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Fuel Containment in the Gaseous-Core Nuclear Rocket by
MHD-Driven Vortices

JACOB B ROMERO*
The Boeing Company, Seattle, Wash

A gaseous fission propulsion engine is considered in which an electromagnetic vortex is em-
ployed for fuel retention The pertinent continuity, momentum, energy, diffusion, and elec-
tromagnetic equations are derived for steady-state, laminar, two-dimensional flow and are
solved for several cases Economical fuel retention is considered from the point of view of
rocket performance and design Two basic design concepts are considered: a single critical
chamber and multiple vortex tubes Engine thrust-to-weight ratios range from ten-thou-
sandths for the single vortex designs to tenths for the multiple vortex designs Bypass flow
systems are suggested as a means of obtaining performance improvement

Nomenclature

BQ = uniform axial magnetic flux density, webers/m2

Bz = axial magnetic flux density, webers/m2

cp = gas heat capacity, joules/kg/°K
Di2 = diffusion coefficient of heavy gas in light gas, m2/sec
Er = radial electric field strength, newtons/coul
H — gas enthalpy, joules/mole
/ = radial current, amp/m
jr = radial current density, amp/m2

k = gas thermal conductivity, joules/m/sec/ K
K = Boltzmann constant, j oules/°K
L = length of vortex, m
m = mass of gas molecule, kg
m,T = fuel mass inside chamber, kg
mc — critical mass, kg
Npr = Prandtl number
np = particle number density at r, number/m3

NRB = radial Reynolds number
Nsc = Schmidt number
p = gas pressure, newtons/m2

P = electric power loss, w/m
q = conduction heat transfer, joules/sec/m3

Qf = energy released per fission, joules
Qv = nuclear heat addition, joules/m3

r = radial distance (coordinate), m
r+ = (r/r ), dimensionless radial distance (coordinate)
R = universal gas constant, joules/kg/mole/ K
T = gas temperature, °K
U = potential drop across voitex, v
vr = radial gas velocity, m/sec
vt = tangential gas velocity, m/sec
w = flow rate, kg/sec/m
Z = axial distance (coordinate), m
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fission cross section, m2

gas viscosity, kg/sec/m
angular velocity, rad/sec

p = gas density, kg/m3

p + = ratio of fuel to propellant mass densities
a — gas electrical conductivity, mho/m
0 = tangential coordinate
<f> = neutron flux, number/sec/m2

<£ = viscous heat dissipation, joules/m3

Subscripts

1 = refers to species 1 or propellant
2 = refers to species 2 or fuel
m = refers to position where the tangential velocity has a

maximum
i = refers to inner electrode outer radius
o = refers to outer electrode inner radius

Introduction

PERFORMANCE of solid-core nuclear propulsion engines
is limited by low maximum operating temperatures im-

posed by structural materials in the solid core To overcome
these temperature limitations, the gaseous-core nuclear pro-
pulsion engine has been suggested, in which both fuel and
propellant are injected into the chamber itself, thereby avoid-
ing major contact with structural surfaces and allowing higher
temperature operation

Unfortunately, loss of fuel in the rocket exhaust poses an
equally difficult problem The fuel loss is so great that, with-
out some form of fuel retention, the gaseous-core engine is
economically impractical In order to solve this problem,
several fuel retention schemes have been proposed 1-7 This
paper discusses a few of these schemes and describes one, the
MHD-driven vortex, in considerable detail

In the MHD vortex, a uniform electric current flows be-
tween electrically insulated coaxial electrodes, and a magnetic
field is applied axially A partially ionized gas flowing uni-
formly between outer and inner electrodes receives a tangen-
tial force, thereby forming a vortex High tangential veloci-
ties8"11 that force the denser fuel to the chamber walls are im-
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parted to the gas, thereby preventing fuel-rich gas from being
exhausted from the locket

