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ABSTRACT

This study analyzes the feasibility of MHD propulsion for marine vessels. A

theoretical analysis is developed and analytical results are obtained for two vehicle

I geometries. The first (class 1) is for small vehicles with sizes approximating that of

torpedoes, remotely operated vehicles (ROV), and underwater autonomous vehicles

(UAV). The second geometry (class 2) corresponds to larger submersibles such as

3 submarines. Vehicle speed, thrust, and efficiency are analyzed as a function of mag-

netic field strength and channel velocity. Results indicate that thruster performance

3 measures as the square of an increasing magnetic field strength and linearly with

increasing conductivity. The analytical results show that the MHD thruster tends

to favor larger geometries and channel lengths, such as those applicable to class 2

* vehicles.

Based on analytical parametric studies, the MHD thruster propelled large sub-

'I mersible can attain comparable velocities to that of present day submarines (20-42

knots). Additionally the MHD thruster concept offers potentially easier mainte-

nance because of no moving parts and thereby reduced vessel detectibility. Higher

Sspeeds then attained by present submersibles may be possible due to reduced hy-

drodynamic drag.

Since the MHD thruster concept is based on Lorentz force (jxB) acting upon

I seawater, the ionic conductance characteristics of seawater are of paramount im-

portance. An experimental investigation of ionic conductance of seawater under

flowing conditions is conducted. Results are analyzed as both a function of current

versus voltage and overvoltage versus current density.

Conductance increased with increasing flow rates. This is attributed to two

3 different causes. First, cases were studied in the order of increasing flow. Due

Icuss
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to Ohmic heating, the temperature of the synthetic seawater increased during the

- experiment and an increase in temperature corresponds to an increase in conduc-

3- tance. The second cause of increased conductance with increasing flow rate is due to

increased "flushing" of the nonconductive gaseous products. Platinum-plated cop-

3_ per, Hastelloy-C, graphite and dimensionally stable anode (DSA) were evaluated as

£ electrode materials. Of these, graphite and DSA were the best performers with no

noticeable corrosion/errosion. However, it is worth noting that graphite is brittle.

Conductivity enhancement of seawater by the seeding of acids and bases, under

beaker tests, steady states, and dynamic pulsed injections, were conducted. The

3 results were not only positive, but also consistent with theoretical prediction.

3 Based on this theoretical and experimental investigation, MHD thruster propul-

sion for marine vehicle applications is very promising. However, construction of a

prototype MHD thruster is needed to benchmark the theoretical studies. Further

research in electrode metallurgy and hydrogen/oxygen/chlorine gas evolution also

I needs to be conducted to solve potential problems in MHD thruster design.

Statement "A" per telecon Dr. Gilbert Roy
Office of the Chief of Naval Research -

800 North Quincy Street Code 1132P
Arlington, Va 22217-5000
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NOMENCLATUREi
Aer exit area of the MHD channel (in 2 ).

SAin entrance area of the MHD

channel (mi2 ).

Asu,.f surface area of the vehicle.

B magnetic field strength (T).

C nozzle discharge coefficient.

CD drag coefficient of vehicle surface.

D electrode gap distance (m).

DH hydraulic diameter (m).

D, equivalent hydraulic diameter (m).

E flow-induced counter electric field

(volt/m).

E, potential of Anode (volt).

E, potential of Cathode (volt).

F velocity-of-approach factor of a nozzle.

Fer Lorentz force (N).

f Darcy-Weisbach friction factor for pipe

3 flows.
I current across the electrodes (A).

I i current density (A-2

L active length of the MHD channel (m).

Srh mass flowrate in a MHD channel

(kg/s).

N~h number of MHD channels.

P" electrical power required by the MHD

channel (watts).

3 P mechanical power imparted to the sea
water in the MHD channel (watts).

SPab ambient pressure of the vehicle (Pa).

Pin entrance pressure of an MHD channel

(Pa).

Per exit pressure of an MHD channel (Pa).
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IR resistance of sea water in the MHD

channel (Ohms).
Re Reynold's number.3s area ratio between the nozzle exit and

the channel entrance (Ael/Ai,).3 T thrust of an MHD channel (N).
Uez velocity of the sea water exiting

from the nozzle (m/s).

Ui. 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).3 Vch active volume of sea water in the MHD

channel (M 3 ).

W W width of the electrode (i).

Y nozzle expansion coefficient.

