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A fluid dynamic simulation of a gas core nuclear rocket chamber has been made with the
objective of separating a light and heavy gas by means of the centrifugal force produced by
MHD-driven rotation. The test apparatus, a closed cylinder filled with a mixture of xenon
and helium, uses a radial magnetic field configuration with an axial electric current passing
between 16 pairs of electrodes. By observing the behavior of the discharge and the luminosity
of the gas at different locations, the mode of discharge was found to be stable and suitable for
effective separation. A rotating flow with transonic Mach number was preduced as evi-
denced by the ratio (>2) of the pressure at the wall of the cylinder to that at the center. Spec-
troscopic measurements of the plasma condition show an appreciable degree of separation

of the two species.

The Hall parameter was found to be less than one.

Noemenclature p = density
[ = azimuthal angle

A = coefficient in temperature variation [Eqs. (Al) and w = electron cyelotron frequency

(A2)] T = electron collision time
B = radial magnetic field strength
¢,cf = frozen speed of sound of gas mixture and of heavy Subscripts and superscripts

species [Kq. (A10)], respectively . a = radial location of electrical discharge
C = relative concentration of heavy species [Eq. (A9)] 7 = heavy (i.e., fuel) gas
Dy, = binary diffusion coefficient between light and heavy gas He — helium
D, = thermal diffusion coefficient J = current-only period of run
F = expression defined by Eq. (A16) J X B =J X B period of run
J = electrical current . . 0 = centerline of cylinder
mys,mp = mass of heavy (i.e., fuel) and of light (i.e., propellant) P = light (i.e., propellant) gas

gas atom, respectively w = wall of cylinder
M = Mach number of gas mixture based on frozen speed of Xe — xenon

sound + = ion
Mys. = Mach number for heavy gas species based on frozen _ = total, i.e., neutral plus ion, of one species

speed of sound [Eq. (A14)] P ’
N = total particle number density, Eq. (A6b)
N. = electron number density Introduction
Ny = total number density of the heavy gas atom and the

heavy gas ion, Eq. (A6a) . ASEOUS-CORE nuclear rocket engines offer the potential
Ny,Np = number density of neutral heavy gas atoms and of light of high specific impulse combined with a large thrust-to-

gas atoms, respectively weight ratio. In order to realize this potential, however, it is
P = Dbressure . . necessary to minimize the loss rate of the gaseous nuclear fuel.
r = radial distance measured from centerline of chamber o e S . . .

PR - A possible means for achieving this is deseribed in the present

Ry = concentration ratio defined by Eq. (1) Iv. In this sch the heavy nuclear fuel '« retained
R. = concentration ratio defined by Eq. (2) study-. nt 1s.sc e11_1e, he ech.y nuclear tuel gas 15 1etalpp
T = temperature near the wall of a cylindrical cavity by means of the centrifu-
up = radial and azimuthal gas velocity ggl foree produced by a rotating gas motion. The major por-
u = viscosity tion of the light propellant gas flows axially along the center-
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line of the cavity where it is heated by radiation from the fuel
region in a manner similar to that in other schemes! (see Fig.
1).

For the fuel loss rate from the wall region to be a minimum,
the influence of the mixing action from turbulence, diffusion,
and the entrainment of the fuel gas by the propellant flow
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PROPELLANT )

Fig.1 Gas core nuclear rocket concept.

must bereduced. The means proposed here for accomplishing
this is to employ the separating effect created by the rota-
tional motion of the fluid. From past studies on vortex
flows,2 % it was noted that the most effective separation of a
light and a heavy gas occurs in the portion of flow that re-
sembles solid-body rotation. Consequently, it would appear
that the present scheme would perform best with a flowfield
that possesses solid-body-like rotation. One possible means
of producing a flow that approaches this condition is to drive
the rotating flow by a Lorentz force which acts on the gas in
the vicinity of the cylindrical wall of the chamber. To obtain
a sharp separation between gases, the rotating flow must not
only reach a high velocity but must also be free of excessive
turbulence. It is believed this can best be achieved if the
electrical current is spread uniformly through a volume in the
shape of a cylindrical shell rather than taking the form of a
single spoke. )

Thus, the objective of the present work is to produce a high
speed solid-body rotation by electromagnetic means in a simu-
lated gas core nuclear rocket chamber and to explore the ef-
fectiveness of this flow in achieving a separation between
heavy and light gas species. Although several studies®?
have been made to predict theoretically the performance of
similar MHD-driven rotating flow devices, no experiments
have been reported.

Apparatus

Chamber Design

In an attempt to fulfill the aforementioned objectives, a de-
sign was employed in which the electrical current is oriented
in the axial direction and the magnetic field in the radial direc-
tion, as shown schematically in Fig. 2. - This configuration
has selected rather than the radial current, axial field configu-
ration often considered by other investigators for the follow-
ing reasons. First, by using this configuration, the current
and hence the driving Lorentz force can possibly be confined
to the chamber perimeter. In addition, following the scheme
of Shepard,® multiple electrodes can be more easily accommo-
dated. This arrangement forces the electrical current to di-
vide (at least in the vicinity of the electrodes) rather than to
amalgamate into a single spoke. With this in mind, 16 pairs
of thoriated-tungsten electrodes, each of which is connected
in series with a 2 ohm ballast resistor, were located in a cir-
cumferential pattern in the ends of the cylindrical test cham-
ber as shown in Fig. 3.

