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ABSTRACT

This report documents some specific features and characteristics of

Hartmatrn flows in the Faraday generator configuration concerning effects

• of longitudinal baffling along the insulating duct walls and, effects of

slip between gas—phase and 1i.iuid-’phase in the flow. It also contains an

ana]ysis of a compensating system of a Faraday generator as well as a one—

dimensional zero—slip model of a two—phase MilD flow through the generator.

Of the results we notice that there appears not to be any efficiency gain

by the insertion of longitudinal baffles. The slip model again seems to

over predict the performance of experimental generators by typically

fifteen to twenty percent within the raage of validity for approxima-

tions made. With respect to the compensated Faraday generator we are

able to show that one—dimensional models cannot adequately represent

• ir’teractions between flow and magnetic field in a finite generator, but

that three—dimensional effects must be taken into account. Finally , an

expression is derived for channel cross—section area as a function of

downstream distance to give optimum generator performance in the case

of zero slip between gas and liquid phases.
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Chapter 1

INTRODUCTION

Analytical and numerical studies on two—phase MilD—f lows in the

Faraday generator configuration have been in progress at University

of Florida since December , 1975. The studies have been aimed as a

complement to the experimental efforts that have been under way at

Argonne National Laboratory on liquid metal—gas MI-ID power generation

since 1969 .

The e f for t s  during the f i rs t  couple of years were directed to-

wards a better understanding of the basic principles involved in these

types of flows and to try to model some of these flow processes.

This is reflected by an annual report or. TWO PHASE HARTMANN FLOWS IN

TIl E MilD GENERATOR CONF IGU RATION , Department of Engineering Sciences ,

University of Florida , TECHNICAL REPORT NR 01—001, January 1978.

The coatinued efforts thereafter have been directed towards more

specific problems which have presented themselves as urgent and being

of vital interest in view of experimental results obtained at Argonne

National Laboratory and lack of analytical data in the literature.

Thus, one section of the present report concerns the effects of

longitudinal baffling of the generator duct as to prevent Hartmann

layer current short circuits. This was deemed an important issue in

view of contradictory statements in the l iterature. It appears our

contribution on this subject (submitted for publication in the Physics

of Fluids) should settle the dispute.

One of the main sections of the report is devoted to the effects

of slip upon the generator performance and how well the numerical

• analysis can represent and predict experimental data obtained. While

there still exist enormous gaps in the modeling of the behaviour

~-
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of voids in the liquid metal MilD flows, the presented computer modeling

does give much valuable information both quantitatively and qualitatively

with regard to experimental findings and their interpretation . -

The report also contains an analysis of an “one—dimensional” model

of a generator and its compensating system utilized for experimentation

at Argonne Nationa t Laboratory . While the computer model shows that

the assumption of a uniform applied flux density is satisfied to quite

a degree of accuracy it also shows that truly one—dimensional models

cannot adequately estimate interactions between fluid flow and magnetic

field in a finite Faraday generator. However, we have mana~ed to

developc an averaged Ampere ’s Law over the Hartmann generator

duct cross—section which can be used for sorts of one—dimensional

modeling of interactions between magnetic field and the conducting

liquid flow .

Finally, we have investigated the properties of a zero—slip

Faraday generator by an one—dimensional model, which then has been

used for the design of a generator of optimum performance all along

its duct l ength for several relationships between average conductivity

and void fraction.

This report concludes our research program on two—phase MilD as

directed by the Office of Naval Research , Material Sciences Division,

Power Program.

Here we would like to add a few comments on the potentiality of

Faraday machines for future development.

It is true that the two—phase MIlD Faraday generators of the kind

• that presently have been under study by us and at Argonne National

• Laboratory may not seem to harbor vast possibilities of improvement.

3
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Howeve r , the performance of such machines may possibly permit considerable

improvement by subpart i t ioning the channel duct as proposed in the report

mentioned previously (Elkins , Kurzweg, Trovillion , Lindgren , 1978).

It is our feeling that a limited study of the feasibility of such

MilD generators may produce interesting results and conclusions.
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chapter 2

EFFECTS OF LONGITUDINAL BAFFLING IN FARADAY GENERATORS

When a Faraday generator , sketched in Figure 2.1, is operated with

a nonzero load, part of the electric current generated by the core flow

will return through the load and part will return through the Hartmann

layers adjacent to the insula t ing  walls. The current returning through

the Hartmann layers represents a loss to the system , since it cannot be

used externally.

/
hLB

~~Xz ~
‘ ;at0( -

- - 1r15° 
‘ - -

Figure 2.1— Faraday generator of length ~, half—width b and
half—height a as oriented in the reference frame

x1,  x , x ,. lB indicates the direction of the
• 1 . 2 . ,

• magnetic field and Re symbolizes the external load.
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It has recent ly  been suggested (Yakhot and Levis , 1978) tha t  this

electric current can be at tenuated and the system e f f i c i ency  improved

by inserting in su la t ing  b a f f l e s  parallel to the flow along the in—

sula ting walls.  On the other  hand , Shercl iff  (1977) found that  such

baff les  will not in te r rup t  the H ar tmann  current and that  n~i ef f ic iency

gain can be obtained in this f.ishion.

~ll3

~~~ 
I Baffles

Figure 2.2— The Faraday generator equipped with longitudinal

baffles along the insulating walls.

- We have examined the problem for a range of moderate Hartmann

0 
- numbers, using a numerical integration scheme described by Trovillion,
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Kurzweg, Elkins and Lindgren (1979). In these computer model ex-

periments, we placed vertical baffles of zero thickness and various

heights along the center l ines of the insu la t ing  walls as show.i in Figure

2.2. The program generated plots  of current and velocity streamlines

and listings of power and efficicncy which could be compared to similar

systems without baffles.

The results of these computer experiments support Shercliff’s

work. Inserting a baffle into the flow in all cases was found to

decrease the efficiency by a small amount . This effect is summarized

in Figure 2.3 where the efficiency is plotted versus baffle height

for two sets of operat ing parameters . It can be seen that , as the

baffle height protrudes across the Hartmann layer , the efficiency de-

creases to a fairly constant level slightly below that for the channel

0.62 - 
-

>-0
~~0.6I

LLw

0.59 a

0 Oi 0.2 0.3 0.4 0.5
BAFFLE HEIGHT

Figure 2.3— Efficiency versus baffle height for a 2:1 Faraday

generator at a Hartmann number of 20 and a load factor

of 0.82. The baffle height is specified in terms of

• - half channel height .(The load factor  is the ratio of

the external , R
~
, to the total dc c ’ rical resistance.)
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without baffles. Then, as the baffle protrudes further, into the core

f l ow, the efficiency again begins to decrease more markedly.

• Figures 2.4a and 2.4b are first quadrant plots of constant velocity

contours ~~~ of electric current streamlines for an unbaffled , 2: 1

channel at a Hartmann number of 20. There is an equal velocity increment

between each velocity contour and an equal amount of electric current

flowing between each current streamline. Figures 2.9a and 2.9b are

plots for the same channel at a Hartmann number of 40. The Hartmann

layer in these plots is delineated by the regions of closely packed

contours along the insulating walls in Figures 2.4a and 2.9a and by

the near wall portior’s of the closed current streamlines in Figures

2.4b and 2,9b. Figures 2.5 through 2.8 and 2. lOa and 2.lOb show how

the velocity and electric current fields are affected as br. fles

extend into the flow.

With baffles of small height , the }lartmann layer is simply dis-

placed around the baffle (Figures 2.5a , 2.6a and 2.lOa) with a small

change in the velocity at the core. A portion of the current re-

turning through the ilartmann layer is likewise deflected around the

baffle (Figures 2.5b, 2.6b and 2.lOb), with the remainder looping

around to form a closed current loop between the baffle and the elec-

trodes. Such a structure does not exist in the absence of a baffle.

On the other hand , thc net percentage of current flowing past the

baffle is changed little by the presence of a small baffle . This is

reflected in the fact that the dist r ibution of curr en t streamlines alr~r~

the electrode is changed little and in the fact that the same number of

• streamlines pass the channel center with and without the baffle. Similarly ,

the structure of the current streamlines in the channel core is virtually

unper turbed.

8

-- -• -. - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~-- —
~~~~

—
~~~~~~~~~~~~

---— — -

- 

~~-~-:i 
•• --

•

~

- - - -
~~

- 
,- 

-‘
. .. -

~ 

-
- 

- - -i~~~~~~~ ’- . -~~ -

~

- --- .5 ~~~~~~~ ----- - - - - - —.-- —-  — - - - - -— — -5 --- - - -i---- - - - ____a_.___~~~~ _ -~~~~~ —



_ _ _ _ _  
- 

____ _ _ _ _  _
~~~~~~

- 
~~~
—

r SISUtITING IOt L ~wsotSfl5C ~~~L•N • 15 0 ~ i • Ii II 55 a IS . p.00 III 1-00 III 1.15 Ill SI • VS 0..

