Separation and Purification Technology 352 (2025) 128046

ELSEVIER

Contents lists available at ScienceDirect
Separation and Purification Technology

journal homepage: www.elsevier.com/locate/seppur

Separation and
Purification
Technology

Modelling a countercurrent liquid centrifuge for large-scale

isotope separation

Joseph F. Wild ', Zhinan Han, Yuan Yang

Department of Applied Physics and Applied Mathematics, Columbia University, New York, NY 10027, United States

ARTICLE INFO ABSTRACT

Editor: Raquel Aires Barros

Keywords:

Isotope separation
Centrifuge

Chemical engineering
Nuclear energy

Nuclear medicine
Countercurrent centrifuge

Advances across various fields of science and medicine have been significantly influenced by enriched natural
isotopes since the dawn of the nuclear age. Unfortunately, many elements cannot be processed using common
high-throughput techniques such as gas centrifugation or gas distillation due to their inability to form stable
gases near room temperature. This paper evaluates the use of liquid phase centrifugation as a versatile method
for the high-throughput separation of these elements. By modeling a countercurrent liquid centrifuge and
analyzing its integration into a cascading system, we demonstrate its potential efficiency and versatility. The
findings suggest that liquid centrifugation can achieve attractive throughput rates for a wide range of elements,
providing a general solution for isotope separation. Potential challenges and limitations are also discussed.

1. Introduction

Enriched isotopes remain essential for uncovering scientific mecha-
nisms and developing new technologies and methods. In particular, the
large-scale separation of certain isotopes such as 235y, 2H, 13¢, 15N, 80,
and %Mo have greatly accelerated science, technology, and medicine
[1-5]. However, these high-throughput, low-cost separation technolo-
gies are incompatible with most elements, as they require gaseous spe-
cies to operate, such as in gas centrifugation, distillation, and diffusion
[6]. For the majority of elements on the periodic table there is no stable
or safe gaseous molecule which exists near ambient temperatures and
pressures. Instead, electromagnetic isotope separation (EMIS) is domi-
nant in these cases but can only produce isotopes at the 1 mg-1 kg scale
annually for these elements [6,7]. These limitations hinder science and
medicine in known and unknown ways, for example, *®Ca (naturally
0.19 %) in our inability to accurately test the existence of neutrinoless
double beta decay [8], 46T (8.25 %) and S4pe (5.85 %) for developing
the strongest and lightest alloys possible [9,10], °Li/"1i (7.5/92.5 %) for
nuclear energy applications, and numerous precursors for medical ra-
dioisotopes which may find unknown uses if they could be produced in
large enough quantities to be thoroughly tested [11,12].

Here, we model and analyze the recently reported liquid phase
centrifugation method as a potential technology for separating most
natural isotopes on a kg-ton/year scale [13]. The primary goal of this
study is to explore the technology using first-principle flux equations.

* Corresponding authors.

This approach is attractive because it addresses the significant limita-
tions of traditional gas centrifuges, which are restricted to elements that
can form stable gaseous phases. In general, it is found that there are
substantial similarities between theoretical liquid centrifuges and
existing gas centrifuges of the same size and rotational speeds. Both
centrifugation methods share process engineering and cascading con-
siderations, while the production rate of material reduces to a function
of properties of the working fluid, such as the diffusion coefficient,
partial density, and temperature.

2. Equations and model
2.1. Governing equations
According to the derivations in Section S1 of the supporting infor-

mation, the transport of ions, atoms, and molecules within a spinning
centrifuge is governed by Eq. (1) and Eq. (2).
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Nomenclature

Isotope separation factor, Dimensionless
Activity coefficient, Dimensionless
Density, kg/m>

Angular velocity, rad/s (RPM)
Molar concentration, mol/m>
Diffusion coefficient, m?/s

Electric field strength, V/m

Feed flowrate, kg/s (g/hr)

Faraday constant, 96,485 C/mol
Centrifuge height, m

Molar flux, mol/m?/s
Countercurrent flowrate, kg/s (g/hr)
Molecular mass, kg/mol

Neutron difference, Dimensionless

B g mMTmEON 80 = R

N Isotope ratio, Dimensionless

P Product flowrate, kg/s (g/hr)
P Pressure, Pa

r Radius, m

R Gas constant, 8.314 J/mol/K
SWU Separative Work Units, Dimensionless
t Time, s

T Temperature, K

u Mobility, mol-s/kg

oU Separative power, s~ (yr 1)

v Partial specific volume, m®/kg
\Y Velocity, m/s

w Waste flowrate, kg/s (g/hr)

