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Abstract — In order to monitor a rotating cylindrical separator for radioactive waste, an electrical resistance
method is proposed and its mathematical model is investigated. In a rotating radioactive waste separator, the
electrical resistance between a pair of electrodes mounted on the inner wall of the vessel is related to the thickness
of annular region of insoluble particle formed around the periphery and the concentration of the insoluble particle
in that region. This work presents an analytical relationship among the aforementioned parameters based on a
two-dimensional solution to the electrical potential equation and an empirical conductivity-concentration relation.
Also, the feasibility of electrical resistance method for monitoring rotating cylindrical separators is discussed.

Key words : Radioactive waste separation, Electrical resistance method, Concentric annular geometry

1. Introduction

This work considers an application of electrical
resistance method to monitor waste separation process
in a rotating cylindrical separator, where solid waste

particles fed into solvent are separated according to
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their solubility. The electrical method has been widely
used in monitoring the process of two immiscible
liquids [1], gas-liquid mixture [2], and gas-solid flow
[3]. Cattle and West [4] adopted a dual-modality
tomography technique which is combined with the
electrical impedance tomography(EIT) and the gamma
ray emission tomography(GET) for monitoring the
insoluble particle distribution in a radioactive waste
processing. Recently, Park et al. [5] applied the particle
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swarm optimization(PSO) algorithm to estimate the
conductivity, that is, the concentration distribution
in the electrical resistance monitoring of the rotating
cylindrical waste separator.

In a rotating cylindrical separator, there are two
regions: the solvent region in the core and the sediment
region in the periphery. The regions form a concentric
annular geometry. It is assumed that the sediment
region contains the insoluble particles while the
solvent region does not. The resistance between two
electrodes attached on the inner wall of the vessel
is related to the conductivity of each region and the
thickness of the sediment region. We will derive an
analytical expression of the conductance, or the inverse
of the resistance, in terms of the conductivity and
the thickness of the sediment region. The expression
can be used to analyze the waste separation process

and the design of the sensor electrodes.

2. Mathematical Model

In a rotating separator, soluble and insoluble solid
particles in the solvent are separated by centrifugal
force and there are two distinct regions: the solvent
region in the core and the sediment region in the
periphery as shown in Fig. 1. It is assumed that the
volume fraction distribution of the insoluble solid
particle is axi-symmetric and each region has a constant

electrical conductivity. Two identical electrodes flush

sediment
Cs, Og

Cf=0, Of
solvent

-V +V

Fig. 1. Problem domain description.
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mounted with the inner surface of the vessel of
radius a are positioned each other in the opposite
direction. The height of the electrode is A. The
angle between the electrodes is 26(Fig. 1). Voltages
are applied to the right and the left electrodes at
+ 1V and — V, respectively. Now, we derive an analytical
expression of the resistance in terms of the conductivity
and the volume fraction of the sediment region.
The region interface is located at r=gq,, which
separates the sediment region and the solvent region.
It is assumed that sediment region has a constant
insoluble particle volume fraction ¢, while the solvent
region does not contain insoluble particles and the
particle volume fraction c; is set to zero as illustrated
in Fig. 1. From the conservation of mass, the global
volume fraction of insoluble solid particles ¢, can
be expressed in terms of the volume fraction of the

solvent region, o = (a;/a)? and the concentration of the

insoluble solid particles in the sediment region, c,:
cy=(1*a)cs. (1)

The conductance, the inverse of the resistance, is
related to the electrical conductivity distribution, which
can be converted into the concentration distribution
by using the relationship between the concentration
and the electrical conductivity. Many experimental
and theoretical studies have been conducted to express
the effective conductivity in terms of the volume
fraction of a suspension in a liquid [6,7.8]. Recently,
Feitosa et al. presented a new correlation based on
nine sets of experimental data for gas bubbles in
liquid, oil-in-water emulsions, and solid particles in

aqueous solution [9]:

- Teff _ 2(1—¢)(13—12¢) ~ @)

O solvent 26— 11c— 902

_ (1—k)(1+23k)
e=-—— = (3)
1+25k+ 10k

where o, is the effective conductivity of the mixture,

the conductivity of the solvent, x is the ratio

O solvent
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of o /0, and c the insoluble particle concentration.

solvent >

In each region, the electrical potential distribution

satisfies the following equations;

Vo, Vu,=0 a, <r<a sediment region (4)

)

