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ABSTRACT

Real time material accountability for a pulse column
in a chemical reprocessing plant has been investigated
using a simple two state Kalman Filter. Operation of the
pulse column was simulated by the SEPHIS-M0D4 [1] code.
Noisy measurements of the column inventory were obtained
from two neutron detectors with various simulated counting
errors. Various loss scenarios were simulated and analyzed
by the Kalman Filter. In all cases considered the Kalman
Filter was a superior estimator of material loss.

INTRODUCTION

Pike et al. [2-4] have applied state estimation techniques in Material
Accountability and Control to detect long-term small losses of material
from various material handling facilities. Data included (1) a material
balance simulation, (2) a simulated Mixed-Oxide Processing Plant, [5] and
(3) the Oak Ridge National Laboratory (ORNL) Pilot Reprocessing Plant.
These case studies indicated that state estimation techniques, e.g., Kalman
Filter and Linear Smoother produced results far superior to other loss de-
tection schemes under most loss scenarios. For certain magnitudes of loss
or transfer variance other techniques may approach the detection capability
of the Kalman Filter; but, when measurement errors are normally distri-
buted, no other loss estimate, either linear or nonlinear, is superior to
the Kalman Filter. However, in order to use the Kalman Filter certain
information must be provided. The information that is required for the
Kalman Filter consists of the following:

1) A System Model - A set of linear difference equations which describe
the time evolution of the system.

= A(t)X(t) + U(t) + Cjt) . (1)

_X is the n state vector of the system and A. is an nxn state transition
matrix, while U_(t) is a known input n vector and £(t) is the zero
mean white noise n vector.
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2) A Measurement Model - Because the true state, Xjt) cannot be measured,
the relationship between the state vector and the measurement vector
must be specified.

X(t) = H.(t)X(t) + V.(t) . (2)

X is the m dimensional measurement vector while |H is the nxm measurement
matrix and V_ is the m dimensional measurement error vector.

3) Knowledge of the Noise Statistics - The mean and covariance of process
noise, C_(t) and measurement noise, V_{t) must be specified for the
Kalman Filter formulation.

4) Unbiased estimate of the state vector and error covariance matrix -
_X(0) and (a(0) are required to initialize the filter.

A given Material Balance Area (MBA) will be the dynamic system that will
be modeled. The MBA may refer to a single unit process in a reprocessing
plant or refer to the entire plant itself. The state vector for the MBA con-
sists of the on-hand inventory at closing, I(t+1), and the losses, L(t+1),
from the facility. Choosing these two variables for the state vector is
sufficient to enable the future evolution of the MBA to be completely speci-
fied if the net inputs, U(t), are also known. The mass balance equation
for the MBA and the loss equation define the system model

I(t+1) = I(t) + U(t) -L(t) , (3)

L(t+1) = L(t) . (4)

As noted earlier, one does not observe Xjt). Rather, one observes a noisy
version of I(t), Y(t). This situation can be modeled by adding an observation
equation:

Y(t) = I(t) + V(t) , (5)

where H = (1,0) and V(t) is a zero mean random variable with known variance,
Rvv<°>7

KALMAN FILTER REPRESENTATION OF PULSE COLUMN

The purpose of this project was to demonstrate the feasibility of per-
forming real-time accountability around a complex reprocessing plant unit and
further, to demonstrate that best loss estimates are produced by simple



Kalman Filtering Techniques. The reprocessing unit chosen was the pulsed
extraction column.

The pulsed extraction column is a contactor used to promote mass trans-
fer between two immiscible phases, aqueous, and organic. The basic prin-
ciple involved in this transfer is the solubility of the higher oxidation
states of uranium and plutonium nitrates in certain organic liquids while
the nitrates of the fission products are insoluble, thus enabling separation.
As discussed by Alspaugh [6], the method of obtaining a dynamical model for
a column is straightforward. It consists of writing mass balance equations
around various segments of the column and appending boundary conditions to
arrive at a representation.