The piimary advantage of the electromagnetic vortex con-
cept lies in forming the vortex independently, whereas, for
example, in the hydrodynamic vortex concept1 2 the fluid is
introduced tangential to the chamber wall, thereby forming its
own vortex Mass flow rate per unit of chamber length is
independent of vortex diameter and is limited primarily by
maximum tangential Mach number, an obvious disadvantage
in the hydrodynamic vortex since the vortex strength de-
pends on the flow rate

Rocket Engine Characteristics

Engine Design Considerations

One type of MHD vortex rocket-engine concept is the single,
reflected chamber design shown schematically in Fig 1 The
propellant with makeup fuel cools the walls, enters the
chamber through the outer wall, diffuses through the fuel-rich
cloud, and exits to the nozzle The electrical current flows
between the outer wall and the central electrode, and the axial
magnetic field is produced by the solenoid

The second reactor design considered consists of many small
vortex tubes packed in a large reflected chamber Two con-
cepts, consisting of 1000 and 3000 individual tubes, were
studied This design, in effect, increases the over-all vortex
length and has been suggested as a means of increasing the
total flow rate in hydrodynamic vortices 2 In both single and
multiple designs, a vortex radius ratio (r /r^ of 10 was used
Calculations show that, as this parameter is decreased, larger
electrical powers are necessary to maintain the same tangen-
tial velocity. The value of 10 is consistent with nozzle design
and maintains high tangential velocity with reasonable
power

The inner electrode is shown in Fig 1 as a perforated
cylinder through which the hot gases exit, mainly to indicate
the concept without considering specifically such problems as
wall cooling or fuel condensation The environment in which
this electrode is located is severe, and in actual practice some
other method, if workable, would be superior The best al-
ternate would be to use the hot gas itself as an electrode This
scheme has been used in such devices as Ixion,12 but its prac-
ticality has yet to be verified for the conditions encountered
in gaseous reactors A second alternate might be to use a
consumable electrode of the ablative type Some electrodes
of this type are used in plasmajets, but require analysis in
applications to gaseous reactors for factors such as heat trans-
fer, nucleonics, and electromagnetic effects For the present
study, which is concerned primarily with containment feasi-
bility and preliminary design, an electrode of constant dimen-
sions with uniform current and gas flow is assumed

The criticality of the reactor depends on the fuel used and
on the nature and thickness of the reflector The reactor en-
visioned is of the externally reflected type in which a reflector
surrounds the reacting cavity To conserve neutrons, a re-
flector of considerable thickness is necessary; this dictates, to
a large extent, dead reactor weight (all weight except that of
electrical power equipment) The two designs used here as-
sume a cavity of 2-m radius and are reflected by 0 55 m of
heavy water on all sides The electrical insulators between
electrodes can also be used as reflectors by constructing them
of heavy water contained in an electrical insulator The
critical mass of Pu-239, needed for criticality in these reac-
tors, is about 8 kg 13 However, to account for the effects of
nozzle, pressure shell, geometry, and impurities, a critical
mass of 10 kg was assumed as reasonable in the calculations
This gives an over-all average fuel density of about 0 4
kg/m3 Increasing fuel containment beyond this value does
not drastically increase the electrical requirements because
it is shown later that the B0I product does not change greatly

MAGNETIC FIELD ELECTRODES

PRESSURE WALL

SOLENOID

_FUEL
0 CLOUD

REFLECTOR

COLD PROPELLANT _/ HOJ EXHAUST

Fig 1 Gaseous nuclear rocket concept

Typical dead weights for a 2-m-length reactor are 92,000 Ib
of heavy water, 5000 Ib of pressure shell, and 1000-2000 Ib for
the nozzle, pump, accessories, and solenoid From these
values, it can be seen that the reflector requirements domi-
nate An over-all reactor dead weight of 50,000 Ib/m was
used in computing engine performance

Mathematical Formulation

Major Assumptions Used

To simplify the mathematics, the problem of containment
was treated in a simplified manner Figure 2 shows the
simplified two-dimensional vortex studied Flow and current
were assumed to move uniformly between electrodes, and the
system was assumed axially symmetrical—all quantities in-
dependent of 6 A uniform magnetic field was assumed to act
axially Further assumptions made were the following:

1) The electron free path is much less than a typical
dimension of the plasma volume This assumption is basic to
the application of the continuum equations At the plasma
pressures of interest to propulsion, this assumption should
hold quite well

2) The magnetic Reynolds number is much less than 1
For this case, the Hall currents can be neglected, and the
axial magnetic field is approximately constant: B = B0

3) The flow is laminar This assumption is probably
erroneous; turbulent flow has been shown to be predominant
in jet-driven vortices However, in the MHD-driven vortex,
the magnetic field tends to stabilize turbulence, and it might
be possible to extend laminar conditions to higher velocities

4) The flow is two-dimensional This assumption also is
probably erroneous; three-dimensional effects have been
shown to exist in jet-driven vortices By special design, two-
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RADIAL ELECTRIC CURRENT
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UNIFORM FLOW

OUTER ELECTRODE

- I N N E R ELECTRODE
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Fig 2 Two-dimensional MHD-driven vortex
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Fig 3 Tempeiatme distiibulions studied.

dimensional flow can piobably be approached, although total
two-dimensionality may be impossible to achieve

5) The concenti ation of one species (propellant) is so
pi eminent that the gas transport propeities, except electrical
conductivity, can be assumed to be those of this species
Nucleonics data indicate that, for critical systems, this as-
sumption is appioached (i e , npz « npi)

Diffusion

The equation goveining ladial diffusion of a binary mixtuie
may be found in Ref 14 Neglecting the effect on diffusion of
exteinal forces and tempeiatuie gradients, the diffusion equa-
tion has been written in Ref 15 as

1 -

-+- w2

Inp
Inr

+ _ /m_2 _ \J^'
r \mi ) RT_ (D

by employing the continuity and radial momentum equations
In this equation, the particle concentrations have been ex-
pressed, for convenience, in teims of density ratio defined as
P+ = P2/P1 = m^n^/m^pi

Equation (1) is complicated by the fact that vt and T aie
functions of radius pi and A2 are functions of temperatuie
and, thus, of ladius A great deal of simplification is possible
if the dependence of viscosity on tempeiatuie is neglected
This allows the definition of a radial Reynolds number and
Schmidt numbei which may be assumed constant Ovei the
kinetic range, viscosity varies with the square root of the
temperature, and the variation is, theiefore, relatively weak
As an approximation, it will be assumed that viscosity can be
lepiesented as an average value calculated at the average
temperature

The final foim of the diffusion equation can now be wiitten
as

m, tWlp +4- AT N (
~ ) RTJ ^ U

4 = 0 (2)

wheie a ladial Reynolds number is defined as NR = — (wi +
W2)/2wfji} and a Schmidt number for the light gas is defined as
j\r^c = /ii/piZ)i2 Foi convenience, a reduced cooidinate de-
fined as r+ = r/r0 has been used

Velocity Distiibu tion

The lotational velocity of the plasma foi the case consideied
is found fiom the B components of the momentum equation

using a pioceduie which differs from that of Gordeev and
Gubanov8 only in the introduction of the ladial velocity
The lesulting diffeiential equation can be wiitten as

d*vt . 1 dut vt\ . (
TT + ~~ y ~" ~i ) = 3 B* + vfp (dr2 r dr r2/ \

dvt—dr (3)

Combining Eq (3) with the continuity equation foi the gas
mixtuie and assuming unifoim radial curient, the lesult can
be reduced to

*- T~ -iV R ) ~~ — ~ \ * ± )dr2 ^ K} dr ^
where jr = //2?rr I is the cuirent per unit length

When no electiomagnetic field is piesent, the right-hand
side of Eq (4) vanishes and the equation coiiesponds to that
obtained for a hydiodynamic vortex

Equation (4) is a Eulei equation solved foi the boundaiy
conditions vt = 0 when r = rt and r , yielding the lesult

vt = —

wheie

B0Ir0r (5)

and a i educed ladius is again used Letting NX -*• 0, Eq (5)
i educes to the solution obtained by Goideev and Gubanov8 foi
stationaiy flow

