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DEFINITIONS

NAME SYMBOL DEFINITION

Bubble Parameter C’ Empirical ‘drag coefficient,’ based on
d experimental data, used to calculate

slip force between gas and liquid.

Load Factor F Ratio of load (electrode) voltage
to induced voltage, VL/uZaB.

Void Fraction u Ratio of volume occupied by gas to
total volume, or flow cross-sectional
area occupied by gas to total cross—
sectional area.

Mixture Quality x Ratio of gas mas~ fl9w ra~e to total
mass flow rate, m

9
/(m

9 
+ m

e
).

Slip Ratio K Ratio of gas to liquid velocity.

x 
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SUMMARY

The revised ambient-temperature NaK-nitrogen facility is described. The

maximum liquid flow rate and generator Inlet pressure are 10.9 kg/s (200 gpm) —

and 1.48 MPa absolute (200 psig), respectively, compared wi th the prev ious

values of 6 kg/s (110 gpm ) and 0.72 MPa absolute (90 psig). Satisfactory loop

operation has been obtained , and new experiments with the second diverging-channel

generator were completed . The principal experimental results were a higher

powe r dens ity for the same genera tor operating cond itions , and an aoparent

tendency for the efficiency to improve more wi th increasing quality at higher

velocities than at lower velocities .

An evaluation of an annular generator geometry is presented. The advantages

and d isadvan tages of the geometry are descri bed , the equations developed , and

solutions obtained for three cases--constant velocity and no armature reaction,

laminar fl ow with no arma ture reac tion , and armature reaction with cons tant

velocity. Numerical examples show that: (1) the attainabl e terminal voltages

appear to be very low, (2) flow reversal and large viscous loss occur at or

below the des i red power dens iti es , and (3) armature reaction effects are important

and compensation techniques appear impractical . Thus, this annular geometry does

not appear attractive for either generator or pump operation.

The initial steps in the program to produce and evaluate liquid-metal foams

are described. The future directions of the experimental generator program,

includ ing foams , are discussed.
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I. INTRODUCTION

The two-phase liquid-metal MHD generator program combines experimental and

analytical studies in an effort to better understand the ohysical processes

occurring in two—phase generators and to establish the l imits of generator

performance. For the past six years this program has been sponsored by the

Power Branch of the Office of Naval Research.

The generator experiments are conducted with an ambient-temperature

NaK—N2 test facility consisting of a two—phase mixer , MHD genera tor , magnet, and

required auxiliary loop equipment. The original facility , used in all tests

through July 1975, has been described elsewhere.1 The revised facility, com-

pleted this year, is described In Section 11.1 of this report. Earlier experi-

ments on generators with varying geometries have been performed and the results

presented in previous annua l reports.2’3’4

Anal ytical model s of the generator have been developed to aid in the basic

understandIng of the flow charac teris tics in the generator and to provide a

(one-dimensional) computer code which is capabl e of approximately predicting

generator oerformance from the independent input parameters such as flow rat~
magnet ic f ield strength, and geometry. This computer code and the semi—empirical

technique used to characterize the bubble parameter (churn—turbulent drag coefficient)

used in the determination of the interfacial slip ratio have been reported in

detail 2,5

Previous generator experiments have used three different channels , Fig. 1.1.

The first channel was designed for a slio ratio of unity as the actual slip ratio

was not known , but higher slip ratios were observed experimentally and the liquid

velocity was not constant, decreasing along the generator.2 Fol lowing this a

constant—ar ea channel was tested, and the velocity Increased along the channel .2’3

-2— 
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The second diverging channel , the third channel teted, has a smaller angle than

the first channel , Fig. 1.1, to yield a close-to-constant liquid velocity at the

design point. As described in the previous annual report,4 Improved generator

performance was obtained with this channel , and the liquid velocity was almost

constant.

Previous experiments have been l imited to liquid velocities of about

12 rn/s or less, smaller than anticipated for practical generators. In addition,

recent experimental research has demonstrated that the slip loss due to the

velocity difference between the gas and the liquid can be decreased by increasing

the liquid velocity.3 For these reasons the facility has been revised to allow

higher liquid velocities or flow rates and higher pressures. In this report the

revised facility is described along with the initial data obtained with the second

diverging channel In the revised facility , including some high-velocity runs.

The test program, described in Section II , cons ists of the facility revisions ,

the NaK-nitrogen tests, and the initial foam experiments. The results of the

generator tests , presented in detail in Section III, include a comparison of

runs using the same generator with the original and with the revised facilities.

An evaluation of an annular generator geometry Is In Section IV. The conclusions

and suggestions for future work are given in Section V.

-4-
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II. TEST PROGRAM

The experimental program is suninarized In this section. The revised facili ty,

designed for generator tests at higher liquid velocit ies and pressures, is described

In Section 11.1. The program for the NaK—nitrogen generator Is in Section 11.2,

and the results are described in Section III. The initial exoeriments using

surface-acti ve agents to produce a foam are sunrarized in Section 11.3.

11.1 Rev ised Ambient—Tem perature NaK-NItrogen Facility

The maximum liquid flow rate has been increased from 6 kg/s to 10.9 kg/s

(110 gpm to 200 gpm), thus allowing generator tests at velocities anticipated

to be typical of practical generators . As increasing the flow rate Increases

the pressure difference across the generator, the availabl e generator inlet

pressure was also Increased from about 0.72 to 1.48 MPa absolute (90 to 200 psig).

The original loop was constructed primarIly of two—Inch pipe and had

• several two—Inch globe valves that caused severe flow restrictions. In addition

the pressure tanks did not have a high—enough pressure rating for some of the

proposed tests . Thus, the loop was completely dismantled and rebuilt, as shown

in Fig. 11.1 for the NaK flow circuit. The ma3or changes in the NaK circuit were :

1. Two new canned-rotor NaK pumps were added in series wi th the existing

pump. The three pumps produce a gross pressure difference of 1.57 M Pa (228 psi )

at 10.9 kg/s (200 gpm). For experiments where the total pump capacity is not

required, one or two pumps may be bypassed.

2. The existing senaratton and supply tanks were replaced by a single,

larger tank with a rated pressure of 1.31 MPa absolute (175 psig) It has

internal baffles enabling it to separate twice the NaK and nitrogen flow rate

—5—
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of the old tanks. A vortex suppressor consisting of a three—Inch inner pipe

surrounded by a five-inch outer pipe so that the NaK flows up the annulus

between the two pipes and down the inner pipe Into the line to the pumps was

installed in the tank.

3. The ca libration tank was replaced by a larger one of 210 kg NaK

capacity and a rated pressure of 2.14 MPa absolute (295 psig).

4. The 150 psi NaK filter housing was replaced by a 300 psi housing.

5. The air-cooled heat exchanger was replaced with two water—cooled heat

exchangers connected in Darallel . This eliminated the pressure loss of the

previous heat exchanger , and prov ides sufficient cooling capacity for year—round

operation. (In fact, in warm weather the loop can now be made cool enough to

condense moisture on the NaK pipes. Before, operation had to be curtailed In

warm weather.)

6. Most of the two—inch piping was elimInated , and the NaK flow control

is now provided by a three—inch air—operated valve rather than a two-Inch manual

globe valve. All non-control valves are ball valves , except for a four-inch

V—pattern globe valve in the inlet line to the first pump.

7. Most new components are carbon steel as stainless steel is not

required for a room-temperature NaK facility.

8. All kerosene cooling was elimina ted, and the magnet and load resistor

are cooled by water. This prevents the possibility of a combined NaK and kerosene

fire.

9. Some minor NaK carryover with the nitrogen from the separator tank

was observed. A three-Inch comercial secondary separator has been ordered

and will be installed in the six—inch exhaust line.

—7—



Changes completed in the nitrogen circuit Include :

1. The nitrogen purifier (NaK bubbler) tank was hydrostatically tested

to Increase Its pressure rating.

2. An electrically—operated valve to shut off the nitrogen supply in

ca se of an emergency and a new pressure relief valve were installed.

