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EXECUTIVE SUMMARY

This study is the third in a series
that considers the application of advanced
materials accounting techhiques “to a
uranium-plutonium nitrate-to-oxide cocon-
version facility based on the General
Electric (GE) Coprecal process. The first
study in the series identified
materials accountability problem
the most significant of these was the large
absolute errors in the inventory measure-
ments of the nine large feed-blend tanks
at the head end of the process. The second
study presented a preliminary assessment
of the improvement in materials account-
ability in a Coprecal process that was
modified by adding aliquot tanks to feed
the process lines.

The original reference facility was
designed by GE for the continuous copre-
cipitation and calcination of a blended
uranium-plutonium-nitrate solution at the
rate of 117 kg of plutonium per day. This
amount includes 100 kg of plutonium product
from a 10-tonne-~per-day light-water reactor
(LWR) fuels :reprocessing facility and 17
kg of plutonium (as a uranium-plutonium-
nitrate solution) from scrap recovery. The
Coprecal process has been demonstrated in
laboratory-scale egquipment and extrapolated
to production-scale equipment with many
process and design assumptions.

This report describes the complete
design and evaluation of an advanced mate-
rials measurement and accounting system
for the Coprecal process as further modi-
fied by savannah River Laboratory and Plant
and duPont Engineering. Four modifications
most significant for materials accounting

several
areas;

are:

iv

® Adding twelve aliquot tanks to feed
the coconversion process lines.
® Adding a single primary and a sin-
gle secondary filter to each cal-
ciner to replace the primary and
secondary filters previously mani-
folded calciners. Each
new filter
the size of the original filter.
® Raising the calciner operating
temperature from 400°C to a range
of 500°-600°C.
® Raising the reduction-stabilization
operating temperature from a range
of 550°-650°C to as high as 800°C.
The safeguards systems for both the
original and the modified Coprecal process
intelligent combination of

to four
is approximately half

depend on an
conventional and near-real-time accounting
techniques and on the ability to make suit-
able measurements of the nuclear material
as it is being processed. The following
conclusions can be drawn from a comparison
of the measurements required for the orig-
inal design with the measuremerts required
for the modified design:

e Adding aliquot tanks improves the
measurement system because measure-
ment errors on small tanks are
smaller than errors on large tanks.

® Adding aligquot tanks to feed the
precipitator precludes the need
for flow measurements of the pre-
cipitator feed streams.

® Adding independent filters to each
calciner requires an additional
neutron counter for each filter.



@ Adding independent filters to each
changes the materials

logic, - requiring the
reduction-container

calciner -
accounting
addition of
level measurements.
® Adding independent filters to each
calciner may increase neutron
"cross-talk" between vessels within
the calciner system, thus degrading
measurement gquality.
® 1Increasing operating temperatures
in the calciner and the reduction-
stabilization stations may make
holdup measurements in these ves-
sels more difficult because in-
struments will have to operate at
be placed
measurement

higher temperatures or
fvecther from the
source,

Allowing for these restrictions, near-
real-time materials accounting strategies
were developed and evaluated. Detection
sensitivities for the modified Coprecal
process, the original Coprecal process,
and the oxalate (III) conversion process
in the Table, The detection
in each case are for the

are given
sensitivities
accounting strategy that includes an entire

1) The single~balance detection sen-
gitivity for the modified process
is not as good as the original
process because the in-process
inventory in the modified process
is larger. The inventory |is
larger because a filter system
was added for each calciner.

2) Detection sensitivities for ac-~
counting periods greater than
1 day were improved in the modi-
fied process because the input
transfer measurements were im-

broved by adding aliquot tanks.

In comparing the detection sensitivi-
ties of the modified Coprecal process with
the oxalate (III) conversion process, note
that detection sensitivities for oxalate
{(III) are significantly better for all
accounting periods. There are two reasons
for this: (1) the in-process inventory in
the oxalate (III) process is smaller; and
{(2) there are no scrap or vacuum measure-
ments in the oxalate (III) process; these
measurements contribute significantly to
the materials balance uncertainty.

The following recommendations are
essential for effective dynamic materials

process line in a single accounting area. accountability in the modified Coprecal
The process lines have the same throughput. process. .
In comparing the detection sensitivi~
ties of the modified and original Coprecal
processes, note that:
TABLE

DETECTION SENSITIVITY COMPARISON--
MODIFIED COPRECAL, ORIGINAL COPRECAL, OXALATE (III)

Modified Coprecal

Original Coprecal

Oxalate (XIIX)

Average per Total at Average per Total at Average per Total at
Detection Balance (4 h) Detection Balance (2 h) Detection Balance (1.3 h) Detection
Time {kg Pu) {kg Pu) (kg Pu) (kg Pu) {kg Pu) {kg Pu)
1 balance 1.4 1.4 1.2 1.2 0.4 0.4
1 day 0.27 1.6 0.13 1.6 0.02 G.5
1 wk 0.07 3.0 0.04 3.7 0.01 1.7
1 month 0.04 6.1 0.03 8.4 0.007 3.9



& Measurerment control programs that

identify and control the sources
of error must be instituted. If
correlated errors in tr~nsfer mea-
surements are not contrelied, then
the detection sensitivities will
be unacceptably degraded.

Provision must be made for measur-
ing the plutonium in-process inven-~
tory in process equipment. In--
process inventory measurement pre-
cision should be 10% or better.
Large neutron detection systems
for measuring the plutonium inven-
tory in process vessels and in
large, annular filters should be
built and demonstrated.

e Careful consideration should be

given to reduéing the in-process
inventory..

Methods of decreasing the amount
of generated scrap should be inves-
tigated. Measurements oOf scrap
could probably be improved if the
Inccnel shot 1is retained within
the calciners.

Consideration should be given to
adding a precipitator to feed each
calciner. This would provide a
better process fiducial for taking
materials balances.
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COPRECAL: MATERIALS ACCOUNTING IN THE MODIFIED PROCESS

. by
H. A. Dayem, E. A. Kern, and J. P. Shipley

ABSTRACT

This report presents the design and evaluation of an
advanced materials accounting system for a uranium-plutonium
nitrate-to-oxide coconversion facility based on the General
Electric Coprecal process as modified by Savannah River
Laboratory and Plant and duPont Engineering. The modifica-
tions include adding small aliquot tanks to feed the process
and reconfiguring the calciner filter systems. Diversion
detection sensitivities for the modified Coprecal process
are somewhat better than the original Coprecal design, but
they are still significantly worse- than -a same-sized con-
version facility based on the oxalate (III1) precipitation

process.,
I. INTRODUCTION Coprecal flow sheet.5 This report dis-
cusses the design and evaluation of an
This study is the third in a series advanced MMAS for the modified Coprecal
that considers the application of advanced process.

materials accounting techniques to a

uranium~-plutonium nitrate-to~oxide cocon-
version facility. " In the first study,1 II. THE REFERENCE COCONVERSION FACILITY

a conceptual design of a materials measure-

ment and accounting system (MMAS) for the A, The Major Modifications

preliminary Ggperal Electric (GE) Coprecal Savannah River Plant (SRP), Savannah
design2 was ﬁroposed and evaluated. The River Laboratory (SRL), and duPont Engi-
study identified several materials account- neering have significantly modified the
ability problem areas; the most significant original Coprecal flow sheet. Figures 1
of these was the large absolute errors in and 2, respectively, are block diagrams of
the inventory measurements of the nine a single process line of the original and
large feed-blend tanks at the head end of modified processes. The process comprises
the process. In the second study,3 a three parallel lines. These modifications
preliminary assessment of the improvement address basic deficiencies in the prelimi-
in materials accountability in a Coprecal nary design. The most significant modifi-
process that was modified by adding aligquot cations are: .
tanks to feed the process lines? was given. ¢ Adding twelve aliquot tanks to feed

Since that time, further significant modi- the coconversion process lines.
fications have been made to the qriginal
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Fig. 1. The original Coprecal model process line.
® Replacing the primary and secondary ® Replacing air with nitrogen as the

gas used for feed atomizing, jet

filters in each process line. 1In
grinding, bed-fluidizing, and blow-

the original design, four calciners

are manifolded to a single primary ing back filters.

filter and a single secondary fil- ® Removing the calciner system off~-

ter. In the modified design, a gas coolers.

primary and secondary filter was ® Increasing the capacity of the

included for each calciner. Each calciner system off-gas scrubbers.

new filter is approximately half ® Increasing the oxide storage capa-

the size of the original filter, city from 2-wks to 2-months pro-

with 20 sinteced-metal elements duction.