X Mole fraction, Dimensionless
z Species charge, Dimensionless

Where J; is the molar flux of species i. The subscript i is for a certain
isotopic species, while s includes all isotopes with the same atomic
number as species i. u is the mobility, R and T are the molar gas constant
and temperature, respectively, ¢ is the molar concentration, y is the
activity coefficient, and X is the mole fraction. w is the rotational ve-
locity, T is the radial vector from the rotation axis, M is the molar mass,
¥ is the partial specific volume, and p, is the solution density at T . z is

the species charge, F is the Faraday constant, and E is the electric field.

V is the velocity field of the fluid and t is time.

Many of the components of Eq. (1) are functionally identical to the
counterpart gas centrifuge equations, specifically the diffusion, centrif-
ugal, and advection terms (terms 1, 3 and 5 on the right, respectively)

[14]. V is for the whole fluid, and applies to the solvent and all solutes.
The primary difference for the liquid solution case is the non-ideal and
electrostatic terms (2 and 4, respectively) to account for the interaction
of the solvent and ions. In considering isotope transport in a pure neutral
liquid (e.g., 'H/?H and °0/'®0 in H,0, and 3°Cl/*’Cl and “Ti/*®Ti in
TiCly), term 4 is zero as z; = 0 and term 2 is O since isotope mixing is
ideal. Therefore, in a pure neutral liquid, Eq. (1) can be simplified to Eq.
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(3) where D; is the self-diffusion coefficient of the liquid.
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The advection term in Eq. (1) and (3) now requires Navier-Stokes
Equations (NSE) for incompressible fluids, rendering Eq. (1) and (3)
analytically intractable, even in the steady-state when the left side of Eq.
(2) is zero. The equations therefore require discretization and compu-
tational solutions. Incompressibility is assumed since the bulk modulus
of liquids is typically 1-3 GPa, whereas the pressure inside a liquid
centrifuge will have a maximum around 100-150 MPa at the outer radii
[15].

The discretization of the cylindrical centrifuge was achieved in two
dimensions, r and z, representing the radius and height, respectively.
The azimuthal angle is neglected due to the rotational symmetry of the
centrifuge. A staggered grid finite difference method with first order
central difference was used to discretize and solve Egs. (1), 2, and 3. An
overview schematic is shown in Fig. 1 and further details of the dis-
cretization is given in Section S2 of the supporting information.

Discretization
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Fig. 1. A cross-section schematic of a discretized countercurrent liquid centrifuge. The rotating countercurrent flow profile is shown by the red circulating arrows.
The feed, product, and waste streams flow into and out of the centrifuge through channels connected to the central axis. The change in isotope concentration for each
finite element volume is determined by the incoming and outgoing fluxes with time. The flow profile between the inlet and outlets is found by solving the Navier
Stokes Equations. Centrifugal forces generate modest radial isotope gradients, then countercurrent flow multiplies this into large axial isotope gradients. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.2. Fluid velocity field and countercurrent flow

The advection term, ciV, requires greater attention since the velocity
profile is not defined in terms of prior-known parameters of the centri-
fuge or fluid. Instead, the velocity profile arises from hydrodynamic
equations of fluid flow, which are in turn informed by the introduction
of the countercurrent flow and how the fluid is flowed into and out of the
centrifuge. It is the introduction of the countercurrent flow profile which
can significantly enhance the separation efficiency of a centrifuge,
whereas the feed flow continuously introduces and extracts material
from the constantly rotating system. Each flow pattern, quantified by its
overall magnitude — L[kgs~!] for the countercurrent flow and F[kgs~!] for
the feed flow - significantly influences the centrifuge’s behavior, rep-
resenting key parameters for optimization.

We simulate countercurrent flow using a two-shell profile (Fig. 1),
with further details available in Cohen (1951) [14]. Here, one stream of
fluid is moving axially upwards at a radius ry, very close to the outer
radius r,, while a second stream, which is equal in mass flow magnitude,
travels downwards at some intermediate radius r; < r; < ry. These flows
are connected to one another at the top and bottom of the centrifuge to
form a closed loop of constant flow. The magnitude of the countercur-
rent flow, L, is defined by the mass flow rate travelling along one of the
streams. In all simulations, the inner stream was within two radial finite
element volumes, while the outer stream was at the outer two radial
finite element volumes.

