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The problem of separation of isotopes in a concurrent gas centrifuge is solved analytically for
an arbitrary binary mixture of isotopes. The separative power of the optimised concurrent
gas centrifuges for the uranium isotopes equals to 6U = 12.7 (V/700 m/s)?(300 K/T)(L/1 m)
kg-SWU/yr, where L and V are the length and linear velocity of the rotor of the gas centrifuge
and T is the temperature. This equation agrees well with the empirically determined sepa-
rative power of optimised counter-current gas centrifuges.
Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).

1. Introduction

Separation of heavy isotopes in gas centrifuges (hereafter GCs)
has been used for industrial production of enriched uranium
from the middle of the past century. It is likely that this
method of isotope separation will remain the most efficient,
from the economical point of view, for the next few decades.
Despite the long history of using this method, a lot of impor-
tant problems of the physics of the isotope separation remain
unsolved. The problem of the separative power of GCs is the
most important among them. Knowledge or estimation of the
separative power of GCs is necessary for design of efficient
GCs and important for experts dealing with the problem of
nonproliferation of the separation technology.
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An attempt to estimate the separative power of GCs has
been made, starting with Dirac [1]. He has shown that the
separative power 6Upax of any GC can not exceed the value

6Umax =

7pDL (AMV2>2_ )

2 2RT
where pD is the density of uranium hexafluoride (UFg) times
the coefficient of self-diffusion of uranium isotopes ?*®U and
25U. AM is the mass difference between two uranium iso-
topes, R is the gas-law constant, T is the gas temperature, L is
the length of the GC rotor, and V is the linear velocity of the
rotor rotation.

In the early 1960s an Onsager group from US developed a
theory called the pancake approximation that reduced the

1738-5733/Copyright © 2016, Published by Elsevier Korea LLC on behalf of Korean Nuclear Society. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:svbogovalov@mephi.ru
http://crossmark.crossref.org/dialog/?doi=10.1016/j.net.2016.01.024&domain=pdf
www.sciencedirect.com/science/journal/17385733
www.elsevier.com/locate/net
http://dx.doi.org/10.1016/j.net.2016.01.024
http://dx.doi.org/10.1016/j.net.2016.01.024
http://dx.doi.org/10.1016/j.net.2016.01.024
http://creativecommons.org/licenses/by-nc-nd/4.0/

720 Nuclear Engineering and Technology 48 (2016) 719-726

problem of the GC gas dynamics to the solution of linear
elliptical equations of the sixth-order partial derivatives for
two variables [2,3]. This approach gave the following equation
for the separative power of the GC:

6U = (0.038V — 11.5)L, kg-SWU/yr. @)

It is important to note that, in contrast to Eq. (1) where the
separative power increases as V* in Eq. (2) the separative
power grows linearly with V.

Experimental data collected with the help of a large num-
ber of Russian GCs have shone new light on this question.
According to Senchenkov [4], the separative power is defined
by the following empirical equation:

V 2 2a 0.4
700 m/s> (12 cm> » kg-SWU/yr, )

where L is measured in meters. Recently this result has been
well confirmed by more extended experimental data [5].

The proportionality of 3U to V? in the empirical Eq. (3)
dramatically contradicts simple theoretical arguments. Let
coefficient q be defined as the ratio of the concentration of
U235 in the product flux over the concentration in the waste
flux. At relatively small q the separative power equals

oU = 12L<

F(q—1)*

oU = (1~ ) =5 )

where 6 = P/F is the ratio of the product mass flux P over feed
mass flux F [6]. Radial separation in the centrifugal field gives
the following dependence of q on V

AMyV?
q=exXp—pr—, ()

which unambiguously gives, 6U~V* This dependence takes
place in Eq. (1) but does not agree with the experiment. For
many years, this problem has remained a challenge for spe-
cialists. Recently a new equation defining the separative
power of GC has been proposed in Kemp [7].

