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An aerodynamic isotope separation technigue based on the velocity slip between gases in a rarefied flow has
been proposed. To evaluate this separation method, the velocity and translational temperature of the individual
species in binary and ternary gas mixtures of argon and neon in helium have been studied in a low-density
hypersonic freejet. The velocity and translational temperature of the gases were determined from the Doppler
shift and broadening of the fluorescence excited by an electron beam. Monte Carlo simulation of the flowfield
was also used to predict species velocity and temperature. Idealized separation factors «, calculated from both
the experimental and theoretical results, exceeded the diffusive separation factor (a=1.4) for an argon-neon
mixture. A maximum separation factor (« =2.1) was obtained from the measured gas properties.

Nomenclature
c =speed of light
Cq = force constant for inverse sixth potential
D = orifice diameter
G(v) =Maxwell-Boltzmann velocity distribution function
1 =spectral line intensity
k = Boltzmann constant
Kn = Knudsen number
L =molar feed rate
L(v) =natural line shape
m =mass
n =number density
P = pressure
r =radius
S =slip parameter
T = temperature
U = velocity
ow =separative work factor
X =distance along jet centerline
@ =separation factor
8 =angle with jet axis
Yy =ratio of specific heats
K = feedback constant
v = frequency
0 =gas fraction in enriched stream
T(r) =interferometer transfer function
n =reduced mass
Subscripts
* =sonic conditions
0 = source conditions
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I =parallel direction

1 =perpendicular direction

max =maximum value

min = minimum value

avg =average value
Introduction

HE need to find methods for separating isotopes, which

are more energy efficient than the current diffusion
process, has stimulated research in the development of a
number of separation schemes.! Among the newest of these
techniques? is one that makes use of the velocity slip that
occurs in the rarefied expansion of a mixture of a heavy
molecular weight gas and a lighter molecular weight carrier
gas in a nozzle or freejet. If the heavy gas is an isotopic
mixture, conditions of the expansion can be selected such that
an appreciable differential velocity slip between the heavy
isotopic species can be obtained.

Previous experimental work3¢ with molecular beams has
consisted of measuring terminal velocity slip and speed ratios
in binary mixtures and correlating the results with a modified
source Knudsen number. Extrapolating these results,
theoretical separation factors two orders of magnitude larger
than that obtained in gaseous diffusion have been predicted?
for separating **UF, and 23¥UF,. To put such an ex-
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trapolation on a firmer basis, a more detailed understanding
of the nonequilibrium phenomenon involved, particularly for
ternary gas mixtures, is necessary for an accurate estimation
of the separation effect.

In the work which is reported, individual species velocity
and translational temperature have been studied in binary and
ternary gas mixtures of argon and neon in helium in low-
density freejet expansions. Velocity slip and translational
nonequilibrium have been observed and the resultant
seéparation efficiency for argon and neon has been calculated.
In addition, a numerical simulation of the expansion of the
gas mixtures using a Monte Carlo technique has also been
developed and the results compared. Comparison with a
modeled Boltzmann equation solution is also included.’

Experimental Technique

The experimental setup for this study is illustrated in Fig. 1.
A freejet expansion through a thin plate orifice (6.35 mm
diam) is produced from a stagnation chamber exhausting into
a continuously pumped, low-density wind tunnel. The
stagnation chamber is mounted on a traverse mechanism and
can be positioned in space with an accuracy of +£0.03 mm.
Simple achromatic lenses (55 mm f/5) are mounted parallel
and perpendicular to the freejet centerline and focused on an
electron beam (approximately 1 mm diam) which was
typically operated at 28 keV and 1-20 mA. Additional mirrors
and a solenoid-operated shutter mirror, which could be
controlled by a computer, allowed alternate observation of
the electron beam-excited fluorescence parallel and per-
pendicular to the centerline of the freejet. The argon, neon,
and helium mixtures studied were supplied premixed or mixed
in a prechamber through sonic orifices with the pressure ratio
in the stagnation chamber adjusted to give the proper com-
position.

