!!)
NEED TO MEASURE VOID FRACTION,
-RAY
OPTICAL
IMPACTS UNDERSTANDING OF
SEVERAL FACTORS

METHODS AVAILABLE
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5. FURTHER STUDY OF THE FATE OF H2

6. DON'T "CAPTURE" THE EVOLVED H2
--> HANDLE IN THE THRUSTER
CHANNEL

7. LEARN HOW TO GENERATE SMALL
BUBBLES:

* NOISE

* SOLUBILITY

* UNDERSTAND BUBBLE
AGGLOMERATION WITH X

8. BUBBLE "FILM" AT DEPTH:
WILL IT EXIST?

9. COMPARE RESULTS BETWEEN

* REAL OCEAN
* INSTANT OCEAN
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SUGGESTIONS
CONTINUE SMALL-SCALE EXPERIMENTS:
THEY ARE NECESSARY TO THE SUCCESS
OF THE PLANNED LARGER SCALE TESTS
EXPAND UNDERSTANDING OF CHEMICAL
SCALING ON THE ELECTRODES
LEARN HOW TO MAKE SMALL H2
BUBBLES
CONSIDER ELECTRODE EROSION
EXPERIMENT
GENERATE DATA BASE OF
ELECTROLYSIS BUBBLES AT MHD
CONDITIONS

MEASURE VOID FRACTION AT VARIOUS
OPERATING CONDITIONS

INVESTIGATE BUBBLE BREAKAWAY
MORE STUDY OF CURRENT LOSSES
DUE TO BUBBLES AND GAS POCKET
FORMATION

CONSIDER SMALL-SCALE ELECTRODE
PROGRAM
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Conductivity Enhancement

Introduction:

The objective of this working group was to determine the critical issues
associated with conductivity enhancement and to determine what approaches
were appropriate to address each of these issues. Conductivity enhancement
is envisioned by some as a means of increasing the efficiency of the MHD
propulsion process. There are a number of basic science issues,
technology issues, and mission or system related issues associated with
conductivity enhancement. This report will present the basic science
issues, technology related issues, mission specific issues, approaches to
address these issues, and potential payoffs for conductivity enhancement.
An introduction to the subject of conductivity enhancement was presented

at the workshop. The presentation materials are attached to this report
as appendix A.

Basic Science:

There are several basic science related issues associated with the topic
of conductivity enhancement. These issues are issues which must be
addressed before serious consideration can be given to technology issues.
These basic science issues will open the door to a better understanding of
conductivity enbancement and possibly indicate directions for new
enhancement mechanisms which will have a tremendous impact on the
technology associated with conductivity enhancement.

One of the first basic science issues which needs to be addressed is the
issue of understanding the conduction physics in seawater. Seawater is a
very complicated combination of salts, minerals, basic elements, and
organic matter. This "junk® may bave a significant impact on the higher
order contributions to conductivity. Understanding the conduction physics
in the presence of this "junk" and in the presence of high magnetic fields
is very important. Magnetic fields operate on the charge carriers (ions)
and cause these carriers to take paths which are not straight but curved
as defined by basic charge kinetic theory. The combination of junk and
high magnetic and electric fields may introduce the possibility of using
some nonlinear effects to modify the conductivity.

An approach to understanding the basic conduction physics would begin with
a search of the relevant seawater electrolysis literature. There is no
need to reinvent the wheel. Since electrolysis is not usually performed
in the presence of a strong magnetic field, tbis literature search can
only be of limited help. Addressing this basic issue requires a
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multidisciplined approach with the appropriate small scale experiments
(with high magnetic fields and "real® seawater) and theoretical analysis.

Conductivity in seawater is defined by charge copcentration and carrier
mobility. A basic Bcience issue is the need to understand ionic mobility
(ability of the charge carriers to move in the presence of an electric
field). The limits of ionic mobility need to be well understood. What
specifically limits the mobility to some value? Is there a way to alter
the medium to effect this limit one way or another? These are questions
which must be answered. These questions may readily be answered through
the proper theoretical studies and small scale experiments.

A third area of basic science issues concerns the basic fluid dynamics
involved in the conduction channel in the presence of high magnetic
fields, high electric fields, and conductivity enhancement mechanisms.
The basic issues include mixing effects, medium disturbances and
propagation of those disturbances, and fluid interactions (field induced
or nogzle induced counterflows, etc.). Analytic as well as computational
studies may be performed to develop scaling relations and maps for
determining regimes of interest or regimes of problems. Laboratory
measurements will be important for verifying the scaling. Laboratory
measurements should include such things as flow field mapping and
conductivity maps.