Candy et al. [7] studied a similar chemical system consisting of a 4-
species (tl, Pu, HNO3, Salts), 3-stage extraction column which consisted of
27 state variables. Because the dynamic model was non linear an extended
Kalman Filter was also necessary. The computations required for a 27 state
Kalman Filter are a significant problem for most minicomputers and would
preclude real-time calculation.

A less complex Kalman Filter representation is possible by writing a
mass balance equation for the pulse column, and using the two state Kalman
Filter defined by Eq. (3)-(5) above. To implement the filter, measurements
of inventory as well as the net input into the column are required. The
periodic inventory measurements present a problem since indirect measurement
techniques must be used. Techniques -For obtaining the required measurements
are presented in the following section.

SNM MEASUREMENTS IN A PULSED EXTRACTION COLUMN

In order to perform a material balance over any component or MBA within
a reprocessing facility, measurements of input/output streams as well as
Special Nuclear Material (SNM) inventory measurements are required. Much of
the safeguards literature today deals with the problems associated with
measurement of component input/output streams. One such approach is to use
a flow measurement device to determine the volumetric flow rate into a com-
ponent and by some Nondestructive Assay (NDA) method (e.g., absorption edge
densitometry) [8], determine the concentration of isotopes. The product of
the two measurements produces the SNM flow rate. Several such approaches are
under consideration and it is reasonably hopeful that such measurements in a
reprocessing facility within a 1-5% accuracy range are achievable.

However, a significant problem is encountered with the measurements of
SNM inventory in certain reprocessing plant components during operation.
Components such as tanks are amenable to measurement by bubbler tubes to
determine tank level, which when coupled with sample analyses, can provide
determination of SNM inventories within accuracies of the 1-2% range. [9]
Other components though, such as evaporators and extractors, defy the usage
of such measurement techniques, and alternate methods must be considered if
SNM inventory measurements are to be made.

In the case of the pulsed extraction column, one possible method of
determining the SNM concentration is by the use of NDA methods. For instance,



detectors could be placed along the length of the column at optimal locations
and the SNM concentration in the column inferred by the number of detector
counts received.

The concept of using NDA methods to measure SNM inventory in extraction
columns is not original to this paper. Schulze and Wurz proposed the use of
active assay interrogation methods using a Cf 2 5 2 interrogating source in con-
junction with U 2 3 5 fission chamber detectors. [10] Their speculations were
that for a Cf 2 5 2 source strength of 5 x 108 n/s, and a measuring time interval
of 20 sec, accuracies of better than 302 are achievable for large diameter
pulse columns (30 cm diameter) containing high activity fissile solutions.
Such solutions, it should be noted, contain gamma emitting fission products
and actinides such as Cm2L|2 and Cm2'*1* which emit a high spontaneous fission
background. Both contribute in general to a high detector background and
invalidate the possibility of performing accurate measurements using passive
NDA methods.

However, beyond the first stage of solvent extraction, after most of
the actinides and fission products have been removed, the throughput becomes
relatively "clean", and the possibility of using passive NPA techniques becomes
feasible. For the assay of pulse columns the use of passive neutron detectors
is one suggested method. Such detectors, located at points along the column
where SNM concentration peaks occur, would measure spontaneous fission neutrons
omitted by even number plutonium isotopes (i.e., Pu 2^ 0). Possible assay
detectors could be BF3 gas-filled tubes shielded away from the pulse column
by lead and borated polyethylene and using an optimal amount of polyethylene
between the detector and column as a neutron moderator. Preliminary studies
performed with the 1-d transport code, XSDRNPM [11] indicate that for such an
arrangement, reasonable counting statistics may be achieved for typical plu-
tonium concentrations (i.e., 20 g/liter Pu 2 3 9, 10 g/liter Pu 2 U 0 ) . One serious
problem however, nay be the production of (a,n) neutrons resulting from a
reactions with carbon and oxygen. The (a,n) neutron emission rate depends
therefore, on the relative amounts of those constituents (organic to H20
ratio), as well as on the amount of Pu 2 3 8 present, which is a strong alpha
emitter. Even for relatively small amounts of Pu 2 3 8 (<l/»), the (a,n) count
rate may equal or surpass thtt due to the spontaneous fission counts and
hamper accurate assay measurements.

