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MHD DECELERATION OF FUSION REACTION PRODUCTS

by

S. Chow and I. O. Bohachevsky

ABSTRACT

4

.

The feasibility of magnetohydrodynamic (MHD) deceleration of fuel
pellet debris ions exiting from an inertial confinement fusion (ICF)
reactor cavity is investigated using one-dimensional flow equations.
For engineering reasons, induction-type devices are emphasized; their
performance characteristics are similar to those of electrode-type
decelerators. Results of the analysis presented in this report
indicate that MHD decelerators can be designed within conventional
magnet technology to not only decelerate the high-energy fusion pellet
debris ions but also to produce some net electric power in the process.

1. INTRODUCTION

The magnetically protected laser fusion reac-

tor cavity design, shown in Fig. 1, has been pro-

posed’ and is being developed at the Los Al amos

Scientific Laboratory (LASL). In this concept,

the reactor cavity wal 1 is protected from charged

particles generated in the fuel pellet microexplo-

sion by a magnetic field which diverts the ions

into conical energy sinks. Although these sinks

are inexpensive and easily replaced, calcula-

tions indicate that their high sputtering

erosion rate may result in an economically unac-

ceptable replacement frequency.

To overcome this problem, we have proposed to

replace the energy sinks with MHO decelerators, 3

shown schematically in Fig. 2. Preliminary calcu-

lations indicate3 that the device may generate

Fig. :. Magnetically protected laser fusion
reactor cavity.

%..

‘u,i~ 2 MHD decelerator principle.

enough electric power to offset joule losses in

the electromagnet windings so that the MHD de-

celerator could be self-sustaining.

In this report we will describe a more exten-

sive, albeit still only preliminary, one-dimen-

sional analysis of the applicability of MHO gene-

rators to inertial confinement fusion reactor

designs. We have imposed two requirements on

these devices to establish the feasibility of MHD

deceleration of fusion reaction products: (a) the

cavity exhaust velocity should be reduced to a

value at which the products, with perhaps the aid

of diffusers, can be used in a conventional heat

exchanger, and (b) the deceleration process should

generate a sufficient quantity of electricity to

power the required magnets.

The presentation is organized as follows. In

Sec. 11 we discuss MHD deceleration in general,

point out the two ways of extracting the

from the process: either with electrodes

energy

or with

1



induction coils and discuss the advantages of the

]atter for our current appli cati on. In Sec. III

we set up the governing equations and discuss

their analysis, and in Sec. IV we present the re-

sults showing parametric dependencies of the oper-

ating characteristics. The implications of these

results bearing on the intended application are

discussed in the closing section.

II. MHD DECELERATION

A. Conventional (with Electrodes)

Magnetohydrodynamic (MHD) deceleration is the

application of the Lorentz force to a moving con-

ducting plasma. The concept which has received

most attention is the MHD generator with elec-

trodes shown schematically in Fig. 3. A conductor

passing through a magnetic field, induces an elec-

tric field so that if electrodes and electric load

are added, a current proportional to the current

density will flow through the load.

Various geometries and electrodes may be used

depending on specific design objectives. Our in-

terest is in generators which decelerate the flow

and are relatively simple to model. Therefore, we

will ignore the Hall current and will consider an

MHD generator with rectangular cross-sectional

area and continuous electrodes.

The major limitation of MHD generators is

wall erosion resulting in the short lifetime of

the electrodes. For example, copper anodes with

platinum caps and copper cathodes with tungsten-

copper caps developed by AVCO for the coal-fired

MHD program have survived only a 250-h test.4

However, economical power plant operation may re-

quire electrode lifetimes of 10000 h or more.

In MHD generators exposed to laser fusion

products immediately after their exit from the

reactor cavity, electrode erosion is likely to be

more severe than in coal-fired generators, because

the fusion-generated plasma exits the reactor

cavity at a much higher velocity (104m/s as

opposed to 103m/s for combustion-generated

plasma), and contains a large amount of metallic

ions. In addition, chemical reactions between the

fusion products and electrodes may also be detri-

mental. Therefore, it may be extremely difficult,

if not impossible, to develop long-lived elec-

trodes for the conditions anticipated in fusion-

reactor-driven MHD generators.

B. Induction-Type MHD Decelerators

To avoid the electrode erosion probl~w, an

induction-type MHD generator may be used. In this

concept, the electrodes are replaced by insulator

walls and induction coils are placed on the faces

of the magnet, as shown schematically in Fig. 4.

A slug of plasma passing through the channel in-

duces a current that generates a magnetic field.

ELECTRODE
/

HAGNET

.

MAGhET
Fig. 4. Induction-type MHD generator.

Fig. 3. MHD generator with electrodes.
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The resulting change in the magnetic flux produces

an electromotive force in the output coils.

The induction-type generator was first pro-

posed by Colgate and Aamodt5 for energy extrac-

tion from plasmas produced in fission reactors.

More recent ly, Vel ikhov et al .6 proposed an

induction-type generator in which laser fusion

products accelerate a solid or liquid metal pis-

ton, and the kinetic energy is extracted as the

piston moves through the magnetic field. The use

of laser fusion plasma itself for induction of an

electromotive force in coils was first studied by
~obert57,8 and by Wood et al.

9-11

The power density of an induction-type gene-

rator is a function of the magnetic Reynolds num-

ber, Rm, which is proportional to the product of

electric conductivity and velocity. Most combus-

tion-produced plasmas have conductivities and

velocities such that Rm<<l. Because MHD pro-

grams in this country and in the Soviet Union have

focused on coal-fueled combustion as the energy

source, little effort has been devoted to the

development of induction-type generators. Conse-

quently, our understanding of these devices is not

as advanced as that of MHD generators with elec-

trodes.

However, induction-type generators should be

considered for laser fusion reactors because, with

fusion drivers, the magnetic Reynolds number may

be on the order of unity. In addition, in this

application only enough power must be generated to

make the MHD system self-sustaining; efficiency,

therefore, is of secondary importance.

field, e the internal energy, and uthe plasma

electric conductivity.