Centrifugal forces alone generate modest radial isotope gradients
and separation factors, as given by the elementary separation factor, a,,
in Eq. (4) for a 1D centrifuge in r, radius [13]. Countercurrent flow then
effectively multiplies a, into large axial isotope gradients along the
length of the centrifuge between the two outlet locations, resulting in
the overall separation factor, a, given in Eq. (5) for two isotopic species
M] and Mz.

o= exp(“’ (M _é\;})(rg _rg)> @
a= ([MZV[MI] )outletl (5)

([MZ] / [Ml] )uutletz

The feed flow, F, represents the magnitude of material which is
constantly flowing through the centrifuge from its single inlet to its two
outlets. These outlets are where the enriched and depleted products are
collected. Since liquids are essentially incompressible, the introduction
and removal of the fluid will drive a velocity profile within the centri-
fuge which satisfies the continuity and momentum equations of the
Navier-Stokes Equations (NSE) for incompressible flow. The velocity
profile from the feed flow is calculated by solving the NSE using the
SIMPLE algorithm over a 2D domain in r and z with the inlet, outlets,
fluid properties, and boundaries defined [16]. This was also achieved in
MATLAB and was computed at the beginning of each simulation in a
separate function using the parameters defined.

In application centrifuges, the way in which the countercurrent and
feed flows are induced and controlled depends on the overall design,
which is a decision made by centrifuge engineers and is not discussed
here [17]. In the case of the model, each flow contributes to the

advection term, ?, and their contribution to the overall separation is the
focus of this work. Generally, the notable similarities between the gov-
erning equations for liquids and gases could yield predictable results,
indicating comparable behaviors for these two systems. However,
despite the similarities, there still several fundamental differences which
are likely to be impactful, particularly in application centrifuges: 1)
Fluid properties, including p, D, and viscosity v. 2) Inducing the coun-
tercurrent. 3) Extracting the streams. 4) Wall stresses, which will be
discussed in the following sections.
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3. Results
3.1. Computational results

Before discussing the results, it is worth pointing out that published
analytical solutions exist for the steady-state gas case [18,19]. These are
discussed in more detail in Section S3 and Fig. S2 of the S.I., which
details how the fluid and centrifuge parameters effect the separation
factor and separative power. This means that these can be used as both a
comparison and a validation for some of the expected trends of the state-
state behavior.

Firstly, there are two broad cases to analyze: 1) Pure liquids and 2)
dissolved salts. The pure liquid case will be assessed here since the re-
sults are easier to generalize across elements and molecules, while the
counterpart plots are presented in Fig. S3 of the S.I. for a selected salt
(CaCly), and the generalization of this is discussed. « is defined as the
separation factor between the two outlet locations. In all cases, In(a) is

expressed for an isotope mass difference of AM = 0.001 kgmolil, which
is the case for isotopes differing by one neutron. This separation factor
does not depend on the initial ratio of the isotopes.

A centrifuge of height h = 100 cm, r; = 2.5 cm, r, = 7.5 cm, and
peripheral velocity v, = wr, = 471 ms ™! (w = 60 kRPM) is used for all
simulations where these parameters are not themselves varied. These
parameters are chosen since they are the same as typical early gas
centrifuges used for testing which allows for comparisons (e.g. G-2 in
German pilot plant SP2) [20]; however, the dimensions of prototype and
application liquid centrifuges could vary considerably depending on the
rotor material and fluid used. The centrifuge is discretized into 50 x 80
finite elements in r and z, respectively, and dt is 10 s. Finer discretiza-
tions were tested to ensure no detectable loss in accuracy to the number
of significant figures presented in the results. For L,; =5.1 cmandry =
7.4 cm. For F, the inlet is at (4.5, 50) cm, and the outlets for the enriched
and depleted streams are at (7.25, 5) cm and (7.25, 95) cm. The flowrate
through each of the two outlets is set as equal, representing a cut of 6 =
0.5. A representative liquid at 80 °C and properties of D = 5 x 10™°
m2s~! and p; = 1000 kgm > is used. These values are used since they are
close to those of several relevant liquids such as water, n-heptane, and
carbon tetrachloride (Section S6).