~~~~~~~~~~~~~~~~~~~~~~~ ;- _ ~ 
‘ 

~~~~~~~~ ~
• 0’~ •-

~s ~~~~~~~~~~ - - -

~~~~~~_——

a 
——

-ó -
—•~~~~~~~~~~~ —-—-—---———-—-—-•--—---——-5---—--—-—---—-

g 
___  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

[ , $ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

— i N  Sf0  050  011 00 .11 .51 . 75 5 iN  5.11 5 0 0  0 8  I I I  •.l0 S N  ‘ V S  i S(tIS I t I  Of CHRNN(L C FNI ( ~ Of CMfS NNIL

Figure 2.4a b.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ _ _ _ _ _ _ _ _ _ _ _

.5
., • . —

~~~~ 
- . . - - -- 

. . —5————

—
-5—

~

—
_
!

~

:00 S~f0 I~SI 5 7 5  SI S~II .8 :~ ~~ ~ ~~ •~~8 •
•
K

C( NT(f Of CHONNEL C(NI(I OF CNINN(L
Figure 2 .5a 

- 
b.

~~~iii ii~~E~~~~

:.~ 0.11 •~W 5 8  N I~ 15 75 S S .
1

a~l 5 a ~N I
h
15~~~~~~~~~~~~~~~~ I V S i~~

UN T O !  Of CHANNEl. U N T O !  O~ CNAIU I(L

Figure 2.6a b.

~~~~~~~~~~~~~~~~~~~~~~~~ 
L~~~~~~~~~~ ?4

.l ‘~~‘ . 
f a ’1t~ rI C 0 ~ N(L 

~~ ~~ • ‘~ ~ ~ ~ ‘a ~ Uau’tt~a ~ 
~~ a 11 00 • II S

Figure 2. 7a b .

~~~~~~ : _
~~~~~ i_~-

_ __- _ _ _j e  1$ 000 
( S~~~ NI~~ 

. 11  . 0 0  SI IS i C  Sal 5 0 0  ci~
h’
~. c~~~ all •~~ a S I  • 8

Figure 2.8~ b.

Text to Figures 2.4—2.8; See next page.
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Figures 2.9—2.10 a. Ve loc ity  contours and

b. Electric current  streamlines in the f i rs t  quadrant

of the generator duct cross section at a llartmann number of 40 and a load

factor of 0.86. Figure 2.9: Vnbaffled channel. Figure 2.10: Baffle

height 0.1 of half channel height.

For previous page-•

Figures 2.4—2.8— a. Velocity contours and

b. Electr ic  current stream lines in the f i r s t  quadrant of
the generator duct cross section for various baf f le  heights In the channel
at a Ilartmann number of 20 and a load factor of 0.82. Figure 2.4: Unbaff led
channel. Figure 2 .5: Baf f le  heigh t 0.1 of half channel height. Figure 2.6:
0.2 ; Figure 2.7: 0.3; Figure 2.8: 0.5.
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Extension of the baffles further into the channel leads to marked

changes in the flow structure. A low velocity region extends from the

baffle into the core flow, becoming more pronounced as the baffle ap-

proaches a quarter of the channel height (Figures 2.5a, 2.6a, 2.7a).

It may be thought of as an extension in the direction of the magnetic

field of the perturbed velocity field in the vicinity of the baffle.

A similar effect  occurring in large interact ion parameter flows is

described by Hughes and Young (1966) .

While core streamlines undergo deflections as they approach the

baffles, they are not much a f f ec ted away from the baffles. The net

percentage of current crossing the channel is for the case of baff les

a quarter of the channel height not much different from the unbaff led

case. Similarly, the structure of the electric current field in the

• Hartmann layer away from the baffles changes little as the baffle

height increases 3 but the thickness of the region of reversed current

flow (away from the baffle) is nearly the same for a baffle of a

quarter the thannel height as for no baffle.

1hose current streamlines which pass the baffle are crowded to-

gether as they do so. This effect can be seen clearly in Figure 2.7b,

but it is present in lesser degree for smaller baffle heights. As a

result , the electric current density is greater above the baffle than

in other regions of the core. The region with higher current density

experiences an excess retarding force and , as a result , the velocity

there is reduced. Also , ohmic dissipation is increased in this region.

In shor t , a baffling sys tem will neither block the return current

in the Hartmann layer nor improve the genera~.or efficiency . A no slip

viscous condition for solid boundaries implies a region of low velocity

and , consequently,  of low EMF , next to the insulat ing  boundaries
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through which a return current can flow . Note that one may also look

at the return current as driving the fluid in the Hartmann layer, so

bringing the high velocity of the core region in nearer to the

boundaries . This is seen as a Hartmann layer velocity gradient which

steepens with increasing HarLanann number.

Yakhot and Levin (1978) err in supposing that a baffle can change

the current distribution of the Hartmann layer without affecting the

velocity. The current and velocity are strongly coupled , and the

velocity field changes just sufficiently so as to maintain the Hartmann

layer electric current. But , while moderately siz~d baffles do not

improve efficiency , neither do they much degrade it. If it is for

some reason desirable to insert baffles into the generator, they can

be inserted without much lowering the system performance.
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Chapter 3

EFFECTS OF SLIP IN A TWO—PHASE FARADAY CENE RATOR

Slip between the gas and li q u i d  phases is an important ~tTature of

the two phase Faraday genera tor .  I t  arises as a result of zhe Lorentz

for ce ac t ing solely on t h e l i qu id  phase , so creating a pres~.ure

gradient  in the l iqu id  phase , and a “bouv ancv  for LY’ t in  any

en t r a ined  voids.  The vo ids  must  t h en  move rel . i t  lye t ‘ he I I qu id

phase In such a fashion as to bal aiice t h I s  bouyancv force.

Except at extremes of void f r ac t ion , there are presently no

purely ana ly t ic  descriptions of two phase f low (see Wall i s , 1969).

On the other hand , a number of well documented semiempirical  descrip-

tions exist whi ch , as noted by Elkins , Kurzweg, Trovill ion 3nd

Lindgren (1978) , may be applied to two phase magnetohydrodynamic flow

in a st raightforward manner.

If a two phase Faraday generator 1, run ~~~t large Hartmann number,

and if the liquid velocity does not change appreciably in the length

of the generator , then viscosity and inertia contribute negligibly to

the downstream pressure gradient .  In the generators studied at

Argonne National Laboratory (Petrick, Fabris , Pierson , Curl , FIscher

and Johnson , 1977) , for example , viscosity dissipates generally less

than five percent of the wcdtanica.i work done by the fluIds. By far,

the largest force acting on the liquid is the ponderomotive force.

Wi th these cons iderat ions, it is possibly to construct a sim-

plified force and mass balance suitable for describing such flows as

• P those encountered in experimental two—phase generators . For now, we

make the fur ther  assumption that  the system is perfec t ly compensated

13
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(Jackson, 1963) and that there arc no end currents. The resulting

model , while preserving the most important force and energy mechanisms ,

is simple enough to provide descriptions of flow in the two—phase

generator via numerical integration quickly and efficiently.

While flow in the experinental generators cannot be observed

directly , It probably moves within the “churn” turbulent regime

(Petrick, Fabrls, Cole, Hartmann , Pierson and Cutting, 1976; see

also Wallis, 1969 for a discussion of flow regime transitions).

Zuber and Findlay (1965) note that voids in churn turbulent flow move

at rates characteristic of bubbly flow voids , but relative to the

average volumetric velocity of the mixture. It remains to choose

an appropriate bubbly flow model. Wallis (1969) suggest that if

~ 2(~~
)
~~ 

(3.1)

where RB is a size characterist ic of the bubble radius , Y is surface

tension , and -
~~-- is the pressure gradient , ther~

½
U5,, = ( a x  ~

) 
(3.2)

p

where u~ is the relative velocity between the bubble and its sur—

rounding medium , and p is the density of the surrounding medium .

We take 0.01 tu as a probably size for the bubbles , 0.1 N/in for Y,

and 10~ N/rn
3 as a lower limit on -~~~~~- . This gives

• 

2(_~~ 
) 

.002 m C .01 in — R
8 ( 3 . 3 )
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Now, if U
L 

is the average liquid velocity, U
G 

is the aver age gas

veloci ty ,  and ct is the void f r ac t ion , then we have from Zuber and

Findlay ’s (1965) suggestion and equation (3 .2)  that

/~~~
P R \ ½

U
a 

— (u 1 (l— a) + u
s
a) = ( ~x B (3 4)

\~ L 0-
~~~ /