3. Some pipe sections and valves were repl aced to reduce the number of

bends and fittings, and the pipe length, and thus reduce the pressure drop.

4. A proportional controller for the nitrogen exhaust valves was added

to hold the pressure constant in the separator tank.

Extra nitrogen heater capacity will be required in the future for the higher

flow rates.

The modified loop allows two modes of operation that were not possibl e

before. These are :

1. Operation at up to 10.9 kg/s (200 gpn) NaK flow with a corresponding

increase in the nitrogen flow to determine the effect of liquid velocity on

slip and generator efficiency. Extra capacity is availabl e and operation at up

to 18 kg/s NaK flow is possible.

2. Variable back pressure at the generator exit, up to 1.14 MPa abso lute

(150 psig) at reduced flow rates, to determine the effect of back pressure on

generator performance. In this mode only one or two pumps may be used to avoid

excessive pressure. Operation at low back pressures, down to about 0.12 MPa

absolute (17 psia), Is also possibl e, and this allows larger pressure ratios

across the generator. (The old facility was limi ted to pressures above about

0.24 MPa absolute due to the high pressure drop between the separator tank and

the suction side of the pump.)

-8-



Several safety features are incorporated into the modifications. The

piping is designed for 2.0 MPa absolute (275 psig) and the separation/storage

tank for 1.31 MPa absolute (175 psig). Pressure swi tches stop or prevent from

starting one, two, or all three pumps If pre-set pressures in the separation

tank or high-pressure piping are exceeded. The separation and nitrogen purifier

tanks are protected by safety valves, as before, but with higher pressure ratings.

Efl~ergency switches to turn off the NaK pumps and the nitrogen supply were placed

on the main control panel and adjacent to two doors. A future remove valve

for the cooling—water supply has been provided for in the control panel .

11.2 NaK-Nitrogen Generator Experiments

The significant parameters for all of the experimental runs for the

period from August 1975 through September 1976 are sunrarized in Appendix A.

The runs were chosen to give operating experience with the revised facility,

determIne the l imits of the facility, and allow comparison of measurements with

the original and revised facilities to see if there were any changes. The data,

as discussed In Section III, showed a significant improvement in generator

performance with the revised facility.

11.3 Foams

The slip loss due to the relative phase velocities Is presently one of the

major loss mechanisms in two—phase liquid—metal MHD generators, especially at

the high void fractions required for efficient cycle operation. One method of

reducing this loss is to produce a more-stable foam flow by means of surface-active

agents. The potential gains in generator and cycle performances make this

approach very attractive. Thus, a program to evaluate surface—active agents

has been initiated . The major points are:

-9-
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1. Locate suitabl e agents for the liquid metals of practical interest.

2. Determine the techniques required for adequate separation of the

phases after the generator.

3. Perform tests in an MHD generator.

There is a lack of data in the literature characterizing the preparation and

properties of a liquid—metal foam of the desired kind, although the available

literature on the characterization of aqueous and organic forms has given some

insight into the preparation of a liquid-metal foam. In this literature there

was frequent reference to the use of surfactant additives , and surface tension

and viscosity appeared to be the relevant physical properties of interest.

Therefore , scoping studies focused on the effect of surfactants as liquid-metal

foam inducers and the potential for fine particle suspensions to act as foam

promoters have been initiated. Viscosity was selected as the measured physical

property for use in correlation of systems of differing bubble behavior. In

later studies measurements of surface tension will be included

An experimental facility for studying surfactants In room-temperature

NaK has been built. Initially, the emphasis will be on visual observations

In Pyrex vessel s of the foaming behavior when nitrogen is bubbled through.

A glovebox was opened, cleaned thoroughly, and a new balance and the gas system

for handling ultra—high—purity nitrogen were installed . Safety of the NaK

operations was reviewed. An apparatus for transferring NaK was designed and

built.

While waiting for the high-purity NaK, experiments were done with mercury

to obtain experience with the facility and to develop a “feel ” for foam behavior

in liquid metals , and encouraging results were obtained , The mercury was held

In a Pyrex vessel . An upturned tube made of copper or of polyethylene having

-10-
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a 0.054 cm orifice was used as the gas bubbler. Visual observations were made

of the system behavior and a flow rate of 5 cc~’mtn was adopted as a standard

condition. Differences in bubble size were noted when the bubbles were formed from

the polyethylene tube as compared with those formed by the copper bubbler .
The size differences most certainly relate, at least in cart, to differences

in the wetting characteristics of the two materials. This observation suggests

that the wetting behavior between the liquid metal and the mixer may be an

important design consideration in a LMMHD generator.
A system that was found to show some enhancement of bubble lifetime

was one having one wt % cadmium in mercury. Motion pictures were made of the

bubble action (45 frames/second). The most oustandtng enhancement of bubble

lifetime occurred when cesium at a concentration of 3 wppm was used as the

surfactant. For this mixture (Cs in Hg) up to seven coexisting bubbles were seen,

with a group of six showing lifetimes up to 10 seconds after the gas flow was

stopped. Figures 11.2 and 11.3, excerpted from the movie, illustrate the d ifference

in bubble behavior in the absence and in the presence of cesium. Higher concentrations

of cesium were also effect ive , but not to the same degree. These observations

demonstrate the potential for developing a liquid metal foam system suitable

for LMMHD application .

The initial experiments with NaK will focus on the ability of fine

particle dispersions to promote bubble lifetime. Earlier work had indicated

that carbon black dispersed in NaK had apparently altered the surface properties .
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III. GENERATOR PERFORMANCE

The initial runs with the second divergent channel in the revised flow

facility were made for the same conditions as with the old facility to provide a

check on the operation of the facility. Some of these results are summarized

in Section 111.1. A detailed comparison for one set of new and old runs for the
same operating parameters is given in Section 111.2. The effects of reduced

back pressure and higher flow rates are discussed in Sections 111.3 and 111.4,

respectively. A summary of all of the experimental data for the period from

August 1975 to September 1976 is given in Appendix A.

111.1 ~~~at Runs at the Same Flow Rate

The liquid velocity, slip ratio, pressure, local load factor, and void

fraction versus distance along the generator are plotted in Figs. 111.1 through

111.5 for one set of open-circui t runs. No major change with respect to the

appropriate runs with the old facility, in 1975, was observed. The void fractions

are somewhat higher than before, and this is probably connected with the reduced

slip and higher bubbl e parameter (drag coefficient), as discussed in the next

section. There is, as before, an unusually-hig h pressure gradient at the generator

midsection , although this time it seemed less pronounced, and a pronounced drop

in the load factor, both at the higher void fractions.

The same quantities are plotted in Figs. 111.6 to 111.10 for a generator

with a load resistance of RL = 0.27 m~. Again, the variations are similar to

the resul ts obtained in July 1975. However, the pressure gradient for the

high-void-fraction runs appeared to be more uniform than previously. There is

still a pronounced decrease in the local load factor with increasing void

-14- 
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fraction, probably due to the onset of entrainment of liquid droplets by the

churning motion of the gas in the generator. The fact that the local slip ratio

is less than unity at some point Is not significant, this falls within the

accuracy of the measurement.

111.2 Comparison of New and Old Runs

Sets of data with the old loop (7/7/75) and the revised loop immediately

after construction (8/18/76 and 8/24/76) are listed in Table 111.1. The efficiency

as a function of quality was virtually unchanged, with the exception of the

zero—quality runs (see below). However, as shown by the data for a quality of

about 0.0058, the power level (pressure difference and voltage) was substantially

higher (about 35% after correction for unequal magnetic fields) for the runs

immediately after construction as compared to the runs with the old loop.