.per filter instead of 43, ® Providing for periodic (between
-®-. Raising the <calciner operating daily and weekly) acid flushing of

temperature from 400°C to a range the precipitator.

of 500°-600°C, e DProviding for easy replacement of

prlugged slurry lines and nozzles.

® Raising the reduction-stabilization
‘A brief description of the modified

operating temperature -from a range
of 550°-650°C to as high as 800 C. Coprecal process is given below. The orig-
inal flow sheet is described in detail in
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Fig. 2.

Ref. 1, App. A and in Ref. 2. The modified
model process used in the computer simula-
tions for this study is described in the

Appendix.

B. The Modified Process

The reference nitrate-to-oxide cc 1~
version facility was designed by GE and
modified by SRL, SRP, and duPont Engineer-
ing for the continuous coprecipitation and
calcination blended uranium- and
plutonium-nitrate solution.5 The facil-
ity was designed to produce 117 kg of plu-
tonium per day. This amount includes 100
kg of plutonium product from a 10-tonne~
per~day 1light water reactor (LWR) fuels
reprocessing facility and 17 kg of pluto-
nium (as a uranium~plutonium-nitrate solu~
from scrap recovery. The Coprecal

of a

tion)

SCREENING

PRODUCT

SCRAP
RECOVERY

GAS AND
WASTE

The modified Coprecal model process line.

demonstrated in laboratory-
extrapolated to

process, as
scale equipment,
production-scale equipment using many pro-
cess and design assumptions.

is a simplified functional
block diagram of the modified process.
Table I 1lists the flow rates
stream integrated over all three process
lines feor
process,
material transferred per
batch portion of the process.
allel process lines are required to meet
the design-basis throughput in reasonably
sized, criticality-safe process equipment.
Each line (Fig. 2) comprises two receipt-
accountability tanks, two precipitator-feed
tanks, a single precipitator, four parallel

was

Figure 3

for each

the continucus portion of the
and Table II lists the amount of
batch for the
Three par-
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Fig. 3. Modified Coprecal functional block diagram.

TABLE I

COPRECAL CONTINUOUS FLOW STREAMS

W 0 N U W N

I il
W N - O

Total Flow Rateb

(kg/h)

198.9
198.9
198.9
79.3
278.2
44.8
97.0
671.7
1091.8
1034.
891.6
142.3
58.2

agee Fig. 3 for stream identification.

{kg/h)
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Plutonium Flow Rateb

4.86
4.86
4.86

bFlow rates may not balance exactly becauée of roundoff

error.
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TABLE. II
COPRECAL BATCH TRANSFERS -

a Totalb Plutoniu'mb
Stream No. kg/batch kg/batch

13 38.8 3.25
14 236.1 -

15 143.9 -

16 37.0 3.25
17 1.9 0.26
18 35.1 3.09

A See Fig. 3 for stream identification.

b A batch is processed every 40 min.

calciner stations (each containing a cal-~
ciner, a primary filter, and a secondary
filter), four parallel reduction-stabiliza-~
tion stations (each containing a primary
and a final filter), and a single screening
station.

Uranium-plutonium solution is received
from the solvent-extraction facility as a
nitrate solution containing 400 g of heavy
metal/L. The uranium-to-plutonium ratio
in the solution is nominally 9 to 1.

T™wo parallel receipt-accountability
tanks and two parallel feed tanks are re-
each process line to permit
continuous operation. Uranium-plutonium-
nitrate feed solution from the reprocessing
plant is transferred to one of two parallel
receipt-accountability tanks. The solution
is agitated to assure uniformity, and a
sample is taken for analysis. Following
certification of the batch, the entire
batch is transferred to an empty precipi-
tator feed tank.

One feed tank continuously feeds the
precipitator, where ammonium hydroxide is
added to produce a slurry of ammonium
diuranate and plutonium hydroxide, The
precipitator is a cylinder 15 cm in diam-
eter and 2.5 m high with a 35~L minimum
A short residence time

quired for

working volume.

and high pH are sufficient in Coprecal to
produce a'fineiy divided slurry, in conéf
tr&st to the usual precipitator goals of
promoting crystal growth and producing a
filterable material. , ' 'A'

The slurry from the precipitator is
fed continuously to four parallel. fluid-
ized-bed calciner systéms to produce mixea
uranium-plutonium-oxide powder. Bach of
the four parallel calciner systems contains
a fluidized bed, a primary filter, and‘a
secondary filter. The‘slurry metered into
each bed is calcined to a powder; the pow~
der is eluted from the bed by fluidization
and decomposition gases and steam, which
carry it to the priméry filter.

Each calciner discharges into a sepa-
rate filter system containing a primary
filter and a secondary filter. Each filter
contains 20 elements made of porous Inconel
metal with a 5~pym rating. Powder collected
on a filter is removed by periodically
blcwing back a few elements at a time. The
powder collects in the becttom of the filter
chamber and is discharged approximately
every 0.5 h through a valve to a reduction
container. The reduction container is re-
moved and sent to a reduction-stabilization
station every 8 h. From this point the
process line operates in batch mode.

Gas from a calciner primary filter is
discharged into a secondary filter similar
in construction to the primary filter. The
powder content of the entering gas is very
low; therefore, the batch-transfer con-
tainer from the secondary filter is removed
only once every operating campaign.

Gas from the calciner secondary fil-
ters is discharged to a gas-scrubbing sys-
tem and then is discharged to a final
scrubber. Excess condensate is discharged
to the low-level waste treatment portion
of the reprocessing complex.

A batch-transfer container filled with
mixed UO3-Pu0, powder is transferred
from one of four parallel calciner primary



filters to oné of four parallel reduction-
. stabiljzation stations. Each reduction-
stabilization station contains a primary
and a final filter. These filters are
cylindrical chambers 30.5 cm in diameter
and 1.2 m high. They contain 11 elements
similar to those in the calciner filters.

The batch-transfer container is con-
nected to the reduction-stabilization sta-
tion where gas is passed up through the
powder at velocities sufficient to "turn
over" the powder. During r~duction-stabi-
lization, Uo3 is reduced by hot hydrogen
gas (6% H, in Nz) to U0, and is stabilized
using hot co2 to produce powder (U02.07)
that does not readily reoxidize in air.
The product is then cooled to room temper-
ature by C02. Almost all the powder
entrained in the gas is removed by filters
that are blown back periodically. Gas from
the primary reduction-stabilization filter
is discharged through a final filter to
the off-gas treatment system. At the com-
pletion of the reduction-stabilization
cycle (8 k), the batch-trancsfer container
is removed and transferred to the screening
station. Unless there .is a break in the
primary filter, the reduction-stabilization
final filter is clieaned only at each physi-
cal inventory.

At the screening station, the stabi-
lized powder is removed from the batch-
transfer container and passed to a screen
system to remove any foreign particles and
oxide agglomerates exceeding 0.15 mm in
diameter. The powder passing through the
screen is collected in a tared storage can.
When all powder from a transfer container
has been screened, material on the screen
is dumped into a scrap container, which is
sent to scrap recovery when full. The
product storage can is removed, sampled,
and transferred to a

weighed, sealed,

storage vault.

III. MATERIALS MEASUREMENT AND ACCOUNTING
SYSTEM

Three major functions of the MMAS ar:»

e Data collection (including measure-

ments),
® Data analysis (for diversior detec-
tion), and

e Data dissemination or reporting.
As currently performed by conventional
inventory control methods, these functions
rely heavily on materials balance account-
ing following periodic shutdown, cleanout,
and physical inventory. The classical
materials balance associated with this
system is“dravn around the entire plant or
a major portion of the process. The bal-
ance is formed by adding all measured re-
ceipts to the initial wmeasured inventory
and subtracting from that sum all measured
removals and the final measured inventory.
During routine production, materials con-
trol is vested largely in administrative
and process controls, auomented by secure
storage for discrete items.

