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This report describes the results of TASTEX task F, the basic purpose
of which was to investigate the feasibility of applying the basic concepts
of near-real-time materials accountancy to small or medium-sized spent fuel
reprocessing facilities, using the PNC-Tokai facility as a model. The
background of Task-F and the proposed LAEA requirements on reprocessing
plant safeguards are briefly shown. A model of near-real-time materials
accountancy based on weekly material balances covering the entire process
MBA is outlined, and the effectiveness of this model is evaluated based on
simulation and analysis procedures developed for the study. The results
show that the proposed materials accountancy model should provide
sufficient information to satisfy IAEA guidelines for detection goals.

Field testing of the model began in 1980, and the preliminary
evaluation of this field test data shows that weekly in-process physical
inventories are possible without affecting process operations.

This report also describes studies related to TAEA wverification

procedures, and identifies necessary further work.
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EXECUTIVE SUMMARY

PURPOSE OF THE TASK

The purpose of Task F was to investigate the feasibility of applying
the basic concepts of near-real-time materials accountancy to small or
medium-sized spent fuel reprocessing facilities, using the facility at
Tokai as a model.

The feasibility was investigated in four major areas:

(a) development of an effective mnear-real-time materials accountancy
system which could be implemented at an acceptable cost in existing
reprocessing facilities,

(b) evaluation of selected capabilities needed for such & system, using
evaluation parameters including measurement instrument selection, and
inventory estimafion techniques,

(c) evaluation of the <capability and effectiveness of the proposed
materials accountancy system using a computer simulation model, and

(d) study of approaches to IAEA independent verification of near-real-time
material balance data on the part of international safeguards
inspectors.

This study has been carried out as a joint effort involving a number
of peréons from LAEA, LANL, PNC, and JAERI, although all of them have
contributed to a part of all of these areas, the area{a) has been covered
mainly by the people from IAEA, PNC and JAERI, the area(b) by LANL, the
area(c) by JAERI and PNC, and the area(d) by IAFA and LANL.

This report covers all four areas, except that only a part of {(b),

taken from the LANL report for TASTEX Task F {LA-8070~-MS), has been

included.

DESCRIPTION OF TECHNIQUE, EQUIPMENT, AND PROCEDURES

Definition and Description of the Basic N.R.T. Accountancy Model

The concept of near-real-time materials accountancy has undergone
extensive evolution during the period of this study. Early definitions
spoke of an extensive use of in-line non-destructive instrumentation, and
assumed that material balances would be prepared both for short time

periods and for small portions of the total process area., As the study has
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progressed, however, it has become apparent that weekly material balances

covering the entire process MBA provide sufficient information to satisfy

TAEA guidelines for small or medium-sized facilities, and that indeed even

for larger facilities the potential gain £from more frequent material

valances needs to be examined carefully in relation to the extra effort
required for their preparaticn.

The study of near-real-time materials accountancy for the PNC-Tokai
facility is based on the following:

(a) weekly "in-process" physical inventories would be taken of plutonium
in the process MBA,

(b) measurements of both flow and inventory quantities would be either by
conventional chemical methods or by instrumental (NDA)} methods, as may
be convenient in specific situations,

(¢) all measurements would bhe completed, and the resulting MUF would be
determined and evaluated, within a peried of about two or three days
after the in-process inventory, and,

(d) evaluation of MUF data would be based on statistical techniques which
recognize, and derive the maximum information from, sequences of short

term material balances.

In-process Physical Inventories

A schematic diagram of process accountability for the PNC-Tokai
facility is shown in Fig. E.1l. As shown in that diagram, some 13 transfer
measurement points have Dbeen identified for conventional materials
accountancy purposes. For the purposes of near-real-~time materials
accountancy, additional six inventory measurement points were defined.
(Inventory points 5 and 6 relate to uranium rather than plutonium, and in
practice were not used). These inventory measurement points all relate to
buffer storage tanks feeding the first, second, and third extraction cycles
and the plutonium product evaporator.

No means was identified for inventorying plutonium in the product
evaporator, so the specification was adopted that In-process physicail
inventories would always be taken when the evaporator was empty, and prior
to restarting evaporation of the next batch. The model design flow sheet
calls for discharging the evaporator once every 24 hours, so this specifi-
cation is only a minor comstraint on the timing of the in-process physical

inventories.
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If the plutonium product evaporator is empty, the model design flow
sheet estimate of the total plutonium inventory in the process MBA is about
16.8 kgs, with 12.9 kgs of that amount being in the four identified buffer
storage tanks. Essentially all of the remainder (3.8 kgs), was estimated
to be in the solvent extraction system. Section 4.4 discusses the question
of estimating the plutonium inventory in the solvent extraction system.
Except for the work reported there, the task F study has assumed that the
solvent extraction system inventory would be relatively constant, and could

be so treated,

Measurement Methods

Since in-process inventories are to be taken at weekly intervals, and
since the ITAEA guideline for detection of possible abrupt diversions calls
for detection within one to three weeks, the specifications for measurement
methods neither require nor forbid the use of instrumental or NDA metheds.
Since each of the four buffer storage tanks normally are sampled dajly for
process control purposes anyway, it was convenient in this study to assume
that conventional measurement methods would be used. Measurement methods
used or considered for possible use are listed in Table E.1.

As a part of its contribution to Task F study, investigators at the
Los Alamos National Laboratory examined possible alternative NDA measure-
ment methods. In selecting an instrument to measure input dissolver
solutions, a major consideration is the intense fission product gamma ray
activity. In addition, the high U/Pu ratic rules out absorptiocn edge
densitometry., X-ray fluorescence spectroscopy, using an X-ray tube to
excite the plutonium fluorescence X-rays, is the only technique that can
overcome the gamma-ray background, and is recommended for further study.

At the output of the first cycle and the input to the U-Pu separation
stage, the fission product gamma-ray background is low but the U/Pu ratio
is still too high for absorption edge densitometry. The X-ray fluorescence
spectrometer again is recommended for further study.

At the input to the third {(plutonium) extraction cycle, most of the
‘uranium and fission product gamma rays have been removed but the plutonium
concentration is still quite low. An instrument is needed with good
sensitivity. The Xray fluorescence spectrometer again is recommended, but
the K-edge densitometer could alsc be considered.

After the plutonium purification cycle, the output is considerably
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more concentrated, And at the output c¢f the evaporator, the concentration
has risen to about 250 g/%. At these points, either the K-edge
densitometer (developed under TASTEX T-G) or the passive gamma-ray
spectrometer (developed wunder TASTEX T-H) should work well. Both
instruments were optimized for about 2530 g/&. For improved performance at
lower concentrations the passive gamma-ray spectrometer could be modified

easily by enlarging the sample volume.

Statistical Evaluation Procedures

Statistical evaluation procedures used in the study are essentially
those developed at the Los Alamos National Laboratory. The complete
computer package 1includes four statistical tests, a straightforward
cumulative sum (CUMUF) test, a uniform diversion test based on the Kalman
filter statistic, a variance test, and a two directional test based on two
Kalman filter models operating in opposite directions. The purposes of
these tests are as follows:

(a) CUMUF - this statistic provides a relatively powerful test which is in
general not dependent on an assumed diversion pattern,

(b} uniform diversion - as the name implies, this test is more sensitive
when the diverter follows the nominally optimum strategy of diverting
a uniformly small quantity during each material balance period,

(c) wvariance test - if a would be diverter attempts to defeat other
statistical tests by diverting in a random manner, the observed
variance of the MUF data will be significantly larger than the
variance derived from the measurement uncertainty for each material
balance. The variance test is designed to give an increased detection
sensitivity against randomized diversions by detecting this increased
variance in the data,

(d) two-directional test - this test recognizes that a revised estimate of
the inventory at any earlier point in time can be derived from a
consideration of subsequent flow and inventory data. In borderline
situations it is expected that a two-directional test would be more

~ sensitive to possible abfupt diversions.

Although early feasibility studies using simulated data considered all four

of these tests, most work has been with only the first two. It seems

likely that in actual practice primary reliance will be on the CUMUF and

uniform diversion tests, and that the other tests will be used only to
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provide supplementary evidence, or to suggest the need for further

investigation of possible borderline situations.

Modeling and Simulation Work

JAERT has developed and applied a basic computer simulation model for
the PNC-Tokai plant. A number of simulation runs have been performed using
this model, covering a wide range of fuel types (burn-up levels), operating
conditions, and assumed diversion strategies. The simulations also
inciuded two levels of assumed measurement uncertainties, one based on
current operating practices, and one based on assumed improvements which
might be possible in the future.

Table E.2? summarizes the basic simulation runs and the results
obtained. In general, when the assumed level of diversion was one standard
deviation of the weekly material balance (or greater), protracted diversion
was detected before the total diverted reached the 8 kgs goal. Abrupt
diversion of 8 kgs Pu was detected in all cases. When the assumed level of
diversion was the minimum necessary to accumulate 8 kgs Pu in one year, and
the assumed mode of operation called for frequent system "rinse-outs'
followed by changes in fuel types or burn-up levels, some difficulties were
encountered. It is believed that these difficulties relate primarily to
the unmeasured portion of the inventory, which was allowed to appear as MUF
during the first material balance period after each rinse-out, Future
studies should consider ways to include an estimate of this unmeasured
inventory, presumably in the form of a constant, in order to improve

detection sensitivity in borderline situatiouns.

DESCRIPTION OF DEMONSTRATION AND TEST

Preliminary field test data was collected by PNC during two reprocess-—
ing campaigns in 1980. These campaigns, identified as the (-1 and C-2
campaigns, involved the recovery of 50 tons of spent fuel from a variety of
both BWR and PWR reactors. A total of fifteen short term material balances
were prepared, based on thirteen in-process inventories plus c¢leanout
physical inventories at the start of the C-1 campaign, between the two
campaigns and at the end of the C-2 campaign.

No unforeseen problems arose during the collection of the field test

data. The time needed for an in-process inventory, exclusive of the time
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required to analyze samples, is less than a half hour. A product rework
tank, not included in the original feasibility study, may sometimes contain
a significant quantity of plutonium, but its measurement using the same
procedures as for the four buffer storage tanks creates no additiconal
difficulty.

It was necessary to be more flexible than had been anticipated in the
timing of the in-process physical inventories, because the product evapo-
rator was not emptied on the anticipated 24 hour schedule. This led to
material balance periods varying between six and nine days, or occasionally
longer when the plant was in a rinse-out mode, but caused no other diffi-
culties. As the plant moves closer to operation at its design capacity it
is anticipated that this required flexibility will not affect operation of
a near-real-time materials accountancy system.

During the early stage of the field test it was not always possible to
complete data collection and evaluation within the gpecified schedule of
two or three days after the in-process inventory. However, those problems
have gradually been resolved, and current field test data are being made

available in a timely manner.

TEST RESULTS AND EVALUATION

Evaluation of Preliminary Field Test Data

A CUMUF plot of the resulting MUF data is shown in Fig. E.2 and the
associated alarm sequence chart is shown in Fig. E.3. (An estimated amount
of Pu has been added to each of the in-process inventories, as an estimate
of the unmeasured portion of the inventory. The accuracy of this estimate
affects only the MUF during the first material balance period, and is of no
consequence in the discussion that follows.)

The solid line indicates dynamic MUF data calculated under the assump-
tion that the inventory hold-up in the mixer-settler systems had been kept
constant. In the actual plant operation, it changed from time to time. In
order to take these variation inte consideration, inventories in all stages
of the mixer-settler systems were estimated by SEPHIS code using actual
operating data, and used to correct the original dynamic MUF data. These
data are indicated for the C~1 campaign by the dotted line in Fig. E.Z.

Fig. E.2 clearly shows that there is a measurement bias across the

PNC-Tokai plant process MBA, resulting in an apparent net gain of
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plutonium. The nature of this bias is not clearly shown in conventional
materials accountancy data, and Fig. E.2 gives a dramatic picture of the
power of the near-real-time accountancy concept.

An analysis of input minus output for the process MBA was performed
for the C-1 campaign. (Such an analysis is simply a calculation of the
apparent plutonium book inventory in the process MBA based on the
difference between measured inputs and measured outputs.) This analysis,
although it suggested qualitatively an ability to detect any diversion
larger than about 1 kg Pu per week, did not reveal the measurement bias and
resultant apparent gain in "plutonium across the process MBA. Thus the
conclusion is that, even for a relatively small facility such as PNC-Tokai,
input-output analysis is not a sensitive measure for the detection of

protracted diversion.

Estimation of Inventory Hold-up in Mixer-Settler Systems

The original proposal for near-real-time materials accountancy in the
PNC-Tokai facility included an estimation of the plutonium inventory in the
mixer-settler systems using a computer simulation wmodel and measured
aqueous feed rates and concentrations. Progress in this area has been
slow. The problem is not critical to a demonstration of near- real-time
materials accountancy in the PNC-Tokai facility because of the relatively
small facility size. It will be a more important problem, however, in
determining the ultimate detection sensitivity of the concept when applied
to larger facilities.

The dynamic MUF data in Fig. E.2, for example, shows the effect of
using a SEPHIS calculation to estimate the plutonium inventory in the
mixer-settlers during the C-1 campaign. The apparent MUF loss during
period four indicated by the solid line (uncorrected dynamic MUF data) led
the sequential decision analysis to a conclusion of no apparent MUF
pattern, The corrected dynamic MUF data indicated by a dotted line clearly
shows that this apparent MUF loss was the result of an unusually high
mixer-settler system inventery at that time.

It is now questioned by some experts working orn solvent extraction
system models whether SEPHIS, being an equilibrium state model, can always
dependably estimate the actual inventory in a ncon-equilibrium system, even
when that system is operating relatively smoothly at steady-state. A new

code, PUBG, has been developed specifically for mixer-settler systems, and
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a revised version was published in mid-1981.

The PUBG work has shown that the total Pu inventory, the only quantity
0of safeguards interest, is a sensitive function of the feed and waste
concentrations. Since these are quantities which are already available, it
is hoped that a simplified model can be developed along the lines of H =
ACf + BCW , where H is the plutonium inventory, Cf and CW are the aqueous
feed and aqueous waste concentrations, respectively, and A and B are

constants determined from PUBG modelling.

Verification for International Safeguards

Examination of the question of wverification for international
safeguards has leé to several useful conclusions. TFirst, it is concluded
that the problem of rapid, timely verification against the gross falsifi-
cations necessary to conceal an assumed abrupt diversion can be separated
from the problem of highly accurate verifications needed to detect possible
small falsifications which might conceal an assumed protracted diversicn.
The former must be timely but need not be accurate, the latter must be
accurate but need not be timely. There are no verifications which must be
both.

Second, it is concluded that relatively little verification effort
need be directed toward inventory data, first because the magnitude of the
in-process physical inventory is relatively small, such that its falsifica~
tion to conceal an assumed abrupt diversion would be difficult, and second
because the frequent repetitions of the in-process inventory make even
small falsifications unproductive.

Third, it is concluded that the assumed continuous presence of an
inspector results in the availability of considerable collaborative data
which can be used to provide approximate verifications.

The study of verification for IAFA safeguards has not yet progressed
to the point where it is possible to specify a complete set of verification
procedures. Some examples can be given, however. The input measurement,
for example, can be roughly verified by two methods. Cne dinvolves
comparison of the total plutonium found on dissolution with the plutonium
expected based on reactor calculations. Much has been written about the
unreliability of the latter, and in terms of precise verifications reactor
calculations probably are unreliable. From the actual data collected

during the C-1/C~2 campaigns, however, the difference normally is less than
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200 gms Pu, and the average difference tends reasonably well toward zero.
I1f falsifications are limited to less than 200 gms Pu per batch, 40
batches, over a period of at least three weeks, must be falsified. GSince
the data should tend toward zero, any sequence of 30-40 batches in which
the difference was consistently large would be cause for investigation and
more careful verification. In the absence of such a consistent pattern,
the inspector can assume that input measurements are not being grossly
falsified, and can wait for the conventional chemical verification to
confirm the absence of smaller falsifications.

A second verification of -the input measurement can be obtained from a
comparison of Pu/U ratios found with those expected based on reactor
calculations. Again, the verification is not precise, but it is adequate
to detect falsifications in the range of 150-200 gms Pu or more, thereby
gaining time for the performance of more precise verifications,

The minimum falsification which extended over every flow batch during
an entire year of operation at nominal capacity and would achieve a
diversion of 8 kgs Pu, is about 10 grams. This is about 0.16-0.30% for a
typical batch, depending on the type of batch. Since the assumption 1s
that the falsification is repeated in every batch for an entire year,
detection at this level may not be out of the question. Multiple period
statistical techniques, in particular tests based on the Kalman filter

statistic, should be able to contribute to an increased detection

sensitivity in this range.

ASSESSMENT OF RESULTS

The feasibility study has shown that near-real-time materials
accountancy for the PNC-Tokai reprocessing facility dis technically
feasible, and that indeed it would require no measurements not routinely
performed for process contrel purposes. It has also shown  that if the
system is Iimplemented using weekly In-process inventories of the four
buffer storage tanks the detection sensitivity should meet all TIAEA
guidelines,

The field test data currently available, however, are not sufficient
to permit any estimation of the ultimate detection sensitivity of n.r.t.
accountancy for the PNC-Tokai facility, especially considering the existing

measurement bias. There is a need to continue field testing.
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RECOMMENDATIONS FOR FUTURE WORK

Development of Integrated Safeguards System

Most of the work to date has been related to the use of near-real-time
materials accountancy in the process MBA. To be of maximum value for TAEA
safeguards, this concept must be combined into an integrated safeguards
system which considers all material balance areas, and which combines
near-real-time materials accountancy with containment- surveillance
measures in some optimum manner. Such a system has been prepared in
conceptual outline; many details still require study and development.

In the spent fuel receiving and storage area the conceptual outline
suggests that ITAEA inspectors would observe and verify, on a 100% basis,
all spent fuel receipts., Either photographic or video surveillance would
be used to ensure that there were no undeclared receipts or shipments of
spent fuel, and perhaps also to monitor the spent fuel storage area itself.
Primary reliance for the latter, however, would be placed in a
mini-computer X-Y crane position monitoring system. The mini-computer
would store safeguards-relevant information related to stored spent fuel,
and would record storage locations in terms of an X-Y grid of the entire
area capable of being traversed by the spent fuel handling crane. When
spent fuel was transferred to the mechanical cell for processing, the
computer would note, from crane movements and from crane weight loads, the
identity of the fuel transferred, thus eliminating the need for inspector
observation and verification of these transfer activities. Such a computer
monitor system does not now exist, and needs to be developed and studied.

In the process MBA primary reliance would be on the near-real-time
materials accountancy system already developed. As a supportive system, a
limited computer monitoring system would be developed. This computerized
monitoring system, however, would not need toc be nearly as extensive as
some that have been suggested. This 1is because, although there are
innumerable ways in which plutonium might conceivably be diverted from the
process MBA, virtually all diversion paths necessarily affect either the
volume in one of the four buffer storage tanks or some other critical
parameter closely associated with those tanks. Tt is believed, subject to
further development and study, that it would be extremely difficult to
devise a diversion mechanism which did not directly or indirectly affect

one of those tanks in some observable manner,
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TASTEX task I has already developed a monitoring system for the
product storage area, which system presumably would be incorporated into
the proposed integrated safeguards system more or less intact., Since that
system largely deals only with solution volumes, however, a system of near-
real-time materials accountancy based on periodic chemical sampling and

analysis of the storage tanks would also be necessary.

Development of Improved Model for Estimation of Inventory Holdup

in Mixer~Settler Systems

As previously discussed, the validity of SEPHIS should be reviewed in
comparison with PUBG using actual operating data, because SEPHIS assumes
that contactors operate at mass transfer equilibrium. Tt therefore does
not account for the effects of mass transfer rates, while PUBG does account
for these effects. If the effects are significant, the difference in
estimation of inventory may become a significant problem in determining the
ultimate detection sensitivity of the proposed n.r.t. materials accountancy
system.

It is expected that a simplified model to estimate the total Pu
inventory in a mixer-settler system can be developed using aqueous feed and
aquecus waste concentrations, and two constants which can be derived from
PUBG mddeling. This simplified model, if developed successfully, becomes a

very useful and effective tool for the nm.r.t. accountancy system.

Investigation of Source of Measurement Bias across the Process MBA

The results of analysis of field test data in the (-1 and C-2
campaigns clearly showed that there was a measurement bias across the
process MBA. The source of this bias should be investigated as soon as
possible in order teo improve the reliability of the materials accountancy

of the Tokai Plant,
CONCLUSTIONS

The TASTEX task ¥ work has shown that it might be feasible to apply
near-real-time materials accountancy to the PNC-Tokai facility, that deoing

so could fulfill TIAEA goals 1in terms of detection timeliness and

sensitivity, and that by such a system the impact on normal facility
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operations could be minimized. It has also shown that it should be
possible to develop and implement inspection procedures which could verify
the near-real-time accountancy data for IAEA safeguards purposes, and that
it should be possible to incorporate the near-real-time accountancy system
into an integrated safeguards system for the entire facility.

Continuing activities are necessary, and are planned, in a number of
areas. Minor modifications still appear to be necessary in the sequential
decision analysis used to evaluate near-real-time accountancy data,
particularly to accommodate an inspector-supplied estimate of the
unmeasured in-process inventory. Both the study of IAEA verification
procedures and the definition of an integrated safeguards system are
incomplete, and require further study, Field testing, needs to be
continued as an aid in defining ultimate detection sensitivity.

Several problems have arisen in the course of the study which require
further effort if near-real-time materials accountancy is to achieve its
anticipated full potential. Specifically,

{a) there 1s a need for an instrumental (NDA) measurement for input
dissolver solutioms,

(b) there is a need to validate the PUBG model for solvent extraction
system modeling, and to derive from it the simplified inventory
estimation model needed for mnear-real-time accountancy and TAEA

safeguards.
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1. INTRODUCTION

1.1  Background of the Study

In the Spring of 1978 the governments of Japan, the United States and
France mutually agreed to pursue a program for the improvement of
safeguards techniques as applied to spent fuel reprocessing plants, with
emphasis on the applicability of these techniques to the Tokai facility.
This joint program has been called by the acronym TASTEX for Tokai Advanced
Safeguards Technology Exercise.

In the statement of cooperation, Japan, the United States and France
pledged to keep the International Atomic Energy Agency fully informed of
the progress of the research and testing performed; to solicit the advice
of the Agency in insuring that the joint program was consonant with the
Agency's safeguards objectives and would serve to augment the effectiveness
of international safeguards; and to invite the Agency to participate in all
phases of implementation of the program.

The TASTEX program included the following thirteen tasks;

A) Evaluation of performance and application of surveillance devices in
the spent fuel receiving areas,

B) Collection and analysis of gamma spectra of irradiated fuel assemblies
measured at storage pond,

C) Demenstration of hull monitoring system,

D) Demonstration of load c¢ell techniques for measurement of scolution
weight in the accountability vessel,

E) Demonstration of electromanometer for measurement of solution volume
in the accountability vessel,

F) Study of application of DYMAGC (near-real-time materials accountancy)
principles to safeguarding spent fuel reprocessing plants,

G) K-edge densitometer for measuring plutonium product concentrations,

B) High resolution gamma spectrometer for plutonium isotopic analysis,

I) Monitoring the plutonium product area,

) Resin Bead sampling and analytical technique,

K) Isotope safeguards techniques,

L) Gravimetric method for input measurements,

M) Tracer nmethod for input measurements.

Among these thirteen tasks, Task-F, "Study of the application of DYMAC
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' is pertinent to

Principles to Safeguarding Spent Fuel Reprocessing Plants,'
this report.

In the initial discussions as to how to proceed with Task F, concerns
were expressed regarding the question of access, on the part of U.S.
engineers, to design and flowsheet information regarding the Tokai
facility. It was recognized that such a feasibility study had been part of
a joint research agreement between PNC and the IAEA prior to organization
of the TASTEX program, and that U.S. assistance would be of value, in
particular since the original DYMAC was of U.S. origin. On the cther hand
French representatives emphasized that the DYMAC concept was a facility
operator controlled system of value only for internal process control, and
not an international safeguards system.

It was agreed that the United States would provide a one or two week
briefing at the Los Alamos Scientific Laboratory for Japanese engineers,
and that decisions regarding further U.S. participation in task F would be
deferred until after the LASL seminar had been held. Tt was also agreed
that the primary emphasis in the task would be on a "feasibility study” of
the possible application of DYMAC (near-real-time materials accountancy)
principles to safeguards for reprocessing plants of 300 t/a or smaller
capacity.

As will be seen, the model actually developed and studied bears little
resemblance to the DYMAC model developed at LASL. As a result, although
U.S. engineers provided significant suggestions and comments throughout the
study, their role was largely a consulting role, and there was little need

to consider specific questions of access to unpublished design or operating

data.