or

~~ ~~~~~~~ 2 
(l— c~

3 (3 .5)

where 
~L 

is the liquid density. This semiempirical slip model is

essentially the same as that  described by Pctrick , Amend , Pierson

and Hsu , ( 1970) . Note that  it loses val id i ty  for  su f f i c i en t ly  small

R or -
~~~~~, and also for non—churn turbulent  flow .B ~x

We also have the force balance equation (see Elkins et al 1978)

= -a B(E + u
L
B) (3.6)

where a is the conductivi ty of the dispersed liquid , E is the electric

field , and B is the applied magnetic flux density, and the two mass

• balance equations

= au
~ 

AkP (3.7)

(l—~) uL
Ap

L 
(3.8)

where and are gas and liquid i~--ss flow rates. A 1s ch~tine 1

area , and k is a proportionality constant relating pressure~ P~ and gas

mass density. Finally we have to specify some relation for the

dispersed liquid conductivity

• 
— f(l —a) (3.9)
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where is the conductivity of the pure liquid and f is a function

of the liquid fraction.

Several semiempirical relationships for the dispersed liquid

conductivity have been used in the experimental effort at Argonne

National Laboratory (Petrick et al. 1970; Amend , Cole, Cutting and

Pittenger , 1973). In our analysis we use

a = a
L 

(1—a)2 (3.10)

since it is close to the cited relationships and simpler in form.

The system of equations (3.5), (3.6), (3.7), (3.8), and (3.10)

comprise a complete set,oacc a functional form for A has been chosen

and E has been specified.  We chose , for ou’~ in i t ial  numer ical

modeling, a channel with the same dilliensions as the , so cal led , LT— 3

channel used at Argonne National Laboratory .

A large number of runs are documented for this device (Petrick,

Fabris , Pierson , Fischer and Johnson , 1978) . Its length is 0.385 m ,

its width (between electrodes) is 0.1016 m , and its height in meters

is given by

• 2h = 0.0141 + 0.0l29x (3.11)

where x is the downstream distance in meters along the channel axis .

Figure 3.1 is a sketch of this generator and its compensating bars.

We programmed the system of governing equations to be solved

i n t e rac t ive ly  in APL (see Appendix 1 for documentat ion) for given

values of inlet  pressure , gas (N 2 ) and l iqu id  (NaK) mass flow rates ,

terminal voltage, and flux density. The APL coding is designed so

that channel operating conditions as well as channel gecmetry and slip

model can be quickly and conveniently manipulated . Provisions for

nonconstant electric and magnetic fields are also included .
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GENERATOR.014t _ _ _  _ _ -  
CHANNEL

Fi gure 3.1— The LT— 3, N2—NaK , Faraday generator and compen-

sating system , at Argonne National Laboratory.

Measurements in in.

Figures 3.2 through 3.20 reprc~;ent several “runs ” by the computer

model generator under different operating parameters . Be!ore dis—

cussing these diagrams, a note is in order concerning the interpreta—

tion of efficiency for these systems. Compare the two phase generator

to an lsothecmal expansicu of a fixed m.tss of gas in a ~yiinder closed

at one end against a frictionless piston coupled to an ideal (conven—

tional) electric generator.

Finite conductivity of the liquid in the two phase system

p - corresponds to a less than ideal generator in the piston system.

Losses occur as electric current passes through the l iquid phase

• .-  ~~~~~~~~~~~~~~~~~~~~~~ — — 
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( through the windings of the  convent ional  generator) . These losses

could be minimized wi th large l lar tm aon number , hig h voltage , and optimal

loading and could , in princi ple, be held to a few percent (Hughes

and Young, 1966).

Nonuni form velocity in the two phase system will always lead to

a less than optimal loading condition . This is analogous to two or

more piston/generator systems connected in parallel , but operating at

different speeds. The faster generators will to some extent drive

the slower ones, with the result that both fast and slow generators

operate under less than idonl loading. Thus, in the two phase system ,

the faster moving liquid generates power partl y to drive the slower

moving liquid with additional Joule losses in both processes. This

point is discussed further in Chapter 5.

Slip losses in the two phase system are analogous to a leaky

piston. As gas leaking by the piston no longer works against the

piston , gas slipping by a liquid particle no longer works against

that portion of the liquid . Both processes represent irrecoverably

losses. Two phase slip losses increase with increasing pressure gradient

and increasing void fraction (Wallis , 1969).

Several matters bear on the definition of efficiency of the two

phase generator . First , the cycle efficiency cannot be determined

• without specifying the manner in which heat is rejected from the gas.

One can only calculate a component efficiency for the generation of

electric power from a reservoir of high pressure fluid. Next, the work

of pumping the liquid phase from outlet pressure to inlet pressure

represents an appreciable portion of the system’s energy budget.

0 Two schemes have been suggested (Petrick et al , 1970) that might

18
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supply this pump ing energy . One would use part  of the power from the

• generator to run an electromechanical or MIlD pump . In such a system ,

the useful  power available from the generator is the total power

• less the pun’p power P~ . We define a net efficiency ri

= .F
T ! (3.12)

where P~ is the power available in expanding the gas isothermally

between the inlet and outlet pressures. It is clear from equation

(3.12) that a high net efficiency deman ds  that P1, be minimized ,

either by decreasing the re.Iitivc amount  of li quid (increasing the

void f r a c t i o n )  o r b y na r r ow i n g  the rulat i~ e di Ifercuce between the

inlet an ti out le t  pressures.  A n o t l i - :  s i l icr ie  would accelerate the gas/

liquid mixture in a nozzle alt er it has left the generator and subse-

quently convert to pressure energy the kinetic energy thus imparted to

the liquid phase. More wor1~ must he done in reconipressing the gas

phase tha n In t h e previous system , and the li quid must be pumped

through a larger head , but if the nozzle extracts power from the gas

more e f f i c i en t ly than does the generator , then a n o z z l e/ d i f f u s e r

system may he more efficient overall. We note that , since void

fractions arc larger in the nozzle than in the generator , slip losses

are likely to be larger in the nozzle than in the generator (Wallis ,

1969). In any case , we define a gross efficiency flg

_______ 
(3.13)

g - 

~G 4
~~P

which corresponds to the generator efficiencies reported at Argonne

National Laboratory (Amend et al, 1973) . It must be remembered that

0 relatively more electrical power is required to pump the f lu ids  in the

nozzle system than in the electromechanical system , and fl i s therefore
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an in complete  cha rac te r i za t ion  of energy usage in the generator.

Figures 3.2 through 3.12 i l l u s t r a t e  channel operation at a

liquid mass f low ra te  of 15 kg/ s , an app lied consta nt f lux  density