Conventional materials
counting is essential to safeguards control
of nuclear material; however, it has inher-
ent limitations in sensitivity and timeli-
ness. Sensitivity is limited by measure-
ment uncertainties that can mask losses of
nuclear materials. 1In large plants, these
losses, although small compared to plant
throughput, may be significant. Timeliness
is limited by the frequency of physical
inventories. There are practical limits
to how often a facility can shut down its
process and still be productive. On the
other hand, periodic physical inventories
including process shutdown and cleanout
are necessary to establish reference points
for a dynamic accounting system. 1In the
fregquent cleanouts may
process designers

balance ac-

Coprecal process,
be necessary because



expect some 1line plugging and material
accumulation. The frequency of these
cleanouts is not known because the process
has not been built. Therefore, no attempt
was made to include these shutdowns and
cleanouts in the materials accounting
strategies.

The reference MMAS combines conven-
tional and dynamic materials accounting7'8
techniques. It incorporates recently de-
veloped nondestructive assay (NDA) tech-
nology, state-of-the-art conventional mea-
surement methods, special in-plant sensors,
plant instrumentation signals, and effec-
tive statistical techniques for data an2ly-
sis supported by computer and data-base-
management technology. Conventional mate-
rials balance area (MBA)} accounting methods
are augmented by unit process accounting,
where the MBAs are partitioned into dis-
crete accounting envelopes called unit
process accounting areas (UPAAs). A unit
process is one or more chemical or physical
processes chosen on the basis of process
logic and a consideration of whether mate-
rials balances can be drawn frequently
around it during process operation. When
an MBA is divided into UPAAs and all sig-
flows and in-process
quantities of

nificant materials
inventories are measured,
material much smaller than the total plant
inventory can be controlled. Discrepancies
are localized to that portion of the pro-
cess contained in the UPAA.

Materials balances drawn around UPAAs
during plant operation are called dynamic
materials balances to distinguish them from
balances drawn after a cleanout and physi-
cal inventory. 1Ideally, all dynamic mate-
rials balances would be zero unless nuclear
material had been diverted. 1In practice,
they are never zero. First, measured val-
ues are inexact because of the errors in-
herent in any measurement., Second, con-
straints on cost or effects on materials
processing operations wmay dictate that not
all components of a materials balance be

measured equally often; therefore, even if
measurements were exact, the dynamic mate-~
rials balances would not be zero until
closed by additional measurements. 1In the
interim, historical data might be used to
estimate unmeasured material, and tke esti-
mates could be updated when additional
measurements became available.

Adjacent UPAAsS can be combined to form
larger UPAAs by eliminating the intervening
transfer measurements. Such combinations
of overlapping UPAAs are useful for cross
checking and for system redundancy that
allows continued materials accounting if
analyses fail or samples are not available.

Unit process accounting must be used
flexibly throughout the facility. its
application should be graded according to
the safeguards strategic value and vulner-
ability of the material; hence, the concept
of graded safequards. For example, in the
coconversion facility, uranium-plutonium-
oxide powder at the product 1loadout area
would be somewhat more desirable to a
potential divertor than the relatively
dilute (40 g plutonium/L, ~400 g heavy
metal/lL) uranium-plutonium-nitrate solution
in the feed-blend tanks, and both would be
more desirable than the slurry (~25 g plu-
tonium/L) inside the precipitators. To
escape detection by the MMAS, a divertor
would have to remove small amounts of mate-
rial over a 1long period, possibly from
several process locations, thereby increas-
ing his risk of detection by the other
elements of the safeguards system.

A. Measurements
Measurements of liquids, solids, and
slurries are required for application of
dynamic accounting to the modified Coprecal
process. Table III 1lists proposed Kkey
measurement points, measurement techniques,
and their estimated uncertainties for
dynanic materials accounting in the main
coconversion process. Except for inventory
measurements of the feed-accountability




TABLE III

MEASUREMENTS FOR DYNAMIC ACCOUNTABILITY IN THE MODIFIED COPRECAL»PROCESS

Number of k Instrument Calibration
Measurement Material . Precision Error Calibration

Measuzement Point Points Description Measurement Type $(lg) $(1lq) Period
Receipt-account- 6 U-Pu in HNOj3 Volume . 0.2 0.1 Physical inventory
ability inventory 400 g HM/L Concentration 0.2 0.1 Day .

10% Pu (chem. anal.)
Precipitator feed 6 U~-Pu in HNO3 Volume 0.2 0.1 Physical inventory.
tank inventory 400 g HM/L Concentration 0.5 0.3 Day '
: 10% Pu (abs.~edge

densgitometry) »
Precipitator 3 Slurry ®DA, neutron 10 - ' physical inventory
inventory .
Calciner inventory 12 PuOj, UO3 NDA, neutron 10- -— Physical inventory
' 0.9 kg Pu

Primary filter 12 PuO2, UO3 NDA, neutron 10 - Physical inventory
holdup 0.75 kg Pu
Secondary filter 12 PuO3, UO3 NDA, neatron 10 ——— Physical inventory
holdup 0.75 kg Pu
Reduction container 12 PuO2, UO3 Level 1 0.1 Physical inventory
level 0-90 cm Density 10 ——
Reduction container 3 Pu0O2, UO3 NDA, neutron 2 1 Day
contents 3.3 kg Pu
Reduction~stabili- 12 PulQz, U0z NDA, neutron 10 -— Physical inventory‘
zation holdup 0.2 kg PU
Final filter holdup 12 Pul2, U032 NDA, neutron 10 — - Physical inventory

0.2 kg Pu
Scrap 3 PuQa, U023 NDA, neutrqg 2 5 Day
Vacuum ) 3 Pu02, UO2 NDA, neutron 2 : 5 Day
Product 3 Pu02, U0z NDA, neutron 1l 0.5 Day

3.2 kg Pu or calorimeter

37 kg HM
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tanks, all requisite measurements are based
on NDA techniques.

Estimates of measurement errors have
been grouped in two categories. Instrument
precision represents the estimated scatter
in a set of individqual raw measurements
(for example, the uncertainty caused by
counting statistics in NDA measurements).
Calibration error represents the uncer-
tainty in converting raw, measured values
to the quantity of interest, for example,
converting raw counts to plutonium mass
for NDA measurements. Calibration errors
are the most difficult to estimate because
they include uncertainties in standards,
calibration parameters, instrument environ-
ment, and measurement controls. We assume
that appropriate standardization techniques
will be available. No calibration errors
are quoted for precipitator, calciner, or
filter inventory measurements or for holdup
measurements because these errors approxi-
mately cancel in the error models for
materials balances and cumulative summa-
tions of materials balances {(Cusums).

inventory measurements in the receipt-
accountability tanks combine a volume mea-
surement with a concentration measurement.
There is some question as tv whether a
mass measurement is more appropriate than
a volume measurement. Mass measurement is
usually of better gquality than volume
measurement, but this has not been demon-
strated on procsss tanks. Therefore, vol-
ume measurements are used in this analysis.
Uranium and plutonium concentrations are
measured by analytical chemistry. Appro-
priate analytical methods for determining
isotopic and total element composition are
given in Ref. 1, App. D.

Precipitator feed tank inventory is
determined by combining volume and concen-~
tration measurements. The corcentration
is measured by absorption-edge densitom-
etry, an element-specific NDA method that
can be applied on-line or at-line in most
areas amenable to gross absorption measure-~

ments. With proper choice of cell path

length and either K- or LIII-abso:ption
edges, plutonium concentrations between 5
and 400 g/L can be measured to a precision
of better than 1% (1 o) in the presence of
impurities. Furthermore, the technique is
well suited to simultaneous measurement of
plutonium and uranium in a coprocessing
mode, and such measurements have been
demonstrated in the laboratory.s

In practice, reliable measurements of

calciner in-process inventory may be dif-
ficult for three reasons:

® The calciners operate at high tem-

peratures and neutron detectors
‘will have to operate reliably in a
relatively high-temperature envi-
ronment.

® The proximity of the calciners may

introduce interferences among the
neutron counters.

® The crowded environment of the in-

struments will complicate instru-
ment calibration and maintenance
procedures.

Accurate measurements of
and holdup in the precipitators and filters
also are difficult because of material form
and equipment geometry. The methods chosen
require that chemical and isotopic compo-
sitions be available by analysis of samples
taken from the process.

Inventory measurement in a reduction
container attached to a calciner primary
filter combine a level measurement with a
density factor. The level measurement can
be made using commercially available ultra-
sonic, laser, or Y-ray devices. The den-
sity factor is based on historical data.
Inventory measurement in a reduction con-
tainer attached to a reduction-stabiliza-
tion filter is based on a measurement of
the container contents before the container
is attached to the filter. This is pos-
sible because the container contents are
essentially static during processing.