The electron beam-excited fluorescence,® for the
monatomic gases studied is composed of individual spectral
lines which are Doppler shifted and broadened by their
corresponding species velocity distribution function. The
frequency shift of an electronic transition », excited in the
fluorescence is related to the velocity  of the gas relative to an
observer by the Doppler relation:

Av v—v, u

=" =- M
C

v Vo
where ¢ is the speed of light. For the gases used.in this study,
the following transition frequencies were observed: helium,

19937.52 ¢m ~!; neon, 17088.17 cm ~!; and argon, 21693.86
cm !,
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To observe these individual spectral lines, a Fabry-Perot
interferometer and grating monochromator were used (Fig.
2). The monochromator is used to isolate a particular spectral
line, which could then be analyzed with the high resolution of
the Fabry-Perot interferometer. Both are controlled by a
computer, the interferometer is piezoelectrically scanned, and
the monochromator is positioned by a micrometer driven by a
stepping motor. :

To measure the Doppler shift of an individual spectral line
and thus the velocity of a particular species, the position of
the line relative to a known reference must be determined. For
this experiment, the radiation viewed perpendicular to both
the centerline of the jet and the electron beam is used as the
reference. Since there is no radial velocity component on the
centerline of the axisymmetric jet, the Doppler shift between
the spectral line observed perpendicular and parallel to the jet
centerline will give the axial velocity of the gas along the
central streamline. Since the flow is approximately source-like
along the jet centerline, the assumption of a zero velocity shift
for the perpendicular distribution function will break down as
the measurement position is moved away from the centerline.
The reference line is no longer at zero velocity, but is itself
Doppler-shifted by a velocity component U, =sing-U,,
where 3 is the angle of the measurement position with respect
to the origin of the jet. The breakdown of this assumption is
the principle error in the velocity measurement.

The position of the reference line and the Doppler-shifted
line are determined from scanning the spectral lines with the
Fabry-Perot interferometer. Instead of recording the entire
spectral line, only selected points at the center, left, and right
half-intensity positions are observed and used to determine
the line position and width. After an initial approximation to
these positions is obtained, a computer algorithm is used
which tracks these positions using a linear feedback
technique. In the Doppler shift measurement, the per-
pendicular and parallel spectral lines are alternately tracked
by the computer. The line centers and widths are averaged
over a number of cycles. The difference in the averaged line
center positions gives the Doppler shift.

The accuracy of this velocity measurement technique was
determined by studying equilibrium freejets (i.e., no velocity
slip or translational nonequilibrium) over a range of argon
and helium mixtures. Velocity measurements were taken on
the jet centerline at x/D=12. At this position, a +0.5-mm
misalignment of the electron beam and optics normal to the
jet centerline introduces a velocity error of less than +0.5%.
The entrance aperture of the monochromator defined a 1-mm
section through the electron beam at the measurement
position. With an electron beam diameter of 1 mm (Gaussian
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haif-width), any misalignment greater than +0.5 mm could
be observed and corrected.

For the velocity measurement, the interferometer plate
spacing was 1.6 cm, giving a free spectral range of 0.31 ¢cm ~!.
With a fineness of 18.5, the resolution or bandwidth of the
system was 0.016 cm ~!. To maximize the signal, this band-
width was chosen to be comparable to the line width of the
Doppler-broadened spectral lines. The data from these
measurements are presented in Fig. 3. For convenience, most
of the measurements were taken with helium because of its
more intense fluorescence signal relative to argon, but a few
argon measurements are also included. The calculated ter-
minal velocities, U, are obtained from the energy equation for
a gas mixture expanded to zero pressure or temperature.

m(2 20y

where T, is the stagnation temperature, m,,, is the average
molecular mass of the mixtue, and + is the ratio of specific
heats. The agreement between the measured and calculated
terminal velocities is within the expected experimental ac-
curacy of +0.5%.