o f 1.2 Tesla , and an inlet  pressure of 6.10 5 N / m 2 . The ni t rogen

mass flow ra t e  var ies  from 0 .2  to 0.3 kg/ s .

~~2O GAS FLOVI (Kg/~,)

0

\ .~U) 15

• ~

o

Io_

IO~ 3 6 IO~ 3 6 10 2 3 6
LOAD RESISTANCE UL)

• Figure 3.2— Net power versus load resistance for liquid

flow r ate  15 kg/ s ;  f l u x  densi ty  1.2 T; and in le t

pressure 6— 1O~ Nm 2 ; and various gas f low rates.
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~ ~O .2 .3 GAS FLOW (Kg,5)
a.

a- ’-..

a-
• x

-j

~~2 . .
lii i—

0
-j

• 
_ _ _— 

I I 
— 

I T~~~ 1 1 ~~1 
— i= ~• IO~~ 3 6 iO~ 3 6 10 2 3 6 10

LOA D RESISTANCE ~2)

Figure 3.3— Li q u id pump power versus load res is tance  for
li quid flow rate  15 k g/s ; f l u x  dens i ty  1.2 T ,
• 5 2in le t  pressure 6.10 N/ rn

Figure 3.2 is a plot of net power ( e l e c t r i c a l  power de l i v e red

minus liquid metal pump power) versus load resistance. At higher

powe r levels , t he net powe r decreases rapid ly  wi th  increasing load

resistance . Increasing the gas flow rate has the e f fec t  of increasing

the power level for a given load. This r e f l ec t s  t he  increase in liquid

velocity with increasing gas flow rate. It is interesting to compare
0 -

the liquid metal pump power, Figure 3.3 , wi th  F igure  3.2. The pump

21
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power can he seen to increase with increasing net power and decreasing

• load res is tance .  Th is occurs since the heavier loading leads to a

steeper pressure gradient in the channel  and a larger pressure

d i f f e r e n t i a l  which the li quid must be pumped t h rough.

Fi gure 3.4 is a p lo t  of gross e f f i ~ ..nev  vs. load r e s i s t ance .

Note  that t he  peak e f f i c ien c y  is b etween 85% and 90% for  the  en t i r e

range of gas flows . This compares to peaks of around 50Z to  60%

reported for exper imenta l  gene ra tors  ope ra t in g  at Argonne National

Laboratory under similar condi t ions (Petrick et al , 1978). Hartmann

layer dissipation a cc a u nt s  f o r  the  d i s c r e p a n c y .  Peak ~~oss e f f i c i e n c ie s

in the m a t h e m a t i c a l  model occur  fo r  very l i g h t l y  loaded genera to rs  and

low power ou tpu t s  (see Fi gures  3 .4  and 3. 5) .  W i th  s i m i lar  loading , a

real g e n e rat o r  would  exper ience  viscous and Jou le  d i s s i pa t i o n  in the

H ar t m an n  layer  comparable  to the  power de l iver od  to  the  load .  In

order to overcome t i m e  i ia r tm a nu  layer  losses , a rea l  gen er a t o r  must

be run at a r e l a t i v e ly hi gh power level .  Th us, we f ind  the  exper i ricnta l

generators at Argonne National Laboratory peakiag in gross efficiency

at heav ie r  loads than  are ind ica ted  by the inv i sc id  model presented hero.

For heav ier  l oa d i n g ,  the  i nv iscid  model  is a much b e t t e r  p red iet cr

of the  p e r f o r m a n c e  of t h e  expe r imen ta l  g e n e r a t o r s .  When l oad ing

and i n p u t  1)aran ~c ter s  ar e.  simulated for such cases ( P e t r i c k  et al , 1978) ,

overall power levels are much larger than U a r t m an n  layer  d is sip ar ~~on.

tinder these condi t ions , the  model ov er p r e dict s  the  gross power output

typ~Ical ly  by f i f t e e n  to twenty percent .

Figure 3.5 shows the  net e f f i c i e n c y  as a f u n c t i o n  of load resistance.

• These curves can be gene rated , roughly , by multiplying the gross effici—

• encies of Figure  3. 4 by cons tan ts .
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~~
)

Figure 3.4— Generator gross efficien cy versus load resistance for

liquid flow r:ite 15 kgfs ; flux density 1.2 T; inlet

pressure 6 . l0~ N /rn 2 . M~ is th~ gas flow rate in kg/s.

.6-

1:
. 0  I 1 ~I• IO~ 3 6 IO~ 3 8 1O~ 3 6

LOAD RES STANCE (Q)
Figure  3.5— Generator  mic t e I tie i oricy mmdcc Identical rend it ions as

illustrated In F i g u L o  3 .4 .
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Note t h a t  the  gross e f f i c i e n c y  curve for  gas f low ra t e  0.2 kg/s

would be m u l t i p l ie d  by a smal ler  cons tan t  than  the curve for  gas f l o w

ra te  0 .3  kg/s , r e f le c t i n g  the  smal le r  void f r a c t i o n  and r e l a t i vely

larger pump work of the 0.2 kg/ s case. Note , too , that for heavier

loads , the net e f f i c ien c y  drop s to less than  f o r t y  f ive pe rc en t .

This neg l ec t s  those loss mechanisms accoun t ing  for the disc repe n cics

between r ea l  and in v i sc id  model gross e f f i c ien c i e s ,  and it assumes

tha t  the  I ~quid me tal can he pumped wi th  no losses. Ne t  e f f i c i e n c y

of a real  generator wi I 1 be according 1 y lower.

Figures 3.6 th rough  3.8 p o r t r a y  channelwise  v a r i at i o n s  in some

flow parameters for a gas flow r a t e  of 0.3 kg/s. These results are

typical .  of f lows under  most cond i t ion . In Figure  3.6 , no te  an inc rease  in

pr essu r e gradient with decreasing load resistance. Decreasing the

• load .decreases the electric field and so increases the magnitude of

t he  Lo ren t z  fo rce .  For a load res i s tance  of 0.0004 1 ohm the  drop in

pressure  is s u f f i c i e n t  to expand the  m i x t u r e  to a very large void

fraction , Figure 3.7 .  The resul t  is a la rge  li quid ve loc i ty  and a

large p r ess u r e  drop near the channe l ex i t .  S l i p f or t h is case ,

Fi gure 3.8 , also rises sharp ly nea r  the  ex i t , as should he expected fo r

a l a rge  void f ra c t i o n , l a rge  pressure gr ad i e n t flow . For a load of

0.0044 o lm m , t h e  li qu i d v e l o c i t y  drops enough tha t the  pr e s su re

gradient reverses near the  exit  (Fi gu re 3 .6) .  The s l i p over th i s

region of t he  channel  drops below un i t y .

FIgures 3.9 through 3.14 represent channel operation at a

liquid flow rate of 8.0 kg/s, an inlet pressure of 10
6N/m2, and a

uniform magnetic flux density of 0.3 Tesla. Nitrogen flow ranges

• from 0.2 kg/ s  to 0.45 kg/s .
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DOWNSTREAM POSITION (m)

Figure 3.8— Slip ratio versus downstream position In

generator channel. Gas flow rate 0.3 kg/s;

• 
li quid flow rate 15 kg/n; flux density 1.2 T;

and Inlet ir~~~u~~ 6 .l 0~ N/rn2, under various

load Ft’s I s t a m m c o s .
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Figu re 3.9 shows t ime  v a r i at i o n  of load volt :agc as a lunction of

load res i s tan ce .  G e n e ra l l y ,  as the load resistance increases , the

voltage approaches some constan t  value . This behavior  is typical

of Faraday g e ner a t o r s  (Hug h es and Young,  1966)

1.0-

.45
.&

- I0~ 3 6 3 6 IO~ 3 6 10
LOAD RESISTANCE (~2)

Figure 3.9— Load vo l tage  Versus load res i s tance  fo r  l i qu id

flow rate 8 kg/s; flux density 0.3 1; and Inlet
6 2

pressure 10 N/ rn . M
G 

is Nitrogen mass rate

flow in kg/s.

p
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In Figure 3.10 the net power h a s  been plotted versus load volt-

age. As might  be expected , mo re net power is a v a i lab l e  wi th  hi gh gas

flow rates .  But for  small load voltages , no advan tage  can be

8-

GAS FLOW ( Kg/5 )

~ 6-
2

>c
C,)

.40

•2ç 
2~~ 