In geinieral, each NDA instrument must
be designed for its specific application.
Equipment design and operating features

inventory

[ WL o



must be considered in terms of backgrdund,
éhtelding, multiplication factors, and
accessibility for meaéurement,'mqintenance,
and calibration. Specifié instcument sys-
tems must be evaluated for reliability,
sensitivity, and operational acceptability
under field conditions. Thév measurement
system, whether for conventional or dynamic
materials accounting, requires that appro-
priate standardization techniques be avail-
able and that an effective measurement
control program be in force.

The following conclusions can be drawn
from a comparison of the measurements re-
quired for the original design (see Ref. 1,
Sec. III) ‘with the measurements reguired
for the modified design.

e Adding aliquot tanks improves the
measurement system because measure-
ment errors on small tanks are
smaller than errors on large tanks.

® Adding aliquot tanks to feed the
precipitatdr precludes the need
for flow measurements of the pre-
cipitator feed streams.

® Adding independent filters to each
calciner additional
neutron counter for each filter.

® Adding independent filters to each
changes the materials

logic, requiring the
reduction-container

requires an

calciner
accounting
addition of
level measurements.

e Adding independent filters to each
calciner may increase neutron
"cross-talk” between vessels within
the calciner syr<tem, thus degrading
measurement quality.

® Increasing operating temperatures
in the calciner and the reduction-
stabilizdtion stations may make
holdup measurements in these ves-
sels more difficult because instru-
ments will have to operate at high-
er temperatures or be placed fur-
ther from the measurement source.

10

B. Dynamic Materials Accounting Strategies

The coconversion process is amenable
to several dynamic accounting Bstrategies
because it comprises parallel process lines
and because the material being processed
is relatively pure. Parallel process lines
can be easily treated as separate UPAAs.
Processing relatively pure material facili-
tates the use of near-real-time measure-
ments, thus presanting more possibilities
in partitioning each process line. As
shown in Fig. 4, the accounting strategies
can he developed hierarchically:

1) Treat the entire process area as
a single UPAA (UPAA 1 2 3);

2) Treat the receipt-accountability
tanks as a single UPAA (UPAA 1),
and divide the rest of the process
into three parallel UPAAs, one for
each process 1line (UPAA 2 3 a3,
UPAA 2 3 B, and UPAA 2 3 C);

3) Divide each process line into two
UPAAs in series, precipitation/
calcination (UPAA 2 A, 2 B, and
2 C) and reduction-stabilization/

(UPRA 3 A, 3 B, and

scfeening
3 0).
In each accounting strategy, dynamic mate-
rials balances are formed from periodic
measurements (Sec. III.A) of transfers and
in-process inventories.

Two strategies for dynamic materials
accounting in the modified Coprecal process
were investigated for this study. 1In both
strategies, Unit Process Accounting Area 1
(UPAA 1) consists of the six receipt-
accountability tanks and is common to all
three parallel process lines. Dynamic
materials accountability in UPAA 1 was
treated in Ref. 3,

As shown in Fig. 4, the three process
lines from the precipitator feed tanks to
the product load-out canisters are separate
and independent from each other. There-
fore, in accounting Strategy 1, dynamic
materials accounting is applied separately
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tc each process 1line starting with the
precipitator feed tanks. In accounting
Strategy 2, each process 1line is divided
into two UPAAs.

1. Strategy 1 ~ UPAA 2 3 A, 2 3 B,

and 2 3 C. In accounting Strategy 1, each
process line is treated as a single UPAA,
A dynamic materials balance is obtained
every 4 h by combining measurements of the
feed, product, and scrap batches with mea-
surements of the process line in-process
inventory. One batch is fed to a precipi-
tator and two product batches are produced
every 4 h. The volume and concentration
of each batch is measured before the batch
is fed to the precipitator. Each precipi-
tator feed tank, in turn, feeds its asso-
ciated precipitator until the tank is
empty; then feed is drawn from the full
feed tank. The in-process inventory for
each process line is determined every 4 h

Materials accounting strategies for the modified Coprecal process.

by combining in-process inventory measure-
ments of (1) the precipitator, (2) the four

calciners, (3) the four primary filters,
(4) the four secondary filters, (5) the
four reduction-stabilization filters,

(6) .the four final filters, and (7) eight
reduction-stabilization containers (four
are connected to the primary filters and
four are connected to the reduction-stabil-
ization filters). The in-process inventory
in the vacuum system canister is measured
once each day and is used to update the
materials accounting data base (each prr-
cess line is assumed to have its own vacuum

system).

2. Strategy 2. 1If the measured con-
tents of the reduction-stabilization con-
tainer as it is transferred from a calciner
primary filter to a reduction~stabilizition
station are used as a transfer -easurei!nt,
then each process line can be treated as
two UPAAS in series.

1



a. UPAA 2 A, 2 B, 2 C. Each UPAA
. comprises two precipitator feed tanks, a
precipitator, four calciners, four primary
filters, and four secondary filters. A
dynamic materials balance is taken every
4 h by combining measurements of one feed
batch and two product batches (the filled
reduction~stabilization = containers) with
the appropriate in-process inventory mea-
surements. '

b. UPAA 3 A, 3 B, 3 C. Each UPAA
comprises four parallel reduction-stabili-
zation stations and a screening station.
Materials balances can be drawn around each
batch because batch integrity is maintained
in this UPAA. The batch residence time is
“8 h., A materials balance is obtained by
combining the initial and final in-process
inventory in the reduction-~stabilization
filters that processed the batch with mea-
suremerts of the batch before and after
processing and measurements of the scrap
generated in screening the batch.

1V. MODELING, SIMULATION, AND ANALYSIS

TECHNIQUES

A. Modeling and Simulation Approach
Modeling and simulation techniques
were used to design and evaluate the MMAS
because the Coprecal process has not been
A tested in an industrial-scale
Modeling and simulation tech-

used or
facility.
‘niques permit prediction of the behavior
of materials flows over a wide range of
operating parameters and allow the rapid
accumulation of data equivalent to rela-
tively long operating periods. Alternative
operating, measurement, and accounting
strategies can be readily compared. Even
if nuclear fuel-cycle facilities with ad-
vanced MMASs were. operating, their use for
the design and evaluation of alternative
. strategies probably would be too time-
- consuming, expensive, and impractical.

- 12

The modeling and simulation approach
has been used extensively in safeguards
concept studies.ls9-13 This approach
requires14 (1) a detailed dynamic model
of the process‘based on actual design data
and operator experience; (2) simulation of
the model process on a digital computer:;
(3) a dynamic model of each measurement
system based on best estimates of instru-
ment performance and behavior; (4) simula-
tion of accountability measurements applied
to nuclear materials flow and in-process
inventory data generated by the model pro-
cess simulation; and (5) evaluation of
simulated materials balance data from var-
ious materials accounting strategies.
Brief descriptions of the process and mea-
surement models are given below, A de-
tailed description of the process model is
given in the Appendix.

1. Process Model. A computer code,
MODEL, based on standard Monte Carlo tech-
niques,ls'16 was written to simulate the
operation of the process. The GASP IV17
simulation package is used to schedule
events. Wwhen an event is scheduled in a
particular process step, the values of all
materials transfers, and

concentrations,
in-process inventory associated with that
step are computed and stored in a data

matrix. The MODEL computer code is de-
scribed in the Appendix.
2. Measurement Models. Measurement

mcdels are applied to the simulated pro-
cess~flow and in-process inventory data by
using .the Monte Carlo computer code MEASIM
(measurement simulation) developed for that
purpose. MEASIM simulates instrument oper-
ation by using either an additive or a
multiplicative measurement-error model
(Ref, 1, Sec., 1IV), then stores the measured
values, or appropriate combinations there-
of, with their uncertainties, in a measure-
ment data base for eventual retrieval and



analysis by the safeguards data-analysis
code DECANAL (DECisicn ANALysis).

3. Materials Balances. The measured
values computed in MEASIM are Combihed to
form dynamic materials balances. A mate-
rials balance is a linear combination of
(inputs positive, out-

measured  transfers

puts negative) and measured inventories
(initial inventory positive, final inven-
tory negative). The dynamic materials

balance frequency is dictated by process
logic, for example, by the feed and product

batch frequency.