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

ZAPN pressure drop across nozzle (Pa).
AV Voltage drop across two oppositely

charged electrode plates3 separated electrolyte.

?I total overvoltage (volts).3 ?7A activation overvoltage (volts).

r7D diffusion overvoltage (volts).

S77e electric efficiency.

rlind field induction efficiency.
77f total efficiency.
Sa electric conductivity of sea water

(1/01(n m)).£ p sea water density (kg/mi3 ).

V kinematic viscosity (m 2/s).I
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Chapter 1

INTRODUCTION

1.1 Objective

I The purpose of this study is to analyze the feasibility of the magnetohydro-

j dynamic (MHD) thruster as a propulsion mechanism for next generation marine

vehicles. A physical dimensional model is developed to address overall performance

of a vessel using the MHD thruster based on conservation of mass, momentum and

energy. Experiments using synthetic sea-water are conducted to determine con-

ductivity and pressure drop dependence with reference to voltage and flow rates.

Performance of platinum plated copper, carbon and Hastelloy-C as materials for

cathode and anode is examined. Finally, conductivity enhancement using H 2S0 4 ,

HCl and NaOH is evaluated.

I 1.2 Development of the MHD Concept

i Seawater conducts electricity on a modest scale by electrolytic ion exchange.

While its conductivity is several orders of magnitude lower than metals, it is signif-

I icantly higher than fresh water. By taking advantage of seawater's modest electric

characteristics, the electromagnetic propulsion of marine vehicles has been a subject

of technical speculation and study for some years [1-6]. The concept did not ap-

pear to hold much promise until the advent of the superconducting magnet. With

such a magnet, the power requirement for excitation 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. Nevertheless, the reinforcing

I structures to ensure the integrity of the multitesla magnets are still needed.

I
I
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To date, four basic forms of MHD propulsion have been studied. These are

I internal flow direct current (d.c.), internal flow induction, external flow d.c., and

external flow induction. All four methods apply Lorentz (j x B) force to provide

kinetic energy to the fluid medium being acted upon. In the induction methods, a

wI magnetic field is varied along the length of the vessel with intensity proportional to

a sine function. These fluctuations induce a circling electric current in the seawater

perpendicular to the axis of the vessel. Via Lorentz forces, the seawater is thrusted

I to the rear of the vehicle. The internal d.c. duct system imparts kinetic energy to

the channel fluid by passing an electric field through the fluid perpendicular to the

I magnetic field. The fluid is thrusted in the direction normal to the (j x B) plane.

The concept of the MHD thruster as a marine vehicle power supply was first

evaluated in 1962 by 0. M. Phillips. His analysis addressed d.c. free field and

3 duct propulsion systems. In his study, the duct system obtained the best results.

His analysis was based upon a 600 ft submarine utilizing a 6000 Gauss (.6 T)

I field and setting conductivity of seawater to 4 (Q-'m- 1 ). The vehicle achieved

3 a theoretical speed of 10 knots but with an efficiency of ir = .08. According to

Phillips' calculations, to obtain a 30% efficient system at 30 knots, a 20,000 gauss (2

T) magnetic field would be required [3]. However, Phillips did not account for scaling

of the MHD thruster; an increase in channel volume results in a corresponding

S increase in efficiency.

-- 1.3 The Prototypes

I In 1966, the EMS-1, a 10 ft long 900 lb external field model, was developed

3- and constructed at the University of California in Santa Barbara. Having an active

length of 1 m and radius of .225 m with a .015 T electromagnet and a 30 volt

S
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internal power supply, this model sustained a velocity of approximately 1 ft/s (.4

m/s) for 20 minutes. In these experiments, gas evolution at the electrodes was

found not to be a serious problem [6].

Recent advances in cryogenics have made the superconducting magnet feasible

I for MHD propulsion. As early as 1979, A. Iwata, and Y. Saji constructed the ST-

1 500; a 3.6 m long wooden model which was propelled by a 2.0 T (maximum) external

field thruster. This vessel obtained a velocity of .6 m/s through a maximum thrust

3 of 20 N [7]. A problem with this design was that it greatly accelerated the fluid next

to the ship's body, thereby increasing the drag exerted against propulsion. This is

1 a major flaw in any external field application.

