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DECONTAMINATION OF NUCLEAR FUELS WITH 
CENTRIFUGAL SEPARATION 

Li Ning, Roberto Camassa, Robert Ecke, and Francesco Venneri 
Los Alamos National Laboratory 
Los Alamos, NM 87545, U.S.A. 

ABSTRACT 

The treatment and disposal of nuclear material is a crucial element in today's nuclear 
power industry. We present a physical process of centrifugal separation that has potential 
to deal with existing waste and provide opportunities for realizing advanced accelerator-
driven power generation. In our proposed process a liquid metal solution containing 
actinides and fission products is fed through a series of continuous flow centrifuges. We 
show fundamentals of centrifugation including theory and experiments and estimate how 
the processing can be optimized. 

INTRODUCTION 

The physical separation of nuclear material in solution has many advantages for existing 
nuclear waste disposal and for novel accelerator-driven transmutation of waste (ATW) 
and energy production concepts (ADEP)[1], One promising method for such separa
tions is centrifugation where nuclear materials dissolved in solutions are subjected to very 
large centrifugal accelerations resulting in concentration gradients of the actinides and 
the fission products. The fission-product rich solution is extracted and, after a number 
of repeated passages through a centrifugal field, contains a ratio of many thousands to 
one of fission products to actinides, suitable for disposal in a low-level nuclear waste site. 
Because material is separated by molecular weight and density rather than by chemical 
affinity, this method has numerous nonproliferation advantages relative to chemical sepa
ration techniques. Recently, we have conducted an experimental and theoretical evalua
tion of the feasibility of such an approach[2] and determined that there are no fundamental 
roadblocks to centrifugal separation. There are, however, important practical questions 
regarding efficient implementation of the method. We present here one aspect of the 
problem, namely the optimization of geometry and mass flux in a model continuous-flow 
centrifuge containing actinides and fission products dissolved in liquid Bismuth (or some 
liquid Lead-Bismuth alloy). 

THEORY, SIMULATIONS AND EXPERIMENTS 

The basis for a theory of molecular separation by centrifugal forces are the equations 
of mass and heat transport [2, 3]. For the present purposes, it is sufficient to consider 



isothermal situations and assume that heat transport is unimportant. In this case the 
basic equation for isothermal centrifugation in a sector-shaped centrifuge or a cylindrical 
annulus is the so called Lamm differential equation: 

where D is the mass diffusion coefficient and s is the sedimentation coefficient. The 
boundary conditions are such that there is no mass flux across the end surfaces. 

It is useful to rewrite the Lamm differential equation in dimensionless form. We nondi-
mensionalize (1) by using a characteristic mass diffusion time r = t/ (<P/D) and a char
acteristic length £ = r/d where d is the annular gap distance r2 — ri, 

de_id(d9 \ 

where B = CJCQ and S = ( s /D) f i 2 d 2 are dimensionless numbers. This description can be 
used to classify the numerical-simulation results using one combined parameter S for a 
given geometry. A very useful result from this classification can be stated as the follows: 
a higher S results in a steeper concentration gradient, and a larger D with a fixed S leads 
to a higher sedimentation speed. This criterion can be used profitably in understanding 
qualitatively the sedimentation process. The steady-state solution to (2) is known as the 
Archibald solution and describes the equilibrium concentration profile: 

[exp(£> 2)- exp(gi)] 
where g = S£2/2 and Qi is evaluated at £,• with i= l ,2 corresponding to the inner and 
outer radii respectively. This equilibrium profile can be used to estimate the ratio of 
concentrations that can be achieved for a given solution and rotation rate but information 
about the time scale for achieving equilibrium requires consideration of the dynamic 
equations. 

In the experiments we measured the concentration profiles established by centrifugal ac
celeration and determined the dynamics of sedimentation. Details of the experimental 
procedure and apparatus are described elsewhere[2]. Here we show some experimental 
results on the dynamics of sedimentation. We used a commercial preparative ultracen-
trifuge to separate an aqueous solution of CsCl with molar concentrations of 3.2%. The 
vials containing the solution were rotated for a given time, removed from the centrifuge 
and samples extracted from certain depths in the vial corresponding to radial positions 
when the vial was rotating. The concentration of each sample was determined using a 
commercial refractometer capable of resolving differences in index of refraction of about 
0.01%. The measurements for different total times allow a determination of the dynamics 
at a modest number of discrete times. 