For the purposes of this study, a quasi-one-

dimensional analysis will be employed in which the

magnetic field is postulated to be perpendicular

to the flow velocity, u. With this hypothesis,

Eqs. (l)-(3) reduce to

PUA = i = POUOAO,

du dP
Pll~=-fi-j8,

and

(4)

(5)

(6)

where ; is the mass flow rate and the subscript o

refers to conditions at the channel inlet.

Assuming that the medium is a perfect gas:

e.cvT.~!
Y -1P’ (7)

where Cv is the specific heat at constant

volume, y the ratio of specific heats, and T the

temperature. Substituting Eq. (7) into Eq. (6)

yields

+++ ,f-%iH=-P+o. (8)

111. AWALYSIS OF MHO DECELERATORS Logarithmic differentiation of Eq. (4) re-

A. Basic MHO Equations suits in

Assuming steady-state flow and neglecting

viscous and heat conduction terms, the continuity, 1 dp +~du 1 dA
12! Tzli U7E+7T7E’0” (9)

momentum, and energy equations are

V“(PV) = o , (1) Substituting (dP/dx) and (1/P)(dP/dx) from Ew.

(5) and (9), respectively, into Eq. (8) yields

P(T* V)v= -vP+jxlj, (2)
and

Pi7”Ve= f-Pv. v+o,
du (y-l)#+ujB-#$

(3) z=
. (lo)

yP - PU2

where P is the density, ~ the velocity, P the

pressure, ~the current densfty, ~the magnetic

3



Using the definitions of the speed of sound,

c,

(11)

and of the Mach number, M,

f+, (12)

Eq. (10) can be written:

Equations (13), (5), and (9) determine u, P, andP,

once j, B, and the geometry are specified.

Conditions for a decelerating flow, (du/dx)

<O, can be deduced from Eq. (13); they are listed

in Table I.

It is interesting to compare cases with and

without the electromagnetic terms. As can be seen

from Table I, supersonic flow can be decelerated

in a diverging channel, provided (dA/dx)<’%

whereas, in the absence of electromagnetic forces,

supersonic flow can be decelerated only in a con-

verging channel. This is also true for a constant

TABLE 1

REGIONS OF POSITIVE AND NEGATIVE VELOCITY
GRADIENT

*=+
[
(y-l) $+ujB

UPC 1
Without Electromagnetic With Electromagnetic

Effects, *= O Effects, *= O

dA/dx M du/dx dA/dx M du/dx—— —— ——

0 <1 0 0 <1 +

0 ,>1 0 0 >1-

+ <1 >* <1-

+ >1 + >* >1 +

<1 + * <1 0

>1 @ >1 0

<?J <1 +

<* >1 -

area channel, (dA/dx)=O, in which supersonic flow

is decelerated when electromagnetic forces are

present, but remains at constant velocity when

electromagnetic forces are absent. The constant-

area case is of interest because the design is

extremely simple. For decelerating subsonic flow,

(dA/dx) >@when electromagnetic forces are pre-

sent, but (dA/dx) > 0 suffices when electromag-
.

netic forces are absent. Therefore, the addition

of electromagnetic forces results in a larger .

channel.

B. Equations for MHD Decelerators with Electrodes

To determine the velocity distribution from

Eq. (13), expressions for j and B are required.

For an MHD channel with electrodes, the induced

magnetic field can be neglected so that the mag-

netic field equals the applied magnetic field,

Bo, and j is determined from Ohm’s Law, i.e.,

B = Bo, (14)

and

j =u(uB - E), (15)
.

where E is the electric field. Introducing the

load factor, K, defined by

(O c K c 1 for electric power generation), Eq.

(15) becomes

j =uuB(l - K) .

The power density is given by

(16)

(17)

.
q
f,. = Ej =UU2B2K(1 - K) . (18)

Clearly, the power density is maximum when K=l/2,

which corresponds to the case when load resistance

is equal to the generator internal resistance.

.

.
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The power generated as a function

position, x, is

.
q .

{
K(I - K) U2B20A (k’,

of axial

(19)

and therefore, the total power generated in a

channel of length L is

6eL = ~(L) . (20)

The voltage developed between the electrodes is

given by

V = KuBb, (21)

where b is the channel height in the direction of

the electric field.

c. Equations for Induction-Type MHD Generator

The analysis for the induction-type generator

follows that of Ref. 13. An important parameter

in generators of this type is the magnetic Rey-

nolds numer, defined by

where #o

.

and a is

magnetic

The

produces

u~oua
~=7,

is the permeability of free space,

MO =4?rxlo-7~ ,

Therefore, the magnetic field in

composed of both the applied and

netic fields

B=Bo+Bi.

Equations (22) through (25)

the channel is

the induced mag-

(25)

may be used in

Eq . (13) to determine the velocity distribution.

The available power as a function of position

is given by

.
q=

[
~ ou2B;Rm Adx’ . (26)

I .

Note the similarity between Eqs. (19) and (26).

When K=l/2, corresponding to the maximum power

density, Eq. (26) differs from Eq. (19) in the

integrand by the factor of the magnetic Reynolds

number. In coal-fired MHD generators, ~ <<1

and the powers produced by induction-type genera-

tors are too low to be of practical interest.

However, this may not be the case in laser fusion

plasmas.

The power given by Eq. (26] is maximum at

x=L, i.e.,

the channel width in the direction of the

field.

induced current density of

(22)
.

‘MAX =6(L) . (27)

The self-generated magnetic field induces

voltage in the coil according to Faraday’s Law of

Induction; therefore, the voltage in the coil as a

function of position is

an

j=+ UUBO

induced maghetic field

Bi = ~Bo .