The runs with the highest power level (August 1976) had a lower measured

average velocity slip ratio ~ (ratio of gas to liquid velocity), implying that

a more—uniform two—phase mixture existed in the generator, the liquid velocity

was higher (higher voltage, current, and pr~essure drop), and the exit void fraction
(ratio of gas volume to total volu~e) was larger. Al so the fluctuation in the

generator terminal voltage V1 was reduced, amounting to only a few percent of

the average voltage. (Compare this with the prevtous runs.4)

The liquid velocities along the generator calculated from the measured

void fractions and flow rates for the three runs at about 0.0058 quality are

compared in Fig. 111.11. Note that the differences in either the variations of

or the average l iquid velocities are not sufficient to account for the performance •

differences. An important difference is in the average load factor r, Table 111.1.
This is higher for the runs with the revised facility , Indicating a higher

-25— 
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Table 111.1

Cgmparlson of Generator Data with Old and Revised Loops,
— 6 kg/s, Back Pressure — 0.14 MPa Gauge (20 pslg)

B 
- 

RL 
- 

V1 ~1 
- 

K 
-

Date [%] [T] [inn] [y] [0.1 MPaJ

7/7/75 0 52.9 1.175 0.255 0.506 2.67 0 - 1.02
(old)

0.00580 49.9 1.16 0.254 0.741 2.62 0.49 1.34 0.76

0.00979 42.1 1.165 0.258 0.819 2.66 0.64 ‘1,217 0.61

8/18/76 0 39.4 ‘1.253 0,26 0.470 3.01 0 - 0.89
(revised)

0.00216 48.1 1.24 0.27 0.665 3.31 0.27 1,272 0.93

0,00567 50.3 1.235 0.27 0.867 3.75 0.49 1,047 0.82

0.00852 46.4 1,238 0.27 0.932 3.90 0.59 1.007 0.74

0,0110 43.1 1.235 0.27 1.01 4.16 0.68 0.876 0.62

8/24/76 0 42.9 1.223 0.24 0,466 2 9 8  0 - 0.91
(revised)

0.00580 49.2 1.227 0.247 0,824 3.69 0.48 1,180 083

0.00825 44.7 1.227 0,248 0.885 3.90 0,55 1.187 0.77

0.01118 40.6 1.222 0.247 0.937 4.00 0.62 1,18 0.69

0.0128 43.8 1.225 0.246 1.003 3.99 0.54 1.74 0.89 



— 6 kg/s

B — 1.2
— .27 inn

P~~ — 20 psig
Quality Ay. Liq . Date

12 - . Vel.(in/s)
0 .00580 8.24 7/7/75
x.0O507 8.52 8/18/76
A.00580 7.97 8/24/76

t O : 

~
8

7 

A

DISTANJ~E .ALONG GENERATOR (in)

Pigu~e 111,11 Liquid Velocity Aleng Generator , 0.0058 Quality ,
Old and New Data
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“effective” liquid velocity—elec trical conductivity combination for the new runs.

This result is expected from the reduced fluctuations.

It Is suspected that the improvement in generator performance for the

tests with the revised loop was due to changes in the surface properties of the

NaK. Putting the NaK Into the revised loop probably caused a considerable Increase

in the Impurities In the NaK, primarily iron oxide and iron powder from the carbon

steel. These impurities could have cuased some surface activity in the flaK,

and thus increased the stability of the two-phase mixture and decreased the size

of the gas bubbles produced by the mixer.

The zero—quality runs require special comment because the reasons proposed

above should have no effect. Comparing the July 1975 and August 1975 runs, the

terminal voltage and efficiency were higher for the former and the pressure drop

was lower. The measured void fraction profiles indicate that flow separation

occurred in at least some of the old zero—quality runs, including the July 1975

case. Comparing expected behaviors with and without flow separation, for the

latter the liquid velocity should be less at the exit end of the generator, the

circulating currents should be higher, and thus the pressure gradient In the

upstream part of the generator should be higher. Cm the pure liquid case the

liquid velocity decreases due to the diverging channel , so that the liquid is

pumped in the downstream part of the generator.) This predicted behavior difference

is consistent with the data. The suspected higher surface activity could result

in improved wetting, and thus ‘l ess or no flow separation.

The calculated performance from the generator prediction code is a terminal

voltage of 0.477 V and an efficiency of 0.425 at 1,2 T, 6.0 kg/s pure Nak, and

0.25 inn load resistance. The August 1976 runs yielded values close to the

calculated values.
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111.3 Reduced Back Pressure

The liquid velocity , slip ratio, pressure, local l oad factor, and void

fraction along the generator are shown in Figs. 111.12 through 111.16 for a

back oressure only slightly above atmospheric pressura in the separator tank.

In the old facility It was not possibl e to make runs with separator tank

pressures below about 0.24 MPa absolute (35 psia) due to the high Dressure drop

between the separator tank and the suction side of the Dump. With the improved

piping system, the lower l imit on separator tank pressure Is that it be high

enough to push the nitrogen through the six-inch line to the atmosphere.

4 A reduced generator back pressure means that higher volumetric flow rates

and velocities are obtained in the generator wi th the same mass flow rate .

Al so, lowering the back pressure automatically Increases the pressure ratio

across the generator. This in turn means that the liquid velocity will be

increasing along this generator since it was designed for a lower pressure ratio,

• and this should result in reduced generator performance.

The local l oad factor seems to show an increasing entrainment of liquid

in the gas along the generator, Fig. 111.15. The void fraction and slip ratio

become quite large at the generator exit. The expected increase in the lI quid

velocity along the generator is observed for all of the non-zero quality runs ,

Fig. 111.12.

A comparison of data for normal and reduced generator back pressures In

Appendix A or Figs. 111.6 and 111.12 shows that the terminal voltage VL is

reduced for the lower-back-pressure runs even though the average liquid velocity

is higher. The generator efficiencies for both back pressures are shown in

Fig. 111.17. The efficiency is lower for the lower back pressure, probably

because of the varying velocity along the generator and thus increased circulating

currents.
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The ability to go to lower pressure at the generator exit will be useful

in the future in obtaining larger pressure ratios across the generator, i.e.,

values closer to those anticipated for a commercial generator. Of course, to

obtain high generator efficiency for higher pressure ratios a generator taper

designed for the specific oressure ratio Is required.

111.4 ~j~jher Flow Rates

The local Daramete rs for a mass flow rate of 11.9 kg/s are shown in

Figs. 111.18 to 111 .22. The runs were made at a reduced magnetic flux density,

0.6 1, so as not to exceed the pressure rating of the channel . The attainable

quality was l imi ted by some NaK carryover with the exhaust nitrogen, and this

necessitated installation of a secondary separator, Section 11.1. Note the

reduced sli p ratios and higher load factors that resulted for the higher velocity.

These are Indica tive of a potential improvement in generator performance with

higher velocities.

Generator eff iciencies at nominal flow rates of 6 and 12 kg/s wi th the

other parameters the same are compared in Fig. 111.23. Note that there appears

to be a tendency for the efficiency to improve more with increasing quality at

the higher vel ocity than at the l ower velocity. (There Is some question about

the highest quality run at the higher flow rate. Further runs were not made

before the end of the period covered by this report at this quality due to NaK

carryover.)
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IV. ANALYTICAL STUDIES OF ANNULAR GENERATORS

IV.,l Introduction

Rectangular MHD conduction machine geometries for generators and liquid-

metal pumps have been studied almost exclusively. Helical geometries are

suitable for low-volume—flow—rate high-pressure difference pumps, but not for

MHD generators. Annular geometries are common for induction pumps and generators,

but there are no known references on annular conduction machines. Since the

annular geometry has several advantages, the following analytical study was

undertaken to evaluate its øracticality.

The annular generator geometry considered consists of two concentric,

homogeneous cyl indrical walls of di fferent radii wi th the conducting fluid flowing

in the axial direction within the annulus , Fig. IV.1. Advantages of this geometry

are :

1. The cylindrical walls are the electrodes, eliminating the need for

insulating walls and the resulting fabrication problems. Without the insulating

walls there are no accompanying viscous boundary layer and current shunting

effects as found In rectangular geometries.

2. Homogeneous cylindrical shells are ideal pressure vessels.

3. The circumferentially—directed magnetic field is entirely contained

within the generator, stray fields are not a problem, and the field is produced

by a superconducting or ordinary torroldal winding without any magnetic iron.