Results for the separation dynamics of CsCl and numerical simulations (solid lines) are 
shown in Fig.l . The numerics simulated Eq. (2) with realistic fluid parameters and good 
numerical accuracy in both time and spatial grid points. Both the data and simulations 
show a plateau region at short times that softens with increasing time. A quantitative 
intercomparison between experimental data for many other aqueous salt solutions and the 
numerical simulations gives us confidence in the numerical simulations. Futhermore, for 
dilute solutions, we have tested the assumption that multiple-component solutions behave 
like individual binary mixtures. Details of these results are presented elsewhere[2]. 



Fig. 1. c(r,t)/c0 vs r for 
CsCl with total separation 
time6.8h(«), 15.1h("), 
27.8h (•), 45.2h (A), 
64.4h («), and 135.6h (T). 
The solid lines are 
simulated with 
s=3.7x 10"14sec, 
D=1.95xl0- 5cm 2/sec. 

In this section, we use numerical simulations of the sedimentation dynamics to optimize 
the separation rate in a parameter regime relevant to practical nuclear material separation. 
The processing flux of fission products is then calculated for an example liquid Bismuth 
system. 

We consider centrifugation in an annulus between two concentric cylinders and use the 
non-dimensionalized equations (2) and (3). The material and geometry dependent S — 
suj2d21D can be rewritten as 

S = su;2r2(d/r2)2/D = (s(r2u)2/D)(d/r2)2 = S 0 ( l /£ 2

2 ) , (4) 

where So = s(r2u)2/D = sv\jD depends on the materials to be separated (s/D) and the 
strength of the structral material (the terminal rotational speed VT ~ r2uj), and 1/£| is 
dependent upon the particular centrifuge geometry. We have chosen VT = 500 m/s , which 
is within the strengh limit for some metals and alloys (e.g. certain Titanium alloys). 
Using the Svedberg relation to estimate s/D for the materials of interest, we can safely 
bracket the possible range of 5o from -4 to 8. 

We then simulate the sedimentation and diffusion dynamics for some selected SQ between 
-4 and 8 (-4, -2, - 1 , 1, 2, 4, 6, 8) with varying geometries (£ 2 = 1.01, 1.25, 1.6, 2, 4, 
8, 16). .We are interested in the dynamics at both the inner and outer ends since the 
extractions will take place there. As an earlier study showed, the process of approaching 
the equilibrium concentration is better approximated by stretched exponentials. For the 
purpose of obtaining an estimate of the time scale, however, we fit the dynamics with the 
following exponential form: 

0i(r) = ^ = eiieq + 0 , . o e x p ( - — ) , 
Co A Tifl

/ 

where the subscript i = 1, 2 indexes the inner and outer end respectively. 

Such approximation works rather well at £ = ^ (inner end), where the discrepancy of 
the time scale so obtained can be estimated to be less than 5%. It does not work as 
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well at £ = £2 (outer end) and the discrepancy can be as large as 10% or more. At 
the present, however, this is sufficient for our purpose. The resultant e-folding times are 
well approximated by quadratic polynomials of So for each geometry. The coefficients of 
the fitted functions are then approximated by polynomials of l /£ 2 over the range of the 
geometries. Finally, we have 

r i 1 o(6^o) = /o ( 1 ) + / 1

( 1 ,So + / 2

( 1 ) S 0

2 

T2,0(t2,S0) = fl>2) + fi2)S0 + fi2)S2

0 

where the functions / / are polynomial functions in l/£2- The above results are shown 
in Fig. 2. Other than in some small regimes of parameter space, the approximate char
acteristic time is 0.085. We emphasize that such characteristic times are not the same 
throughout the centrifuge: in fact they are much longer in the interiors. Our separation 
process will not wait for the whole centrifuge to come to equilibrium, thus considerably 
increasing the throughput rate. The time required to approach equilibrium has been con
sidered before[5]. Our method, though lacking the rigor of those treatment, yields the 
result in a form more readily usable. 

Fig. 2 The simulated characteristic time for the concentration to reach equilibrium at (a) the inner 
end; (b) the outer end. 

We now have the necessary information to calculate and maximize the processing rate 
of a centrifuge. We first look at a simpler problem: the separation of one solute in a 
solvant. Since our main concern is the extraction of lighter components at the inner 
end, we will from now on drop the subscript i index and focus exclusively on the inner 
end. The equilibrium separation is represented by the non-dimensionaUzed Archibald 
solution, (3), which is reached to within a couple percent in k « 3 characteristic times: 
At = kT0(d2/D). 