1.2 Purpose and Scope of the Study

As a beginning statement, it is assumed that the application of
near-real-time materials accountancy to reprocessing facilities, under the
assumption that the facility is still in the design stage and the material
control experts are allowed to influence that design, is feasible. 1In that
broad sense, neither Task~F of the TASTEX program noy this report are
necessary. Several more limited questions, however, do require study, and
it is to these limited questions that this report is directed.

First, there are at least three reprocessing facilities either

currently operating under IAFA safeguards or constructed and planned for
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future operation, and it is not necessarily true that an effective near-
real-time materials accountancy system can be back-fitted inte those
facilities at an acceptable cost. Second, at the time this study was
initiated, the only existing study of the effectiveness of mnear-real-time
materials accountancy for reprocessing facilities assumed a large 1500 t/a
facility and a safeguards objective measured in hours. There had been no
study of effectiveness for current facilities (300 t/a or smaller), nor had
there been any published study of system designs based on assumed
safeguards objectives in the range of seven to ten days. Third, there has
to date been little work on .the important question of the verification of
dynamically prepared material balances on the part of internatiomal
safeguards inspectors.

Thus the purpose of this report may be stated as being a study of the
feasibility of the application of the basic concepts of near-real- time
materials accountancy to existing small (under 300 t/a) spent fuel
reprocessing facilities, using the facility at TOKAI as a model. The basic
concept roughly corresponds to a detection time of 10 days, and the model
is sometimes called the "ten day detection time model"”, For this case the
capability of the model facility as it exists is examined.

No a priori definition of a quantitative safeguards goal is made;
rather, the study attempts to define the effectiveness which could be
achieved. The framework for international safeguards criteria and
preliminary values of external criteria as proposed by the IAEA (1) are
shown in section 1.4.

Two major areas have been considered only to a very limited extent,
and remain the subject of possible future work. One is the combination, or
integration, of near-real-time materials accountancy with other safeguards
measures, notably those developed under other TASTEX projects, into a
complete advanced safeguards approach for reprocessing facilities. The
other is the verification of nm.r.t. accountancy data so that it can be used
for TAEA safeguards. Chapter 7 discusses this subject briefly; considerable

work remains to be done.

1.3 Progress of the Study

In July, 1978, four people from PNC and JAERI visited the Los Alamos
Scientific Laboratory (LASL present Los Alamos National Laboratory (LANL))

for the purpose of reviewing the work being done at that facility related
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dynamic material control. There was also a review and discussion of the
modeling techniques being developed at LASL for evaluating the
effectiveness of proposed material comntrol systems.for hypothetical model
facilities.

In August, 1978, JAERI invited J. E. Lovett, System Studies Section,
Department of Safeguards, TAEA, to Japan for consultations on the
feasibility of applying the basic concepts of near-real-time materials
accountancy to reprocessing facilities. This was followed, in October 1978
by three way discussions in Vienna during which agreement was reached as to
the specific tasks to be undertaken by each of the participating groups
{LASL, TAEA, PNC and JAERI).

Two reports (9,10) of this study made by JAERLI in the first year were
submitted to PNC on April, 1979, and the one of those (9) was distributed
to the relevant parties through PNC,

A LASL Report(LA-8070-MS draft) on Task-F was received in May, 1979,
and reviewed by PNC/JAERI workshops held before a LASL workshop in
July 1979. The workshop was held at LASL on 23-25 July 1979, at which time
all aspects of the feasibility study were discussed, with particular
attention to the separate reports prepared by Ikawa (9) and Lowry and
Augustson (11).

One of the major topics at the LASL workshop was the question of field
testing, and this topic was further explored by Mr. Lovett who was again
invited by JAERI to Japan during early August 1979 for further
consultations.

Mr. Lovett outlined a possible field test during his stay in Tokai,
and presenﬁed it to the workshop held at PNC to discuss the technical
feasibility of such a field test. The best time for such a field test was
expected to appear in the early Spring of 1980, when PNC would hope to
begin an 80 ton reprocessing campaigns.

A general meeting on the Task-F was held at JAERI Headquarters in
Tokyo on August 7, 1979.

Preliminary studies up to this point suggested the need for a better
mathematical model for estimating the plutonium inventory in solvent
extraction contactors. Since the PNC-Tokai facility uses mixer-settlers and
inﬁludes sampling capabilities at critical stages, LASL experts suggested
extension of the Task F effort to include a development of a better solvent
extraction system model. In view of continued questions concerning access

to sensitive information and compatibility of near-real-time materials



JAERT —M 83 - 158

accountancy with international safeguards agreements, neither the field
test nor the solvent extraction system study were adopted during the
September 1979 meeting of the TASTEX Steering Committee. Implementation of
the field test was later agreed during the February 1980 meeting of the
TASTEX Steering Committee, and data collection began in April 1980. Data
collected through the end of 1980 are discussed in this report.

In January, 1981, JAERI invited Mr. J. E., Lovett, and Mr. D. D, Cobb
(LASL) to Japan to participate in a joint workshop among PNC, LASL, IAEA
and JAFRI. The results of implementation of the field test, U.S. work
related to an improved method for mixer-settler inventory estimation, and
development of an advanced safeguards approach were the major topics

discussed.

1.4 Goal Quantities and Timeliness Criteria

In 1975 the IAEA proposed a series of safeguards goals based on
international standards of measurement. For plutonium it was assumed that
the measurement technology then available would permit closing a material
balance for a reprocessing facility within a standard deviation of about 1
%, The essence of the proposal was to use these standards, coupled with
physical inventories taken up to four times per year for larger facilities,
as a basis for planning inspections. These geals are shown in Table 1.l.

These proposed goals received very little support from the Member
States, and in 1976 and 1977 there were many discussions concerning what
the Agency's safeguards goals should be. In February 1978 the Standing
Advisory Group on Safeguards Implementation discussed, and the TAEA
adopted, a considerably more stringent set of guidelines based generally on
fast critical mass calculations and estimations of the time required to
convert a given material form into a fabricated metal gshape(l). A
paraphrased version of the guidelines adopted for plutonium is as follows:
(1) for spent fuel, assurance that the diversion of sufficient fuel

assemblies or fuel pins to permit the recovery of 8 kgs total

plutonium would have a high probability of being detected within a

period of one to three months:

(2) for separated Plutonium, assurance that the "abrupt" diversion of 8
kgs Pu at one time, or over a ahort period of time, would have a high
probability of being detected within one to three weeks; and

(3) alsc for separated plutonium, assurance that the "protracted”
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diversion of separated plutonium at an assumed minimum rate of 8 kgs
per year would have a high probability of being detected before the

total diverted equalled or exceeded 8 kgs Pu.

Table 1.1 Expected Accuracy (Standard Deviation) of a
Material Balance and Verification Accuracy Goals
expressed as a Percent of Inventory or Throughput.

Reprocessing | Expected Facility Inspection *
Facility Accuracy of | Detection Goal | Detection Goal
“MUF o =8=0.05 a=8=0.05
Uranium 0.8 2.6 4.0
Plutonium 1.0 3.3 5.0

*# includes inspector measurement errors
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2. DEFINITION AND DESCRIPTION OF THE BASIC CONCEPT OF
NEAR-REAL-TIME MATERIALS ACCOUNTANCY

2.1 General

The conventional material measurement and accounting system has in
general three major tasks:

(1) Data collection including measurements,

{(2) Data analysis for diversion detection, and

(3) Data dissemination or reporting.

These tasks rely havily on material balance accounting following
periodic shutdown, cleanout, and physical dinventery takings. The
conventional material balance associated with this system 1is drawn around
the entire plant or a major portion of the process, and is formed by the
following equation.

BL+R~-S MDD -EL =MUF . . . . .+ o+ o« o« « .. (2.1
where

Bl = Beginning Inventory

R = Receipts, nuclear production, etc.

= Shipments, nuclear loss, etc.

MD = Measured discards, and

FI = Ending Inventory.

This equation is solved by measuring all receipts, shipments, and
discards for some significant period of time, typically 3 to 12 months.

Although conventional material balance accounting is essential to
nuclear material safeguards it has inherent limitations in sensitivity and
timeliness, for which relatively strict international safeguards criteria
are presented, as described in Section 1. The first limitation results
from measurement uncertainties and the second limitation results from
frequency of physical dinventory takings for conventional material
accounting. For example, in case of the model plant, CMOF for the
f-months wmaterial balance of PWR campaign is estimated as fellows
(Measurement accuracies shown in Table 5.4 are assumed);

when weekly recalibrations were assumed,

CMuF = 5.9 kg Pu = 0.78 % of feed,
when monthly recalibrations were assumed,
CvuF 6.4 kg Pu = 0.84 7 of fged,

4._25 —
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and when no recalibrations were assumed,
= 8. Pu=1.1 7% .
OMUF 8.7 kg Pu = 1.1 % of feed
These figures should be compared with the values of significant quantity (8
kg Pu) and international standard of measurement accuracy in Table l.1.
Using these quantities, facility and inspection detection goals are

estimated as follows (o = B = 5%);

OMUF Facility Goal Inspection Goal
0.78% 5.%kg Pu -19,5kg Pu 29.5kg Pu
0.84% 6.4kg Pu 21.1kg Pu 32.0kg Pu
1.1 % 8.7kg Pu 28.7kg Pu 43,5kg Pu

These quantities are too large in comparison with the significant
quantity of "direct-use" plutonium (8 kg), and also these amounts could be
detected, in the worst case, only after 6 months from the occurrence of

diversion. Such a detection is, in any case, not timely.

2.2 Basic Requirements

The model reprocessing plant is a small scale plant of about 210
ton/a. Based on a preliminary study relating to the applicability of sub-
area accounting to the model plant, the formal process material balance
area (MBA2) was not further sub-divided. The MBA thus covers the entire
process containing plutonium, i.e., from the input accountability wvessel to
the plutonium-product reception vessel. The frequency of n.r.t. material
balance closing is taken to be weekly, i.e,, the n.r.t. material balance
equation shown below is solved weekly using estimates of the in-process
physical inventory

N.R.T. Material Balance (NRTMB)

= MUF, = BI, + I, - P, = Wy - EL, e e e e e e e e e e e (222D
where
BId = measured beginning inventory, identical to the measured ending
inventory from the preceding n.r.t. material balance period,
Id = measured input dissolver batches during the n.r.t. material
balance peried,
Pd = measured product batches during the n.r.t. material balance

period,
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W = measured waste discard batches during the n.r.t. material
balance period,
ET, = measured ending inventory at the end of the n.r.t. material
balance peried, and
MUFd = n.r.t. material unaccounted for, including variation in the
unmeasured portion of the in-process inventory.
The subscript d is used to make it clear that some or all of the data
used in the n.r.t. material balance was determined using preocedures
designed to give rapid but not necessarily highly precise results. 1In

particular, Id and P, measurements would be subject to revision when more

d
precise wet chemical analyses became available, and it is these latter
data, not the rapid (e.g., NDA or process control) measurements used for
n.r.t. materials accountancy, which would be entered in the formal
materials accountancy reccrd and report system,

It is also important to recognize that EId does not include the entire
physical inventory. The success of the method requires that it include all
significant inventory quantities, but several minor process holdup
quantities, and very likely the more sigrnificant extraction equipment, are
knowingly omitted. Thus during initial startup operations MUFd includes
this unmeasured in-process inventory. Under steady-state ceonditionms, which
are a pre-requisite to successful n.r.t. materials accountancy, ounly the
fluctuations in this in-process ianventory appear in MUFd.

Analysis of materials accounting data for possible diversion is ome of
the major functions of the material measurement and accountancy system.
Two basic patterns of diversion are assumed : one is short-term and the
other is long-term.

Decision analysis, which combines techniques from estimation theory
and system analysis 1s well suited for statistical treatment of the
imperfect dynamic material-balance data that become available sequentially
in time.

Its primary goals are:

(1) detection of the event(s) that nuclear material has Dbeen

diverted,

(2) estimation of the amount(s) diverted, and

(3) determination of the significance of the estimates.

In broad term, implementation of this system involves only three basic
requirements. The first, and most important, is the ability to measure all

inputs, all outputs, and at least the majority of the physical inventory

— 27 .
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without significantly affecting normal plant operations. The second
requirement is the ability to perform the large number of bulk and
analytical measurements implied by the first requirement at a reasonable
cost and with sufficient speed to satisfy the requirements of timeliness.
The third requirement, almost trivial in terms of modern computer
technology, is the capability to handle the volume of accountancy data
generated, and to perform the statistical evaluations required, within the

defined limitations of timeliness.

2.3 Condition for Backfitting

In general, the objective of dynamic materials control is to use a
combination of computer data processing, in, on, or at-line non-destructive
measurement equipment, improved facility design, and advanced statistical
techniques to prepare and evaluate a large number of material balances or
modified material balances, each covering both a small portion of a large
bulk processing facility and a short period of time. In the case of
existing facilities, however, adoption of some of these elements may not be
possible without significant modifications of the plant itself. It is, of
course, desirable to limit such a modification as small as possible. From
this point of view and based upon the preliminary study on the plant
characteristics of the reference model plant, the following were taken into
account as elements to construct a possible dynamic materials control:

(1) The in-process physical inventory should be taken weekly during plant
operation and the analysis and evaluation should be made within three
days after the inventory cutoff point.

(2) FExisting plant instrumentations should be used whenever they could
satisfy the minimum requirement for timeliness and sensitivity.

(3) Wet chemical analytical techniques being used in the model plant
should be chosen sc¢ long as the laboratory is able to produce results
within three days after sample taking.

(4) The most effective statistical data analysis techniques combined with

supportive computer technology should be fully utilized,
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3. THE MODEL PLANT

3.1 Plant Characteristics

The model plant for this stidy is based on the PNC Reprocessing plant
at Tokai, Japan, and information on Tokai plant described in this section
is obtained from PNC (7). The plant is designed to process spent fuel of an
average burnup not exceeding 28000 MWD/ton HM (HM = Heavy Metal) (Maximum :
35000 MWD/ton HM) at a processing rate up to 0.7 ton(U)/day.

The model plant uses the Purex recovery process with a mechanical
chop-leach headend and mixer-settler contactors. Final products are

uranium trioxide powder and concentrated plutonium nitrate solutiom,

3.2 Process Description

The general scheme of chemical treatment in the model plant is shown
in Fig. 3.1, and a block diagram is shown in Fig. 3.2. The plant consists
of the following main areas and processes:

Receiving and storage of irradiated fuels

Chop and leach

. chopping

. leaching and clarification

Chemical separation and purification processes

. feed adjustment and input accounting

. co-decontamination process (lst extraction cycle)
partition process (2nd extraction cycle)

. wuranium purification process (U-3rd extraction cycle)
uranium concentration and denitration process

. plutonium purification process (Pu-3rd extraction cycle)

. plutonium concentration process

. rework process

Uranium product storage

Plutonium product storage

Liquid waste treatment and storage

highly radioactive liquid waste (HAW) concentration
. concentrated HAW storage

acid recovery process including medium-level radioactive
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liquid waste treatment

. off-gas treatment

. low-level radioactive liquid waste (LAW) concentration
process

. concentrated LAW storage
very low-level radioactive liquid waste (VLAW) chemical
precipitation and separation process
VLAW sludge storage

Solid waste treatment process and storage

. highly radiocactive solid waste treatment

low radicactive solid waste treatment and storage

Analytical laboratory

3.2.1 Receiving and Storage

Spent fuel assemblies are received at the plant spent fuel receiving
bay in shielded casks. The cask is transferred to the cask-unloading pond,
placed on its bottom and opened for fuel removal. The fuel assemblies are
transferred to a fuel-storage pond to await reprocessing. Usually an
assembly remains in the fuel-storage pond for at least 180 days for

additional decay and cooling.

3.2.2 Chop and Leach Area

Fuel assemblies are remotely transferred from the fuel-storage pond to
the feed mechanism of a mechanical shear, and chopped into small pieces
(about 1 ~ 2 inches long). The chopped pieces are fed to one of two
dissolvers which contain hot HNOB, and leached with HNO3. Two BWR fuel
assemblies make up one dissolver batch, while one PWR fuel assembly makes
up one dissolver batch, After dissolution the solution is adjusted to some
specified values in HNO3 and uranium concentration. The adjusted solution
is transferred to the accountability vessel.

"Leached hulls and other solid waste are removed to the highly radio-

active solid-waste storage after monitoring.

3.2.3 Chemical Separation and Purification Process

In the accountability vessel the dissolver solution is sampled and its
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volume and density are measured after final acid adjustment. The measured
solution is fed to the solvent extraction process, in which the recovery
and purification of wuranium and plutonium are carried out wusing
conventional Purex technology with mixer-settler contactors. A standard
flowsheet for co-decontamination, partition, and purification of uranium
and plutonium is shown in Fig. 3.3 and Fig. 3.4, respectively.

The adjusted solutiom is decontaminated, i.e., uranium and plutonium
are separated from the bulk of the fission products in the first extraction
cycle, In the partition cycle, uranium and plutonium are extracted from
HNOB. After partitioning, ‘uranium and plutonium are, respectively,
purified in individual purification cycles.

The purified uranyl nitrate solution is concentrated by evaporation

and converted into uranium trioxide powder. The plutonium nitrate solution

is concentrated up to 250 g/% by evaporation.

3.2.4 Uranium Product Storage

Uranium trioxide powder is transferred to a separate conversion/fabri~

cation facility, or is stored in the uranium product storage area.

3,2.5 Plutonium Product Storage

The product plutonium nitrate solution, Pu(N03)A, is sampled,
analyzed, and then transferred to storage tanks, and stored until it is
transferred to a separate conversion facility.

Fuel fed to the chop and leach area goes through the entire cycle

within 3 - 4 days if the plant is operating normally.

3.3 Materjal Flow and Holdup

The primary material flow and process equipment in the model plant are
shown in Figs. 3.1, and 3.2. A standérd flowsheet of the model reprocess-—
ing plant is shown in Figs. 3.3 and 3.4, for co-decontamination, partition
_and purification processes of uranium and plutonium, respectively.

Fig. 3.5 shows a computer simulation model for the material flow, in
which the Process Unit Numbers (in parentheses) defined as indexes to
specific locations in the computer model plant are indicated. Names of

processes, tanks and flows are indicated with their corresponding Process
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Unit Numbers in Table 3.1.

Plutonium and uranium inventories in process equipment vary depending
upon operating conditions, e.g., type of dissolved spent fuel assembly,
burnup of the fuel assembly, mixer-settler operating parameters, etc. The
holdup as a function of some of these parameters has been modeled in a
flow-simulation code DYSAS-R (Dynamic Safeguards Simulation Code for
Reprocessing facility) using the SEPHISJ code (JAERI version of SEPHIS(8)).

Significant holdup occurs in the fuel dissolution, feed preparation
and evapolation areas. Potential variations of these holdups are estimated
for normal operating conditions of five-months-continuous running operation

without any flushing out. The result for plutonium is shown in Table 3.2.

3.4 Materials Accountancy Measurements

3.4.1 Material Balance Areas and Measurement Points for Materials

Accountancy

A schematic diagram for materials accountancy is shown in Fig. 3.6, in
which three material balance areas (MBAs) are indicated. These are formal
MBAs, and are used to draw conventional material balances after clean-out
physical inventory takings, in accordance with the Facility Attachment to
the Agreement concluded between Japan and TAEA.

For the near-real-time materials accountancy system {propesed in
section 4), no additional definition of MBAs is necessary, but MBA-2 is
identified as an n.r.t. material balance area, where an additional six
measurement points are assigned for in-process physical inventories.

These points are indicated by Di's in Fig. 3.6.

In order to use near-real-time materials accountancy as supportive
measures for conventional materials accountancy in this model plant, the
thirteen formal accounting points and six additional n.r.t. accounting

points shown below are required.

(1) Input measurement point . . . « « o o o e e e e e e e e e Ql
(2) Uranium product measurement POLINE . .+ o 4 e e e e e e e e s Q8
(3) Plutonium product measurement point . . . . . . . . . .« .. Q9
(4) 1lst cycle effluent exit point . . « v o « v« o o v v v 0 Q2
(5) 2nd cycle effluent exit point . . « . « « « ¢« o o o o o0 Q,
(6) U-3rd cycle effluent exit point . . . « « « ¢« v o o v v s v Q,
(7) Pu-3rd cycle effluent exit point . . « . + « « « o v ¢ o+ Q5
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(8) 1lst cycle solvent wash effluent exit point . . . . . . . . . Q7
(9) 2nd and 3rd cycles solvent wash effluent exit point ., . . . . Q6
(10) Plutonium product shipping out point (direct) . . . . . . . . QlO
(11) Plutonium product shipping out point (after storing) . . . . Qll
(12) Rework effluent measurement point e e r e e e e e e e e e le
(13) Hulls momitoring point . . . & « & & & & + v e« e e e e . Ql3

(14) In-process inventory measurement point for feeding vessel :

(Process Unit No. 4) v v v v o v v v 4 v v v 0 s 0 0 e e Dl
(15) In-process physical inventory measurement point for buffer

vessel for 2nd Extraction cycle

(Process Unit No. 8) & & v ¢ o v v v 4 o o« s v o v o 0 e 0 D2
(16) In-process physical inventory measurement point for buffer

vessel for Pu 3rd Extraction cycle :

(Process Unit No. 12} . . . & ¢ « ¢ & v v v v o o v s o s o D3
{(17) In-process physical inventory measurement point for buffer

vessel for Pu concentration :

(Process Unit No, 16) . + ¢ v v v v v o o o v s s 4 s 0 v e s D4

(D_ and D, are the points in uranjum purification rocess)
5 P P P

6

3.4.2 Measurement methods

Measurement methods for the accountability purpese, including volume

measurement, weighing, analysis and sampling are shown in Table 3.3.

(1) Input measurement

A conventional volume times concentration method is used for the input
measurement. The measurement system is shown in Fig. 3.7. Level and den-
ity measurements are performed using 100 inch water manometers. Before
the plant start-up, frequent calibrations were carried out under carefully
controlled conditions to estimate the measurement accuracies. These cali-
brations were carried out by observing the consistency between the amount
of weighed water and the pressure indication on a precision manometer.

The sampling system of the input accountability vessel is shown in
Fig. 3.8. Before the plant start-up, experiments were carried out in order
to establish sampling conditions which could produce representative sam-
ples. Based on these experiments, the sampling error was also estimated.

Isotope dilution mass spectrometry is used for the determination of
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uranium and plutonium concentration in the solution. During plant
operation strict quality control measures are applied to maintain good

analytical performance.

{2) Plutonium product measurement

Again a conventional volume times concentration method is used. The
volume measurement and sampling system for plutonium product are shown in
Fig. 3.9. Calibration procedures similar to those for the input
accountability vessel were chosen:

Before shipment, the volume of the Pu product solution is measured
again by a constant-volume measuring pot. If the product is loaded out
after storing, the solution 1s homogenized and the concentration is

redetermined.

(3) Uranium product measurement

A weight times concentration method is applied for uranium product
measurement. The weighing and sampling system of the measurement point is

shown in Fig. 3.10.

(4) Waste measurement

Accuracies of waste measurements can be regarded as minor contributors
to the total estimation error of MUF since the plant operator generally
endeavors to reduce the rate of nuclear material loss to less than one or

two percent of the input.

Liquid waste measurement

For the volume measurement, a dip tube recorder system is used. In
particular, a proportioral flow measurement system is used to measure the
volume of effluents from 2nd extraction cycle, U-3rd extraction cycle and
Pu-3rd extraction cycle, since this system does mnot mneed any
large accountability vessel.

Concerning the analysis of nuclear material concentration, conven-
tional methods are used as presented in Tables 3.3. Representative samples

can be obtained by thorough mixing of the waste solution in the accounta-

— 34 j—
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bility vessels or by using proportional flow measurement devices.

Solid waste measurement

Solid waste may contain fissionable materials, The hulls of leached
fuel elements are considered to be the major component in the solid waste
measurement, although content of fissionable materials is very Jow, i.e.,
less than 0.3 % of the input.

Several approaches to monitor the quantity of the material remaining
in hulls exist. One is to take representative samples and measure the ma-
terial content by using a chemical technique. A second is to measure the
gross weight of hulls with remaining materials and to compare the result
with a known standard value. A third is the use of some in-line technique
which may be favorable for the simplification of monitoring. Provision is
foreseen to install a hull monitor wutilizing a mneutron activation
technique. Installation of such a equipment was investigated bylthe TASTEX
Task-C.

The existing hull-monitoring system is a UK-Hull Monitor based on

measurement of fission product Pr-l44 gamma radiation.