Disdavantages of this geometry are:

1. The electrical terminal properties are inherently low voltage and high

current because of the relatively-short electrode spacing and large cross-sectional -

area for current flow.
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2. The electromagnetic force density has an inverse-square radial dependence

which may result in a very nonuniform velocity profile.

3. The magnetic field generated by the induced currents (armature reaction)

may cause large variations ‘In the power density along the machine, and there is

no apparent method to com~ensate for this without destroying the first advantage.

4. The toroidal magnet winding has to be closed through the end regions

of the annular duct, so that the wires must cross the flow area.

The first three disadvan tages are analyzed in the followi ng material by

means of three simplified models . After establishing the relevant equations

and assumotions, a model with a constant velocity and no armature reaction is

considered to establish oractical regions of ooeration in Section IV.3 . A

laminar veloc ity profi le wi thout armature reaction, Section IV.4, is used to

study the effect of the inverse-square radial dependence 0f the electromagnetic

force density. The flow in a practical generator could be either laminar or

turbulent, depending on the relative laminarizing effect of the magnetic field ,

but the laminar solution yields insight ‘Into what might happen even for turbulent

flow. Finally, the axial deoendences of the magnetic flux and current densities

for a constant fluid velocity are considered in Section IV.5. Numerical results

obtained from an annular-geometry computer code are included for all three

models. The primary objective of this study is generator operation, but the

solutions apply equally to pump operation and numerical pump cases are also

discussed. Only pure-liquid machines are considered , but the conclusions are

valid for two—phase liquid—metal and plasma machines as well. The velocity—

profile solution also has important implications for annular induction pumps

and generators .
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IV .2 Equations and Assumptions

All models considered are governed by the same general equations of

fluid mechanics and electromagnetics. The assumptions made to solve the

equa tions are :

1. Steady—state conditions ,

2. Incompressibl e, Newton ian , non.-polarizable fluid , i.e., pure

liquid ,

3. No fluid sources or sinks in the generator,

4. Neglig ible grav i ta tional effects,

5. One—dimensional axial flow with circular syniiietry about the axis

of the cyl indr ical walls , and

6. The magnetic permeability is that of free space everywhere.

With these assumptions , the basic relevant equations are

(IV.~ ) (IV .

(IV .2)

v x t = 0 , (!V.3)

v~ ~~~~
= 0, (IV.4)

v .i~ = 0 , (IV .5)
+ + 2~ 

‘~~ *and p(u . v)u = —vp + i~v u + i x  ii; (IV.6)

where the variabl es are defined ‘In the nomenclature.

In cylindrical coordinates with Bei U~~ 3r’ and Er as the only vector

comoonents the equations become

fj (rB 0) 
= 0, (IV.7)

— Uo~
Jr~ 

(IV.8)
z
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- uzBe ) , (rV . 9)

15;.!: = 0 = ~~~~~ , (IV. lO)

~~~~~ 
= o, (IV . ll)

- I

= o, (IV. 12)

and

+ I .

~~~~
.J 

= — 3rBe (rV . 13)
3r2 r~~r

The magnetic flux density B8 is most-easily determined from the Integral

form of Eq. IV.l evaluated over a concentric circle about the axis, or

• = 2’in’ Be = ~ J j
~ . i~ da. (IV. 14)

For the appl ied field , the total f iel d without arma ture reaction ,

~ NI
— o exc

U
8 

— 2wr ‘

where Nl exc is the ampere-turns of the exciting torroidal winding , Fig. IV .l.

The e lectrical terminal properties , the electrode or l oad curren t

and the electrode voltage difference or load voltage VL, are given by

= -2wr JrdZ (IV.l6)

and

V L = - Erdr; (IV .17)
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where L is the len gth of the machine , and r 1 and r0 are the radii of the Inner
and outer cyl inders (electrodes).

The general equations for the powers are collected here for reference.

The ohmic loss in the fluid is

~r 
= _L.. rdrdedz. (Iv.l8)

The electrical output oower with end loss neglected (negative for a pump) is

1’e = VLIL. (IV.l 9)