If the relative isotopics are known and the organic to aqueous ratios
can be estimated at the column stages where detectors are located, it may be
feasible to use the (a,n) counts as part of the assay measurement. Otherwise,
it may be possible to exclude the (a,n) counts by neutron coincidence counting
methods. Experimental determinations would best provide answers to these
problems.

A 14 stage column with parameters given in Table 1 was simulated with
the SEPHIS-M0D4 code. At steady state the plutonium in the column is dis-
tributed bimodally as shown in Figure 1. Through ad hoc procedures it was
found that the overall inventory is directly proportional to tha material
concentration in the stages at the peaks. Two neutron detectors at stages
i and j may be used to determine the Pu inventory in the stages. There

M = aMi + 6M. (6)



where

M = total Pu inventory in the column,

M. = Pu inventory in stage k,

a,3 = constants determined to fit known inventory at steady state.

From this relationship involving noisy NDA measurements of the inventory at
stages i and j the total column inventory may be inferred. Stages i and j
refer to the stages at which the peaks occur, e.g., stage 6 and stage 12
in Fig. 1. Studies under various operating conditions indicate that an
estimated inventory measurement error within 10-20% is reasonable.

RESULTS

To illustrate the applicability of this approach a constant loss
amounting to 15" of the plutonium in the input feed stream was simulated
beginning at the tenth time period. Figure 2 shows the results of a Kalman
Filter analysis of the pulse column with a measurement error of 15% for the
neutron detectors.

In Fig. 2 four techniques for estimating material loss from the pulse
column are compared. The loss estimates as well as the 95% confidence in-
terval for each estimate is plotted in Fig. 2. Loss detection is defined
as occurring when the second consecutive loss estimate is significantly
different from zero. First, note that the standard industry practice using
the ID/LEID approach is inadequate to detect the loss. The CUSUM technique
is more sensitive in that the loss is detected at period 42. The optimality
of the Kalman Filter approach is illustrated by the early detection of the
loss at period 23 by the Kalman Filter.

The Kalman Filter/Linear Smoother is used to improve previous estimates
of the Kalman Filter. The smoother can be implemented at any stage. The
smoother is run in reverse time. In Fig. 2 the smoother was implemented at
stage 57 and produced estimates terminating at period 1. Note the smoother
more clearly indicates the true loss than does any of the other techniques.
In practice, both the Kalman Filter and Linear Smoother would be used to
analyze the data.

It should be noted that optimal inventory estimates as well as optimal
loss estimates are produced by the Kalman Filter. Accurate and timely
inventory estimates are necessary for material control and criticality.

CONCLUSIONS

It has been demonstrated that it is feasible to apply the Kalman Filter
for the purpose of real time accountability. This feasibility was demonstrated
on one of the more complex units in a nuclear fuel reprocessing facility.
Furthermore, it has beer demonstrated that a simple 2-state linear system
model is adequate to describe a multi-state non-linear system.
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Table 1. Pulse Column Parameters

No. of Stages
No. of Species
Feed Concentration
U(gm/liter)
Pu(gm/liter)
HN03(Moles/liter)
Salts (Moles/liter)

Flow Rates (s./m)
Feed
Aqueous Solvent
Organic Solvent

15% TBP in Kerosene
Temperature

14
4

9.1
4.78
3.1
0

7.28
1.02
2.43

40°C
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LIST OF FIGURES

Fig. 1. Inventory Profile of Pu in a 14 Stage Pulse Column.

Fig. 2. Estimates of 51 gin. Loss of Material Beginning at Stage 10
for the 14 Stage •''ulse Column.