The measurement of gas temperature from the width of a
spectral line is complicated by additional broadening effects
introduced by the natural linewidth of the electronic tran-
sition which is observed and the finite bandwidth of the
Fabry-Perot interferometer. Both of these additional
broadening effects are independent of the gas temperature.
The spectral profile from the interferometer S(») can be
modeled by the following convolution:

2y kT,
v—1 Mg

03]

Sy={{Gr—=v', T)L(v' —»")T(»" ydv'dv” 3)
where G(»,T) is a Maxwell-Boltzmann velocity distribution
function at a temperature 7 transformed to frequency space
with the Doppler relation, L (») is the natural line shape of the
electronic transition, and T (») is the transfer function of the
Fabry-Perot interferometer. The natural line shape is a
Lorentz function whose half-width is determined from the
lifetime of the transition. The transfer function can be ap-
proximated analytical® as an Airy function, which has a
dependence on the interferometer plate reflectivity,

roughness, and parallelism; convoluted with an aperture
function for the system.

A preferable technique for determining the transfer func-
tion for the Fabry-Perot interferometer is the direct
measurement of the spectral profile of a source much
narrower than the transfer function. For the helium transition
at v, =19937.52 cm ~! (5015.67 A), a near coincidence occurs
with the 5017 A line from an argon-ion laser. This line is
sufficiently narrow, with the laser operated in a single
fongitudinal mode, so that it can be used in the manner of a
Dirac delta function to measure the transfer function of the
interferometer.

Using the transfer function T (») measured with the argon
laser and a Lorentz function for the natural line shape L (»)
for the helium 3 'P—2! S transition with a half-width of
Av; =0.003 cm !, the convolution defined by Eq. (4) was
integrated numerically for specific temperatures. From the

. caleulated spectral profile, the linewidth at the half-peak

intensity position could be determined as a function of
temperature. Because the transfer function of the Fabry-Perot
interferometer is a periodic function, successive orders
overlap and a minimum intensity 7/, exists between them. A
second modified linewidth at the (/,,,, +1,)/2 position of
the spectral line was also determined as a function of tem-
perature from the calculated spectra. This latter linewidth has
the advantage of being independent of any baseline which
would add to the spectral profile. Although the photon-
counting detection system used in the signal acquisition had a
dark rate less than 1 count/s, at the lowest signal levels to be
measured ( ~ 50 counts/s), scattered light in the optical system
could introduce a significant baseline.

The measurement of the helium gas temperature using this
modified linewidth was evaluated in an equilibrium jet of pure
helium. The results of a flowfield survey along the jet cen-
terline are plotted in Fig. 4. Since the flowfield is source-like
along the axis of the jet, the temperature distribution can be
modeled by a one-dimensional expansion from a sphere of
sonic radius r,. Using the hypersonic assumption that U= U,,
the temperature distribution can be determined explicitly
from the continuity equation as:

() ()" Py 2o

y+1

T_
T,

2

m (4a)
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by velocity slip for He/UF¢/UF mixtures. '8
T/Ty=0.472(x/r.) —4/3 (4b) For the experiments reported, a corresponding Monte

The agreement between the measured and calculated tem-
perature distribution is excellent with the error being less than
1%. The value of r, =0.787 D was obtained by a best fit of
the temperature power law dependence. This value for r, is
consistent with previous analytical’® and experimental!!
determinations.

Since there were no coincidences between the argon-ion
laser lines and the argon and neon lines that were used in the
electron beam-excited fluorescence, the transfer function at
these wavelengths could not be measured directly. Instead of
attempting an analytical modeling of the transfer function, a
direct calibration of the linewidth vs temperature relationship
for neon and argon was made. This calibration was obtained
by making flowfield surveys along the axis of equilibrium jets
with binary mixtures of argon in helium and neon in helium.
The temperature of the argon or neon was determined from
the helium linewidth measurement.

Monte Carlo Simulafion .

Under the conditions required for operation of the velocity
slip process, a gas mixture passing through a slit or orifice
moves from a region of continuum flow near the nozzle exit
into a transition region and finally into free-molecular flow at
a distance downstream. The expansion process is not
amenable to treatment by the techniques of either continuum
or free molecular gasdynamics. Although a kinetic model for
the Boltzmann equation developed by Brook and Oman, !?
Hamel and Willis, '* and Cooper and Bienkowski !4 has been
successfully applied by Anderson!® in predicting velocity
distributions for helium-argon mixtures, the method of choice
is the direct-simulation Monte Carlo method originated by
Bird ! in which molecules are followed individually in motion
through the flowfield and in collisions with each other. The
method has been applied previously to single-component
freejet expansions and has faithfully reproduced ex-
perimentally observed velocity distributions.!” It has also