U= VL er, kg-SWU/yr (6)
= (33000 *8 yr

where V is measured in meters per second, L is rotor length in
meters and er is some numerical coefficient. This equation
already correctly reproduces the empirical law [Eq. (3)].
Nevertheless, the dependence of the optimised separative
power of the GC on the parameters remains an open problem
up to now. The solution of this problem is important from the
practical point of view. Simple estimates show that the
maximal possible separative power defined by Eq. (1) is four to
five times higher than the optimal separative power [Eq. (3)]
defined experimentally at V = 700m/s and 2a = 12cm. This
dramatic difference is due to the different dependence of the
separative power on V. In this connection a few fundamental
questions arise. What are the physical reasons for V? depen-
dencein Eq. (3)? What factors limit the growth of 6U with V? Is it
possible to dispose these factors and to increase the separative
power of the gas centrifuges a few times at the same velocity
and length of the rotor? In other words, is it possible to design a
gas centrifuge a few times more efficient than existing ones?
Indeed, Eqg. (3) is not a fundamental law of nature, which makes
gas centrifuges with higher separative power impossible.

To answer these questions it is necessary to perform a
huge amount of computational work on numerical simulation
and optimisation of the counter-current gas centrifuges which
are used for industrial enrichment of uranium. Even in this
case the success is not guaranteed. The gas flow in the
counter-current centrifuges is so complicated that it is diffi-
cult to understand the connection between the characteristics
of the flow and the final optimized separative power. There-
fore, it is reasonable to consider a gas centrifuge with much
simpler gas flow which allows us to consider the problem
analytically. In this case we have a chance to specify the na-
ture of the dependence of the optimised separative power on
the parameters and to find a guidance line for understanding
this dependence in the case of the counter-current centrifuge.
That is why we propose to answer the specified questions in
the model of the concurrent centrifuge. This type of GC has
been considered firstly in Cohen [1], where the separative
power of this type of GC has been estimated as

AMV2> 27 )

oU = 0.166 x 27rpDL< oRT

which is only 66% less than the maximal possible separative
power given by Eq. (1), and follow to V* dependence of 6U.
Nevertheless, the flow field assumed in Cohen [1] was rather
artificial. Therefore it is reasonable to reconsider this model
once more.

In this work for the first time we give an analytical equation
for the separative power of an optimised concurrent gas
centrifuge for an arbitrary binary mixture of isotopes. In
contrast to the results mentioned above, we show that in the
case of uniform axial velocity of the working gas, the opti-
mised separative power is proportional to V? which agrees
well with the empirical equation given by Eq. (3). This result
forces us to assume that in spite of difference in gas flow field
in the counter-current and concurrent centrifuges, the
dependence of the optimised (or maximal) separative power
on the parameters of the centrifuge is universal and does not
depend of the design of the centrifuge.

It is necessary to stress that we discuss here the separative
power of GC optimised on all parameters which can be
controlled by a designer. The separative power is the function
of a lot of parameters 6U(V,L,T,a,a1,a5,...), Where the series of
parameters o; includes, for example, pressure at the wall of
the rotor, F, ¢, variation of temperature along the rotor 3T and
many others. Optimisation of the GC is reduced to a search for
the maximum of this function at the variation of all the pa-
rameters o;. Such a search is performed for every series of
V,L,T,and a. Therefore, the separative power of the optimised
GC depends only on the limited set of the parameters
V,L,T,and a. Such a formulation of the problem carries addi-
tional difficulties in the solution of the problem because it is
necessary not only to calculate the separative power of the GC,
but additionally to optimise (to find maximal value) in relation
to all possible parameters at fixed V, L, a and T.

In conclusion of this section, it is worth also mentioning
that the process of the isotope separation and its efficiency is
interesting also in application to liquids which can be sub-
jected to the impact of the centrifugal field achieving 10°g at
the temperature up to 500°C [8]. Therefore it is important to
define a general equation, defining the separative power of an
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