9

(23)

given by

(24)

v= x ‘xc

[ ~ buBi dx’ , (28)

‘here‘IC is the number of turns in the coi 1 and

b the channel height. The total voltage across

the coil is

‘lC =V(L) . (29)



The current flowing through the coil, IIC,.-
may not exceed IMX =Ip/nlC, where 1P is

the plasma current, or a stronger opposing field
At.&b!, (34)

~o

which Implies that the current through the magnet

would be produced. Therefore, the actual electri-

cal power generated is

coil is. .
QeL = VICIIC < QMAXs (30)

,

.
lMC=~’ (35)

in the wind-

where 17P is chosen in such a way that the ine-

quality’~s satisfied.

However, there is also a loss term due to

ohmic heating of the induction coil given by

where nMC is the number of turns

ing. The magnet arc length is

(36)~M = d@Mc ,

the diameter of the

.

‘flIC= I;CRIC , (31)

(32)

where the resistance of the induction coil is

‘ICLIC.— .
‘IC ‘IC

Herefic is the resistivityof the coil, LIC is

where dMc is

‘ire and ‘MC
coil .

magnet coil

is the number of turns per layer of

Finally, the ohmic heating loss is

ilMC=l;CRMC’
(37)

coil is given by

(38)

the length of the coil, and AIC is

sectional area of the coil wire.

Therefore, the net power from

coil is

the cross-

where the resistance of the magnet

the induction

‘MCLMC
‘MC=~’

. . .
QnetIc= ‘eL - Q C2IC “ (33)

where PMc is the resistivity, LMC is the length

of coil wire, and SC is its cross-sect fonal

area.

[n our MHD decelerator model, the magnet

operates in steady state, but power is produced in

pulses because fusion reactions occur in discrete

D. Magnet Specification and Net Power Output

The design analysis of the magnet is the same

for both MHO concepts. A U-shaped iron magnet

core with an air gap generates the magnetic field

and steady-state operation of the magnet is as-

sumed in this analysis. Pulsed or superconducting

magnets may reduce or completely eliminate ohmic

heating losses In the magnet coils but these sys-

tems may be too expensive. Therefore, we will

examine only the possibility of utilizing a con-

ventional magnet.

To generate a magnetic field, Bo, with an

air gap, dgap, requires the following number of

ampere turns

pulses. The duration of a pulse is

t
t

dx
pulse “ ~ “

(39)

.

the net

is

Given the repetition rate, npulse,

power from a MHD system with electrodes ,

6
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. . .

‘net = ‘eLnpulsetpulse - ??MC ‘
(40)

where 6eL is given by Eq. (20) and ~nNC by Eq.

(37).

For the inductive MHD system, the net system

power is

. .

‘net = ‘netICnpulsetpulse - %MC’ (41)

where ~netlc is given by Eq. (33).

IV. RESULTS

A. General

The values of many parameters ntroduced in

our analysis are not known accurately; they wi 11

be determined by comnerci al fuel pellet designs

and reactor cavity phenomena. The values we used

to calculate the results presented in this report

are listed in Table II. The estimated mass flow

rate, h, is based on an assumed pellet material

throughput of 10-2kg/s (through two MHD chan-

nels) and on an ion pulse length of-100ps ob-

tained from numerical simulations of cavity pheno-

mena.14 In addition, we postulated that the

magnet and the induction coi 1s wil 1 be made of

copper with resist ivity of 1.75 x10-8c2-m at room

temperature.

Three types of MHD decelerators were investi-

gated, differing in channel geometry and flow re-

gime: (1) constant area supersonic, (2) diverging

supersonic, and (3) diverging subsonic. A conver-

ging supersonic channel may also be used to de-

celerate the flow (Table I), however, it was not

TA8LE II

PARPJ4ETERS KEPT CONSTANT IN lliE STUDY

Instantaneous mass flow rate, ; = 5 kgls

MHD channel inlet velocity, U. = 104m/s

MHO channel inlet pressure, P. = 105 N/m2
(1 atm)

Ratio of specific heats, y = 1.2

pUISe repetition rate, “pULSE = 10 HZ

considered in detail because preliminary estimates

showed that, because of its small volume, its

power output will be significantly lower than that

of the other geometries.

8. Induction-Type MHD Decelerators

1. Constant area supersonic channel

To attain supersonic flow at the conditions

stated in Table II, the inlet area must be less

than 0.42 m2. We decided to avoid the complica-

tions associated with the modeling of sonic tran-

sition and therefore specified a magnetic field

strength, 8., which would ensure that nearly

sonic conditions obtain at the channel exit.

Another important parameter in the design of

MHO generators is the plasma conductivity, a.

Unfortunately, the composition and the degree of

ionization of the fusion products at the channel

inlet is not known; it may also vary significantly

along the channel length. In this study we postu-

lated thatoremains constant and to determine the

effect of its variation we carried out the calcu-

lations for different values ofcin the range

100~u~ 1000 mho/m. We chose this range because

1000 mho/m is known to be a very high conductivity

plasma and, as wi 11 be shown later, 100 mho/m is

the lowest conductivity at which an induction

generator can produce self-sustaining power for

the conditions stated in Table II.

The analysis of the MHO system consisted of

two parts. The first part encompassed the analy-

sis of the channel and the second part the design

of the induction coils and magnet.

Table 111 is the list of the parameters for

0.5m by O.5mby lm and 0.35mby0.35mby lm

channels for o=1OOO, 500, and 100 mho/m. Clear-

ly the channel with the smaller cross-sectional

area is superior. Reducing the inlet area in-

creases the inlet Mach number, Mo, from 1.29 to

1.84, and produces a larger drop in the Mach num-

ber, which results in a lower exit velocity and a

higher pcwer output. The exit Mach number, Mf,

is kept between 1.0 and 1.05 by adjusting 8..

(It is difficult to obtain the same Mf without

numerous iterations and therefore exit Mach num-

bers are not exactly equal).

The magnetic field required to decelerate the

flow to near-sonic conditions is presented in

Fig. 5 as a function of ofor the two inlet

7
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o.om~
1000

mho
u(~)

Fig. 5. Magnetic field required to decelerate plas-
ma to near sonic conditions in a constant
area duct.

areas. The plots show that the smaller cross sec-

tion requires larger fields and that the required

field strength increases sharply with decreasing.