Carlo calculation has been performed to predict species
temperatures and velocities. As in previous studies,'”'® the
axisymmetric freejet was treated as a source flow in which
expansion occurs in a radial direction from a spherical entry
surface of radius r,. The soucelike behavior of the jet along its
centerline has been documented by method-of-characteristics
calculations of the streamlines'® and by experimental
measurements ! of the density (o~r~?) and temperature
(T~r—%3) dependence for monatomic gases. The upstream
boundary for the simulation was specified as the sonic radius,
ro=r,, with flow conditions corresponding to equilibrium at
Mach number M=1. .

The calculations were carried out using a modification of
the computation methods employed by Bird!S for selecting
collision partners. Collisions were treated as for hard spheres,
but collision cross sections were adjusted according to the
omega integrals '? for a Lennard-Jones 6-12 potential between
partners. For a given relative velocity between species, the
temperature required for a mean relative velocity equal to that
velocity was computed; the cross section 722 was adjusted by
the factor Q) for that temperature and the Lennard-Jones
parameters for the interaction. The Lennard-Jones
parameters used were: He-He, e/k=10.8, 0=2.57; He-Ne,
e/k=22.9, 0=2.685; He-Ar, e¢/k=65.4, 0¢=2.99; Ne-Ne,
€/k=35.0,0=2.8; Ne-Ar, e/k=77.5, 0=3.105 Ar-Ar,
e/k=120,0=3.41(inKand A).

The computation was divided into two parts: one for
1<r/ro<1l, the other for 11<r/ry<110. Step size in
distance was 0.1 r, for the inner section and 1.0 r, for the
outer with r,=1 cm. Time step was 5x 107 s for the inner
section and 5 x 10 ~ 6 for the outer. Properties of the molecules
leaving the inner section were stored and used subsequently
for computing the feed to the outer section. The number of
molecules per cell was approximately 20. Velocity
distributions of each species were determined from the ac-
cumulated data at selected points in the flowfield and in-
cluded data from 13,000 molecules in a typical run. From
these velocity distribution functions, species temperature,
mean velocities, and most probable velocities were deter-
mined.
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Results accuracy of the line-tracking algorithm. The velocity

Using the techniques described in the previous section, the
velocity and temperature of individual species were studied in
low-density freejet expansions of both binary and ternary
mixtures of argon, neon, and helium. Gas mixtures of 9.5%
Ne in He, 10.1% Ar in He, and 10.1% Ne, 9.8% Ar in He
were used. These gases were provided premixed with the
composition determined by mass spectroscopy. For the
binary mixtures, the composition could also be determined by
measurement of the terminal velocity.

All the data presented were obtained on the jet centerline at
x/D=6; this was necessary to maintain sufficient signal
intensity from the fluorescence (particularly for the low-level
signals from argon and neon), so that the noise due to the
Poisson statistics of the photon counting did not degrade the

measurements for the binary and ternary gas mixtures as a
function of source pressure are presented in Figs. 5-10. The
velocity and velocity slip have been normalized by the ter-
minal velocity U, defined by Eq. (2). The data have been
plotted against P, x D which is proportional to the inverse
source Knudsen number. The open symbols are the ex-
perimental measurement; the solid symbols are the com-
parable Monte Carlo result.

For the binary and ternary mixtures, the velocity slip
between the various species is apparent as the source pressure
is decreased. Even at the highest pressure, the measured
velocities are less than the equilibrium value. At the position
where the data were obtained, the static temperature is not
negligible and the effect of translational nonequilibrium can
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freeze substantial energy in the parallel distribution function,
which otherwise would appear as directed kinetic energy. The
decrease in the heavy minor species velocities results from a
combination of the severe translational nonequilibrium and
the velocity slip which occurs as the source pressure is
lowered.