V-o,Vu, =0 0=<r<a solvent region (5)
where u is the potential, o is the conductivity and
the subscripts ‘s’ and ‘f” denote the sediment and the
solvent region, respectively. The governing equations

are subjected to the boundary and interfacial conditions;

u,(a,0) = V0) (6)

u,(a;0) =u(a;0) (7N
ou, _ ouy

i W ®

r=aq

where 116) is the applied voltage on inner wall of
the vessel. The applied voltages on the electrodes
centered at §;, =0 and 0, =7 are set to V and — V.
As for the gaps between the electrodes, the proper
boundary condition is the insulation condition. With
the above boundary conditions, however, the analytic
solution does not seem to be feasible. Instead, we
assume that the voltage along the gap is linear

function of position:

v for 0<0<n/2-5
T0)=M—0) = —%(e—w/zﬂs)ﬂ/ forn/2—6 <0 < n/2+6. Q)
-V form/24+6<6<m
3. Results

With the conditions given in the mathematical model,
the following analytic solution can be obtained by

using the method of separation of variables:

where the conductivity ratio is defined as x, =0,/0;

and the coefficient is

_ 4 Vsin(nn/2)sinnd

K > n = odd. (1)

i
Ton

It is noted that x, < 1 since o, < o,. The equality
is valid only when there is no insoluble particle.

From the definition of the conductance G, we have

current 4 H (70 ou,
=R - - 7, adf
voltage difference 2V 2VJ _ . 5 % 0r l._,
_20H| & sin2né 2“] 2(1—x,)a" sin2néd
w0 | S n® WS (1K) —(1—rk)a"  n? |
(12)

If the vessel is filled with solvent only, the
conductance will be

20 H & sin2nd
20y sin2n
G'f_ . Z 9 . (13)

n=odd T

From Egs. (12) and (13) the normalized conductance

G becomes
S 2(1_"95)0‘" sin2nd
G*:ﬁzﬁg+n:odd(l'i'/‘iszo_(l_lis)an n?
G sin2nd
n=odd 7’L2
(14)

Here note that the volume fraction of the solvent

region should not be greater than 1—c,

namely
0=a=l-—c,.

Now, a mathematical model to describe the electrical
conductance as a function of the volume fraction of
the solvent region and the conductivity value of
each region is available. Initially, the conductance
of the solvent without particles, G;, is measured.
Then, the particles are well mixed with the solvent.
After centrifugal separation, the conductance of the
solvent with particles, G, is measured. From Eq.
(14), we can obtain the ratio of the conductance

G'=G/G,.

Journal of Energy Engineering, Vol. 20, No. 1 (2011)
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The normalized conductance as a function of the
volume fraction of the solvent region can be obtained
for various global insoluble solid particle concent-
rations. As an example, Fig. 2 shows the normalized
conductance for the half-gap angle 6=0.025. For a
given ¢, and a fixed half-gap angle §, from the
normalized conductance reading we can measure the
volume fraction of the solvent region, or the thickness
of the sediment region. In Fig. 3, the dependency of
the normalized conductance on the volume fraction
of the solvent region is shown for 4 different half-
gap angles, 6=0.01, 0.025, 0.05, 0.1. Based on
Fig. 3, it is observed that as the gap angle decreases
the normalized conductance becomes more sensitive
to the volume fraction of the solvent region. When
6=0.025(Fig. 2), for large ¢, e.g. ¢, >0.5, the
normalized conductance G  tends to decreases
somewhat linearly as the volume fraction of the
solvent region. On the other hand, for small c,, e.g.
¢, <0.1, G tends to be insensitive to a over a
wide range of a. If ¢, >0.13 with ¢=0.025, the
sensitivity of G* with respect to «, |G /dal, is
greater than 0.1 for all possible a as can be seen
in Fig. 4. It means that for small ¢, the electrical

resistance method becomes less useful to analyze

normalized conductance, G

0.0 0.2 0.4 0.6 0.8 1.0
volume fraction of solvent region, o

Fig. 2. Normalized conductance as a function of solvent
volume fraction for various global insoluble solid
particle concentrations(26 = 0.05).
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normalized conductance, G*
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Fig. 3. Effect of gap angle on the relationship between

the normalized conductance G and the volume
fraction of the solvent region «.
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Fig. 4. Sensitivity of the normalized conductance G with
respect to the change of the volume fraction of the
solvent region «.

the separation process. For instance, for ¢, = 0.1,

the sensitivity |[dG"/dal is less than 0.1 when o is
smaller than about 0.8.

4. Conclusions

In this work, an electrical resistance method is
applied to monitor the particle concentration distribution
in a rotating cylindrical separator. In the separator,
soluble and insoluble solid particles fed into solvent
are separated into solvent and sediment regions after
centrifugal separation in the vessel. An analytical
expression of the electrical conductance is derived
in terms of the insoluble solid particle concentration
in the sediment region and the volume fraction of
the solvent region. It has been observed that as the
gap between the electrodes decreases and as the
global solid concentration increases, the sensitivity
of the normalized conductance becomes more sensitive
to the volume fraction of the solvent region. The
derived mathematical model shows that the electrical
resistance method is applicable to monitoring of the
separation process and can be used to design the

electrical sensors.
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