B. Data Analysis Techniques

The effectiveness of proposed dynamic
accounting strategies is evaluated by
applying decisicn-analysis technigues to
the simulated accounting data. Analysis
of materials accounting wuata for detection
of possible nuclear materials diversion is
one of the major functions o©of the MMAS.
Diversion may occur in the range between
two basic patterns: abrupt diversion (the
single theft of a relatively large amount
of nuclear material) and protracted diver-
sion (repeated thefts of nuclear material
on a scale too small to be detected in a
single materials balance because of mea-

surement uncertainties).

The use of unit process accounting
and dynamic materials balances enhances
the ability to detect such diversions, but
this use also inundates the operator of the
safeguards system with materials accounting
data. Furthermore, although these data
contain much potentially useful information
concerning both safegquards and process
control, the significance of any isolated
(set of) measurements is seldom readily
apparent. Thus, the safeguards system
operator could be presented with an over-
whelmingly complex body of information
from which he must repeatedly determine
the status of the materials accounting sys-
tem for the plant. Clearly, he must be

assisted by a coherent, logical framework
of tools that address these problems. =

Decision hnalysis,18721 which
bines techniques from estimation theory,
decision theory, and systems analysis, is
such a framework and is well suited for
statistical treatment of the dynamic mate-
rials accounting data that become "available
sequentially. Its primary <goals are
(1) detection of the event(s) in which nu-
clear material has been diverted, (2} esti-
mation of the amount(s) diverted, .and
(3) determination of the significance of
the estimates.

The detection and estimation functions
of decision analysis are based on classical
hypothesis testing and modern state~vari-
able estimation techniques. The systems
analysis portion attempts to set thresholds
for the hypothesis tests in a rational
fashion, for example, by using utility
theory to determine desirable false-alarm

com-

and detection probabilities.

The detection function is based on
acceptance of the hypothesis that some
(initially unknown) amount of nuclear mate-
rial is missing versus the hypothesis that
all nuclear material is present. One use-
ful kind of decision test compares a like-
lihood ratio to a threshold, the likelihood
ratio being defined roughly as the ratio
of the probability that nuclear material
is missing to the probability that it is
not, with the threshold determined by the
desired false-alarm and detection prob-
abilities. This structure can accommodate
parametric tests, which require detailed
knowledge of measurement-error statistics,
and nonparametric tests, which do not.
Furthermore, the set of tests enables a
search for diversion that may have occurred
in any pattern, and in each test all pos-
sible sequences ¢f _.he available materials
balance data are cxamined.

The decision analysis algorithms in-
clude the Shewhart chart, Cusum test,
uniform diversion test (UDT), sequential

13



variance test (SVT), smoothed ~materials
-balance test (SMBT), and Wilcoxon rank sum
tést. . The algorithms for the Shewhart
chart, Cusum, UDT, SVT, and SMBT are struc-
tured to account for correlated data so
that correct varianceé are computed for
the associated decision tests. The actual
false-alarm .and . detection probabilities
for the Wilcoxon test depend. on the degree
of data correlation. If correlations are
large, the Wilcoxon test performance will

suffer unless corrective measures are

taken.

C.. Data BAnalysis Graphic Aids--Alarm
Char’:s

The decision tests must examine ail
possible seguences of the available mate-
rials balance data because, in practice,
the time at which a sequence cf diversions
begins is never known beforehand. Further-

more, to ensure uniform application . and
interpretation, each test should be per-
formed at several leveis of significance
(false-alarm probability). Thus, it 1is
essential to have a graphic display that
indicates those sequences that cause
alarms, specifying each by its 1length,
time of occurrence, and significance. One

_such tool is the alarm-sequence chart,9
which has proven useful in summarizing the
results of the various tests and for iden-
tifying trends.

To generate the alarm-sequence chart,
each sequence that causes. an -alarm is
assigned a descriptor that classifies the
alarm according to its significance and a
pair of integers (rl,rz) that are, respec-
tively, the indexes of the initial and
final materials balances in the segquence.
The aiarm-sequence,chart is a point plot
of r, vs r,  for each sequence that caused

~an alarm, with the significance range of
each point indicated by the plotting sym-
bol. .The correspondence of plotting symbol
to significance is given in Table IV. The
lynbol‘ T denotes sequences of such low

14

TABLE IV

ALARM CLASSIFICATION FOR THE
ALARM-SEQUENCE CHART

Classification

(P;otting Symbol) False-Alarm Probability
A 1072 to 5 x 1073
B 5 x 1073 o 1073
c 1073 to 5 x 1074
D 5 x 1074 to 1074
E 1074 to 1075
F <1073
T >0.5

significance that it would be fruitless to
examine extensions of them; the position
of the symbol T on the chart indicates the
termination point.

For example, consider a sequence of
materials balance data beginning at balance
number 12, and suppose that one of the
tests gives an alarm with a false-alarm
probability of 2 x 10~4 at balance num-
ber 19. Then on the alarm-sequence chart
for that test, the letter D would appear
at the point (19,12). This procedure con-
tinues for all possible sequences of the
available materials balances. It is always
true that L) = r,, SO that all symbols lie
to the right of the 1line ry =r, through
the origin. Persistent data trends (re-
peated diversions) cause 1long alarm se-
quences _(rl << rz), and the associated
symbols on the alarm chart extend far to
the right of the line r; =ro.

D. Systems Performance Analysis

Essential to the design of nuclear
materials accounting systems is an analysis
of their expected performance in detecting
losses of nuclear material.22 Systems
performance analysis, in turn, implies the
definition of suitable performance measures
that can be easily related to established




Thus, ‘there are two aspects of
(1) defining per-

criteria.
the analysis problem:

formance measures and ' (2) relating those:

measures to established, quantitative per-
formance criteria. '

Performance measures for any nuclear
materials accounting system embody the
concepts of loss-detection sensitivity and
loss-detection time. Because of the sta-
tistical nature of materials accounting,
loss~detection sensitivity can be described
in terms of the probability of detecting
some amount of loss while accepting some
probability of a false alarm. ' Loss-detec-
tion time is the time required by the
accounting system to reach some specified
level of loss-detection sensitivity. Note
that the loss scenario is not specified;
that is, whether the 1loss is abrupt or
protracted, the total loss is the measure
of performance. Note also that loss-detec-
tion time refers only to the internal
response time of the accoﬁnting system.

The performance of any accounting
system is describable by some function

P[L,N,a] ,

where P is the accounting system's prob-
ability of loss detection, L is the total
loss over a period of N balances, and a is
the false-alarm probability. Thus, a con-
venient way of displaying system perform-
ance would be a three-dimensional graph of
the surface P versus L and N for some
specified value of . We call such graphic
displays performance surfaces. They are
plotted in the three-dimensional space (N,
L, P). They portray the expected perform-
ance of an accounting system as a function
of the three performance measures, 1loss,
time, and detection probability, rather
than as a single point.

Becauge systems performance may depend
on the details of a particular diversion

strategy as well as on details of the
accounting system, the overall performan_e
hay'be difficult to quantify. Portunately,
however, the Cusum test does not depend on
how the material was 1lost, but regponds

only to the total loss L during any time’

interval N. Moreover, the Cusum test de~
tects any loss relatively well, even though
it is seldom the best tust for any particu-
lar scenario.l8r23,24 '

If the Cusum test is always among the
tests applied to the accounting data, the
performance of the accounting system will
be as good as the loss-detection power of
the Cusum test, regardless of 1loss sce-
nario. Thus, the Cusum test provides a
conservative, scenario-independent measure
of systems performance.

Performance surfaces generated by the
Cusum test are referred to as Cusum per-
formance surfaces because they are approx-
imations to the expected system's perform-
ance. The performance of the more powerful
tests for specific loss scenarios should
always be compared with the Cusum test
performance to ensure that the Cusum

approximation is not unduly pessimistic.

v. EFFECTIVENESS EVALUATION

The ability of the dynamic materials
accounting system to detect diversion of

-plutonium from the modified Coprecal pro-

cess has been estimated for two accounting
strategies. In Strategy 1, each process
line, from the precipitator feed tanks to
the screening station, is tréated as a
single UPAA--UPAA 2 3 A, 2 3B, 23 C. 1In
Strategy 2, each process line is treated
as two UPAAs in sSeries; the first UPAA
(UPAA" 2) includes the precipitation and
calcination processes, and the second UPAA
(UPAA 3) includes the reduction/stabiliza-
tion and screening processes.
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A. Strategy 1--UPAA 2 3

Dynamic materials accounting detection
gensitivities for periods from 4 h (1 bal-
ance) to 1 month (168 balances) are given
in Table V. The materials balance fre-
quency is governed by the feed and product
batch frequencies. A feed batch is trans-
ferred to the precipitator every 4 h, and
a product batch is transferred to the vault
Therefore, a materials balance

every 2 h.
is taken every 4 h when a precipitator feed
tank is empty.