MAGNETIC
FIELD
Br

Fig. 2 Arrangement of current and magnetic field in the
experimental apparatus.
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The radial magnetic field is produced by two 400-turn coils
of opposing polarity aligned with the axis of the test chamber,
one coil being positioned at each end of the chamber. The
diameter of the coils was chosen such that the radial magnetic
field increases in strength to a maximum at a radius less than
that of the electrode location and then decreases towards the
cylinder wall. The motivation for sizing the magnetic field
in this manner was derived from the results of prior tests
with a preliminary apparatus in which the coil diameter was
larger than the chamber diameter so the maximum field
strength was reached at a radius outside the cylinder wall.
It was found that the current in this case followed a path along
the axis of the chamber rather than near the wall. Since,
from Steenbeck’s principle,® an electrical discharge will al-
ways choose a path and shape in which it will have a minimum
dissipation of energy, it was hoped that the region of decreas-
ing magnetic field near the cylindrical wall in the present de-
sign would provide a minimum energy path in the position
desired for the discharge. k

The cylindrical chamber encloses a volume of approximately
one liter. The wall is constructed of copper rings electrically
insulated from each other by boron-nitride disks. The cylin-
der ends are made of boron nitride and serve as a protection
for the magnet coils that protrude into the cylinder a distance
of 1.6 em as illustrated in Fig. 3. The chamber is sealed and
operates at pressures less than atmospheric. A mixture of
xenon and helium is used to simulate the uranium-hydrogen
mixture of a gas-core reactor. The helium is seeded with 49,
hydrogen by volume for the purpose of spectroscopic diagno-
sis. The chamber is of a heat sink design with no cooling pro-
vided for the cylinder walls, magnet coils, or electrodes.
Consequently, the tests are of short duration, typically less
than 1 second. There is no inflow or outflow of gas from the
chamber during a test. Although such a closed configuration
does not correctly simulate a gas-core rocket, it was felt suit-
able for the limited objectives mentioned previously.

Instrumentation

Total current and voltage levels for the magnet and the elec-
trical discharge are recorded as well as the individual currents
to each electrode. In addition, information on rapid varia-
tions in the individual currents to four adjacent electrodes is
obtained on two dual beam oscilloscopes. The oscilloscopes
are triggered simultaneously so the sequential relationship
among the current levels to these electrodes can be determined.

The pressure at the cylindrical wall of the chamber is mea-
sured through a pressure tap at the center section of the cham-
ber. The pressure at the axis of the chamber is measured
through a port which extends through the center of one of the
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Fig.3- Schematic cross section of the cylindrical chamber
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magnet coils to the end wall of the chamber. The pressures
are sensed with strain gauge cells and are recorded on an os-
cillograph.

Information concerning the state of the plasma is obtained
from the luminosity of the gas as detected by photomultiplier
tubes through fiber optic light guides. One light guide is lo-
cated so as to provide a view axially along the centerline of
the chamber. Another provides a view of the region near the
wall of the eylinder by looking tangentially inward through an
orifice in the cylinder wall. The radiation emitted from these
two regions is directed via light guides to two separate posi-
tions on the entrance slit of a spectroscope so that spectral
lines from the two regions can be recorded simultaneously.
The spectroscope employed is a Jarrell-Ash 2.25 meter Ebelt
model with a dispersion of 7.4 A/ mm and a span of 3600 A.
For several tests, spectral photographs were taken in the

wavelength range of 4000 A to 7600 A to display the general
qualitative features of the spectra. On all remaining tests,
time-history spectral measurements were recorded for the
purpose of determining the temperature and composition of
the plasma in the two regions. To accomplish this, the in-
tensities of the spectral lines 4671Xel, H,, and H, emanating
from the centerline region and the lines 4671Xel, H,, and Hg
from the wall region were simultaneously detected by six sep-
arate photomultiplier tubes. The 4671Xel line was detected
by tubes with S-4 spectral response whereas the H,, Hg, and
H,, lines were measured with tubes of 8-20 response. On the
basis of these line intensity measurements, a determination
can be made of the change in concentration of the gases pro-
duced by the rotating flow.