The first considered case is with only countercurrent flow and no
inlet/outlet flow. Fig. 2a shows In(a) vs h for F = 0, L = 20 ghr ', and v,
=300, 400, 500, and 600 ms~!. For example, at h = 1m, In(a) is 0.189,
0.295, and 0.425 for v, = 400, 500, and 600 ms ™!, respectively. It can be
seen that In(a) is proportional to both h and v,2. In general, for a fixed L
and with F = 0, In(a) is directly proportional to the product of h, v,2,
AM, and T~!, which aligns with gas analytical models [14]. In real
systems, v, is limited by the strength of the rotor walls and stresses
induced within them because of the centrifugation. h is limited by crit-
ical speed considerations, equilibrium times, manufacturability, and
other engineering considerations. AM is determined by the natural sta-
ble isotopes of the element(s). T~! is a choice which also strongly im-
pacts the diffusivity and concentration of the fluid and solute.

Fig. 2b shows In(a) vs L for F =0 and h = 0.5 to 1.5 m. For F = 0, In(a)
shows a maximum value of 0.297 x h(m) at L = 12 g/hr. This can be
understood as in the limit of L = 0, there is no countercurrent which
contributes to the boosted separation factor of the method. The two
outlets have the same r (radial distance) so there is no separation in this
limit. Meanwhile, in the limit of L = o, the fluid inside the centrifuge is
being circulated so rapidly that it is mixed everywhere, leading to no
separation. Moreover, the maximum In(«) is achieved when the isotope
remixing driven by the back diffusion optimally balances the isotope
separation enabled by the countercurrent flows.

A large In(a) is achievable at F = 0, but it diminishes as F increases.
For instance, Fig. 2¢ illustrates the dependence of In(a) on F for L ranging
from 20 to 150 g/hr, showing a consistent decrease in the separation
factor across all cases. Therefore, to evaluate the separating
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Fig. 2. The performance characteristics for a range of centrifuge conditions simulated. (a) shows the separation factor (per neutrons difference, n) vs. centrifuge
height for a range of peripheral velocities. v, = 471ms~! and h = 1m is used for all other simulations. (b) shows the separation factor vs. countercurrent flowrate for a
range of centrifuge heights. (c) shows the separation factor vs. feed rate for range of countercurrent flowrates. (d) shows the separative power vs. feed rate for range

of countercurrent flowrates.

effectiveness of liquid centrifugation, the separative power (sU) is used
as shown in Fig. 2d. The separative power, expressed in Separative Work
Units (SWU) per year, is defined in Eq. (6). N; represents the binary
isotope ratio, F is the inlet flow in kg/yr, and P and W are the product and
waste flows (enriched and depleted), respectively. Eq. (6) can be written
as Eq. (7) for a single centrifuge in the case where the two outlet streams
are equal in magnitude, with the approximation involving In?(a”) being
accurate to within 1 % up to a = 2. Therefore, the separative power of a
liquid centrifuge is proportion to v} (AM)*T~2, which is the same product
for gas centrifuges. It is worth noting that in high-speed gas centrifuges
the proportionality to v,* cannot be achieved in practice, since the gas is
compressed onto the outer wall to such an extent that there is effectively
a vacuum at much of the inner portions of the centrifuge [18]. This
means that sub-optimal countercurrent flows and fluid collection must
be done, resulting in a sU proportional to v2 as shown in Fig. 4c. This
limitation does not exist for liquids since they are effectively incom-
pressible, meaning that the proportionality to v has no theoretical limit.

Np NW
—Np) + W(2Ny — l)ln<1 _NW)

SWU = P(2Np — 1)In (1

N (6)
—F(ZNF—1)1n<1_NF>
va© _. F'In’(a)
Upir =F [ 2————=—1 1 ) — 7
Ui = (271 () @

Varying the height of the centrifuge was also found to impact the
separative power. The maximum separative power for h = 0.5 m, 1 m,
and 1.5 m was 6U = 0.0121xn?SWU/yr, 0.0268xn?SWU/yr, and
0.0416xn*SWU /yr, respectively. ‘n’ represents the number of neutrons

separating the isotopes of interest. The corresponding optimal values of
F',L",and In(a"), were F* = 4.2 g/hr, L" = 29 g/hr. In(a") = 0.0515 x n
forh=0.5m,and F = 4.0 g/hr,L" = 38 g/hr, In(a") = 0.0786 x nfor h =
1m,and F* =3.8g/hr,L" =46 g/hr.In(a") = 0.0999 x nforh=1.5m. All
other simulation parameters were identical. Therefore, the separative
power grew at a rate slightly faster than linear over the range of heights
considered, with F* staying approximately fixed and In(a”) growing
slightly faster than v/A.