However, note that the field in each case is

weak by present technology standard, i.e.,

~o<l T, and that the power output is small.

‘IDEAL
in Table III is equal to the product of

~MAX defined by Eq. (27), ‘puLSE$ and

‘PULSE” It is the power per pulse developed in

the channel and is the maximum power available

from the MHD system if losses in the induction

coi 1s and magnet are absent, and if the induction

a (q

h (m)

L (ml

h [T)

u (mbdm)

k

k

w (a/s)

?f (Ivd]

‘?ULSE (S)

610E4L (M)

TMLE [11

CONSTANTMEA SU7ER30NIC 0fCEL2R4TORS

9.$-by 0.5- by ?-m channel 0.33- by 0.35- by l-m ch.nnel

0.5 0.5 0.5 0.35 0.3s 0.35

0.5 0.5 0.s 0.3s 0.35 0.35

1 1 1 1 1 1

0.0376 0.0645 0.178 0.134 0.219 0.576

lm Sm lW lm 5m 100

1.291 1.291 1.291 1.644 1.644 1.e44

1.016 1.010 1.048 1.W7 1.@J1 1.024

3045 m 8264 57e4 5761 5612

1.3OX1O3 1.34.103 1.25xI05 1.94”103 1.8 IX103 1.95s103

1.mxlo-~ 1.caxlo-~ 1.07110-4 1.241104 1.24x1o-4 1.23x10-~

1.49X104 1.1OX1O4 3.26x103 5.3 SR104 3.62x1O9 l.olxlti

I

) Soo 1000

Fig. 6. Ideal power versus conductivity for a con-
stant area supersonic channel.

coil curre~t’ lIC is chosen to be ImX associ-

ated with QMAX in Eq. (30). Therefore, it also

is the ideal power output of the system. Figure 6

shows that ~lDuL increases with crand is higher

for the smaller channel.

The parameters in Table III not discussed

above are insensitive to the conductivity. The

velocities at the exit, Uf, are roughly 8000 and

5800 m/s for the large and small channels, respec-

tively. A plot of velocity as a function of axial

position for the 0.35- by 0.35-m channel at u

=1000 mho/m, shown in Fig. 7, demonstrates an

almost linear dependence. The exit pressure,

Pf ‘ listed in Table III increases from the inlet

value of 105 N/m2 and the increase depends

only on the cross-section area to a close approxi-

mation.

Because the performance of the 0.35- by 0.35-

m channel is superior to that of the 0.5- by 0.5-m

one in both flow deceleration and power produc-

tion, the latter will not be considered further.

The second part of the MHD decelerator analy-

sis was concerned with the design of the induction

coils and magnet. A variety of designs can be

used; here we will present only representative

8
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Fig. 7. Velocity distribution in a constant area
supersonic channel.

values for comparison purposes that have not been

optimized in any way. The reference parameters

chosen for the induction coi 1s and for the magnet

listed in Table IV were used to determine the re-

sults presented in Table V for the three values of

plasma conductivity.

It can be seen from Table V that except for

the low-conductivity case, the net pcwer of the
.

system, Qnet, is positive for selected reference

magnet and induction coil parameters. By changing

various magnet and induction coil parameters, it

iS possible to make ~net positive also fOr the

low plasma conductivity case. For example, the

induction coil current, IIC, is below the maxi-

mum permissible value, IMX, and, by increasing

TABLE IV

REFERENCE INDUCTION COILS AND MAGNET PARPJiETERS

Induction Coil

No. Of COilS = 2
No. of turns (both coils), n c = 50

iNo. of turns in 1 layer (bet coils), mIC = 10
No. Of layerS = 5

. Coil width, wIC = 0.05 m
Coil wire dimeter, dIC =0.01 m
Current through coils, IIC = 500 A

. !&WZ

No. of turns in coil, nMC = 6000
No. of turns in 1 layer, WC = 1000
No. of layers = 6
Coil wire diameter, dw =0.004m

TABLE V

EFFECTOF PLASMA CONDUCTIVITY ON DESIGN AND PER-
FORMANCE OF REFERENCE INDUCTION COILS AND MAGNET

IN A CONSTANT AREA SUPERSONICMHO DECELERATOR

5J!?!!M

‘IC, v

IMAx, A

lICS A

‘IC, n

IMC, A

RK, n

h, m

dlOEAL, W

dICp, W

~ ICp, W

&,w

~net, W

1000

2.19x105

1967

500

0.03

7.97

22.6

4.0

5.35X104

1.36x104

9.34

1432

1.22x104

500

1.81x104

1619

500

0.03

13.1

22.6

4.0

3.62x104

1.12X104

9.30

3854

7330

100

9620

855

500

0.03

34.3

22.6

4.0

1.O1X1O4

5911

9.24

2.66X104

-2.O7X1O4

lIC to 850 A, the power produced in the induc-

tiOIlCoil,Qrcp (QeL”tPulse”npulse) can be

increased to 104 W and the joule loss in the
.

induction coils, d~ICp (Q~IC”tPulseOnpulse )

will increase to only 21.7 W, still a small

value. Using a magnet with 8 layers of 1000

instead of 6 layers and a coil wire diameter

turns

of

0.006 m instead of 0.004 m will reduce the cur-

rent in the magnet coil, IM, to 25.7 A and

the resistance, RMC, to 13.4$1. The joule 10SS

in the magnet coil, ~MC, will then be 8847 W.

Therefore, a net power of 1131 W wi 11 be genera-

ted. However, for this design, the magnet arc

length, SM, will increase from 4 to 6m, re-

sulting in a larger magnet (2.7- by 2.7- by l-m

with a 2- by 2-m bore rather than the previous

2.03- by 2.03- by l-mwith a 1.33- by 1.33-m

bore) and probably in higher cost.
.

Oespite many ways of maximizing Qnet, it

can be said that u= 100 mho/m represents the

minimtsn conductivity for which an electromagnet of

reasonable size operating in steady state can be

designed. Should the conductivity be below

100mho/m, it will be necessary to either pulse

9



the magnet or to use superconductors, but the

power output will be too low to make this a work-

able alternative.