Method of Operation

Prior to performing a test, the chamber is first evacuated
and is then filled with the mixture of xenon and hydrogen-~
seeded helium. For most of the tests, the gas composition
consisted of 56 mole percent xenon, 42.3 mole percent helium,
and 1.7 mole percent hydrogen with an initial gas pressure in
the chamber of either 12 or 16 torr. The operation of the de-
vice occurs in two steps. First, the discharge is initiated by
drawing current from a constant-current d.c. power supply
for a period of approximately 0.25 sec. At this point, while
maintaining the same discharge current, the magnet is turned
on to produce the J X B force for a duration of 0.25 to 0.35
sec. The magnet is powered by a separate d.c. supply. Al-
though the tests were of relatively short duration, it was found
that a pseduo-steady-state condition was reached during both
the discharge-current-only period, i.e., the J-only period, and
the J X B period, provided the run was of the smooth and sta-
ble category (this will be discussed later). Total discharge
current varied between 400 and 2000 amps, and the radial
component of the magnetic field at the maximum point be-
tween the centerline and the electrode location was in the
range of 0.09-0.24 tesla, the field strength at the electrode
location being approximately 859, of the maximum. The
maximum power input to the gas that was encountered in
these tests was approximately 200 kw.

Experimental Results
Current Path

As mentioned earlier, the effectiveness of the Lorentz forcel
in driving the gas and the likelihood that solid-body-like rota-
tion will be produced are dependent on the current path.
On the basis of the current measurements for individual
electrodes, it was found, that when the magnetic field was
applied, the current would distribute evenly among the 16
electrodes.

The path of the electrical current through the gas within the
cylinder was estimated from observations of the gas luminos-
ity. TFig. 4 gives relative spectral line intensities from the
gas as measured along the centerline of the chamber and near
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Fig.4 Spectralline intensities from run 39; J = 1340 amp,
B = 0.225 tesla, py/p, = 2.3.

the wall of the chamber. The spectral lines shown in the
figure demonstrate the basic response features that are typical
of most of the runs although there tended to be variations in
individual line response from run to run. Considering the
response of the xenon line, it can be noted that the intensity is
high at the centerline during the current-only portion of the
run but decreases when the magnetic field is applied. Con-
versely, the intensity at the wall location, except for the peak
at the start, is initially low but then increases as the magnetic
field is applied. This behavior of the spectral line during the
run can be attributed to a combination of two effects. The
first of these is the increase in xenon concentration at the wall
and the decrease at the center region under the influence of the
gas rotation. The other effect that would lead to this behavior
is a variation in the gas luminosity produced by a change in
current path from the centerline of the chamber to the wall
region when the magnetic field is applied. The presence of
this latter effect is substantiated by the behavior of the hydro-
gen spectral lines. In this case the effect of the gas rotation
would tend to decrease the concentration of hydrogen at the
wall. However, it is noted that the behavior of the H, line
intensity is very similar to that of the xenon line; i.e., the in-
tensity increases at the wall and decreases at the centerline
when the magnetic field is applied. This strongly suggests
that the current path, and hence the luminosity, is moving
from the centerline region to the wall. A similar pattern of
behavior is exhibited by the I, line intensity at the centerline
and, to a lesser extent, by the Hg line intensity at the wall. It
will be noted that the Hg line intensity during the current-only
period shows oscillations at a fairly high level and then drops
to a lower level prior to the onset of the magnetic field. The
reason for this behavior is not known but it may be due in part
to fluctuations in the path or paths of the current around the
centerline region. Evidence of such fluctuations is also found
on the other line intensity measurements, e.g., H, at the cen-
terline. The evidence of these fluctuations disappears under
the stabilizing effect of the magnetic field.

Based on the results from the current measurements to in-
dividual electrodes and the behavior of the luminosity mea-
surements, it was concluded that a reasonably even current
distribution around the outer circumference of the chamber is
present whenever the magnetic field is applied.

Behavior of the Discharge

The electrical current discharge exhibits what appears to be
two different modes of operation. Evidence of the existence
of these modes was obtained from the oscilloscope traces of the



1380 W. L. LOVE AND C. PARK

ELECTRODES ARE NUMBERED IN ORDER OF THE LORENTZ DIRECTION

No. 4 ZERQ
LOCATION

No,. 3 ZERO
LOCATION

ELECTRODE CURRENT, 50 A/em
s
s
I

No.2 ZERO
LOCATION

No.l ZERG
LOCATION

O.lms/om

*

Fig. 5 Current to individual electrodes; J = 1200 amp,
B = 0.23 tesla.

current to adjacent electrodes. In one mode, characterized
by a fluctuation in the current at a frequency of the order of
1 MHz, the operation of the device was stable with essentially
constant values for the discharge voltage and chamber pres-
sures during both the J-only and J X B periods of the run.
Oscilloscope traces of individual electrode current levels during
the J X B period of the run are shown in Fig. 5 for this stable
mode of operation. The mean current level per electrode is
approximately 75 amperes and the amplitude variation of the
disturbances is £35%. It is believed that the current mode
as illustrated by Fig. 5 may represent a reasonably uniform
distribution of current. This belief is based on the fact that
no high-amplitude oscillations in current are observed such as
would exist! if moving spokes were present.