3.2. Cascading and process engineering

The trends for the separative power curves for pure liquids shown in
Fig. 2, as well as dissolved salts in Fig. S3 of Section S4, exhibit identical
qualitative features to countercurrent gas centrifuges [18,20]. This
means that F can be varied with predictable and small changes in 5U.
This is necessary for cascades and high-volume production. It can be
noted that a value of F = 10 g/hr is equivalent to 87.6 kg/yr per machine.
Thousands of such machines can be assembled into a cascade to achieve
high degrees of enrichment and throughput. Moreover, the results ac-
count for many liquids at once, such as water, TiCly, VCly4, MoF¢, and Fe
(CO)s.

The maximum in separative power for the machine simulated occurs
at F = 4 g/hr and a = 1.0818". With these parameters, a cascade can be
designed to achieve a particular overall enrichment and quantity of
desired material. The equations governing ideal cascade dynamics are
given by Cohen [14]. A hypothetical modular cascade producing 10 kg/
yr of 99.9 % enriched material starting from 5 % can then be quantified.

Fig. 3a and 3b show In(a) vs F and 5U vs F, respectively, for the region
around optimal L and F. Understanding the behavior of the centrifuge in
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Fig. 3. The performance of the simulated liquid centrifuges in the region of maximum separative power and their subsequent use in a cascade. (a) shows the
separation factor vs. feed rate for a range of countercurrent flowrates near the maximum separative power. (b) shows the separative power vs. feed rate for range of
countercurrent flowrates in this region. (c) shows the ideal total mass flowrate and number of machines at each stage of the ideal cascade. (d) shows the isotope

enrichment vs stage number for range of isotope mass differences.

this region is important to accessing its robustness to various flowrates,
countercurrent speeds, and fluids. It also allows for cascade operators to
make decisions based on the tradeoffs between product enrichment and
quantity after being built. In all cases, the separation factor decreases
with increasing feed rate, so there is a direct tradeoff between enrich-
ment and quantity.

Using the specifications of F* = 4.0 g/hr and a" = 1.0818", a cascade
of 138 stages with 3555 total machines satisfies the requirements of a
cascade producing 10 kg/yr of 99.9 % enriched material starting from 5
%, assuming a waste depletion to 2.5 % and AM = 2 Da to represent a
typical element, such as %Mo/ lOoMo, S4pe/ 56Fe, or 1°0/%%0. For
context, similarly sized or larger gas centrifuges are currently deployed
in the many millions to meet the global supply of enriched uranium for
the nuclear fuel cycle [21,22]. Fig. 3c shows total mass flow and Ma-
chines vs Stage Number for 5 % to 99.9 % enrichment at AM = 2 gmol *,
Ny, =2.5%, and p =10 kg/yr. (1.14 g/hr). Fig. 3d shows the enrichment
percentage vs stage number for the 138-stage cascade for AM =1, 2, and

3 gmol !,

3.3. Performance dependencies

The results above are for a pure liquid and centrifuge with pre-
specified parameters, but it is important to understand how all results
vary as a function of other parameters to generalize the behavior of
liquid centrifuges as far as possible, such as diffusivity, density, and
temperature as below.

1) Diffusivity (D). High D linearly accelerates all flux terms except for
advection. Therefore, L* and F* can both be increased in proportion

to D, resulting in a linear gain in optimal 6U and throughput, with the

same separation factor.

Partial density (p;) and fluid density (p). High p; linearly increases

mass throughput. The partial density, p;, is the product of the isotope

concentration in mol/m® and the isotope molecular mass in kg/mol.

High p leads to more stress on the centrifuge walls and therefore a

reduced speed is likely necessary. Higher fluid density alternatively

requires thicker rotor walls, both of which increase the second
moment of area and decrease the critical speed.

3) Rotational velocity (w). Increases a and 6U as discussed, but also
increase the wall stresses.

4) Centrifuge scale, S, for same v and h/r aspect ratio. Reducing the
scale reduces the equilibrium time by S, and the volume and mass of
the machine by S°, and reduces the F* and sU by S. The separation
factor is unchanged as long the aspect ratio and peripheral velocities
are the same.