~~~

LOAD VOLTAGE -
~~~~~

• FIgure 3.10— Net power versus load vo l t age  for  the flow

cond ition s docum ent ed in FIgure  3.9.
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gained by increasing the gas flow . This occurs as a resul t of the

large pressure gradients of small load voltages leading to large

slippage losses for large gas flows . Figure 3.11 shows the loss

in efficiency caused by this e f fec t .

.6
GAS FLOW (Kg/i)

z. .
Ui
C)

~~4.

4 Ui

.20 .25 .30 . .40 .45

2 1 -f--—— — —I —

.2 .3 4 .5 .6 .7 .8
LOAD VOLTAGE

Figure 3.11— Net efficiency versus load voltage for the same

• generator , under the same flow conditions as —

previously, i.e. liquid flow rate 8.0 kg/s ;

flux density 0.3 T; and inlet pressure io6 N/rn 2 .
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Figure 3.12 shows how the power required to pump the NaK in-

creases with decreasing load voltage. The pump power increases with

• the flow rate of Nitrogen . This is so because the net power of the

generator exhibits increasing optima for increased load voltage and

gas flow rate by certain ratios. This tendency breaks down at

load voltages below “~ 0 .3V as indicated in the diagrams of Figure

3.12 where the curves intersect each other.

l0-
Cp,J
2

U)
F-

\ •o 4~ GAS FLOW (Kg/s )

.45

• 

.2 .~~~~ 4 ~~
- LOAD VOLTAGE

Figure 3.12— Liquid metal pump power versus load voltage

p at a NaK flow rate of 8.0 kg/s; flux density
• 0.3 T; and inlet pressure 10

6 N/rn2.
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Figures 3.13 and 3.14 illustrate strearnwlse dependence of gas

and liquid velocities and of electric current density for different

load voltages.

25 GAS
LI QUID

LOAD VOLTAGE
%

S S ~S
5

%

~~S 
~~20— 5
.U) 5,

~~~~~~~~~~~~

.

‘5.

10 1 I

0I .2 .3 4 •

DOWNSTREAM POSITION Cm )
Figure 3.13— Fluid veJocity versus downstream distance In

p the generator duct  for  gas f low rate 0.35 kg/s ;
liquid flow rate 8.0 kg/s; flux density 0.3 T;

and In l e t  pressure  io 6 N/rn 2 .
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Since ef f ic ient  operation of Faraday generators (at large Hartmann

number) requires that the applied electric field E be nearly equal in

magnitude to the induced electric field uLB (see equation (3 .6 ) ) ,  small

variations in uL can lead to relatively large variations in current

density. This e f fec t  is evidcnt in Figures 3.13 and 3.14. The

curves for a load voltage of 0.52 is interesting from a physical stand-

poi nt : no te that there is a si gn chang e of the press ure gradient where

the current density changes sign and that, at the same place, the

gas and liquid velocities are equal . (Compare Figure 3.13.)

• ~~~~~ LOAD VOLTAGE

• DOWNSTREAM POSITiON Cm )
p

Figure 3.14— Electric current density versus downstream

distance in the generator duc t .  The same flow

conditions as documented in Figure 3.13.
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Figures 3.15 through 3.17 i l lustrate the effects of variation

of applied flux density for fixed inlet pressure and fluid flow rates.

It can be seen from Figure 3.15 that an increase In flux density at a

fixed load resistance results in a higher net power level.

~ 6 2.4 FLUX DENSITY (TESLA)

$2 \
cr 4

3 6 IO~ 3 6 ,0 2 3 6 10
LOAD RESISTANCE (fl )

- I Figure 3.15— Net power versus load resistance for gas flow
a rate 0.1 kg/s; liquid flow rate 8.0 kg/s; inlet

5 . 2pre~su&t~ 3.10 l~/m ; and various fLux densities

0.6 — 2.4 T.

Changes in flux density affect the efficiency , Figures 3.16 and

3.17, much as did changes in gas flow rate in the previcus examples.

For a given flux density, there is an optimum load , and for a given

load there is an optimum flux density. 
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LOAD RESISTANCE (~2)
Figure 3.16— Gross e f f ic iency  versus load resistance for gas flow