Two cases are considered in Table V.
In Case 1, no instruments are recalibrated
within the accounting period. 1In Case 2,
the input concentration measuring instru-
ments and the output NDA instruments are
recalibrated daily (Table III).

The detection sensitivities in Table
V, and all other tables for the dynamic
materials accounting system, are given at
the 3~0 limit, The sensitivities are based
on the Cusum test because it gives a con-
servative estimate that is indepcndent of
diversion scenario. Monte Carlo simulation
of the process and the measurements yielded
a detection probability >50% with a false-
alarm prowability of <1%. BAn example of
the simulation results is given in Figs.

inventory. The in-prccess invantory mea-
surement error and the transfer measurement
errors are approximately equal after 10
balances for Case 1 and after 14 balances
for Case 2. Note that in Case 2 daily
calibration of the input concentration and
the output transfer measuring instruments
results in a lower propagated transfer
error. Detection sensitivities for periods
of 1 wk or more are dominated by uncertain-
ties in the transfer measurements.

The difference in detection sensitivi-
ties Gue to calibration is illustrated in
Table V and Fig. 8. For a l-month account-
ing pericd, the detection sensitivity is
improved by more than a factor of three if
the input concentration measuring instru-
ments and the output measuring instruments
are caljbrated daily. Controiling these
correlated errors that dominate the mate-
rials balance uncertainty involves careful
design of a measurement 2control program
for each measurement technique and, in
particular, for those techniques applied
at the input and output measurement points.

The four quantitative measures of
systems performance--loss, time, detection
probability, and false-alarm probability--
are represented in Fig. 8. The Cusum per-
formance surfaces are plotted as a func-

5-7.

The detection sensitivity for a single tion of probability of detection, total
materials balance is dominated by the loss, and materials balance number for a
uncertainty in measuring the in-process 0.13% false-alarm probability (3 o). In

TABLE V

DETECTION SENSITIVITY
STRATEGY 1, UPAA 2 3

Case 1

Case 2

Number of Average Diversion Total at Time Average Diversion Total at Time

Detection Materials Per Balance

of Detection

Per Balance of Detection

Time Balances (kg Pu) (kg Pu) (kg Pu) {kg Pu)
4 h 1 1.38 1.38 1.38 1.38
1 day 6 0.27 1.62 0.27 1.62
1 wk 42 0.14 5.84 0.07 2,95
2 wk 84 0.13 11.33 0.05 4.11
1 month 168 0.13 22,42 0.04 6.10
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Fig. 5. Strategy 1, UPAA 2 3, Case 2, 1 day: Cusum and alarm charts.

evaluating the overall system performance,
note that if the system were perfect, i.e.,
detection probability of one for all loss
and all time, the performance surface would
be a rectangular parallelepiped. 1In Fig. 8
the Cusum performance surfaces for Case 1
{upper) (lower) are compared.
The systems performance improvement that
is obtained by daily calibrations is evi-~
dent by simply comparing the area above
the 90% detection probability contour.
Examples of the analysis simulation
results for Strategy 1 are given in Figs,
5-7. Each figure shows Cusum plots and
the corresponding alarm chart for two
no diversion (upper) and uniform
diversion (lower). Three examples are
given for analysis windows of 1 day (6 bal-
ances), 1 wk (42 balances), and 1 month
(168 balances). In all cases the diversion

and Case 2

casess

levels are the estimated detection sensi-
tivities given in Table V for Case 1.

For each Cusum chart, cumulative sum-
mations of dynamic materials balances are
plotted sequentially with 1-c error bars.
Letter symbols on the associated alarm-
sequence charts indicate the 1length and
significance of sequences of dynamic mate-
rials balances that generate alarms (Table
Iv).

Examination of the Cusum charts shows
a daily trend. In any given day, the First
through fifth balances show a positive
trend, while the sixth balance returns the
Cusum to near zero. This occurs because
the content of the vacutm system that is
used to recover spilled powder is measured
once a day. Therefore, the materials bal-
ances that are taken when the vacuum is
not measured indicate that a low-level
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Fig. 6, Strategy 1, UPAA 2 3, Case 2, 1 week: Cusum and alarm charts.

Because of process
uncertainty,

has occurred.
measurement

"iloss"
variation and
this trend often gives alarms that occur
near the diagonal of the alarm-sequence
charts.

As this example indicates, the deci-
sion as to whether diversioh has or has
not occurred must be based on indications

of the MMAS that are combined with knowl~

edge . of process behavior and operating
history.
B, Strategy 2

In accountifg Stategy 2, each process
line is treated as two UPAAs in series (see
Sec. III.B.2): UPAA 2 A, 2 B, 2 C--precip~-
jtation and calcination; UPAA 3 A, 3 B,
3 C--reduction, stabilization, and screen-

ing, o

10

The wvacuum system presents more of a
materials accounting problem in Strategy 2
than in Strategy 1. Remember that to main-
tain process-line independence have
assumed that each process line has its own
We have also assumed that

we

vacuum system.
the vacuum system is emptied and the mate-
rial is measured once a dav. In Strategy
2, when the material from the vacuum system
is measured, we have two choices: (1) not
to include any of the vacuum system mate-
rial in the materials balance and (2) di-
vide the material between UPAA 2 and 3 and
include it in the 1last materials balance
of the day for each UPAA. Cusums for these
two cases for UPAA 2 are given in Fig. 9.
The division of material between UPAAs 2
and 3 must be based on plant operating

experience. In the event that a spill
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occurs in one of the UPAAs, the apportion-
ment would not be correct, resulting in
missing material in one UPAA and too much
material the other UPAA. In such
cases, it is easy to revert to Strategy 1,
UPAA 2 3 in which the two UPAAs are com-
bined.

In the analysis below, we have chosen
the second approach because losses to the
vacuum are too large to be included as an

in

unmeasured side stream.

1. UPAA 2 A, 2 B, 2 C. A materials
balance is taken every 4 h when a precipi-
tator feed tank is empty. The balance
includes one feed batch and two calciner
primary filter product batches.

Dynamic materials accounting Jdetection
sensitivities for periods from 4 h to
1 month are given in Table VI for two
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Cusum and alarm charts.

cases. In Case 1, no instrument calibra-
tions are performed within the accounting
period. In Case 2, the input concentration
and the reduction container contents mea-
suring instruments are calibrated daily.
The behavior of the detection sensi-
tivities is similar to that of Strategy 1,
UPAA 2 3. The single balance detection
sensitivity is better than that of Strat-
egy 1 because the in-process inventory is
The sensitivities for periods of
are worse because the
intermediate transfer measurement is of
poorer quality than the product wmeasure-

ment.

smaller.
1 day and 1longer

2. UPAA 3 A, 3 B, 3 C. A materials
balance is closed every 2 h around each
batch that is produced by the process line.
Dynamic materials accounting sensitivities

19
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for periods from 2 h to 1 month are given
in Table VII for two cases. In Case 1, no
instrument calibrations are performed with-
‘in the accounting period. 1In Case 2, the
reduction container and product container
contents measuring instruments are cali-
brated daily. Again, the detection sensi-
tivities behave the same as those in Strat-
egy 1. In this case the single-balance
detection sensitivity 1is significantly
better because the balance is taken for a
single batch and because the in-process
inventory in a reduction-stabilization
station is quite small.
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VI. CONCLUSIONS

In this study we have JdGeveloped and
evaluated a conceptual design of a dynamic
MMAS for the modified Coprecal process.
In the proposed MMAS, conventional account-
ing methods are augmented by dynamic
accounting, where the MBAs are partitioned
into discrete accounting envelopes called



TABLE VI

DETECTION SENSITIVITY N
STRATEGY 2, UPAA 2 o

Case 1

Case 2

Number of Average Diversion Total at Time
of Detection

Detection Materials Per Balance

Average Diversion Total at Time
Per Balance of Detection’

Time Balances {kg Pu) (kg Pu) {kg Pu) {kg Pu)

2 h 1 1.29 1.29 1.29 1l.29

1l day 6 0.31 1.87 0.31 1.87

1 wk 42 0.21 8.78 0.10 4.03

2 wk 84 0.20 17.22 0.07 5.71

1 month 168 0.20 34.27 0.05 8.23
UPAAS. Materials balances are obtained been evaluated for mixed-oxide powders,

around these UPAAs as the plant is operat-
ing. Partitioning and taking frequent
materials balances localizes materials loss
in both space and time. Therefore, to
escape detection by the MMAS, a potential
divertor is forced to steal small gquanti-
ties of material from several locations
for a long time, thus increasing the number
of times he must pass through surveillance
systems.