The agreement between the Monte Carlo simulation and the
measured velocity for the heavy molecular species (argon and
neon) is good, the error being about 1%. The agreement with
the velocity of helium, which is the carrier gas, is not as close.
The Monte Carlo simulations predict higher velocity (as much
as 3%) with larger scatter. The predicted specie velocities were
obtained from the most probable velocity, defined as the peak
at the velocity distribution function. This is the velocity that
corresponds to the experimental measurement which defines

PO X D (TORR-MM)

the velocity from the peak position of the spectral line. In the
initial presentation of this work, *" the velocity was defined by
taking a moment of the distribution function. Higher
velocities were predicted because of the effect of a non-
Maxwellian population in the high-velocity tail of the
distribution function. This phenomenon has been observed
previously in both experimental measurements and discrete
ordinate calculations. !

The moment method results for the velocity slip between
the helium carrier gas and heavier molecular weight species
are plotted in Figs. 6, 8, and 10. Since the moment equations
are cast explicitly in terms of the velocity slip, the actual
velocities are not available. For the binary gas mixtures, the
predicted velocity slip agrees with the Monte Carlo and ex-
perimental results, except at the lowest values of P,D. Under



350 CATTOLICA, GALLAGHER, ANDERSON, AND TALBOT AIAA JOURNAL
8 o
—_ ] v
0 ®
@i
e ] -
[ ] [ua] a z [
g‘ - ] o g A
] ®
oo o
A
o e
or 10,17 Neon anp 9.8% ArGoN IN HELTuM
F'y Fig. 9 Velocity as a function
Q of source pressure for 10.1%
S8 e a (0 HeLtu VeLocITy (EXPERIMENT) neon a"dp 9.8% argon in
O Neon VerocrTy (ExpERIMENT) helium.
& O A Areon VELOCITY (EXPERIMENT)
B Heiw Vetoctty (Monte Careo)
oL A
® ® Neon Verocity (Monte CarLo)
A
< A PreoN VeroctTy (Monte CarLo)
sk
: D=6 To=283K
al D=6.35m Lp= 15 wsec
1 1 1 1 1] 1 i 1 1 1 ) | I | | 1 | ) 1 1 1 1 1 | |
0 10 20 30 40 50 60 70 80 90 100 110 120 130
PO X D (TORR-MM)
<
I 10,1% Neon AND S.&% MReoN IN HeLium
=1 ¢
L \ @  Neon Stip VELociTy (EXPERIMENT)
<l v ® Neon Suip VeLociTy (Monte CarLO)
| \ A freoN SLIP VELocITY (EXPERIMENT)
ol A Areon SLIp VeLoctTy (MonTe CaRLO)
- \\ \ ————— Neon Stip VeLociTy (MoMENT MeTHOD)
o ————
S ol \ AreoN SL1P VELocITY (MoMENT MeTHoD)
7 v . Fig. 10 Velocity slip as a
&+ & M) =6 function of source pressure for
38l \ D=6.% m :Ioi}% neon and 9.8% argon in
. elium,
> L A To= 23K
g \ Uy = 115 w/sec
L ) A
\
5 - N\
. o SO a
- A~y \ " A
~ ® "~ TY——_0 U]
ol -~ - —_ . ———— .
L o T e A T —
A e T ———-
o 1 1 1 L | ] | 1 1 | | .I ! 1 | | | ! Il | 1 i | 1
0 10 20 30 40 50 60 70 80 30 100 110 120 130

PG X D (TORR-MM)

these conditions, the breakdown in the hypersonic ap-
proximation used to truncate the moment equations con-
tributes significantly to this error. Since the calculated
velocities from the moment solution are the result of moments
of the appropriate distribution functions, they will reflect the
non-Maxwellian effects encountered at the most rarefied
conditions. The velocities from Monte Carlo simulation and
the experimental data are the most probable velocities and
correspond to the peak of the velocity distribution function.
The moment solution for the ternary gas mixtues follows the
same behavior, predicting larger velocity slip as the flow
conditions become more rarefied. The differential slip (the
difference between the argon and neon slip), which is the
important parameter for a separation scheme, however, is in
good agreement with both Monte Carlo and experimental
results.

The velocity slip for all the mixtures can be correlated by
plotting the normalized velocity. slip U,/ U, against a slip
parameter S using Fig. 11. This slip parameter is a modified
inverse source Knudsen number suggested by Miller and
Andres*

= (“'IZMavg)I/I v POD

s
IM, —M,| (kT,)*?

