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Abstract

The success of the molecular laser isotope separation process is mainly dependent on the
design of the correct profile for a confined flow cooling nozzle. The performance of the
nozzle determines the size and efficiency of the plant. This article examines and developes a
simulation method for the determination of the vibrational temperatures inside of such noz-
zles which are necessary to achieve design requirements. No complete method could be found
in the literature for such analysis. All relevant aspects of flow cooling, except condensation,
are taken into account by the proposed simulation. This includes gas dynamic properties,
collision parameters, vibrational relaxation and adiabatic energy transfer in the hetero-
geneous gas mixtures. This model has been successfully verified. Further work includes the
modification of the model to generate various nozzle geometries and to investigate certain
design requirements. This method will then eliminate expensive hit and miss optimization of
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these types of nozzles.

Introduction

Uranium enrichment is entering a new era, as many of the
present enrichment plants across the world will reach the
end of their lifetimes by the middle of this decade. New
enrichment plants will thus be needed. Conventional
methods for uranium enrichment such as gas diffusion,
gas centrifuge and separation nozzles operate on the prin-
ciple of the difference in mass of the two most abundant
isotopes of uranium, namely, 23U and 238U. The differ-
ence in the mass of these two isotopes is small and there-
fore results in a small kinematic difference during enrich-
ment. This results in large numbers of enrichment steps to
achieve the required degree of enrichment suitable for nu-
clear reactors. It leads to collosal cascades and thus to
high unit costs for enrichment. An ideal concept will be
one that achieves the necessary degree of enrichment with
one step. This can be done by laser processes. )

Laser processes can be divided into two categories,
namely, the atomic vapor laser isotope separation process
(AVLIS) and the molecular laser isotope separation pro-
cess (MLIS). The MLIS process suites South African
conditions the best, because of the relative low scale of
future production and the availability of existing UFg
production plants used in current enrichment plants.
Germany and Japan are also developing the MLIS pro-
cess.

Selective absorption of laser photons in the MLIS pro-
cess can be done more efficiently when the UF4 molecule
is in the vibrational ground state. At room temperature
only .45% of the UF4 molecules are in the ground state
while this value increases to 5% at 200K and to 75% at
70K. Free jets [1, 2, 3] were often used to achieve cooling
to this low temperature. The very low downstream gas
densities in these free jets prevent economic operation of
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large scale plants. Confined nozzles give higher down-
stream densities, but condensation becomes a major
problem due to the higher densities. The density and con-
densation conditions downstream in the flow cooling
nozzle will dominate the size and thus the cost of the gas
and the laser cycle of the MLIS process. We therefore
strive to achieve a flow cooling nozzle with the highest
possible downstream density without condensation. Vi-
brational flow cooling of UF4 gas molecules is therefore
one of the critical areas of the MLIS process. A pure ex-
perimental analysis of flow cooling phenomena is time
consuming and fails due to the many uncertainties in-
volved in the design and operating parameters. A success-
ful simulation of this is therefore highly advantageous.

This article describes the modelling of vibrational cool-
ing of polyatomic SF¢ or UF, in heterogeneous gas mix-
tures in a confined flow cooling nozzle. The polyatomic
molecules are normally dissolved in a monatomic carrier
gas such as Ar together with a scavenger gas such as
XeF,. In this paper we will concentrate on the flow cool-
ing of SF4 and Ar mixtures due to the commercial sensi-
tivity of the data on UF4 and its relevant gasses. This
paper only deals with flow cooling phenomena. However,
once the flow simulation is completed, the possibility of
condensation can be calculated with standard techniques.
This provides one with a tool to investigate different noz-
zle geometries.