Finally, a general understanding of the basic energy requirements for
conductivity enhancement must be addressed. Energy related issues
include: energy requirements for ionization in the presence of complex E
and H fields, energy requirements for solubility modification, and energy
requirements for mobility enhancement. These basic energy requirement
questions can be addressed by small scale experiments and theoretical

studies with particular consideration given to the presence of strong
fields.

Technology Issues:

The Conductivity Enhancement working group determined that there were a
number of issues associated with the technology aspects of conductivity
enhancement. The committee identified these issues and suggested a number
of approaches to address these issues.

There are a host of specific issues associated with the general issue of
enhancement material delivery or enhancement method. In other words, what
form of materials or what method of delivery do we use to achieve the
optimum conductivity enhancement? What is hetter, = particls delivery
system or a system to deliver a solution? The approach to addressing this
issue should include definition and optimization of each system to the
extent that a comparison can be made, in other words, a system trade study
should be developed.

Injection of chemical additives is an important issue. Several questions
arise with respect to the injector performance (power required to inject
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the chemicals), additional drag due to nozzle profile, and acoustic noise
introduced by the injector and pressure gradients introduced by the
chemical additives in the flow stream. Small scale experiments can be
used to adequately address these particular issues.

The general area of material handling raises a number of important
questions. Material handling apparatus can generate large levels of
acoustic noise (mechanical pumps, valve noisze, etc.). The materials which
are to be handled have significant corrosive properties which will limit
the kinds of materials which can be transported or limit the material
choices for construction of the material handling system, conduction
channel, etc. Due to the large number of moving parts in the material
handling system, reliability should be a key concern. Most of these
issues can be resolved through accurate systems studies which may rely on

the extensive industrial experience in related material bandling
industries.

Associated with material handling of corrosive materials are the issues
related to safety. These safety issues mainly involve containment of the
chemicals and chemical vapors. The impact of these issues can be greatly
reduced if safety is addressed early in the systems definition process.
This attention to safety should involve, obviously, the people responsible
and familiar with safety aboard submarines.

Finally, there zre a number of issues associated with various signatures
which may be generated by a conductivity enhancement system. Possible
signatures include: acoustic (mechanical equipment), chemical (additives),
radiation (possible ionization sources), and optical (chemical reactionms,
photoplankton). Approaches to these issues should include: defining the
upper limits of acceptance of these signatures and the attenuation rates
for propagation of these signatures.

Mission / System Issues:

A pumber of issues were brought forth which concern the mission or systems
related aspects of conductivity enhancement. The mission related issues
are those issues which are mission specific and would have significant
impact on the configuration of the conductivity enhancement system. The
systems related irsues are those issues related to the systems
configuration of the platform (submarine, torpedo, etc.) which may limit
or otherwise impact the conductivity enhancement system.

A critical issue which must be addressed is the issue of mission
definition. This issue would include aspects such as: range,
acceleration, speed, depth of operation, and operational environment
{temperature, salinity, etc.). This issue can be satisfied by the release
of such information from the Navy or by a consensus agreement by all
parties involved. The consensus would define a common mission scenario
for all designers to use as a baseline case. The Navy could release real
numbers for most mission related questions in a classified document and/or
release the reasonable limits in an unclassified document.




The important system related iscues involve optimization of the
conductivity enhancement system with respect to all other systems. In
other words, does a conductivity enhancement system actually reduce the
overall system size or weight sufficiently to justify its use? This
particular issue can be addresed by a complete systems trade which would
require input from the other systems impacted by a conductivity
enhancement systenm.

Payoff:

The final area that the Conductivity Enhancement Group addressed was the
potential payoff for a conductivity enbancement system. It was determined
that the system could offer increased efficiency leading to an overall
platform size and weight reduction. Conductivity enhancement can also
offer the potential to obtain an increase in acceleration over a platform
which does not use conductivity enhancement. The addition of an
enhancement system would allow operation, for short times, in fresh water
areas such as lakes, rivers, polar regions, and high rainfall ocean areas.
Furthermore, conductivity enhancement can offer the ability to fine tune
the flow in the conduction channel to reduce drag and noise or to actually
achieve steering of the output of the conduction channel.

Summary:

The Conductivity Enhancement working group identified key issues in the
areans of basic science, tecknology, and missions/systems. The group
identified possible approaches for addressing many of these issues and
identified possible payoffs for application of this technology.
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