The mechanical input power (negative for a oump) ‘Is

= 

~~~em + (IV.20)

where Q is the volumetric flow rate of the working fluid , APem is the electro-
magnetic pressure difference ,

fpLu 2

2Dh

is the (non-MHD) viscous pressure difference in terms of the Darcy friction factor

f, and Dh 2(r 0 - r1) is the hydraulic diameter. The efficiencies for generator

and oum p operation are defined as

p.!. and n~ (IV .22)

It is convenient to use the normalized or non-dimensional radius

R r/r1 (IV.23)

in the anal ysis. At the outer electrode,

= r0/r1. (IV . 23a )
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1V.3 Constant Velocity with no Armature Reaction

Constant fluid velocity with no armature reaction (the ideal case)

is assumed to establish the parameters required for practical applications . The

requ ired equations are determined , and numerical examples calculated for both

generator and pump operation.

IV.3.l Analysis

The l oad or terminal current is

= —2wrL i,. (rv..24)

from Eq. IV. 16. The terminal voltage is calculated from Eq. IV.l7, where

Er is obtained by substituting I~ an d Be from Eq. IV .l5 into Eq. IV.9 and

solving for Er~ 
The result ‘Is

= [U z ;:N~exc 
- 2~~a ] lnR 0 (IV .25)

in terms of the normalizei radius. This can be Interpreted as the equivalent

circuit of Fig. IV . 2, which has the equation

V L = Voc 
- ILRj . ( IV .26)

The open—circuit voltage is

u p tlI lnR
Voc 

z o exc ~ , (1V.27)

and the In ternal res istance is

R1 lnR 0/(2irLa). (IV.28)

In terms of the magnetic flux density at the inner radius, B1, Voc can be

wri tten as
a u

~
Bjri lnR 0. (IV.27a )
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The ohmic power loss In the fluid , from Eq. IV l8, is
a 1L R1. (IV.29)

The electrical output power, Eq. ZV.19, Is written In terms of as

a 

~
LVL(u U~ Nl exc - 2w V1/ lnR0) (IV .30)

using Eq. IV .25 or Eq. IV .26 to eliminate 1L~ 
In terms of the load factor, F,

defined as

F v~jv0~, (IV.31 )

Eqs. IV.29 and IV .30 can be written as

= (v0~
2/Rj)(l - F)2 (TV.29a)

and

a (V oc2/Ri) F(l — F). (TV.30a)

The calculation of 
~m 

is more complicated because the electromagnetic pressure

gradient is not constant over the channel cross section. To calculate

the Lorentz force density ~ x ~ is integrated over the total channel volume ,

yielding
a 

~~
11exc ILlnR O/21t. (IV.32)

The minus sign means that Fem acts ‘In the -z direction or opposes the fluid motion.

Then ,
—F ~ NI I, lnRem 

= 
o exc 0 (rv.33)em 2w2 r1

2 (R0
2 - 1)

Is the average difference. The mechanical Input power is calculated from

Eqs. IV 20, IV .2l , and IV 32, and the efficiency from Eq. IV.22. If the

viscous oressure difference Is negligible , then
a (V

~~
2/R,?(l - F) (IV .34)

and

F (IV.35)

as tn rectangular MHD machInes.
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IV.3,2 Numerical Exampl es

The most significant parameter Is the obtainabl e terminal voltage, as

VL must be large enough for either efficient dc to ac inversion or homopolar

motors. Since the load factor F must be close to unity for efficient generator

or oump operation, Eq. IV 35, 
~~ 

is given in Table IV.l for values of r1, R0, B1,

and u~. Note that R0 is l imited to be much less than 1.1 at reasonable power

densities to prevent the possibility of flow reversal , as shown in Section IV.4.

The velocity Is l imited to around 25 to 50 rn/s by viscous loss. None of the

cases shown yields adequate voltage, even at B~ a 6 1 and r1 = 5 m. Higher

voltages are obtainabl e with several generators connected electrically in series,

except that the output power per generator (see Table IV.2) may be too large

to use several generators in one power plant.

The powers are shown in Tables IV.2 as a function of the load factor F

for one of the cases from Table IV.l. For an acceptable efficiency with all

losses included (end losses are ignored here) F will most likely be between

0.9 and 0.95, leading to a generator power on the order of 500 MW per meter

of length and VL around 7 V at r i a 1 m and B1 
= 3 1. Since the power scales

as V0,2 (or r1
2 or B12) at constant R0 and F, Eq. IV.30a, increasing V0~

results in increased 
~e 

and no possibility of a series connection to raise the

useable voltage. Findinq a good compromise between generator size, power l evel ,

and terminal voltage Is very difficult for a rectangular generator, and st i ll

more difficul t,if not impossible, for large annular generators.

There are no applications for electromagnetic pumps of the power levels

shown in Table IV.2. Thus, acceptable voltage levels may be unattainable for

annular conduction pumps since the size and voltage must be reduced from the

values of Table IV.2. The low vol tages shown ‘a Table IV.2 are not surprising,

they result from the relatively-short electrode spacing mentioned In Section IV.l.
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Table IV.1

Open—Circuit Voltage and Excitation Ampere-Turns as a Function of
Electrode Radii , Magnetic Field Strength at r1, and Constant Velocity

r1 R0 Bi uz Nl exc , Voc
(m) [1] [m/s] [l0~ AT] IV]

1 1.1 3 25 1.5 7.15

1 1.1 3 50 1.5 14.3

1 1.1 6 25 3.0 14.3

1 1.2 3 25 1.3 13.7

3 1.1 3 25 4.5 21.4

3 1.01 3 25 4.5 2.24

3 1.1 6 25 9.0 42.9

3 1.2 3 25 4.5 27.3

5 1.1 3 25 7.5 35.7
‘I

5 1.01 3 25 7.5 3.73

5 1.1 6 25 15.0 71.5

5 1.1 3 50 7.5 71.5

5 1.2 3 25 7.5 68.4

I
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Ta ble IV .2

Powers per Meter Length for r1 
= 1 m, R0 = 1.1 , and Constan t Veloci ty

Fluid = NaK p 867 kg/rn3

B1 
= 3 T - a 2.62 x 106 mhosfni

u =25 m/s D = 0 .2
Nfexc = 1.5 x l0~ AT f h 0.022
V0~~=7.l5V Rm = 82•3

F VL Ii 
p Useful Power i~ 

—

e m Density g

[V] [MA] [MW] [MW] [MW/m 3~ 1%)

Gen. 0.8 5 7 2  247 1410 1770 2140 79.9

Gen. 0.95 6.79 61.8 420 442 636 94.9

Pump 1.1 7.86 -123 -971 —882 1340 90.9

Pump 1.3 9.29 —370 -3440 -2650 4010 76.9
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IV ,4 Fully-Developed Laminar Flow with no Armature Reaction

In this section the effect of the radial dependence of the electromagnetic

force density is analyzed. Full y-developed laminar flow is treated because

analytical solutions can be obtained . The laminar-flow solution provides a

guide for the behavior of turbulent flows.

IV 4.1 Analysis

First the velocity profile u
~
(r) must be determined. The electromagnetic

force dens ity JrBe can be written as

p NT I —r B~~IJ B — 
o exc L 

• 
1 1 1 (IV 36)r 8 (2irr)2L 2irr2L

from Eqs. IV.l5 and IV .24. The pressure gradient can be expressed as ~p/~z = -Ap/1,
where ~p equals the inlet minus the exit pressures. Note that ~p is independent

of r and z for fully-developed flow and is positive for generator operation.

Substituting into Eq. IV.l 3 and solving for u2(r) with the boundary conditions

tha t u2 = 0 at the walls yields

r B I 1 R 2 — l  l r j2 Ap
u
~
(R) [-in R ln(R0/R) ] ‘t

4n
1
L~~ 

+ in R0 
in R — (R2 — 1)J 4Lp

(!V.37)

in terms of the normalized radius R. Note that this is not a Hartmann profile,

and there is no parameter like the Hartmann number governing the shape of the

velocity profile.

Next VL is calculated using the same procedure as in Section IV.3.l

except that u
~
(R) is given by Eq. IV.37. The result, In terms of the equivalent

circuit of Fig. IV.2 or Eq. IV .26, is
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r ~ B ~p
a [R02(ln R0 — 1) + 1 + ln R0] 

‘I 
8L~ 

(IV. 38)

and
Il n R r 2B 2 (ln R )3

R a ° + 
‘
~ ‘I (IV .39)‘I 24i~Lp

Note that R 1 Is not the physIcal internal res istance in R0/2irLa. The second

term, which Is independent of a, comes from the specified constant pressure

difference. With 
~
p fixed, the average fluid velocity or the volume flow rate

Q decreases as II. increases because of the increased (adverse) electromagnetic

pressure gradient. In Section IV.3.l , on the other hand , u~ (or Q) was specified

and ~p had to ‘Increase with increasing I~.

The ohmic power loss is still given by Eq. IV .29 since the second term

of Eq. IV.39 does not represent a physical resistance. The electrical output

power 
~e 

= V1!1 is expressed as a function of ~p and T~ using Eqs. IV.26, IV .38,

and !V .39. The mechanical input power is calculated from = Q~p, where the

volumetric flow rate is

r0 -

Q = J 2irru~dr. (IV.40)
r1

Integrating Eq. IV.40 using Eq. !V .37 results in

r ~ B I ~
p

~m 
= ER02(lnR0 - 1) + 1 + lnR 0] ~ 8Lp 

1

r R 2 _ 1 irr1~ (R 2 - 1) Ap2

.

~~~~ 

[ in R0 
- (R02 + 1) 8L~ 

(!V.4 1)

The viscous power dissipation can be calculated from

______ 
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r0
2irL p( ~~~~~~~~ )2 rdr (TV.42)

r1

using Eq. IV.37, or from the other powers and conservation of energy.

IV.4.2 Numerical Exampl es

The veloc ity profiles for r 1 = 3m , R~ = 1.01, B1 
= 3 T, VL 

= 4 V, NaK ,

and three pressure gradients are shown in Fig. IV.3. The powers for these

parameters and six pressure gradients, includ ing the three plotted in Fig. IV. 3,

are given in Table IV.3. Increasinq pressure gradient corresponds to decreasing

l oad factor F, as shown in Table IV.3. Note that for small pressure gradients

(F close to unity) the profile resembles the non—electromagnetic annular

profile, the viscous and ohmic losses are small , and the power density is low.

At a power densi ty of about 30 MW/rn3 flow reversal occurs (Fig. IV .3) and the

viscous power loss is substantial. Al though the efficiency is very high , the

load factor is so close to unity that the power density Is relatively low for

practical MHD generators and the end losses (not included) would be serious.

A similar behavior is observed for R0 
= 1.1 , Fig. IV.4, except that the

flow reversal occurs at a lower pressure gradient or power density because of

the larger variation in the electromagnetic pressure gradient across the channel

cross section.