Although a microscopic approach to the modelling of
vibrational cooling has not been reported in the litera-
ture, it can be used, but a lack of data on microscopic
relaxation processes hampers this path. The analysis
method described here has also not been reported in the
literature. It provides a handy tool for theoretical design
and evaluation purposes.
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Formulation

There are many uncertainties to account for when model-
ling vibrational cooling in confined nozzles. The relative
very low temperature increases the number of uncertain-
ties, since the modelling of intermolecular behaviour at
very low temperatures still has various deficiencies. These
uncertainties adversely effect the determination of mol-
ecular properties for simulation purposes. Experimental
determination of molecular properties at temperatures
down to 50K and even lower is difficult and time consum-
ing. The flow modelling in the nozzle is futher compli-
cated by effects such as velocity slip, adiabatic effects (the
release of molecular rotational and vibrational energy
while no heat cross the flow boundary to the surface of
the nozzle) and condensation.

The vibrational condition of the process gas during
flow cooling can be expressed by means of the vibrational
population or the vibrational temperature, provided
spectroscopic data exists. In this study the evaluation was
done by comparing measured and simulated vibrational
temperatures.

The modelling of vibrational characteristics of the pro-
cess gas can be divided into three main categories which
will be discussed in more detail under separate headings
in the rest of this section. These categories are:

—the determination of the gas dynamic conditions
through the nozzle to establish pressures, densities etc.,

— the determination of the collision frequency (rate of
molecular interactions based on kinetic theory) of the
process gas with all other gasses in the gas mixture as it
influences the nozzle design and

— the determination of the vibrational relaxation (the pro-
cess where the vibrational energy is deposited among
other molecules in order to attain a thermodynamic
equilibrium state among the internal modes of motion
of the molecule) through the nozzle as it influences the
number of molecules for laser separation and conden-
sation.
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FIG. 1. Schematic representation of a control volume s, at distance x
and thickness dx, for the modelling of molecular relaxation through a
De Laval nozzle.
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When modelling the vibrational cooling, the nozzle is nu-
merically devided into small volume increments, as
shown in figure 1. For the derivation of the equations
consider a volume element s at a distance x with length
dx.

(a) Gas dynamic conditions

The starting point of the simulation is to simulate the gas

dynamic conditions in the flow cooling nozzle. It serves as

a basis for further analysis of the collision parameters and

the vibrational relaxation parameters. The gas dynamic

parameters can be calculated by applying standard gas
dynamic mathematics provided that the effect of velocity
slip can be quantified.

The effects of velocity slip, where the lighter molecules
migrate to the lowest pressure outer region, are very
prominent in free jets due to the great degree of expansion
(3 dimensional) and the high difference in the molecular
mass of SFs or UF, compared to the carrier gas (Ar/He).
In confined nozzles the situation is not necessarily the
same. When a carrier gas with a high molecular mass such
as Ar is used, the situation can be quite different es-
pecially if the expansion is well controlled. This was
proved by recent experiments at the AEC in South Africa
(unpublished work). It was shown that a well designed
nozzle, suitable for MLIS conditions, will give only a rela-
tively small degree of velocity slip. For the gas mixture in
this paper the velocity slip was less than 2% of the maxi-
mum velocity. Therefore, adequate accuracy can be at-
tained by assuming no slip. This leads to the following
assumptions:

— the gas mixture at any position in the nozzle is well
mixed and bulk conditions can be used,

— the ratio of the amount of process gas to any other gas
in the mixture at any position during expansion is the
same as at any position in the pre-expansion region,

- no velocity slip occurs and

— a one dimensional model of the system is suitable.

By applying these assumptions together with the ge-
ometry of the nozzle, the gas dynamic properties such as
temperature, pressure, density, etc. at each increment can
easily be calculated. This serves as a basic for further
modelling.

(b) Collision frequency

The nozzle shape directly influences the collision fre-

quency which is needed to establish vibrational relaxation

times. When simulating collision frequency it was as-

sumed that:

— molecules are spherical,

— molecules only contain kinetic energy of the translation
mode,

— no external forces are applied on the molecules and

— the internal energy distribution of molecules of every
gas is independent of position and is at any position
governed by the Boltzmann equation.