3 In January 1984, E. Tada et al. designed an icebreaker to utilize d.c. external

field MHD thrusters. This vessel was conceptualized as having 12 thrusters mounted

I at the bottom of the hull. Characteristic features of the ship were length of 80 m,

active propulsion length of 10 m, with a magnetic field of 2.7 T. The i't for this

system was less than or equal to .1. Problems with this system were excessive

3 weight, insufficient magnetic field, and hydrogen and chlorine gas formation at the

electrodes. Liquid helium was also used in this design to maintain superconductive

I temperature at -269° C. Complexities in cryostat design to maintain liquid helium

* at this temperature were also a problem [8].

Because of drawbacks inherent to external magnetic field thrusters, the

3 Japanese Foundation for Shipbuilding Advancement is now evaluating the d.c. in-

ternal duct design, and constructed in 1987 a model ship using this technology [9].

I Construction of a full scale ship is scheduled to be completed in the year 1990. The

3 experimental ship will have a displacement of 150 tons, 4 T field in duct channel,

and propulsive thrust of 8000 N attaining a design velocity of 8 knots. The thrustI
I
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efficiency is expected to be very high [10]. In addition to the Japanese research,

Argonne National Laboratory is constructing a test loop which will utilize a 6 T

magnet to drive a MHD thruster. Again the emphasis is on internal duct d.c. sys-

tem. This magnet is a 21 by 13 foot dipole, but has a disadvantage in that it was

designed for fusion research applications and has a weight of 172 tons [11]. Of even

more interest, intelligence experts in the United States and Britain believe that a

pod mounted on top of the vehicle rudder in VictorlIl, Sierra and Akula class

Soviet nuclear attack submarines contains a MHD drive utilizing intetidl duct d.c.

current configuration. The dimensions of the pod are 29.5 feet long, 8.2 feet outer

diameter and 2.5 feet inner diameter at the inlet. One analyst estimated that this

device could provide enough thrust for a vehicle speed of 7 knots [12].

It appears that the MHD propulsion mechanism is today a reality. Whether

this propulsion method will be economically attractive or not is a question that

must await further investigation. However, it is fair to predict that in certain

naval applications such as submarines where the importance of acoustic signature

3 outweighs other considerations, the MHD technology which offers superior quietness

because of reduced mechanical moving parts will prevail.

1.4 Military Applications

I A primary application for the MHD thruster is in submarine propulsion. Sub-

3 marines comprise a major portion of world power navies and have played a key role

in naval warfare since World War I. Unlike any other vessel, they are capable of

3 operating undetected in the world seaways. In spite of improved anti-submarine

warfare (ASW) technology, this is still true. The submarine's stealth is what makes

I
U



it a viable and effective weapon and the MHD thruster should improve this charac-

teristic.

At present, there are three principle methods used in submarine detection. Two

of the techniques take advantage of water's excellent ability to conduct sound waves.

The first method is active acoustical detection (active sonar) where sound waves are

emitted by user, attenuated by the target's surface, and reflected back. Active sonar

is well proven and effective but gives away the user's position thereby making him

vulnerable to retaliatory measures. The second method is passive sonar which uses

hydrophones to listen for an acoustical signature being emitted by the submarine.

While this method does not give away the position of the user, it requires that the

vessel be emitting enough noise to be detected and it does not have as effective

a range as active sonar. Finally, magnetic anomaly detectors are used to detect

disturbances in the earth's magnetic field due to large metallic objects such as

submarines. These detective devices, while also being passive, have a limited range

of only a few thousand feet [13]. A fourth method, detection via thermal signature

given off by submarine's thermal discharge, is a very promising new technique but

will not be discussed in this analysis.

The key to the submarine's effectiveness is, again, its ability to avoid detec-

tion. Therefore developments in submarine technology have been primarily con-

cerned with reducing the vessels signature in the presence of ASW devices. For any

proposed propulsion system, this is of paramount importance. The three primary

sources of noise-propeller, hull and machinery [141-have been reduced to a great

extent. However due to the nature of moving parts, complete silencing of present

drive systems is not expected. These systems include diesel-electric and nuclear

powered propellers. The former utilizes battery and/or generator power to drive
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the propeller(s) and other shipboard systems. The diesel-electric system has a char-

acteristically short cruising range of approximately 10,000 miles. However, when on

battery power, this drive system is virtually acoustically silent [14] but is restricted

to low speeds (10-20 knots) [15]. The diesel-electric submarine carries a much lower

I price tag than its nuclear counterpart. Thus the diesel-electric propelled submarine

5 is an optimal system for coastal defense, especially for countries with small military

budgets.