(5) In-process inventory measurement

In-process inventories consist of materials contained in process
vessels, such as feeding vessels and receiving vessels, and materials
contained in process equipments such as mixer-settler contactors and
evaporators, All these vessels are equipped with a dip tube recorder
system for volume measurement, plus mixing and sampling devices, and
therefore it is possible to measure the quantity of the material contained,

Quantities of plutonium contained in these vessels are estimated by
computer simulation for normal operating conditions, and are shown in Table
3.2. In general, process equipment and pots have no specific measurement
capabilities. The approximate quantity of material contalned in  this
process equipmént is estimated by assuming normal conditions, The results
of estimate by simulation code are also shown in Table 3.2.

The accountability in rework system 1s mnot discussed here since
material flow for the rework process is assumed to be normally limited

within a single MBA, e.g., MBA-2Z.
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Table 3.1 Process Unit No. and Corresponding Name of Process Unit
Process Process

Unit Name of process unit Unit Name.of process unit
No. No.

(1) Dissolver 115 Uranyl-nitrate

{2) Ruffer vessel 116 Adjusting solution
{3) Adjusting vessel 117 Aadjusting solution
(4) Feeding vessel 201 Ad-justing feed

(5) Extraction-I 202 Solvent D37 flow
{6} Extraction~II 203 Scrub flow

(7) Addjusting vessel 204 Waste «

(8) Buffer vessel 205 Loaded solvent

(9) Extraction-III 206 Solvent flow

{10) Extraction-IV 207 Pu-strip

(11) Adjusting.vessel 208 loaded solvent
(12) Buffer vessel 209 U-strip

(13) Oxidation column 210 Degraded solvent
{14) Extraction-VIII 211 U-nitrated feed
(15) Extraction-Ix 301 pu-solution

{16) Buffer vessel 302 HNO3 feed

(17) Evaporator 303 - Adjusting solution
(18) Reception vessél 304 .Adjusting solution
{20) Extraction-V 305 Solvent flow

Fuel Fuel storage 306 Solvent flow

Hull Hull storage 307 Scrub flow
Pu(NO3)4 ] Pu(NO3)4 storage 308 Waste flow

101 ' Chopped spent fuel 309 Loaded solvent

102 Hull flow 310 Pu-strip acid flow
103 Dissolution solutien| 311 Solvent D37 flow
104 adjusting solution 312 solvent flow

105 pDissolution sclutioni 313 Pu-nitrate flow
106 Adjusting solution 314 Pu-nitrate flow
107 Adjusting solution 315 Pu-nitrate flow
lb8 Adjusted feed 316 Pu-nitrate flow
109 Scrub feed 0l Meas.point

110 Ssolvent flow 02 Meas.point

111 Ha waste Q3 Meas.point

112 Loaded sclvent 05 Meas.point

113 Strip flow Q7 . Meas.point

114 Solvent ‘ 09 Meas.point
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4, N.R.T. MATERYALS ACCOUNTANCY MODEL FOR THE MODEL PLANT

-— Ten Day Detection Time Model —-

4.1 General

This study examines the feasibility of preparing weekly material
balances, with the results to be available for evaluation and action no
later than three days after the inventory cut-off point. That is, Equation
(2.2} is to be solved once per week, and three days are allowed for the
coliection and evaluatien of the data. It is perhaps a misnomer to refer
to such a system as "near-real-time", but in actual fact essentially all of
the problems associated with true near-real-time materials accountancy also
exist in this very simple system. If any of the problems camnot be solved
at this point, then the conclusion of this study must be that
near-real-time materials accountancy of spent fuel reprocessing.facilities
is not feasible. On the other hand, if a tenday-detection-time system can
be shown to be feasible (and ideally, can be demonstrated in actual
practice), then more truly near-real-time accountancy systems are purely
problems of degree. The ten-day- detection-time system will also serve as
a benchmark against which the relative cost and relative effectiveness of

more rapid and more timely systems can be evaluated.

4,2 Measurement of Input Quantities

The reference model facility will generate approximately thirteen
input dissolver batches during the course of one week's mormal operation,
each containing perhaps 3 kgs plutonium. Since some of these batches will
be generated 8-10 days before the analytical data is required, it can be
assumed that the normal high quality input measurement data will be
available for some of the batches, Whether this data can be supplied for
ali batches is a question which perhaps can best be answered on an
individual facility basis. The assumption here is that the last two or
three analyses will have to be performed by some other method, e.g., one
which can give a rapid provisional value.

Since it should be possible to complete high quality measurements on
all input dissolution samples within one additional week, the best

procedure probably is to treat MUFd for the latest material balance period
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(the one which contains some provisional Iinput measurements) as a
provisional MUFd, to be corrected as socon as all high quality measurements
are completed. Such a procedure would provide the desired timely detection
capability for an abrupt single diversion of a significant quantity of
plutonium, while at the same time providing maximum sensitivity (minimum

uncertainty)} for the detection of long term small quantity diversion,.

4.3 Measurement of Qutput Quantities

4.3.1 Product Solution

The reference model facility will generate approximately five batches
of plutonium product solution during the course of ome week's normal
operation, each containing about 8 kgs Pu. It is assumed that within the
three days allowed for the completion of measurements and the statistical
evaluation of n.r.t. material balance data, all of these batches can be
analyzed by the normal high precision methods. On occasion it may be
necessary to use some provisional method for the last batch sampled, or
possibly (if the situation arises only rarely) to delay the evaluation of
the material balance data for the few hours required to complete the last

analysis.

4.3.2 Waste Materials

Under normal operating conditions the amount of Pu contained in
discarded waste materials is small, and the measurements performed normally
are completed rapidly. 1In the ten day model it is assumed that each
material balance will be credited with the Pu contained in all waste

generated and measured during the material balance pericd.

4.4  Measurement of Physical Inventory

4,.4.1 General

Fig. 4.1 shows the designated inventory cut—-off point with solution
volumes in the major vessels designed for in-process physical inventory fer
the n.r.t. materials accountancy. This inventory cut-off point is chosen

at some adequate time point when the evaporator became empty. This is
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because of the difficulty to measure the volume and density of solution in
the evaporator.
At the designated inventory cut-off point, the model plant may be
expected to have on inventory the following materials:
a) one or two partially dissolved batches of spent fuel;
Since these have not yet reached the point of input to the process
area, they are not included in the n.r.t. material balance.
b) about 0 v 4 kgs Pu in the accountability vessel;
¢) about 5 v 10 kgs Pu in four buffer storage vessels;
d) about 1~ 2.5 kgs Pu in-three mixer-settler extraction systems;
e) about 5 ~ 9 kgs Pu in the product reception vessel; and
£) perhaps up to 500 gms Pu in a wide variety of smaller equipment items.
In the system studied here, no attempt 1is made to measure the
relatively small quantity of material in miscellaneous equipment items. As
was noted in section 2.2, at steady-state it is only the variation in this
inventory which appears in MUFd, and this variation should not exceed 100
n 200 grams Pu. The procedures for the determination of the in-process
physical inventory in the buffer tanks, the product evaporator, and the
mixer-settler extraction systems, and the potential problems foreseen in
determining those inventery quantities, are discussed in the paragraphs

that follow.

4.4.2 Buffer Storage Vessels

Since dissolution is a batch process and the mixer-settler extraction
systems must be operated in a continuous mode, buffer storage vessels must
exist to maintain a steady feed to the mixer-settler systems. A similar
buffer storage vessel is required at the feed to the product evaporator, in
order to allow evaporation to be stopped periodically while the evaporator
is discharged. These four storage vessels are expected toc contain, as
noted above, about 5 10 kgs Pu (combined).

All four vessels are equipped with level recorders, density recorders,
temperature indicators, and sample lines, so in principle weekly inventory
measurements should present no problem. However, all four tanks are
constantly receiving and discharging solution (except the feed to the first
cycle extraction system, which receives dissolver solution intermittently),
and is not clear that the tanks can be isolated for the time required to

perform a volume measurement and take a sample. (The field test results
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showed that such isolation was not mnecessary, since for in-process
inventory purposes the short term variations in concentration was
negligible.)

Thus, the measurement procedures are as follows:

a) prior to the designated inventory cut-off time, homogenize solution in
each of the tanks preparatory to sampling,

b) at the designated cut-off time, sample each tank, and

c) from the level recorder, determine the tank volume at the time the
sample was taken.

It is not essential that ' "inventory cut-off time" be interpreted
rigidly, so leng as a reasomable effort is made to follow consistent proce-
dures and to achieve the same cut-off time each week, Thus for example, if
only one NDA measuring instrument were available there would be no
difficulty with measuring the four tanks in sequence. If possible the same
sequence should be used each week, and the volume used should be the volume
at the time of actual sampling, not the volume at the defined cut-off
point. Variations such as these introduce some additional uncertainty into
the statistical evaluations, but the magnitude of this uncertainty should
be negligible.

The most convenient analytical procedure for measuring the Pu concen-
tration in these tanks may be X-ray fluorescence as the logical analytical
method.for at least the first two tanks, and may be the logical choice for

all four tanks.

4.4.3 Product Evaporator

Plutonium product from the third cycle extraction system is concen-
trated in the plutonium product evaporator according to the following
sequence., Starting with an empty evaporator, solution having a concen—
tration of less than 15g/% Pu is fed td the evaporator at a rate sufficient
to maintain a constant volume in the evaporater of about 30 liters. As
evaporation continues the concentration of plutonium in the evaporator
gradually increases until it reaches a minimum of 250g/%. When the desired
concentration is reached, feed to the evaporator is interrupted and the
product solution is discharged to the product measuring tank, Evaporator
feed is then resumed, and the cyecle is repeated. FEvaporator discharge
should occur about once per day when the spent fuel being processed has had

a "normal” burnup irradiation. With low burnup fuel, however, evaporator

— 5 O —
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discharge would occur less often.

The feasibility of draining the evaporator for purposes of
measurement, with the partially evaporated solution being returned to the
evaporator after measurement, was investigated and found not to be
feasible. The only available return line would require the solution to
pass through equipment which was not —critically safe at Thigh
concentrations, and therefore would mean dilution, thus undoing the
evaporative work which had already been done.

The evaporator itself has the necessary level recorder, sample line,
etc., for direct inventory measurement, but the fact that the solution is
boiling makes any precise determination of volume difficult. There will
also he concentration gradients which may make use of the sample for
materials accountancy purposes difficult. Nevertheless, it is suggested
that the feasibility of direct measurement of the Pu content of the
evaporator deserves further study.

The other alternative, and the one recommended here at least for
interim use, is to schedule the seven day material balance period such that
the ending physical dinventory is always taken immediately after the
evaporator has been discharged, and before evaporator feed is resumed, The
sequence of events would be as follows:

a) as close as possible to the scheduled inventory cut-off point,
diécharge the evaporator. If evaporétor discharge mnormally occurs
or:ce every 24 hours it should always be possible tc cheose a discharge
which is within 12 hours of the desired time. With a bit of effort on
the part of production planning personnel, it should be possible to
come considerably closer at least most of the time.

b) measure the volume of solution in the evaporator feed tank, and sample
the tanks, using the procedures discussed in paragraph 4.4.2 above.

c) measure the volume, sample, etc., the remaining buffer storage tanks,
meanwhile resuming feed to the evaporator from the measured evaporator
feed tank,

d) the quantity of plutonium discharged from the evaporator, since it was
discharged prior to the inventory cut-off point, would be considered

as a product flow batch, not as an inventory batch,

4.4.4  Mixer-Settler Extraction Systems

The reference model facility uses mixer-settler extraction systems for

,751_
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decontamination, partition, and final purification of plutonium and
uranium. Whether a given actual facility uses mixer-settler, pulse
columns, or even centrifugal contactors, however, is unimportant. So long
as the facility follows the Purex flowsheet, it contains organic-aqueous
extraction equipment, and these extraction units contain a significant
quantity of plutonium (2500 g Pu in the reference facility). The inability
to perform meaningful physical inventory measurements {other than by
cleanout, which is assumed to be forbidden) imposes a basic limitation on
the effectiveness of any n.r.t. materials accountancy system, For the
relatively small facilities considered here this limitation is not serious,
as shown later, but for future large scale facilities the Pu inventory in
the extraction equipment, and the normal variations in that inventory, may
prove to be the limiting factor 1in n.r.t. materials accountancy
effectiveness.

The alternative usually considered is statistical control of the
apparent book inventory, using CUSUM and Kalman filter techniques which are
extremely sensitive to bias. Simulated examples are shown later.

There may be one other alternative, however, in the form of an
adaptation of the computer simulation technique using codes, SEPHISJ or
PUBG. SEPHIS] is a JAERI version of SEPHIS, originally developed by
Savannah River and adapted for a 30 % TBP flowsheet by ORNL. SEPHISJ has
been used in this study and presented satisfactory results. This
experience shows that SEPHISJ can be used to estimate holdups in the
mixer-settler system, when it is incorporated into the n.r.t. materials
accountancy computer system,

PUBG has been developed specifically for mixer-settler systems, at
Clemson University under the LANL safeguards study, as a new code which can
dependably estimate the actual inventory in a non-equilibrium system, while
SEPHIS is an equilibrium state model. Tt is hoped that a simplified model

to estimate the total Pu inventory can be developed by using PUBG.

4,5 Statistical Analysis Method

Statistical evaluation procedures used in the study are essentially
those developed at the Los Alamos National Laboratory. The complete
computer package includes four statistical tests, a straightforward
cumulative sum (CUMUF) test, a uniform diversion test based on the Kalman

fi{lter statistic, a variance test, and a two directional test based on two
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Kalman filter models operating in opposite directions. The purposes of

these tests are as follows:

(a) CUMUF - this statistic provides a relatively powerful test which is
in general not dependent on an assumed diversion pattern,

(b) uniform diversion - as the name implies, this test 1s more sensitive
when the divertor follows the nominally optimum strategy of diverting
a uniformly small quantity during each material balance period,

(¢) variance test - 1f a would-be divertor attempts to defeat the
statistical tests by diverting in a random manner, the observed
variance of the MUF data will be significantly larger than the
variance derived from the component measurement uncertainties. The
variance test is designed to give increased detection sensitivity
against randomized diversions by detecting this increased variance in
the data,

(d) two-directional test - this test recognizes that a revised estimate of
the inventory at any earlier point in time can be derived from a
consideration of subsequent flow and inventory data. In borderline
situations it is expected that a two-directional test would be more
sensitive to possible abrupt diversions.

Although early feasibility studies using simulated data considered all
four of these tests, most work has been with only the first two. It seems
likely that in actual practice primary reliance will be on the CUMUF and
uniform diversion tests, and that the other tests will be used only to
provide supplementary evidence, or to suggest the need for further
investigation of possible borderline situations.

Fig. 4.2 is the block diagram of the decision analysis procedure which

is adopted in the present computer system for safeguards data analysis.
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CISION_ANALYSIS

Sequential Observation
Z(k) = {z(1),212), . z (k)
]
to detect Short - Term Diversion to detect Long-Term Diversion

Small-Sample Evaluation Large-Sample Evaluation

Techniques (SSETs) Techniques (LSETs)
Use; Few material-balance Analysis ; Trends in the material -

data points balance data points

Decision by LEMUF;
LEMUF =Z - 9/2 -oMUF

CUSUM method Sequential Probability
cusum Ratio Tests (SPRTs)
= ELMUF (i)

] Hypothesis Testing
V-mask Ho: z[(K) = h{k)xo k) +v[k)
sensitivity Hy: z{k) = h{k)xi (k) +v(k)
Test ‘ K =1,2,. ...

[Sequential Probability Ratio Test (SPRT)|

Assupption Assum:;tion
All Density Function No Density Function '

are Gaussian are _known

I
Signul.x(lgl. estimates Nonpororgetric SPRT
y Y
Kalman Filter Sign Test
Wilcoxon Test

[ Parametric SPRT |

Fig. 4.2 Block diagram of the decision-analysis
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3. EFFECTIVENESS EVALUATION BY MODELING AND
SIMULATION STUDIES

5.1 Evaluation Method of N.R.T. Materials Accountancy Eifectiveness

5.1.1 General

Since operating histories from reprocessing facilities are not always
available, simulated data are required for evaluation of proposed materials
accountancy systems., For this purpose, a dynamic mathematical model of a
reprocessing plant has been developed. The model includes almost all major
processes in a reprocessing plant, but some parts, e.g., uranium
purification process, waste disposal processes, solvent recovery processes,
were not used in this simulation study.

Based on this model a flow simulation code "DYSAS-R" (Dynamic
Safeguards Simulation code for Reprocessing facility) has been developed.
In-process material flows and inventories under ideal operating conditiens,
including approximated special operations, such as plant-start-up,
flush-out, clean-out operations, were simulated by the code DYSAS-R. The
similated process flow data were treated as "true values" for measurement
procedures having specified measurement uncertainties.

Models of accountability measurements and associated measurement error
propagations were simulated by a code "SIMAC" (Simulation of Measurements
and Accountancy) and are described later.

The simulated material balance data were analyzed by powerful
data-analysis and sequential-decision techniques. The general framework of
these techniques developed by LANL(3), was wused here with some
modification. The procedure of sequential-decision analysis is shown by
the block diagram in Fig. 4.2, and a computer code, "SADAC" (Safeguards
Data Analysis Code) has been developed, while a part of it is still under

improvement.

5.1.2 Measurement Simulation

In order to simulate measurements and accounting procedures, a Monte
Carlo computer code SIMAC has been developed. In this chapter the

measurement error propagation model incorporated into SIMAC is described.
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The model was described by J.L. Jaech (4) with regard to the
measurement of nuclear materials. Some of the description in this chapter
refers to that report.

This code, SIMAC, simulates measurements and analyses of materials
using flow-simulation data generated in advance by DYSAS-R. The simulated
'measurement data' are analyzed by SADAC, in which the current statistical
analysis methods and the sequential decision analysis techniques are used.
In the code, SIMAC, a multiplicative measurement-—-error propagation model

(relative error) is assumed.

(1) Measurement—error model

It 1is generally assumed that measurement errors consist of three

components, which can be defined as follows:

a) Random error:
an error that affects only a single member of a given data set.

b) Shert-term systematic error:
the error that affects a sequence of members of the data set, but
not the entire data set.

c) Long-term systematic error {(or bias):
an error that affects all members of the data set.

For error components, further assumptions are made:

a) All error-component random variables are unbiased; i.e., they
are distributed with =zerc means. This means that all known
measurement biases have been appropriately corrected.

) All error components are uncorrelated, i.e., all covarilances
between the error—component random variables are zero. Error
components and associated standard deviations are designated for
individual components in the next page.

Using these definitions observations on the weight, element factor and

isotope factor of an item of nuclear material can be written by following

expressions.
w=W(l+8+¢+ €),
5 =P+ A+ 0(S) +n(m) + 6+ BA) + wld),
T =Tl + A+ 7R +7(q) +v + aB) + v(k)),

.758 —
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Definition of Standard Deviations

Type of errer component
Long-term Short-term

Operation systematic systematic Random

Bulk measurement o c o}
§ $ £

Sampling, element Ca Uw Un
Analytical, element: Cg UB C,
Sampling, isotope Oy o cu
Analytical, isoctope GY 9, 9,

= observed net weight (or volume) or the contents,

= element factor applied to the contents,

= isotope factor applied to the contents,

= number of samples on which p is based,

= pumber of analytical determinations on which p is based,

= number of samples drawn under condition i for element analyses,

3
with % s, = m,
. i
i=1
A
= number of element analyses made under condition i, with € a, =m,
, . i=1
= number of samples on which t is based,
= number of analytical determinations on which t is based,
= number of samples drawn under condition 1 for isotope
R
analyses, with z ri = q,
' i=1
B
= number of isotope analyses made under condition i, with Z bi = k,
i=1
P, T = true values of the weight, element factor and isotope factor

of the item, respectively. (In our simulation system, these
values are generated by the flow-simulation code; DYSAS-R).

the amount of isotope determined for the item in question, M, is

by
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M= wpt = (WPT)(1l + & + ¢ + £)

(1 + A+ P(8) +n(m) + 8+ B(A) + w(d)

(1 + » + w(R) +u(q) + v *+ w(B) + (k). (5.1)

And its variance is

2 2,2 2 2 2 2 2 2 2 2 2
Ty o= (WPT) (UG + 0¢ + o, + Ty + 0¢ + Un + 0y + 08 + o + 0y
2 2 2 2 2
+ U% + GG + O'Y + Gu + 0’\}) (5‘2)
where
02 02
cg = ¢ 02 Ug =1 g= = ¢ cz 0Z = 2
14 Oy* n m > B 1’87 w4’
U2 02
o2 = g o’ B T T e
Bg¥y ? p ° a E19, ¢ Tk
with
5 siz A aiz R riz B biz
e = 3L o= T, gy =l 0 8T if1ng
0 1i=lg2 1 i=l,42 0 1—lp2 1 i=lyg2

In a simulation procedure, a value of error component, for example, £, is a
random variable which is generated as 2 deviate from a normal distribution
of the mean value, zero, and the wvariance Oé_ In case of a random error
component, an individual random variable is generated for a single measure-
ment. In case of a short-term systematic error, a mnew random variable 1is
generated only when a set of conditions is different from previous one (A
feet of conditions" may refer to a given calibration period). On the
contrary, a random variable is generated at the initiatiom of the simula-
tion, and it is used throughout the simulation of interest without any

change, in case of long-term systematic error.

(2) Material balance

In terms of the net transfer T, beginning inventory Ib, and ending

inventory Ie’ the material-balance is defined by
(MB) = Ib + T - Ie (5.3)
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On the other hand, a material balance ig a linear combination of
quantities (M)i measured in a specified period of time:
n
(MB) = I a, (M), (5.4)
i=1 & F
where a; = +1, if (M)i is an input quantity to the accounting area and a;
= -1, if (M)i is an output from the area. (M)i is calculated by Eq.(5.1)
for the i-th material. Accordingly we consider the variance of an
algebraic sum of the amount of items of nuclear material. As indicated,
there are five basic types of measurement operatioms: bulk determination,
sampling for element, analysis for element, sampling for isotope, and
analysis for isotope. With each type of measurement, a number of specific

operations are identified as set forth below.

Specific Measurement Operations

Type of operation Specific operation
Bulk determination Weighing performed in scale i, or volume of
(weighing or volume) of vessel i ; i =1, 2, ..., oy
Sampling for element Sampling from material type j or by
method j

-1, 2, ooy nj
Analyses for element Analytical method k 5 k = 1, 2, ..., Dy
Sampling for isotopic factor Sampling for material type & or by method %
L=1, 2, ...y n

L

Analysis for isotopic factor | Analytical methed m ; m = 1, 2, ..., n_

In this model each specific operation has associated with it a
long-term systematic, a shout-term systematic, and a random error.

Each combination of a specific operation and a type of error contrib-
utes a term to the overall variance of the nuclear material in the alge-
braic sum. This term consists of a coefficient times an appropriate vari-

ance. From the notation previously made, the terms are of the following

form:

2 2 2

Csi%1 3 C1%;: % ==+ % “vnun
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with the ranges for i, j, k, 1, and m given previously. The variance

of material balance is calculated by

nj

2 2 2
= + +
O\m igl(céicﬁi C¢io¢i CEicei)
nas
3 2 2 2
+ .. (C, o + Cy oy, + Cp 0pn.)
JELN ATy T Ty Ty
2313
2 2 2
+ ,Z.(Ch 0O + Ch o + C, a
kk1 (o786 * G808 * Gl
i 2 2 2
+ Eél(clzd;\g + Cn£0ﬁ£ + Cufug)
p
2 2 2
+ m; (CYmaYm + Cmmcrc,.m + Cvmcvm) (5.5)
where )
z ¢ Ii( r syt ¢ C Y
c = L 5 s .= L , = ’
65 % Cadi™™ %7 il aeNg' ™ T meNs Y4
2
J§ (s.)
2 2 n
6 = (£ S)%, Cpo= . f.C I sp°, C= I :
AJ neNj n V3 3'=1 neNg n mj neNy EJ
) sz( s)2 ¢ . (Sp) 2
Cq, = I S Ca. = z ’ =
Bx (ncNk ) By  k'=1 neNd n Wk neNp fk ’
2
2 LE( 5 5.2 g o)
= C = = :
CAE (ngﬁgsn) ’ " 22;1 neNg n ’ C“2 neNy %z ’
= S M C = » = N
CYm (ngﬁm n) Om mz;1 neNyy! o m  neNp 'm ’
with
N,, N., N, N , N : the data set which satisfies condition of
i” ] k £ "m
specific operation s nj, Mys R nm,
1., I,, I I I : number of "set of condition'" for short-term

systematic error,

Nii’ ij,, Nkk” NEE” Nmm* : sub-set of Ni’ ey Nm
(Nil + Ni2 + ... + NiIi = Ni’ etc.),
L. =1,
i
Qj = number of samples on which element factor 1is based,
lk’ = number of analytical determinations on which element factor is
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based,

RR’ = number of samples on which isotope factor is based,

Em = number of analytical determination on which isotope factor is
based,

Sn = +wpt ; + : input stream or initial inventory,

~ : output stream or final inventory.
In this calculation, the variance is derived from the elements
(Cﬁi’ vees Cvm) associated with specific operation for bulk measurement,
sampling for element, analysis for element, sampling for isotope, and anal-

ysis for isotope.