For binary collisions the collision frequency between any
two gasses can be given by [4]:
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The subscript i represents the process gas and the sub-
script j represents any other gas in the gas mixture. »;is the
number density of gas j. The effective collision cross sec-
tion [5, 6] o,; between molecules i and j and can be given by:
(%ij)s =2 n(dcz)ij)s 2
where dy; is the effective collision diameter between gasses
i and j. The standard collision integral for temperature
correction [7] of the collision cross section is given by
QP(T;) where T = kT/e; and €; = Veg,;. The poten-
tial paramters €; and €; are for molecules / and j respectively
with T the temperature and k the Boltzmann constant.
As our previous assumptions lead to Maxwell condi-

tions, the molecular velocity of gas i is the standard Max-
well velocity, namely:
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with m; the mass of molecules of gas i. This enables us to
calculate vibrational relaxation times.

(c) Vibrational relaxation

Vibrational relaxation takes place during the temperature
decrease in the nozzle and leads to an increased vi-
brational ground state population. The higher the ground
state population the greater the risk of condensation but
also the number of molecules for laser separation. Vi-
brational relaxation of a donor molecule takes place only
when an accepter molecule is available. This accepted
photon will be stored as vibrational and/or rotational
and/or translational energy.

Modelling of vibrational relaxation in the nozzle can be
divided into three main categories which will be discussed
in more detail under separate headings in the rest of this
section. These categories are:

—the determination of the vibrational temperature
through the nozzle,

— the determination of the effective relaxation time of the
process gas and

— the determination of the adiabatic effects through the
nozzle.

(i) Vibrational temperature

The work in this section will enable us to calculate the
vibrational temperature through the nozzle. The relax-
ation of vibrational energy in a single polyatomic gas [8]
can be given by:

_dE, _ l(Ev - EV(T")>
T

7 4)

where 7 is the isothermal relaxation time. E, is the average
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vibrational energy at the vibrational temperature 7, and
E[(T,) is the average vibrational energy at the transla-
tional temperature T,,. As it was assumed that the specific
heat, C,q, is independent of temperature and that the tem-

perature would never deviate far from the equilibrium
temperature, T,, the previous equation will lead to the

following relationship [8]:

dT, 1< )
= =T, — T(T
dt T v v( 0)

®)

Vibrational relaxation in a volume increment under the
conditions of flow cooling is an adiabatic constant vol-
ume process. The adiabatic conditions can easily be ex-
pressed in terms of the isothermal conditions. Isothermal
conditions would result in a constant translational tem-
perature during expansion in a small volume increment.
Adiabatic conditions state that after translational cooling
is done, the stored vibrational energy is deposited into the
gas mixture resulting in an increase of the translational
temperature while no heat cross the flow boundary to the
surface of the nozzle. The nozzle geometry forces the gas
mixture to cool translationally. Schematic representa-
tions of both these processes are given by figures 2 and 3.
By means of an energy balance the equilibrium tempera-
ture, [8] T3, can be expressed by the following relation:

C
vv To

T =
’ CvO

¢
=T + 6
o, h (©)

with C the specific heat for translation, C,, the specific
heat for vibration and C,, the specific heat at constant
volume. T, And T are the translational temperatures be-
fore and after the step decrease in temperature respect-
ively. By means of a further energy balance the following
energy balance can be deducted:

Tv_ Tlr= (é/‘vo

(T, — T) @)
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FIG. 2. Schematic representation of isothermal relaxation in a gas. T,
and T, is the translational and vibrational temperature respectively.
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FIG. 3. Schematic representation of adiabatic relaxation in a gas. T,
and T, is the translational and vibrational temperature respectively.