5) Temperature (T). Lower temperature increases a, 5U, and p, but this
typically lowers D significantly.

6) Feed material price, $/kg. Cheaper feed materials mean N,, can be
increased resulting in fewer centrifuges needed in the overall cascade
for the same Ny.

7) Mass difference, AM. Higher increases a and 5U. The dependence for

8U goes as (AM)?.

2)

Each of these trends and dependencies are precisely the same as for
gas centrifuges and can therefore be used as a comparison for the
separative power throughput [14,18,20]. Similar simulations to those
performed for liquids were also computed for gases in Fig. S4 of Section
S5. The same four subfigures presented in Fig. 2a-d were also computed
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for a gas in Fig. S4a-d, and the differences between them can be
attributed to differences in fluid properties only. For example, the peak
of In(a) with respect to height and countercurrent flowrate for liquid
(Fig. 2b) and gas (Fig. S4b) has the same magnitude for a given AM and
T, while the corresponding value of L for the maximum mainly arises
from Dp; (L = 12 g/hr for liquid and ~80 g/hr for gas). This reason also
applies to Fig. 2c and Fig. S4c, along with Fig. 2d and Fig. S4d. In all
cases, the separation factor is proportional to AM and T, while the
corresponding values of L and F relate to the magnitude of Dp;.

Fig. 4a—c show the effects of liquid/gas properties on the separative
power, and Fig. 4d shows the effect of scaling the physical size of a
centrifuge. As shown in Fig. 4b for HyO, the Dp;/T? value for liquids is
typically within a factor of 2-5 the optimal value of the gaseous phase,
with exceptions. The most important exceptions may be the hexa-
fluorides, including MoF¢ for 19000 and UFe. Nuclear magnetic reso-
nance (NMR) measurements indicate very fast self-diffusion in liquid
MoFe, WFg, and UFg, such that the Dp; product can exceed the gas value
at temperatures between 60 °C-100 °C, opening the possibility of
competing with the gas centrifuge throughput in these cases [23]. In
general, the separative throughput of a liquid centrifuge can theoreti-
cally be within one order of magnitude of gas centrifuges, while being
available to many more elements which do not form stable gas mole-
cules at practical conditions.

4. Discussion

In general, there are striking process engineering similarities to
existing gas centrifuges. An interesting similarity to consider is that for
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all isotope centrifugation U is proportional is Dp;, which is a constant at
isothermal conditions for a given gas or pure liquid. This means that for
the same dimensions of machine a direct comparison of gas/liquid
methods can be made. In general, the Dp; product for gas phases is 2-5
times higher, which facilities uranium enrichment on the scale of
thousands of tons of throughput per year [20,21]. Fortunately, tens of
kilograms annually would exceed the global supply for practically all
isotopes as of 2024, and this could optimistically increase accessibility to
many important nuclear medicine applications.

For elements which have neither a stable gaseous or liquid molecule
near ambient conditions, an aqueous salt solution can always be used for
isotope centrifugation. For example, Group 1, Group 2, the lanthanides,
and numerous transition metals and post-transition metals. In these
cases, Dp; will vary as a function of salt concentration, and salt con-
centration gradients will be induced via the centrifugation. The impacts
and generalizations of this for achieving high-throughput separation for
all elements are discussed further in Section S4. In general, the same
principles involving the throughput being proportional to Dp; apply.

One key advantage of centrifugation is that it is element independent
and its effectiveness depends on AM only, which is not the case for
chemical exchange, distillation, or most other separation methods. This
means that the same machines and cascade can be used for multiple
elements or liquids, even simultaneously like H and O in H»O or Ti and
Cl in TiCly. If multiple isotopes are present, a series of cascades can be
used to target each of them, as can be done with gas centrifugation and
other mass-dependent methods [14]. For example, such a cascade could
be used to meet new market demand from discoveries in real time,
instead of lagging behind by many years due to development costs and
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Fig. 4. Generalizations of a centrifuge when used with different fluids. (a) shows the maximum separative power as a function of diffusivity, partial density, and
temperature, Dp;/T2. These properties can be used to locate optimal operating phases and conditions. (b) shows the separative power versus temperature for gaseous
and liquid water due to Dp,/T?. (c) shows the separative power versus peripheral velocity for a liquid and gas centrifuge. Dp; is assumed 2.5 x greater for the gases,
though heavier gaseous molecules are limited at high speeds by the effect of impractically low pressures at smaller radii, reducing 6U from v# to v2 dependence [18].
(d) shows how various centrifuge parameters vary with the physical scale of a centrifuge.
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timelines. It is important to note that the ideal cascade configuration is

sensitive to both In(a), i.e. (AM)?, and the natural abundance of the
desired isotope (Ny), as outlined in Cohen [14]. Therefore, the centri-
fuges in an array would need to be reconfigured to best separate a
particular isotope, although non-ideal separation still occurs in parallel
for elements which are not the primary target of the process.