{3) CUMUF

A 'CUMUF' is an abbreviation of 'Cumulative MUF'. 1In the field of
nuclear material management and control, it is the sum of successive
material balances or MUFs, computed after each material balance is closed.
In general, the summation can be initiated from an arbitrary starting
point, e.g., j, and continued to socme succeeding arbitrary ending point,
e.g., k:

k

(CUMUF)? = Z(MB)i (5.6)
i=1

The variance of CUMUF is a complex combination of the variances of
individual material balances, as these balances usually are not independ-
ent. Therefore the CUMUF variance also is similarly derived from the ele-
ments (Céi’ caes Cvm) associated with specific operation for bulk measure-
ment, sampling for element, and analysis for element through n material

balances since the beginning of the accounting period.

(4) Specific treatments for DYSAS-R

The flow simulation code DYSAS-R simulates both discrete events and
continuous conditions. Accounting information on receipts at the accounta-
bility vessel and shipments at the reception vessel are obtained from the
flow simulation data generated by DYSAS-R,

Two types of transfer measurements are considered in this code, These

are followings:
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a) Measurement of Input or OQutput Batch

In an accountability vessel, volume measurements and sample takings

are made at time points, t. and t, (Fig. 5.1), and the quantity of an input

1
to or output from the process MBA in the measurement gimulation is calcu-

lated by
Input (or Output) = V(tl) X C(tl) - V(tz) x C(tz),

Where V and C are volume and concentration, respectively. 1In the actual
measurement procedure, however, the quantity input or output is calculated

by
Input (or Output) = (V(tl) - V(tz)) X C(tl)

and used as formal accountancy data.
The measured values of C(tl) and C(t2) may be different, but C(tZ) is

used only for monitoring purpose.

solution
volume Input (output) volume Heel volume
measurement and measurement and
sample taking sample taking :
T T
v Y I |
| ]
| 1 !
| t !
Transfer | i i
1 { |
i | !
3 i
4 ' L » time
0] t1 t2

Fig. 5.1 Volume measurements and sample takings used to
determine a batch for transfer

b) Measurement of Continuous Transfer

In a continuous process, a quantity of transfer from t, to t, is

calculated approximatly by Eq.(5.7).
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2 o B T TG
(Transfer from t, to t,.) = F«C dt =.L At
1 2 i=1
t 2
1
vees (5.7)
where
Fi = volumetric flow rate at time ti’
Ci = concentration at the time ti’ and
i = time peoint (i=1 ~ n)
5.1.3 Analysis of Accountancy data

Analysis of accountancy data for the purpose of timely detection of
possible nuclear material loss or diversion is one of the major functioms
of the materials accountancy system, Decision analysis techniques have
been developed in order to detect both short-term loss or abrupt diversion
and long-term loss or protracted diversion.

The main goals of decision analysis are

{(a) detection of the event(s) that nuclear material has been lost or

diverted,

(b) estimation of the amount leost or diverted, and

(c) determination of the significance of the estimates.

The statistical evaluation methodology (decision analysis) for accountancy
data is essentially that developed at Los Alamos Natiomal Laboratory.
JAERT has developed a computer code "SADAC" (Safeguards Data Analysis Code)
using this methodology and adding some modifications.

The decision analysis algorithms are applied for the accounting data
generated by SIMAC, and the result, di.e., sequential decisions, are
graphically expressed in a form of alarm sequence chart.

The present version of SADAC includes CUMUF test based on the cumu-
lative sum of MUF (CUMUF), uniform diversion test based on estimated
average loss by Kalman filter and Wilcoxen rank sum test as a non-
parametric test. Results of these tests are always expressed in the form

of alarm sequence charts.

a) = CUMUF

The CUMUF test is a sequentially applied single period test using

CUMUF and it's variance. The wvariance is calculated in accordance with the
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model described in previous section.

b) Uniform diversion test

This test is a sensitive test when a would-be diverter follows the
nominally optimum strategy of diverting a uniformly small amount during
each material balance period. In the uniform diversion test there are two
different types depending on the difference in the loss estimation method.
The test is carried out using an average loss of each material balance
period and it's variance, estimated by one-state Kalman filter or two-state
Kalman filter.

One-state Kalman filter estimate can be shown to be optimal, if the
inventory measurement errors are small compared to those of the transfer.
1f this assumption is not wvalid, the two-state Kalman filter which
estimates both the average loss and the inventory is valid. The two-state
Kalman filter is more sensitive than the one-state Kalman filter because
the former yields an average loss estimate having smaller variance than the

latter.

c) Wilcoxon Rank sum test

Wilcoxon Rank sum test is one of the nonparametric tests, and it is
used when the measurement error statistics are unknown or non-Gaussian, and

carried out using Rank sum that is a sum of ranks of material balances.

5.1.4 Expression of Decision Analysis

—— False Alarm Chart —

As described in the report(3), the decision tests examine all possi-
ble, contiguous sub-sequences of the available material balance data and
are performed at several levels of significance. The alarm-sequence chart
is a graphical display indicating those sequences that cause alarms, speci-
fying each by its length, time of occurrence, and significance. This 1is a
type of pattern recognition device for summarizing the results of the vari-
ous tests and for identifying trends.

The alarm sequence chart is a point plot of T, Vs T, for each sequence

that caused an alarm, with the significance range of each point indicated
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by the plotting symbol. A pair of integers (rl, r2) are, respectively, the

indexes of the initial and final material balances in the sequence. The

correspondence of plotting symbol to significance is given in Table 5.1,

Table 5.1  Alarm Classification for the Alarm-Sequence Chart

Classification False-Alarm
(Plotting Symbol) Probability
A 1 102 to 5x 103
B 2 5% 103 to 10" 3
C 3 103 to 5x 10"
if D if 4 5% 10 % to 107 %
MUF > 0 E MUF <0 5 107% to 10 °
F 6 105 to 5 x 108
G 7 < 1078
T T " 0.5

The symbol T denctes sequences of such low significance that it would
be fruitless to examine extensions of those sequences: the letter T indi-
cates their termination points,

To explain these procedures using Fig. 5.3.3, consider a sequence of
material balance data beginning at balance number 3. The CUMUF test gives
an alarm with a false-alarm probability between 10_2 and 5 x 10-3 at
balance number 8, and the letter A appears at the point (3, 8). This
procedure continues for all possible sub-sequences of the available
material balances.

In these charts, the alarm-sequence chart for a sequence beginning at
balance number 1 is less meaningful because this chart is constructed
including the first value of MUF which includes the unmeasured inprocess
inventory as a missing amount.

Fig. 5.3.4 shows Kalman filter estimates of average missing material
for the case $.5.1-1 with no diversion and with diversion of the amount of
4,742 kgs Pu.

The Kalman filter estimates the average amount of the material missing

from each material balance, and the standard deviation of the Kalman filter

estimates is taken as le¢g error in the estimate of the average.
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Thus the Kalman filter estimates should be the estimate for the actual
diversion rate if diversion was occurring. In the case 5.5.1-1, the
diversion rate assumed is 4.742 kgs Pu per 19 material balances, and
therefore the diversion rate is 4.742/19 = 0.250 kg Pu per n.r.t. material
balance period. These figures are listed in Table 5.13. Tn this case, the
Kalman filter estimate is 0.236 kg Pu. This is a fairly good estimate.

Fig. 5.2.5 shows that the alarm-sequence chart for the Kalman filter
estimates of the case S$.5.1-1., The lower half of Fig. 5.2.5 (case of
uniform diversion) clearly shows occurrences of diversion, while the upper
half of the same figure (case .of no diversion) shows no occurrence of
diversion, but the last two material-balance-data points, i.e., 18th and
19th data show an apparent gain of nuclear material. These two points
result from the appearance of the unmeasured in-process inventory, as a
result of a clean—-out physical inventory taking. The quantity of this
unmeasured inventory must correspond with what had appeared as a positive
MUF value(s) in the early or probably initial n.r.t. material balance(s).

The sequential decision procedure adopted in SADAC includes some
addition to the original one described above. These additions are as
follows;

(1) SADAC tests against both gain and loss, and it indicates an alpha-
betical symbol if the material unrbalance is positive, while dindi-
cates a numerical symbol if the unbalance is negative.

(2) When a decision test obtains a result with a false alarm probability
greater than 0.5 at the first point of a sub-sequence, i.e., at the
point of {(rl, r2) l rl = rz}, the decision test indicates the symbol
'T' at this point on the alarm-sequence chart and dis terminated
immediately in the original decision test procedure. On the contrary,
in SADAC, the decision test continues examination of the subsequent
material balance data so long as the false-alarm probabilities of

succeeding tests continues to decrease.

5.2 Assumptions and Conditions in Simulation Studies

A wide variety of simulated cases have been studied in order to obtain
quantitative information with regard to the detection sensitivity of the
proposed near-real-time materials accountancy system. Each of these cases
is characterized by a combination of the followings:

(a) plant operating mode {schedule)
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(b) fuel type processed
{¢) measurement methods and measurement accuracies
(d) measurement equipment recalibration frequency
{(e) n.r.t. accountancy material balance period
(f) method of in-process inventory taking, and
{g) diversion mode.
The combination of plant operating mode and fuel type processed is called

'Simulation Study case', and abbreviated by 'S.S8.'".

5.2.1 Plant operating mode:

Plant operating modes which were selected for this study are

summarized in Table 5.2 and described in the following.

mode 1 : 250 fuel batches are processed during 5 wmonths, then a
clean-out is performed and a static physical inventory is
taken. The conventional material balance period (from one
clean-out PIT to the next one) is six months.

mede 2 : The conventional material balance period is six months but
only 234 spent fuel batches are processed. First 120
batches (in 70 days) are processed and then a flush-out
operation is carried out for 10 days. After that, the plant
is operated an additional 70 days and then a clean-out
physical inventory is taken.

mode 3 : The conventional material balance period is six months as in
modes 1 and 2, but it includes three ten-day-flush-outs in a
5 month processing run. There are 202 batches, This
operation mode is the most complicated one studied.

mode 4 : A total of 146 batches of fuel are processed in 90 days.
After clean-out a static PIT is carried out. The conven-
tional material balance period is four months.

mode 5 : The conventional material balance period is four months as
in operation mode 4. A total of 130 fuel batches are
processed in 90 days, interrupted by a 10-day-flush-out
after 45 days.

mode 6 ; This case is a special one in which a continuous processing
run of ten months or more occurs. Fuel processed in this 10

months totals 500 batches.
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mode 7 : This operating mode is an 8 months simulation case which
consists of operation mode 4 repeated twice. An operating
period of this mode includes two PIT's, and 292 batches are
processed.

mode 8 ; This operating mode is an 8 months simulation case as in
operation mode 7, and consists of two periods of operating
mode 5. There are two PIT's, and 260 batches of fuel are

processed in this period.

5.2.2 Fuel type processed

Ag shown in Table 5.3, types of spent fuel processed are those from
BWR and PWR reactors, and three levels of burn-up, i.e., minimum, average,
and maximum, are assumed to be 10,000, 15,000, and 20,000 MWD/MT for BWR
fuels, and 10,000, 20,000, and 27,500 MWD/MT for PWR fuels, respectively.
Since dissolution rate is determined primarily by achievable uranium
concentrations, these differences relate to variations in plutonium feed

rate.

5.2.3 Measurement methods and measurement accuracies

The measurement methods and measurement accuracies are assumed to be
as shown in Tables 5.4 and 5.5. These tables are quoted from the document
presented to the Advisory Group Meeting on Safeguarding Reprocessing
Plants, held on June, 1978 at Vienna, The major difference between the two
tables is in the short-term systematic errors. In Table 5.4, figures nearly
equal to long-term-systematic errors are iisted as short-term systematic
errors. Table 5.5 in general assigns smaller figures than those in Table
5.4,

In addition, the use of NDA technolegy for analysis at the in-process
inventory , D1 (feeding vessel) 1s also investigated. In this case,
measurement accuracies are assumed to be 20 percent for random component,

and 10 percent, 0.5 percent for short-term and long-term systematic error

components, respectively.

5.2.4 Measurement equipment recalibration frequency

As shown in Table 5.3, three types of recalibration frequency are
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considered. These are weekly, tri-weekly and monthly recalibration.
Recalibrations with these frequencies are applied only for the analytical
procedures. For volume measurement and sampling for analysis, recalibra-
tion will be carried out once or twice per year. It is assumed that volume
recalibrations are not done during the simulated period (4 menths ~ 10

months) .

5.2.5 N.R.T. accountancy material balance period

Simulations of different n.r.t. accountancy material balance periods,
that is the interval between successive in-process physical inventories,
were carried out. These simulated periods are 7 days, which is a principal
assumption in the "ten-day-detection-time model", 14 days and 3 days.

The timing of the n.r.t. accountancy physical inventory is set as a
time point when the Pu evaporator is discharged. Therefore an interval
between in-process PIT's is not always 7, 14 or 3 days exactly. In the
simulation for the case of 7 days, for example, the in-process PIT is
carried out on a time point later but nearest to 7 days after the preceding
in-process PIT. Therefore the simulated time intervals for an in-process

PIT may fluctuate around the settled time interval.

5.2.6 Method of in-process physical inventory taking

In-process physical inventories in the "ten-day~detection-time model”
are applied for the input accountability vessel and the product acccounta-
bility vessel as formal key measurement points, plus four major vessels
(named as Partial PIT in this report). Another in-process physical
inventory method in which the estimated or calculated inventories In
mixer-settlers and other small vessels are added to the actual measured
inventories is considered (named as full PIT in this report). In this
case, three types of random error associated with estimation of each
inventory are assumed. These values are 5, 10, and 20 percent for vessels,

mexer—-settlers, and other small vessels, respectively.

5.2.7 Diversion mode

Three patterns of diversion mode; i.e. "single diversion" (the single

removal of a relatively large quantity of plutonium), "uniform diversion”
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(the continuous and constant removal of a small amount of plutonium over a
long period), and "random diversion" (intermediate of the other two modes,
involving random removals equivalent in total amount to patterns) are
conaidered.

Assumed amounts of diversion are nearly equal to OMUFd/DMBP, 1.5c

Fd/DMBP, 0.250 /DMBP (corresponding to 4.4 kg ~ 10.3 kg Pu per

MiJ MUFd
conventional material balance period) and 8 kg Pu per year, where MUFd is
the standard deviation of an in-process MUF, and DMBP is an n.r.t. material

balance pericd. The simulated cases studied are shown 1in Table 5.6.

Details for each of the simulations are described below.

a) In cases S.S.1-1 through $.S5.1-6, the influences of different types
of processed fuel on near-real-time materials accountancy are
investigated. In all cases a single operation mode of mode 1 1is
assumed, but the type of fuel changes from type 1 to type 6 for each
simulation study.

b) In cases $.5.1-7 through $.5.1-10, the effectiveness of near-real-time
materials accountancy under different operating modes is investigated,
In all cases a single fuel type, i.e., PWR type fuel with 20,000 MWD/T
burn-up, is assumed, but the operating mode changes from type 2 to
type 5 for each simulation study.

c) $.5.1-5-2 is performed to stuly the sensitivity against a small
continuous diversion. In this case, PWR type fuels are assumed to be
processed continucusly during 10 months.

d) $.5.4 is the most complicated case in this simulation study. Four
30-day processing runs followed by a 10-day-flush~out are repeated
three times in 4 months, and then a 30-day processing run followed by
a 30-day PIT is carried out within a & months—cenventional material
balance period. Three types of PWR fuels of different burn-up are
exchanged for each 10 days. Processed fuel types are sequentially
exchanged as follows.

Fuel type &+56+5+6+4+6>4>574+5+6

e) $.5.1-9-2 and S$.S.1-10-2 are carried out inm order to study and
evaluate the influence of interrupting a continuous operation with two
or more conventional PIT's. An operation of 4 months-material balance

period is repeated twice. This simulation thus covers 8 months.

True material balances for each case, obtained from flow simulations,

are shown in Table 5.7. The figures in this table include no measurement
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error.

5.3 Performance of Materials Accountancy under Normal Operating
Conditions

5.3.1 Fluctuation of the unmeasured in-process plutonium holdups

As previously described, the success of the near-real-time materials
accountancy based on 'ten-day-detection-time model' will depend upon wheth-
er or not fluctuations in the unmeasured in-process inventory can be limit-
ed within an acceptable level in comparison with a magnitude of MUFd in a
specified period of time. Table 5.9(1 ~ 6) shows simulated data for pluto-
nium concentration and holdup in each unit process for cases 5.5.1-1
through 5.S8.1-6. These values do not represent average values during the
equilibrium state but represent individual values at some particular point
of time in the equilibrium state, From these tables mean values of Pu-hold-
ups and fluctuations among cases can be calculated for each process unit.

On the other hand, fluctuations with time in the in-process Pu-holdup
can also be examined by comparing S.5.1-8 and S$.5.4. The only difference
between these cases is the input fuel type; that is, in the former case,
input fuel is only one fuel type (No.5), while three types of fuels are
sequentially chosen as input fuel in the latter case. The operating mode
of these cases are the No.3 operating mode, which corresponds to the most
frequent flush-out operations conceivable in an actual situation. The

values of the fluctuations of these two kinds are shown in Table 5.8.

Table 5.8 In-process Inventory Fluctuation

Process Unit Average Fluctuation Fluctuation with time
among
Case Case
No. Name holdup cases 3.5.1-8 S.S.4
5 Extraction-TI 495 g Pu 392 g Pu 10 g Pu 350 g Pu
6 Extraction-11 73 58 2 53
7 Adjusting vessel 29 23 i 21
9 Extraction-1I1 363 287 8 260
10 Extraction-1V 245 192 7 186
11 | Adjusting vessel 88 70 3 60
13 Oxidation column 108 87 3 75
14 Extraction-VIII 349 279 8 250
15 Fxtraction-IX 203 163 8 140 ;
_
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These fluctuations in each unit process, however, cannot be used to
estimate the total fluctuation of the unmeasured in-process Pu-holdup in
the whole material balance area. From the results of flow-simulations for
cases §.5.1-8 and S$.S.4, the total fluctuation of unmeasured in-process

holdups are estimated as follows;

Case

5.5.1-8 maximum Pu-holdup 2,423 kgs
minimum Pu-holdup 2,395 kgs
maximum fluctuation 0.028 kg

S.5.4 maximum Pu~holdup 2.872 kgs
minimum Pu-holdup 1.530 kgs
maximum fluctuation =~ 1.342 kgs

As described in Section 4.4, our preliminary study suggested that it would
be desirable to restrain the fluctuation below about 200 grams Pu. This
figure had been derived from the expected value of SMUFd” From this point
of view, special operating modes such as 5.8.4 should be avoided in case of
near-real~time materials accountancy based upon 'ten-day-detection-time
model'., Otherwise, a more precise n.r.t. accounting procedure must be
considered. An alternative is adoption of a dynamic simulation of
mixer—settler inventories, and inclusion of the estimate in the dynamic
material balance equatiom.

As shown later, is in the range 260 grams to 517 grams depending

o3
MUFd
upon characteristics of campaigns. Normal fluctuatioms of the unmeasured

in-process holdup might be neglected in comparison with the values of MUFd.

Tt can be concluded, therefore, that the magnitude of fluctuation of
the unmeasured in-process Pu-holdup is not so significant as to affect the
effectiveness of the proposed near-real-time materials accountancy, so long
as normal operations are assured by some other methods, for example, by

input batch preparation control using calculated burnup data,

5.3.2 Measurement accuracies

Table 5.11 shows simulated wvalues of MUFd and GMUFd for §.5,1-8 and
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S.5.4, These cases were selected because they showed the greatest
difference among the simulated cases. Table 5.12 (1 ~ 2) gives MUFd,
: . . e .

UMUFd’ CUMUF and GCUMUF for the case of no diversion of 5.8.1-3-1, This
table indicates the influence of different measurement accuracies on the

total uncertainty of the material balance, i.e., or From

“MUFd % coMUF.

these tables the following conclusions are cbtained.

(a) If the measurements are performed with the accuracies listed in Table
5.5, the standard deviation of MUFd (OMUFd) becomes about one third of
that which could be obtained when the measurements are combined with
the errors in Table 5.4. The major reason of this is the differences
in systematic errors.

(b) In the actual designing of the near-real—-time materials accountancy,
it will be expected that Jload cell equipment will be utirized for
weighing purposes. In such a case, accuracies to be assigned to a
load cell are expected to be those in Table 5.5. These values may be
cccasionally quite similar to those in Table 5.4, which are used as
standard values in our simulation studies.

(¢) The measurement accuracies on the in-process physical inventory
takings have little effect in the standard deviation of MUFd, because
total throughput is much greater than the inventory in case of a week-
ly material balance period.

(d) It must be noted that the value of MUFd of the first material balance
includes unmeasured in-process inventory. This is in the range of
1,349 kg Pu (S.5.1-1) to 3.263 kg Pu {(§.5.1-6). 1In Table 5.11, this
is 2.704 kg for $.5.1-8 and 1.726 kg for S.5.4.

(e} It is better to select an instrument with small systematic exrror in
the measurements for the near-real-time materials accountancy. An
application of an instrument with high accuracy to the in-process
inventory taking is not expected to reduce the SMUTd in such a plant
as the inventory is much smaller than the throughout.

Values of ¢ vary from period to period ofnear-real-time material

MUFd
balances, depending upon characteristics of campaigns. For the purpose to

comparing material accountancy in each case, it dis convenient to use

approximate averaged values of Table 5.10 shows a simple

IMuUFd”

's in the formal material balance for each

algebraic mean of SMuFd

simulation cases.
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Table 5,10 Simple algebraic mean of @

MUFd

Case 0MUFd
5.5.1-1 224 g Pu
S.5.1-2 294
5.5.1-3 354
§.5.1-4 267
5.5.1-5 417
$.5.1-6 506
5.8.1-7 399*
5.5.1-8 433
$.5.1-9 383
S.5.,1-10 361
5.8.2~1 417
8.8,2-2 401
5.5.2-3 133
5.5.2-4 126
S5.5.3-1 406
§.5.3-2 417
5.5.3-3 421
S.5.3-4 420

%
§.8.4 404

The values with asterisk in the table should be directly compared with the
values of Fluctuations of unmeasured in-process Pu holdup in the whole area
in MBA 2,

Influence of the variation of input spent fuel upon the account-

ability, i.e., are summarized in Table 5.11. As previocusly noted,

‘MUFa’
5.5.1-8 and S.S.4 are the cases which most amplify such influences. The
Table shows, however, the influence on OMUFd is quite small or rather
negligible. Small differemces can be seen in S CUMUF? but this difference
seems to result from the difference in throughputs, i.e., 614 kg Pu for

5.5,1-8 and 577 kg Pu for 5.5.4.

5.3.3 Frequency of Calibration

Table 5.13(1 ~ 3) gives the MUFd, ONurd® CUMUF and O CUMUF for the once
per week, once per three weeks and once per month of the frequency of
calibration in the cases of no diversion for S.5.1-5-1, §.8.1-8 and S5.58.4.
The average MUFd, Eﬁﬁd and CUMUF have a maximum value with a frequency of
calibration of once per three weeks and a minimum value for that of once a

month for each of three cases. This happened by chance because a series of
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random numbers were used for the simulation.

The SMurd is not sensitive to frequency of calibration. This is due
to the short, just one week, near-real-time material balance period. For a
longer material balance period, the longer the calibration interval, the

greater the o will be. As for ¢ the longer the interval, the

MUFd CUMUF’
greater the value is. Since the test of detection of diversion is carried
out bhased on CUMUF, it 1is desirable to calibrate the instruments as
frequently as possible if the cost and manpower for the calibration is

available.

5.3.4 Contribution of Error Components to O GUMUF

In order to look into the contribution of error components to the
Cemmp® & compenent of C CUMUF and its ratic to the total Seumur  Were
calculated for each errcr component in the case of no diversion for
S.8.1-5-1. Tables 5.14(1 ~ 2) give the variances of CUMUF's for ten
consecutive material balance periods from the beginning of the campaign and

a o for the 20th material balance period, which overlaps the clean-out

CUMUF
operation, under the normal operating condition. The following points are
obvious from this table:

(1) A great portion cf ¢ comes from the errors of input and product

CUMUF
measurements., It amounts to 99.6 % for the periods under a continuous
operating condition and reaches to 99,9 7 for the period which ends at
the clean-out, This occurs due to the much larger amounts of
throughput than inventory.