From Table V, it can be seen that the refer-

ence IIC is substantially less than IMX in

cases of u=500 and 1000 mho/m; therefore, the net

pcwer can be increased by Increasing IIC or by

increasing the number of turns in the induction

coils so that the voltage across the coils, VIC,

increases. The choice of a suitable operating

current and voltage will depend on external load

circuit elements and was not considered in this

study.

From Table V, it can also be seen that the

pmter dissipated in the induction COil, d~ICpS fs

small in comparison to ideal and net generated

pcwers. Increasing IIC to ImX for any UWill

not increase the value of 6nICp significantly

compared to the other powers; therefore, this loss

has been neglected in the determination of para-

meters listed In Table IV.

Figure 8 shows the effect of plasma conduc-

tivity on the power allocations for a constant

area supersonic channel. The joule 10SS in the

induction coils is not shown because it is negli-

gible. It can be seen that the power available

from the channel, 61D~*~. decr~ases rapidly and

the joule 10SS in the magnet, QnMc increases

rapidly as the conductivity decreases. Comparison

of ~lDmL and ~lCp shows that the power ob-

tained from the induction COilS operated at IIC

=500 A approaches the power available at low con-

ductilities. Therefore, the maximum net power,
.
Q~et ~ hlD~ - ~Mc is”generally much higher

kthan Qnet= Icp - ~c. The operating .

envelope is between the curves ~~et and Qnet*
Maximum net powers of 5 X104 W a;d 3-X104 W

can be obtained at conductivities of 1000 and

500 mho/m respectively. At lower conduc-

tivities, but above 100 mho/m, the magnet must be

redesigned to reduce hfiMc; otherwise, external

power would be required to energize it.

Changing the channel inlet shape does not

affect the results greatly. For example, when u

=1000 mho/m, the ideal pcwer changes from 5.35

X104 W for a 0.35 by 0.35 m channel to 4.34 x

104 W for a channel with a width of 0.25 m and a

r———l

height of 0.5 m and to 6.08 x 104 W for a chan-

nel with a width of 0.5m and a height of 0.25m.

To sumnarize, a 0.35-m by 0.35- by lm chan-

nel can decelerate the flow from 104m/s to ap-

proximately 5800n/s (a 66% decrease in kinetic

energy). Maximum power outputs of 5 X104 W and

3 X104 Wmay be obtained if the plasma conduc-

tivity is 1000 and 500 mho/nhrespectively. For

conductlvlties bet~een 100 and 500 mho/m, the mag-

net must be designed carefully to minimize the

dissipative losses. 8elow 100nho/m, pulsed or

superconducting magnets must be used; this may be

economically infeasible because of the low power

outputs. A sumnary description of a typical con-

stant area decelerator is presented in Table VI.

,

.

-3NI
1000

Fig. 8. Effect of conductivity on power allocation
for a constant area supersonic channel.
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TABLE VI

SUMMARY DESCRIPTION OF A CONSTANT AREA SUPERSONIC
DECELERATOR FOR U= 1000 mho/m

Channel

Height = 0.35 m
Width = 0.35 m
Length = 1 m
Mass flow rate = 5 kg/s
Pulse rate = 10 Hz
Inlet velocity = 104m/s
Exit velocity = 5784 m/s
Inlet Mach number = 1.844
Exit Mach number = 1.007
Inlet pressure = 105 N/mz
Exit pressure = 1.94x105 N/m2
Ratio of specific heats = 1.2
Plasma electric conductivity = 103 rnho/m

Induction Coils

Number of coi 1s = 2
Number of turns in both coils = 50
Number of turns in 1 layer (both coils) = 10
Number of 1ayers = 5
Coil width = 0.05 m
Coil height = 0.35 m
Coil length = 1 m
Coil wire diameter = 0.01 m
Maximum current allowed = 1967 A
Actual current through coils = 500 A
Resistance in coils = 0.03CI
Voltage across coils = 2.19x105 V

!!!wQ
Magnetic field = 0.134 T
Number of turns in coil = 6000
Number of turns per layer = 1000
Number of layers = 6
Coil wire diameter = 0.004 m
Current through coil = 7.97 A
Resistance of coil = 22.6~
Magnet arc length = 4 m
Air gap = 0.45 m
8ore in magnet = 1.33 m by 1.33m
Magnet length = 1 m
Magnet height = 2.03 m
Magnet width = 2.03 m
Thickness of magnet = 0.35 m

Power

Ideal power = 5.35x104 W
Total power produced in induction coils

. 1.36x104 W
Joule loss in induction coils = 9.34 W
Joule loss in magnet coil = 1432W
Net power = 1.22x104 W

2. Oiverging supersonic channel

The inlet conditions and the reference chan-

nel and induction coi 1 parameters of the super-

sonic constant area channel will be retained; how-

ever, the geometry of the channel wi 11 be

changed. For comparison with the constant area

1

0.3s

0.35

0.35
1

0.134

IOoo

1.844

1.CQ7

5764

I.94X105

1.24x10-4

5.3=axld

TABLE VII

EFFECTS OF EX[T HEIGNT ON CIL4NNEL PfJIANETERS OF A DIVERGING
SUPERSONICCILMNEL

~

●, m

bo, ❑

bf, m

L, m

Bo, T

m, ❑ho/m

%

%

Uf, Ws

Pf , N/m2

‘PULSE, s

&oEAL, u

2

0.35

0.35

0.4

1

0.134

lm

1.644

1.187

6738

1.42x105

1.20X10-4

5.9IX104

3

0.35

0.35

0.5

1

0.134

1000

1.844

1.298

7320

1. Mx105

1.15 X1O-4

6.96x104

4

0.35

0.3s

0.6

1

0.134

lm

1.844

1.335

7523

8.4OX1O4

1. I2X1O-4

8. O3X1O4

5

0.35

0.35

0.7

1

0.134
moo

l.eu

1.341

7563

7.17X104

1.1 OX1O-4

9. O5X1O4

reference case, the inlet cross section will be

0.35m by 0.35m and the length of the channel lm.