[6Cs (1,2)1'7 &)

where u,, is the reduced mass, M,,, is the average mass, P, is
the stagnation pressure, T, is the stagnation temperature, D is
the orifice diameter, and C, is the constant for an inverse
sixth potential between appropriate species. ?> For the ternary
species, the inverse sixth potential for the helium interaction
was used. The average mass of the mixture, however, was
modified by the mole fraction of the second minor species
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present. Although there is considerable scatter in these data,
the agreement between the electron beam fluorescence data
and the molecular beam data is good. The ternary gas data are
somewhat difficult to interpret with a slip parameter which is
defined for a binary gas. The solid line represents the
theoretical results of Miller and Andres, which predicts a S ~/
dependence for U, /U,. The qualitative agreement with all
the data is reasonable and show the general trend in the
behavior of the velocity slip with the slip parameter. The
scatter in the Monte Carlo simulation results is similar to that
from the experiments. Data below 1-2% slip should not be
considered seriously since that approaches the accuracy of the
measurements.

The velocity slip results from the moment method
calculations are plotted (solid symbols) against the correlating
slip parameter S in Fig. 12. The agreement with the ex-
perimental data is good, with the scatter being similar, but
predicting larger slip, particularly for the most rarefied
conditions. The scatter in the moment results is such that the
§-12/11 dependence for U, /U,, developed in the moment
method solution,” is not easily differentiated from the S~/
dependence predicted by Miller and Andres.

Since the velocity slip occurs along a streamline, the
temperature which is important for a separation process is the
parallel temperature. Using a modified linewidth based on the
(1 hax + 11nin)/2 positions, the parallel temperatures for the
binary and ternary mixtures were measured at the same axial
positions and source conditions as the previous velocity
measurements. The helium temperature was determined from
linewidth calculations. The argon and neon temperatures were
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Fig. 12 Correlation of normalized velocity slip with slip parameter
(solid symbols are moment method calculations).

based on the linewidth calibration measurements which were
described previously.

The increase in parallel temperature with decreasing
pressure follows the expected trend as the translational
nonequilibrium effects move further upstream. The measured
helium temperature is higher than the argon temperature
throughout the range of source pressure which was studied.
The predicted helium temperatures from the Monte Carlo and
moment method calculations are in reasonable agreement
with the experiment. The larger departure being at the lowest
source pressure where the assumptions used in the two
techniques becomes tenuous. The non-Maxwellian behavior
of the velocity distribution function and the breakdown of the
hypersonic approximation for the moment solution become
serious errors at these most rarefied conditions. For the
Monte Carlo solution, the equilibrium boundary conditions
at the sonic surface where the flow simulation is initiated
begin to break down.

The argon parallel temperature being lower than the helium
temperature throughout the range of source pressures studied
disagrees with both the Monte Carlo and moment solution
results. This translational nonequilibrium or freezing of the
parallel temperatures is illustrated by the Monte Carlo
simulation of the flowfield along the freejet axis, which is
plotted in Fig. 14. The freezing of the parallel temperature for
argon at a higher value than that for helium is shown. The
behavior is consistent with simple physical agreements as well
as other analytical solutions. The perpendicular temperature,
which is also plotted in Fig. 14, shows the continuation of the
T~r-%7 inviscid temperature dependence. Qualitatively
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Fig. 14 Monte Carlo simulation of the parallel and perpendicular
temperature distribution along the jet centerline for 10% argon in
helium.

similar behavior between the measured parallel temperature,
and moment solutions results are observed for both the 9.5%
neon in helium (Fig. 15) and the ternary mixture (Fig. 16). For
both analytical methods, the heavy molecular weight species
freezes at a higher parallel temperature.