In the other discharge mode, the operation of the device was
characterized by a sharp, continuous rise in the discharge vol-
tage, pressure, and luminosity within the chamber during the
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Fig. 6 Current to individual electrodes; J = 1250 amp,
B = 0.224 tesla.
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J X B period of the run. These effects were accompanied by
considerable heating of the chamber wall. Oscilloscope traces
of the electrode currents during this mode of operation are
shown in Fig. 6. The current patterns show severe oscilla-
tions at frequencies ranging between 10 kHz and 25 kHz and
amplitudes which can exceed 1009, of the mean. In the
worst cases, where the amplitude of the oscillations increased
to large values, the operation of the device was quite unstable,
and showed the sharp increase in measured values as men-
tioned above. It appeared that this discharge mode would
occur either when contaminants were present in the chamber
or when the chamber has inadvertently filled with an excess of
helium to a much higher (above 40 torr) pressure than usual.
A definite similarity in the pattern of the current traces for
adjacent electrodes can be noted for this mode. The patterns
show a phase shift between electrodes which appears to indi-
cate motion of the current in the direction of the Lorentz force.
It is believed that the current pattern exhibited in this mode
is caused by a multiplicity of arc spokes rotating in the flow
direction at a veloeity ranging from 500 to 1500 m/sec.

Gas Rotation

One of the primary objectives of this study was to produce a
substantial rotational motion of the gas through the use of the
Lorentz force. In the experiments carried out, the rotation
of the gas was evaluated by measuring the pressure at the
eylinder wall and at the centerline of the chamber. The pres-
sure distribution within the chamber is related to the rota-
tional velocity through Eq. (A4). Thus, when rotational
motion of the gas is present there will be an increase in the wall
pressure and a decrease in the centerline pressure. This be-
havior was observed in the present tests as shown by the typi-
cal pressure measurements in Fig. 7.

In general, the rotational velocity is a funetion of the radial
temperature distribution and the species coneentration dis-
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tribution as well as the pressure gradient. These effects are
included in the analysis of Appendix A. The resulting expres-
sion, given by Eq. (A18), is used to calculate the Mach number
of the rotating gas.

The measured values of wall-to-centerline pressure obtained
from the present tests are plotted in Fig. 8 as a function of the
product of the magnetic field and total discharge current which
is proportional to the Lorentz force. As seen from the figure,
the pressure ratio seems to increase steadily with the Lorentz
force, the maximum value attained being about 2.9.  As indi-
cated in the typical test data shown in Table 1, the tempera-
ture near the wall is found to be higher than that at the center
by approximately 209%. Under such a condition, the Mach
number of the mixture corresponding to the maximum pres-
sure ratio obtained is approximately 1.18, the Mach number
for the xenon gas being about 1.35.

It will be noted that the tests performed with initial charg-
ing pressures of 16 torr and higher do not appear to give as
large a pressure ratio for the same Lorentz force as the tests at
12 torr. Asshown in Table 1, the value of the Reynolds num-
ber based on the velocity near the wall indicates that the flow
is well into the turbulent regime. Consequently, the observed
behavior cannot represent an effect of transition from laminar
to turbulent flow. Furthermore, the small change in Reyn-
olds number caused by differences in charging pressure is
not sufficient to make an appreciable change in the wall shear
stress. It is suspected, therefore, that pressure may be af-
fecting the discharge behavior; i.e., that the discharge at
higher pressures was not as effective in driving the gas as it was
at lower pressures.

Concentration Measurements

In order to determine whether or not the rotating flow pro-
duced by the test device developed a significant change in the
relative concentration of the xenon and helium, spectroscopic
measurements of composition were taken. Spectroscopic
techniques for this purpose (e.g., Griem'!) require that the
plasma under observation be in chemical and electronic exci-
tation equilibrium. These conditions were considered to be
approximately valid in the present experiment because the
neutral and electron densities are relatively high, the test
time is much longer than the ionization and recombination
times required for the gas to reach equilibrium, and the applied
clectric field is relatively small. In addition to the basic as-
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sumptions, the following conditions were assumed to apply:
1) the radiation from the gas consists only of the continuum
from xenon and the xenon and hydrogen lines; 2) the plasma
is optically thin to the measured radiation wavelengths; 3)
the light-emitting medium is a slab with uniform properties
along the line of observation; and 4) the mixture ratio of hy-
drogen to helium remains constant everywhere within the test
chamber.

Assumption 4 is considered to be fairly accurate in the pres-
ent test because the tangential Mach number of helium was
always much smaller than unity. Consequently there will
be no significant separation of hydrogen from helium due to
the centrifugal force. In addition, the radial temperature
change is not sufficient to cause an appreciable degree of ther-
mal diffusion of hydrogen with respect to helium. The fixed
ratio of hydrogen to helium was used to establish the helium
concentrations based on the intensities of the hydrogen lines.
This approach was taken since there was essentially no detect-
able radiation emitted by the helium under the conditions of
the test.