{2) The contribution of error of input measurement is 70 % to the total.
As for the type of measurement, the biggest contributor is the long
term systematic error of chemical analysis occupying a quarter of the
total. The systematic error component is similarly big for the bulk
measurement, i.e., volume and concentration measurements, and for the
sampling. In order to reduce the magnitude of CoumMyp? 1T is necessary
to reduce the long term systematic error, If the long term systematic
error of bulk measurement, for example, can be reduced to a third of
the given value, i.e. from 0.3 % to 0.1 %, its variance is decreased

from a significant value of 5.1846 ng to one ninth of that, 0,576l

kgz, a value that is no longer of great importance.

5.4 Diversion Semnsitivity Analyses
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For diversion sensitivity analyses a material balance chart, a CUMUF

and its alarm sequence chart, and an average loss of nuclear material

estimated by the two state Kalman filter and its alarm sequence chart were

produced under each of the following conditions, as shown in Figs. 5.2 to

5.52.

(1)

(2)

(3

(4)

(5)

(6)

(7}

A uniform diversion of about lGMUFd per DMBP, in the cases of §5.5.1-1
to §.5.1-10, shown in Figs. 5.2 to 5.6.

A uniform diversion, of about IUMUFd’ around 8 kg Pu, per TMBP or 8 kg
Pu per year in the cases of $.S.1-5, 5.8.i-7 to $.5.1-10 and §5.5.4,
shown in Figs. 5.7 to 5.12.

No diversion or a uniform, random or single diversion, of 8 kg Pu per
year or 8 kg Pu per TMBP in the cases of §.5.1~5-1, 5.5.1-8 and §.S.4
with a near-real-time material balance period (NRTMBP) of the
model-used seven days or special fourteen or three days, shown in
Figs. 5.13 to 5.33.

An NRTMBP of seven, fourteen or three days, or use of a nondestructive
analysis for measurement of the feeding vessel, both in the case of
§$.5.1~5-2, shown in Fig. 5.34,

A upniform diversion of 8 kg Pu per year in the cases of 5.5.1-7,
$.5.1-8, $.5.1-10 and S.S.4 where a more complete physical inventory
is taken by measuring the inventory of mixer settler systems and other
normally unmeasured vessels with an accuracy of 20 %, 10 % or 5 %,
shown in Figs. 5.35 to 5.42,

A uniform, random or single diversion of 8 kg Pu per year in the cases
of $.5.1-5-1, 5.5.1-8 and S.S.4 with NDA measurements being used for
the analysis of the feeding vessel, shown iﬁ Figs. 5.43 to 5.48,

No diversion or a uniform diversion of 8 kg Pu per year in the cases
of 5.5.1-9-2 and S5.S.1-10-2 where the NRTMBP is seven days and the
unmeasured inventory is estimated by two different methods, shown in

Figs. 5.49 to 5.52.

5.4.1 General Consideration

a)

Material Balance (Shewhart) Chart

The Material Balance (Shewhart) Chart is a figure in which the MCUFd is

plotted with an error bar of its standard deviation, GMUFd’ for all the

material balance periods concerned.
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In the present model of ten days detection time, some in-process
inventory is not measured, affecting the magnitudes of MUFd. As a matter
of fact the changes of this unmeasured inventory from NRTMBP to NRTMBP are
a component of MUFd. As mentioned before and as shown in the material
balance chart of ?ig. 5.2 or in other cases except for a complete IFIT, a
MUFd of the NRTMBP just after the startup of a campaign, before or after a
flush-out, or at a clean-out is relatively large in absolute value due to
the changes of unmeasured inventory.

In the case of a uniform diversion, an MUF with a positive wvalue
appears meore often than in the case of no diversion. This means that a
positive bias exists. It 1Is not possible, however, to detect the uniform
diversion if the LEMUF is used with the MUF for testing.

In the case of an abrupt diversion, the amount of MUF clearly
increases 1in the NRTMBP during which an abrupt diversion has been
attempted. If a large amount is deverted, it is possible to detect such a
diversion using the LEMUF. Otherwise, however, the MUF is regarded as not
being significant from the view point of statistics.

The material balance chart is useful to verify a diversion which has
been detected using other techniques and, especially in the case of abrupt
or random diversion, to investigate the period during which the diversiom
has occurred, because the chart gives an overview of the dynamic material

balances over the campaign.

b) CUMUF Chart and Correspending Alarm Chart

The CUMUF Chart is a figure in which a cumulative MUF (CUMUF} is
plotted with an error bar of its standard deviation, GCUMUF’ and the
corresponding Alarm Chart is one to show a conclusion of the decision test.

Although the CUMUF 1is affected by the unmeasured inventory, it
approaches to zero in the case of no diversion of a clean-out PIT is
carried out because the dinitially built-up unmeasured inventory is
recovered and measured. Since the CUMUF uses an accumulated MUF, it
becomes easier to detect diversions that the material balance chart cannot
recognize, especially a protracted diversion. The case of 5.5.1-1 in Fig.
5.2, for example, shows that the CUMUF is constantly increasing its value,
but this is not obvious if only the material balance chart is used for the
diversion analyses. Other cases, too, give the same conclusion as this

example,
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c) Estimation of Average Loss by Kalman Filter and Corresponding Alarm

Chart

The Average Loss Chart is a figure in which an average loss of nuclear
material estimated by.Kalman filter is plotted with an error bar of its
estimated standard deviation, GAL, and the corresponding Alarm Chart is one
to show a conclusion of the decision test using the average loss chart.

Table 5.16 gives in the case of uniform diversion an amount of
diversion over a static, or traditional, material balance period, a static
MUF, i.e. CUMUF, a NRTMBP-averaged amount of diversion which is calculated
by dividing the total amount of diversion into the number of NRTMBPs during
the TMBP, and an average loss estimated by both one state and two state
Kalman filters over all the NRIMBPs except for the first NRTMBP and the
last NRTMBP.

Consulting this table, all CUMUF's are greater than the amounts
diverted, showing a bias with a positive value. This has been caused by a
long term systematic error which was generated by a random number generator
for the measurement simulation. This tendency of the CUMUF is not changed
in the case of no diversiom.

The predicted average loss is a good estimate for both Kalman filters
compared with the average amount of diversion per DMBP if the cases of
$.5.8 and S§.5.4 are excluded. These two cases, however, have a flush-out
operation in the period concerned and, in S$.S.4, the type of fuel to be
processed is changed twice, resulting in a large amount of variation of the
inventory and throughput. This seems to be the reason for the predicted
average loss not being a good estimate of the actual loss.

In comparing both Kalman filters, the two state Kalman filter has a
smaller estimated standard deviation than the other., Since it has bheen
cleared by the feasibility study carried out until now that the two state
Kalman filter has a better sensitivity of detection against a diversion
than the one state Kalman filter, then only the former's results are shown

in the figures for this section.

d) False Alarm against no Diversion : Noise in Decision Analysis

As mentioned before, a false alarm sometimes appears due to variations
of the unmeasured inventory in the case of no diversiom. Since all the

unmeasured inventory is accounted as an MUF with a positive value during
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the first NRTMBP just after the clean-out operation, a false alarm can be
seen at the first vrow of the initial point in the case of 5.8.1-1 as shown
in Fig. 5.3. On the other hand, the unmeasured inventory is accounted as
an MUF with a negative value at the clean-cut because it is mot contained
in the beginning inventory but is measured as an output at the final stage
of the NRTMBP. Therefore a false alarm that shows a negative bias can be
seen at the 18th column c¢f the ending point in the sawme figure. If an
in-process inventory is carried out at the clean-out, a false alarm
sometimes can be seen over two columns as shown at the alarm chart of
$.8.1-4 in Fig. 5.3.

As for the flush-out, a false alarm can be seen in S$.5.1-7 of Fig.
5.5. Comparing the alarm charts between the CUMUF and the Kalman filter in
this Figure, an alarm "A" is found at the point (10,11) in the CUMUF but
the alarms can be seen in the Kalman filter on a squared regicn bounded by
the first and tenth rows to the initial point and by tenth and eighteenth
columns to the ending point. This is caused by the MUF of about 1 kg which
accompanied the flush-ouvt. In the case of the Kalman filter, a variation
of unmeasured inventory that occurs only in one DMBP is propagating over a
longer periods with generating alarms because the average loss is estimated
nearly over the TMBP. This situation will be the same in the cases of
5.5.1-8, §5.5.1-10 and 5.5.4 which contain a flush-out. No alarms, however,
can be seen in the case of no diversion. This difference arises because,
in §.8.1-7, an in-process inventory was by chance carried out during the
flush-out. In the other cases this did not occur, resulting in reducing

the impact of the flush-out on the statistics.,

g g 1-7 1648h 1838h 3393h 4320h
[ [Flush-out] [_Clean-out -
A A A A A
in-process #9 #10 #11 #19 #20
PIT 151Zh 1686h 1881h 3368h 4222h
S.5.1-8 735h  908h 1619h 1784h 249%91h 2660h 3382h 4320h
- [ Fﬁgsh:dat Fﬂﬁsh—dﬁt ﬂiush#out Kﬁg@@}%&&fj
A A A i} A A A A
in-process  {#5 #6 #9 #10  #13 #1l4 #17 #18
PIT 728h 956h 1477h 1840n 2387h 2721h 3386k 42Z21h

I1f a three day NRTMBP period is used, a false alarm occurs more often

because in-process inventories are more frequently carried out during the
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flush-out.
It happens sometimes that a false alarm is recognized in the case of

the type of fuel being changed during a campaign as in 5.5.4,

5.4.2 Sensitivity against each Diversion Mode

a) Uniform Diversion

As shown in Table 5.16, it is not possible to detect the uniformly
diverted amount of nuclear material that has been assumed in this study if
the LEMUF method, in which an MUF is compared with 2 IMUF® is used in the
same manner as the traditional materials accountancy. However, a small
amount of uniform diversion, e.g. 115 g to 665 g per NRTMBP, can be
detected if n.r.t. materials accountancy is applied te the plant.

Table 5.17 shows the first alarm or false alarm point with regard to
the uniform diversiom. This table also gives the operation mode so as to
be able to investigate a cause of the false alarm., Consulting this table,
diversion detection is not successful against a diversion of 8 kg Pu per
year in the cases of $.8.1-9, 5.8.1-10 and 5.5,1~10-2 where a TMBP is four
months. The simulation conditions of §.5.1-9-2 are the same as those of
§.5.1-9 except for the period covered by the simulation, which is twice
longer, and for the diversion ratio of 227 g per NRTMBP instead of 223 g
per NRTMBP in S.S.1-9. This slight difference makes it possible for the
"diversion in §.S.1-9-2 to be detected by a NRIMBP during the first TMBP.

Since these undetected cases have only a shorter TMBP with a slightly
different diversion ratio, it is expected that the diversion should be
detectable if the simulation period is extended. As shown in §.5.1-10-2,
however, this is not true unless the umnmeasured inventory is taken into
consideration because the unmeasured inventory during the NRTMBP which
overlaps the clean-out gives an enormous noise effect to the detection
sensitivity. This topic is discussed later. In general, the greater the
diversion ratio, the shorter is the interval from the starting point of

diversion until the time of detection.

b) Random Diversion

A1l cases of the random diversion assumed in this study are

detectable. In the case of an amount of lo being diverted, an alarm

MUFd
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sign is produced at the point of diversion almost all the times. The MUFd
is also bigger at the NRTMBP during which the diversion has been attempted
and, in some cases, it is bigger than the limit of error, ZUMUFd’ used in
the LEMUF method. In the case of a diversion of 8 kg per year, the
detection points are not many as a matter of course and the MUFd's are less
than 20 in almost all the cases.

MUFd

c) Single Diversion

In the case of single diversion, the MUF is greater than ZGMUFd at the
diversion peint for both cases of a diversion of IGMUFd per NRTMBP and 8 kg
per year. The CUMUF chart also shows a sharp increase of the CUMUF at the

diversion peint. All cases assumed in the study are detectable.

5.4.3 Effect of the Length of a NRTMBP

Table 5.18(1 n~ 2) shows an alarm point for a different length of
NRTMBP. It alsc gives the operating mode and the diversion point in the
case of a random or single diversiom,

Comparing the case of the NRTMBP of 14 days with that of 7 days, a
diversion of loMUFd is also detectable in all cases but, as to the uniform
diversion, detection is delayed and, as for the random diversiom, the
number of detection points is smaller. On the other hand, the lergth of
NRTMBP does not drastically affect the detection of diversion with regard
to the single diversion although the time of detection is shifted a little
because the interval between in-process inventories becomes longer. For a
diversion of 8 kg per year, it becomes harder to detect the uniform or
random diversion. The only detectable uniform diversion case is S.5.4
where an alarm occurs at the period that contains the flush-out. Since ne
alarm occurs in the case of no diversion, it is considered that the alarm
is produced as the results of interaction between the flush-out and the
diversion. Since it is, however, an alarm at the time of flush-out, there
is a possibility for the alarm to be overlooked., The single diversion is
also detectable as well as the diversion of IOMUFd and the noise level is
decreased if the NRTMBP becomes 14 days.

In the case of three days of NRIMBP, a false alarm is more frequently

signaled due to the variation of the unmeasured inventory but the detection

sensitivity against a diversion becomes good. In this case a variation of
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unmeasured inventory due to the change of fuel to be processed, as inp
§.5.4, is a cause of the false alarm.

As the conclusion, it seems that 14 days period is too long as a
NRTMBP and 7 days is the best choice to this model plant if the diversion

strategy is assumed as in the study.

5.4.4 Complete In-process Inventory Taking

If it is possible to estimate the inventory in mixer-settler systems
and other vessels and pots which have not been included into the dynamic
inventory measurement points at the present model, a complete in-process
inventory and its corresponding diversion sensitivity analysis could be
carried out by adding this inventory to the near-real-time material balance
equation. A simulation study has been carried out for the complete
in-process inventory and as the results Table 5.19 shows the alarm point or
false alarm point. The simulated cases are those of no diversion and a
uniform diversion of 8 kg per year in S$.S.1-7, §.8.1-8, 8.5.1-10, as well
as S.5.4 where the variation of unmeasured inventory is large due to the
flush-out being contained in the period concerned. In order te make a
comparison easy, the long term systematic error has been set to zero,

By doing a complete in-process inventory, a false alarm against no
diversion almost disappears and only one or two alarms of level A or level
B can be seen in the CUMUF alarm chart. The case of 5,5.1-10 is an
exception, where noise is found at the NRIMBP of the clean-out in the alarm
chart of Kalman filter with -24 g to MUFd and 4.6 g to OMUFd" This seems
to occur because the flow measurement of waste is handled as continuous
transfer measurement where the concentration and flow rate are measured for
each 8 hours and they are assumed to change linearly between two measuring
points.

All diversions except for the case of §.8.1-10 are detected. Since
the alarm which has occurred due to the variation of unmeasured inventory
now disappears, it is not necessary to determine whether the alarm is
signaled due to the diversion or due to the operation. Unless the complete
in-process inventory is applied, it is difficult to detect the protracted

diversion under an operating mode in which the variation of unmeasured

inventory is large.

5.4.5 Application of NDA Measurement to Analysis of Feeding Vessel
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Table 5.20 shows the detection point against a uniform, random or
single diversion and the false alarm point against no diversion in the
cases of §.5.1-5-1, 5.5.1-8 and S5.5.4 where NDA is used for the measure-
ment of Pu concentration in the feeding vessel. The table shows that all
diversion modes are detectable as the results of the simulation. This is
due to the small contributien of inventory measurement to the g as

MUFd
nentioned before.

5.4.6 Clean-out PIT

The unmeasured inventory gives a big positive MUF to the MUFd at the
first NRTMBP after the clean-out. This MUF is detected as an alarm in the
alarm sequence chart of the CUMUF and/or the Kalman filter. Especially in
the Kalman filter, an alarm is displaved for all points that start just
after a clean-out as shown in Figs. 5.49 and 5.51., This means that it is
not possible to use the Sequential Probability Ratic Test for the Kalman
filter over several TMEPs.

In order to remove the effect of this unmeasured inventory, each
n.r.t. inventory except for the clean-out PIT has been increased by the
first MUFd after the clean-out, which is an estimate of unmeasured
inventory. The results of the simulation on this case show that the noise
completely disappears for the CUMUF but it still occurs for the Kalman
filter. In the case of §.5.1-9-2, such a procedure cannot delete the MUF
with 2 kg of MUF remaining at the tenth NRIMBP because the clean-out PIT
has been carried out by chance in the measurement simulation before the
clean-out is completely finished. In S$.S.1-10, however, no MUF remains
because the PIT is done after the clean-out has been finished. This means
that the inventory measurement should not be done during the period from
the beginning of cleanout until the completion of the clean-out if this
procedure has to be applied to remove the effect of unmeasured inventory,
and that the first inventory taking after the clean-out should bet be done
until an equilibrium state being attained. As for the CUMUF, it is found
that estimating the unmeasured inventory using this procedure gives a
satisfactory result if the time-dependent variation cof unmeasured inventory
is not large.

1f a complete PIT is carvied out, it is possible to almost completely
delete the noise accompanying the clean-out and to improve the detection

sensitivity against a diversion.
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Table 5.3 Assumptions and conditions for Simulation Studies

Fuel Type

Fuel Reactor Burn-up Total Assembly Uranium of Uranium Plutonium

Type  Type (MWD/MT) Weight (kg) Fre?h §UE] (kg} (kg)
kg
1 BWR 1¢,000 550. 400, 394, 1.856
2 B4R 15,000 550, 400. 391.2 2.128
3 BWR 20,000 550. 400. 389.7 2.496
4 PWR 10,000 550. 400. 394, 1.968
5 PWR 20,000 ~ 550. 400, 388. 3.040
6 PWR 27,500 550. 400. 384.8 3.576

Type of Measurement Error

] Table 5.4 , Case of standard measurement accuracy for
in-process inventory taking.

2 Table 5.4 , Case of optimistic measurement accuracy for
in-process inventory taking.

3 Table 5.5 , Case of standard measurement accuracy for
in-process inventory taking.

4 Table 5.5 , Case of optimistic measurement accuracy for
in-process inventory taking.

Type of Recalibration Frequency

1 Weekly recalibration
2 Tri-Weekly recalibration
3 Monthly recalibration

Type of Near-Real-Time Balance Period

1 1 week
2 2 weeks
3 3 days

Type of In-Process Inventory Taking

1 Partial PIT
2 Full PIT (Estimated Inventory Accuracies are 5,10,20 %)
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5.5.1-2
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Fig. 5.3 CUMUF and uniform diversion tests for $.5.1-3 and 5.5.1-4;
Simulation period; 6 months.
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Fig. 5.4 CUMUF and uniform diversion tests for £.5.1-5-1 and $.5.1-6:
Simulation period; & months.
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CUMUF and uniform diversion tests for §.5.1-7 and 5.5.1-8;

Simulation period; 6 months.
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CUMUF and uniform diversion tests for $.5.1-9 and 5.5.1-10;

Simulation period; 4 months.
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Fig. 5.7 CUMUF and uniform diversion tests for $.8.1-5-1 with different
diversion ratio: Simulation period; 6 months.

- 124 -



IMETIAL POINY [NITIAL PO[NT

INITIAL FOINT

20
18

16

14
i2
{0

O M =0

22

20

15
16
14
1z

QN &Y O

1 1 1 T 1 T 1T 71
[ NC DIVERSUON
B a2-

[ FEBA; 4R | A | | |
0246 830121416182022
FINAL POINT

T | 1 1 Tl 7
UNIFORM DIYERSION
(8.8 KG/6 MONTHS)
n A
HEEEH
i P E; r
GFRFFF 656666
02 468 1012]4]5!820
1 1+ T 17 7 T 1T T 1

FINRL POINT
UNIFORM DIVERSION
- {4.0 XG/6 MONTHS)

1
T

T
OOWLXYDD

T
I D 1

|

- st
~oreenrerBRORRERERe

02 46 810121416]82022
FINAL POINT

AVERAGE LOSS |G PU}

AYERAGE LO3S (G PUI

AVERAGE L0O55 (G PYU)

JAFERI — M 83— 158
/OO 7T T T T T T T
3000 H[-NO -DIVERSUON — — - — — -
2500 ~% ______________
20004 -~ — - ——— —
1500*} —————————————
1000 - % ____________
oo Hina,
-sog‘l\llllil?

02 46 810121416182022
MATERIAL BALRNCE NUMBER

000 T T 7T
3500 |y- UNTFORM OIVERSION
{8.8 KG/6 MONTHS)
3000 —% ——————————————
2500
2000 +
1500
1000 |- -
500

O O I S I
0 2 46 8101214161820

MRTERIAL BALANCE NUMBER

OO0 T T T T T T T
3000 [~ UNIFORM DIVERSION - =
2500 |1 (40 K6/6 HONTIS) o
2000 g- - -~ ~----
iS00 —§
1000 F - Yggm s o -
500} - - 2% 0090y -
0 F e e e e - e - - - - —
-500

T a7 S SO
02 46 810121416182022

MATERTAL BRLANCE NUMBER

— 125 —

{NITIAL POINT [NITIAL PCQINT

INFTIAL POINT

20

18

16
14
12
10

OMN =D

I S T I B L
[~ NDO DIVERSUON

[ FER | 4 g T] |
02 46 810121416182022
FIMAL POINT

o1+ T T T T

UNTFORM GIVERSION
|- {8.B KG/6 MONTHS)

_Wssﬁ i

0246 8101214161
FINRL POINT

- LNIIF(;RH DIVERSION i
: (4.0 XG/6 MONTHS) %
- %:
’mosmﬁps E i

0246 810121416]8‘2022
FINAL POINT



JAERI — M 83— 158

S 4000 L e N R R S 12000 T T T T
o 3000 _{)_rw DIVERSION . _ _ _ .. . . 10000 |- ~NO -DIVERSIBN - — — — -+ T -
- — 80ODf--------=% 1t
2000k~ mmmm—mm e - 5
S Joso SR U R T 11
5 sy } ~ 4000} pQ
-
z  of -‘I’%%c}‘}- ;{ %{,@—#ﬁ - g 2600 _@E’} il
g-1000f — - - - g oo oS- = ol __l2:h sl il
E-2000 -~ - --" - - T o sTT ) -2000F -~ - — == %
& -13000 [HEE S R A N NN N N dpopl—t 1 1 14 1!
= 0 2 4 6 8 101214161820 Q0 2 4 6 8101214181820
MATERIARL BALANCE NUMBER MATERIAL BALANCE NUMBER
S 4000 7T T T T 18000 —p—r—T—T 1T T T _1
e T UNIFORM DIVERSIQN | . UNIFORM DIVERSION TI__
o 3000 1% (3.2 k66 MONTHS) "~~~ -~ 16000 (8.2 KG/6 MCNTHS)
- 14000 |- - 11F-
2000 f - —mmmmmm e mm—— - =
= 1900 L 3d 2 12000f - -~ -~ - - pre
-~ — - = ]ty ] o e =T - — — — o
S %@?@ é’%%‘}j’%§>§ = 10000} -~ - -~ -
5 S et S "7 2 sooof---- 11% -
E"IOOO """"""""""""""" 8 BOCOD - - { 44 L -
€-2000F -~ -~ ~-------- & 4000 —Qﬁ% ———————— I-
c_ozppol—l A1 L1 Ll 2000 — [ O S S S
= 0 2 4 6 8101214161820 0 2 4 &5 8101214161820
MATERIAL BALKNCE NUNBER MATERIAL BRLANCE NUMBER
S 4000 —T T T T T T T 14000 p—T—T—TT 7T 1 T
o . UNIFORM DIVERSION B [
o 3000 e oNTHe) - ;zgzg (4.0 KG/6 MOKTHS) 11 ’ i
w 2000 - - s e T =
g oo & 8o00f ------ 9o+
= F - T YT o
— B000F-—--% 1199
> L 09 dhettedtiitd, .| o &
o 3 3 2 4000——@%% {1+
2-1000F - d-—mm - oo s SR LA § RUFELELI LY b
o ] b S Ll
= L1 1 P HN I T SN S S
T - -2000
= 30000 2 4 6 B 101214161820 0 2 4 6 8101214161820
MATER]AL BRLANCE NUMBER MATERIAL BRLANCE HWUMBER

Fig. 5.8 CUMUT and uniform diversion tests for 5.5.1-7 with different
diversion ratio; Simulation period; 6 months.
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Fig. 5.10 CUMUF and uniform diversion tests fer 5.5.1-9 with different
diversion ratio; Simulation pericd; 4 months.
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CUMOF and uniform diversion tests for §$.5.1-10 with different
diversicn ratio; Simulation period; 4 months.
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Fig. 5.18 CUMUF and uniform diversion tests for different n.r.t,
material balance periods with §.5.1-5-1 (random diversion
(¥) 7.9 kgs Pu per 6 months).
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Fig. 5.20 CUMUF and uniform diversion tests for different n.r.t.
material balance periods with $.5.1-8 (a0 diversion);
Simulation peried; 6 months.
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CUMUF and uniform diversionm tests for different n.r.t.
material balance periods with 8.5.1-8 (uniferm
diversion of & kgs Pu per 6 months).
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diversion of 7.1 kgs Pu per 6 months).
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material balance periods with $.5.1-8 (random diversion
({) 7.8 kgs Pu per 6 months}.
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material balance perieds with 5.,5.1-8 (single diversion
() of 8.9 kgs Pu per & months).
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(¥) of 3.8 kgs Pu per 6 months),
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Fig. 5.36  Comparison of detection sensitibities in terms of different
in-process PIT models for 5,8.1-7 (uniform diversion of 4.0
kgs Pu per 6 months).
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Fig. 5.37 Comparison of detection sensitibities in terms of different

in-process PIT medels for 5.5.1-8 (no diversion).
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Fig. 5.38 Comparison of detection sensitibities in terms of different
in-process PIT models for 5.5.!-8 (uniform diversion of 4.0
kgs Pu per 6 months).
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NDA of 20% accuracy is assumed for n.r.t.a. KMP, Dl.
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NDA of 20% accuracy is assumed for n.r.t.a. KMP, D1,
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Fig. 5.45 CUMUF and uniform diversion tests for $.5.4 of different
models of diversion {¥) of 4.0 kgs Pu per TMBP.
NDA of 20% accuracy is assumed for n.r.t.a. KMP, DI1.
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CUMUF and uniform diversion tests for 5.8.1-5-1 of different
models of diversion ({) of 8.0 kgs Pu per TMBFP.
NDA of 20%Z accuracy is assumed for R.¥.t.a. KMP, DI1.
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6, FIELD TESTING OF THE W.R.T. MATERIALS ACCOUNTANCY MCDEL

6.1 Summary of the Field Test

The study of applying the proposed n.r.t. materials accountancy model,
i.e., the lO-day-detection-time model, to the reprocessing facility has
shown that the model would be feasible and effective to fulfil
international safeguards criteria in terms of detection timeliness and
sensitivity. This was shown on paper using computer simulation technique.
In order to investigate the applicability of the model to the actual plant
and the wvalidity of the assumptions used in the model, a field test was
planned and discussed at the third Joint Steering Committee Meeting (Feb.
26 v 29, 1980).