The loading capacity of the centrifuge is M = pnl{r\ — r\) — pirld2(2£2 — 1), where p is 
the density of the solution and I is the length of the centrifuge. Assuming that a fraction 
/ of it can be extracted with the separation ratio a = 9(gi) in a time At, then for one 

.passage through the centrifuge the solute extraction flux is 

_ fMaco 



If the ultimate separation ratio is set to be G, then the necessary number of passages is 
n = In Gj In a, and the extraction flux is 

. = fManco = fpnlcP{2j2 ~ 1)GCQ = fpirlDGcp (2fr - 1) In a 
m e x nAt QnG/hia)To(t2,So){d*/D)~ InG r 0 ( 6 , 5 0 ) ' U 

This is the quantity to be optimized for the most efficient separation process. In the last 
expression above, the second part contains the nontrivial geometry dependence. We can 
simply plot the ratio of this quantity over its value at £2 = 1, or a coreless centrifuge. 
The results are presented in Fig.3 which shows that the processing flux to reach a given 
separation ratio increases monotonically as the gap decreases. The separation at each pas
sage decreases, however, which increases the number of passages through the centrifuge. 
Two possible constraints are: (1) The flow velocity must be less than the threshold for 
turbulent mixing and (2) the power consumption from repeated speed-up and slow-down 
of the liquid passing in and out of the centrifuge must be small. 
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Fig. 3 The extraction flux 
normalized by the flux of 
a coreless centrifuge. 

The condition for turbulence in the centrifuge requires an estimate of the flow velocity and 
dimensions for the annular space. We take / = 25cm for the length. The residence time 
of the solution in the centrifuge is the time required for separation At. Thus the average 
through-flow velocity is V = l/At » 1 0 - 3 / ^ 2 . The flo w in the annulus is Poiseulle flow 
and the critical Reynolds number is (for non-rotating case) Rc = Vcdjv « 700, leading 
to a critical velocity of Vc = Rcv/d w 7/d. High speed rotation of the centrifuge should 
enhance the stability of the flow (Taylor-Proudman theorem) thus increases the critical 
velocity. For the separation not to be disturbed by mixing turbulence, V < Vc, leading to 
the condition d > 1 0 - 4 c m , which indicates that the turbulence criterion does not restrict 
realistic through-flow rates or gap sizes. 

The power dissipation of the continuous flow is not a limiting factor either. At the outlet, 
the extraction streams lose all the kinetic energy exiting the centrifuge via dissipation. 
At the inlet, the flow has to speed up to the rotation speed of the centrifuge during which 
time a significant amount of the energy is dissipated. We simply estimate it to be the same 
amount as the loss of the outflow. That energy is (two extraction streams are assumed) 
E = (//2)/)7r/(r 4 — r\)u2. which yields an energy dissipation rate of 

2E fpxlDv$$-{l 
i^diss — A , — At kr0 £ 



For a centrifuge with / = 25 cm long, £2 = 8 (the gap is 1/8 of the outer radius), and 
vj = 500 m/ s , the energy dissipation rate is about 20 W. This is hardly significant at all. 

So far we have avoided the question whether continuous flow operation with extractions 
at both the inner and outer radius can be done without significant difficulties. One of 
the obvious concerns is that there might be a great back pressure in the outer extraction 
line since the density of the centrifugated liquid there is higher than in the feed line and 
the other extraction line. Since the feed and extraction lines have to go through rotating 
seals, large pressure in the lines would render continuous flow at high rotational speed 
impossible. Another concern is whether there will be a build-up of concentration gradients 
in the extraction lines that would defeat separation. This is unfounded since the extraction 
lines are necessarily much smaller than the cross section area of the centrifuge, making 
the residence t ime in the lines much shorter than the residence time in the centrifuge, 
which is required for significant sedimentation. However, the first concern is real and has 
to be dealt with carefully. Because of the limit of space here, we simply point out that 
for a smaller gap, thus a smaller density difference in the centrifuge, the pressure in the 
extraction lines can be largely reduced by strategically selecting the radial positions of 
the lines coming off the shaft. 

The other advantage of a small-gap centrifuge is that the loading capacity is smaller, 
exerting less stress on the structural material and making it overall safer to operate. 
Owing to the high speed rotation of the centrifuge, it has to be operated in a mechanical 
vacuum chamber, which doubles as a mechanical failure containment shield. 