The maximum velocity also may be found by setting the
fiist deiivative to zeio This occuis at the ladius computed
fiom the following complicated polynomial

\NR (1
(6)

Pressui e Disti ibutioii

The ladial piessuie distribution is found fiom the ladial
momentum equation As in Ref 2, this can be expiessed ap-
pioximately for the case where v <£vtby the equation

dp vt*p
(7)

This equation can be integrated leadily to

^ = exp|1Ji
1
+(L+.p!)^r+ (8)

Eiiei gy Equation

The eneigy equation foi the two-dimensional system con-
sideied, neglecting ladiation, can be written as

dH dp I d
~ jr dr —cr (9)

Equation (9) is the usual two-dimensional equation in
cylindrical coordinates with electrical and fission heating
tei ms included

Using the appioximations suggested by Kenebiock and
Meghieblian2 foi enthalpy, thermal conductivity, and fission
heating, the expiession for viscous dissipation foi the case v
<<C Vt (Ref 9), the ladial momentum equation, and Eq (5),
the eneigy equation i educes, after some manipulation, to

1 dT miQf<rf(j>r0 P+X

d *

- - < > "»'
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Equation (10) is also expressed in i educed coordinates

Electi omagnetic Relationships and Power Loss

The relationship of curient density, electric field, and mag-
netic field are found from Ohm's equation The electiical
powei needed to maintain gas rotation can then be derived

Goideev and Gubanov have shown that, for the condition
in which the ionic velocities relative to the neutial gas are
much smaller than the velocity of the neutral gas, the radial
components of Ohm's equation can be written as

j = <r(E + vt (ID
Substituting foi j and vt and integrating ovei r, the voltage

drop across the homopole becomes, for NR > 0,

U-±* + ml**>r-.[l /'A""+2"——
27TCT 4^-AtJV^ )A^S + 2

/ o \ , /- 1 In- (12)

The^corresponding expiession when NRe = 0 has been
deiived by Gordeev and Gubanov Equation (12) consists
of two terms: the fiist, involving electrical conductivity, is
identified as a resistive voltage loss; the second is the addi-
tional drop, dependent on the magnetic field, necessary to
maintain gas rotation The power loss per unit of chambei
length can be written immediately by multiplying both sides
of Eq (12) by / The expression obtained is

P= JLln^ + B^T* ( *i [i _ M A'
27TO- r^ 4Trp,NRe \NRe + 2 |_ \rf/

(13)

Total Fuel Mass

The mass of fuel inside the chamber can be obtained directly
by integrating over the total volume This is given by the ex-
pression

mT
pr0 pL

= I I 2irrnp2mzdrdz (14)

Foi the case of axial concentration uniformity, Eq (14)
becomes

mT = 2<jrr 2L Plp+r+dr+«/ o (15)

At ciitical conditions, this should correspond closely to the
ciitical mass

Method of Solution

A complete study of the system under consideration necessi-
tates the simultaneous solution of Eqs (2, 7, and 10) togethei
with the velocity equation (5) and other accessory relation-
ships The system of equations is coupled and requires solu-
tion of three nonlinear diffeiential equations Such a solution
is being attempted by numerical digital computer techniques
Solutions for the case not involving nuclear heating are much
simpler and have been obtained for certain cases 8 9

For the present papei, a simplified procedure was em-
ployed Arbitrary tempeiature distributions were assumed
and used to obtain solutions of the diffusion equation Al-
though this is not a rigoious procedure, it yields results useful
for engineering approximations and at the same time great!}
simplifies the treatment, The use of several temperature dis-
tributions gives some indication of their effect on rocket per-
foimance

The three temperature distributions used are shown in Fig
3 The distributions weie chosen to give three widely varied
cases These are 1) a constant temperature, 5000°K; 2) a
temperature given by the equation T = 2000° + 4000°K[1 -