The width, a, will be held constant along the

length of the channel to avoid a large air gap in

the magnet, but the exit height, bf, will be

varied.

Table VII shows the effects of varying chan-

nel height from 0.4 to 0.7m on channel parameters

7000

E

‘+ 600(

5000
0.3 0.4 0.5 0.6 0:7

bf(m)
Fig. 9. Exit velocity versus exit height for a di-

verging supersonic channel.
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channel.

3 0.4 0.5 0.6 0.7

bf(tn)

Exit pressure versus exit height for di-
verging supersonic channel.

B. held constant. Case 1 is the

case for the supersonic constant area

The maximum channel exit height was

limited to 0.7m (corresponding to an expansion

angle of 9.9°) because one-dimensional analysis

becomes progressively worse as bf increases and

the flow, somewhere between 0.7m and 0.9n, changes

from decelerating to accelerating.

Figures 9, 10, and 11 show the exit velocity,

exit pressure, and ideal power as a function of

exit height. As can be seen, the exit velocity

increases monotonically and levels off as the exit

height increases. This indicates that the veloci-

ty gradient is approaching zero and that a further

increase in height will accelerate the flow. The

exit pressure undergoes transition at bf =0.52m,

and for larger bf is lower than the inlet

pressure Po. However, the ideal power continues

to increase steadily (linearly) because the volume

is increasing.

12

0.7

0.6

0.5
0.3 0.4 0.5 0.6 0:7

&(m)
Fig. 11. Ideal power versus exit height for a di-

verging supersonic channel.

In the following investigation, the channel

exit height will be kept at 0.7m and conductivity

at 1000 mho/m, while the magnetic field will be

varied to obtain nearly sonic conditions at the

exit. The parameters resulting in approximately

sonic conditions at the exit are the reference

case for the supersonic diverging channel and are

surmnarized in Table VIII.

Comparison of Tables VI and VIII shows that

the supersonic diverging channel can decelerate

the flow to approximately the same velocity as the

constant area channel; however, it generates near-

ly twice as much power. The magnet for the diver-

ging channel is larger because the core must be at

least as thick as the channel exit is high. In

addition, the induction coils for the diverging

channel should be trapezoidal instead of rectangu-

lar to minimize joule losses.

Table IX shows the effects of conductivity

and size on various parameters using magnet and

Induction coil characteristics from Table VIII.

Column 1 is the reference case for the supersonic

diverging channel and Columns 2 and 3 show the

effects of varyinga. In each case, the magnetic

field was adjusted to obtain near-sonic conditions

at the exit. The dependence of the required mag-

netic field on conductivity is shown in Fig. 12

‘

.



SUMMARY

Channel

TABLE VIII

DESCRIPTION OF A OIVERGING SUPERSONIC
DECELERATOR FOR o = 1000 mho/m

Inlet height =0.35 m
Width = 0.35 m
Exit height = 0.7m
Length = 1 m
Mass flow rate = 5 kg/s
Pulse rate = 10 Hz
Inlet velocity = 104 m/s
Exit velocity = 5815 m/s
Inlet Mach number = 1.844
Exit Mach number = 1.005
Inlet pressure = 105 N/m2
Exit pressure = 9.82x104 N/m2
Ratio of specific heats = 1.2
Plasma electric conductivity = 103inho/m

Induction coils

Number of COIIS = 2
Number of turns (both coils) = 50
Number of turns in 1 layer (both coils) = 10
Number of layers = 5
Coil width =0.05 m
Coil height at duct inlet = 0.35 m
Coil height at duct exit = 0.7m
Coil length = 1 m
Coil wire diameter = 0.01 m
Maximum current allowed = 2318 A
Actual current through coils = 500 A
Resistance in coils = 0.03tl
Voltage across coils = 3.83 x 104 V

w

Magnetic field = 0.157 T
Number of turns in coil = 6000
Number of turns in 1 layer = 1000
Number of layers = 6
Coil wire diameter = 0.004 m
Current through coil = 9.37 A
Resistance of coil = 76.6n
Magnet arc length = 4 m
Air gap = 0.45 m
Bore in magnet = 1.33 m by 1.33m
Magnet length = 1 m
Magnet height = 2.73 m
Magnet width = 2.73 m
Thickness of magnet = 0.7 m

Power

Ideal power = 1.08 x 105 W
Total power produced in induction coils = 2.33

x 104 w
Joule loss in induction coils = 10.4 W
Joule loss in magnet coil = 2494 W
Net power from system = 2.07 x 104 W

and the power allocations as a function of u are

shown in Fig. 13.

In comparison with the constant area super-

sonic channel, the diverging channel has twice as

much available power (105 W for U= 1000 mho/m)

for nearly the same exit velocity. The increase

TABLE IX

EFFECTS OF CONOUCTIVITV ANO SIZE ON PAIW4ETERS OF A
OIVERGING AREA SUPERSONICCHANNEL

a. m

bO, m

bf, m

L, m

BO, T

a,mho/m

MO

Mf

Uf, mls

Pf, N/m2

tp(JLsE,S

QIOEAL~ u

VIC, v

lw, A

IIc, A
.
QICP. H

I&p, n

&, u
.
QNET, w

0.7

0.6

0.5

. 0.4
+

m“
0.3

0.2

0.1

Fig. 12.