3 However, nuclear powered submarines are the predominant choice for larger

navies. To demonstrate this point, as of 1980 over 115 of the United States' sub-

marines were nuclear powered [16] while the Soviet arsenal was approximately 190

3 [141. The contributing factor is virtually indefinite cruising range and sustained

high vehicle speeds provided by the nuclear power plant. Although noisy at high

I power levels, the typical pressurized water reactor (PWR) can operate quietly at

low power by utilizing natural circulation techniques. Unfortunately, the noise gen-

erated by turbine gear reduction is still present. A turbine-electric drive submarine,

3 the Tullibee, was laid down in 1958 with intentions of alleviating this problem. This

noise reducing design was successful, but the vessel could only attain a velocity of

* 15 knots [16].

5 For comparison, the typical Los Angeles class submarine with S6G Westing-

house power plant can produce approximately 35,000 shp (26.1 MW) while the

5 Ohio class using a S8G Westinghouse power plant generates a reported 60,000 shp

(42.3 MW). These vehicles have speeds of 30+ and 20+ knots, respectively [17]; the

Ohio class has a lower speed because it is a much larger submarine. The Soviet Alfa

3 class submarine attains a very respectable 42 knots with 24,000 shp [15]. Because of

its extremely small size, this submarine is believed to use a liquid metal fast breeder3
I
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reactor as well as automated control systems [18]. Obviously the Tullibee's 15 knots

U is not adequate so the turbine gear-reduction noise problem remains. However, the

magnetohydrodynamic thruster is a very attractive solution to this impasse.

The following chapter discusses in detail the theoretical background of this

3 type of MHD pump jet propulsion. The vehicle's speed, efficiency and thrust per-

formances as determined analytically are covered in chapter 3. The basic properties

and recent scientific studies of seawater electrolysis are presented in chapter 4.

U Chapter 5 describes the design and operating procedures of a test loop constructed

to evaluate the electrolytic behavior of synthetic seawater. The results of seawater

3 electrolysis experiments are presented in chapter 6. The concept of conductivity

enhancement of seawater as well as experimental results using sulfuric acid are pre-

I sented in chapter 7. Chapter 8 discusses new technology which may contribute to

3 the feasibility of the MHD propulsion device. And chapter 8 concludes with the

potential future applications and areas needing further study for the MHD thruster

5 based on this study.

I
i
I
I
i
i
I
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Chapter 2

THEORETICAL ANALYSIS

2.1 Introduction

U Two slightly different conceptualizations of the MHD thruster are presented in

5 Figures 2.1 and 2.2. Figure 2.1 represents a submersible propelled by an annular

thruster whereas Fig. 2.2 depicts a vehicle utilizing an array of rectangular duct

3 thrusters. Both designs function on the basis of the same principles with the only

significant difference being the channel geometry.

U In both cases, seawater is sucked into the inlet of the thruster. The d.c. electric

* current is supplied through the electrodes to the seawater traveling in the channel.

A magnetic field oriented perpendicular to the electric field is passed through the

3 fluid in the duct. The resulting Lorentz force pumps the fluid through the exit

nozzle. In the absence of a constricting nozzle, the fluid would be ejected with

greater pressure than ambient. The difference in pressure and momentum between

3 inlet and exit of the MHD motor provides thrust which will propel the vehicle.

In general, the annular thruster offers a higher thrust efficiency by minimizing

3 frictional surface area per unit volume of fluid in the channel. However, a design

* incorporating a series of thrusters distributed symmetrically around the vehicle

offers navigational control by varying the thrust in respective channels. This could

3 eliminate the need for drag inducing appendages such as rudders.

1 2.2 Analysis of the MHD Pump

A schematic of the duct-type MHD thruster is illustrated in Figure 2.3. Sea-

I water entering the thruster becomes the medium for an electric current produced

I
I
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MHD ANNULUSISEA WATER IN CHANNEL SEA WATER

, 1
I

Figure 2.1 Submersible with an Annular MHD Channel.I
I

3RECTANGULAR MHD CHANNELS

Figure 2.2 Submersible with Rectangular MHD Channels.

1
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through two oppositely charged electrode plates (current travels from the top to

the bottom in Figure 2.3). Simultaneously, the seawater is exposed to an intense

magnetic field perpendicular to the electric field (directed into the paper in Fig.

2.3). The Lorentz force propels the fluid through the exit nozzle. The net current,

3 I, flowing across the MHD channel between the electrodes is,

I= V-ED (2.1)

RI
where V is the voltage drop across the electrode, E is the flow-induced electric field

that opposes the current and R is the resistance incurred through the electrolyte.