While the other assumptions can be shown to hold approxi-
mately, assumption 1 is open to serious question. The rea-
son for this is the possible presence of impurities within the
chamber which could result in a substantial background spec-
trum.  Whereas the continuum radiation from the xenon ean

Table 1 Summary of typical test data—run 39

Test conditions

State properties in arc region

Concentration ratio in chamber

before test, Xe to He 1.3:1.0
Total pressure before test
12 torr
Total electric current 1340 amp
Voltage gradient 800 V/m
Total are power 134 kw

Friction loss 31 kw
tadial magnetic field strength
at electrode location

0.2 tesla
Pressure at cylinder wall during
operation 133 torr
Pressure at cylinder centerline
during operation
58 torr
State properties in centerline region
Temperature 8200°K
Enthalpy 3100 J /gram
Degree of ionization of Xe 0.09

Electron density 0.5 X 10% ¢m~3

Temperature 10,200°K
Enthalpy 4800 J /gram
Degree of ionization of Xe 0.44

Electron density
Frozen sound speed for

2.8 X 10% em ™3

mixture 1.5 km/sec
(Frozen) Mach number for

mixture 0.86
(Frozen) Mach number for Xe

1.05

Tangential velocity 1.29 km/sec
Electrical conductivity 3000 mho/m
Hall parameter 0.104
Interaction parameter based on

circumference 1.9
Reynolds number based on

diameter 1.1 X 105
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be corrected for, there is no way to estimate on theoretical
grounds the intensity of the radiation from unknown impuri-
ties in the wavelength bands where the spectral measurements
were made in the present test. As is discussed later, spectral
photographs of the radiation from the chamber did indicate
the presence of some impurities and this may account for cer-
tain unexplainable behavior of the data.

Through the aforementioned assumptions, two relationships
were developed to express the relative concentration of xenon
to helium. They are the wall-to-centerline concentration
ratio B; and the xenon dilution ratio at the center R.:

xenon-to-helium ratio near wall (Nxo/N He)a
xenon-to-helium ratio at centerline (N xe/Ne)o

®

R1=

Rz =
xenon-to-helium ratio at center before magnetic field is applied
xenon-to-helium ratio at center after magnetic field is applied

- (NXe/NHe)J (2)
(NXe/NHe)JxB

Here Nx. is the total xenon number density, i.e., the sum of
the neutral and ionized xenon.

NXe=NXe+NXe+=]VXe+Ne (3)

The expression for R, involves the intensities of the 4671Xel
and the H, lines and the degree of ionization of the xenon
whereas the expression for B, involves the intensities of these
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lines, the degrees of ionization for xenon, and the electron
temperatures for the wall region and the centerline region.
Since temperature effects are included in these expressions,
this compensates for the fact that the discharge location shifts
as the magnetic field is applied. The exact expressions for R,
and R, and the details for developing these are given in Ref. 12.

The electron temperature was determined at both the cen-
terline and the wall region of the chamber during both the
J-only and the J X B period of the run. In evaluating the
spectroscopic data, the electron temperature could be deter-
mined to a first order from the ratio of the measured intensities
of two hydrogen lines whose oscillator strengths are known ex-
actly. To obtain a more accurate temperature, it was neces-
sary to subtract from the measured line intensity the con-
tinuum background radiation at these wavelengths caused by
the recombination of xenon ions. Because of uncertainties in
the known values of the atomic constants involved in this cor-
rection, the resultant value for the temperature has an uncer-
tainty of =500°K. It might be noted that this uncertainty
was reduced somewhat by virtue of the fact that a value for the
oscillator strength of the 4671Xel line could be deduced from
the test data. This permitted a cross-check on the calcula-
tion of the temperature correction due to continuum radiation.

Table 1 lists the properties of the plasma determined for a
typical running condition. To arrive at these state properties
it was necessary to make the additional assumption that ther-
mal equilibrium exists in the plasma although this assumption
is not required for determining the concentration ratios. The
measured concentration ratios are shown in Figs. 9a and b and
are compared with the theoretical values calculated by Eqs.
(A18) and (A15). In the figures, the error bars indicate un-
certainties caused by fluctuations in the line intensities during
the run and the effect of the aforementioned uncertainty in the
value for electron temperature. Both theory and experiment
show a general trend of increasing separation as the rotation
speed, evidenced by P./P,, increases. Although there is a
fair degree of scatter in the experimental data, the trend indi-
cates clearly that significant species separation is achieved.
At the highest pressure ratios produced, i.e., near P,/P, =
2.9, the degree of separation does not appear to be as great as
at lower values of P,/P,. These runs correspond to a high-~
electrical discharge current, i.e., nearly 2000 amps. It may
be that turbulence created by this relatively high current level
acted to reduce the amount of species separation.

As mentioned earlier, the presence of impurities in the cham-
ber may result in substantial background radiation over and
above that from the xenon ions. The presence of excess
background radiation affects the relative magnitude of the
measurements for the Hg and H, lines and thus may lead to
an overly high value for the electron temperature. This in
turn leads to an overly high value for the ratio B;. The ex-
perimental values that exceed the theory in Fig. 9a are prob-
ably in error because of this impurity effect. For the few
tests in which spectral photographs were taken of the radia-
tion from the chamber, only the lines of xenon and hydrogen
were detected, for the most part, but in two instances the spec-
tra showed many lines other than those of xenon and hydro-
gen. These lines, which in places were of such a number as
to nearly resemble a continuum, were those belonging to tung-
sten, thorium, caleium, and sodium and appeared to originate
from the electrodes and from the binder in the boron nitride
insulator material.