Note that the behavior of the annular generator is different from the

convertional rectangular generator in that flow reversal occurs and the viscous

losses increase sharply with generator loading (decreasing F). Fl ow reversal

occurs for all cases except very low power densities so that the viscous

contribution to the total pressure gradient can balance out the radial variation

of the electromagnetic pressure gradient. In the rectangular generator
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Figure IV.3 Velocity Versus Radius as a Function of the Pressure Gradient,
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Table !V.3

Powers per Meter Length and Efficiencies as a Function of the
Pressure Gradient for r1 

a 3.0 m, R 1.01,
B j = 3 T ,V1 a 4 V , and Na~

F n~, Useful Power 
~mDensity e V

[N/rn3] E%] (MW/m 3~ [MW] [MW] [MW] (MW]

6.9 x 102 1.0000 27.0 0.00832 0.00473 0.0175 0.0128 8.44 x 10.10

6.9 x 1.0000 92.7 0.286 0.162 0.175 0.0128 9.96 x iO~

6.9 x ~~ 0.9999 99.2 3.06 1.74 1.75 0.0144 1.14 x

6.9 x l0~ 0.9993 99.0 30.8 17.5 17.7 0.171 1.16 x lO
_2

6.9 x 106 0.9934 91.2 308. 175. 192. 15.8 1.16

6,9 x l0~ 0.9379 50.8 3080. 1750. 3450. 1580. 116.
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viscous power loss is almost constant, except for the slight increase in average

velocity needed to hold the load voltage constant as F is decreased. In the

cases considered for the annular generator the viscous loss is always much larger

than the ohm ic loss , and the efficiency decrease at higher power density

(lower F) is caused by the sharp increase in the viscous loss with the flow

reversal and the resultinq large shear forces.

The veloci ty profiles for two sets of pump cases, R0 
a 1.01 and 1.1 , are

shown in Figs. IV,5 and IV 6, respectively. The corresponding powers and

efficiencies are given in Tables IV.4 and IV.5. In both cases flow reversal

occurs , al though at a much higher pressure gradient or power density for the
a 1.01 case because of the smaller change in the electromagnetic force density

across the channel . Note that for even higher pressure gradients or power

densities the devices become dissipators, absor bi ng both electrical and mechanical

input powers and dissipating them as ohmic and viscous losses. (A similar

effect will occur with any pump. A pump has a given pressure difference with

zero flow; if a higher pressure difference is imposed , then reversal of the net

flow will occur.)

The voltage levels for the pumo cases are very low because of the short

electrode spacing. Both cases considered have the same average electric-field

strength. The low voltages mean that the device is probably not practical .

The results obtained here are only valid for laminar flows. Howe’ier,

similar effects are expected wi th turbulent fl ows, includin g flow reversal

at high power densities.

—61—



—‘- -—7-.- - --.--——--— -——-—-- - - -—77--——— 7-’ 7 - 7 - ’ ’ - ‘ - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

7-

40 I I

f’~~
’\ /A p / L = - 6 .9 x 106 N/rn3

3 0 —  —

2 0 —  —

(1)

10 -  _ _ _  
—

0 -6.9 x 102 N/rn3 
-

-10 — 

-6.9 x I0~ N/rn3

r , : O.5 m

-20 — R0 = 1.01 —

B1 :21
V :0 .05 V

-30 — L 
—

LIQUID NOK

-40 I I I
1.000 1.002 1.004 1.006 1.008 1.010

NORMALIZED RADIUS R

Figure !V.5. Velocity versus Radius as a Function of the Pressure Gradient
for a Pump, R0 

a 1.01
-62-

7- 7 7_~~~~~~~~~~~~~~~~~~~~~~
_ _



-___

I I

,L~p/L :-6.9 * IO~ N/rn 3
3 0 —  —

2 0 —  —

-~~~ -6.9x 102 N/rn3
1 0 —  —

~‘-1

0
I-
C-)
0
-J

-10 —
r 1 = 0.5 m

- R0 = I.I
-20 — B~ :21 —

VL = 0.5 V

-30 — LIQUID : NOK —

—40 I I I 
.

1
100 1 .02 1 .04 1.06 1.08 1.10

NORMALIZED RADIUS R
Figure IV.6 Velocity versus Radius as a Function of the Pressure Gradient

for a Pump, R0 1.1

—63—
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



Table IV.4

Powers per Meter Length and Efficiencies as a Function of the
Pressure Gradient for a Pump rj 0.5 in, R~ 1.01,

B1 
a 2 T, V1 

a 0.65 ~ , and Na K

~p/L F ~ Useful Power 
- 

—P —P P P
Density e in V r

[N/rn3] [%] [kW/m~] [kW] f kW] (kW] [kWJ

—6.9 x io2 1.000 25 3.466 0.2166 0.05473 0.1619 1.13 x

-6.9 x l0~ 1.000 77 34.66 0.7092 0.5472 0.1618 1.22 x

-6.9 x 10~ 1.001 97 346.1 5.635 5.465 0.1626 7.6 x io~
—6.9 x 10~ 1.013 98 3,413 54.89 53.89 0.2798 0.7286

—6.9 x 106 1.153 85 29,300 547.5 462 .7 12.34 72.47

—6.9 x 10~ — - — 5,473 -2,992 1,222 7,243

Tabl e IV ,5

Powers per Meter Length and Efficiencies as a Function of the
Pressure Gradient for a Pump, r~ = 0.5, R0 = 1.1 ,Bi a 2 T , V 1a 0.5 V ,  and NaK

~p/L F ,
~ Useful Power 

~~ ~ m P P
Density V

[N/rn 3 [%] [kW/m3) [kW) [kW] (kW] [kWJ

—6.9 x io2 1.000 95 3.73 0.6151 0.5849 0.0301 8.7 x l0 6

—6.9 x ~~ 1.000 80 36.30 5.985 4.796 1.189 8.3 x l0~

-6.9 x ~~ 1.001 - - 59.68 -57 .44 117 .0 0.0825
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IV.5 Armature Reaction with Constant Velocity

The effect of the axial variation of the magnetic flux density and the

(electric) current density caused by the current in the fluid Is considered

here. The three different connections to complete the load circuit, shown in

fig. IV.7, are :

1. At the downstream end,

2. At the uostream end, and

3. At both ends.

The three connect ions , their different effects on the magnetic field, and the

resulting performances are discussed in the following material .

IV.5.l Downstream Connection

If the load Is connected to the downstream ends of the electrodes , then

the z-directed load current flowing along the inner electrode is in the same

direction as the exciting current for a generator , Fig. IV.7. Thus , the

induced magnetic field due to the load current reinforces the appl ied field,

and the total field Is every place greater than the anolied field (except at the

generator entrance where the induced field is zero).
The apolied field is r’lven by Eq. IV.15, and the tota l field is

B0(r,z) a ~~ ~~~~~ XC 
+ ~ Jr~~

Z’
~~

Z’ (IV.43)

from Eq. IV.14 and conservation of charge. The electric field Er must vary
as h r  from conservation of charge or Eq. IV.8,and Eq. IV.9; and in terms of V1,

Er 
a - r ln

1
R (IV.44)
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Figure IV.7 Load Connections for Armature Reaction Calculations
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from Eq. IV.17 . Substituting into Ohms law, Eq. IV.9, gives

+ 

R
~ [ NI:xc 

~ 
3r ’PZ’~

i
~~]~ 

(IV.45)

where
= iia  u

~ 
L (IV.46)

is the magnetic Reynolds number. Solving Eq. IV.45 yields

= [ ~~~~~~ - rln R0 
} ~~ z/L; (IV .47)

and , from Eqs. IV.43 and IV.16,

and 

B0(r,z) = 
~~
0 ~~exc ~~ 

z/L 
+ u

~~
r 1n R0 

[1 - 3 (IV.48)

f ~~~~ - u~ in R0] 
(e - 1). (IV.49)

From comparing Eq. IV.49 wi th the equivalent circuit, Fig. IV.2, Voc is given

by Eq. IV.27 for the ideal case, constant velocity with no armature reaction ,

since there is no armature reaction for open circuit. The internal resistance
for this case,

in R
Ri

a ° , (IV.50)
2irLa(em — 1 )

is always less than the value for the ideal case, Eq. IV.28. The reduced value
for occurs because the total magnetic flux in the generator Increases with
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loadin g, and this acts to compensate for the increased ohmic voltage

drop.

The Lorentz force integrated over the total channel vol ume is

—~~ ln R (NI )2(l - F) Rm 2R~
Fem = 

o 0 exc [2F(e - 1) + (1 — F)(e — 1)],
— (IV .51)

From this plus the viscous oressure drop, Eq. IV.21 , the mechanical Input power

can be calculated. The ohmic oower loss in the fluid is

~r ~~ 1n R0 
(V oc - V1

)2 (e in 
- 1). (IV.52)

The remaining powers and efficiencies can be calculated from the equations

in Section IV.2.