When using a rectangular duct geometry,

R D (2.2)

where D is the gap distance between electrode plates, a is conductivity of the

I electrolyte, and W and L are width and length of the electrode plate. Using the

3 MHD approximation, the induced electric field can be written as [19],

I E = BU,,, (2.3)

where B is the magnetic field as seen by the channel fluid, and U,n is the mean

velocity in the duct. Defining the field induction efficiency to be,

I ED BUiD (2.4)
r7:nd- V - V

I
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3 the net current becomes [combining Eq. (2.1) and (2.4)],

- - in~d caBUinWL. (2.5)
r•ind

I The total Lorentz force applied to the seawater in the duct is:

Fern = IDB - 1 7 -indaBUinDWL
Tlind

- lnd oB2UinVch, (2.6)
I 77ind

where Vch is the volume of fluid between electrode plates. The mechanical power,

3 P,,, imparted on the seawater in the duct is,

I Pw = FemUin 7,nd taB2U2KVch. (2.7)
77 ind

U The electrical power, P,, supplied to the thruster is,

P, = VI -1 -daBVUinWL. (2.8)U r/ind

The efficiency, 17,, in converting electrical power (P,) to mechanical power (P,,,)

U can now be defined as,

P,,= = BUVD (2.9)

which is the same as the field induction efficier'y r7, = r/ind. From Eq. (2.8) it is

evident that a large value of 7ind is undcsizab.c because it implies minimal electrical

3 power. However, common sense dictates that the value for electrical efficiency must

be as large as possible.I
I
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3 The optimal value of 17, (tI, nd) can be shown by the following approach. Reduc-

ing Eq. (2.7) by using the definition of electrical efficiency (Eq. (2.8)) and equating

electrical and mechanical efficiency, one obtains,

U)TeCT V (2.10)

Assuming a channel with fixed geometry and electrical potential, the mechanical

power may be optimized by taking the derivative of Eq. (2.10) with respect to

r1, and setting it equal to zero. This, as expected, yields an optimal 77e equal to

.5. Thus the MHD thruster will always incur at least a 50% loss in energy during

conversion from electrical to mechanical power. This loss will be in Ohmic heating

I of the electrolyte and must be taken into account in any MHD thruster analysis or

* design.

2.3 Dual- Control-Volume Analysis

Previous MHD thrister analyses have utilized the Bernoulli's equation to model

momentum exchanges [20,21]. These studies did not take into account viscous losses

within the thruster channel and they assumed ambient pressure at the inlet (pi")

I and outlet (Pz) of the thruster. Such assumptions are not justified. To address the

I performance of the thruster while accounting for these effects, two separate control

volumes were modeled. The first models the internal parameters of the thruster and

includes various losses therein (see Figlre 2.4). The second control volume relates

the thrust provided to the parameters of the vehicle (see Figure 2.5). Since the two

control volumes are coupled by inlet and exit areas, inlet and exit pressures, vehicle

3 velocity and mass flow rate, these parameters must be solved simultaneously and

cannot be assumed.I
I
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Figure 2.4 Control Volume #1.
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Figure 2.5 Control Volume #2.



I 15

The area enclosed by a dashed line in Fig. 2.4 is control volume 1. The

conservation of mass and momentum for this control volume will now be address.

Defining the ratio between exit area and channel area as s, the conservation of mass

can be written as follows:

I = Ui (2.11)
S

Here U,,. is the velocity of fluid being expelled by the thruster. Expansion of seawa-

ter due to ohmic heating is assumed negligible. Therefore the density is constant.

The conservation of momentum can be written as,

pUinAin(Uez - Un) = IBD - (f L pV•.2 )Ain

-- APNAin + (pinAin - perAex). (2.12)

The first term on the right-hand side (RHS) of Eq. (2.12) is the Lorentz force acting

on the seawater. The second term on the RHS accounts for viscous dissipation in

the straight channel. Here f is the Darcy-Weisbach friction factor and is explicitly

approximated by the relation [22],

f = [1. 14 - 2 1ogio(-- 21 )] 2 (2.13)| DH

e is the equivalent surface roughness. A comparison of this relation with the Moody

I plot for various Reynold's numbers R, is given in Table 2.1. DH is the hydraulic

diameter of the channel. For noncircular ducts, f yields a friction factor within

10% of experimental data. However, an equivalent diameter has been developed to

* better approximate turbulent flows [22].