where n,,, is the total number of argon molecules with
velocity to the left of the cut and n,,, is the total number of
agron molecules with velocities to the right of the cut. Similar
definitions follow for the two neon streams ry,, and ny,, .
These quantities can be defined by:

i Ad [ ma \%
"A'LZE"A'{1+erf[7 (ZkT ) ]}
Ar

1 Au f m,, \ "
""fRZE"Af{I_erf[? (2kT ) ]}
Ar
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1 Au f my, \ 7 primarily to the lower argon and neon temperatures obtained
MNey, = 5 MMNe {1 —erf ) <2kT ) ]] in the experiments, the differential velocity slip being in good
Ne agreement and not contributing significantly to the dif-
I A/ m 1 ference. Because of the lower trace species temperatures and
MNeg = EnNc {1+erf[— (—§°—> ]} ©) uncertainty in their accuracy, it is not clear that the peak
2 \2kTy, observed in the experimental separation factor is a real effect.

where # is the differential velocity slip between argon and
neon. The vertical line through the argon and neon
distribution functions in Fig. 17 shows the position of the
velocity cut. With these definitions, a separation factor
o =2.13 can be calculated for this case.

Separation factors for argon in the ternary mixture in the
experiment are, in general, always higher than the Monte
Carlo simulation and moment methods results. This is due

Background gas penetration of the freejet could thermalize
the gas and explain a peaking in the separation factor. A
systematic study of the effect of background gas pressure on
the jet gas temperature at the measurement position would be
required to support such an explanation.

The point to be made in this comparison between ex-
periment and theory is the importance of the translational
nonequilibrium and the resulting parallel temperature in
predicting the separation factor. Both analytical and ex-
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perimental separation factors would be expected to improve
somewhat with any decrease in the parallel temperature or
increase in the differential velocity slip further downstream
from the position that was studied. From the moment method
calculations,” an increase of at most 15% could be expected
in the velocity slip further downstream in the jet. The parallel
temperatures which are nearer their terminal values would be
expected to decrease even less. As mentioned before, the
temperatures would eventually increase due to the effect of
background gas penetration.

It is interesting to compare the maximum separation factor
a=2.13 found from the experimental results with the
equivalent separation factor for a diffusive separation of
argon and neon, which is based on their mass ratio,
ay=(m,,/my.)""? =1.4. The factor a, as previously defined,

is a measure of the degree of separation given by the process.
Although the velocity slip based on the experiments yields a
50% larger separation factor than diffusion, its advantage
could be even greater when viewed in economic terms. To
compare the economics of different separation processes, a
useful measure is the separative work factor w22 per stage.

dw=L(I-0)(a—-1)? 8)

where L is the molar throughput of separated isotopes, 8 is the
fraction of separated isotopes leaving in one exit stream, and
1 — @ is the fraction leaving in the other exit stream. Assuming
equal molar throughput and the same fraction of separated
isotopes 6, the important factor to be compared is (a—1)?.
Using this as a basis, the velocity slip process would require a
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factor of eight fewer stages than a diffusion process to
produce the same amount of separative work for separating
argon and helium. It should be noted that this conclusion is
based on a somewhat speculative assumption of equal molar
throughout.

Summary and Conclusions

Both velocity slip and translational temperatures were
observed along the axis of an axisymmetric freejet expansion
for both binary and ternary mixtures of argon and neon in
helium. A Monte Carlo simulation of the experiment indicates
that the velocity slip can be modeled with reasonable ac-
curacy—on the order of a few percent. The parallel trans-
lational temperatures for the heavy molecular weight species,
which are critical to an isotope separation process, were
measured and found to be lower when compared to either the
Monte Carlo simulation or moment method analysis. This
result leads to measured separation efficiencies somewhat
higher than predicted. A maximum separation factor ¢ =2.13
for argon was calculated from the measured temperatures and
differential velocity slip for a mixture of argon and neon in
helium. When this result is compared to the equivalent dif-
fusive separation factor o=1.4 for argon and neon, the
improvement in separative work done per separation stage
could be as high as eight times greater using velocity slip.
Neither of these processes are practical schemes for an argon-
neon separation when compared to a direct distillation
process. The point to be stressed, however, is the relative
effectiveness of the velocity slip technique when compared
with diffusion. Certainly, other economic factors would have
to be included in any comparison of such separation schemes
for gases of practical interest. Nevertheless, the advantage in
separation factor, demonstrated both experimentally and
analytically with this argon-neon example does provide
support for the previous work with regard to separating
BSUF, and 28UF.
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