The measurement
dynamic materials accounting have
identified (Sec. 1III.A). The input ac-
countability measurements are
well-developed conventional analysis tech-
The product measurements are based
that have not

requirements for
been

niques.
on tested NDA techniques

based on-

The NDA product measurements are required
to close the materials balances in near~-
real-time and do not replace the normal
weight and chemical analysis of a sample.
Therefore, there will be continuous veri-
fication of the product measurements. Aall
principal process vesselsAare instrumented
using NDA techniques to determine their
in-process inventory. These measurement
systems have not been tested and evaluated
on the type of materials, geometry, and
operating environment that is encountered
in the Coprecal process.

Dynamic materials accounting strate-
gies have been developed and evaluated.
Detection sensitivities for the modified
Coprecal process, the original Coprecal

TABLE VII

DETECTION SENSITIVITY
STRATEGY 2, UPAA 3

Case 1

Number of Average Diversion Total at Time
of Detection

Detection Materials Per Balance

Case 2
Average Diversion 7Total at Time
Per Balance of Detection

Time Balances {kg Pu) {n3 Pu) {kg Pu) (kg Pu)
4 h 1 0.25 0.25 0.25 0.25
1 day 6 0.13 1.54 0.13 1.54
1 wk 42 0.11 9.63 0.05 4.09
2 wk 84 0.11 19.07 0.03 5.80
1 month 168 0.11 37.93 0.02 8.23
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process, and the oxalate (III) conversion

process are given in Table VIII. The de-
tection sensitivities in each case are for
the accounting strategy that includes an
entire process line in a single accounting
area. The process lines have the same
throughput.

In comparing the detection sensitivi-
ties of the modified and original Coprecal
processes, note that:

1) The single-balance detection sen-

) sitivity for the modified process
is not as good as that of the
original process because the in-
process inventory in the modified
process is larger. The larger
inventory results from the addi-
tion of a filter system for each
calciner. ;

2) Detection sensitivities for ac-

counting periods greater than
1 day have been improved in the
modified process because the input
transfer measurements have been
improved by adding aliquot tanks.

In comparing the detection sensitivi-
ties of the modified Coprecal process with
the oxalate (JII) conversion process, note
that detection sensitivities for oxalate
(III) are significantly better for all
accounting periods. There are two reasons

“or this: (1) the in-process inventory in

~ the oxalate (III) process is smaller; and

(2) there are no scrap or vacuum measure-
ments in the oxalate (III) process; these
measurements make a significant contribu-

" tion to the materials balance uncertainty.

The following recommendations: are
essential for effective dynamic materials
accountability in the modified Coprecal
process.

® Measurement control programs that

identify and control the sources
of error must be instituted. 1If
correlated errors in transfer mea-
surements are not controlled, then
the detection sensitivities will
be unacceptably degraded.

@ Provision must be made for measur-

ing the plutonium in-process inven-
tory in process equipment. In~

process inventory measurements
about 10% or better should be sat-
isfactory.

® Large neutron detection systems
for measuring the plutonium inven-
tory in process vessels and in
large, annular filters should be
built and demonstrated.

® Careful consideration should be
given to reducing the in-process

inventory.

TABLE VIII

DETECTION SENSITIVITY COMPARISON--
MODIFIED COPRECAL, ORIGINAL COPRECAL, OXALATE (III)

Modified Coprecal

Original Coprecal

.

Oxalate (ITI)

Average per Total at

Average per

Total at Average per Total at

betection Balance (4 h) Detection Balance (2 h) Detection Balance (1.3 h) Detection

Time : (kg Pu) (kg Pu) {kg Pu) (kg Pu) (kg Pu) {kg Pu)
1 balance - 1.4 1.4 1.2 1.2 0.4 0.4
1 day 0.27 1.6 0.13 1.6 0.02 0.5
1wk 0.07 3.0 0.04 3.7 0.01 1.7

8.4 0.007 3.9

1 month 0.04 6.1 0.03
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® Methods of decreasing the amount
_of scrap that is generated should
be 1nvestigated. Measurements of
scrap could probably be inproved
if the 1Inconel shot is retained
within the calciners. ,
® Consideration -should be given to
adding a precipitator to feed each
- calciner. . This would provide bet-
ter process fiducial for taking
materials balances.
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APPENDIX

DYNAMIC MODEL OF THE COCONVERSION PROCESS

I. INTRODUCTION

The design and evaluation of the MMAS
is based on computer simulations of the
reference coconversion facility. Modeling
and simulation techniques permit prediction
of the behavior of materials flows over
the range of possible operating conditions
and provides a means for rapid accumula-
tion of data for relatively long operating
periods. Alternative materials measure-
ment strategies and safeguards data-analy-
sis algorithms are readily compared. In
principle, the necessary data could be
obtained from experiments on test loops
and mockups of plant operation, but this
is both time consuming and expensive.
Carefully selected test loops can 5e used
more effectively to validate the computer
models and to test portions of the final
MMAS design.

Modeling and simulation have been used
extensively in advanced accounting studies
of chemical separations (see Ref. 1, Sec.
VI and Apps. E and G), plutonium nitrate-
to-oxide conversion facilities (see Ref. 2,
Sec, IV and App. A), and mixed-oxide fuel
fabrication (see Ref. 3, Sec. IV and App.
D). This approach requires:4

1) A detailed dynamic model of the

process based on actual design
data,
2) Simulation of the model process
on a digital computer,
3) A model for each measurement
system,

4) Simulation of accountability mea-

surements applied to nuclear mate-

‘rial flow and in-process inventory

data generated using the model
process, and

5) Evaluation of simulated data from

various materials accounting

strategies.

This appendix describes MODEL, a com-

puter code written to simulate the dynamic

behavior of the Coprecal process under

anticipated normal operating conditions.

II. THE MODEL PROCESS

The Coprecal model is based on an

original GE design,5 which was modified

by Savannah River Plant (SRP), Savannah
River Laboratory (SRL), and duPont Engi-
neering. The process converts uranium-

plutonium~nitrate solution to mixed ura-
nium-plutonium-oxide powder. Coprecipita-
tion in ammonium hydroxide is followed by
calcination of the entire precipitator
product. The calcined powder is batch
transferred to reduction-stabilization, UO3
stabilized to U02.07,
The reference

is reduced to uo,, .
then screened and canned.
facility has a design throughput of 117 kg
plutonium/day through three parallel pro-
cess lines. The process is described in
detail in Sec. II of this report.
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III. THE DYNAMIC MODEL

Operation of the model process is sim-
~ulated by standard Monte Carlo techniques
developed for dynamic systems.s'7 The
model is divided into continuous and batch
‘ operations. The continuous portion in-
cludes the precipitator feed tanks, the
precipitator, the calciners, and the cal-
ciner primary and secondary filters. The
receipt tanks, reduction stabilization,
vacuums, and screening are batch operated.
Timing for the batch processes is con-
trolled by the precipitator feed tanks.
Only one feed tank feeds the precipitator
at any one time. Approximately 4 h are
required to empty a feed tank. The empty-
ing of a feed tank schedules the batch
processes that take place in the next 4 h
prior to another feed tank becoming empty.
For example, if a precipitator feed tank
becomes empty at T h, this triggers the
following batch operations.

1)y T+ 0hnh
a) Transfer of a full reduction
container from a reduction-

stabilization station to screen-
ing,

b) Transfer of a full
container from a calciner pri-
mary filter to the reduction-
stabilization station in step
a. Note that the batch opera-
tions in the four reduction-
stabilization stations and the
screening take place every 8 h
'with the batches staggered at
2-h intervals.

reduction

c) Fill a receipt-accountability
tank.
2) T+ 2h
Steps a and b from above.
3) T+ 3 h

Transfer a batch from a receipt-
accountability tank to an empty
precipitator feed tank.