By substituting the previous expression into equation (5)
the differential equation for a single relaxing gas follows [§]
namely:

dT, Cy 1
— =Y S (fgp g
dt C‘r(v 2 ®

This equation can be solved and it follows that [8]:
T,=T, + (Top — Tye " 9

where 7, = (C/C,)7 is the adiabatic relaxation time.
In a mixture of polyatomic gasses all the gasses relax
together resulting in a effective value for T, namely 73"

> ¢,[T, — T

T£=T1+ ):C

(10

The corresponding relaxation equation is as follows:

T,=T, + (T, — Tye "™ an
Equation (11) enables us to calculate the vibrational tem-
perature, T,, at any point in the nozzle.

(ii) Effective relaxation time

The modelling accuracy of vibrational characteristics
through the nozzle is mainly dependent on the correct
determination of vibrational relaxation times for every
type of collision. Each interaction of the process gas with
each other gas species present lead to a separate relax-
ation time. At temperatures below 300K vibrational
relaxation times for SFs and UFg and four other gas com-
binations were determined by means of an analytical ap-
proach. This aspect is not the purpose of this paper and
will not be discussed here. The values for relaxation times
used in this paper ranged between 400K and 150K for the
purpose of this study. Above 300K measured values were
used. The relevant relaxation properties for SF4 and Ar
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Temperature VA VAT
(K] (SFe) (SFe/Ar)

150 4612 11584
200 3631 8233
250 2600 4902
300 1862 3162
350 1288 2065
400 962 1478

Table | Vibrational relaxation properties for SF; and Ar. Z33 is the
number of collisions for the vibrational relaxation of pure SF, and Z3;
for SF, dissolved in 100% Ar.

mixtures, used for verification in this paper, are given in
Table 1.

The differential equation for SF¢ and UF4 in a hetero-
geneous gas mixture can be expressed as follows:

(&= 2F)
dt JuE,sF, ‘Z dt JUF,SF—A,

12)

i

where A; is all the possible collision partners in the gas
mixture. For each collision there is a characteristic relax-
ation time resulting in:

dE,
( ) - =L& - Ewm) (13)
UFJSF,  iT;

dt T

Considering the up and down scattering of vibrational
quanta the relaxation times [9] for every collision process
can be expressed by:

_ Zy
Z; (1 — exp(—hvy/kT))

(14)

where Z,, is the number of collision for relaxation and v,,
is the lowest vibrational frequency. The term in brackets
represents the fraction of molecules that experience up
scattering (v=0—1). The effective value for 7 can be ex-
pressed by:

(15)

where i is all the gasses in the mixture. Thus the effective
relaxation time, 7., for SF¢ or UF4 and all relevant gasses
can be calculated.

(iii) Adiabatic effects

A gas mixture suitable for MLIS conditions will most
probably consist of at least three gasses of which two will
be polyatomic. Thus the vibrational energy of the two
relaxing gasses will be divided between the translational
modes of all the present gasses. By means of an energy
balance it can be proven for a single relaxing gas that:
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T, = (T, - T,) (16)

Analogous to the previous equation the resulting transla-
tional temperature for a gas mixture with / gasses can be
written as:

z:i vai[TOi - Tvi]

T, = =
% G

T, + 17

The flow of energy during the flow cooling process is de-
termined by the nozzle geometry which results in a certain
flow velocity. Because deposited rotational and vi-
brational energy from the molecules cannot influence the
flow velocity of the system, what happens to vibrational
energy that is deposited into the flow system?

The temperature of a collection of gas particle will be
determined by the distribution of the random transla-
tional velocities of all the particles around the most prob-
able velocity, in other words, the Maxwell distribution.
During expansion in a nozzle the flow is directed in one
direction due to pressure energy that is converted into
kinetic energy. Directing one random component of the
translational motion results in a decrease of the random
distribution around the most probable velocity. The
Maxwell distribution moves to the left (figure 4) and re-
sultsin a decrease in temperature. Vibrational energy that
has been deposited into the system doesn’t influence the
directed velocity but will be accumulated by the random
motion of the other translational modes. The increased
random motion around the fixed flow velocity results in
an increased translational temperature.