IV.5.-2 Upstream Connection

If the load is connected to the upstream ends of the electrodes, then the

z-directed load current flowing along the inner electrode is in the opposite

direction to the exci tin g current , Fig. IV.7. For this case the induced magnetic

field opposes the applied field , the total field is everyplace less than the

applied field (except at the generator exit where the induced field is zero),

and the reduction in the total magnetic flux In the generator is reflected in a

larger internal resistance.

The orocedure used to determine the equations for the upstream connection

is the same as for the downstream connection. The results are:
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Be(r,z) a 
uo Nl exc 

- Jr~~
,z’)

~~~ (IV.43a )

a [~~2~ rxc UV
L ]  e~~~

h1 - 1) 
(IV.47a )

B = 

U
0 

N l exc R
~
(z/L — 1) 

+ 

VL 
~ 

R,~(z/ L — 1)

8 r,z 2irr e u
~~

rin P0~ 
- e ),

r (IV.48a )

I = ~PI~ - 

21IVL 1 
~l ~~~ (IV.49a)

I [ exc p0 u~ in R0 J ‘ e ,,

ln R
R1 

a ° , (IV.50a)
2nLa(l - e m)

and
-u 

~
2R
~Fem a ln Ro(N l exc)2(l — F)[(l — F)(l - e ) + 2F(l — e )].

(TV.5la )
Note that Voc is unchan ged, and R1 is always greater than the value for the
ideal case, Eq. IV.28.

IV.5.3 Both Ends Connection

With the load connected to both ends of the generator, Fig. IV.7, the
generator is split into two regions by the location z 1’ where the component
of the load current flowing along the axis is zero. The region for z < 1’

behaves l ike a generator with the upstream connection, the region with z > L’

behaves like a generator with the downstream connection, and the total properties

can be determined from the sum of the two regions using the equations from

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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r 21IVL Rm
(L
E
L •) —R L’/L

IL ILU + I LD [NIexc
_

u u l n R Ce — e m

(IV.49b)

where R~ is based on the total l ength L.

The location of L’ would normally be determined by the voltage drop

along the inner electrode. Since the electrode is assumed to be an equipotential

here, it is not possibl e to calculate a value for L’.

IV.5.4 Numerical Example

The powers and eff icienc ies for one set of parameters are shown in

Table IV.6 for the three connections , and the magnetic flux densities and

current densities are shown in Figs. IV.8 and IV.9. For comparison, the values

with the armature reaction ignored are also shown. The value of R
~ 

= 4.939

is not lar ge, yet the effects are dramatic. In ‘fact, the downstream connec tion

resul ts are not real istic , the pressure gradient and magne tic fl ux densi ty

both become unrealistically large. (No iron is used, so that magnetic satura tion

is not a factor.) The upstream connection is realizable , but the power

density is low. The choices u
~ 

= 15 m/s and a a 2.62 x l0~ mhos/m (0.1 times

a of NaK, characteristic of a high-void—fraction flow) were made to restrict

R.m to small values. The excitation was chosen to yield Bi 3 1 wi th no arma ture

reaction.

Similar effects due to armature reaction occur for rectangular geometries.

However, it is easy to compensate rectangular generators by returning the load

current through the magnet air gap. For an annular geometry, compensation

would mean running the load current through the fluid gap between the electrodes,

and this would eliminate one prime advantage of the annular geometry-—the lack

of insulating walls between the two electrodes.
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Table IV.6

Powers and Efficiencies With and Without Armature Reaction,
rj = 1.0 m, R0 a 1.1, ~ 

= 1 m, UZ = 15 m/s, V1 a 3.903,
F = 0.91, a a 2.62 x io~ rnhos/m , and R,~ 4.939

Armature Connect ion
Reaction
Ignored Downstrea~n Upstream Both Ends, L ’ = 0.8 m

TL [MA] 4.445 124.7 0.8936 2.399

~e 
[MW] 17.92 502.8 3.602 9.673

“m [MW] 19.17 2,759 3.824 10.61

“r [MW] 1.14 2,256 0.1158 0.835

Pd*~~W/m ] 27.16 762.1 5.46 14.66

t~p/L [N/rn
3] 1.937 x io6 2.789 x io8 3.865 x iO~ 1.073 x io6

[%] 93.5 18.2 94.2 91.1 ‘

B1 (zaO) [T] 3.0 3.0 2.821 2.823

B1 (z=L) [1] 3.0 
- 

27.94 3.00 3.303

*Pd 
a useful power density
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V. CONCLUSIONS AND FUTURE WORK

The ambient—temperature NaK—nitrogen facility has been successfully revised

to handle higher velocities and pressures, and satisfactory opera tion has been

obtained . The improved control features make the system easier to use. New

experiments with the second diverging-.’hannel generator showed that the power

density was higher , and tha t there appeared to be ~ tendency for the eff iciency

to improve more with increasing quality at higher velocities.

The program to produce and evaluate liquid—metal foams was initiated .

Equipment was developed , screening tests made with mercury while waiting for

the high—purity NaK, and a olan established. The future program is described

briefly below.

The evaluation of an annular generator geometry was completed. Although

this geometry appears advantageous because there is no need for insulating walls ,

the cylindrical (electrode) shells are ideal pressure vessels, and the magnetic

field is contained entirely within the generator; there are also serious limitations.

The l imi tations are :

1. The geometry is inherently suited to low voltage high-current operation ,

not to the higher terminal voltages needed as input to acyclic motors or to

efficient and cheap dc to ac converters.

2. Flow reversal and increased viscous loss can occur at the power densities

desired for power systems.

3. Armature reaction effects are significant and compensation methods

appear impractical .

Although these limitations were known before the analysis described in Section IV

was performed, the analysis was necessary to quantify the effects. Based on this

7- ~~~~~~~~~~ - - -7- 7- 
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anal ysis, this annular geometry does not appear attractive for either generator or

pump operation.

The desired next steps in the liquid-metal MHD program are described

below.

V.1 Higher Vel ocities and Pressures

The motivations for tests at higher liquid velocities are to reduce the

sl ip loss due to the relative ohase velocities, as experimental research has

demonstrated that this loss can be decreased by increasing the liquid velocity ,3

and to test the generator at velocities typical of practical generators. In

the experiments to date exceot for a few recent runs, the liquid velocity has

been l imited to about 12 rn/s. The revised facility allows generator operation

at higher liquid velocities or flow rates and higher pressures. Testing of the

existing diverg ing channel will continue at liquid flow rates up to about

10.9 kg/s (200 gpm), versus the previous l imit of about 6 kg/s (110 gpm). Th is

genera tor was des igned for l ower velocities an d has an opera ting pressure ran ge

up to about 0.72 MPa absolute (90 osig), so that operation at higher velocities

will require a reduced magnetic field strength.

A new generator will be designed and built to utilize the ful l loop

capability of 10.9 kg/s and 1.48 MPa absolute (200 psig). This will allow

high velocities with high field strengths, and variation of the generator
pressure range with a maximum generator exit pressure of 1.14 MPa absolute

(150 psig). This generator will have a different taper to fit the different