This field test has subsequently been carried out in the process MBA
which covers the area from the input accountability vessel (IAV) to the
product accountability vessel (PAV). The KMPs for in-process inventory
taking (IPIT) are IAV and PAV in the process MBA and four other vessels
that contain Pu in the main plant, i.e., feeding vessel for extraction
process (FV 1), buffer vessel for Pu/U separation cycle (BV 2), buffer
vessel for Pu purification cycle (BV 3) and buffer vessel for Pu evaporator
(BV 4)., These points are shown in Fig. 6.1.

The field test was carried out by performing in-process inventories
nineteen times from April 1980 through February 198l. Results of the test
are summarized as follows:

(1) The Cumulative MUF (CUMUF)} delivered from in-process inventories
showed a fairly good agreement with the MUF established by the
conventional materials accountancy based on clean-out PIT's.

(2) A small increase in sampling and analytical effort was needed in the
course of the field test. The man-power needed, however, was not as
much as had been predicted,

{(3) 1In the field test the assumed seven days of n.r.t. material balance
period (NRTMBP) was varied up to nine days in order to avoid
interruption to the operation., Furthermore, it sometimes tock more
than the assumed three days to analyze samples because of limited
equipment and man-power available.

As an overall concluéion, it can be said that the ten-day-detection-—

time model might be applicable tc and effective for the Tokai reprocessing
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plant as a basis for international safeguards measures, and that further

investigation is desirable.

6.2 Planning of the Field Test

6.2.1  Working Group

It was the rule that the routine plant operation should be disturbed
as little as ﬁossible in course of the implementation of the field test.
In order to put the field test of in-process inventory into practice,
however, it was necessary to carry out a volume measurement, sampling and
chemical analysis for as well as the routine plant operation. Furthermore
it was necessary to record and collect volume measurement data and various
types of analyses during each n.r.t, material balance period.

In order to carry out this project smoothly, a special working group
was organized within PNC. Imstruction were given to the technicians who
operate the plant processes for their better understanding of the content
of the field test and the operaticns which were to be adjusted sufficiently
so as to meet the field test requirements before it started. The working
group was composed of seven specialists in the different fields, 1i.e.,
three from the process operation section, two from the analysis section,
one from the instruments section and one from a management secticn that
supervised the field test.

At the meeting of this working group the following topics were
discussed and a detailed plan for execution was fixed.

(a) Operational procedure of an in-process inventory;

(b) Schedule of in-process inventory takings; and

(¢) Arrangement of the works needed for in-process inventories.

Information of the plan was transferred to all technicians concerned

through the members of the working group.

6.2.2 Procedure for the Field Test of in-process Inventory

The field test was carried out in parallel with the normal plant
activities. It was divided into three periods in accordance with the
schedule of the routine plant operation. After each period the procedures
performed were reviewed for improvement.

The procedure applied to the test is summarized as fellows:
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Timing of In-process Inventories

It is impossible to estimate the Pu inventory in the Pu evaporator
accurately. Therefore, the in-process inventory should be carried out
during the time, when the Pu evaporator became empty. The time was

called " cutoff point".

Sampling and Analysis

Table 6.1 and 6.2 show sampling frequencie, analytical items and time
schedule for analyses, The layout of these vessels are shown in Fig.
6.1, Table 6.2 shows random errors of analyses for the in-process

inventory.

Estimation of MUFd

values of MUFd are collected by Eq.(2.2). Input data for Eq.(2.2)
are collected from records of the accountancy and control data. All
batch data relating to the input and product accountability vessels
are collected by the formats shown in Tables 6.3, 6.4 and 6.5. 1In
order to increase the accuracy of MUFd, all batch data of the waste
units are collected. As the clean-out PITs were carried out during

the field test, values of MUFd's were compared with traditional MUFs.

Time Schedule

In an ordinary campaign the plant is operated as follows:

At first, shearing and dissolution are commenced. A few days later,
active feed from the feeding vessel for extraction process comes out.
After four or five days the first Pu product solution is produced and
accounted for. Then, the plant is operated continuously. In regard
to the procedure for terminating the campaign, the shearing and disso-
jution are finished first and then rinsing in the process is started.
This rinsing is dene by using nitric acid, and fission product, pluto-
nium, uranium and solvent are cleaned ocut from the process by flush.
A PIT of the plant is carried out after these operations finished.

In the first period of the field test, a time period from the first
input measurement to the first Pu product measurement was taken to be
the first n.r.t. material balance period. After the first period,
NRTMBPs are established for every seven days. Actual n.r.t. material
balance periods are extended to two or three weeks. Fig. 6.2 shows

the planned time schedule and the performed one,

- 219 —



JAERI -~ M 83 - 158

6.3 Implementation of the Field Test

The field test was carried out over the three campaigns, i.e. C-1,
-2 and C~3 Campaign, which covered the period from April 1980 through
February 1981. Therefore it was inevitably divided inte three parts.
In-process inventory takings have been done 19 times: 7 in the first
period, 8 in the second pericd and 4 in the third period. On the other hand
PITs for formal accountancy purpose were carried out twice during these
periods: one between C-1 and C-2 Campaign and the other between C-2 and C-3
Campaign (August 1, 1980 and December 9, 1980, respectively). The dates of
campaigns and field tests are shown 1in Table 6.6 and the dates of
in-process inventories performed are shown in Table 6.7.

As shown in Table 6.7, the in-process inventory was not always carried
out within the interval of seven days. The reason is that:If the plant were
operated without any trouble under the normal operating procedure, it could
be done nearly weekly. TIn the period the field test, however, the plant
was still under test operation in which the plant was sometimes obliged to
stop the operation for several days. Therefore the requirement of weekly
in-pro- cess inventory could not be satisfied. Another reason why weekly
in-process inventory did not attained was that the cut-off point was
rigidly chosen at a particular time point in a week (i.e., 0:00 a.m.,
Tuesday) in order to meet the requirement on the time schedule of the
chemical analysis sectiom.

The problems derived from the in-process inventory are described in

the following subsections.

6.3.1 Volume Measurement

Prneumatic level measurement systems were used for volume measurement
of vessels. Information from each vessel is transmitted through air pipes
centralized in and recorded at the contrel room in the main plant. The
volume measurement data at the cut-off point were obtained from these
recorders. A recorder is divided in 1 % intervals and has a range of O to
100 %. A visual measurement is possible on the recorder within about 0.5
percent error. The range of error is about 1 Z%.

As for the input and product accountability vessels, the HZO manometer
with higher accuracy was used for the volume measurements because it had

been available for the normal accountancy and control.
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6.3.2 Sampling

The model says that the in-process inventory should be done at the
time when there is no hold-up in the Pu evaporator during the plant opera-
tion. Moreover, it requires that the samples for in-process inventory
should be taken within a limited time interval during which the volume and
concentration of the solution in the six vessels are not varied
significantly,

In practical plant operation, the time interval during which the Pu
evaporator is empty is about ome hour. On the other hand, it takes about
two hours for taking samples from six measurement vessels because of the
limited-manpower, characteristics of the sampling equipments and a
circumstance of operation. However, the volume measurements of the six
vessels are carried out within 30 minutes after the cut—off point by
reading the recorders located in the control room. Since, in the six
measurement vessels, the input and product accountability vessels are in a
batch operation and the others are in a continucus equilibrium operation,
it is expected that the change of the concentration of solution is not so
big in the two hours after the cut-off point through the time when all
sample takings are finished,

It should be noted that the sampling works are toc tight in time
because the samplings for the in-process inventory must be done as quickly
as possible while, in parallel with these, samples for normal process

operation should be taken under the plant process cperatiomn.

6.3.3 Chemical Analysis

The field test requires the chemical analysis of various samples taken
for the in-process inventory as well as those for the process control and
formal material accountancy.

Although the model requires that the volume measurements and chemical
analyses of plutonium for all batches of the input accountability vessel
should be completed within three days because that is essential to estimate
the MUF for each ten days, this requirement as a fact could not be met
satisfactorily in the field test carried out. At present in the Tokai
Reprocessing Plant it is observed that at the middle stage of a long
campaign the highly active samples taken from the input accountability

vessel for the analyses of Pu concentration are being accumulated due to
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limited equipment and lack of manpower. The reasons for this delay are
considered to be that it takes a long time to pre-treat the samples from
the input accountability vessel with high activity for the Pu analyses,
that the analyses for material accountancy are requested to be highly
accurate, and that the samples for material accountancy are analyzed on a
day shift basis only.

In order to cope with this situation, a spectrophotometry analysis
method was used for the in-process inventory to all batches of the input
accontability vessel for the analyses of Pu concentration within 6 % randem
error (2 sigma). The data produced by this method is called "special
plutonium data" in this report.

Then, as for the wusage of the analysis data of the 1input
accountability vessel in the field tests, the actual procedure is that the
results of analyses for normal material accountancy are used if the data
have been available within three days after cut-off point, otherwise the
special plutonium data are used temporarily and replaced by the material

accountancy data at the time when the results become available.

6.3.4 Collection of Data

In order to receive the data for the field test quickly and assuredly,
they were collected in twe ways. As for the volume measurements and
chemical analyses that were intended for an in-process inventory only, the
results were collected under the responsibility of the members of the
working group and special working papers were used for recording them. On
the other hand, all dinput and ocutput data of the input accountability
vessel, the product accountability vessel and waste units were picked up
from the circulating route of the routine operation data because they are
usually used for the ordinary accountancy and control purpose.

Furthermore, in addition to the field test of the in-process
inventory, the operating records and analysis data of the extraction units
were collected in the C-3 Campaign in order to evaluate the confidence of
the SEPHIS code which estimates an inventory in the mixer-settler. It 1is
necessary, however, to collect these data again in the future because
enough data to compare the results of the SEPHIS code with the practical

plant operation data could not be gathered.

6.4 Evaluation of Manpower required for Plant Operators
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6.4.1 Volume measurement

The volume measurements need to be done in a fixed time during a
limited time interval. It is easy, however, to carry out the measurements
and they do not need large manpower, if a project team or a working group
for the field test is established and its members keep a close cooperation

each other.

6.4.2 Sampling

The manpower required for the sampling may be estimated using the
ratioc of the number of samples increased for in-process inventories to the
total number of samples taken in same period.

In the C-1 Campaign, this ratio was only a few percent as a whole. On
a single day basis, however, it was nearly ten percent at the time when an
in-process inventory was practiced and, on a shift basis, it was 20 to 30
percents at the time when the samples for the in-process inventory were
taken,

It is concluded from this fact that the samplings may bring a peak

load into the routine operation.

6.4.3 Manpower related to Chemical Analyses

Chemical analyses of the samples taken from four process vessels for
the in-process inventory were done using a method similar to routine chemi-
cal analyses once a week in average, and four items were analyzed for each
vessel. If the samples taken for the in-process inventory may be analyzed
within one week one by onme, it will not be mnecessary to provide a lot of
additional manpower. It is difficult, however, to receive the analytical
results of these samples including the accountancy samples from the input
and product accountability vessels within three days while maintaining the
schedule for the chemical andlyses which are needed to the routine process
operation in view of the limited manpower and equipments, unless the method
of chemical analyses, that is mainly destructive analysis at present, is

changed.

6.5 Future Subjects with regard to Field Testing
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6.5.1 Estimation of Imventories in Mixer-settler systems

In order to calculate MUFd it is necessary to estimate inventories in
mixer-settler systems which are located in the process MBA., In the field
test of the n.r.t. accountancy model the SEPHIS code was used for this
purpose. It is not only a strong desire of all researchers who
participated in the TASTEX Task-F to confirm the validity of the code
experimentally, but also it will give a valuable information to us and to

the plant operation.

6.5.2 Measurement Accuracy

The standard deviationm of MUFd is a result of the error propagation of
volume measurements, sampling and chemical analyses in the same way that
the standard deviation of MUF is so derived. It is important to determine
the magnitude of these error components as accurately as possible, both
from the point of view of plant operation, i.e., material accountancy and
control, and of national and international safeguards. In order to cope
with this, further investigation of the methodeclogy and its application to

the field are needed.
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Table 6.2 In-process Inventory Analytical Items, Accuracy
and Time of Measurement
T
Measure— | Vessel | Analytical Items | Number | Random | Time of Measurement
ment and of Error 3|
Point Name Estimated value | Times Sigma | Time ; Man-Power
(%) (min.) | (man-day)
u 180 g/1 | 9.0 60
Pu 1g/l .0 100
-1 IAV 2 0.5
density 60
ut 3.N 4.0 60
U 180 g/1 9.0 | 60
- Pu 1 g/1 3.0 100 :
D-1 V1l 2 0.5
. density 0.6 60
! -t 3 N 4.0 6C
5‘ 50 g/1 5.0 |
1 U g/ } 150
i Pu 0.6 g/l 3.0
D-2 BV2 2 0.5
density 0.6 60
gt 3 N 4.0 60
| U 0.8 g/1 5.0 60
i Pu 2 g/l 3.0 100
D-3 BV3 2 0.5
density 0.6 60
Bt 3.5 N .0 60
U 0.1 g/1 5.0 60
Pu 15 g/1 .0 100
D"Zl BU4 ' 2 0-5
density 0.6 60
wt 1 N .0 60
half-
Pu 250 g/1 1.2 day
Q-9 PAV density 2 0.6 60 0.5
HY 8 N 2.0 60
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Table 6.3 In-process Inventory Estimation

301 DMBP Number

302 Date of Measurement

311 Time of Sampling

312 Total Solution of Volume
Analytical Data

=

313 :5 U Concentration (g/1)

314 Pu Concentration (g/1)

315 | H+ Concentration (. N )

316 Solution Density

321 Time of Sampling

322 Total Solusion of Volume
Analytical Data

323 Ej U Concentration (g/l)

324 | Pu Concentration (g/1)

325 H+ Concentration { N )

326 Solution Density

331 Time of Sampling

332 Total Solution of Volume
Analytical Data

333 |Q)| U Concentration (g/1)

334 |m Pu Concentration ({g/l)

335 H+ Concentration ( N )

336 Solution Density

341 Time of Sampling

342 Total Solution of Volume
Analytical Data

343 22 U Concentration (g/1)

144 | ;g Pu Concentration (g/1)

345 H+ Concentration ( N )

346 Solution Demsity

351 Time of Sampling

352 Total Solution of Volume
Analytical Data

~F

353 E; U Concentration (g/1)

354 Pu Concentration (g/l)

354 H+ Concentration ( N }

356 Solution Density

361 Time of Sampling

362 Total Solution of Volume
Analytical Data

363 | U Concentration (g/l)

364 Ef Pu Concentration (g/l)

365 H+ Concentration ( N )

366 Solution Density
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Table 6.4 Input Accountability Tank (IAV; Q1)

101 Batch No.

102 Numbers of Assembly

103 Assembly No. (1)

104 ' (2)
105 (1)
106 (%)
107 Date of Measurement
{Acounting)

108 Total Sclution Velume
109 Heal of Previcus Batch

110 Previous Batch No.
111 ime ¢f Sampling

Analytical Data
112 Date of Sampling Results
113 U Concentration (g/1)

114 Pu Concentration <{g/l)
115 H+ Concentration ( N )
116 Solution Density

Table 6.5 Pu Product Accountability Tank (PAV; Qg)

201 Batch No.

202 Date of Measurement
{Acounting)

203 Total Sclution Volume
204 Heal of Previous Batch

203 Previous Batch No.
204 Time of Sampling

Analytical Data
205 Date of Sampling Results
206 U Concentration (g/l)

207 Pu Concentration (g/1)
208 H+ Concentration { N )

209 Solution Density
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7. EVALUATION OF THE N.R.T. MATERTALS ACCOUNTAKNCY MODEL

7.1 Fvaluation of Field Test Data

7.1,1  ¥.R.T. Accounting Data

N.R.T. accounting data were obtained during the C-1 and C-2 campaigns
{(May, 1980 February, 1981). These data are shown in Tables 7.1 to 7.6 and

Figs. 7.1 to 7.7, contents of which are shown below;

Table 7.1 contains input batch data of MBA-2 for the C~1 and C-Z
campaigns. These data consist of volume and concentration
measurements for dissolved solution batches, and gross and net
weights of plutonium contained in these batches.

Table 7.2 contalns output batch data of plutonium products which were
transferred to MBA-3 in C—l and C-2 campaigns, The same kind
of data as those for input are included in the table.

Table 7.3 contains output data for waste transferred from MBA-Z to the
waste treatment facility in C-1 and C-2 campaigns.

Table 7.4 contains (in-process) inventory taking data of the designated
six in-process inventory measurement points din the C-1
campaign. These measurement peints are two formal flow KMP's
(Ql and Qg) and four in-process inventory KMP's (Dl N DA)’*

Table 7.5 contains in-process inventory data in C-2 campaign.

Table 7.6 shows numerical results of n.r.t. material balance calculation
in G-1 and C€-2 campaigns. In this table three clean-out
physical inventories are also included, but these inventories
do not include those in analytical laboratory. and Operation
Testing Laboratory (OTL) because they are omitted from the
proposed n.r.t. materials accountancy system (l10-day-detection-
time model), The conventional materials accountancy indicated
-3562g Pu MUF for C-1 campaign, while the corresponding CUMUF
{of MUFd) was -3785 g Pu.** The difference is 223 g Pu which
may be caused by inventory changes in OTL and Analytical Lab,

during C-~1 campaign.

* See Fig. 3.6
%% By convention, a negative MUF indicates an apparent net gain of Pu.
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Fig. 7.1 shows MUFd values in C-1 and C-2 campaigns. In this figure,
all in-process inventory data are adjusted to include an
estimated 4000 g unmeasured inventory. Only the first MUFd
is affected.

Fig. 7.2 shows CUMUF values in C-1 and C-2 campaigns, which are calcu-
lated from the adjusted MUFd values. A conventional MUF data
based on a cleanout PIT is indicated by a symbol 'X'.

Fig. 7.3 shows average loss{gain) in C-1 and C-2 campaigns which is

estimated by the Two-state Kalman filter.

Fig. 7.4 shows an alarm-sequence chart based on CUMUF Tests.

Fig. 7.5 shows an alarm-sequence chart based on Uniform Diversion
Tests,

Fig. 7.6 shows MUFd values corrected for a bias of 510 g Pu per

NRTMBP, which was estimated from CUMUF, 4di.e., Bias =
CUMUF(15)/15, where 15 is the number of n.r.t. material
balance periods during C-1 and C-2 campaigns.

Fig., 7.7 shows another MUF. wvalues corrected for a bias (319 g

d
Pu/NRTMBP) which was estimated by the Twostate Kalman filter.

7.1.2 Evaluation of Field Test Data

a) Estimation of unmeasured inventory

As shown in Table 7.6, three clean-ocut PIT's were made during C-1 and
C-2 campaigns, which gave information to estimate the quantity of unmeas-
ured inventories that had been omitted from the proposed n.r.t. materials
accountancy system. The unmeasured inventories should appear as a positive
MUFd in the first n.r.t. material balance period (NRTMBP) and after a
clean-out physical inventory taking it should appear as a negative MUFd in
the last NRTMBP. Then, the average of the absolute values of these MUFd

gives an estimate of the unmeasured in-process inventories. It is obtained

by
unmeasured 1834 + 4422
inventory = = 4128 g Pu
\\in C-1 Z
and .
/7
5 unmeasured\\ 3135 + 4116
k\inventory [ i = 3626 g Pu
/ 2
‘n 02 /
in /

1S
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The difference in these two values is heavily irnfluenced by the differ-
ence in processed fuel characteristics. In the present evaluation, a some-
what arbitrary figure of 4000 g Pu was used as a common unmeasured invento-
ry in C-1 and C-2 campaigns in order to analyse all of MUFd data in these
campaigns as a one set. This figure is used to adjust all in-process inven-
rory data to avoid a harmful effect on the sequential decision analyses.

Table 7.7 shows the simulated in-process inventory in MBA-2., According
to this table, the unmeasured inventory was estimated as only 1.3 ~ 2.8 kg
depending on processed fuel characteristics. The major contribution to
this difference may come from smaller estimations of plutonium holdups in
mixer-settler systems. To estimate these inventories, we used the code
SEPHIS, which assumes a steady state process operation. However, in both
campaigns the process had, in practice, been operated in very unstable
conditions, which means that the SEPHIS model is net strictly valid for
these estimations. This may explain the unexpected difference between the
estimate by simulation and that by observed MUFd data.

A secondary and minor contribution to this difference may also come

from smaller estimates of inventories in various small pots, vessels,

tanks, pipings, etc.

Table 7.7 In-process plutonium inventory and its fluctuation in MBA 2

Fuel Type BWR BWR BWR PWR PWR PWR
Burnup (MWD/ton) 106000 15000 20000 10000 20000 27500
Input Accountability Vessel(3) 1657 2154 2454 1978 3015 35498
Buffer Vessel(4) 1152 1910 2790 2131 3614 2481
Buffer Vessel(8) 495 854 871 660 1102 1330
Buffer Vessel(l2) 468 534 705 521 833 950
Buffer Vessel(l6) 364 481 545 421 699 1083

Pu Product Reception Vessel(l8) 8320 8394 6357 8226 9493 8134
Sub-total of major inventory 12456 14324 13724 13954 18755 16721

Extraction I (5) 328 423 500 389 608 720
Extraction IT (6) 48 62 74 57 89 106
Extraction III(9) 241 313 368 285 445 528
Extraction IV (10) 163 211 243 192 299 355
Extraction VIII(14) 232 300 351 274 428 511
Extraction IX (15) 135 175 203 158 248 298
Others (7,11,13) 148 192 226 176 275 328
Evaporator (17)* ‘ 0 0 0 0 0 Y
Sub-total of minor inventory 1295 1676 1970 1531 2392  28B46
Total Inventory in MBA 2 13751 16000 15694 15485 21147 19567
Ratio of Main to Total 91% 907% 87% 90% 89% 857

* at the time when Evaporator became enpty
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b) Conventional Materials Accountancy Data and their evaluation

The conventional MUF data can be obtained from the figure of Table 7.6.