(r+)3]; and 3) an arbitrary temperature with a peak of
10,000°K at r+ = 0 2 The second and third cases yield wall
temperatures of 2000°K

The diffusion equation was solved as an initial boundaiy
pioblem by digital computer techniques using a modified
Runge-Kutta method Integration began at the innei elec-
tiode radius i+ and proceeded to larger radii at specified
parameter values The procedure was then repeated for other
paiametric values A series of distribution curves for density
latio, velocity, propellant density, and pressure were thus
obtained A value of density ratio p+ = pt+ = 10~4 was used
as the initial boundary condition on p+ This limited the
solution to cases corresponding to a loss of 1 Ib of fissionable
fuel foi every 10,000 Ib of propellant An initial value of
piessure was assumed to be 1000 psi The following other
constants and parameteis were used with the equations to ob-
tain numerical answers: m2/Wi = 117 5; / = 1000 amp/m;
Nsc = 1; r /rt = 10; and cr = 1000 mho/m

The values of transport properties were computed at the
average temperature A value (r [r^ of 10 corresponds to a
system having an outer electrode radius ten times the inner
electrode Outer radii (r ) of 2 m for the large chamber and
0 05 and 0 025 m foi a system of multiple small tubes weie
used for comparison

The fissionable fuel mass inside the chamber was computed
fiom Eq (15) This was compared with the value fiom
nucleonics data, thus giving the critical mass as a function of
parametric constants In computing critical masses, a reac-
tor length of 2 m was assumed Electrical requirements were
computed on the basis of the power necessary to contain a
critical mass inside the chamber with negligible fuel loss Foi
a given critical mass, the value of B0I determines the electrical
power requirements from Eq (13) Electrical equipment
weights were estimated on the basis of 10 Ib/kwe Al-
though this specified power is optimistic, it may well be rep-
resentative of conversion equipment in the near future

Results and Discussion

Vortex Characteristics

Figures 4-9 show typical results obtainable for a large cham-
ber (r0 = 2 m) Data for small chambers followed the same
trends The density ratio distributions exhibit a simple
maximum over the parametric ranges of interest to propulsion
applications Other behavior of the solutions is also possible 2

For example, the case of no radial flow yields a rapidly in-
creasing exponential distribution For given parametric
values, density ratio distributions are similar in shape, al-
though of entirely different magnitude, for the three tempera-
ture distributions studied In general, gas separation be-

100 F

0 1 0 2 0 3 0 4 0 5 0 6 0 7 0

Fig 4 Density latio distributions in MHD voitex
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Fig 6 Tangential velocity distributions in MHD vortex

comes more difficult as the tempera tine distribution becomes
more complex

Increases in B0I product increase the density ratio and shift
the maximum slightly toward the outer wall This is to be
expected since increases in B0I increase the tangential
velocity, and this manifests itself as an increase in the centrif-
ugal force, which tends to force the particles outward On
the other hand, inci eases in the Reynolds number shift the
distribution inward toward the center electrode, narrowing it
to a sharp spike (see Fig 5) This of course results from the
increased drag experienced by the particles as the flow rate is
increased Since the fissionable fuel mass depends on the
area under the curve, it is more difficult to obtain ciitical
masses as Reynolds number is increased Critical masses
generally occur for pm

+ values in the range of 10 to 20
Propellant densities plotted in Fig 4 are also affected by

diag and centrifugal forces, and they show an increase with
increasing B0I product The increase is more pronounced at
low values of radius latio and tends to level off at higher
values The fissionable fuel density is readily calculable from
these curves Since the value of propellant density is ap-
proximately 1, and maximum p+ is about 10, the maximum
fuel density is approximately 10

Tangential velocity distributions are shown in Fig 6 for two
values of Reynolds number and several values of B0I product
Very high tangential velocities are possible by increasing the
BQI product The position of the maximum velocity depends
on the Reynolds number Except for very low Reynolds
numbers, maximum velocity occuis very near the inner elec-
trode This is very significant for the separation, since a
particle moving radially from outside to inside will experience
the greatest centiifugal force near the inner electrode Mach
numbers for velocities of interest to economical retention de-
pend on the Reynolds number and are in the supersonic range
in the region of maximum velocity