26

Materials transfers from a feed tank
to the precipitator, from the precipitator
to the calciners, from the calciners to
the calciner primary filters, and from the
calciner primary filters to the calciner
secondary filters are modeled with contin-
vous flows. In each process line, a single
precipitator feeds all four calciners
simultaneously.

The dynamics of each individual unit
process, i.e., feed tank, precipitator,
calciner, etc., are governed by the con-
tinuity equation

T(t) + I{t - 1) = I(t) .,

where

T(t) = sum of all input tranfers
minus the sum of output
transfers to the unit pro-
cess over the interval
t-1t¢tot.

I(t - 1) = inventory at time t - 1.

I(t) = jinventory at time t.

The net transfer can include

continuous flow streams, batch transfers,
cr a combination of ©both. The time
dependence of the continuous streams is
linear over time steps chosen for the
simulation (30 min). The continuity equa-
tion is satisfied at all times in the con-
tinuous unit processes and is updated every
4 h for the batch processes.

Random variation in the process is
determined by the statistics selected for
the independent process variables. The
variation of each variable is uniform over
a given interval. The nominal value and
the interval of uniform distribution for
each of the independent process variables
is summarized in Table A-~I.

Dependent process variables are cal-
culated directly from the independent var-
iables in Table A-I. Nominal values for
these dependent process variables over a



TABLE A-I

INDEPENDENT PROCESS VARIABLES IN THE
MODEL COPRECAL PROCESS

Identification

Receipt tanks
Volume :
Concentration

Precipitator feed tanks
Qutput flow rate

Precipitator in-process
inventory

Calciner in-process
inventory

Calciner primary filter
Holdup
Output to vacuum

Reduction-stabilization
primary filter
Flow rate to final
filter
Holdup
Output to vacuum

Screening scrap output

28~day simulation are given in Table A-II.
As seen from Table A-II, some of the de-~
pendent process variables
values over a given range. In the case of
the reduction container at the calciner
primary filter, the reduction container is
empty when it is first placed at the pri-
mary filter, and 8 h later, upon removal
from the primary filter, it contains 3.244
kg Pu. The secondary and final filters
are empty at the beginning of the simula-~
tion, and after 28 days, they contain 0.135
and 0.133 kg Pu, respectively.

have nominal

IV. THE MODEL COMPUTER CODE

A general purpose process modeling
code, MODEL, developed by the LASL Q-4
Safequards Group, has been used to simulate
the model Coprecal process. MODEL was
written in FORTRAN and uses the GASP 1V

Range

Nominal Value (%)
162.7 L : 1
0.0399 kg Pu/L 1

40.675 L/h 1.5

1.06 kg Pu 7
0.9 kg Pu 10
0.75 kg Pu 20
0.0375 kg Pu/batch 11
0.0002 kg Pu/h 5
0.2 kg Pu 10
0.0375 kg Pu/batch 11
0.25 kg/batch 2

simulation package8 for event schedul-

ing. The program is run on a PRIME 400
computer and requires 265 000 words of
16-bit memory. A typical 28-day Coprecal
simulation requires 30 s of computer time.

The general purpose GASP-IV simulation
code has been simplified for direct appli-
cation to process modeling. Most of the
GASP IV input/output routines have been
removed, and the size of the arrays have
been adjusted to satisfy the particular
needs of the process modeling problem.
These simplifications have made the code
easier to use and have resulted in a con-
siderable reduction in computer memory
requirement.

In applying the MODEL code to the
Coprecal process, each of the individual
unit processes represented by the rectan-
gular boxes in Fig. 2, Sec. II is modeled
by a separate subroutine. The remaining
portion of the MODEL code handles the input
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TABLE A-11

DEPENDENT PROCESS VARIABLES IN THE
MODEL COPRECAL PROCESS
(28-day simulation)

Identification

Reduction container contents at

‘Calciner primary filter
Reduction-stabilization

Calciner secondary filter holdup

Final filter holdup
Loss to vacuum

Product

and output and provides the interface
between GASP IV and the individual unit
process subroutines.

A simplified flow chart showing the
sequence of events in the MODEL/GASP IV

"code is shown in ?ig. A-1. The blocks en-

closed by dashed lines represent GASP IV
functions while the solid blocks indicate
functions supplied by MODEL. "State
Events" in the diagram are those events
produced when an integrated state variable
crosses some boundary. These events are
distinguished from "Discrete Events,"” which
are events that are scheduled to take place
at specific times. As shown in Fig. A-1,
state events are used to schedule discrete
events. This is the normal situation in
the process modeling, althougn in some
cases the discrete events could be sched-
uled independent of the state events. As
seen from the flow chart, in addition to
initializing and terminating the simula-~
tion, the MODEL code provides the unit
process models, stores the important pro-
cess variables, schedules the discrete
events, and provides tabular and graphic
output, Also, the MODEL code sets up the
state equations' and the boundary levels

. for the state events. The GASP code inte-

grates the state equations and serves as
the event processor.
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Fig. A-1l. MODEL code flow chart.



In the Coprecal simulation, the volume
of material in the‘precipitator'feed tanks
is modeled as a state variable. GASP-IV
then integrages the tank output flow rate
until the tank becomes empty. This is the
state event that triggers the scheduling
of the next set of discrete process events
such as filling a receipt tank, transfer-
ring a reduction container from a calciner
primary filter to reduction-~-stabilization,
and transferring a reduction container from
reduction-stabilization to screening.

v. EXAMPLES

Figures A-2 through A-ll are examples
from a 48-h period of simulated process
operation. Event times are established by
switching the precipitator feed tanks at
nominal 4-h intervals.

Figure A-2 shows the volume and con-
centration of a single receipt tank. This
tank is initially full, and at t = 7 h its
contents are transferred into a precipita-
tor feed tank. At t = 8 h the receipt tank
receives another batch from chemical sepa-
rations. These events are repeated on an
8-h cycle.

The volume and concentration for a
precipitator feed tank are shown in Fig.
A-3. This tank is initially full and is
feeding the 'precipitator. Flow from the
tank is at a rate of 40.675 * 0.610 L/h.
At approximately t = 4 h the tank becomes
empty. Three hours later, at t = 7 h, the
feed tank is filled from the receipt tank,
and at t = 8 h the tank again begins to
feed the precipitator, repeating the cycle.

Figure A-4 shows the precipitator
in-process inventory. The inventory Iis
controlled between ~0.098 and 0.113 kg Pu.

The operation of a single calciner
station is shown in Figs. A-5 through A-8.
The calciner in-process inventory (after a
reduction container is disconnected) is
constrained over the range 0.81-0.99 kg Pu
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Fig. A-7. Calciner reduction container

content.
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(Fig. a-5). The calciner primary filter
in-process inventory is constrained over
the range 0.60-0.90 kg Pu (Fig. A-6). At
the start of the simulation, the reduction
container at the calciner station is empty.
As shown in Fig. A~7, the container is
f£illed over an 8-h interval to a Pu content
of 3.2 kg. At the end of 8 h, the reduc-
tion container is transferred to the reduc-
tion-stabilization station and is replaced
at the calciner station by an empty reduc-
tion container. Figure A-8 shows the cal-
ciner primary filter losses to the wvacuum
and the secondary filter. The loss to the
secondary filter in the figure is the cum-
mulative loss over a 1-h interval, although
the 1loss is actually continuous. The
vacuum loss takes place at 8-h intervals
to coincide with the transfer of the reduc-
tion container to the reduction-stabiliza-
tion station.

Figures A-9 and A-10 represent the
operation of the reduction-stabilization
station, where each batch requires ~8 h.
The holdup in the reduction-stabilization
primary filter is controlled over the range
0.18-0.22 kg Pu. At the start of the
simulation, the reduction-stabilization
final filter is empty, and no cleanouts
occur over the l-month simulation. At the
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end of 48 h, the final filter has a holdup
of A0.0095 kg Pu. The product and scrap
output from the screen is shown in Fig.
A-11. Because the screen services four
parallel calciner-reduction-stabilization
stations and each line transfers a canister
to the screen every 8 h, the screen pro-~
cesses canisters at the rate of one every
2 h. BAs seen from the figure, the product
is. ~2,91 kg Pu/canister and the scrap
~0.25 kg Pu/canister.
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