MUFO iUMUF
C-1 campaign -3785 g 1079 ¢
(C-1) + (C-2) campaign -7657 g 1405 g

From these data the true MUF (MUFt) can be calculated as follows;

Campaign MUFt = MUFd iZGMUF MUFt = MUBb iSUMUF
Cc-1 -5,943g 2 MUFt £ -1,627g -7,022g = MUF_ £ -548g
(C~-1)+(C~2) | ~10,467g = MUFt £ -4,847g -11,872g < MUF_ £ -3,442g

These figures indicate that the Hypothesis HO , that the observed MUF,
MUFO, is statistically zero, should rejected with the significance level
{a) less than 0.3 %.

There has been no indication that a significant quantity of plutonium
probably greater than 1 kg, disappeared in the process MBA prior to (-1
campaign, such that it could reappear in the process MBA during the C-1 and

C-2 campaigns. There are two logical alternatives.
(i) UMUF has been under-—-estimated, because measurement errors assigned

for the KMP's were declared too small (Table 5.4), or
(ii) there is a significant measurement bias across the process MBA,
resulting in a net gain of plutonium, There are three possibili-

ties; i.e.,
- input measurements always indicate smaller amount than the
true,

. output Pu product measurements always indicate larger amount

than the true, or

., both of the above situations exist.

¢) Near-Real-Time Materials Accountancy Data and Their Evaluation
In-process inventory taking data and conventional input and output

measurement data were reduced to dynamic MUF data (MUFd), CUMUF data, aver-

age loss data by Kalman filter estimate, and alarm-~sequence charts gener-

ated by sequential decision tests. These data are shown in Figs.7.1 to 7.7.
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The systematic variation in MUFd is dramatically shown by a graph of
CUMUF, Fig. 7.2. This figure clearly shows that there is a measurement
bias across the process MBA, resulting in an apparent net gain of
plutonium. The nature of this bias was not clearly shown in conventional
materials accountancy data. Fig. 7.2 gives a dramatic picture of the power
of the near-real-time materials accountancy concept, and of the
10-day-detection-time model in the PNC-Tokai Plant, if adopted.

Fig. 7.3 shows an estimation of average loss per n.r.t. material
balance period., which was obtained by the two-state Kalman filter. During
the C-1 and C-2 campaigns, the Tokai plant was not operated steadily, and
it therefore may not be appropriate to use the Kalman filter estimate as an
estimate of bias. However, we use it as a very preliminary value for
possible bias correction as described later.

Figs. 7.4 and 7.5 show alarm-sequence charts based on CUMUF tests and
Uniform Diversion tests, respectively. These figures clearly show
occurrences of net gain of plutonium with very low false alarm probabili-

ties.

7.2 Improvement of Materials Measurement ané Estimation

7.2.1 Bias Estimation and Correctiocn

Two approaches to estimate a bias are used. This work is risky
because of lack of theoretical strictness, but it 1is nevertheless
suggestive for the people to identify the location of and estimate the
exact quantity of the measurement bias.

The two-state Kalman filter estimate of an average loss at the last
NRTMBP is 319 g Pu per n.r.t. material balance period. The other simple
way to estimate the bias is tc use CUMUF value at the last NRTMBP. It is
given by the CUMUF value divided by the total number of n.r.t. material
balance periods, and is equal to 510 g Pu per NRTMBP.

Fig. 7.6 shows new MUFd data corrected for bias, and Fig. 7.7 shows
CUMUFs based on these corrected MIIFd data. Fig. 7.7 indicates that the
estimate by the Kalman fiiter is still too small to interpret the large MUF
in the bias alone, while the other estimate given by CUMUY¥ is fairly
sufficient, In this case all of corrected MUFd data except that at 4th
NRTMBP can be sufficiently interpreted in terms of measurement

uncertainties with the significance level of 5 %. In other words, almost
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all MUFd data could be explained as statistically zero with 5 Z of type I
error, provided a bias of about 500g Pu per NRTMBP could be identified and
confirmed.

The second NRTMBP in C-1 campaign covers from April 29 to May 8, and
during this NRIMBP, 14 input batches (total 24,708 g Pu) were measured at
the input KMP and 5 output batches (total 25,930 g Pu) were measured at the
output KMP. Therefore the average throughput in one n.r.t. material balance
period is approximately 25,300 g Pu.

If the estimated 500 g Pu/NRIMBP measurement bias exists either in

input measurement or in output measurement, then
{ Possible Bias in Input Measurement or Qutput Measurement )
500 g

- —— =0.020 =2 3%,
25300 g

Alternatively, if the bias exists in both input and output measurements,

then

( Possible Bias in Input measurement and Output measurement )

2 7

These data should be compared with estimates of long term systematic error
given in Table 5.4,
The results of the preliminary study on bias correction clearly

indicate that an urgent and detailed further investigation on this matter

is required.

7.2.2 FEstimation of Inventory Hold-up in Mixer-Settler Systems

The original proposal for near-real-time materials accountancy in the
PNC-Tokai facility included an estimation of the plutenium inventory in the
mixer-settler systems using a computer simulation model and the measured
aqueous feed rates and concentrations, FProgress in this area has been
slow., The problem is not critical to a demonstration of near-real-time

materials accountancy in the PNC-Tokai facility because of the relatively
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small facility size. It will be a more important problem, however, in
determining the ultimate detection sensitivity of the concept when applied
to larger facilities.

The dynamic MUF data in Fig. 7.1, for example, show the effect of
using a SFEPHIS calculation to estimate the plutonium inventory in the
mixer-settlers during the C-1 campaign. The apparent MUF loss during the
4th period led the sequential decision analysis to a coneclusion of no
apparent MUF pattern. The corrected dynamic MUF data clearly show that
this apparent MUF loss was the result of an unusually high mixer-settler
system inventory at that time:

It is now questioned by some experts working on scolvent extraction
system models whether SEPHIS, being an equilibrium state model, can always
dependably estimate the actual inventory in a non-equilibrium system; even
when that system is operating relatively smoothly at steady-state. A new
code, PUBG(IO)

The PUBG work has shown that the total Pu inventory, the only quantity

» has been developed specifically for mixer-settler systems.

of safeguards interest, is a sensitive function of the feed and waste
concentrations. Since these are quantities which are already available, it
is hoped that a simplified model can be developed aleng the lines of H =
ACf + BCW, where H is the plutonium inventory, Cf and CW are the aqueous
feed and aqueous waste concentrations, respectively, and A and B are

constants determined from PUBG modelling.

7.3 Verification for International Safeguards

Examination of the question of verification for international safe-
guards has led to several useful conclusions., First, it is concluded that
the problem of rapid, timely verification against the gross falsifications
necessary to conceal an assumed abrupt diversion can be separated from the
problem of highly accurate verifications needed to detect possible small
falsifications which might conceal an assumed protracted diversion. The
former must be timely but need not be accurate, the latter must be accurate
but need not be timely. There are no verifications which must be both.

Second, it is concluded that relatively little verification effort
need be directed toward inventory data, first because the magnitude of the
in-process physical dinventory is relatively small, such that its
falsification to conceal an assumed abrupt diversion would be difficult,

and second because the frequent repetitions of the in-process inventory
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make even small falsifications unpreductive.

Third, it is concluded that the assumed continuous presence of an
inspector results in the availability of considerable collaborative data
which can be used to provide approximate verificatioms.

The study of verification for TAFEA safeguards has not yet progressed
to the point where it is possible to specify a complete set of verification
procedures. Some examples can be given, however. The input measurement,
for example, can be roughly verified by two methods. One invelves
comparison of the total plutonium found on dissolution with the plutonium
expected based on reactor calculations. Much has been written about the
unreliability of the latter, and in terms of precise verifications reactor
calculations probably are unreliable. From the actual data collected
during the C-1/C-2 campaigns, however, the difference normally is less than
200 gms Pu, and the average difference tends reasonably well toward zero.
1f falsifications are limited to less than 200 gms Pu per batch, 40
batches, over a period of at least three weeks, must be falsified. Since
the data should tend toward zero, any sequence of 30-40 batches in which
the difference was consistently large would be cause for investigation and
more careful verification. In the absence of such a consistent pattern,
the inspector can assume that input measurements are not being grossly
falsified, and can wait for the conventional chemical wverification to
confirm the absence of smaller falsifications,

A second verification of the input measurement can be obtained from a
comparison of Pu/U ratios found with those expected based on rTeactor
calculations. Again, the verification is not precise, but it is adequate
to detect falsifications in the range of 150-200 gms Pu or more, thereby
gaining time for the performance of more precise verifications.

The minimum falsification which extended over every flow batch during
an entire year of operation at nominal capacity, would achieve a diversion
of 8 kgs Pu, is about 10 grams. This is about 0.16-0.30% for a typical
batch, depending on the type of batch. Since the assumption is that the
falsification is repeated in every batch for an entire year, detection at
this level does not appear to be out of the question. Multiple period
statistical techniques, in particular tests based on the Kalman filter
statistic, should be able to contribute to an increased detection sensi-

tivity in this range.
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L/21 21:55
L/21 23:18
L1246 9:25
4124 103149
L7125 S: 4

4725 6125
L7126 2345
L1226 4115
L1226 43155
4726 8:38
4726 19:55

L/27 1:10
4/27 20130
Lf27 21:29
4728 9140
L/28 10:37
4128 23:37
L/29 0:30
4/2%9 21:15
4£729 22:10

5/ 1 143130
5/ 1 15325
57 2 5:25
5/ 2 6124
5/ 2 17+ 3
5/ 2 17:55
5/ 3 4130
5/ 3 5:27
5/ 3 17:155
s/ 3 18:53
5/ 4 6232
5/ 4 7:28
5/ & 19146
5/ & 20:41
5/ 5 2:40
5/ 5 10:35
5/ 5 22:55
5/ 5 23:531
5/ &6 14:48
5/ 6 15:40
5/ 7  14:25
S/ 7 15:30
5/ 7 20: O
s/ 7 20: 0
5/ 8 167 7
S/ 8 140 7
5/ 9 7:30
57 9 7:30
/21

5/21
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Input Batch Accounting Data in C-1 and C-2 Campaigns (Plutonium)

BATCH NAME

JP1-016
MEEL
JP1-017
HEEL
JP1-018
HEEL
JP1-019
HEEL
FU1-031
HEEL
FU1-032
HEEL
FU1-033
HEEL
FU1-034
HEEL
FU1-035
HEEL
FU1-036
HEEL
FU1-037
HEEL
FU1-038
HEEL
FU1-03¢9
HEEL
FUi1-040
HEEL
FU1-041
HEEL
FUL1-042
HEEL
FU1-043
HEEL
FUl-C44
HEEL

FUL-045

HEEL
FU1-046
HEEL
FU1-047
HEEL
FU1-047
HEEL
FU1-047
HEEL

FUL-C47 -

HEEL
OTHERS
HEEL

ACCOUNTABILITY VESSEL

VOLUME
L

1774 .23
5.48
1753.87
5.64
1452.56
4.71
1790.51
4.94
1888.23
$.59
1965.59
9.59
1992.93
7.59
1920.85
8.10
1778.30
7.67
2061.45
9.5%
2062.82
¢.59
2108.04
9.59
1802.73
9.59
1916.73
9.59
1924 .88
§.59
1858.28
9.59
1810.87
F.59
1859.73
9.59
1900.45
7.59
1819.01
9.59
2379.37
9.59
894.75
9.59
731.88
7.59
1077.97
9.39
280.00
0.0

CONCENTRA-

GROSS

TION (G/L) WEIGHT <(G)

0.2480
0.2480
0.2500
0.2500
0.2180
0.2180
0.2210
D.2210
0.7730
©.7730
0.9100
0.9100
0.9040
0.9040
1.0150
1.0150
1.0120
1.0120
0.9270
0.9270
0.9080
0.9080
0.8950
0.8%950
0.76%90
0.7690
0.8600
0.8600
0.8420
0.8420
0.8680
0.8680
0.8450
0.8450
0.9430
0.9430
0.9370
0.9370
1.0140
1.0140
0.8520
0.8520
0.1900
0.1900
0.1200
¢.1200
0.0700
0.0700
0.0

0.0
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440.01
1.36
438.47
1.41
316.66
1.03
395.70
1.09
1459 .60
7.41
1788.69
8.73
1801.61
8.67
1949 .66
8.22
1799 .64
7.76
1910.96
8.89
1873.04
8.71
1886.70
8.58
1386.30
7.37
1648.39
8.25
1620.75
8.07
1612.99
8.32
1530.19
8.10
1753.73
9.04
1780.72
8.99
1844 .48
9,72
2027.22
8.17
170.00
1.82
87.83
1.15
75.46
0.67
0.0
0.0

NET WEIGHT

(G)

438.65

437.06

315.63

394.61

1452.19

1779.96

1792.94

1941.44

1791.88

1902.07

1864 .33

1878.11

1378.%2

1640.14

1612.67

1604.66

1522.08

1744 .68

1771.74

1834.75

2019.05

168.18

86.67

74.79

¢.0



Table 7.1 Cont'd

HOUR

15:
16:
:15
10
16:
17:
E
i2:
H
t15
16:
19:
231
238
14:
141
231
23:
1513
161
55
:58
231
135
30
37
121
13:
15
+15
19:
19:
:30
27
21i:
22+

18
19

126

35
28

17
16

10
26
45
45
10
53

52
58
50

30

16
10

56

20
18

BATCH NAME

CTHERS
HEEL
OTHERS
HEEL
OTHERS
HEEL
OTHERS
HEEL
OTHERS
HEEL
CTHERS
HEEL
FU1-C48
HEEL
FU1-049
HEEL
FU1-050
HEEL
FU1-051
HEEL
FU1-052
HEEL
FU1-053
HEEL
FU1-054
HEEL
FU1-054
HEEL
FU1-055
HEEL
FU1-056
HEEL
FUl-C57
HEEL
FU1-058
HEEL
FU1-059
HEEL
FULl-060
HEEL
SH1-001
HEEL
SH1-002
HEEL
SH1-003
HEEL
SH1-004 "
HEEL
SH1-005
HEEL

JAERI — M B3 — 158

ACCOUNTABILITY WESSEL

VOLUME
(L2

1700.00
0.0
300.00
0.0
1030.00
0.0
510.00
0.0
560.00
0.0
380.00
0.0
1334.49
9.08
1884.16
?.59
1843.44
9.59
1997.04
?.59
2165.59
5.48
2091.60
§.59
2580.81
10.12
1147.19
?.59
1399.63
9.59
1798.66
9.59
1871.95
?.59
2186.15
9.59
2128.59
9.59
2346.48
9.59
1843.44
9.59
1985.95
9.59
1916.73
9.59
1990.24
11.20
2013.49
9.59

CONCENTRA-
TION

001
001
084
084

.
-
.
-

OO0 O0O000O0O0

-8420
.8420
0.9320
0.9320
0.8780
0.8780
0.7950
0.7950
Q.7350
0.7350
0.7500
0.7500
0.7170
0.7170
0.1910
0.1%910
0.9860
0.9860
1.01%90
1.01%0
1.1540
1.1540
0.8950
C.8950
0.8730
0.8730
0.8810
0.8810
1.1420
1.1420
1.2140
1.2140
1.2070
1.2070
1.2480
©1.2480
1.1730
1.1730

OO OO0 0 000000

— 242 —

GROSS

(G/L) WEIGHT (G)

m

OO OQOCOFRFOOOOOM
COOOONIOOOO0W
03]

1123.64
7.65
1756.04
8.94
1618.54
8.42
1587.65
7.62
1591.71
4.03
1568.70
7.19
1850.44
7.26
219.11
1.83
1380.04
9.46
1832.83
.77
2160.23
11.07
1956.60
8.58
1858.26
8.37
2067.25
.45
2105.21
10.95
2410.94
11.64
2313.49
11.58
2483.82
13.98
2361.82
11.25

NET WEIGHT

(G)

1116.00
1?47.10
1610.12
158¢.02
1587.68

1561.51

1843.18 °

217.28

1370.58

1823.06

2149.16

1948.02

1849.89

2058.80

2094 .26

239%.30

2301.92

2L69 .84

2350.57



JAERI —M 83— 158
Table 7.1 Cont'd

------------

ACCOUNTABILITY VESSEL

VOLUME CONCENTRA- GROSS
HOUR BATCH NAME (L) TION (G/L) WEIGKHT (G)
16: 2 SH1-C06 2272.48 1.1170 2538.36
173 7 HEEL 9.59 1.1170 10.71
19145 SH1-007 2050.49 1.0960 2247 .34
20:40 HEEL $.59 1.0960 1¢.51
§:50 SH1-008 1977.81 1.0730 2122.19
10:42 HEEL 9.59 1.0730 10.29
20:43 SH1-00%9 1920.81 1.1320 2174 .36
21:37 HEEL 9.59 1.1320 10.86
B: 0 SH1-010 1880.09 1.1790 2216.63
8:35 HEEL 9.59 1.17%0 11.31
8: 5 SH1-011 1847 .52 1.2110 2237.35
9: 0 HEEL 9.59 1.2110 11.61
130 4 SH1-012 1794.58 1.0940 1963.27
13:53 HEEL $.59 1.0940 10.49
22:53 SH1-013 1876.02 1.2050 2260.60
23:48 HEEL 9.59 1.2050 11.56
2:53 SH1-014 2099.82 1.0960 2301.40
3:154 HEEL g.59 1.0960 1¢.51
15:16 SH1-015 1713.15 1.2100 2072.91
16: 7 HEEL §.59 1.2100 11.60
5:20 SH1-016 1961.52 1.2490 2449 .94
6:20 HEEL 9.59 1.2490 11.98
17:30 SH1-017 1725.37 1.2480 2153.26
18:23 HEEL 9.59 1.2480 11.97
B: O SH1-018 19465.59 1.2390 2435.37
857 HEEL 9.59 1.23%0 11.88
19:47 SH1-019 1684 .65 1.2370 2083.91
20:38 HEEL g.59 1.2370 11.86
10: 0 SH1-020 2029.93 1.2730C 2584.10
11: 0 HEEL 9.59 1.2730 12.21
2z2: Q SH1-021 1745.72 1.2050 2103.59
22153 HEEL G.5% 1.2050 11.56
13145 SH1-022 1831.23 1.2630 2312.84
14137 HEEL 9.59 1.2630 12.11
20:20 SH1-023 1839.37 1.1030 2028.83
21:11 HEEL 9.59 1.1030Q 10.58
7: 0 SH1-024 2206.70 1.1710 2584 .05
8:30 KEEL g.59 1.1710 11.23
11:16 SH1-025 2564 .36 1.1570 2966.96
12:30 HEEL ?.59 1.15370 11.10
12:58 SH1-026 1928.95 1.0230 1973.32
13:52 HEEL 9.59 1.0230 9.81
21:26 SH1-027 1790.51 1.0860 1944 .49
22:19 HEEL 2.59 1.0860 10.41
10 8 SH1-028 1835.30 1.2530 2299.63
11: 4 HEEL 9.59 1.2530 12.02
6113 SH1-02%. 1814 .94 1.1610 2107.15
7 4 HEEL §.59 1.1610 11.13
16:27 SH1-030 1916.73 1.1930 22B6.66
17:22 HEEL 5.59 1.1930 11.44

— 243 —

NET WEIGHT

(G

2527 .65

2236.83

2111.90

2163.50

2205.32

2225.73

1952.78

2249.05

2290.89

2061.31

2437.96

2141.29

2423.48 .

2072.05

2571.89

2092.04

2300.73

2018.25

2572.82

2955.87

1963.51

1934.08

2287.61

2096.01

2275.22



Table 7.1 Cont'd

HOUR

10:
22:
18:

19:
21t

:55
53

155

56
145
40

53
135
*30
:30
30
+10

t53
30
125
46
139

148
HEA
140

t37

*33
143
40
142

OO oo OO0

BATCH NAME

SH1-031
HEEL
SH1-032
HEEL
SH1-033
HEEL
SH1-034
HEEL
HA1-0O01
HEEL
HA1-002
HEEL
HA1-003
HEEL
HA1-004
HEEL
HA1-005
HEEL
HA1-0C6
HEEL
HA1-007
HEEL
HA1-008
HEEL
HA1-008
HEEL
HA1-008
HEEL
OTHERS
HEEL
QTHERS
HEEL
OTHERS
HEEL
OTHERS
HEEL
OTHERS
HEEL
OTHERS
HEEL
OTHERS
HEEL
GE1-001
HEEL
GE1-002
HEEL

GE1-003"

HEEL
GE1-004
HEEL

JAERI — M 83— 158

VOLUME
L

1928.95
9.59
1831.23
?.59
1924 .88
?.59
1794.58
9.59
1823.09
9.08
1798.66
10.12
2034.04
?.59
1847.52
10.12
1814.94
9.59
1831.23
9.59
1798.66
?.59
1476.99
9.59
1110.54
g.59
829.60
9.59
332.00
0.0
160.00
0.0
134.14
107.27
395.00
0.0
438.00
0.0
154.1%9
125.9¢1
40C.00
0.0
1395.56
§.59
1912.66
10.12
2120.37
10.12
2108.04
10.1°2

— 244 —

ACCOUNTABILITY VESSEL

CONCENTRA-
TION (G/L> WEIGHT (G

1.2580
1.2580
1.2290
1-.2290
1.2500
1.2500
1.3450
1.3450
1.0780
1.0780
0.9760
0.9760
©.8070
0.8070
0.8720
C.8720
0.9290
0.92%0
0.9520
0.9520
C.9670
0.2670
0.%9410
0.9410C
0.1880
0.1880
0.1000
0.1000
0.0001
0.0001
0.0001
0.C001
1.3200
1.3200
0.0005
0.0005
0.0274
0.0274
1.3200
1.3200
0.0007
0.0007
1.7320
1.7520
1.7420
1.7420
1.7270
1.7270
1.7210
1.7210

------

GROSS

2426.62
12.06
2250.58
11.79
2406.10
11.99
2413.71
12.90
1965.29
9.79
1755.49
9.88
1641047
7.74
1611.06
8.82
1686.08
8.91
1743.33
9.13
1739.30
9.27
1389.85
g.C2
208.78
1.80
82.96
0.96
0.02
.0
0.01
0.0
177.06
141.60
0.21
0.0
12.00
0.0
2032.53
166.20
0.30
c.C
2445.02
16.80
3331.85
17.63
3661.88
17.48
3627 .94
17.42

NET WEIGHT

(@

2414.55

2238.80

2394 .11

2400.81

1955.50

1745.62

1633.73

1602.21

1677.17

1734.20

1730.03

1380.82

206.98

8§2.00

0.02

0.01

35.47

12.00

37.33

¢.30

2428.22

3314.22

3644 .40

3610.52



HO

Table 7.1 Cont'd

UR

A
OOV OOo OO0 00O0O00O00O0OOCOOO0O0O

(W VU
O Mo

V)|
QO COoOCOCOOC 0000 DO O0O0OC0o00C

BATCH NAME

GE1-005
HEEL
GE1-C06
HEEL
GE1-007
HEEL
GE1-008
HEEL
GE1-009
HEEL
GE1-010
HEEL
GE1-011
HEEL
GE1-012
HEEL
GE1-013
HEEL
GE1-014
HEEL
GE1-014
HEEL
GE1-014
HEEL
GE1-014
HEEL
GE1-014
HEEL
MIl1-1.,2
HEEL
MI1-0C3
HEEL
MI1-004
HEEL
MI1-005
HEEL
MI1-006
HEEL
MI1-007
HEEL
MI1-008
HEEL
MI1-00%9
HEEL
MI1-010
HEEL

MI1-011-

HEEL
MI1-012
HEEL

JAERI — M 83— 158

VOLUME
(LI

2099.82
10.12
2646.58
9.59
2169.70
10.12
2621.92
10.12
1794.58
10.12
2062.82
10.12
2042.26
9.59
1916.73
10.12
2108.04
10.12
2264.26
10.12
1652.08
10.65
1668.36
10.12
1220.48
10.12
1485.14
10.12
2827.47
10.65
1700.94
10.12
1696.86
10.12
1607.29
10.12
1806.80
10.12
1969.67
10.1%2
1692.79
10.12
1639.86
10.12
1770.15
10.12

1578.79

10.12
1782.37
10.12

— 245 —

ACCOUNTABILITY VESSEL

CONCENTRA-
TION (G/L) WEIGHT (G

1.6%00
1.6900
1.4840
1.4840
1.47%90
1.4790
1.4570
1.4570
1.6510
1.6510
1.8370
1.837C
1.7460
1.74460
1.7250
1.7250
1.5200
1.5200
1.7390
1.7390
0.7310
0.7310
0.1700
0.1700
0.0480
©.0480
0.0414
0.0414
0.8820
0.8820
1.0900
1.0%900
1.049%90
1.0490
0.9920
0.9920
1.0610
1.0610
1.0330
1.0330
0.9970
0.9970
1.1780
1.1780
1.2430
1.2430
1.2600
1.2600
1.1930
1.1930