rate 0.1 kg/ s ; liquid flow rate 8.0 k g / s ;  inlet 
-

pressure 3.l0~ N/rn
2
; under various flux densities,

B (in Tesla). *

7. FLUX DENSITY (TESLA)

-

~~~~~ 

-

i 

3 ib2~~~~~~~~~~~~~~~~~~~
LOAD RESISTANCE U2)

Figure 3.17— Net efficiency versus Load resistance under the same
generator couditions as in Figure 3.16.
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In summary , the model generator , considered here , has a maximum

gross efficiency for all cases examined of around ninety percent and a

maximum net e f f ic iency  of around s ixty percent . These maxima occur at

very low power levels corresponding to small pressure gradients.

The physical interpretation for this is that slip losses are least

at small pressure gradients. Efficiency tends to be higher , too,

when the liquid velocity is nearly constant throughout the channel.

In that case, the channel operates under uniform loading conditions .

However , the losses of a real generator can exceed the low power

output of the most efficient inviscid generator described in the last

paragraph. Consequently , a real gene rator is most efficient under

heavier loads, loads which correspond in the inviscid model to a gross

efficiency of around seventy percent and a net efficiency of around

fo r ty  percent .  This neglects viscous losses and losses due to three

dimensional effects and end effects. The expe r imental  ge’~erators at

Argonne National Laboratory have a maximum gross efficiency of around

sixty percent. The maximum net efficiency is, therefore , around

thirty percent . Additional friction losses will be incurred in

pumping the liquid and gas. Note that these efficJ.encies describe

losses Inherent in the turbine/generator mechanics and do not include

the thermodynamic efficiency of the gas eycle.

Pressure d i s t r ibu t ions  and power ou tpu t s  predic ted  by the pre-

sented model re f lec t  many features  of the experiments carried out at

Argonne National Laboratory . The model fails at large load resistances,

but that was anticipated and , in any case, is outside the region of

interest for practical power generation . More importantly , the model
p

does appear to represent a valid upper limit on the efficiency and

power output  of the  real generator .
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On the other hand, the predic tions by the model of void fraction ,

velocity and su p  do not generally agree with the experimental data.

This is cause for concern , since these parameters are important in

component design (see the discussion of constant velocity generators

in Chapter 5 for example). There is evidence of a source of error

In the gamma ray attenuation technique used at Argonne National Labora-

tory to measure void fraction and to infer velocity and slip. Analysis

of such a system by Hooker and Popper (1958) indicates that void

distribution must be taken into account when the gamma ray attenuation

technique is used. The reported measurements are based on an assump-

tion of uniformly distributed voids, while in fact there is probably

a large .degree of slugging present (see Wallis , 1969 for a description

of churn turbulent  flow) . As a result , the published void f rac t ions

could be as much as twenty or thirty percent too large.

Equations (3.7) and (3.8) can be used to estimate the error in

slip arising from an error in measured void fraction. We have for the

slip S

s _____ ~L( l— a) (3.14)
U

L 
Pkct

Differentiate with respect to U to get

as 
_____ 

—2 (3.15)

* 
- - U

From equations (3.7) and ( 3 . 8 )  we have

as .(3.16) -

q~Pk 1—a

p

3o

_ -—--_ _ _
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so that equation (3.15) becomes

• S (3.17)
- -

Equation (3.17) gives a formula for estimating the relative error

As
in the slip -

~~
-

-~~~~~ z — _____ (3.18)
S cz(l—ci)

This formula indicates that the slip reported for the experiments at

Argonne National Laboratory may be as much as fifty percent in error.

Such an error may explain some of the anomolous slip behavior documented

in ANL reports , where slips less than unity have frequently been

noted for large upstream pressvrc gradients (see, for examp le , Petrick

et al, 1978).

In the same fashion , the experincntal reports pr bably overesti-

mate the average velocity of the liquid phase. Although the relative error

of the reported velocity would not be so large as that of the slip ,

the effect of that error could be large. This is true since, at large

load factors, the Lorentz force is very sensitive to velocity changes.

p
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Chapter 4

ONE DIMENSIONAL MODEL OF A COMPENSATING SYSTEM

OF A FARADAY GENERATOR

Up to th is point , the magnetic  flux has been assumed to be uniform

as applied . This is equivalent to assuming that every point in the

channel  is perfectly compensated , and is a necessary condition for

optimum efficiency of generators being reported here (Jackson, 1963).

Electric current in the LT— 3 generator at Argonne National Labora-

tory is re tur ned in  the  external circuit through uniform compensating

bars above and below the channel (see r lgurc 3.1) . Since the current

is no t produced un if orml y al ong the channel length and since the

compensa ting bars are some distance removed from the channel. The

system is not perfectly compensated.  In order to evaluate the e f f e c t s

of imperfect compensation , we have developed an averaged Ampere ’s l aw

su i t ab le  fo r use w i t h  our one dimensional model. Ampere ’s law can

be w r i t t e n  (Ilo lt  and }b~skell , 1965) :

B ( x ,y , z)  - 

~~

° f f f (~ ) J , dx’ dy’ dx’ (4.1)

whe re x x 1, y=x2, z=x3 as shown in Figure 2.1. is the component

of the f l u x  density in the direction of the applied flux density, p
~

is the pe r m e a b i l i t y  of f ree  space , and J is the  current  densi ty .

The in teg ra t ion  takes p lace ove r the en t i re  e l ec t r i c a l  c i r c u i t .

To reduce equation (4.1) to a one di mensiona l fo rm , we ave r age

ov e r y a nd z

I
y

(X) — 
l6itwh(x) fj Jj j  (x~

_x ) 
J1edx ’dy’dz ’dydz (4.2)

where w~b is the half width between electrodes and h (x)=a , is the

half channel height (see equatIon 3.11).
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It is convenient to wr i t e  equat ion  ( ‘p . 2 )  as
- P C
B (x) — — 

e 
~ 

K(x ’,x) .1 , (x ’) d x ’ (4.3)
y 4ir Jx ’ Z

where

K(x ’, x) = 
(x ’— ::) f f f f .._!~~ dy ’dz ’d y dz (4 .4 )
4wh(x)  ./y ’Jy J z ’Jz  r

with

r = ~(x~ x ) 2 
+ ( ) 2 + (z+z ) 2) 

½

The integration in equ ation (4./i) over y, y~ , and z ’ , although

P cumb ersome , Is straightforward .

K(x’,x) = ~w f [ t~~](( , ) 2 2  F 4~~ 2)i )
~

(
x_ x  ) tn (((w_z) + (x’—x ) +4h ‘) + (w—z)\ d-’
h 

~ 
((w z) 2 + (x1 _x)2)~~

+ (w—zr~~,/

Final integration over z we haVe done numerically. Note that K(x’,x)

need be de te rmined  only once for  a given channel  and compensat ing

system. T h e rea f t e r , i t can be used to evalua te ~ for any current

dis tribution in that channel. The numerical val ues of K(x’ ,x)
I

are listed in A p p e n d i x  2.

I n our analy s is , we conside red onl y the cu r ren t  f lowing  through

the channe and t h rough  the compensating birs as c o n t r i b u t i n g  to the

induced magnet ic  f i e ld .  Under  those cond i t ions , we f i n d

~ (~
) = B (1 + ~~ f~E+F 1 .’)_

~~
,
~’)] ~ + u~~’)j d~~’ (4 .6)

where is the (lvcra:c~aPPl ied magnet ic  f ie ld ,

p
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and d is the compen sat ing  ba r t ickness,  RH 
is the magnetic Reynolds

number

R
N 

= U f O
LP e

with u the average ve loc i t y in the  x — d i r e c t l o n  w h i l e ,

C = + (4.8)

and

F(C) =f K(~ ’.C) dç’ (4.9)

For a given set of ~‘~ nerQtor oj)erating parameters , equa tion

(4.6) can be solved iterativel y to determine flow c o n d i t i o n s .  We

start by *the i n p u t  of a c o nst a n t  f lu .  d e n s i t y  and cal c u la l i n g  the

resultant current distribution . A corrected flux density is then

* 
c.dculated via equation (4.6), and the  process repeated until

satisfactorily convergeJ. in most cases , we f o u n d  th ree  or fo ur

iterations were sufficient. Table 4.1 decum ents  the computer  r esu l t s

for  the  compensated channe l .  The results arc typical in that  the

compensation of the LT— 3 generator at Argonne N at iona l  Laboratory

is qui te good. Note that , in sp i te of the fac t tha t curr en t densi ty

varies by a factor of twenty, over th e length of the channel , the

m agnet ic  f l u x  dens i ty  var i e s  by less t han  one t en th  of one percent.

In none of the cases we examined did the  m a g n e t i c  f l u x  dens i ty  vary

by as much as one percent  ove r the l en g t h  of the channel. Except

at very low power levels , efficiencies for the most extreme cases

were never less than ninety eight percent of those for perfectly

compensated cases. It is clear f rom these computer tests that one
p

need not Inc lude  a magnet model in the description of the LT—3
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Position Pressure Void f ract ion Current d~nsity Actual flux
(in) (N/rn2) (Amp/rn ) (B/li )

0 10 lo~ .656 6.14 •1O~ .9965

.077 9 .52~ 1O~ .672 4.09 .10~ 1.0006

.154 9.15~ 1O~ .689 2.32 •l0~ 1.000 7

.231 9.OO lO~ .700 1.44 .]Q~ 1.0006

.308 8.O9~l0~ .713 O.678.l0~ 1.0002

.385 8.85•1O~ .727 0.390•i0~ 1.0000

Table 4.1 Effects of Imperfect compensation in the two—phase

LT—3 generator ~ t Argonne national Laboratory. NaK

flow rate 8.0 kg/n; N.~ flow rate 0.3 kg/s; terminal

voltage 2.]V; applied flux density 
~~~~ 

1.2 T; load

resistance 1.42 m~l.

generator at Argonne. Assumption of a un i form appUed flux density

is a minor source of error.
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Chapter 5

ONE DIMENSIONAL MODEL OF A ZERO SLIP

TWO PHASE FARADAY GEN ERATOR

An ideal two phase Faraday generator would operate with no slip

between the gas and liquid p!-ases. How such a flow might be attained is

not clear , but elimination of slip constitutes elimination of an im—

portant loss mechanism . It is useful to study a zero sli p model , since

by comparing it to a model with slip, one can get a handle on the

energy cost of the slip.

As before, we neglect the contributions of viscosity and inertia

to the downstream pressure gradient and assume pe-tfect compensation

and no eiTd losses. The governing eq~iations for a one dimensional ,

zero slip model are then

A(l—cz) U
LPL 

(3.8) 
-

= Aau~ P k  (3 .7)

= — aB(E + u
L
B) (3.6)

a = e
L 

f(1— a) (3.9)

Note that the velocity ,

u u
L u

G (5.1)

is the same for  both  phases. As in Chapter 3, f( 1—~ ) is a

semiempirical function relating liquid fraction and liquid conductivity

to dispersed liquid conductivity.