It is suspected that the rather extensive scatter in the data
for Fig. 9 may be a result of this background radiation from
impurities. It was noted that erratic behavior in the line
intensity measurements often oceurred after the chamber had
been disassembled, a process in which there is a good prob-
ability that contaminants can be introduced into the chamber.
No provision was made in the present tests to measure the
background radiation so its effect is unknown. However, in
any future tests, steps will be taken to detect the background
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radiation and to compensate for its effect on the spectroscopic
measurements.

Discussion

As was pointed out earlier, the mode of current discharge
plays an important role in attaining the conditions leading to
the rotational motion best suited to produce an effective spe-
cies separation. The best performance is believed to result
when the discharge occurs uniformly. From the limited
amount of information gathered in the present test, it is diffi-
cult to obtain an exact determination of the discharge behavior
and current uniformity. As an example, there was an uni-
answered question as regards the effect of pressure on the
nature of the discharge As seen in Fig. 8, the gas pressure
affects the wall to centerline pressure ratio to a degree greater
than expected from the change in the Reynolds number.
There was evidence in the electric current records to suggest
that the discharge tended to be spoke-like for the runs that
deviate severely from the mean. Under these conditions, the
measured pressure ratio and species separation were consider-
ably reduced. Generally, however, the mode of discharge in
the present test seems to be reasonably close to the desired
condition.

Further evidence of a discharge mode favorable for effective
aceeleration was given by the low value of the Hall parameter
wr present in these tests (Table 1). This indicates the
mechanism for acceleration will tend to be of a Faraday nature
and will not be adversely affected by Hall effects. Also, a
distinction was found between the present case and the case of
a device with nonsegmented electrodes for the relationship
between the applied discharge voltage and the magnetic field.
Although not shown, the plot of applied discharge voltage vs
magnetic field intensity indicates no sole dependency of the
voltage on field strength in the present experiment. This dif-
fers from the case of the moving arc-spoke device in which the
discharge voltage was found to depend almost entirely on the
magnetic field strength for a given type of gas.® This im-
plies that the gas in the present case is accelerated by a mech-
anism different from that which prevails in a rotating arc-
spoke device.

In a prototype rocket, the exhaust gas would exit along the
centerline of the cylinder. The mixture ratio of the heavy-to-
light gas in the rocket exhaust would therefore correspond to
that at the centerline in the present experiment. Caleula-
lations of the operating characteristics for such a rocket indi-
cate that typically the device might operate with a propellant-
to-fuel mass flow ratio of 50 and a rotational velocity cor-
responding to a Mach number for the fuel of about 2.5. Under
these conditions the pressure within the chamber would be
relatively low compared with other gas core concepts, ie.,
on the order of 20 atm, and the diameter of the cavity would be
relatively large, i.e., on the order of 6 m. The results from the
present tests cannot be compared directly with these condi-
tions for the prototype since a mixture heavily enriched with
the heavy gas was used in the present tests instead of a light-
gas-enriched mixture that is suited to the prototype. Such a
deviation from the exact simulation was made in the interest
of maintaining a relatively high electrical conductivity (which
would result from the fissioning process in an actual gaseous
core reactor).

The operating conditions for the prototype are limited by
the convective heat-transfer rates to the cylindrical wall. To
maintain these rates at reasonable levels, the rotational veloc-
ity must be restricted to values that cannot appreciably exceed
the value mentioned previously. This, in turn, leads to rela-
tively large cavity diameters in order to contain the required
critical mass of fuel. To accommodate the severe heating con-
ditions at the wall, transpiration cooling using part of the pro-
pellant would undoubtedly be required. However, even with
transpiration cooling it is expected that a large fraction of the
total fission energy would be transmitted to the cavity struc-
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ture. Although part of this can be recovered in the propellant
by regenerative cooling, the excess must be removed by means
of a space radiator. The net result of this is a reduction in
the thrust level at which the rocket can operate. Taking into
account the weight of the space radiator, it is estimated that
the thrust-to-weight ratio for a prototype rocket would be of
the order of 0.01 and that the thrust level would be on the or-
der of 40,000 kg. A rocket engine with such a thrust (but
with a large specific impulse) might serve as an intermediate
between the solid-core nuclear rocket and an electrical propul-
sion device. An estimation of the electrical power necessary
to overcome the wall friction and maintain the rotational mo-
tion in such a rocket shows that the power is relatively nomi-
nal compared to the total fission power, i.e., on the order of
2%. It is within the capability of the system to obtain this
power by employing a turbo-electric generator system oper-
ated by the propellant with the heat energy recovered from the
cavity structure.