In general, the technology for gas centrifuges is much more mature,
though the liquid case is more general with lower throughput, which
should quell any nuclear proliferation concerns about the technology.
The ability for a cascade to safely and broadly separate isotopes is shown
in Fig. 5 and Table 1.

A small selection of natural isotopes is shown to represent the gen-
erality in Fig. 5. The equation of the curve is defined by Eq. (6) by setting
P =1 kg, Np = 0.999 (99.9 %), and Ny = Nr/2. F and W are found by
ensuring mass conservation of the isotopes. Table 1 shows how these
values can be used to calculate the production per year for a given
number of centrifuges of the type modelled here. An important consid-
eration is the choice of molecule/solution for a given element. In gen-
eral, trade-offs exist between throughput, cost, safety, and machine
compatibility. For example, in the case of lithium, there are two note-
worthy forms, being LiCl¢,q), and molten Ligy. While LiCl(g) is easy to
handle and has limited corrosiveness, molten Ligy has the greatest Dp;
(~3.5 x 10 ®kgm 15! vs ~1.5 x 10”7 kgm's7! for 5 M LiClgag)) [24]
but is especially difficult to handle and has a melting point around
180 °C. In general, a safe and non-hazardous aqueous chloride or nitrate
solution exists for practically every non-noble-gas element, however,
greater throughputs are possible in liquid or gaseous molecules
involving fluorine, chlorine, hydrogen, carbonyl, methyl, or ethyl bonds
[25].

An important consideration is the pressure-temperature phase dia-
gram of the chosen molecule or solution. The pressure within an
incompressible fluid will vary quadratically as a function of radius inside
a cylindrical centrifuge, as given in Eq. (8), where P; is the pressure at
the inner radius, r;. For values of P; = 1 MPa, p = 1000 kgm 3, wr, = v,
= 471 ms™!, and r; = r,/3, the pressure at the periphery is 67 MPa.
Pressures in this range are not typically high enough to significantly
impact the melting point, diffusivity, or density of a liquid, which allows
for their assumed constancy in the simulations [26]. However, the value
of P; can be used to greatly enhance the boiling point of the fluid, and
therefore the temperature of operation and therefore the Dp; product. In
general, the gain in Dp; far outweighs the loss in T~2 by operating the
centrifuge at a higher temperature in the range of 0 °C to >100 °C.
Therefore, the strategy of pressurizing the centrifuge via the inlet and
outlet ports to several MPa is likely favorable for increasing overall

100 F N\ 54F¢ — Nw = N0/2 4
X N\ 6 ~ - SWU = 1.385N,
> 50F N 46T 1
o \ L
3 WY
5 20t \ 100, )
o \
- 10¢ 37 1
2 T\zs 2
g 5r 19295 - S 1
n 64Zn \
2F ]
1 1 A A
1% 10% 50% 90% 99%

Initial Percentage

Fig. 5. Shows SWU required vs Ny for numerous important isotopes to reach 1
kg of 99.9 % purity. The waste stream assay is set at half the natural abundance,
s0 12 % for *7Cl, which is naturally 24 %.
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separative power.
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The purity requirements for the stable precursors of radionuclides
used in radiopharmaceuticals can vary based on the specific production
process, i.e. cyclotron, linear accelerator, nuclear reactor, or photonu-
clear reactions, as well as the intended use of the radionuclide [27].
Typically, 90-98 % is sufficient in most cases. In general, higher purity
levels of the stable precursor isotopes lead to better yields and higher
specific activity of the produced radionuclides, which is particularly
important for medical applications since the impurities lead to un-
wanted radioactive byproducts which may be exposed to patients and
medical staff.