These assumptions lead again to a model that is easy and efficient

p 
- 

to examine in terac t ive ly  with a computer , and which preserves the major

force and energy mechan i sms  of a zero slip  system.

42
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Figures 5.1 through 5.4 illustrate the operation of a zero slip

generator with an app]ied flux density of 1.2 T, a gas flow rate of

0.1 kg/s, a liquid flow rate of 8.0 kg/n , and an inlet pressure of

3.l0~ N/rn2 . These are the same operating conditions as for one

of the examples In Chapter 3.

8-

1.2

C/)

8~~~.6

3 6 I0~ 3 6 10 2 3 6 IC
• LOAD RESISTANCE (Si)

Figure 5.1— Net power versus load resistance for a zero slip

genera tor , corresponding to the LT—3 generator

at Argonne National Laboratory operating under the
sage condi tions as illustrated by Figure 3.15; gas

P flow rate 0.1 kg.’s; l iquid flow rate 8.0 kg/a ; inlet

pressure 3.10~ N /in2. Various flux densities B

(in Te~la).

43

_ _ _ _ _  _ _ _--

—~~~~~w—-, ‘-~~~‘.. ~~
. 

~~~~~~~~~~~~~~~~~~~~~~ 
~~~~~ ~~~~~~~~~~ ----_._-- --- -~ — — — — —— - - -



-- —----—

1.0-

>-
0~~~z.
LU
C)

Li~LU. -

C/)
C/)
0

B: .6 1.2 1.8

.6 
~~ 

1 3 I 1 2 1
10 3 6 10 3 6 10 3 6 10

LOAD RES ISTANCE (Si)
Figure 5.2— Gross e f f ic iency  versus load resistance for the zero slip

generator at a gas flow rate 0.1 kg /n ;  liquid flow rate

8.0 kg/s; inlet pressure 3.10
5N/m

2
; under various flux -

densities B (in Tesla).

7
>-

a C)
z

4 LU

LU

j
z B = .6 I

1.2
- 

. 
1.8

1 I 3 I I I ‘10 3 6 1 0  3 6 I 0~ 3
LOAD RESISTANCE (Si)

Figure 5.3— Net . efficiency Ver sUs load resistance for the same flew

cases illustrated in FIgure 5.2.
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The major difference between the case with slip and the case

without  Is that the effic: ency and power level are both higher without

slip. Note in Figure 5.2 that the gross efficiency can approach unity.

This occurs when the li quid passes through the generator at near constant

velocity. The peak gross ef-icicncy for the no slip case occurs at a

smaller load resistance and 1-; more sharply demarked than for the slip

case (compare to Figure 3.16). The difference can be attributed to the

fact that slip losses, when ti c y  occur , are larger for smaller load

5-

- 1.8
LU

~~4.

0
> 3. — - —

2-

B = ~~~~~~~~~~~~

1 I ~~ I 1 -T

IO~~ 3 6 IO~ 3 6 10 2 3 6 10
LOAD RESISTANCE (Si)

Figure 5.4— Load voltage versus load resistance for the no slip
generator at a N

2 flow rate 0.1 kg/s; NaK f low rate
p 8.0 kg/s; and Inlet pressure 3 • ] Ø 5 N/rn 2 tinder various

f l u x  dens i t ie s  B ( I n  Tes la) .  These arc ~~~~~~~~~ f low
cases as sp~-c t i ed  In Fi gures 5.1 — 5.3.
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resistances. The net eff iciencies with  slip (Figure 3.17) and with

no slip (Figure 5.3) differ in much the same manner as do the gross

efficiencies . As a result of better coupling and better efficiency ,

power levels are higher with out s l ip (Figure 5.1) for a given load

or a given efficiency (compare to Figure 3.15). Figure 5.4 plots

load voltage versus load resistance. Note that the voltage is nearly

constant for this case over the entire range of interesting loads.

If viscosity is neglected , Joule losses are smallest when the

electrically conducting liquid moves at the same velocity everywhere.

This can be shown through variational principles (Medin, 1965) and

is easily understood through physical arguments. Consider a generator

in which ~the velocity is not constant .  The pressure gradient and

current density are everywhere linear functions of the velocity,

but the dissipation is proportional to the square of the current

density. Consequent ly, in the neighborhood of a nonuniforAn velocity

distribution , there is another distribution with the same Integrated

total current and pressure drop , but with less internal dissipation .

In the zero slip system of this section , Joule losses are the only

losses , and th e most ef f icien t generato r is therefore a constant

velocity system.

By f ix ing  the velocity u and t r ea t i ng  A (x )  as an unknown , the

system of equations (3.6), (3.7), (3.8) and(3.9~, n o t i c i n g  (5.1),

can be reduced to a single non l inear first order differential equation

for A(x) giving a constant velocity distribution . We find

1 —2 dA*
1 

~ 

(A* — 1) d~ 
— 1 (5,2)

L A*J
p

4b

—-•

~~ 
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where
kuaLB (E+uB)

x (5.3)

is the dimensionless channel coordinate , and where

AUPL
A* = (5.4)

is the dimensionless area.

Equation (5.2) has closed solutions for  a number of function

forms for  f ( l— ci )  of expression (3.9) .

In case of f ( l—a )  = (1—a ) 2 , i.e.

— °L (1—a) 2 (3.10)

which is the relationship used in the modeling of the LT—3 generator

in Chapter 3 and in the evaluation of experiments with  this  generator

at Argonne National Laboratory , one obtains:

A*_l 1(A*_ 1) + 2 
~ 2 

— A*_1 = ~ ~~~ C (5.5)

where C is a constant of integration .

In case of a d i f f e r e n t  choice :

f ( 1— c t )  = 1—a (5.6)

we f ind

In (A* l) — = 

~ 
+ C (5 , 7 )

while for the case:

f(l—a) = (l— cz) 3 (5. 8)

we f ind

• 1/2 (A*_l)2 + 3(A*_ 1) + ~ ~~~~ 

(,~*_.l) — A*_l — C - - -  C (5.9)
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These relationships are plotted In Figure 5.5 with the integration

constants having been adjusted so that A* [c]= 2 for each of the con-

ductivity models . The void fraction a is related to A* by

5. -.80

* f ( ~; ) = ~~;
4- f ( ~;) ~2 •.I~J

LU - 

z
-.70 2

3
f ( ~ ) = C)

U)
65~~Lii 
..

I.bi.% U_

0
z . - >
LU

6 I•

I I

0 2 4 6 8 10
DIMEN SIONLESS LENGTH ~

Figure 5.5— Dimensionless area and void fraction versus
dimensionless length in constant velocity generator
channel.

-
p
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A*_1
a = 

A* (5.10)

and is marked on the right ordinate of these figures. Note that ,

since the distance between electrodes Is constant , the curves of Figures

5.5 correspond to the shapes of no slip, constant velocity generators

for given conductivity models. Further , a constant velocity generator

operating between two given void fractions and with one of the above

conductivity models, is similar in shape to the appropriate segment of

one of these curves. Note that the channel with the linear conduc-

tivity model flares more rapidly than that with the square law model,

which in turn flares more rapidly than the channel with the cube law

model. This reflects a decreasing Lotentz force in the respective

models for given velocity and void fraction.

If the void fraction does not change much over the length of the

generator, then a constant velocity channel can be approximated by -

a channel of linearly varying area. In Figure 5.2 at the peak

gross efficiency for a magnetic flux density ~f 1.8 T~sla , for example,

the velocity was found to vary by only two percent over the length

• of the generator.