Typical pressure ratio distiibutions are given in Fig 7
The pressure variation was more pionounced for small r+ be-
cause of the dependence of piessure on p+ and vt) both of
which vaiy strongly at small values of r+

Pressure ratios, periphery to coie, are shown in Fig 8 as
functions of B0I product foi the three temperatuie distribu-
tions studied Pressure ratios increase rapidly with B0I
product, and pressure distributions vary with the choice of
temperature distribution which suggests that pressure is very
sensitive to variation in temperature

Power requirements in the vortex for various Reynolds
numbers are shown in Fig 10 as a function of B0I product
These plot linearly because power is expended mainly in
maintaining gas rotation [second term of Eq (13) ]

Figure 10 shows typical fuel mass contained inside the
chamber for a given radial Reynolds number and various
temperature and design conditions These were obtained by
integrating Eq (15) The amount contained is sensitive to
the BQI value and can be increased greatly with minor changes
in electrical power requirements For the low flow rates
(Nx = —10), the electrical requirements are not severe, but
as the flow rate is inci eased, these increase sharply

Engine Performance

Table 1 summarizes results of the various parametric
analyses of critical reactors employing the two design con-
cepts considered These reactors heat a hydrogen propellant
to 5000°-6000°K and thus yield specific impulses in the range
of 1500-1800 sec

The magnetic flux densities required range from a few gauss
to about 1600 gauss for the plasma current density used It is
also possible to trade field stiength for current density The
powei required to produce these fields is negligible compared
with other electrical requiiements The fields calculated here

Table 1 MHD-driven vortex nuclear reactors

TO, m

2

0 05 (1000 tubes)

0 025 (3000 tubes)

NRe

-10
-10
-10

-100
-100
-100

-1000
-10
-10
-10

Temp,
Fig 2

1
2
3
1
2
3

2
3
3

webers/m2

1 62 X 10~3

1 77 X 10~3

2 02 X 10~3

2 62 X lO-2

2 87 X lO-2

2 92 X 10~2

0 68-0 72
7 2 X lO-2

8 2 X lO-2

0 166

w,
Ib/m sec

9 8 X 10~3

9 8 X 10~3

9 8 X 10~3

9 8 X lO-2

9 8 X lO-2

9 8 X lO-2

9 8 X 10-1

9 8
9 8

29 4

Max
Mach

no

1 40
1 51
1 46
3 21
3 21
3 56
8 74
1 44
1 49
1 49

P,
Mw/m

0 0023
0 0026
0 0034
0 055
0 066
0 067

3 9-4 2
2 8
3 5

10 9

Elect wt,
Ib/m

23
26
34

550
660
670

34,000-42 000
28 000
35 000

109 000

Po/Pi
1 8
2 0
2 7

—25
—30
—60
large

2 5
3 0
3 3

Engine
thrust/wt

2 9 X 10~4

3 4 X 10~4

2 9 X 10-4

2 9 X 10~3

3 4 X 10~3

2 9 X 10~3

(1 6 X lO-2)
0 22
0 17
0 28
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Fig 7 Pressure distributions in MHD vortex

are low when compared with fields required in the scheme of
Ref 4 It should be noted, however, that in the scheme pro-
posed here, the field is used only to drive the vortex, and gas
separation results from the resulting centrifugal field In Ref
4, a magnetic pinch is used for retainment, and the rotation is
used to supplement the pinch (i e , to drive the fuel away from
the escape cone of the magnetic bottle) The use of the pinch
necessitates much larger fields

The different temperature distributions used do not sig-
nificantly affect the power requirement, engine thrust-to-
weight ratio, or pressure gradient (low flow rates) A con-
stant temperature distribution yielded a good estimate of the
performance Verification of the generality of this conclusion
must await solution of the coupled equations