We have determined that a small-gap centrifuge has higher separation power if operated 
continuously and it also reduces the pressure existing in the feed and extraction lines. 
Since much of the enhancement of the processing rate is achieved when the gap to the outer 
radius ratio decreases to 1/8. We will use a such a design to estimate the performance of 
a separation unit intended for on-line fuel cleanup in the proposed ATW/ADEP program. 

The example separation system considered here consists of a liquid Bismuth solution of 
some fission products (FP) and actinides (Ac). It is assumed here that the FPs and Acs 
are substituted out of the molten salt blanket and dissolved in liquid Bismuth in their 
elemental forms[6]. 

Liquid Bismuth system is a simple chemical system. The lower melting point of Bismuth 
(about 280° C compared to about 650° C for the molten salts) also makes it easier to 
handle. The disadvantage is its rather high specific density (10 g/cc), but its detrimental 
effect on the structural materials is reduced in a small gap centrifuge. This high density, 
on the other hand, provides a separation process which simultaneously concentrates the 
species respectively. 

To estimate this system's performance, let's start with the following material properties: 
liquid Bismuth: p0 = 10 g/cc, T = 900K; Fission products: ps — 7 g/cc, Ms = 130, 
SQ,FP = is(D)vj — - 2 . 5 ; and Actinides: p s = 15 g/cc, Ms = 230, 5 0 , A C = {sfD)x>\ = 2.6. 

The centrifuge's specifications are: / = 25 cm, r 2 = 4 cm, d = 0.5 cm (£2 = 8), and 
u> = vj/r2 = 12500 s _ 1 « 120,000 rpm. Under these operation conditions, the separation 
ratio near the inner end is <XFP = 1.154, CUAC = 0.855, or a separation ratio between F P and 
Ac of a = ctFp/ciAc — 1.349. The approximate separation time is At = kT0d2/D ~ 1.8 



hours. To achieve the set separation goal G at the inner end: 

C - ( Q F F ) " C F P ' ° = faFP\n 
<*Ac CAcfl OiAc 

where we assume the same initial concentrations of the FP and Ac. Then the number of 
passages required is n = In G/\a{app/Q-AC)- The total time is ttotai = nAt. The total FP 
extracted is mpp = fmaFpcpp^. The processing flux is then 

_ mppfl _ fmaFpCFPfl fpnWcFPfi (2£2 - l ) q 1

j ? j ? / ' n ( a F p / c M c ) 

ttotai nkT0d2/D k T0lnG/ln(aFP/aAc) 

For G = 1000, we find n = 23.1 (about 24 passages are needed). 

mpp = 0.05c F F,o = 0.0005(#/s), 

where a dilute initial concentration cppt0 = 1% is used. Note that aFP = 27.3, some care 
must be taken to account for the possible non-dilute effects and the solubility limits of the 
FPs. To process 14 tons of Pu in a lOOOMWt ATW system that runs for about 35 years, 
there are about 10 tons of FP generated in the meantime, 0.009(5/5). So 
the total number of centrifuge that is required is N = rnpp,ATwj™FP ~ 18. 

The above calculation ignored all the other intermediate extractions other than the most 
direct FP extraction stream. Since those other extractions contain considerable separation 
that is not taken into account here, it can be expected a more careful study of the complete 
procedure might improve the processing flux. 

The single most important effect that is left out of the discussion here is the in/out flow 
effect in a rotating fluid system. The Coriolis force on the sedimentation particles is 
proven to be negligible. In the bulk of the centrifuge interior, the through-flow velocity 
parallels the vector of the angular velocity. Thus there is no Coriolis effect on that part of 
the flow either. However, near the outlet, the flow has to converge toward to extraction 
opening and the rotation generated effect can be significant. The flow convergence can be 
reduced to minimun by allowing extration opening all the way around the azimuth. Our 
on-going investigation will resolve this issue with experiments and numerical simulations. 

1 CONCLUSIONS 

Applying centrifugal separation for nuclear fuel decontamination is in principle achievable. 
Our extensive theoretical analysis, numerical simulations and experimental investigation 
have firmly established the basic mechanisms for a centrifugal separation process. Fur
thermore, the processing rate calculation presented here shows that such a separation unit 
is reasonably compact and efficient for separating the fission products out of the nuclear 
fuel. The simplicity in principle and the proliferation resistant procedure make centrifugal 
separation a good candidate for nuclear fuel decontamination. 
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