T=100K

n(E)/n

T=300K

ENERGY

FIG 4. Schematic representation of temperature increase or de-
crease in a supersonic nozzle. n(E)/n is the fraction of molecules at
energy E to the total number of molecules.

Once the gas dynamic conditions in the nozzle have
been calculated, the conditions in the remaining down-
stream control volumes should thus be corrected for
the deposited internal energy by correcting the y-value
(=C,o/C,,) of the gas mixture. Mathematically it can be
expressed by:
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o ( Ttr)new
(y)s+l - (y)s' (T")Old

(18)
where (7,)qq and (T}),., are the translational tempera-

tures before and after depositing vibrational energy re-
spectively. A forward correction can be done by:

@1 = [PRT/MY., (19)
Now that we can account for the effect of deposited vi-
brational energy on the translational temperature, vi-
brational and translational cooling through a confined
nozzle can be accurately simulated.

Verification

The modelling technique was evaluated by comparing
measured (infrared absorption spectroscopy) and pre-
dicted vibrational temperatures of fourteen confined noz-
zles with different profiles, using a 1% SF¢-99% Ar gas
mixture. At a certain random downstream position an
infrared absorption spectrum was taken. The theoretical
vibrational temperature at the specific position was calcu-
lated by applying the principles described in this article.
Collision diameters and potential parameters for a Len-
nard-Jones potential were needed for the simulation and
are given in table II.

4;[A]  €/KK]
Ar 3.418°  124.0°
SF, 5.462 159.7

“Reference 6

Table Il Collision properties for SF, and Ar. d, is the effective collision
diameter and € is a potential parameter.

The resulting experimental and theoretical values for
the fourteen different nozzles are given in table III. The
average deviation between the experimental and theoreti-
cal analysis was 3.1%. A tolerance of + 10K was allowed
on the experimental measurements, since the determi-
nation of the vibrational temperature from infrared ab-
sorption spectra is an analytical process. Table III proves
that high expansion ratios do not necessarily give high
vibrational cooling. Successful flow cooling thus mainly
lies in finding a correct nozzle profile. Subsequent mea-
surements for UF4-Ar mixtures have shown similar accu-
racy to that of SF4-Ar.

Conclusions

The proposed method can be summarized and categor-
ized into three simulation procedures. Firstly the gas dy-
namic conditions were calculated by applying standard
gas dynamic mathematics. Once this was done the colli-
sion frequency and the vibrational relaxation phenomena
could be simulated. This lead to the calculation of the
vibrational ground state population.
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Experimental Theoretical Error
T, [K] T, [K] T, [K] (%]
220 207.5 36.6 5.7
172 167.2 57.6 2.8
214 2139 47.9 0.05
206 198.4 51.4 3.7
225 228.3 24.0 1.5
215 219.9 254 2.3
215 226.1 26.1 5.2
220 226.1 27.0 2.8
190 178.1 459 6.3
187 191.0 47.0 2.1
200 207.9 29.8 4.0
196 200.0 322 2.0
195 188.0 28.2 3.6
160 157.6 86.7 1.5

Table Il Measured and calculated vibrational temperatures (7,) in

fourteen confined nozzles. Every point represents a different nozzle
profile and an arbitrary point downstream of the throat. The gas mix-
ture is 1% SF, and 99% Ar. T, is the translational temperature.

The simulation of the vibrational temperature can now
be done with relative ease by applying the proposed
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method. This procedure enabled us to model and evaluate
newly designed nozzle profiles before expensive experi-
ments were carried out.

A good correlation between simulated and experimen-
tal values was found bearing in mind the difficulty in-
herent in measurements.

Future developments will concentrate on the simu-
lation of condensation phenomena. A nozzle design
simulation programme resulting from future work can
then be used to optimize and integrate plant parameters.
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