GROSS

3548.70
17.10
3927.52
14.23
3208.99
14.97
3820.14
14.74
2962.85
16.71
3789.40
18.59
3565.79
16.74
3306.36
17.46
3204.22
15.38
3937.55
17.60
1207.67
7.79
283.62
1.72
58.58
0.4%
61.48
0.42
2493.83
9.39
1854.02
11.03
1780.01
10.62
1594.43
10.04
1917.01
10.74
2034.67
10.45
1687.71
10.09
1931.76
11.92
2200.30
12.58
1989.28
12.75
2126.37
12.07

NET WEIGHT

(G

3531.59
3913.29
3194.02
3805.39
2946.14
3770.81
3549.04
3288.90
3188.84
3219.95
1169.89
281.90

58.10

61.07
24B4 .44
1842.99
1769.39
1584 .39
1906.28
2024.22
1677.62
1919.83
2187.72
1976.52

2114 .29



Table 7.1 Cont'd

HOUR

221
231

10¢

13:
14

13:
1473

14:
15:

15:¢
16:
18:
19:

21:
22:
12:
13:

13:
16:
13:
151

OO0 O00OOCOQOOoOOoO0OC OO0 COO0COO0 OO QO 0OC

OO 00O 00

BATCH NAME

MI1-013
HEEL
MI1-014
HEEL
OTHERS
HEEL
MI1-C15
HEEL
MI1-016
HEEL
MI1-017
HEEL
MIi-018
HEEL
MI1-01¢9
HEEL
MI1-020
HEEL
MI1-021
HEEL
MIl1-022
HEEL
MI1-023
HEEL
MI1-024
HEEL
MI1-025
HEEL
MI1-026
HEEL
MI1-027
HEEL
MI1-028
HEEL
MIl1-029
HEEL
MI1-030
HEEL
MI1-031
HEEL
MIt-032
HEEL
MI1-032
HEEL
MI1-033
HEEL

MI1-034

HEEL
MI1-035
HEEL

JAERI —M 83— 158

VOLUME
Ll

1798.66
10.12
2025.82
10.12
240.00
0.0
1700:94
10.12
1831.23
10.12
1831.23
10.12
1757.94
10.12
1823.09
10.12
1672.43
10.12
1749 .8C
F.59
1762.01
9.59
1912.66
9.59
1684 .65
9.59
1904 .52
?.59
1766.08
10.12
1871.95
§.59
1859.73
10.12
1937.0%9
9.59
1977.81
10.12
2021.71
10.12
2210.82
10.12
1798.66
0.0
1847.52
10.12
1721.29
?.59
1847.52
F.59

— 246 —

ACCOUNTABILITY VESSEL

CONCENTRA~
TION (G/L> WEIGHT (G)

1.1330
1.1330
1.0740
1.0740
0.0183
G.0

1.0470
1.0470
1.1070
1.1070
1.1470
1.1470
1.1650
1.1650
1.1190
1.1120
1.1930
1.1930
1.1380C
1.1380
1.1020
1.1020
1.0550
1.0550
1.0700
1.0700
1.1520
1.1520
1.0230
1.023¢C
1.0860
1.0860
1.1140
1.1140
1.1180
1.1180
0.94460
0.9460
1.0060
1.0060
0.9540
0.9540
C.1400
c.C

0.9710
0.9710
1.1200
1.1200
1.084C
1.0840

GROSS

2037.88
11.47
2175.73
10.87
4.39
c.C
1780.88
10.60
2027.17
11.20
2100.42
11.61
2048.00
11.79
2040.04
11.32
19¢5.21
12.07
1991.27
10.91
19461.74
10.57
2017.86
10.12
1802.58
10.26
2194 .01
11.05
1806.70
10.35
2032.94
10.41
2071.74
11.27
2165.67
10.72
1871.01
9.57
2033.84
10.18
2109.12
F.65
251.81
0.0
1793.94
9.83
1927.84
10.74
2002.71
10.40

NET WEIGHT

(&

2026.42
2164 .86
4.39
1770.29
2015.97
2088.81
2036.21
2028.71
1983.14
1980.36
1931.17
2007.74
1792.31
2182.96
1796.35
2022.52
2060.47
2154.94
1861.43
2023.66
2099.47
251.81
1784 .12
1917.10

1992.32



Table 7.1 Cont'd

------

HOUR BATCH NAME
140 0 MI1-036
16: 0 HEEL
13: 0 MI11-037
14: 0 HEEL
11: 0 MI1-038
15 Q0 HEEL
8: 0 MI1-039
11: 0 HEEL
g: C MI1-040
10 0 HEEL
18: 0 MI1-041
20 0O HEEL
17: 0 MI1-042
192 0 HEEL
MI1-042
HEEL
MIi-042
HEEL
MI1-042
HEEL
MI1-0Q42
HEEL
MI1-042
HEEL

JAERT —M 83— 158

— 247 —

ACCOUNTABILITY VESSEL

VOLUME CONCENTRA-
(L) TION (G/L)
1770.15 1.0940
.59 1.0940
1753.87 1.1120
10.12 1.1120
1900.45 1.0440
2.59 1.0440
1933.02 0.9480
2.59 0.9480
1717.22 1.1340
10.12 1.1340
1664 .29 1.1650
F.59 1.1650
2445.14 1.0430
10.12 1.0430
963.96 0.2046
9.59 0.2046
1220.48 0.07%99
$.59 0.0799
1061.68 0.0512
10.12 0.0512
1163.48 0.0380
9.59 0.0380
1558.43 0.0
10.12 0.0

------

GROSS
WEIGHT  (G)

1936.54
10.49
1950.30
11.25
1984.07
10.01
1832.50
?.09
1947.33
11.48
1938.90
11.17
2550.28
10.56
197.23
1.96
?7.52
0.77
54.36
0.52
44.21
0.36
0.0
0.0

NET WEIGHT
(G)

1926.05

1939.05

1974.06

1823.41

1935.85

1927.73

2539.73

195.26

96.75

53.84

43.85

c.0

276609.60



JAERI —M 83— 158

Table 7.2 Plutonium Product Accounting Data of MBAZ in C-1 and c-2
Campaigns
ceeess QUT FROM 266V23 ceraus
VOLUME CONCENTRA- GROSS NET WEIGHT
DATE HOUR BATCH NAME (L) TION (G/L) WEIGHT (G) 1§<P)
4129 1:58 33.94 184.1000 6248.35
47129 2:23 HEEL 2.49 184.1000 458.41 5789.94
4/30 19: O 33.07 216.5000 7159.65
4730 19:25 HEEL 2.67 216.35000 578.05 6581.40
5/ & 9:55 32.56 220.3000 7172.97
5/ &4 10: 3 HEEL 2.60 220.3000 572.78 4600.19
5/ 6 18:16 34.42 219.1000 7541.42
5/ 6 18:32 HEEL 2.66 219.1000 582.81 8958.62
S/ B 22:48 33.13 215.46000 7142.83
5/ 8 23:13 HEEL 2.61 215.6000 562.72 4580.11
S/10 14:35 33.00 169.4000 5590.20
S/10  14:5Q HEEL 3.0t 169.4000 50%9.8% 5080.31
5/25 17: 35 36.15 185.1000 6691.36
5/25 19:23 HEEL 2.16 185.1000 399.82 6291.55
5/27 14:20 43.446 160.10Q00 6957.95
$/27 14:30 HEEL 2.64 160.1000 422.66 6535.28
5129 14:45 38.24 183.8000 7028.51
5729 15:13 HEEL 7.56 183.8000 1389.53 5638.98
5/31 14:10 63.64 182.1000 79446 .84
5/31 14:20 HEEL 2.74 182.1000 4L98.95 7447 .89
&/ 2 15:25 31.82 202.8000 6453.10
6/ 2 16:33 HEEL 2.70 202.8000 547.56 5905.54
6/ 5 14:13 34,42 191.8000 6£601.76
6/ 5 14330 HEEL 1.98 191.8000 379.76 6221.99
6/ 6 16130 32.52 217.4000 7069.85
6/ & 17:54 HEEL 2.09 217.4000 454 .37 6615.48
6/ 8 14:56 31.48 227.6000 7164 .85
4/ 8 15:13 HEEL 3.00 227.6000 682.80 6482.05
6/ 9 19: 0 31.81 215.7000 6861.42
6/ 9 19:23 HEEL 2.05 215.7000 442.18 6419.23
6/11 15:35 35.50 221.7000 7870.35
&/11 15:50 HEEL 2.09 221.7000 463.35 7407.00
6/12 15:30 32.66 210.6000 6878.20
&/12 22359 HEEL 1.98 210.6000 416.99 6461.21
6714 14311 35.49 208.1000 7385.47
6/14 14355 HEEL 2.36 208.1000 491.12 6894 .35
6716 17:55 34.81 210.3000 7320.54
6/16 18:45 HEEL 2.56 210.3000 538.37 6782.17
6/18 14:15 32.49 219.1000 7118.56
4718 14154 HEEL 2.47 219.1000 541.18 6577.38
6/20 18:21 31.57 247.3000 7807.26
6720 18:36 HEEL 2.17 247.3000 536.64 7270.62
6/22 13:35 32.20 226.9000 7306.18
6722 14: 5 HEEL 3.14 226.9000 712.47 6593.71
6/23 18: 5 : 33.64 222.5000 7484.90
6/23 18115 HEEL 2.11 222.5000 L69.47 7015.42
6/26 14:40 29.38 153.8000 4518.64
6/26 15: 3 HEEL . 2.28 153.8000 350.66 4167.98
9/12 17:30 32.64 177.1000 5780.54
9712 17339 HEEL 1.47 177.1000 260.34 5520.21

— 248



Table 7.

HOUR

—— T e ——— - —— i

10:35
11: O
14:30
16:10
14:55%
15:35
18:50
19:30
11:24
11144
15:48
15:50
14:55
15:50
18: ©
18:29
18: 0
18:30
14345
15:30
12: S
12:22
10:20
10:37
15: S
135:20
&:13
6:20
14:40
15: Q
13:30
14 0O
18:59
19:40
15:20
16: 8
17:43
18: 2

2 Cont'd

BATCH NAME

HEEL
HEEL
HEEL
HEEL
HEEL
HEEL
HEEL
HEEL
HEEL
HEEL
HEEL
HEEL
HEEL
HEEL
HEEL
HEEL
HEEL
HEEL

- HEEL

— 249 —

JAERI —M 83— 158

QUT FROM 266VZ23

VOLUME CONCENTRA- GROSS
L) TION (G/LY MWEIGHT (G)
31.13 230.2000 7166.13

2.41 230.2000 554.78
36.49 218.90C0 7987 .66
4.685 218.%9000 1017.88
38.65 192.1000 7424 .86
2.26 192.1000 434 .15
32.42 213.5000 6921.67
2.31 213.5000 493.18
35.05 220.3000 7721.51
1.33 220.3000 293.00
32.26 259.7000 8377.92
2.49 259.7000 §46.65
36.92 133.2000 4917 .74
3.24 133.2000 431.57
41.15 163.5000 6728.02
1.92 163.5000 313.92
33.09 220.0000 7279.80
1.22 220.0000 268.40
42.22 159.4000 6729.87
2.30 159.4000 366.62
39.20 153.2000 4005.44
2.13 153.2000 326.32
32.60 233.5000 7612.10
3.42 233.5000 798.57
34.68 231.0000 8011.08
1.88 231.0000 434.28
33.02 235.3000 7769.61
2.13 235.3000 501.19
32.27 220.5000 7115.53
2.17 220.5000 478.48
31.86 196.5000 6260.49
2.30 196.5000 451.95
32.33 213.5000 6902.45
2.36 213.5000 503.86
37.15 198.6000 7377.99
2.01 198.6000 399.19
31.79 219.8000 6987 .44
2.4 219.8000 536.31

NET WEIGHT

(G)

6611.34
$969.78
16990.52
$428.48
7428.52
7731.27
4486.18
6414.10
7011.40
6363.25
5679.12
6813.53
7576.80
7268.42
6637.05
" 5808.54
6398.59
6978.80
6451.13

285885.65
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Table 7.3 Waste Accounting Data of MBA2 in C-1 and C-2 Campaigns

secwme WASTE 3-—>4 cetmenn
VOLUME CONCENTRA- GROSS
DATE HOQUR BATCH NAME Ly TION (G/L) WEIGHT (G)
4/11 3180.00 c.0003 1.11
4715 3400.00 0.0003 1.19
4117 3200.00 c.0008 2.53
4/30 " 3390.00 c.0008 2.54
57 1 3390.00 C.0003 0.95
S/ 9 3300.00 0.0017 5.54
57 9 3400.00 0.0002 C.48
5719 I500.00 0.0003 1.12
5/19 3210.00 0.0015 4.88
5/20 3500.00 0.0007 2.31
3/27 3260.00 0.0010 3.29
5728 3320.00 0.0005 1.83
&7 8 3330.00 0.0003 0.87
6717 3300.00 0.0001 0.20
6723 3230.00 0.0036 11.60
&724 3530.00 0.0003 0.99
7/ 2 3390.00 0.0001 0.20
77 2500.00 0.0000 g.12
7/ 8 3660.00 0.0035 12.92
7/12 3240.00 0.0007 2.30
7716 2900.0¢C 0.0001 0.17
7122 2930.00 0.0013 3.66
8729 3.25 3.1800 . 10.33
97 3 3.35 0.0400 0.13
9713 3.38 0.0300 0.17
9/17 3.35 0.7900 2.65
9rs21 3.15 0.0300 0.09
9/26 3.11 0.5300 1.485
/27 3.26 1.2500 4.07
10721 3.41 0.340C 1.146
10/22 3.39 0.2400 0.81
10723 3.45 0.0400 0.14
10/23 3.48 0.4300 1.49
10726 2.58 0.4000 1.03
10/30 3.38 1.7400 5.88
117 ¢ 3.35 0.3400 1.14
11/ 9 3.02 0.7500 2.26
11719 3.35 3.2900 11.02
11723 3.19 1.8000 5.74
11726 3.11 0.1500 0.47
12/ 2 3.30 0.0200 0.07
127 3 2.70 2.9700 8.02
10714 0.58 0.0 0.0
10/28 0.76 0.0700 Q.05
11/ 8 ‘ 1.15 0.0 0.0
11/14 0.67 0.1900 0.13
11729 1.06 0.0 0.0
11730 1.88 c.o0 6.0
119.53

— 250 —



Table 7.4

JAERI — M B83— 158

In-process Inventory Data in €-1 Campaign

In-process Sampling Time Measurement Points Total
Inventory and Irems QL p1 D2 D3 D4 Q9 Inventory
1* 80/63/03 | Time
Volume (L) 52.6 45,6
Conc. {(g/L) 011 43.1
waight (g) 5.8 1965.4
2 80/04/28 | Time 3:10 2:50 2:50 2:55 9:25
{ 2:30) | Volume (L) 2903.9 |2070.1 773.8 78.3 33.9
Conc.  (g/L) 0.87 0.21 0.81 7.63 184.1
weight (g) 2526.4 | 434.7 | 626.8 597.3 | 6248.4 10433.5
3 80/05/08 | Time 1:20 1:30 1:25 1:20 1:15
{ 1:00y {Volume (L) 1199.8 {2002.% 401.0 107.8 33.1
Conc. (g/L) 0.92 0.26 0.94 13.70 215.6
weight (g) 1103.8 | 520.7 376.9 | 1476.6  7142.8 10629.8
4 B80D/ps/z8 {Time 22:40 | 22:45 | 22:30 22:15 23:40
(22:00) {Volume (L) 2441.5 |1854.6 |593.9 87.8 38.2
Come. (g/L) 1.12 0.36 0.77 8.04 183.8
Whight (g) 12734.5 | 667.7 | 451.3 706.0 | 7028.5 11594.0
5 80/06/06 i{Time 2:05 1:55 1:53 - 1:55 6:00
( 2:00) {Volume (L) 1893.4 [2599.1  |606.6 33.6 32.5
Come.  (g/L) 1.27 0.30 1.04 10.20 217.4
weight (g) 26406.7 779.7 $30.9 342.6 7069,9 11227.8
6 80/06/10 |Time 18:15 | 18:00  ‘18:13 18:10 23:00
(18:00) |Volume (L) 3181.9 [1849.5 530.2 43.9 15.5
Cone. (g/L) 1:30 0.45 1.05 14.90 221.7
weight (g) 4136.4 832.3 536.7 654.7 7870.4 14050.5
7 80/06/17 |Time 15:30 | 15:05  |15:10 15:05 15:30
{15:00) |Volume {L) 2964,3 |1826.3 377.8 90,7 32.5
Conc. (g/L) 1.20 0.29 1,05 14.20 |.228.0
1 weight (g) 3557.1 529.5 396.7 1288,1 7407.2 13178.7
%*
8" so/os/or |Time
Volume (L) 142.7 34.1
Cone. (g/L) 0,28 7.72
Iwelght () 50.0 263.6

Conec.

*

: Concentration.of Plutonium.

© Data for March 3 and August 1 are obtalned by Clean-out PITs.
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In-process Inventory Data in C-2 Campaign

In-process Sampling Time Measurement Points Total
Inventory and Items ql 7 D2 D3 D4 Q9 Ioventory
x*
1 80/08/01 | Time
Volume (L) 142.8 34.1
Cone. (g/L) 0.28 7.72
weight (g) 40 264
2 80/09/12 jTime 7:45 2:00 2:10 4:10 4:30
{ 2:00) |Volume (L) 1890.0 | 1957.0 482.0 108.3 32.6
Conc. (g/L) 1.76 0.57 1.39 12.70 177.1
weight (g) 3326 1115 670 1375 5781 12268
3 80/09/16 | Time 21:05 20:20 20:10 22:00 2:00
{20:00) |Velume (L) 6£07.0 | 1803.0 377.0 38.1 32.6
Conc. (g/L) 1.85 0.53 0.82 10.80 192.1
whight (g) 1123 956 309 411 7515 10314
4 80/10/17 |Time 11:40 11:25 18:40 15:32
(11:30) | Volume (L) 1187.0_ | 1780.0 423.1 76.0 41.2
Conc. (g/L} 1.03 0.34 1.01 13.10 163.5
weight (g} 1226 605 427 996 6729 9984
5 £0/10/28 |Time 5:00 5:00 5:10 7:30
( 5:00) |Volume (L) 2227.9, 1780.0 333.0 98.7 40.1
Conc. (g/L) 1.15 0.37 1.15 15.30 153.2
weight (g) 2554 658 383 1510 6139 11245
& 80/11/04 |Time 23:05 23:00 23:15 2:15
(23:00) |Volume (L} 2562,0 ,11724.0 405.0 87.4 32.8
Cone. (g/1) 1.02 0.18 0.63 9,29 220.5
weight (g) 2608 310 255 . 812 7239 11225
7  80/11/13 |Time 18:10 18:55 19:35 20:22
(18:30) |Volume (L) 3092,0 |1810.0 462.5 96.7 33.7
Cone. (/L) 1.09% o0.20 0.43 9,25 213.5
weight (g) 3376 362 199 894 7186 12018
8 80/11/18 |[Time 23:15 23:15 23:15 9:48
23:15) |Volume (L) 819.0 |1895.0 436.0 95.7 31.9
Conc. (g/L) 0.02 0.06 0.5% 11.30 219.8
weight (g) 16 114 240 1081 7005 8456
9% 80/12/0% | Time
Volume (L} 44.5
Conc. (g/L) 130.1
weight (g) 5786
Conc. : Concentration of Plutonium.

*

+

: Data for August 1 and December 9 are obtained by Clean-out PITs

: Estimated Value.
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8, RECOMMENDATIONS AND CONCLUSIONS

8.1 Recommendations for Future Work

§.1.1 General

The feasibility study has shown that near-real-time materials
accountancy for the PNC-Tokai reprocessing facility is feasible, and that
indeed it would require no measOrements not routinely performed for process
control purposes. It has also shown that if the system is implemented
using weekly in-process inventories of the four buffer storage tanks the
detection sensitivity should meet all TAEA guidelines.

The field test data currently available, however, are not sufficient
to permit any estimation of the ultimate detection sensitivity of n.r.t.
accountancy for the PNC-Tokai facility, especially considering the existing

measurement bias.

8.1.2 Development of Integrated Safeguards System

Most of the work to date has been related to the use of near-real-time
materials accountancy in the process MBA. To be of maximum value for IAEA
safeguards, this concept must be combined into an integrated safeguards
system which considers all material balance areas, and which combines
near-real-time materials accountancy with containment-surveillance measures
in some optimum manner. Such a system has been prepared in conceptual
outline; many details still require study and development.

In the spent fuel receiving and storage area the conceptual outline
suggests that TAEA inspectors would observe and verify, on a 100% basis,
all spent fuel receipts. Either photographic or video surveillance would
be used to ensure that there were no undeclared receipts or shipments of
spent fuel, and perhaps also to monitor the spent fuel storage area itself.
Primary reliance for the latter, however, would be placed in a
mini-computer X-Y crane positieon monitoring system. The minicomputer would
store safeguards-relevant information related to stored spent fuel, and
would record storage locations in terms of an X-Y grid of the entire area
capable of being traversed by the spent fuel handling crane. When spent

fuel was transferred to the mechanical cell for processing, the computer
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would note, from crane movements and from crane weight loads, the identity
of the fuel transferred, thus eliminating the need for inspector
observation and verification of these transfer activities. Such a computer
monitor system does not now exist, and needs to be developed and studied.

In the process MBA primary reliance would be on the near-real-time
materials accountancy system already developed. As a supportive system, a
limited computer monitoring system would be developed. This computerized
monitoring system, however, would not need to be nearly as extensive as
some that have been suggested. This is because, although there are
innumerable ways in which plutonium might conceivably be diverted from the
process MBA, virtually all diversion paths necessarily affect either the
volume in one of the four buffer storage tanks or some other critical
parameter closely associated with those tanks. It is believed, subject to
further development and study, that it would be extremely difficult to
devise a diversion mechanism which did not directly or indirectly affect
one of those tanks in some observable manner.

TASTEX task 1 has already developed a monitoring system for the
product storage area, which system presumably would be incorporated into
the proposed integrated safeguards system more or less intact. Since that
system largely deals only with solution volumes, however, a system of
near-real-time materials accountancy based on periodic chemical sampling

and analysis of the storage tanks would also be necessary.

8.1.3 Development of Improved Model for Estimation of Inventory Hold-up

in Mixer—Settler Systems

As discussed in section 7.2.2, the wvalidity of SEPHIS should be
reviewed in comparison with PUBG using actual operating data, because
SEPHIS assumes that contactors operate at mass transfer equilibrium. It
therefore does not account for the effects of mass transfer rates, while
PUBG does account for these effects. If the effects are significant, the
difference in estimation of inventory may become a significant problem in
determining the ultimate detection sensitivity of the proposed n.r.t.
materials accountancy system.

It is expected that a simplified model to estimate the total Pu
inventory in a mixer-settler system can be developed using aqueous feed and
aqueous waste concentrations, and two constants which can be derived from

PUBG modeling. This simplified model, if developed successfully, becomes a
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very useful and effective tool for the n.r.t. accountancy system.

8.1.4 Investigation of Source of Measurement Bias across the Process

MBA

The results of analysis of field test data in the C-1 and C-2 cam-
paigns clearly show that there was a measurement bias across the process
MBA. The source of this bias should be investigated as soon as possible in
order to improve the reliability of the materials accountancy of the Tokail

Plant.
8.2 Conclusions

The TASTEX task F work has shown that it might be feasible to apply
near-real-time materials accountancy to the PNC-Tokai facility, that doing
so could fulfill TAFA goals in terms of detection timeliness and
sensitivity, and that by such a system impacts on normal facility opera-
tions could be minimized. It has also shown that it should be possible to
develop and implement inspection procedures which could verify the near-
real-time accountancy data for IAFA safeguards purposes, and that it should
be possible to incorporate the near-real-time accountancy system into an
integrated safeguards system for the entire facility.

Continuing activities are necessary, and are planned, in a number of
areas. Minor modifications still appear to be necessary in the sequential
decision analysis used to evaluate near-real-time accountancy data,
particularly to  accommodate an inspector-supplied estimate of the
unmeasured in-process inventory. Both the study of IAEA wverification
procedures and the definition of an Iintegrated safeguards system are
incomplete, and require further study. Field testing as an aid in defining
ultimate detection sensitivity.

Several problems have arisen in the course of the study which require
further effort if near-real-time materials accountancy is to achieve its
anticipated full potential. Specifically,

(a) there is a need for an instrumental (NDA) measurement for input
dissolver solutions,

(b) there is a need to validate the PUBG model for solvent extraction sys-
tem modeling, and to derive from it the simplified inventory estima-

tion model needed for near-real-time accountancy and IAEA safeguards.
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