design pressure ratio. Also , the maximum void fraction in the generator should

be increased--this will be aided by a reduced velocity slip ratio.
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V.2 Foams

The initial steps of the program to evaluate foams in MHD generators were

described in Section 11.3. In the next year attention will be focussed on

identifying surface—active agents suitabl e for NaK, and plans should be developed

for testing NaK foams in a generator. Bubbling tests with NaK and various

additives will be part of the screening program, along with measurements of

surface tension , viscosity, and wetting nroperties. NaK was chosen for the

initial tests because of extensive experience with NaK in generators, and thus

the ability to see the change in generator oerforrnance due to the use of a

foam in minimum time and for minimal cost. If the NaK test results are positive,

then effort will be directed toward finding foams suitable ‘for use in practical

MHD systems. Methods of separating the gas and liquid phases after the MHD

generator ‘for a foam must also be considered .

V.3 Improved Local Diagnostics

Improved local diagnostics are needed to obtain a better understanding of

two-phase flows in a magnetic field. The data to be measured include direct

local values of li quid and gas velocities, void fractions, bubble diameters,

pressures , and temperatures. Measurement techniques to be evaluated include :

(1) conductivity orobes, both single and multiple , for void fractions, bubble

sizes, and bubble velocities ; (2) hot—film probes for liquid and gas velocities,

void fractions, and bubbl e sizes; and (3) microthermocouples for gas and liquid

temperatures. These techniques have been used successfully for air—water two—phase

fl ows, but have not been tried with liquid metals or magnetic fields. Special

electronics and data-processing techniques may be required.
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This local data is needed to develop and evaluate improved analytical models

for two—phase flows, Section V.4. Thus, a program to develop the measurement

techniques should be initiated . First tests should use the air—water facility

described in Reference 4 before incorporation into the ambient-temperature

Na K-nitrogen loop.

V.4 Analytical Models for the Two-Phase Flow in the Generator

Further analytical studies on the two-phase flow in the MHD generator should

be carried out in parallel with the above efforts. The exoerimental data,

especially that from the Improved local diagnostics as it becomes available ,

will be used in developing and evaluating these models. The pr imary goals are

a better understanding of and model for the two-phase flow at high void fractions

in a practical generator. The conditions for transitions between bubbly,

churn-turbulent, slug , and annular flows at high void fractions may be explored .

Of particular importance are the effects on generator performance of velocity,

void fraction, and conductivity distributions across the channel , I.e., parallel

to either the applied magnetic field or the current. These have not been

included in any model to date except for a simole boundary-l ayer analysis.3

V.5 ~~~ rfect Compensation

Most analyses of two-phase MHD generators have assumed perfect compensation,

i.e., the genera tor curren t is returned through the a ir gap in the magne tic

circui t in such a fashion that the applied magnetic field is not changed by the

generator current. This may not be true in practice because of end currents,

non—uniform current distributions in the generator and/or compensating conductors,
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and compensating conductors that are longer than the electrodes as in the

present generator. The development of an analytical model for the generator

with imperfect compensation has been initiated. Future plans include experi-

mental verification of the model .
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APPENDIX A

SUI4IARY OF EXPERIMENTAL GENERATOR DATA

AUGUST 1975 TO SEPTEMBER 1976

Mass Flow Rate Magnetic Pressure Power
N Flux load Load Inlet ExIt o ~ Ut Average

NaK 2 DensIty Resistance Voltage U~P Void
Run m in B R1 0in rout e Fraction

Date tiia,ber (kg7s] [kg~s] [T] [me) [VJ [psia] [psia] [kW]

8—12—76 1 6.025 0 1.245 — .509 63.3 37.5 0 0

2 6.115 .0125 1.246 — .717 57.7 34.2 0 .277

3 6.025 .03175 1.244 .932 57.1 35.2 0 .480

4 6.025 .0507 1.245 — 1.102 59.5 36.8 0 .558

5 6.070 .0655 1.245 1.257 60.7 36.0 0 .652

8—16—76 1 12.140 0 1.245 — .996 88.7 31.0 0 0

2 12.095 .0135 1.235 — 1.316 74.3 26.4 0 .184

3 11.560 .0359 1.234 1.784 78.4 31.0 0 .450

8-18—76 1 6.160 .0351 1.235 .2706 .867 88.4 34.0 2.78 .495

2 6.003 .0516 1.238 .271 .932 92.6 36.3 3.21 .587

3 6.025 .0672 1.235 .271 1.010 93.5 33.7 3.76 .678

4 6.025 .0130 1.240 .2708 .665 80.3 31.5 1.63 .273

5 6.025 0 1.253 .264 .470 81.1 35.0 .837 0

6 6.025 .0654 1.235 .270 .931 77.0 18.5 3.21 .672

8—19—76 1 6.038 0 1.248 .2644 .476 65.0 18.3 .856 0

2 6.025 .01396 1.233 .2709 .852 70.7 15.5 2.70 .524

3 6.025 .0356 1.230 .2704 .725 65.4 16.4 1.94 .388

4 6.025 0 1.25 — .492 45.1 18.1 0 0

5 11.825 0 1.265 .982 64.3 15.5 0 0

6 6.070 .01231 1.236 .827 39.2 17.5 0 .435

7 6.025 .03078 1.235 1.102 36.8 21.7 0 .608
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Mass Flow Rate Magnetic Pressure
N Flux Load Load Inlet Exit ,~‘owe~’ Average

~aK •2 Density Resistance Voltage uUtp~ t Void
Run - in in B RL V ~jn pout ~e Fraction

Date Number [kg~’s] [kg~s] [1] (lnQ) [V~J [psia] [psia] [kW)

8—24—76 1 6.02 0 1.223 .240 .466 81.6 35.4 .903 0

2 5.98 .06838 1.222 .2468 .937 93.0 26.6 3.56 .621

3 6.07 .05049 1.227 .2475 .885 91.5 35.3 3.13 .547

4 6.025 .03512 1.227 .2471 .824 87.4 33.7 2.75 .477

8-25—76 1 6.025 .07792 1.225 .2461 1.003 95.3 37.6 4.08 .542

2 12.05 .06697 1.26 — 1.988 83.2 34.0 0 .394

3 6.025 .01372 1.225 .2441 .662 87.5 36.0 1.80 .161

4 6.07 0 0 — 0 31.8 31.7 0 0

9-2-76 1 12.09 0 0 — 0 32.0 37.5 0 0

2 6.025 .03564 .805 — .713 42.7 35.1 0 .574

3 5.98 .05139 .807 — .822 45.0 35.3 0 .637

4 6.07 .01 393 .806 — .544 43.7 34.3 0 .390

5 6.025 0 .808 — .313 44.3 32.2 0 0

6 12.09 .05136 .805 — 1.439 56.3 30.8 0 .438

9-9-76 1 12.09 0 0 — 0 33.3 38.0 0 0

2 5.98 .05797 .801 .866 40.5 36.4 0 .734

9-13-76 1 18.03 0 0 — 0 44.8 47.7 0 0

2 5.98 .09896 1.35 .261 1.008 97.7 34.8 3.89 .581

9—15—76 1 12.14 0 .805 .251 .617 78.0 36.3 1.52 0

2 11.91 .09533 .6 .260 1.160 74.5 28.4 5.18 .601

3 11.96 .07093 .595 .259 1.018 71.7 33.2 4.00 .511

4 12.095 .03175 .603 .259 .825 65.5 30.3 2.63 .389

5 12.21 0 .620 .251 .472 54.2 28.7 .887 0

6 6.025 .04863 .605 .259 .511 51.0 34.3 1.01 .546
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Magnetic PressureMass .low Rate Flux Load Load Inlet Exit ~~~~~~~~~~~~~ Average
NaK N2 Density Resistance Voltage ~~~ Void

Run i~ B RL VL ~in 
rout e Fraction

Date Number [kg~s] [kg?s] [T] [rnn] IV] [psia] Epsia] [kW]

9—17—76 1 6.151 0 .6 .250 .232 47.0 36.1 .215 0

2 6.002 .01261 .6 .255 .344 49.5 36.4 .464 .317

3 5.98 .03318 .595 .258 .451 52.0 36.8 .788 .520

4 6.07 .06330 .595 .259 .539 53.8 35.1 1.12 .610

5 11.915 .07023 .588 .373 1.068 64.2 32.0 3.06 .541

9-20—76 - 1 5.980 0 .599 — .238 43.9 36.6 0. 0

2 6.025 .0135 .613 — .403 41.8 35.4 0 .359

3 6.025 .0348 .598 .543 41.7 35.8 0 .585

4 6.025 .0502 .598 — .638 42.9 34.4 0 .637

5 5.98 .06378 .602 — .695 43.7 35.5 0 .726
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