The results for a large chamber (r0 = 2 m) show that this
design is limited both by electrical power requirements and
pressure gradients Power requirements increase rapidly with
flow rate The associated electrical equipment weights, al-
though negligible for low flow rates, become comparable to the
reactor dead weight as the flow rate increases above NRe =
-1000

The pressure penalty ratio po/pt imposes a serious limita-
tion on flow rate These ratios increase sharply as the radial
Reynolds number increases, and they rapidly get out of hand,
thus limiting practical designs to low radial flow rates This
restriction cannot be alleviated by lowering the core pressure
because a high core pressure is necessary to obtain criticality
The over-all net result is that thrust-to-weight ratios for prac-
tical single chambers are limited to about 10 ~4

Multiple-vortex reactors have several advantages over
single-voitex designs First, they improve flow rate at man-
ageable pressure levels by increasing the effective over-all
vortex length Thus, consideiable improvement in engine

Fig 9 Electrical power requirements

thrust-to-weight ratio can be realized Table 1 shows that
thrust-to-weight ratios are in the range of tenths Secondly,
the flow conditions become less severe as the vortex radius is
decreased Whereas the maximum Reynolds number was on
the order of 106 for the single chamber, it is on the order of 105

for the 0 05-m-radius vortex, and 104 for the 0 025-m-radius
vortex

On the other hand, multiple vortex reactors possess many
disadvantages The electrical power requirements are more
severe than for a single chamber Despite the improvement in
engine thrust-to-weight ratio, this tends to nullify any ad-
vantage that these reactors might have over the purely hy-
drodynamic type Also, the complexity of the electrical sys-
tem for a reactor with many vortices tends to favor the hydro-
dynamic type Another disadvantage, although not re-
stricted strictly to the MHD vortex, is the more severe heat-
transfer problem The wall surface to be cooled is much
larger, and fission fragment deposition at the walls can be
serious, especially for tubes with diameters smaller than
2 5 cm 16

No attempt was made to maximize reactor performance by
trading off nucleonic weights (dead weight) for electrical
weights However, it can be shown easily that there is little
likelihood of large performance improvements The following
are two possible avenues by which performance improve-
ments might be realized

1) Decreasing chamber radius for constant reflector
thickness: If cavity radius is decreased for a constant reflector
thickness of 0 55 m, for example, it is possible to reach a
minimum critical mass at a radius of about 0 5 m Calcula-
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Fig 8 Effects of temperature distributions on piessure
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tions show that the single-chambei reactor thmst-to-weight
latio possibly could be inci eased b} an order of magnitude
This improvement, however, is insufficient to put the leactoi
in advantageous competition with other concepts In the
case of the multiple voitex system, it is not possible to de-
ciease the chambei ladius to any laige extent foi the tube
sizes and number assumed previously This numbei of tubes
aheady lepiesents appioximately the maximum that can be
packed (with some spacing between tubes for electrical in-
sulation) into a 2-m-iadius chambei Also it is not possible
to deciease the ladius of each individual tube to any large
extent in older to pack more inside the chamber As was
noted befoie, this piocedure will impose severe theimal loads
at the tube walls because of fission fragment heating

2) Deci easing leflectoi thickness for constant chambei
ladius: In this case, leactoi nucleonics aie worsened (because
of largei critical masses), and moie power will be necessary
foi containment However, this is not necessarily objection-
able since the fuel mass contained inside the chamber is highly
sensitive to the BQ! pioduct, and it is possible to increase the
amount contained with only minor expenditure of electrical
powei It is thus hoped to trade a large amount of reflectoi
weight for a small amount of electrical weight If the reflec-
toi thickness is deci eased from 0 55 m to 0 30 m for a 2-m
cavity, for example, the ciitical mass is increased to 70 kg
The electrical lequiiements to contain this larger critical mass
are small, and it is possible to increase the thrust-to-weight
latio by a factor of 2 01 3 Ihis process cannot be continued
indefinitely, howevei Attempts to fuither improve pei-
formance meet with severe pressuie giadients because the
piessuie gradient is also highly sensitive to BQI product