The present test does not correctly simulate a prototype
gas-core rocket on the following two points. First, unlike a
real rocket, there was no flow through the system. The effect
of the through-flow is unknown at present, and awaits an addi-
tional investigation in the future. Secondly, in a prototype,
the fuel gas will be multiply ionized and thus will behave as a
uniform conducting medium, whereas in the present test, the
ionized region is somewhat localized. Because of this differ-
ence, it is believed that the problems associated with the cur-
rent discharge will be less in an actual gas-core rocket. Thus,
the possible adverse effect of increased pressure on the perfor-
mance indicated in Fig. 8 would diminish in a prototype
rocket.

Conclusions

The Lorentz force developed by an axial current-radial
magnetic field device is capable of producing a rotational mo-
tion of the gas to a Mach number in excess of 1. At the maxi-
mum Lorentz force applied, the velocity of the rotating gas
flow produced a pressure at the chamber wall three times that
at the centerline. For the mixture of xenon and helium tested,
the concentration ratio of xenon to helium near the chamber
wall was increased to a level approximately three times that
near the center of the chamber. The current-field configura-
tion used in the experiment is acceptable as a means of pro-
ducing the desired condition for an effective gas separation.
That is, the discharge current is distributed throughout the
region near the chamber wall so as to produce a high-speed,
solid-body-like rotation free of excessive turbulence.

Appendix A: Theoretical Characteristics
under Ideal Conditions

In order to estimate the performance of the tested device, a
theoretical analysis of the flow is made under the assumption
of an ideal condition. The general picture of the flow field is
shown schematically in Fig. 10. As shown in Fig. 10, the flow
is confined in a cylinder, and is described by an r,8 coordinate
system. The velocity components in the r and 8 directions are
u and v, respectively. All properties are steady and axially
symmetric and hence are functions of » only. There is no
mean flow motion in the r direction. The gas contained in the
cylinder is a mixture of a monatomic heavy, fuel gas and mon-
atomie light, propellant gas designated by the subseripts f and
p, respectively. A small fraction of f-species is singly ionized.
The electric current and magnetic fields are oriented in the
axial and radial directions, as in the tested device.

The following are the major assumptions made for the pur-
pose of simplifying the analysis. 1) The flow is purely two-
dimensiional, i.e., the cylinder is infinitely long. 2) The elee-
trical current passes through the infinitesimally thin layer of
cylindrieal shape located at r = r,. 3) The flow is laminar in
the region 0 < r < 7,. 4) The mixture gas is thermody-
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Fig. 10 Axial cross section of cylindrical chamber showing
schematically the temperature field and velocity field.

namically in equilibrium everywhere within the cylinder,
5) The radial distribution of temperature is described by

T/T, =1+ A@r/ra)t — 2A(r/r)* (A1)
where
A = 2[(Ta/To - 1)] (Az)

Here 7, is the temperature at r = 7, and 7', is temperature at
r = 0. The symmetrical temperature distribution, with zero
slope at both r = 0 and » = r,, qualitatively satisfies the
physical requirements of the problem and was adopted as a
reasonable guess of the actual profile. 6) The ion-electron
pair of the f-species diffuses into the p-species with the same
diffusion velocity as the neutral f~species. This assumption
is the same as in Fay and Kemp.!*

Under the preceding assumptions, the basic equations of
motion reduce to the following for the region 0 £ r < r,:
continuity:

pur = const = 0 (trivial)

tangential momentum:

d dv v 2u f(dv v
il “(d—r - ‘)] T (a;« - 7) =0 49

radial momentum:
pv/r = dP/dr (A4)

where p is density, P is pressure, and u is viscosity.

The equation of conservation of species is simplified because
of assumption 6. Under assumption 6, the 4-component mix-
ture can be treated as a binary mixture of f~ and p-species.
From Ref. 15, one derives the conservation equation as

D (N, _1d Nim, d (N,
Dt(p)'_rdr:r o Djp[dr(zV)+

NN, (my — m,) d lnP:l _, D" dInT

oN dr my dr

} =0 (A5)

In Eq. (AB), m; and m, are the mass of the f~atom and p-atom,
respectively, Dy, and D;” are the binary diffusion coefficient
and thermal diffusion coefficient concerned, and N; and N are

Fe [(ZA 4 AY 4 A (24 4 A9 — AL — 'r“’/raz):|(1+A/2)/(2A+A2)”2“'66‘””‘”’/2) |

@4 + A)Vr — A @A + AN + AQ — r¥/r.d)

ATAA JOURNAL

particle number densities defined by
Nj‘=Nf+Nf+ (A6a)
N =N, +N;*+ N, (A6b)

Because the concentration of the p-species is related to
that of the f-species by the total mass conservation law, it is
not necessary to write a conservation equation for the p-spe-
cies separately. Further, the energy equation is not neces-
sary because the temperature distribution is already specified
by Eq. (Al). The boundary conditions for Eqs. (A3) to
(Ab) are

v=0, N;=®), at r=0 (A7a)
v=19v, at r =71, (A7b)

It should be noted here that Eqs. (A3) to (A5) apply only in
the region 0 < 7 < 7. In the narrow regionr. £ r < r,, the
presence of strong turbulence makes the assumption of laminar
flow invalid, and therefore no attempt is made to analyze this
region.