The large-scale production of pure isotopes could also lead to
numerous unknown benefits due to the abundance of highly enriched
isotopes. For example, advanced light-weight and high-strength space-
flight materials or centrifuges made from alloys of *°Ti or >*Fe, °Li in
fueling fusion reactors, °20s as the densest stable material at ambient
conditions, or *Ca for uncovering new physics. The lanthanides in
particular offer many potential radiopharmaceutical applications since
they contain 9 elements with multiple isotopes, totaling to 49 natural
isotopes which have been inseparable at scale [28]. The lanthanides do
not form any molecules which can be easily gasified near ambient
conditions, but they can all be highly dissolved in water as a nitrate
solution.

5. Future work and challenges

Introduced in 2023, the liquid centrifuge method for isotope sepa-
ration is still in its early stages, primarily demonstrated in batch-based
operations that align with modeling results. The main experimental
challenge lies in developing continuous-operation machines capable of
extensive validation, requiring innovative approaches beyond tradi-
tional turbomachinery and gas centrifuge designs, such as avoiding
leakage, feed design, and stabilization. Future research should focus on
designing affordable, reliable, and high-speed liquid centrifuges, with
efforts targeted towards the experimental validation of these systems
under continuous operation conditions. This advancement will not only
confirm the theoretical predictions presented but also propel the prac-
tical application of liquid centrifuge technology in isotope separation.

In adapting technologies from gas to liquid centrifuges, key me-
chanical innovations can be directly applied. For example, stiff bottom
pivot bearings and flexibly mounted neodymium magnetic bearings can
be tuned for favorable critical speeds and damping of the rotor, such that
stable acceleration to full speed can be achieved while greatly mini-
mizing bearing losses compared to other continuous centrifuge designs
[17]. Holweck molecular pumps and a contactless electric motor may
also be similarly used to minimize all other sources of power loss.
Finally, solutions like in-line variable speed pumps may be used to
transport all streams between stages in the cascade, while providing the
necessary fluid pressure to feed and withdraw from the centrifuge and
induce the countercurrent flow.

With these strategies, we believe that a countercurrent liquid
centrifuge can achieve the speeds discussed in this work (e.g., 400-500
ms~1) without leakage. The energy consumption, although likely several
times higher than gas centrifuges due to the greater mass, moment of
inertia, and viscous drag in the liquid system, will be optimized through
these technologies, and is not anticipated to be numerous orders-of-
magnitude higher. The mechanical design and prototyping of liquid
centrifuges, addressing these specific challenges, will form the basis of
future work.

6. Conclusion

Enriched isotopes have propelled significant advancements in
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Table 1
Separative power of prototypical centrifuges used for various isotopes.
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Isotope Phase SWU for 1 kg of 99.9 % AM(g/mol) Dp;(x10%) SWU/yr per 1000 machines kg/yr per 1000 machines
(80°C)
6L 5 M LiClaag 26.1 1 0.12 0.64 0.025
6L Ligy (200 °C) 26.1 1 3 16 0.62
Li Lig (200 °C) 4.4 1 3.5 16 4.3
80 H,0q) 703 2 6 ~170 0.25
2gi (C2Hs)3SiHgy 45 1 ~0.5 ~3 ~0.6
571 CClyqy 12.2 2 3 67.6 5.5
461j TiClagy 24.3 1 ~1 ~6 ~0.22
“8Ca 5 M CaCly(aq) 752 4 0.72 ~61 0.08
SFe Fe(CO)sq 31.2 2 ~1.2 ~26 ~0.8
64N Ni(CO)aqy 159 2 ~1.5 ~32 ~0.2
64Zn (CoHs)2Zng, 8.1 2 ~2 ~43 ~5.3
%Ga Gag, 7.1 2 10 ~210 ~30
70Ge GeClyqy 13.3 2 ~1 ~22 ~1.6
10000 MoFq) 21.6 2 8 280 8
19205 OsFeq) 9.0 2 ~17 580 ~42

various scientific, technological, and medical fields, serving as crucial
precursors to vital radionuclides. The development of liquid centrifu-
gation presents a promising method to scale up the production of iso-
topes, offering flexibility across the periodic table unlike traditional
methods. Its operational similarities to gas centrifuges, which are
extensively used in nuclear fuel production, may facilitate skill transfer
and boost development confidence. Implementing a cascade of coun-
tercurrent liquid centrifuges could therefore significantly impact the
availability of new materials for diverse applications, contributing to
further scientific and technological progress.
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