An important consideration is the local field within the
plasma undei opeiating conditions (validity of assumption 2
in the section on Mathematical Formulation), because the
fuel contained is sensitive to the local magnetic field It is
known that electiomagnetic interactions induce electric cui-
lents that set up in the plasma a magnetic field opposing the
applied field; it is necessary to show that the field within the
plasma is constant A useful criterion, often used to show
that the induced magnetic field is negligible, is the magnetic
Reynolds number I ewellen9 has shown that, to a good ap-
pioximation, the axial field is given by the equation B =
B0(l + Nm) If the magnetic Reynolds number Nm is much
less than 1, the inteinal field is neaily equal to the applied
field Foi the conditions presented here, Nm is on the ordei of
10~5 to 10~6, so that the internal field is indeed very neaily
equal to the applied field

Two major assumptions made in this study, two-dimen-
sionality and laminai flow, require much more study Both
of these can have seiious consequences on the peiformance of
gaseous reactois, and fuither consideiation of this scheme
must include these pioblems as prime study areas As in the

case of the hydrodynamic vortex, a rigorous treatment of
MHD vortex flow should be considered as a three-dimensional
pioblem Although it might be possible to control the type
of flow somewhat by manipulating electromagnetic forces,
complete two-dimensionality might be impossible The
second majoi assumption was that of laminar flow The
maximum Reynolds number, defined as popm/i*., is in the tm-
bulent range for all systems studied, and the flow is super-
sonic Although there aie indications that the magnetic field
and other foices28 tend to stabilize tuibulence, there is no
data to support this for the MHD voitex Turbulence has
been shown to undo the separation and thereby to hamper
leactoi peiformance Other things being equal, howevei, the
laminar results yield optimistic peiformance figures, useful at
least for preliminary design and feasibility considerations
Tui bulent systems are expected to worsen performance by one
01 two oideis of magnitude

Advanced Bypass Flow Concept

Diffusion systems lestiict rocket peiformance primalily
because of flow rate limitations One scheme for impioving
engine perfoimance employs a bypass flow concept to inciease
the exit flow as depicted in Fig 11 This concept takes ad-
vantage of the possibility of concentiating the fuel in a nanow
coie near the central electrode (Fig 6) In operation, a small
fi action of the fuel diffuses through the fuel cloud, helping to
maintain its integrity, while a majoi poition of the fuel by-
passes around the outside and is heated by radiation For
example, if the bypassed flow is one thousand times the dif-
fusing flow, assuming comparable leactor weights, engine
thrust-to-weight ratios much gi eater than one are possible

No quantitative analysis of this concept has been made at
this stage Ihe large axial flows will introduce strong thiee-
dimensionality into the system, and the dynamics must be
considered as a three-dimensional pioblem The possibility
of improving the engine performance, however, meiits
fui ther consideration It might be of interest to note that by-
pass flow systems are also being considered for improving the
perfoimance of hydrodynamic containment schemes

Conclusions

Anatysis of the two-dimensional MHD vortex has shown it
to be capable of high tangential velocities Two gases of
gieatly vaiying mass can be separated in a radially diffusing
system so that the heavy gas is strongly concentrated neai the
cential electiode

Piactical application of this type of vortex to fuel contain-
ment in gaseous core nuclear engine designs indicates that the
concept is limited to low flow rates by high electrical lequire-
ments and seveie piessuie penalties The engine thiust-to-
weight latio is about 10~4 for a single chambei design The
multiple voitex design is also limited by large electiical re-
quiiements and moie complex design problems Engine
thiust-to-weight latios are on the ordei of tenths Laige im-
piovements in peifoimance seem unlikely with the diffusion-
type systems consideied, and if turbulence is shown to be
piesent, even pooiei performance can be expected

The bypass flow concept is suggested as a means of alleviat-
ing the main lestiiction imposed on diffusing systems, i e ,
flo\\ late Improvement in engine peiformance is possible
in piinciple with this scheme, and the system merits fuither
study
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