J, mho/m

~ JOLJ

0.35 0.35

0.3s 0.35

0.7 0.7

1.0 1.0

0. 1s7 0.256

1000 5C53

1.844 1.844

1.005 1.011

5815 5872

9.82x104 9.8OX1O4

1.21 X10-4 1.20X1 o-4

1.OGX1O5 7.27xl@

3.83xl@ 3.18x104

2317 1X5

500 500

2.33x104 1.91X104

10.4 10.3

2494 6632

2.O7X1O4 1.25x104

lcfl— k!A-Ef2!J!s
0.35 0.35

0.35 0.35

0.7 1.05

1.0 1.5

0.670 0.120

100 1000

1.844 1.044

1.CQ9 1.026

5904 5940

9.89x104 6.72x104

1.19X1 O-4 1.74X1 o-4

2.o5x1o4 2.O4X1O5

1.71X104 4.2x104

1WE 2781

500 500

I.02X104 3.6SX104

10.2 21.8

4.54X104 2222

-3.53x104 6.72x104

10
100 Soo. 1000

~(mho)
m

Magnetic field required to attain near-
sonic conditions at the exit of a diver-
ging supersonic channel.
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Fig. 13. Effect of conductivity on power alloca-
tion for a diverging supersonic channel.

in power is accompanied by a modest increase in

the magnet size from 2m by 2m to 2.7m by 2.7m.

The last column in Table IX shows the effect

of increasing the length of the channel to 1.5m,

and the exit height to 1.05m; the magnetic field

was decreased, as required, to keep the Mach num-

ber at the exit near unity. As a result of these

changes, the power nearly doubled, but the magnet

dimensions increased from 2.7m by 2.7m by lm to

3.4 by 3.4 by 1.5m. Therefore, more power can be

obtained for the price of a physically larger sys-

tem and a cost trade-off must be carried out to

determine the optimum size and performance.

Finally, note that without electromagnetic

forces, a supersonic flew can be slowed down only

in a converging channel (dA/dx <O). Since, in

supersonic flow, the electromagnetic terms in

Eq. (13) have negative signs, a converging channel

with electromagnetic forces would be more effec-

tive in decelerating flow than an ordinary super-

sonic diffuser. However, it may lead to shocks

and therefore require a more extensive analysis

than was intended in the present preliminary study.

3. Subsonic flow decelerator

Equation (13) shows that when the flow is

subsonic, it is decelerated by the geometric term,

dA/dx, but is accelerated by the electromagnetic

terms. Therefore, a subsonic diffuser will de-

celerate the flow more efficiently than any sub-

sonic MHO decelerator. Consequently, the question

to be asked is: can a subsonic MHO-decelerator be

designed to produce sufficient power and be suffi-

ciently small to compete with the diffuser?

For plasma inlet conditions fixed in this

study, an inlet area exceeding 0.42m2 is re-

quired for subsonic flow. Therefore, an inlet

0.7m wide and 0.7m high was assumed for the in-

vestigation. In addition, the exit height of l.On

and the length of 1.5m were chosen.

In supersonic flow, the magnetic field is

limited by the constraint that the flow inside the

channel not become subsonic, while in subsonic

flow the magnetic field is limited by the fact

that too large a field will accelerate the flow.

The latter occurs when the electromagnetic terms

exceed the geometric term in the momentum conser-

vation equation.

The effect of a magnetic field on the perfor-

mance characteristics of a subsonic MHO decelera-

tor is shown in Table X for u=1OOO mho/m. Note

that the magnetic field strength is limited to

very small values, i.e., to*O.04 T or less. Also,

it can be seen that as the magnetic field

increases, the exit velocity increases; this is

consistent with the previous statement that a dif-

fuser is better than an MHO decelerator in decele

rating subsonic flows. By comparing Column 1 of

Table X with Column 4 of Table III and with Column

1 of Table IX, it is seen that the supersonic de-

celerators slow down the flow to nearly the same

exit velocity as the subsonic decelerators, and,

in addition, provide more power in a smaller

volume (higher power densities) because of their

larger magnetic fields. In the case of the sub-

sonic decelerator, the flow may be slowed down

further by decreasing the magnetic field, but the

14



TABLE X

EFFECT OF MAGNETIC FIELD ON PERFORMANCE CHARACTER-
ISTICS OFA DIVERGING SUBSONIC CHANNEL

Bo, T 0.02 0.03 0.04

U, mho/m 103 103 103

M. 0.922 0.922 0.922

M~ 0.507 0.533 0.588

Uf, m/s 5796 6070 6628

pf, N/m2 1.35X105 1.28x105 1.15X105

‘PULSES s 2.11X10-4 2.04x10-4 1.92x10-4

61DEAL,W 1.98X104 4.69x104 9.19X104

aChannel inlet: 0.7 by 0.7 m,
Channel exit: 0.7 by l.Om,
Channel length: 1.5 m.

corresponding power will also decrease. This re-

sult confirms that a diffuser is the best decele-

rator of subsonic flows.

Increasing the generator exit height to

2.8m, the length to 3.Om, and the magnetic field

to 0.07 T will decelerate the flow to 2872 m/s and

will result in an available power of 7.69

x 105 w. However, a 6.93-m by 6.93-m by 3.O-m

magnet would be required to attain such power ex-

traction. The large generator size is a conse-

quence of the fact that for a given inlet area,

length, and magnetic field, an exit height exists

below which the flow will accelerate and only

above which it will decelerate.

A summary description of the subsonic decele-

rator is presented in Table XI.

4. MHD Decelerator with Electrodes

Because the lifetime of electrodes poses a

sufficiently serious problem to cast doubt on the

feasibility of their use in MHD decelerators, it

will not be discussed in any detail. We compared

the reference cases for the induction decelerators

listed in Tables VI, VIII, and XI with corres-

ponding decelerators with electrodes. All per-

tinent parameters listed in Tables VI, VIII, and

XI were used to determine the characteristics of

the decelerators with electrodes. The load param-

eter, K, was taken to be 1/2, to maximize the

power density.