D, = 6-4DH. (2.14)
k
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TABLE 2.1 Evaluation of f as a Function of Equation (2.13)

I Versus Moody Chart

Re f (Moody Chart) f (Equation (2.13))

4,000 .040 .040500812

I 5,000 .037 .037800248

10,000 .0309 .030938265

15,000 .0276 .027756989

I 50,000 .0208 .020742071

100,000 .0179 .017847757

500,000 .0132 .013080866

I 1,000,000 .0117 .011598713

I
I
I
I
I
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The laminar flow friction coefficient k is determined by [22],

kfRe 64 (2.15)k =fR ] 4-24 W W -

I The third term on the RHS of Eq. (2.12) accounts for losses incurred by a con-

stricting nozzle. Nozzle loss is developed from the Bernoulli's equation and can be

expressed as [23],
1 _____

AI APN = 2p (YFCe) 2  (2.16)2 (YFCAez2

Here rh is the mass flow rate. Y is the expansion factor (unity for liquids). F,

velocity-of-approach factor, is defined as F = 1/v/" -- s2. C is the nozzle discharge

coefficient and is approximately .98 for smooth transition nozzles at high Reynold's

numbers [24]. The last term on the RHS of Eq. (2.12) is the pressure difference

between inlet and exit of channel in control volume 1.

The thrust produced by the MHD channel can be written using momentum

principles [25] as,I
T = rTf(Uex - Ui,) + (pezAez - piAi,)

I +Pamb(Ain - Aex). (2.17)

The first term in the RHS of Eq. (17) is the momentum thrust. The second and

third terms comprise the pressure thrust. Pamb is the ambient pressure at vehicle

I operation depth. Combining Eq. (2.12) and (2.17), the thrust can be written as,

I
T = phi +pam,,,(Ain -- Az) (2.18)

I
I
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Apc& is the pressure difference between inlet and exit of the MHD channels and is

defined as,

SApchAin -= (Pez - pin)Ain

L pU?
-IBD-(f bHP2i An- 1APNAin. (2.19)

The relationship between thrust provided by one MHD channel and vehicle

velocity is obtained by a force balance on the second control volume enclosed by

dotted lines in Fig. 2.5.

CDAsurf(•pYV ) =Nh,(2.20)

* The left hand side (LHS) of this equation represents the friction drag of the vessel

g as a function of wetted surface area external to the vehicle, A•,,rf. Nch is the total

number of MHD channels and CD is the coefficient of drag. The empirical formula

I for CD approved by the International Towing Tank Conference of 1957 [26-28] and

used in this study is,

CD .075 (2.21)SCD = (logioR' - 2)2(

Here Re is the Reynold's number defined as,

Re = V,.L . (2.22)

I
Where L is the length of the vehicle and v is the kinematic viscosity of the fluid.

3 By a manipulation of variables, the thrust in Eq. (2.17) can be expressed as,

I
I
U
I
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T = rh(Uz - Uin) - (Pin - Pamb)(Ain - Aý.)

+APchAez, (2.23)

where (Pin - Pamb) can be approximated using Bernoulli's equation,

1 V2_ i

Pin - Pamb = 1 p(V2 - U0-). (2.24)

Rewriting the thrust term in Eq. (2.20) in terms of Eq. (2.23) and (2.24), the

following relation is obtained:

CDAurf(•pV1 ) = Nch(ri(Ue. - Ui.)

1-p(V. - UIn)(Ain - Ae,) + APchAAe). (2.25)

For further discussion, we will identify the three terms on the right-hand side

of Eq. (2.25) as momentum thrust, pressure thrust 1 and pressure thrust 2. By

i inspection, the momentum thrust will only exist in the presence of an exit nozzle

I and will always contribute to propulsion of the vehicle. This thrust is a linear

function which will increase proportional to constriction of the nozzle. The pressure

I thrust 1 term is also only present in the existence of a constricting nozzle. Since

with a constricting nozzle An is always greater than A,,, this thrust component

can only assist the propulsion of the vehicle when the channel velocity is greater

than the vehicle velocity. By contrast, the pressure thrust 2 term will always be

present (except for special cases which will be discussed later). If the net change

I in pressure of the channel is positive, this component will assist propulsion of the

I vehicle; otherwise it will impede propulsion. From Eq. (2.16), it becomes apparent

that the only time ARpI will be negative is when the drag component of the pressure

I
I