The solution of Eq. (A3) satisfying the boundary conditions
(A7a, b) is simply

v = 0(r/ra) (A8)

That is, the flow has the pattern of a solid-body rotation in the
region 0 < r < ra.

By the use of Eq. (A8), one can now integrate Eq. (A5).
To do this, one substitutes Eq. (A8) first into the left-hand
side of Eq. (A4). The resulting expression for dP/dr is then
substituted into Eq. (A5). Then, defining the f-species con-
centration C as

C=N,/N (A9)
and the frozen speed of sound of the f-species, ¢;, by
¢ = (L6 /ps)!* (A10)

the species mass conservation equation becomes approxi-
mately
ac vl

T,;E - ]Gbc‘;;a (] i C)C = -

pDre dInT
mm,N2Dyy, dr
(A11)

in which m,, is neglected in comparison with m;.
From Ref. 15, one finds that there exists an approximate
relationship between D;T and Dy,
oD;T/mm N2D;, ~ 04C(1 — C) (A12)

Substituting Eq. (A12) into Eq. (A11), and neglecting the
concentration of electrons in comparison with that of heavy
particles, one obtaing
dc T, T.r d, T
- 2 7 . i o
Te o [] .66 ;o 7T 7 0.4r, o In T0>:| X
(1—0)C =0 (A13)

in which M. is the Mach number of the f-species based on the
frozen sound speed ¢; taken atr = r,

My = (v/es)a “ (Al4)

Because T/T, in Eq. (A13) is given explicitly by Eqgs. (A1)
and (A2), Eq. (A13) can be integrated, the result being

C = CF(Ar/ra, M)/l — Co & CF(Ar/raMu?)] (Al5)

in which

[1 ‘+‘ :’1(7‘/7‘(‘1)2 — (A/2)(7'/7‘ﬂ)4]0-4 (;&16)
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and C, is the value of C at r = 0.
With € known, one can now find the pressure distribution.
To find the pressure, one first writes density p in the form

p = pol[1 — (mp/ms)IC + (my/myg)}/

{1 — (my/mp)]C, + (my/myg)} (A1)
po being the value at r = 0. By substituting Eq. (A17) into
(A4) and integrating, one obtains
P -1y (1.66/2)(To/To) M .2

1 — (mp/mp)]C. + (my/my)

P,
1 _ My ” 2 m, r*
[“2 <1 mf) ﬁ) 0dg?) + “2} (A18)

Here M, is the Mach number based on the frozen sound speed
of the mixture

Mo= (v/¢)a (A19)
and
c = (1.66P/p)V? (A20)
Because C is given explicitly in Eq. (A15), Eq. (A18) can be
evaluated by quadrature using a computer.

The approximate behavior of the species concentration and
pressure distribution will now be investigated. The species
separation ratio between the center of the cylinder and the
region near the eylinder wall can be defined, and found from
Eq. (A15), as
(NN _ Co/t = Co _

(ANf/Np)O - 00/1 - C,
<(2A + A2 | ;1) (L4 4/2),(24 + A9)102.1 .66 M7a2/2)

@1 + 4B — 4 X

0.4
<% > (A21)
The function

(24 + Anvz +‘ AN(+4/2)/(24+A23/0
(24 + A2 — A)
is weakly dependent on the temperature ratio To/T,. In par-
ticular, for a constant temperature case T,/T, = 1 the species
separation ratio becomes
(Ni/Np)a/ (N;/Np)o = exp(1.66/2) M0 (A22)
Thus, it is seen that the species separation ratio is mainly a
function of the Mach number of the f-species at the peak
velocity station r = r,.
In a similar but more complicated way, one can show that,
for the constant temperature case, the pressure ratio ean be
approximated by

P./P, — exp(1.66/2)M 2 (A23)
That is, the pressure ratio is determined by the Mach number
of the gas mixture. Using the approximate relationship
M/M? = C + (1 — O)(my/my) ~=C

one finds that the species separation ratio and the pressure ra-
tio are related approximately by

Ni/N Yo/ Ny /N p)o = (PofP,)MC0 (A24)
where C,is the value of C atr = r,.
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One can also increase the separation ratio by decreasing the
relative concentration of the f-species at r,. However, be-
cause the absolute concentration of the f-species must not be
less than the eritical value required for a sustained fission
chain reaction, the reduction in C, can be achieved only by in-
creasing the absolute partial pressure of the propellant gas,
resulting in an increase in the structural strength require-
ments. Because a €, value of approximately 0.2 is considered
to be the minimum admissible!® from the structural point of
view, and also because a species separation ratio of at least 500
is assumed to be required for the present separation scheme to
be useful, the minimum pressure ratio necessary for possible
utilization of this scheme is approximately

(Po/P )i ron = (500)°2 = 3.46
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