TA8LE XI

SUMMARY DESCRIPTION OF A DIVERGING SUBSONIC
OECELERATOR WITH u= 1000 mho/m

Channel

Inlet height = 0.7m
Width = 0.7m
Exit height = 2.8m
Length = 3.Om
Mass flow rate = 5 kg/s
Pulse rate = 10 Hz
Inlet velocity = 104m/s
Exit velocity = 2872m/s
Inlet Mach number = 0.922

;:;:t”&%e: ;0!”;;:2
Exit pressure = 1.1OX1O5 N/m2
Ratio of specific heats = 1.2
Plasma electric conductivity = 103 mho/m

Induction Coil

Number of coils = 2
Number of turns (both coils) = 50
Number of turns in 1 layer (both coils) = 10
Number of layers = 5
Coil width = 0.05 m

‘ Coil height at duct inlet = 0.7m
Coil height at duct exit = 2.8m
Coil length = 3.Om
Coil wire diameter = 0.01 m
Maximum current allowed = 3571 A
Actual current through coils = 500 A
Resistance in coils = O.lln
Voltage across coil = 2.%X104 v

!!x@
Magnetic fields = 0.07 T
Number of turns in coil = 6000
Number of turns in 1 layer = 1000
Number of layers = 6
Coil wire diameter = 0.004 m
Current through coil = 7.43 A
Resistance of coil = 96.9n
Magnet arc length = 4m
Air gap =0.8m
Bore in magnet = 1.33m by 1.33m
Magnet length = 3.Om
Magnet height = 6.93m
Magnet width = 6.93 m
Thickness of magnet = 2.8 m

Power

Ideal power = 7.69x105 W
Total ower produced in induction coils = 1.08

EXlow
Joule loss in induction coils = 200 W
Joule loss in magnet coil = 535 W

~Net power from system = 1.O2X1O W

J5



We found it necessary to shorten the super-

sonic electrode-type decelerator to 0.93m, to

maintain a slightly supersonic flow at the exit.

Exit velocities and ideal powers for the

induction- and electrode-type decelerators are

compared in Table XII. It can be seen that the

performances are nearly equal. In general, the

induction-type decelerator generates slightly more

power because the average magnetic Reynold’s num-

ber along the channel is slightly greater than

unity.

v. CONCLUDING OBSERVATIONS

The follcwing conclusions may be inferred

from the investigation reported here.

o The inlet area is a critical parameter of the

MHD decelerator because it determines the

inlet Mach number and, therefore, the flow re-

gime. For the inlet conditions given in this

report, supersonic flow occurs for inlet

areas less than 0.42m2 and subsonic flow

occurs for inlet areas greater than 0.42m2.

● For supersonic inlet conditions the restric-

tion to shockless flow limits the magnetic

field and,for a given plasma conductivity)

the power output of the device. A small in- -

let area (0.35m by 0.35m) was required to

obtain a sufficiently high inlet Mach number,

so that a reasonably strong magnetic field

could be used to obtain useful power output

and to decelerate the flow sufficiently. For

geometries considered (constant area and di-

verging channels), the exit Mach number con-

straint limits the exit velocity to 5800-5900

m/s. The MHD decelerators are characterized

by low magnetic fields, e.g., 0.15 T, and low

power output, i.e., less than 105 W even

forcr=1000 mho/m.

● A supersonic constant area channel is simpler

to construct than a diverging channel and is,

also more compact. For example, a 2.0- by

2.0- by l.om magnet is required for the

constant area reference case while a 2.7- by

2.7- by l.cm magnet is required for the

diverging decelerator. However, the latter

will produce more power because of its larger

volume.

● For either supersonic or subsonic channels,

net power production with steady-state magnet

operation is possible only when the conduc-

tivity is higher than 100nho/m. For lower

plasma conductivities, pulsed or superconduc-

ting magnets must be used; however, the low

power outputs at such low conductivities in-

dicate that this solution may be economically

infeasible. Consequently, the induction de-

celerators should operate with plasma conduc-

tivities of 10Lknho/m or higher if they are to

be considered for slowing down fuel pellet

debris ions and for extracting energy in the

process. For low conductivities, the magnet

should be designed with care to prevent joule

losses in coils from becoming so high that

external power may be required to operate the

device.

TABLE XII

COMPARISON OF INDUCTION AND ELECTRODE-TYPE DECELERATORS

Induction Type Electrode Type*

!f& IIDEAd Yf- &DEA@

Supersonic constant area 5784 5.35X104 5840 4.62x104

Supersonic diverging area 5815 1.08x105 5281 9.21x104

Subsonic diverging area 2872 7.69x105 2655 5.23x105

*Letlgth of decelerator shortened to 0.93 m to meet the constraint Of exit
Mach number = 1.

.

.
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0 For subsonic decelerators, the magnetic field

is constrained by the restriction to decele-

rating flows and cannot exceed the critical

value at which the flow will change to an

accelerating one. Conversely, for a given

field, channel length, and inlet area, in-

creasing the exit height past a critical

value will change the fl~ from accelerating

to decelerating one. Therefore, subsonic

decelerators are always larger than super-

sonic.

0 Subsonic decelerators are most efficient when

no electromagnetic forces are acting on the

plasma, i.e., subsonic diffusers. A MHD de-

celerator will be competitive with the dif-

fuser only if sufficient power is produced in

a device of reasonable size and at an accep-

table exit velocity.

● Because of the factors mentioned above, the

subsonic decelerators will have very small

fields, e.g., less than 0.1 Tfor a conduc-

tivity of 1000mho/m. Even for this high

conductivity, the channels will be large.

For example, a 7- by 7- by 3-m magnet would

be required to produce 105 W or more and to

reduce the exit velocity to 2900 m/s.

o Increasing the size of either subsonic or

supersonic channels will increase the power,

but will also increase costs; the amount of

increase was not investigated in this study.

● The performances of induction and electrode-

type decelerators are approximately equal.

The induction-type decelerator generates

slightly more power because the average mag-

netic Reynolds number along the channel is

slightly greater than unity for the condi-

tions studied in this report. However, the

electrode-type decelerator may not be

feasible because of limited electrode life-

time in the plasma environment anticipated

for inertial confinement fusion reactors.

The preliminary conclusions derived from the

analysis presented in this report indicate that

induction-type MHD decelerators merit serious con-

sideration for processing reaction products in

inertial confinement fusion reactors and for ener-

gy extraction.
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