P
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APPENDIX 1

Documentation of APL program

The funct ions  of this appendix comprise a one dimensional model

of a frictionless , massless two phase Faraday generator. The follow-

ing globals must be specified:

MDL l iquid mass flow rate

gas mass flow rate

VOLT terminal vol tage

WIDTH distance between electrodes

B magnetic f lux  densi ty

SIGMA liquid elect r ica l cond u c t i vit y

PRESO inlet pressure

R}IOL liquid mass density

K rat io of gas mass dens it y to pressure

CAM surface tension

NCD Incremental step down cha nnel

In addition , functions must be specified to give channel area

as a f unc t ion  o f do wn st r eam position (ARF), dispersed liquid conduc-

tivity as a function of void traction (SIC), and void fraction as a

func t ion  of p ressure (ALF) . The channel length is specified im-

plicitl y in l ine [F] of CHANNEL in gene ra t i ng  the vector

(4 x N ) p ’ NXT b ’ (Al.l )

where N is equal to the channel length divided by NCD. The form

listed here for ALF iterates to balance the Lorentz force with the

force due to phase slippage according to the slip model discussed

P in Chapte r  3.
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The assignment

R ÷ 1 + PRS x CL CC (A1.2)

will result in a zero slip model if used fo r ALF.

Running CHANNEL results in an output  of those parameters  l isted

in lines ~19~ through [25~ and in a table consisting o1 those para-

meters listed In line [27] for each incremental step down the channel.

CHANNEL can also be run for variable channel width and flux density

by specifying WIDT H and B as vectors of appropriate length.
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APPENDIX 2

Table of Fredholm kernel for averaging Ampere ’s law for the compensated

LT—3 Faraday generator at Argonne National Laboratory. [K(C ’,~ ),~

24+ 24 +_>

4’ 0 1 2 3 4 S 6 7

0 —6.023 —1.264 — .547 — .288 — .161 — .088 — .042 — .011

1 1.408 .077 —1.289 — .565 — .303 — .174 — .100 — .053

2 .678 1.408 .061 — 1 .320 — .590 — .324 — .194 — .119

3 .408 .673 1.410 .048 —1.349 — .612 — .343 — .211

4 .274 .403 .671 1.416 .038 —1.374 —.630 —.359

5 .196 .270 .401 .672 1.423 .030 —1.397 — .647

6 .146 .193 .267 .400 .674 1.432 .024 —1.418

7 .113 .143 .190 .266 .400 .678 1.442 .019

8 .088 .110 .141 .189 .265 .401 .682 1.453

9 .070 .086 .108 .139 .187 .265 .402 .686

10 .056 .068 .084 .106 .138 .186 .265 .404

11 .045 .054 .066 .082 .104 .136 .185 .265

12 .036 .043 .052 .064 .080 .102 .135 .185

13 .028 .033 .040 .050 .062 .078 .101 .134

14 .021 .025 .031 .038 .047 .059 .076 .099

• 15 .014 .018 .022 .028 .035 .044 .057 .073
16 .008 .011 .014 .019 .024 .032 .041 .053

17 .002 .004 .007 .010 .015 .020 .028 .037

18 — .005 — .004 — .001 .002 .005 .010 .015 .022

19 — .013 — .011 - .010 — .007 — .005 — .001 .003 .009

20 — .022 — .021 — .020 — .018 — .016 —.013 — .010 — .005

21 — .034 — .033 — .032 — .031 — .029 — .027 — .024 — .021

22 — .048 — .048 — .047 — .046 — .045 —.044 — .042 — .039

2: —.066 — .066 — .066 — .065 — .065 — .064 —.062 — .061

24 — .077 — .078 —.078 — .078 — .078 — .077 — .076 — .075

O Table A2. 1— Numerical kernel K(~~’,~~ used for  evaluation of

equation 4.6. (Continued on next two pages.)
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Continued

x’ x24 -i- 24 T
8 9 10 11 12 13 14 15

0 .011 .028 .041 .051 .059 .065 .071 .076

1 —.022 .000 .017 .029 .039 .047 .054 .060

2 —.072 — .041 —.018 —.002 .011 .020 .028 .035

3 — .136 —.089 — .057 —.034 —.018 — .005 .004 .012

4 —.226 — .149 — .102 —.069 — .047 — .030 —.018 — .008

5 — .372 — .237 — .160 — .112 — .079 — .057 — .040 — .027

6 — .661 — .383 —.247 — .169 — .120 — .087 —.065 — .048

7 —1.438 — .674 — .394 — .256 — .177 —.128 —.095 — .071

8 .014 —1.457 — .687 — .403 — .264 — .184 — .134 —.101

9 1.463 .010 —1.476 — .699 — .412 — .271 —.191 — .140

10 .691 1.475 .007 —1.494 — .711 —.421 —.278 — .197

11 .406 .695 1.486 .003 —1.512 —.722 — .42~ — .285

12 .265 .407 .700 1.497 .000 —1.529 —.734 — .438

13 .184 .265 .409 .705 1.508 — .003 —1.547 — .746
* 14 .132 .183 .265 .410 .709 1.518 — .007 —1.56 5

15 .096 .130 .181 .264 .412 .714 1.528 — .011

16 .070 .093 .127 .179 .263 .412 .717 1.538

17 .049 .066 .090 .124 .177 .261 .412 .720

18 .032 .044 .061 .085 .120 .173 .259 .410

19 .016 .025 .038 .055 .079 .114 .168 .254

• 20 .000 .008 .017 .030 .047 .071 .106 .160

21 — .017 — .011 — .004 .005 .018 .035 .060 .095

22 — .036 — .032 — .027 — .020 — .010 .002 .019 .044

23 — .059 — .056 — .052 — .046 — .040 — .030 — .018 — .001

24 — .074 —.071 — .069 — .065 —.060 — .053 — .044 — .031

Table A2 .1— Continuation of numerical , K( C ’ ,F ) ,kcrnel for

evaluation of equation 4.6. (Continue d on next page) ;
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Continued

24+ 24+_—
~~

4, 16 17 18 19 20 21 22 23 24

0 .080 .084 .087 .091 .093 .096 .099 .101 .103

1 .065 .069 .072 .076 .079 .081 .084 .086 .088

2 .040 .045 .049 .052 .055 .058 .061 .063 .065

3 .018 .024 .028 .032 .035 .038 .041 .043 .045

4 .000 .006 .011 .016 .019 .022 .025 .028 .030

5 — .018 — .010 — .004 .001 .006 .009 .012 .015 .018

6 — .035 — .025 — .018 — .011 — .006 — .002 .002 .005 .007

7 — .054 — .042 — .032 — .024 — .018 — .013 — .009 — .005 — .002

8 — .077 — .060 — .047 — .038 — .030 —.023 — .018 — .014 — .011

9 — .106 — .083 — .066 — .053 — .043 — .035 — .029 — .023 — .919

10 — .146 — .112 — .088 — .070 — .057 — .047 — .039 — .033 — .028

11 — .203 — .151 — .117 — .093 — .075 —.062 — .052 — .044 — .038

12 — .292 — .209 — .156 — .122 — .097 —.080 — .066 — .056 — .048

13 — .446 — .299 — .215 — .162 — .127 —.102 — .084 — .071 — .061

14 — .757 — .455 — .306 —.221 — .168 — .132 — .10, — .089 — .076

15 — 1.583 — . 769 — .464 — .314 — .228 — .174 — .138 — .fl.3 — .095

16 .016 — 1.601 — .782 — .474 — .322 — .235 — .181 — .144 — .119

17 1.546 .021 —1.620 — .795 — .484 — .331 — .243 — .188 — .151

18 .721 1.553 — .028 —1.641 — .810 — .496 — .341 — .252 — .197

19 .408 .721 1.559 — .036 —1 .662 — .826 — .509 — .352 — .263

20 .248 .403 .719 1.562 — .046 —1.686 — .844 — .525 — .366

21 .150 .238 .394 .714 1.562 — .060 — 1.713 — .866 ~~~~~~~

22 .080 .135 .223 .381 .703 1.557 — .078 — 1.74S — .89 3

23 .024 .060 .115 .205 .364 .689 1.548 — .101 —1.7 8 1

24 — .014 .011 .047 .103 .193 .354 .681 1.546 5.992

Table A2. 1- Con t inua t ion  of numerical  kerne1 ,K(~ ’,~ )for evaluation
of equation 4.6.
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